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RIGID FIXATION OF IVSRO

FIGURE 3. Rigid fixation of intraoral vertico-sagittal ramus osteotomy using a mandibular model. A, Lateral and B, anterior views of the left
mandibular ramus. Screws can be inserted into the subcoronoid area on the distal segment and the subcondylar area on the proximal
segment. C, Medial view showing a relatively large area for screw insertion (dashed rectangular area). Arrow indicates lingular of mandible.

Asterisk indicates mandibular foramen.

Fujirnura and Bessho. Rigid Fixation of IVSRO, J Oral Maxillofac Surg 2012.

Discussion

The main advantage of rigid fixation IVSRO over
SSRO in treating prognathism, when the posterior
margin of the ramus curves inward or the ramus is
thin, may be the decreased risk of postoperative
NSD. The incidence of long-term NSD of the lower
lip and chin in IVSRO was 0% to 6%"** compared
with 39% to 85% for SSRO.%!° Although the osteot-
omy plane is between the mandibular canal and the
lateral cortical plate of the ramus, as in SSRO, dam-
age to the IAN can be avoided because the osteot-
omy is performed from a point in front of the
foramen between the mandibular canal and the
immediately medial lateral cortical bone,’"! mak-
ing it likely to strip the lateral cortical bone from
the bone marrow. Although a low incidence of NSD
is also observed with IVRO,”!? rigid fixation with
screws or bone plates has several disadvantages,
including technical difficulty®!® and rotation of the
condyle to the lateral side.’ TVSRO is distinguished
by flat and larger contact areas of segments and
more favorable healing of the medulla to the cortex
than the cortex-to-cortex healing of IVRO.’

In SSRO, the excess overlap of the anterior edge of
the proximal segment must be removed to fit the 2
segments and/or prevent distal rotation of the proxi-
mal segment.l“ In IVSRO, there is no excess overlap
of the proximal segment.

It is easy to check the position of the distal
segment after osteotomy because the anterior area
of the proximal segment is removed beforehand;
hence, the subcoronoid area of the distal segment
and the subcondylar area of the proximal segment
can be used for insertion of screws. The area avail-
able for screw insertion is relatively large and the
ends of the inserted screws may be viewed at the medial
aspect of the distal segment because, at the internal
oblique ridge, the bone thickness of this subcoronoid
area in the distal segment is relatively thin compared
with the retromolar areas as in SSRO. Therefore, in many
patients, a 90° angle screwdriver system with 12-mm
screw length can be used without drilling through a
trocar inserted through the skin (Fig 3A-C).

When planning rigid fixation using IVSRO, the fol-
lowing 2 conditions are preferable: 7) mandibular
setback (about =5 mm) and 2) counterclockwise
rotation. Because this osteotomy procedure has a
large contact area between the proximal and distal
segments, compared with IVRO, the segments are
usually fixed with screws in only the setback side
for horizontal rotation for mandibular asymmetry
(Fig 20).

Additional studies including the development of
osteotomy instruments and drilling systems to sim-
plify the surgical procedure of IVSRO are needed to
validate the advantages of this procedure.
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Innovative Collagen Nano-Hydroxyapatite Scaffolds Offer
a Highly Efficient Non-Viral Gene Delivery Platform
for Stem Cell-Mediated Bone Formation

Caroline M. Curtin, Grdinne M. Cunniffe, Frank G. Lyons, Kazuhisa Bessho,
Glenn R. Dickson, Garry P. Duffy, and Fergal J. O’Brien*

Treatments combining nanotechnology with gene and stem
cell-based therapies are increasingly showing potential in
the field of tissue engineering. In this study, we describe the
development of a bioactive and biodegradable collagen nano-
hydroxyapatite (coll-nHA) scaffold with the capacity to be used
as a gene delivery platform to promote transfection of mesen-
chymal stem cells (MSCs). Firstly, a nano-hydroxyapatite (nHA)
synthesis technique was optimized, and the ability of the nHA
particles to act as non-viral vectors for delivery of plasmid-DNA
(pPDNA) encoding bone morphogenetic protein 2 (BMP2), a
gene capable of stimulating MSCs along the osteogenic lin-
eage,!! was determined. The nHA particles were then com-
bined with collagen scaffolds, with an architecture previously
optimized in our laboratory for bone repair, to yield highly
porous, mechanically stable, osteoconductive and osteoinduc-
tive coll-nHA scaffolds. The ability of this scaffold to act as a
gene-activated matrix (GAM) for BMP2 delivery was demon-
strated with successful transfection of MSCs resulting in high
levels of calcium production.

Commonty, viruses including adenovirus and lentivirus have
been used as gene delivery vectors to efficiently transfer a gene
of interest to the host genome.*?] However, using viral vector-
based technology possesses numerous disadvantages not least
the known safety concerns associated with insertational muta-
genesis following viral integration and the adverse immune
responses observed in patients.P] Additional problems include
the time consuming and labour intensive process involved in
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the production of such viruses, thereby limiting their potential
for tissue engineering.

Therefore, we sought to develop a safe and effective non-
viral based gene delivery vector to overcome the associated viral
vector safety problems while being amenable to cost-effective
mass production. Typically however, non-viral transfection
methods have demonstrated lower efficiencies than that of
their viral counterparts!® but have an enhanced safety profile.
Lipid and polymer-based gene delivery vectors are the most
common and efficient non-viral delivery methods utilised but
these are often associated with significant cytotoxicity thereby
reducing their clinical relevance.’l To overcome this cytotoxic
issue, we have developed non-aggregating nHA particlest®! for
gene delivery.

Calcium phosphate has long been used as a method of DNA
transfection in various cell lines.’) As hydroxyapatite is a cal-
cium phosphate mineral, it possesses many advantages for use
as a gene delivery vector. nHA particles are biocompatiblel
and bioresorbable, non-toxic and cost effective to produce, and
they exhibit a high binding affinity for DNA most likely due to
interactions between calcium ions in the apatite and the nega-
tively charged phosphate groups in DNA.' A nHA synthesis
method has been developed within our laboratory to yield
homogenous non-aggregating particles <200 nm in size.®¥! Fol-
lowing extensive testing to demonstrate their ability to act as
gene delivery vectors when combined with MSCs, the nHA par-
ticles were investigated as BMP2 carriers in 2D osteogenic cul-
ture and additionally in the 3D environment of collagen-based
scaffolds. BMP2 was assessed due to its known therapeutic
capacity for bone repair.[1213]

In addition to using the nHA particles as gene delivery vec-
tors, they were also used to develop an innovative coll-nHA
scaffold. The nHA particles were combined with highly porous
collagen-based scaffolds developed within our laboratory, with
a structure optimized for bone repair7] to yield highly
biocompatible, mechanically superior, osteoconductive and
osteoinductive coll-nHA scaffolds.['8l Finally, we assessed the
capacity of our 3D coll-nHA scaffolds to act as GAMs. We eval-
uated whether the subsequent culture of MSCs on the collagen
and coll-nHA scaffolds containing nHA-BMP2 particles results
in conditions sufficient to promote and enhance in vitro osteo-
genesis compared to non-transfected MSCs on these scaffolds.

Firstly, we performed optimization experiments to yield the
most effective nHA particles for successful cellular transfection
(Supporting Information). The transfection efficiency of nHA
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Kossa staining displayed a comparable trend
with nHA-BMP2Z rMSCs demonstrating
enhanced phosphate deposition compared to
controls (Figure 2b). Quantification of calcium
deposition corroborated the staining results,
showing a significant increase in calcium
deposition within the nHA-BMP2 transfected
cells compared to the controls (Figure 2c).
As both BMP2 concentrations resulted in
equivalent calcium content, this indicates
the nHA particles are providing an efficient
osteoinductive effect negating the require-
ment for high levels of BMP2 to induce the
enhanced osteogenic response.

The final stage of the study assessed the

Lipofectamine 2000

D3

D7

Figure 1. Nano-hydroxyapatite particle transfection efficiency and cell viability analysis. Quan-
tification of GFP expression by FACS analysis revealed enhanced transfection efficiency with
the positive control, Lipofectamine 2000, compared to nHA particles (a). Upon quantification
of DNA content, there was a significant decrease in Lipofectamine 2000-pLuc transfected cells
compared to nHA-pLuc transfected cells and cells alone (b). When nHA-GFP transfection effi-
ciency was compared to a commercial CaP kit, quantification of GFP expression demonstrated
a significant increase following nHA transfection by day 7 (c). Quantification of GFP expression
in transfected hMSCs at day 3 also demonstrated a significant increase in transfection effi-
ciency using 5 pug plasmid DNA compared to the commercial CaP kit (d). Error bars represent

standard error of the mean (n = 3). = P < 0.05.

particle transfection was determined to be ~12% compared to
~40% for Lipofectamine 2000 transfection using green fluores-
cent protein (GFP) pDNA (Figure 1a). Following quantification
of DNA content to assess proliferation, nHA-luciferase (nHA-
pluc) transfected rat MSCs (rMSCs) demonstrated similar
DNA content levels to non-transfected cells while a significant
decrease was observed in Lipofectamine 2000-pLuc transfected
rMSCs indicating a potent cytotoxic effect using this transfec-
tion method (Figure 1b). The transfection efficiency obtained
using these nHA particles was also compared to a commer-
cially available calcium phosphate (CaP) transfection kit. MSCs
transfected with nHA revealed a significant increase in GFP
expression at day 7 compared to those transfected with the
commercial CaP kit (Figure 1c). Furthermore, when transfec-
tion using the nHA particles was translated from rat to human
MSCs (hMSCs) and compared to the CaP transfection kit, even
greater levels of transfection were obtained than that following
tMSC transfection at the same pDNA concentrations
(Figure 1d). Interestingly, transfection using the nHA particles
was also more efficient in hMSCs compared to tMSCs. This
study thus demonstrates the superior capacity of these novel
nHA particles to act as efficient non-viral delivery vectors for
MSC transfection compared to other commercially available
transfection delivery vectors and their potental for use in
clinical applications with human cells. .

Having demonstrated the ability of these nHA particles to
act as competent gene delivery agents, the osteogenic ability of
rMSCs following nHA-BMP2 transfection was assessed in
monolayer using two different concentrations of BMP2: 1 ugand
3 pg. Alizarin red staining revealed enhanced calcium deposi-
tion within the nHA-BMP2 rMSCs compared to rMSCs alone
and nHA-pDNA-free rMSC controls (Figure 2a). Similarly, von

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

potential of collnHA and nHA-free col-
lagen alone scaffolds to act as GAMs using
the nHA particle transfection technique and
compared to Lipofectamine 2000 (Supporting
Information). The osteogenic potential of
MSCs on coll-nHA scaffolds was assessed
and compared to collagen alone scaffolds
following nHA-BMP2 particle transfection.
Results obtained were significant in two ways.
Firstly, alizarin red (Figure 3a) and von Kossa
staining (Supporting Information) revealed
enhanced staining on the coll-nHA scaffolds
compared to the collagen scaffolds in all treatment groups indi-
cating the improved osteogenic properties of these scaffolds due
to the osteoinductive and osteoconductive nature of the nHA
particles. Further enhanced staining was then observed within
both scaffold types following nHA-BMP2 transfection compared
to the rMSCs alone and nHA-pDNA-free rMSC groups demon-
strating the potent ability of the nHA particles to act as efficient
gene delivery vectors when combined with both scaffold types.
In addition, osteocalcin expression, indicative of differentiation
into an osteoblastic phenotype, was enhanced in the collnHA
nHA-BMP2 group over all other groups evaluated, (Figure 3b),
supporting alizarin red and Von Kossa staining. When cal-
cium deposition was assessed, the highest levels were observed
within the coll-nHA scaffolds demonstrating their superior
ability to act as efficient gene delivery platforms (Figure 3c).

In conclusion, this study describes the development of a
safe and effective non-viral gene delivery vector that overcomes
the common viral-based gene delivery vector safety problems.
We demonstrated the superior capacity of these novel non-
aggregating nHA particles to act as efficient non-viral delivery
vectors for rMSC and hM SC transfection compared to other com-
mercially available sources. Incorporation of these nHA particles
combined with pDNA in collagen-based scaffolds resulted in
the development of a therapeutic GAM. Enhanced osteogenesis
was then observed following nHA-BMP2 transfection in both
2D and 3D cultures when using low levels of pBMP2 demon-
strating their innate capacity for promoting bone formation.
When nHA-BMP2 particles were combined with the additional
osteoinductive and osteoconductive nature of collnHA scaf
folds, the inherent bone forming capacity was considerably
enhanced. From a general tissue engineering perspective, the
results demonstrate the promise of these collmHA scaffolds

CaP Kit

Adv. Mater. 2012, 24, 749-754
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Figure 2. Enhanced 2D osteogenesis following nHA-BMP2 transfection. Brightfield images of alizarin red (a) and von Kossa (b) stained cells
demonstrated enhanced staining in nHA-BMP2 treatment groups (growth and osteogenic media treated) compared to the cells alone treatment
group. Magnification bar = 200 pm. Similarly, calcium quantification demonstrated a dose dependent increase in calcium levels in both nHA-BMP2
transfected growth and osteogenic media treated cells at days 7 and 16 (c). Error bars represent standard error of the mean (n = 3). * P < 0.05

compared to cells alone.
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Figure 3. Enhanced 3D osteogenesis following nHA-BMP2 transfection. Alizarin red staining revealed enhanced calcium deposition on coll-nHA
scaffolds under all treatments evaluated compared to collagen alone scaffolds (a). Most intense staining was observed on coll-nHA scaffolds with
nHA-BMP2 transfection following osteogenic media treatment. Magnification bar = 500 pm. Osteocalcin immunofluorescence corroborates alizarin
red staining demonstrating enhanced expression within the coll-nHA nHA-BMP2 scaffold compared to the cells alone and collagen nHA-BMP2 scaf-
fold following osteogenic media treatment (b). Magnification bar = 100 um. Calcium quantification of nHA-BMP2 transfected scaffolds demonstrated
a significant increase in calcium content on coll-nHA scaffolds (c). Error bars represent standard error of the mean (n = 3). # P < 0.05 compared to
the collagen nHA-BMP2 scaffold.
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as effective gene delivery platforms and thus demonstrate
their potential as superior alternatives to existing bone graft
treatments.

Experimental Section

nHA particle synthesis optimization and nHA-pDNA complex preparation:
nHA particles were precipitated as previously described.®I The phosphate
solution was prepared in the presence or absence of Darvan dispersing
agent-no Darvan (0% v/v Darvan), low Darvan (0.017% v/v Darvan),
and high Darvan (0.1% v/v Darvan) to determine the effect of Darvan
addition on transfection efficiency. Filtered (0.2 pm filters) nHA solution
(150 ply was then added to 3 pug pDNA and 6.25 pl 250 mM CaCl, for
transfection with a final volume of 150 pl nHA-pDNA suspension added
per well in 12 well plates.

A Quant-iT PicoGreen dsDNA kit (Invitrogen) was used according to
the manufacturer’s protocol to determine the pDNA binding efficiency
of nHA particles synthesized with and without Darvan. This kit was
also used to assess DNA content following GFP transfection. Particle
size distributions were measured using dynamic light scattering (DLS;
ZetaSizer 3000 HS, Malvern Instruments). Zeta Potential (ZP) readings
(n = 6) were conducted on freshly prepared suspensions using a
ZetaSizer 3000 HS (Malvern instruments) to determine stability of nHA
particles within the solution.

Plasmid  propagation: pMaxGFP  (Amaxa, Lonza), pGaussian-
Luciferase (pLuc; New England Biolabs) and pBMP2,0%] encoding the
reporter genes, green fluorescent protein (GFP), luciferase and bone
morphogenetic protein 2 (BMP2) respectively were used in this study.
Plasmid amplification was carried out by transforming One Shot®
TOP10 Chemically Competent E. coli bacterial cells according to the
manufacturer's protocol and the pDNA was collected using Maxiprep
kits {Qiagen).

Cell culture: rtMSCs were isolated from the femora and tibiae of male
Wistar rats with ethical approval (REC 237) from the Research Ethical
Committee, Royal College of Surgeons in Ireland, Dublin. Cells were
then expanded in culture by direct plating and cultured under normal
growth conditions at 37 °C in 5% CO, in standard rMSC growth

medium (Dulbecco’s Minimum Essential Medium) supplemented with.

2% penicillin/streptomycin, 1% L-glutamine, 1% GlutaMAX, 1% non-
essential amino acids and 10% foetal bovine serum (FBS; BioSera).
hMSCs were obtained as a kind gift from the Regenerative Medicine
Institute (REMEDI), NU! Galway, Ireland. All procedures were performed
with informed donor consent and ethically approved by the Clinical
Research Ethical Committee at University College Hospital, Galway.
Cells were cultured under normal growth conditions at 37 °Cin 5% CO,
in standard hMSC growth medium (Dulbecco’s Minimum Essential
Medium supplemented with 2% penicillin/streptomycin and 10% FBS).

2D transfection study: MSCs were plated in 12 well plates at a density of
5% 10* cells/well. Media was changed 24 hrs after plating, and 1 hr before
transfections were conducted, media was replaced. The commercial
lipid transfection agent Lipofectamine 2000 (Invitrogen) was used as a
positive control, according to the manufacturer’s protocol. The prepared
nHA/Lipofectamine:;pDNA complex solutions (150 ) were added to
the wells and incubated for 15 mins before growth media was added.
OptiMEM reduced-serum media was required for the Lipofectamine
2000 transfected cells, and this solution was removed 6 hrs after
transfection and replaced with regular growth media. Cells were assessed
for transgene expression on day 3 post-transfection using fluorescence
microscopy and days 3 and 7 using flow cytometry (BD FACSCanto Il
BD Biosciences). A Live/Dead Viability/Cytotoxicity kit (Invitrogen) was
used for calcein staining of the rMSCs to identify live cells according
to the manufacturer’s protocol. The nHA particles were also compared
to a CaP transfection kit (Sigma) to determine transfection capabilities
at day 3 (hMSCs and rMSCs) and day 7 (rMSCs). Equal pDNA levels
(5 ng) were assessed and transfection was performed according to the
manufacturer’s protocol.

Adv. Mater. 2012, 24, 749-754
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Scaffold fabrication: Collagen and collagen nHA (coll-nHA) scaffolds
investigated in this study were manufactured using a technique
developed in our laboratory.'""8 For the coll-nHA scaffolds, nHA
particles were synthesized as previously described and added to the
collagen slurry during the blending process. A nHA suspension was
added to the collagen slurry yielding a 1:1 scaffold of nHA:collagen.
Slurries were freeze-dried and scaffolds were cross-linked and sterilized
using a dehydrothermal (DHT) treatment?% Cylindrical scaffolds
(9.5 mm diameter, 4 mm height) were further cross-linked with 14 mM
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDAC)
and 5.5 mM N-hydroxysuccinimide (NHS) in dH,0.21

3D transfection study: The pDNA-complexes were added to scaffolds
by soak loading 75 pl of the pDNA-complex solution drop-wise onto
each side of the scaffold surface with a 15 min incubation step between
additions. Scaffold samples were then seeded with 2.5 x 10° rMSCs on
each side of the scaffold including a 15 min incubation step between
additions. Constructs were cultured in growth media for 24 hrs before
being replaced with either growth media for transgene expression profile
experiments or osteogenic media (growth media with ascorbic acid
(50 ug/ml), B-glycerophosphate (10 mM) and dexamethasone (100 nM))
for osteogenesis experiments. Constructs were cultured under standard
conditions (37 °C, 5% CO,), and the media was replenished every
3-4 days up to 35 days. Constructs (n = 3) were analysed for calcium
content or constructs (n = 1) were fixed in 10% formalin for processing
prior to histological analysis.

Luciferase assay: A LumiFlex GLuc assay (New England Biolabs) was
used to quantify the expression of luciferase in media samples from pLuc-
transfected MSC seeded constructs according to the manufacturer's
protocol.

Calcium quantification: Quantification of calcium deposition within
2D and 3D osteogenesis experiments was performed using the Calcium
Liquicolor kit (Stanbio Laboratories) according to the manufacturer’s
protocol.

Mineralization: Wax embedded scaffold sections (10 im) were stained
with either Von Kossa or alizarin red to evaluate cell-mediated matrix
deposition and mineralization within the scaffolds according to standard
protocols.

Immunofluorescence: Wax embedded scaffold sections (10 um) were
permeabilized with 0.1% Triton-X100 for 10 mins and blocked with
0.1% Triton-X100/2% bovine serum albumin in phosphate buffered
saline (PBS) for 2 hrs at room temperature. Cells were incubated with
osteocalcin (1:50) at 4 °C overnight, washed three times with PBS, then
incubated with secondary antibody (1:200) for 1 h at room temperature
in the dark and washed as before, prior to coverslipping.

Statistical analysis: Results are expressed as mean * standard
deviation. Two-way analysis of variance (ANOVA) followed by a pair
wise multiple comparison procedure (Tukey test) was used. Statistical
significance was declared at p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or

from the author.
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Human induced pluripotent stem cells (hiPSCs) exhibit pluripotency, proliferation capability, and gene ex-
pression similar to those of human embryonic stem cells (hESCs). hESCs readily form cartilaginous tissues in
teratomas in vivo; despite extensive effort, however, to date no efficient method for inducing mature chon-
drocytes in vitro has been established. hiPSCs can also differentiate into cartilage in vivo by teratoma formation,
but as with hESCs, no reliable system for in vitro chondrogenic differentiation of hiPSCs has yet been reported.
Here, we examined the chondrogenic differentiation capability of hiPSCs using a multistep culture method
consisting of embryoid body (EB) formation, cell outgrowth from EBs, monolayer culture of sprouted cells from
EBs, and 3-dimensional pellet culture. In this culture process, the cell density of monolayer culture was critical
for cell viability and subsequent differentiation capability. Monolayer-cultured cells exhibited fibroblast-like
morphology and expressed markers for mesenchymal stem cells. After 2-3 weeks of pellet culture, cells in pellets
exhibited a spherical morphology typical of chondrocytes and were surrounded by extracellular matrix that
contained acidic proteoglycans. The expression of type II collagen and aggrecan in pellets progressively in-
creased. Histological analysis revealed that over 70% of hiPSC-derived pellets successfully underwent chon-
drogenic differentiation. Using the same culture method, hESCs showed similar histological changes and gene
expression, but differentiated slightly faster and more efficiently than hiPSCs. Our study demonstrates that
hiPSCs can be efficiently differentiated into the chondrogenic lineage in vitro via generation of mesenchymal
progenitor cells, using a simplified, multistep culture method.

Introduction

HE INCREASING PREVALENCE of degenerative cartilage

diseases, particularly osteoarthritis, presents an important
social and healthcare problem. Methods for regenerating
chondrocytes and cartilage tissue are expected to transform
conventional therapies for such diseases. Tissue regeneration
approaches also hold promise for treating craniofacial defor-
mities caused by congenital diseases, trauma, or surgical
resection for malignancy that require reconstruction of carti-
lage/bone tissues for cosmetic and functional improvement.
To date, cartilaginous tissue engineering research has focused
largely on the use of mesenchymal stem cells (MSCs) and
mature chondrocytes as resources. Indeed, bone marrow-
derived MSCs (BMMSCs) are currently being tested in clinical
trials for several orthopedic applications, including articular
cartilage repair [1-3]. MSCs can be isolated from various
postnatal tissues [4-8] and do not trigger an immunological

reaction after transplantation. However, they possess limited
proliferation capability and differentiation directions and
decrease their differentiation potential with increasing donor
age [9,10]. Moreover, the invasive procedure required to
harvest MSCs presents another hurdle to widespread clinical
application.

Human induced pluripotent stem cells (hiPSCs) have been
generated from somatic cells by introducing Oct3/4 and
Sox2 along with either KIf4 and c-Myc or Nanog and Lin28,
using retroviruses or lentiviruses [11-13]. hiPSCs exhibit
pluripotency, proliferation capability, and gene expression
similar to those of human embryonic stem cells (hESCs), but
do not present the same ethical problems. Immune rejection
can be avoided by the establishment of hiPSC banks from
donors with various human leukocyte antigen (HLA) types.
Moreover, to reduce the risk of tumorigenicity, new methods
for generating iPSCs without viral vectors have been devel-
oped [14-16]. Therefore, hiPSCs are viewed as a promising
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new tool for regenerative medicine, disease pathogenesis
studies, and drug screening. hESCs readily form cartilagi-
nous fissues in teratomas in vivo, but the proportion of
chondrocytes arising from spontaneous differentiation via
embryoid body (EB) formation in vitro is very low. Three-
dimensional (3D) pellet culture and micromass culture have
been used successfully for in vitro chondrogenic differenti-
ation of MSCs and mature chondrocytes [17-19]. These cul-
ture systems allow cell-cell interactions analogous to those
that occur in precartilage condensation during embryonic
development, and can induce terminal differentiation of
mesenchymal progenitor cells into hypertrophic chon-
drocytes. Besides pellet culture and micromass culture, many
attempts have been made to induce chondrocytes from ESCs
in vitro, including coculture with irradiated articular chon-
drocytes [20] or limb bud progenitor cells from a developing
embryo [21], culture with a conditioned medium [22], genetic
manipulation (e.g., Sox9 expression) [23], and use of bio-
materials [24]. However, both coculture with other animal
cells and culture with a conditioned medium lack repro-
ducibility and carry the risk of pathogen transmission. Ge-
netic manipulation using virus-based vectors poses risks for
clinical applications. Thus, in spite of the many efforts, an
efficient culture method for inducing mature chondrocytes
from hESCs has not yet been established.

hiPSCs have been reported to generate cartilaginous tissue
in teratoma in vivo [11-13], but limited data exists at present
regarding the in vitro chondrogenic differentiation of
hiPSCs. When dissociated EB cells generated from fetal
neural stem cell-derived hiPSCs were grown with a chon-
drogenic medium on agarose-coated wells, they expressed
chondrogenic differentiation markers detectable by immu-
nofluorescence staining [25]. However, immunofluorescence
did not clearly reveal morphological characteristics of
chondrocytes; a large and spherical shape with clear cyto-
plasm surrounded by an extracellular matrix [25]. Thus, a
reproducible method for in vitro chondrogenic differentia-
tion of hiPSCs must be established. Since hiPSC-derived
chondrocytes can be used to study the pathogenesis of ge-
netic disorders, such as skeletal dysplasia, and to develop
drug screening systems for cartilage diseases, it would be
desirable to develop in vitro differentiation methods that
mimic physiological differentiation processes and do not
require genetic manipulation.

In the current study, we examined the chondrogenic dif-
ferentiation capability of hiPSCs by combining a pellet cul-
ture system, the most reliable method reported to date, with
spontaneous differentiation via EB formation, which mimics
early embryonic development by forming the 3 germ layers
(mesoderm, ectoderm, and endoderm). We also compare and
discuss the chondrogenic cells induced from hiPSCs and
hESCs using our culture protocol.

Materials and Methods
Cell culture

hiPSC line 201B7 (B7) was previously generated by in-
troducing 4 reprogramming factors (Oct3/4, Sox2, KlIf4, and
¢-Myc) into dermal fibroblasts from the facial dermis of a 36-
year-old Caucasian woman [11]. The hESC line H9 was ob-
tained from the WiCell Research Institute (Madison, WI,
www.wicell.org) [26]. These cells were maintained as pre-
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viously described [11,27]. Briefly, murine embryonic fibro-
blasts (MEFs) were grown in the Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Grand Island, NY,
www.invitrogen.com), supplemented with 10% (vol/vol)
fetal bovine serum (FBS; HyClone, Logan, UT, www.hyclo-
ne.com), 100U/mL penicillin, and 100 ug/mL streptomycin
(Invitrogen). MEF feeder layers were prepared by chemically
inactivating subconfluent cultures with 10 pg/mL mitomycin
C (Kyowa, Tokyo, Japan, www.kyowa.cojp) for 3h at 37°C
and reseeding on 0.1% (wt/vol) gelatin-coated dishes.
hiPSCs and hESCs were grown on inactivated MEF feeder
layers in the primate ESC medium (ReproCELL, Kanagawa,
Japan, www.reprocell.com) containing 4 ng/mL of basic fi-
broblast growth factor (bFGF) (ReproCELL).

Chondrogenic differentiation

For EB formation, hiPSC and hESC colonies were har-
vested by treating with 1mg/mL collagenase type IV, and
then plated onto suspension culture dishes, where they were
allowed to aggregate in a maintenance medium without
bFGF. After 7 days as a suspension culture, EBs were
transferred to gelatin-coated dishes and cultivated for 1
week in DMEM containing 10% FBS, 100 U/mL penicillin,
and 100 pug/mL streptomycin. EBs and cells sprouted from
EBs were harvested and dissociated with 0.25% trypsin/
EDTA (Life Technologies, Inc., Grand Island, NY, www
lifetechnologies.com). Dissociated cells were passed through
a 100-um cell strainer (BD Biosciences, Bedford, MA,
www.bdbiosciences.com) to remove cell aggregates and
cultivated in monolayers for another week in DMEM con-
taining 10% FBS, 100U/mL penicillin, and 100ug/mL
streptomycin. To induce chondrogenic differentiation, we
used a previously described pellet culture system [18,28].
Cell suspensions containing 3x10° cells per 15-mL poly-
propylene tube were centrifuged to form a cell pellet. Cell
pellets were cultivated at 37°C with 5% CO, for up to 21
days in the chondrogenic induction medium consisting of
DMEM/F12 supplemented with 10% FBS, ITS+™ Premix
(BD Biosciences), 50 ug/mL ascorbic acid 2-phosphate (Wako
Pure Chemical Industries, Osaka, Japan, www.wako-chem
.co.jp), 100 pg/mL sodium pyruvate, 100 nM dexamethasone,
10ng/mL transforming growth factor-B3 (TGF-B3) (Pepro-
Tech Inc., Rocky Hill, NJ, www.peprotech.com), 100U/mL
penicillin, and 100 pug/mL streptomycin. The medium was
replaced every 3 days. Pellet cultures were repeated and
evaluated histologically 11 times using hiPSCs (B7) and 13
times using hESCs (H9).

Flow cytometry

Cells were incubated with saturating levels of antibodies
for 1Th at 4°C. The following fluorescein isothiocyanate
(FITC)- or phycoerythrin (PE)-conjugated antibodies recog-
nizing human antigens were used: TRA-1-60 (No. 560380),
CD44 (No. 348052), CD90 (No. 555596), CD106 (No. 555647),
CD146 (No. 550315), CD166 (No. 559263), CD34 (No.
348057), and CD45 (No. 347463) (BD Biosciences); CD73 (No.
12-0739) and CD105 (No. 12-1057) (eBioscience, Inc., San
Diego, CA, www.ebioscience.com); and CD140a (No. 323505)
(BioLegend, San Diego, CA, www.biolegend.com). The anti-
Stro-1 monoclonal antibody (MAB1038) was purchased from
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Ré&D Systems, Inc. (Minneapolis, MN). Each analysis included
corresponding FITC- or PE-conjugated isotype controls. Sam-
ples were run on a Becton Dickinson FACScan flow cytometric
system (BD Biosciences), and analysis was completed using
Flow]o Software (FlowJo, Ashland, OR, www.flowjo.com).

Real-time reverse transcription—polymerase
chain reaction

Total RNA was extracted from cell pellets using the
RNeasy® Mini Kit (Qiagen, Chatsworth, CA, www.giagen
.com). To ensure the complete removal of DNA, we included
a 15-min DNase I (Qiagen) treatment before the washing
step. First-strand c¢DNA synthesis was performed using
TagMan® Reverse Transcription Reagents (Applied BioSys-
tems, Carlsbad, CA, www.appliedbiosystems.com) with ran-
dom hexamers. Real-time reverse transcription-polymerase
chain reaction (RT-PCR) was performed in a StepOne™ real-
time PCR System (Applied BioSystems). Complementary
DNA was mixed with TagMan Universal PCR Master Mix
(Applied BioSystems) and TagMan Gene Expression Assay
(Applied BioSystems) primers: Sox9 (SOX9, Assay ID;
Hs00165814_mm1), type I collagen (COL2A1, Hs01060345_m1),
aggrecan (ACAN, Hs00153936_m1), type X collagen (COLI0A1,
Hs00166657_m1), and GAPDH (GAPDH, Hs99999905_ml).
All RNA samples were titrated to yield equal amplification of
GAPDH as an internal normalization control. Reactions for
each sample were performed in triplicate. After an initial de-
naturation step (95°C for 10 min), amplification was performed
for 45 cycles (15-s denaturation at 95°C and 60-s extension
at 60°C).

Histological analysis

Cell pellets were fixed in 2% paraformaldehyde, dehy-
drated, and embedded in paraffin. The sections were cut at a
thickness of 4 um and stained with Alcian blue and toluidine
blue, as previously described [28]. For immunohistochemical
analysis, a labeled streptavidin-biotin staining kit (LSAB2
System-HRP) (Dako, San Antonio, TX, www.dako.com) was
used. The sections were incubated overnight at 4°C with the

Transfer of EBs to gelatin-coated dishes
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following primary antibodies: anti-type II collagen (F-57;
Daiichi Fine Chemical, Takaoka, Toyama, www.daiichi-
fcj.co.jp), anti-aggrecan (sc-70333; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, www.scbt.com), and anti-mitochondria
(MAB1273; Millipore, Billerica, MA, www.millipore.com).
Normal human articular chondrocytes from knee cells
(NHAC-kn) (Lonza Walkersville, Inc.,, Walkersville, MD,
www .lonza.com) were grown using the same pellet culture
protocol as that used for hiPSCs and hESCs, and were used
as a positive control. Cell pellets derived from human
BMMSCs (Lonza Walkersville, Inc) were cultivated in
DMEM/F12 supplemented with 10% FBS, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin, and were used as a
negative control.

Statistical analysis

Real-time RT-PCR experiments were performed indepen-
dently at least 3 times and gave highly similar results. Data
are presented as the mean=*SD. Statistical analysis was
performed using one-factor analysis of variance. Differences
were considered statistically significant when P <0.05.

Resulis

Mesenchymal differentiation of hiPSCs
via EB formation

We used a multistep culture method combining sponta-
neous differentiation via EB formation, cell outgrowth from
EBs on gelatin-coated dishes, monolayer culture after cell
dissociation into single cells, and 3D pellet culture (Fig. 1).
Chondrogenic progenitor cells are derived from MSCs,
which originate from the mesoderm and neural crest.
Therefore, we first tried to promote differentiation of undif-
ferentiated hiPSCs into the mesenchymal lineage. hiPSCs
contained in EBs retained pluripotency in vitro; we used
immunofluorescence analysis to confirm the expression of
markers for mesoderm (o-smooth muscle actin), ectoderm
(B3-tubulin), and endoderm (forkhead box A2; FOXA2) on
cultured EBs (Supplementary Fig. S1; Supplementary Data

Cell dissociation into single celis
by trypsin/EDTA

Treatment with trypsin/EDTA

Histological analysis and RNA isolation

Day 0 Day 7 Day 14 Day 21 Day 42
1 [} 1 (] ] 1 1 1 .
) 1 L] L} 1 ) l 1 ke
Day0 Day3 Day7 Day 14 Day 21
1% step 2vsgtep 31 step 4% step .
Undifferentiated EB formation Outgrowth Monolayer Pellet culture
hiPSC/hESCs from EBs culture with chondrogenic inductive medium

FIG.1. Schematic diagram of the culture protocol for chondrogenic differentiation of human induced pluripotent stem cells
(hiPSCs) and human embryonic stem cells (hESCs). The differentiation culture protocol consists of 4 steps: (1) Embryoid body
(EB) formation in suspension culture dishes; (2) Cell outgrowth from EBs on gelatin-coated dishes; (3) Monolayer culture
under mesenchymal stem cell (MSC) growth conditions after dissociation into single cells by trypsin/EDTA; and (4) Three-
dimensional pellet culture in the chondrogenic induction medium. During pellet culture, histological and gene expression
analyses were performed at days 3, 7, 14, and 21.
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are available online at www liebertpub.com/scd). Before
proceeding to pellet culture, we included a monolayer cul-
ture step to exclude residual undifferentiated cells present in
the EBs as well as to expand cells comumitted to the mesen-
chymal lineage. These cells were able to attach to regular
culture dishes and proliferate in the MSC growth medium
consisting of DMEM supplemented with 10% FBS. In our
experience, the initial cell density was critical for monolayer
culture. To determine the ideal cell density, we used trypsin/
EDTA to dissociate cells that had sprouted from EBs and
seeded them at serial dilutions ranging from 0.05 to 20x 10"
cells/cm® We found that a cell density of 1-2 x 10* cells/cm?
was ideal for cell proliferation in monolayer culture (Fig. 2).
Seeding at a low cell density induced mitotic arrest and a
large, flattened, and irregular cell morphology. Inversely,
when seeded at a high cell density, cells formed clusters and
proliferated in 3 dimensions. The cell proliferation rate in
monolayers decreased, but did not drop to zero, after 7 days
of culture (Supplementary Fig. S2). The culture period in the
monolayer had no apparent effect on the differentiation ca-
pability (Supplementary Fig. S3). Therefore, we seeded cells
at 1-2x10* cells/cm? and cultivated the resulting monolay-
ers for 7 days in the remaining experiments.

Next, before proceeding to pellet culture, we analyzed the
expression of cell surface markers on hiPSCs in monolayer
culture. Flow cytometric analysis demonstrated that the
majority of hiPSCs expressed CD90 (Thy-1), CD44, and
CD166 (activated leukocyte cell adhesion molecule) (Fig. 3).
A small fraction of hiPSCs was positive for CD146 (MUC18),
CD73, CD105 (endoglin), and CDl140a (platelet-derived
growth factor receptor o [PDGFRa]) (Fig. 3). CD73, CD90,
CD105, CD44, CD166, and CD146 are known to be mark-
ers for MSCs [29,30]. PDGFRa is a marker for paraxial
mesodermal cells, from which cartilage tissues originate,
especially in mouse development [31]. TRA-1-60, an undif-
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ferentiated cell marker both for hiPSCs and hESCs, was not
detected in monolayer-cultured hiPSCs (Fig. 3), suggesting
that the multistep culture process promoted differentiation of
hiPSCs. CD34 and CD45, hematopoietic markers that are not
expressed in MSCs [29], were also not detected in mono-
layer-cultured hiPSCs (Fig. 3). However, we did not detect
the expression of the MSC markers Stro-1 and CD106. Stro-1
has been established as a monoclonal IgM derived from mice
immunized with human CD34-positive bone marrow cells
[32]. Recently, it was reported that Stro-1 is a 75-kDa endo-
thelial antigen, and that its expression on MS5Cs might result
from induction of MSCs to endothelial lineage [33]. Mono-
layer-cultured hiPSCs in our method may commit to differ-
entiating into mesenchymal lineage cells, which do not
contain endothelial antigens. Furthermore, few reports have
demonstrated the expression of Stro-1 on MSCs derived from
hiPSCs and hESCs, although many attempts have been made
to induce MSCs from hiPSCs and hESCs [34]. In a recent
report describing one-step derivation of MSC-like cells from
hiPSCs, MSC-like cells did not express Stro-1, although the
cells clearly expressed CD73, CD90, CD105, CD144, and
CD166 [35]. A Nestin(+)/CD271(-)/Stro-1(—) cell popula-
tion from hESCs was recently reported to be mesenchymal-
like precursors [36]. MSCs induced from hiPSCs or hESCs in
vitro may exhibit different characteristics, including surface
marker expression, from those of MSCs isolated primarily
from bone marrow and other organs. CD106 is also known
as vascular cell adhesion molecule-1 [37]. Several groups
have reported changes in the expression of cell surface
markers, including CD106, following prolonged cultivation
[37,38]. Treatment with hyaluronan, a major glycosamino-
glycan ligand of CD44, has also been reported to upregulate
the expression of CD106 in MSCs [39]. Thus, it is possible
that our culture method, which consists of 3 weeks of culture
under 3 different conditions, attenuates the expression of

e 2ot S l
0.4X10%cells/cm? |
e ;

FIG. 2. Ideal cell density of
hiPSCs for monolayer culture.
Phase-contrast micrograph of
monolayer cultured hiPSCs at
40x magnification 7 days af-
ter plating onto adhesive cul-
ture dishes. To determine the
ideal cell density, sprouted
cells from EBs were dissoci-
ated by trypsin/EDTA and
serially diluted to yield cell
densities  of  0.05-20x10*
cells/cm®. A cell density at 1-
2x10* cells/cm® was deter-
mined to be ideal for cell
proliferation without cell ag-
gregation.
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FIG. 3. Expression of MSC markers by monolayer cultured hiPSCs. Cells were cultivated in monolayer culture under MSC
growth conditions for 7 days, and then dissociated by trypsin/EDTA for pellet culture. Flow cytometric analysis of cell
surface marker expression on dissociated hiPSCs revealed that the major fraction of hiPSCs expressed CD90, CD44, and
CD166, and that a fraction of hiPSCs expressed CD146, CD73, CD105, and CD140a. hiPSCs were negative for TRA-1-60, a
marker of undifferentiated cells, and for hematopoietic markers (CD34 and CD45). Gray lines show staining with the relevant
isotype-matched control antibodies.

CD106. Nonetheless, expression of CD90, CD44, CD166, occurs before chondrogenic induction. In a pellet or micro-
CD146, CD73, CD105, and CD140a and the lack of CD34 and  mass culture system, cells change their morphology, express
CD45 suggest that at least a fraction of hiPSCs in monolayer  chondrogenic differentiation markers, and produce an ex-
culture differentiated along the mesenchymal lineage. In-  tracellular matrix that contains acidic proteoglycans, which
deed, osteogenic differentiation of monolayer-cultured stain positive for Alcian blue and toluidine blue. In a pre-
hiPSCs was confirmed using a previously described induc-  vious report, micromass culture using hESCs dissociated

tion medium [7] (data not shown). from EBs exhibited chondrogenesis superior to that of a two-
‘ dimensional (2D) EB direct-plating outgrowth system [40].

Chondrogenic differentiation of hiPSCs In the present study, we dissociated EBs and selected only

by pellet culture the cells that proliferated in monolayer culture in the MSC

growth medium. After 3 days of pellet culture, little Alcian

The original in vitro chondrogenic differentiation method blue staining was observed, and hiPSCs inside the pellet
was initially established using rabbit and human bone exhibited fibroblast-like morphology (Fig. 4A). At day 7 of
marrow-derived mesenchymal progenitor cells {17,18]. The induction, pellets showed partial Alcian blue staining and
high-density 3D microenvironment is thought to facilitate contained some large spherical cells with typical chon-
cell-cell and cell-matrix interactions and to mimic in vivo drocyte-like morphology (Fig. 4A). At day 14 of induction,
limb development, in which mesenchymal condensation spherical cells and interstitium, which was clearly stained
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FIG. 4. Histological analysis of chondrogenic differentiation from hiPSCs (B7). Histological analysis of paraffin-embedded
cell pellets stained with Alcian blue/hematoxylin/eosin (HE) revealed progressive chondrogenic differentiation of hiPSCs.
The positive area and intensity of Alcian blue staining, which indicated the existence of acidic proteoglycans, increased
progressively (A). hiPSCs in monolayer culture before pellet culture exhibited small size and fibroblast-like morphology (B).
After pellet culture for 21 days, staining with HE revealed spherical cell morphology and interstitium (C). Micrographs at
high magnification revealed positive staining with Alcian blue (D) and metachromasy of toluidine blue (E) in interstitium of
pellets cultured in the chondrogenic induction medium for 21 days. (A), 100 x magnification; (B), 40 x magnification; (C-E),
200 x magnification.

with Alcian blue, were evident throughout the pellet (Fig.
4A). At day 21 of induction, the entire pellet was intensely
stained with Alcian blue, suggesting maturation of cartilag-
inous extracellular matrix (Fig. 4A).

Before chondrogenic induction by pellet culture, hiPSCs in
monolayer culture were small and fibroblast-like (Fig. 4B).
However, at day 21 of induction, hiPSCs located inside the
pellet exhibited large spherical morphology (Fig. 4C) and
were surrounded by Alcian blue-positive (Fig. 4D) and to-

luidine blue-positive (Fig. 4E) acidic proteoglycans. At day
28 of induction, many pellets exhibited internal necrosis
(data not shown). Thus, in our method, the differentiation of
hiPSCs appeared to reach a plateau at day 21 of induction.
The cell morphology and positive staining for Alcian blue
and toluidine blue indicated that hiPSCs differentiated into
the chondrogenic lineage. To confirm the chondrogenic dif-
ferentiation capability of hiPSCs, we examined 2 more hiPSC
lines. One line (iPS-TIG107) was generated from TIG-107

FIG. 5. Histological analysis of chondrogenic differentiation from hESCs (H9). Histological analysis of hESC-derived pellets
stained with Alcian blue/HE indicated progressive chondrogenic differentiation similar to that observed with hiPSCs. The
positive area and intensity of Alcian blue staining increased progressively (A). hESCs in monolayer culture before pellet
culture exhibited morphology similar to that of hiPSCs in monolayer culture (B). After pellet culture for 21 days, staining with
HE revealed spherical morphology typical of chondrocytes and interstitium (C). hESCs also presented positive staining with
Alcian blue (D) and metachromasy of toluidine blue (E) in interstitium of pellets cultured with chondrogenic induction
medium for 21 days. (A), 100x magnification; (B), 40x magnification; (C-E), 200 x magnification.
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fibroblasts derived from the skin of an 81-year-old Japanese
woman by introducing 4 reprogramming factors using ret-
roviruses. Another line, 253G1 (G1), was derived from the
same donor as B7, but generated by introducing 3 factors
(Oct 3/4, Sox2, and Klf4, but not c-Myc) using retroviruses
[41]. These 2 iPSC lines (iPS-TIG107 and G1) exhibited
chondrogenic differentiation capability and time course
similar to those of B7 (Supplementary Fig. 54 and S5), al-
though the level of matrix synthesis appeared to be smaller
in Gl-derived pellets.

Comparative analysis of chondrogenic
differentiation capability of hiPSCs and hESCs

We performed the procedure described above with hESCs
(H9) and compared their chondrogenic differentiation capa-
bility to that of hiPSCs. During 21 days of induction, hESCs
demonstrated a sequence of histological changes similar to
that observed with hiPSCs (Fig. 5A). At day 3 of induction,
some areas of hESC-derived pellets were faintly stained with
Alcian blue, and some hESCs already exhibited chondrocyte-
like spherical morphology. At day 7 of induction, the whole
hESC-derived pellet was stained with Alcian blue. In com-
parison, hiPSC-derived pellets showed only partial staining
at this time. At day 14 of induction, the whole pellet was
more strongly stained with Alcian blue. At day 21 of in-
duction, the appearance of cells with chondrocyte-like mor-
phology and Alcian blue staining of the interstitium were
more apparent, although the difference between days 14 and
21 was not significant. Thus, compared to hiPSCs, hESCs
exhibited slightly faster progression of chondrogenic induc-
tion. Before chondrogenic induction by pellet culture, the
morphology of monolayer-cultured hESCs was also fibro-
blast-like, similar to that of hiPSCs (Fig. 5B).

hESCs began showing morphological changes at day 3,
and matured progressively thereafter (Fig. 5C). At day 21,
the hESC-derived pellets showed intense Alcian bliue
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staining (Fig. 5D) and toluidine blue metachromasy (Fig.
5E), as was the case for hiPSCs. At day 28 of induction,
many hESC-derived pellets also exhibited internal necrosis
(data not shown). About 85% of hESC-derived pellets (11
successful pellets/13 experiments), compared to 73% of
hiPSC-derived pellets (8 successful pellets/11 experiments),
exhibited successful chondrogenic differentiation. We also
applied this culture protocol to another hESC line, KhES-1
[42], and found that it exhibited similar chondrogenic dif-
ferentiation (Supplementary Fig. S6). These data demon-
strate that in our multistep culture method, both hiPSCs
and hESCs differentiate into the chondrogenic lineage, al-
though hESCs exhibited slightly faster progression and in-
creased efficiency of chondrogenic differentiation compared
to hiPSCs.

Time course of gene expression of chondrogenic
differentiation markers

We analyzed the time course of chondrogenic differenti-
ation marker expression by real-time RT-PCR. The chon-
drogenic transcription factor Sox9 is required for precartilage
condensation and directly regulates the transcription of type
II collagen and aggrecan [43-45]. Type II collagen is an early
chondrogenic differentiation marker, and aggrecan is a major
sulfated proteoglycan of the cartilage matrix and a highly
specific marker of differentiated chondrocytes [45]. SOX9
expression was already present in hiPSCs at day 0 of
monolayer culture (Fig. 6A), temporarily decreased at day 3
before the elevation of expression of COL2A1 and ACAN,
and gradually increased thereafter. COL2A1 exhibited low
expression at day 0, but was gradually upregulated at day 3
and 7, and was over 60-fold upregulated by day 14 (Fig. 6B).
The expression of ACAN was also quite low initially (at days
0 and 3), but was dramatically upregulated at day 7 and
increased further thereafter (Fig. 6C). The expression of
COL10A1, a specific marker for hypertrophic chondrocytes,
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FIG. 6. Marker gene expression during chondrogenic differentiation of hiPSCs and hESCs. The expression of chondrogenic
differentiation markers was analyzed by real-time reverse transcription—polymerase chain reaction. Both hiPSCs and hESCs in
monolayer culture exhibited high expression of SOX9 (A and D). After the expression of SOX9 was downregulated, the expression
of type II collagen (COL2A1) (B and E) and aggrecan (ACAN) (C and F) increased progressively, especially from day 7 onward. The
expression of SOX9 was increased again at later stages (day 14 and 21). No type X collagen (COL10A1) expression was detected in
either hiPSCs or hESCs (data not shown). *Significant change relative to control (day 0) (n=3). Data are shown as the mean+5D.
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was not detected at any time during the culture period (data
not shown). hESCs showed similar trends in SOX9, COL2A1,
and ACAN expression, but the increase in COL2AI levels
was more modest, and the increase of ACAN was larger in
hESCs than in hiPSCs (Fig. 6D-F). COLI0A1 expression was
not detected in hESCs at any time during the culture period
(data not shown).

Immunohistochemical analysis of chondrogenic
differentiation markers

After confirming the expression of chondrogenic differ-
entiation markers in both hiPSC- and hESC-derived culture
pellets at the mRINA level, we next examined the expression
of these markers by immunohistochemistry. Sections of
hiPSC-derived pellets stained with hematoxylin/eosin (HE)
exhibited spherical cell morphology characteristic of chon-
drocytes (Fig. 7A). Although we tried several different
antibodies, we detected no type II collagen signal in hiPSC-
derived pellets at day 21 of induction (Fig. 7B). Weak ag-
grecan expression was detected in hiPSC-derived pellets at
day 21 of induction (Fig. 7C). Staining of NHAC-kn-derived
pellets with HE revealed large spherical cell morphology and
rich interstitium, suggesting greater maturation in NHAC-
kn-derived pellets than in hiPSC-derived pellets (Fig. 7E).
Unlike hiPSC-derived pellets, NHAC-kn-derived pellets ex-
hibited strong positive staining both for type II collagen and
aggrecan (Fig. 7F, G). Human BMMSC (hBMMSC)-derived
pellets were cultivated in DMEM/F12, which contained only
10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin,
for 21 days as negative control. hBMMSC-derived pellets
did not exhibit cell morphological change (Supplementary
Fig. S7A) or the expression of chondrogenic markers;
Type II collagen (Supplementary Fig. S7B) and aggrecan

HE Type Hl Collagen

FIG. 7.
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(Supplementary Fig. S7C). Positive signals for human-specific
mitochondria in the iPSC-, NHAC-kn-, and hBMMSC-derived
specimens (Fig. 7D, H, Supplementary Fig. S7D) suggested that
lack of staining for chondrogenic markers was not due to a
general loss of antigenicity during specimen processing. In the
specimens from hESC-derived pellets, type II collagen was not
detected, and aggrecan was weakly detected, as with the
hiPSC-derived pellets (data not shown). Taken together, these
data suggested that hiPSCs and hESCs differentiated into
chondrogenic lineage cells with similar characteristics, but
neither hiPSCs nor hESCs yielded fully mature chondrocytes.

Discussion

In this study, we developed a simplified, reproducible
method for differentiating hiPSCs into the chondrogenic
lineage in vitro. Our method does not involve genetic ma-
nipulation, making it suitable for studying the mechanism of
idiopathic genetic diseases, such as skeletal dysplasia, and
for evaluating drug effects on chondrocytes. Our protocol
consists of 4 steps: (1) EB formation, which involves spon-
taneous differentiation and mimics the formation of the 3
germ layers in vitro; (2) Cell outgrowth from EBs to increase
cell number; (3) Monolayer culture to remove undifferenti-
ated cells and select cells that can adapt to MSC growth
conditions; and (4) 3D pellet culture, which is important for
cell-cell and cell-matrix interactions. Our pellet culture me-
dium was supplemented with TGF-$3 and dexamethasone,
since these factors were previously demonstrated to produce
the highest chondrogenic potential in 3D culture reported to
date [46]. In our protocol, differentiation into the mesen-
chymal lineage during EB formation and monolayer culture
was critical. In addition, cell density was a crucial factor for
monolayer culture. The ideal cell density for monolayer

Aggrecan Human-specific Mitochondria

Immunohistochemical analysis of chondrogenic differentiation markers in pellets derived from hiPSCs. Sections

from paraffin-embedded hiPSC pellets cultivated for 21 days in the chondrogenic induction medium were stained with HE
(A). Normal human articular chondrocytes from knee cells (NHAC-kn) cultivated for 21 days according to the same pellet
culture protocol, used as a positive control, were also stained with HE (E). Sections in both (A) and (E) contained large
spherical cells typical of chondrocytes and rich interstitium that was positive for Alcian blue (data not shown). Im-
munohistochemical staining of hiPSC-derived pellets failed to detect expression of type II collagen (B). Staining for aggrecan
was faintly positive (C). The sections from NHAC-kn stained strongly for both type II collagen (F) and aggrecan (G). Human-
specific mitochondrial staining was detected in both the hiPSC-derived pellet (D) and NHAC-kn-derived pellet (H). (A-H),
100x magnification.
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culture in our method was the same as that previously re-
ported for induction of chondrocytes from hESCs in an
arginine-glycine-aspartate-modified hydrogel combined with
EB formation and monolayer culture [47], suggesting that
the optimal culture condition for chondrogenic differentia-
tion of hiPSCs is very close to that of hESCs.

Other attempts to induce MSCs from ESCs and iPSCs have
also been reported. For instance, MSCs or MSC-like cells
have been derived from hESCs by either transfection of a
human telomerase reverse transcriptase (\TERT) gene [48] or
by coculture with mouse OF9 cells [34]. However, the use of
exogenous genetic material or mouse cells in those protocols
introduces, respectively, the risk of tumorigenicity or con-
tamination by animal pathogens. To overcome these prob-
lems, hESCs have been plated directly on gelatin-coated
dishes without EB formation and cultured with bFGF and
PDGF-AB [49]. In that study, after 1 week, CD105-positive
and CD24-negative cells were sorted as MSCs. Those cells
expressed MSC markers, such as CD44, CD49%a, CD105, and
CD166. However, expression of type II collagen mRNA de-
creased progressively after chondrogenic induction, even
though the immunostaining for type II collagen was positive.
Recently, mesenchymal progenitor cells were induced from
murine iPSCs using a method similar to ours [50]. In that
method, murine iPSC-derived EBs were transferred to cul-
ture dishes and cultivated in DMEM supplemented with 10%
FBS and 10~® M all-trans retinoic acid. Sprouted cells from
EBs were dissociated with trypsin/EDTA, seeded onto
gelatin-coated dishes, and cultivated in the MesenPRO RS™
Medium (Invitrogen) supplemented with bFGF. The result-
ing induced mesenchymal progenitor cells expressed mark-
ers for MSCs. Thus, a culture protocol consisting of EB
formation, cell outgrowth from EBs, and monolayer culture
after dissociation into single cells appears to be suitable for
mesenchymal differentiation from iPSCs and ESCs. This
method is simple, reproducible, and results in good cell vi-
ability, although some details still need to be refined. In the
present study, to reduce the risk of cell damage, we did not
use cell sorting. However, purification of mesenchymal
progenitor cells by cell sorting may improve the efficiency of
chondrogenic differentiation, and should be combined with
our approach in future studies.

The expression of sequential markers of chondrogenic
differentiation in vitro is inconsistent among studies. Sox9
belongs to the Sry-related high-mobility-group box (Sox)
transcription factors and directly regulates the expression of
several chondrogenic markers, including type II collagen and
aggrecan [43-45]. Sox9 was identified as a causative gene of
campomelic dysplasia, with heterozygous patients exhibiting
disproportionately short stature, bowing of the limbs, low
ears, depressed nasal bridge, talipes equinovarus, long
philtrum, and micrognathis [51,52]. Heterozygous Sox9
mouse mutants exhibited the same skeletal abnormalities as
campomelic dysplasia patients, and histological analysis re-
vealed smaller and delayed chondrogenic mesenchymal
condensation and enlargement of the hypertrophic zone in
association with premature mineralization [53]. During
mouse embryogenesis, Sox9 is expressed in all chon-
droprogenitors and chondrocytes except for hypertrophic
chondrocytes. Thus, Sox9 is required for the commitment of
undifferentiated MSC to the chondrogenic lineage, for mes-
enchymal condensation, and for inhibiting hypertrophic
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conversion of proliferating chondrocytes. Gong et al. re-
ported that micromass culture using hESCs (H9) resulted in
chondrogenic differentiation, with Sox9 expression elevated
at the early stage and strikingly downregulated at the in-
termediate stage of inductive culture [54]. In their report, no
type X collagen expression was detected even at late stages
of induction, which the authors deemed favorable, because
chondrocytes in articular cartilage do not normally undergo
hypertrophic maturation. Meanwhile, a report by Toh et al.,
in which hESCs (line H1 and H9) were differentiated into
hypertrophic chondrocytes following micromass culture of
EB-derived cells, demonstrated the expression of type X
collagen, which was detected by both PCR and immuno-
histochemistry [40]. However, in another report Toh et al.
induced chondrogenic differentiation of hESCs (H9) by a
combination of micromass culture of EB-derived cells and
pellet culture after cell dissociation; they demonstrated that
Sox9 expression increased continuously for 21 days in mi-
cromass culture, whereas no type X collagen expression was
detected even after pellet culture for another 4 weeks [55]. In
a recent study, chondrocytes could be induced from hESCs
in 2D culture by a multistep process that applied different
cell density and different combinations of growth factors to
each stage [56]. In that study, differentiated cells expressed
Sox9, CD44, and type II collagen, but did not express type X
collagen. In our experiments, the expression of SOX9 was
already elevated at the start of pellet culture, decreased
promptly, and increased again at a later stage. Because Sox9
inhibits hypertrophic conversion of proliferating chon-
drocytes [53], increased expression of SOX9 at a late stage
might explain why the expression of type X collagen was not
detected at any time during the culture period. Moreover,
negative expression of type X collagen is not necessarily
unfavorable, because hyaline cartilage, which constitutes
articular cartilage, does not express type X collagen [54].
The cause of the discrepancy between gene expression and
protein expression in cell pellets needs to be elucidated. Al-
though RT-PCR revealed that expression of type II collagen
and aggrecan mRNAs was obviously increased, immuno-
histochemistry detected only weak staining for aggrecan and
no staining for type II collagen. The reason for negative
immunostaining of type II collagen is not known. However,
a discrepancy between gene expression and protein expres-
sion of type II collagen has been reported previously, sug-
gesting that mRINAs containing AU-rich elements are
destabilized when translated [49]. There is a possibility that
translation might be destabilized in our culture conditions.
Another possibility is that cells in pellets are still immature
chondrocytes, and do not produce enough collagen to be
detected by immunohistochemistry. To achieve in vitro
chondrogenic differentiation, 3D pellet culture in the pres-
ence of TGF-B superfamily members seems to be essential.
While pellet culture is definitely an effective tool, it is not
without its limitations. Another critical factor is oxygen
tension. The physiological environments of both articular
cartilage and bone marrow exist within a range of 1%-7%
oxygen. Previous studies have shown that hypoxia promotes
chondrogenic differentiation of MSCs [57,58] and that hyp-
oxia increases the expansion potential of MSCs [59,60]. Ad-
ditionally, Sox9 is upregulated by hypoxia, resulting in
increased expression of type II collagen and aggrecan in
human articular chondrocytes. Thus, it is possible that
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hypoxic culture conditions would promote chondrogenic
differentiation of hiPSCs in combination with our protocol.
In addition, the combination of TGF-B in the induction me-
dium with various growth factors, such as growth and dif-
ferentiation factor 5 [61], cell sorting by MSC markers, and
subjecting cultures to cyclic hydrostatic pressure [62] might
also improve maturation of chondrocytes in our method,
resulting in enhanced expression of type II collagen and
aggrecan protein.

In our method, the ability of hESCs to differentiate into the
chondrogenic lineage was similar to that of hiPSCs, although
hESCs exhibited slightly faster progression and greater effj-
ciency of chondrogenic differentiation compared to hiPSCs.
However, a slight difference in the progression and efficiency
of chondrogenic differentiation might arise from clonal var-
iation, since different ESC and iPSC lines can vary in their
characteristics [63,64]. In our study, Gl-derived pellets
seemed to produce less matrix than B7 and iPS-TIG107 lines.
It is difficult for our method to control evenly the differen-
tiation time course and the characteristics of induced chon-
drocytes from different cell lines.

In conclusion, we have developed a simplified and re-
producible culture method that allows hiPSCs and hESCs to
be differentiated into the chondrogenic lineage via genera-
tion of mesenchymal progenitor cells. Although the induc-
tive culture method still needs improvement, our study
provides an important foundation for cartilaginous tissue
engineering, which will benefit regenerative medicine,
pathogenesis studies of idiopathic skeletal dysplasia, and the
development of drug screening systems for cartilaginous
diseases.
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