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SUMMARY
A simple induction protocol to differentiate chondrocytes from pluripotent stem cells (PSCs) using small-molecule compounds is bene-

ficial for cartilage regenerative medicine and mechanistic studies of chondrogenesis. Here, we demonstrate that chondrocytes are

robustly induced from human PSCs by simple combination of two compounds, CHIR99021, a glycogen synthase kinase 3 inhibitor,

and TTNPB, a retinoic acid receptor (RAR) agonist, under serum- and feeder-free conditions within 5–9 days. An excellent differentiation

efficiency and potential to form hyaline cartilaginous tissues in vivowere demonstrated. Comprehensive gene expression and open chro-

matin analyses at each protocol stage revealed step-by-step differentiation toward chondrocytes. Genome-wide analysis of RAR and b-cat-

enin associationwith DNA showed that retinoic acid andWnt/b-catenin signaling collaboratively regulated the keymarker genes at each

differentiation stage. This method provides a promising cell source for regenerative medicine and, as an in vitro model, may facilitate

elucidation of the molecular mechanisms underlying chondrocyte differentiation.
INTRODUCTION

Chondrocytes play pivotal roles in skeletal development

and lifelong maintenance of articular cartilage. Disruption

of their latter function can lead to osteoarthritis (OA), one

of the most prevalent musculoskeletal disorders. The tran-

scription factor SOX9 is expressed in all chondroprogeni-

tors during chondrogenesis (Zhao et al., 1997), and directly

regulates expression of extracellular matrix molecules

including type 2 and type 11 collagens (COL2A1 and

COL11A2, respectively), and Aggrecan (ACAN) (Bridge-

water et al., 1998; Lefebvre et al., 1997; Sekiya et al., 2000).

Pluripotent stem cells (PSCs), such as human embryonic

stem cells (ESCs) and human induced pluripotent stem

cells (hiPSCs), are a promising cell source for treating

degenerative diseases such asOA because of their unlimited

expansion potential. They are also valuable experimental

tools for in vitro studies of cell differentiation, including

chondrogenesis. Several efficient methods have been

developed for chondrocyte induction from human PSCs,

and they are based on the sequence of pathways active dur-

ing chondrogenesis and employ many kinds of cytokines

(Craft et al., 2015; Oldershaw et al., 2010; Yamashita

et al., 2015). In addition to gene transduction or cytokine

treatments, recent protocols for cell reprogramming or dif-

ferentiation have used small-molecule compounds, which

have definite advantages over previous methods. Small-

molecule compounds are easy to use, can be efficiently

delivered to cells, are non-immunogenic, and are more
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cost-effective (Araoka et al., 2014; Cao et al., 2016; Kanke

et al., 2014). Their effects can be finely regulated by

adjusting the concentrations and combinations (Cao

et al., 2016). Therefore, development of a simple induction

protocol to obtain chondrocytes from PSCs using

small-molecule compounds will benefit cartilage regenera-

tive medicine and mechanistic studies of chondrocyte

differentiation.

Canonical Wnt signaling regulates mesendoderm induc-

tion of PSCs (Bakre et al., 2007). We previously employed

CHIR99021, a compound that activates canonical Wnt

signaling by suppressing b-catenin degradation through

glycogen synthase kinase (GSK) 3b inhibition, in the initial

step of osteoblast differentiation of mouse ESCs (mESCs)

(Kanke et al., 2014). Because chondrocytes are also derived

from mesendodermal cells (Craft et al., 2015; Oldershaw

et al., 2010; Yamashita et al., 2015), treatment of PSCs

with CHIR99021 will be useful in the initial step of chon-

drogenesis. Moreover, retinoic acid (RA) and retinoids

have been widely used to differentiate PSCs into various

types of cells (Araoka et al., 2014; D’Amour et al., 2006;

Hu et al., 2009; Osakada et al., 2008; Tonge and Andrews,

2010). While RA and retinoids suppress collagen produc-

tion or cartilage matrix synthesis in chondrocytes cultures

(Pacifici, 2018), they play essential roles in the process of

limb bud formation and subsequent chondrogenesis dur-

ing skeletal development (Niederreither et al., 1999,

2002). Thus, RA and retinoids may be useful for inducing

chondrocytes from PSCs.
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ecommons.org/licenses/by-nc-nd/4.0/).

mailto:tasaitou-tky@umin.ac.jp
https://doi.org/10.1016/j.stemcr.2019.07.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2019.07.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Here, we found that the simple combination of two

small-molecule compounds, aWNTactivator and an RA re-

ceptor (RAR) agonist, robustly induced chondrocytes from

hiPSCs under serum- and feeder-free conditions within

5–9 days. Its excellent efficiency and the potential of the

differentiated cells to form hyaline cartilaginous tissues

in vivo were demonstrated. We also analyzed time-course

gene expression and open chromatin profiles at each stage,

as well as RAR and b-catenin association with DNA in the

differentiation process.
RESULTS

Combination of CHIR99021 and TTNPB Induces

Chondrogenic Markers in hiPSCs

We first examined the effects of CHIR99021 on mesendo-

derm differentiation of hiPSCs. Mesendoderm markers T

and MIXL1 were highly upregulated after 2 or 3 days of

treatment with CHIR99021 at concentrations greater than

5 mM (Figure 1A). Cell viability was markedly impaired by

20 mM CHIR99021. As an additional compound to induce

the cells toward chondrocytes, we selected TTNPB (4-[(E)-

2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-

1-propenyl]benzoic acid), a selective pan-RAR agonist. Cells

were treated with various doses of TTNPB for 5 days, along

with an initial 2-day treatment by 10 mM CHIR99021. At

greater than 10 nM TTNPB, expression of chondrogenic

markers SOX9, SOX5, COL2A1, and COL11A2 was greatly

induced (Figure 1B). To investigate the timing of TTNPB

treatment, we began 100 nM TTNPB treatment on day 0,

1, 2, or 3, then cultured the cells until day 5 or day 9. Expres-

sion of the chondrogenic markers was maximal when

TTNPB was started on day 0 (Figure 1C). We then investi-

gated the optimal CHIR99021 dose in combination with

100 nM TTNPB. Although T and MIXL1 were induced in a

dose-dependentmanner on day 2 (Figure 1D), the chondro-

genic markers were significantly elevated only when more

than 5 mM CHIR99021 was applied, and these markers

were not upregulated by treatment with less than 3 mM

CHIR99021 (Figure 1E). Finally, we examined the optimal

time period for CHIR99021 treatment. All four chondro-

genic markers were efficiently upregulated on day 5 when

10 mMCHIR99021was applied for the initial 2 days, in com-

binationwith 5 days of treatment with 100 nMTTNPB (Fig-

ure 1F). Based on these results, the optimized protocol was

combined treatment with 5–10 mM CHIR99021 for the

initial 2 days, and greater than 10 nM TTNPB for the

whole period. Within these conditions, we chose 10 mM

CHIR99021 treatment for the initial 2 days and 100 nM

TTNPB for thewhole period as the standard two-compound

(2C) protocol (Figure 1G). This protocol was used for all sub-

sequent analyses.
The 2C Protocol Differentiates hiPSCs toward

Chondrocytes viaMesendoderm andMesoderm Stages

We next examined the time dependence of changes in

marker gene expression during differentiation induced by

the 2C protocol. Decreased expression of pluripotent

markers NANOG and OCT4, and increased expression of

T and MIXL1, occurred immediately after the initiation of

2C treatment (Figure 2A). Paraxial mesoderm markers

TBX6 and MEOX1 were sequentially upregulated from

day 2 to day 4. Among lateral plate mesoderm markers,

expression of HAND1 was also increased on day 4, while

NKX2.5, an early cardiomyocyte marker, was not upregu-

lated during the differentiation; these findings indicate

that amixture of both paraxialmesodermal cells and lateral

plate mesodermal cells was produced by the 2C protocol.

Expression of SOX9, SOX5, and SOX6, essential transcrip-

tion factors for chondrogenesis, was then increased,

accompanied by upregulation of cartilage matrix genes

including COL2A1, COL11A2, and ACAN (Figure 2A). As

for articular cartilage-related genes, the expression level of

GDF5 was significantly increased along with differentia-

tion, whereas PRG4 (encoding Lubricin, known as an artic-

ular superficial zone protein) was not upregulated at all.

Finally, expression of hypertrophic chondrocyte markers

COL10A1, VEGFa, and IHH did not show significant upre-

gulation up to day 21 (Figure 2A). Based on these marker

gene expression patterns, we characterized four differentia-

tion stages, namely pluripotent (day 0), mesendoderm

(days 1–2), mesoderm (days 2–4), and chondrocyte stages

(beginning on day 5) (Figure 2B). After initiation of the

2C protocol, the hiPSC-derived cells immediately began

to grow outside of their colonies and continued prolifer-

ating (Figure 2C). The cell number plateaued on days 4–5

(Figure 2D).

The 2C Protocol Has Excellent Differentiation

Efficiency

To examine the efficiency and homogeneity of 2C-induced

differentiation, we performed immunofluorescence cyto-

chemistry and fluorescence-activated cell sorting (FACS)

analysis. NANOG and OCT4 were highly expressed in un-

differentiated cells, but were not detectable after 9 days of

differentiation (Figure 3A). SOX9 and COL2 were detected

in almost all differentiated cells on day 9 (Figure 3A). FACS

confirmed the differentiation efficiency (Figures 3B and

3C). Notably, NANOG- or OCT4-positive cells were not de-

tected after differentiation, while 97.0% of cells were posi-

tive for SOX9 (Figure 3C).

hiPSC-Derived Cells Form Hyaline Cartilaginous

Tissues In Vivo

We next transplanted hiPSC-derived cells differentiated by

the 2C protocol into subcutaneous spaces and articular
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Figure 1. Optimization of Mesendoderm and Chondrocyte Differentiation of hiPSCs Using Two Compounds
(A) Optimization of dose and treatment period of CHIR99021 for mesendoderm differentiation. Cells were treated with various doses of
CHIR99021 for up to 4 days. #p < 0.05 versus day 0; *p < 0.05 versus 0 mM in the same time period; Dunnett’s test.
(B) Chondrocyte differentiation after 5 days of treatment with various TTNPB doses. Cells were also treated with 10 mM CHIR99021 for the
initial 2 days. *p < 0.05, **p < 0.01 versus 0 nM; Dunnett’s test.
(C) Optimization of timing to start 100 nM TTNPB treatment. Cells also received 10 mM CHIR99021 for the initial 2 days. *p < 0.05,
**p < 0.01 versus (�); Dunnett’s test.
(D and E) Mesendoderm differentiation after 2 days (D), or chondrocyte differentiation after 5 days (E) of treatment with various doses of
CHIR99021. Cells also received 100 nM TTNPB throughout. *p < 0.05, **p < 0.01 versus 0 mM; Dunnett’s test.
(F) Optimization of the treatment period of 10 mM CHIR99021 with 100 nM TTNPB treatment throughout. *p < 0.05, **p < 0.01 versus (�);
Dunnett’s test.
(G) Standard 2C protocol to induce chondrocytes from hiPSCs.
All mRNA levels are expressed as means ± SE (n = 9 replicates from three independent experiments). In (B) to (F): FF, hiPSCs under feeder-
free conditions on day 0; BM, hiPSCs cultured in basal differentiation medium.
cartilage defects of mice to evaluate cartilage maturation

in vivo. We seeded 1.73 106 differentiated cells into a small

cylinder and cultured them for 1 week to form particles, as

described previously (Saito et al., 2015). First, the particles

were transplanted into subcutaneous spaces of NOD/SCID

mice. After 8 weeks, hyaline cartilaginous tissues were

observed in the transplantation sites by Safranin-O staining

(Figure 3D). COL2-positive areas corresponded to the

Safranin-O-positive areas, while COL10 immunofluores-

cencewas not detectable (Figure 3E). Lubricinwas expressed
532 Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019
in the surrounding layers just outside of the hyaline cartilag-

inous tissues (Figure 3E). Immunofluorescence with an anti-

human vimentin antibody then showed that both the hya-

line cartilaginous and the Lubricin-expressing tissues were

derived fromhiPSCs (Figure 3E). There were no signs of tera-

toma or other tumor formation around the transplantation

sites or in other organs.

Next, the particles were transplanted into cartilage defects

created in the trochlear grooves of femurs of NOD/SCID

mice. After 6 months, Safranin-O staining confirmed



Figure 2. Time Course of Chondrocyte Differentiation from hiPSCs Using the 2C Protocol
(A) Time course of marker gene expression levels. Cells were treated with CHIR99021 for the initial 2 days and 100 nM TTNPB throughout.
Data are expressed as means ± SE (n = 9 replicates from three independent experiments). *p < 0.05 versus day 0; Dunnett’s test.
(B) Scheme showing step-by-step differentiation of hiPSCs by the 2C protocol.
(C) Morphology of hiPSC-derived differentiating cells at each stage of the 2C protocol. Scale bars, 500 mm.
(D) Cell proliferation during differentiation induced by the 2C protocol. Data are expressed as means ± SE (n = 9 replicates from three
independent experiments).
See also Figure S1.
hyaline cartilaginous tissues in the transplanted defects,

whereas almost no cartilage tissue formation or regenera-

tion was observed in the defects without transplantation

(Figure 3F). Histological scores of cellular morphology and

Safranin-O staining of cartilage defects in the transplanta-

tion group were significantly higher than those in the

non-transplantation group (Figure 3G). The regenerated tis-

sues in the defects with transplantation exhibited strong

COL2 expression comparable with the adjacent intact

articular cartilage, whereas COL2 immunofluorescence

was not detectable in the defects without transplantation

(Figure 3H). Expression of COL10 was not observed in the

transplantation sites, while Lubricin was expressed mainly
in surface layers of the regenerated tissues after transplanta-

tion (Figure 3H). Furthermore, immunofluorescence for hu-

man vimentin showed that tissues in the transplantation

sites contained cells derived from hiPSCs (Figure 3H). No

signs of teratoma or other tumor formation were seen

around the transplanted joints or in other organs.

The 2C Protocol Induces Chondrocytes More

Efficiently Than Protocols Using Cytokines

To further characterize differentiated cells produced by the

2C protocol, we compared their expression levels of marker

genes with cells after differentiation by two other reported

protocols using cytokines for about 2 weeks (Oldershaw
Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019 533



Figure 3. Evaluation of Differentiation Efficiency Using the 2C Protocol, and Transplantation of hiPSC-Derived Differentiated Cells
into Subcutaneous Spaces and Articular Cartilage Defects in Mice
(A) Immunofluorescence cytochemistry of marker proteins in hiPSCs under feeder-free conditions (FF) on day 0 and in differentiated cells
after 9 days of culture under the 2C protocol (day 9). Representative images from three independent experiments per condition are shown.
Scale bars, 200 mm.
(B and C) FACS analysis of hiPSCs under feeder-free conditions (B) and differentiated cells after 9 days of culture under the 2C protocol (C)
using antibodies against NANOG, OCT4, or SOX9. Representative plots of nine samples per condition are shown. Positive cell rates are
shown as means ± SE (n = 9 replicates from three independent experiments).
(D) Safranin-O staining of subcutaneous transplantation sites after 8 weeks. Representative images of n = 6 mice are shown. A rectangle
indicates the area enlarged in the immunofluorescence images in (E). Scale bars, 100 mm.
(E) Immunofluorescence of COL2, COL10, Lubricin, and human vimentin (hVIM) with DAPI labeling of nuclei in subcutaneous trans-
plantation sites. Scale bars, 50 mm.
(F) Safranin-O staining of transplanted and non-transplanted defects created in articular cartilage of knees at 6 months after trans-
plantation. Representative images of n = 6 mice per group are shown. Rectangles indicate the areas enlarged in the immunofluorescence
images in (H). Scale bars, 200 mm.
(G) Histological scores of cartilage defects in transplantation and non-transplantation groups. Scores are expressed as means ± SE (n = 6
mice per group). **p < 0.01; Brunner-Munzel test.
(H) Immunofluorescence of COL2, COL10, Lubricin, and hVIM with DAPI labeling of nuclei in transplanted and non-transplanted cartilage
defects. Scale bars, 100 mm.
In (F) to (H): TP, transplantation; NT, non-transplantation. See also Figure S1.
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Figure 4. Marker Gene Expression in Cells Differentiated by the 2C Protocol or Representative Methods Using Cytokines
FF, hiPSCs under feeder-free conditions on day 0; 2C, cells after 9 days of differentiation induced by the 2C protocol; RP1, cells after 13 days
of differentiation induced by a previously described method (Oldershaw et al., 2010); RP2, cells after 14 days of differentiation induced by
another previously described method (Yamashita et al., 2015). Bone and Adipose, human bone and adipose tissue obtained from in-
dividuals undergoing knee arthroplasty. RNA of human fetal samples was obtained commercially. mRNA levels are expressed as means ± SE
(n = 9 replicates from three independent experiments). *p < 0.05, **p < 0.01 versus 2C; Dunnett’s test comparing 2C, RP1, and RP2.
et al., 2010; Yamashita et al., 2015). Expression levels of

pluripotent and chondrogenic markers were significantly

decreased and increased, respectively, by 2C differentiation

compared with the other protocols (Figure 4). Expression of

osteogenic markers, such as RUNX2 and COL1A1, was

significantly lower after 2C differentiation than after differ-

entiation by one of the cytokine protocols, while the expres-

sion level of SP7, also an osteogenic marker, was similar

among the protocols (Figure 4). Among adipogenicmarkers,

expression of PPARg and ADIPOQ was not different among

the protocols, whereas the expression level of LPLwas lower

after 2C differentiation than differentiation by the cytokine

protocols (Figure 4). Expression of an endoderm marker,

SOX17, and an early cardiomyocyte marker, NKX2.5, was

significantly suppressed after 2C differentiation, although

expression of a neuroectoderm marker, SOX1, was not

different among the protocols (Figure 4). Based on these

data, we cannot conclude superiority for any method

because the concepts and aims of the protocols were

different. Nonetheless, our comparison showed that the
2C protocol induced chondrocytes from hiPSCs more effi-

ciently when compared with these other protocols.

The 2C Protocol Induces Chondrocytes from Different

hiPSC Clones and mESCs

To confirm reproducibility of 2C-induced differentiation,

we subjected different hiPSC clones to the protocol. Expres-

sion levels of marker genes and differentiation efficiency

were similar among the hiPSC clones (Figures S1A–S1F).

We next performed differentiation by the 2C protocol us-

ing mESCs adapted to feeder-free conditions. Although

expression of pluripotent marker genes was decreased

more slowly in mESCs than in hiPSCs, the increase in

chondrogenic marker gene expression was similar in both

cell types (Figure S1G).

Comprehensive Gene Expression Analysis Reveals

Step-by-Step Differentiation toward Chondrocytes

We next performed microarray analysis of sequential sam-

ples during the 2C differentiation. Hierarchical clustering
Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019 535



Figure 5. Microarray Analysis of Differentiation Induced by the 2C Protocol
(A) Hierarchical clustering analysis using all expressed genes in n = 3 sequential samples from three independent experiments during
differentiation induced by the 2C protocol.

(legend continued on next page)
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analysis for all expressed genes showed a distinct difference

in expression profiles between samples before day 2 and af-

ter day 3 (Figure 5A). Volcano-plot analysis was performed

to detect differentially expressed genes in the samples after

differentiation compared with those on day 0, and this

identified upregulated genes in each dataset (shown in

sheets 1–5 of Table S1). For day-9 samples, 2,112 genes,

including chondrogenic markers SOX5, SOX6, SOX9,

COL2A1, and COL11A2, were found to be significantly up-

regulated (Figure 5B and sheet 5 of Table S1). Thereafter,

gene ontology (GO) analysis using the upregulated genes

of each day was performed (sheets 6–10 of Table S1). Skel-

etal-related terms, such as ‘‘skeletal system development’’

and ‘‘skeletal system morphogenesis,’’ were highly en-

riched in all of the datasets, and ‘‘skeletal system develop-

ment’’ was ranked top in the GO terms extracted from

the day-9 dataset (Figure 5C and sheets 6–10 of Table S1).

Terms relevant to cartilage formation, such as ‘‘cartilage

development’’ and ‘‘cartilage morphogenesis,’’ were also

significantly enriched in each dataset, and among them,

‘‘cartilage development’’ was highly enriched with p =

4.503 10�14 in the upregulated genes of the day-9 samples

(Figure 5C and sheets 6–10 of Table S1). Furthermore, hier-

archical clustering analysis using the entities of ‘‘cartilage

development’’ indicated that the expression profile of the

day-9 samples was most similar to that of the day-5 sam-

ples, next in similarity to those of days 3 and 4, and most

different from those of days 0 and 2 (Figure 5D). All of these

findings were consistent with the step-by-step differentia-

tion of hiPSCs toward chondrocytes under the 2C protocol.

Open Chromatin Analysis Shows that the 2C Protocol

Induces Stepwise Chondrogenesis in Terms of

Chromatin Accessibility

Assay for transposase-accessible chromatin using seq-

uencing (ATAC-seq) was performed using hiPSC-derived

cells during the 2C protocol to analyze sequential opening

and closing of chromatin elements at each differentiation

stage. The key features of eachATAC-seq dataset are summa-

rized in sheet 1 of Table S2. About 35,000–47,000 raw peaks

met the peak calling criteria for eachdataset (sheet 2 of Table

S2). A feature of peak distribution in the ATAC-seq datasets

was striking enrichment around transcriptional start sites
(B) Volcano-plot analysis to identify differentially expressed genes in t
the threshold. Upregulated entities are shown as red dots and downreg
significantly differentially expressed genes.
(C) GO-term analysis of the upregulated genes in day-9 samples comp
skeletal development and cartilage formation are shown.
(D) Hierarchical clustering analysis based on the gene set of ‘‘cartilag
dataset.
In (A) and (D), entities with increased expression are shown in red, and
color-range bars. See also Table S1.
(TSSs), as shown in sheet 3 of Table S2; approximately

28%–38% of all peaks lay within ±500 bp from a TSS (sheet

2 of Table S2), although this region represents only 0.001%

of the genome (McLean et al., 2010). To focus on transcrip-

tional regulation by distal enhancers during differentiation

(Stadhouders et al., 2012), we extracted peaks more than

500 bp distant from a TSS for later analysis (sheets 2 and 4

of Table S2), as described previously (Ohba et al., 2015).

We performed Genomic Regions Enrichment of Annota-

tions Tool (GREAT) GO analysis (McLean et al., 2010), using

specific peaks in the samples after differentiation compared

with those on day 0, to analyze stage-specific dynamics of

chromatin accessibility (Figure 6A and sheets 6–23 of Table

S2). Approximately 14,000–23,000 peaks in the samples af-

ter differentiationwere distinct from those in day-0 samples

(sheet 5 of Table S2), indicating that these distinct peaks rep-

resented characteristics of cells at each stage. The day-2-spe-

cific peak set comparedwith peaks in day-0 samples showed

a strong association around genes related to GO Biological

Process terms, such as ‘‘mesoderm morphogenesis’’ and

‘‘mesoderm formation’’ (sheet 6 of Table S2), indicating

that day 2 was the mesoderm and mesendoderm stage, as

shown by the gene expression analyses (Figures 2A and 5).

Subsequently, ‘‘embryonic skeletal system morphogenesis’’

was highly enriched in the day-4- and day-5-specific peak

sets (sheets 12 and 15 of Table S2). For the day-9-specific

peaks, the highest ranked terms were ‘‘embryonic skeletal

system development’’ and ‘‘embryonic skeletal system

morphogenesis’’ (Figure 6A and sheet 21 of Table S2), while

‘‘regulation of chondrocyte differentiation’’ was enriched,

with p = 1.47343 3 10�25 (sheet 21 of Table S2). For Mouse

Phenotype and Human Phenotype annotations, terms rele-

vant to skeletal formationwerehighly enriched in eachpeak

set, and these terms monopolized the top four or five rank-

ings of day-9-specific peaks (Figure 6A; sheets 7, 8, 10, 11,

13, 14, 16, 17, 19, 20, 22, and 23 of Table S2). These GREAT

GO analysis findings indicated the step-by-step differentia-

tion of hiPSCs toward chondrocytes viamesodermandmes-

endoderm formation in the 2C protocol in terms of chro-

matin accessibility.

Next, we performed de novo motif analysis of day-9-spe-

cific peaks using MEME-ChIP (Bailey et al., 2009). A sum-

mary of the recovered motifs is shown in Figure S2A. It is
he day-9 samples compared with those of day 0. Green lines indicate
ulated entities are indicated as blue dots; gray dots represent non-

ared with those of day 0. The top seven enriched terms relevant to

e development’’ extracted from the upregulated genes in the day-9

genes with decreased expression are shown in blue, as indicated by

Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019 537



Figure 6. ATAC-Seq and RARa ChIP-Seq of hiPSC-Derived Cells on Day 9 of the 2C Protocol
(A) GREAT GO analysis of ATAC-seq peaks specific to day 9 compared with day 0. The top five enriched terms for GO Biological Process,
Mouse Phenotype, and Human Phenotype are shown.
(B) SOX and RAR/RXR motifs recovered from ATAC-seq peaks of the day-9 MEME-ChIP analysis dataset. Motif logos display nucleotide
frequencies (scaled relative to the information content) at each position.
(C) GREAT GO analysis of RARa ChIP-seq peaks in samples on day 9. The top five enriched terms for GO Biological Process and Mouse
Phenotype are shown.
(D) A RAR/RXR motif recovered from RARa ChIP-seq peaks in the day-9 MEME-ChIP analysis dataset. Motif logos display nucleotide fre-
quencies (scaled relative to the information content) at each position.
(E) Distribution of the RAR/RXR motif within a 1,000-bp window from the peak centers in RARa ChIP-seq peaks of the day-9 dataset. The
numbers of existing motifs are shown on the y axis.
See also Figures S2 and S6; Tables S2, S3, and S4.
worth noting that the list of significantly enriched motifs

included an RAR/RXR motif and an SOXmotif (Figure 6B),

indicating that enhancer elements specific to day 9 were

potentially regulated by these factors.

Genome-wide Analysis Demonstrates RAR-DNA

Association in Each Stage of the 2C Protocol

Chromatin immunoprecipitation sequencing (ChIP-seq)

with an anti-human RARa antibody was performed using

hiPSC-derived cells during the 2C differentiation to eluci-

date the roles of RARs in each stage of the 2C protocol.

The key features of each dataset are summarized in sheet

1 of Table S2. Few peaks were enriched in the sample on

day 0, and about 4,000–10,000 raw peaksmet the peak call-

ing criteria for each sample after day 2 (sheet 1 of Table S3).

Peak distribution analysis revealed that, except for the
538 Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019
day-0 sample, only 8%–15% of the RARa-associated re-

gions after day 2 occurred within 5 kb of TSSs (sheet 2 of

Table S3), indicating that longer-range interactions were

the predominant feature of the RARa regulatory program.

We performed GREAT GO analysis on the samples after

differentiation (Figure 6C and sheets 3–20 of Table S3).

The day-0 sample was excluded from the GREAT GO anal-

ysis because the number of peaks was very low. For GO

Biological Process terms, the most highly ranked terms

were ‘‘regionalization’’ and ‘‘anterior/posterior pattern

specification’’ for all of the datasets (Figure 6C; sheets 3,

6, 9, 12, 15, and 18 of Table S3), which is consistent

with the role of RA as a morphogen in embryogenesis (Bé-

nazet and Zeller, 2009). Furthermore, highly significant

recovery of terms related to limb development, skeletal

system morphogenesis, and chondrocyte differentiation



Figure 7. CisGenome Browser Views of Peaks for RARa ChIP-Seq and ATAC-Seq around SOX9 during the 2C Differentiation
(A) Diagram of SOX9 and regions including peaks (R1–R4) that were identified in the day-9 RARa ChIP-seq dataset and regarded as
regulatory domains of SOX9 by GREAT analysis.
(B) CisGenome browser screenshots showing R1–R4. Asterisks indicate peak regions that were putative regulatory domains of SOX9 and
common between the replicates.
See also Figures S3–S5 and S7.
was found in day-7 and day-9 peak sets (Figure 6C; sheets

15 and 18 of Table S3). For both Mouse Phenotype and

Human Phenotype annotations, many terms relevant to

skeletal formation were significantly enriched in each

peak set, and terms regarding skeletal formation monopo-

lized the top-five ranking of Mouse Phenotype in the day-

9 peaks (Figure 6C; sheets 4, 5, 7, 8, 10, 11, 13, 14, 16, 17,

19, and 20 of Table S3).

De novo motif analysis of the day-9 peaks using MEME-

ChIP identified an RAR/RXR motif (Figure 6D) among the

significantly recovered motifs (Figure S2B). This motif was

highly enriched at the predicted centers of the peaks (Fig-

ure 6E). These findings supported direct binding of RARa

to enhancers as well as integrity of the ChIP-seq dataset.
RAR Binds to Enhancers in Mesendodermal,

Mesodermal, and Chondrogenic Genes at Respective

Differentiation Stages

We examined sequential changes of peak signals in ATAC-

seq and RARa ChIP-seq around mesendodermal, meso-

dermal, and chondrogenic genes. Around T andMIXL1, re-

gions with strong peak signals were seen on day 2 in

both RARa ChIP-seq and ATAC-seq, and these signals

became much weaker after day 3 (Figures S3A and S3B).

Around MEOX1, there were peak regions on days 2–4,

which were detected in RARa ChIP-seq and consistent

with ATAC-seq (Figure S3C). Notably, several peak regions

in both sequencing datasets overlapped around chondro-

genic genes, such as SOX9, SOX5, and SOX6, after day 5
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(Figures 7, S4, and S5). Collectively, these data demonstrate

that RARa binds to enhancers around mesendodermal,

mesodermal, and chondrogenic genes at respective differ-

entiation stages of the 2C protocol.

b-Catenin ChIP-Seq Showed that Wnt/b-Catenin

Signaling Regulated the Differentiation in

Collaboration with RA Signaling

We hypothesized that collaborative effects of RA andWnt/

b-catenin signaling might be important for chondrocyte

differentiation in the 2C protocol, as our optimization ex-

periments with the two compounds showed that the effi-

ciency of chondrocyte differentiation was lower when

TTNPB was not present from the initiation of differentia-

tion (Figure 1C). Therefore, b-catenin ChIP-seq was per-

formed using hiPSC-derived cells on days 2 and 3 of the

2C differentiation to reveal themolecular roles of b-catenin

in the 2C protocol. The key features of each dataset are

summarized in sheets 1–3 of Table S4. Further analysis

was not performed for the sample on day 3 because no sig-

nificant peakswere enriched in the day-3 sample (sheet 2 of

Table S4). A TCF (T cell factor) motif was top-ranked among

the significantly recovered motifs in MEME-ChIP analysis

of the day-2 peaks (Figure S6A), and this motif was highly

enriched at the predicted centers of the peaks (Figure S6B),

which supported the integrity of the b-catenin ChIP-seq

dataset and suggested that Wnt/b-catenin signaling has a

direct effect on enhancers.

Next, we examined peak signals in the putative enhancer

regions of marker genes, including T, MIXL1, and SOX9, at

each stage of differentiation. Some of the peaks identified

in b-catenin ChIP-seq for the day-2 samples corresponded

to those in the RARa ChIP-seq datasets on day 2 (Figures

S6C, S6D, and S7A), which suggested that Wnt/b-catenin

signaling directly regulated differentiation in the 2C proto-

col in coordination with RA signaling.

Essential Enhancer Regions Were Suggested by

Epigenomic Analyses in Altered Protocols

To further reveal the importance of the coordination be-

tween Wnt/b-catenin and RA signaling in the 2C protocol,

we performed b-catenin ChIP-seq, RARa ChIP-seq, and

ATAC-seq with an altered 2C protocol whereby TTNPB

was dosed from day 2 (TT(�) protocol, as shown in Fig-

ure S7B). We also executed RARa ChIP-seq with a protocol

whereby CHIR99021 was not dosed (TT-only protocol, as

shown in Figure S7B). We confirmed that the features of

these datasets, which are summarized in sheets 1–3 of Table

S4, were similar to those obtained with the standard 2C

protocol. Peak analysis of these datasets showed that

some of the open chromatin regions for ATAC-seq and

the peak regions for ChIP-seq, identified in the standard

protocol, were not found in the TT(�) or TT-only protocols
540 Stem Cell Reports j Vol. 13 j 530–544 j September 10, 2019
(Figures S6C, S6D, and S7A); this suggested that these re-

gions might play essential roles in the differentiation pro-

cess of the 2C protocol.
DISCUSSION

In the present study, we found that chondrocytes were

robustly induced from hiPSCs by the simple combination

of two small-molecule compounds, a GSK3 inhibitor and

an RAR agonist, within 5–9 days. The differentiation

induced by our protocol showed excellent efficiency and

reproducibility among different hiPSC clones and mESCs.

Particles prepared from hiPSC-derived differentiated cells

formed hyaline cartilaginous tissues when transplanted

into subcutaneous spaces and articular cartilage defects of

mice. Real-time qRT-PCR, microarray analysis, and ATAC-

seq showed that the time courses of gene expression and

chromatin profiles were comparable with stepwise chon-

drogenesis through the mesendoderm and mesoderm

stages. Furthermore, genome-wide analysis of RARa and

b-catenin association with DNA demonstrated that RA

and Wnt/b-catenin signaling collaboratively regulated the

key marker genes at each differentiation stage.

Because RA is involved in the generation and differentia-

tion of various tissues and organs, RA and retinoids have

been used to induce differentiation of various cell types,

including neural cells, photoreceptors, nephrogenic cells,

and pancreatic cells (Araoka et al., 2014; D’Amour et al.,

2006; Hu et al., 2009; Osakada et al., 2008; Tonge and An-

drews, 2010). In some of these previous studies, RA was

administered at intermediate and final stages, whereas in

the 2C protocol we used TTNPB throughout differentiation.

It is notable that the efficiency of chondrocyte differentia-

tion deteriorated when TTNPB was not present from the

beginning of the procedure. This findingmay be compatible

with a study describing that chondrogenic induction of

mESC-derived embryoid bodies is promoted by treatment

with RA in the early stage of differentiation (Kawaguchi

et al., 2005). Optimal timing for RA or retinoid treatment

in the induction protocols will differ by target cell type.

The effects of RA and retinoids on chondrogenesis or

chondrocytes seem to largely depend on cell type and

culture conditions. Some studies show that RA and

retinoids promote hypertrophic differentiation and

mineralization of cultured chondrocytes (Weston et al.,

2003). They are also reported to have suppressive

effects on collagen production or cartilage matrix synthesis

in cultured chondrocytes or limb bud mesenchymal cells

(Pacifici, 2018; Sekiya et al., 2001). Meanwhile, RA

upregulates SOX9 expression in a cartilage-derived cell line

(Sekiya et al., 2000). To explain these discrepancies, it is

assumed that primary chondrocytes contain heterogeneous



subpopulations while an established cell line consists of a

homogeneous population of chondrocytes at a certain stage

in which SOX9 is enhanced by RA (Sekiya et al., 2001).

Moreover, mouse genetic studies have contributed a series

of findings about the indispensable functions of RA in

chondrogenesis. In mice, knockout of retinaldehyde dehy-

drogenase-2 (Raldh2), an enzyme responsible for RA synthe-

sis, results in lethality at mid-gestation accompanied by

severely impaired development of various tissues and or-

gans (Niederreither et al., 1999). Limb buds do not form,

and subsequent chondrogenesis and endochondral ossifica-

tion does not occur in Raldh2-deficient embryos (Nieder-

reither et al., 1999). Notably, RA supplementation during

embryonic days 7.5–10.5 markedly rescues chondrogenesis

and endochondral ossification of Raldh2-deficient embryos

(Niederreither et al., 2002). In addition, in vivo experiments

using knockout mice for RARs support the roles of these

receptors in chondrocyte differentiation. Although single-

knockout mice for each RAR do not show abnormal

development, a double knockout for RARa and RARg has

severely impaired skeletal growth (Lohnes et al., 1994).

Taken together, these findings show that RA is essential

for the entire process of chondrocyte differentiation.

Considering the present data of time-course gene expres-

sion and open chromatin profiles, serial induction from

PSCs toward chondrocytes by the 2C protocol probably

may mimic these physiological functions of RA throughout

chondrogenesis.

The binding of RAR to enhancers in mesendodermal,

mesodermal, and chondrogenic genes at each stage during

the 2C differentiation, displayed by the ChIP-seq datasets,

indicates the molecular roles of RA throughout the chon-

drogenic process, which is consistent with the previous

studies described above (Lohnes et al., 1994; Niederreither

et al., 1999, 2002). As for mesodermal genes, it is reported

that MEOX1 is induced by RA (Dixon et al., 2017), which

is compatible with the present study.Meanwhile, SOX9 en-

hancers for various organs have been identified, including

testis, gonad (Sekido and Lovell-Badge, 2008), midbrain,

telencephalon, hindbrain, spinal cord, node, notochord,

gut, bronchial epithelium, pancreas, cranial neural crest,

inner ear (Bagheri-Fam et al., 2006), and cartilage or chon-

drocytes (Mochizuki et al., 2018; Yao et al., 2015). Although

binding sites for RA or Wnt/b-catenin signaling shown in

the present study seem to not correspond to these reported

enhancers, the differences of chromatin accessibility and

RAR and b-catenin association with DNA between the stan-

dard 2C protocol and the altered 2C protocols may suggest

enhancer regions that are essential for chondrocyte differ-

entiation via the mesendoderm and mesoderm stages.

Furthermore, the finding that the putative genes regulated

by RAR at each differentiation stage included key marker

genes for each developmental stage implies that RA
signaling is involved in fundamental regulation of chon-

drogenesis. The mechanisms for this may be attributed to

the changes of chromatin modification or structure in

each differentiation stage, and future thorough studies

are expected to elucidate the intriguing regulatory function

of RAR during chondrogenesis.

Similarly, CHIR99021 has been employed in various pro-

tocols for PSC differentiation to neural cells, hemogenic

endothelial progenitors, nephrogenic intermediate meso-

dermal cells, and osteoblasts (Araoka et al., 2014; Kanke

et al., 2014; Kirkeby et al., 2012; Kitajima et al., 2016; Xi

et al., 2012). Characteristics of the induced neural cells

greatly differ by doses and periods of CHIR99021 treatment

(Xi et al., 2012). Our optimization experiments showed that

higher doses of CHIR99021 and shorter treatment periods

were required for efficient chondrocyte differentiation,

compared with conditions previously described for neural

cell induction (Kirkeby et al., 2012; Xi et al., 2012). Further-

more, considering that different doses, timings, and treat-

ment periods in the protocols using CHIR99021 and TTNPB

can lead to inductionofdifferent typesof cells, suchas chon-

drocytes in our study and nephrogenic intermediate meso-

dermal cells previously (Araoka et al., 2014), these two com-

pounds may be useful for inducing various cell types when

administered under different conditions. The time-course

analysis by real-time qRT-PCR showed that expression of

marker geneswas rapidly alteredat eachdifferentiation stage

in the 2C protocol. Microarray analysis and ATAC-seq

showed that hiPSCs differentiated in a stepwise manner to-

ward chondrocytes viamesendodermandmesoderm stages.

These findings indicate that the differentiation of hiPSCs

induced by the 2C protocol is consistent with step-by-step

chondrogenesis during embryogenesis (Craft et al., 2015;

Oldershaw et al., 2010; Yamashita et al., 2015). Therefore,

the present method should be useful as an in vitro experi-

mentalmodel of differentiation fromPSCs toward chondro-

cytes. Meanwhile, chondrocytes are known to differentiate

from multiple lineages, including paraxial and lateral plate

mesoderms, and multistage chondrocyte induction models

tracing a specific lineage of differentiation have been pro-

posed in some studies (Craft et al., 2015; Loh et al., 2016;

Umeda et al., 2012; Winslow et al., 2007; Xi et al., 2017;

Zhao et al., 2014). However, the 2C protocol is the simple

combination of two compounds, and we consider that this

methodwill not trace specific lineages during the differenti-

ation, asmarker genes for both paraxial and lateral plateme-

soderms were upregulated. Instead, Wnt and RA signaling

might play essential regulatory roles that are common

among the multiple lineages of chondrogenesis. Further

mechanistic studies of the two signaling pathways or

detailed analyses of the interaction between these pathways

may contribute to explication of themolecularmechanisms

underlying the chondrogenesis and differentiation.
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The 2C protocol produced more homogeneous differen-

tiation when compared with previously reported methods

using cytokines (Oldershaw et al., 2010; Yamashita et al.,

2015). This is probably because small-molecule com-

pounds regulate cells directly instead of through compli-

cated signal transduction processes triggered by cytokine-

receptor interactions. The cells differentiated by the 2C

protocol had the potential to form hyaline cartilaginous

tissues in articular cartilage defects in mouse knees,

although partial replacement with host mouse chondro-

cytes and remodeling of the articular surface appeared to

occur because of the higher turnover of chondrocytes in

small animals, as described in similar previous experiments

(Toh et al., 2010; Yamashita et al., 2015). Furthermore, the

hiPSC-derived grafts in subcutaneous spaces formed hya-

line cartilaginous tissues surrounded by layers expressing

Lubricin. This two-layer structure may be similar to that

described in subcutaneous transplantation of hiPSC-

derived particles in another study (Yamashita et al.,

2015), although immunofluorescence of Lubricin was not

examined in this study. The grafts may undergo hypertro-

phy or ossification if transplanted to more vascularized tis-

sues, e.g., the renal capsule described in another study (Col-

not et al., 2004). However, the ability to form hyaline

cartilaginous tissues in vivo and to repair articular cartilage

defects, both shown in the present study, are beneficial for

clinical application in various areas. Therefore, the 2C pro-

tocol is a promising method for providing an unlimited

and safe source of cells for cartilage regenerative medicine

at low cost. Production of cartilage tissues of various sizes

and types, by combining the present differentiation

method with appropriate tissue engineering techniques

and additional factors, is an important goal of future

research.
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