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SUMMARY
Cartilage pellets generated from ectomesenchymal progeny of human pluripotent stem cells (hPSCs) in vitro eventually show signs of

commitment of chondrocytes to hypertrophic differentiation. When transplanted subcutaneously, most of the surviving pellets were

fully mineralized by 8 weeks. In contrast, treatment with the adenylyl cyclase activator, forskolin, in vitro resulted in slightly enlarged

cartilage pellets containing an increased proportion of proliferating immature chondrocytes that expressed very low levels of hypertro-

phic/terminally matured chondrocyte-specific genes. Forskolin treatment also enhanced hyaline cartilage formation by reducing type I

collagen gene expression and increasing sulfated glycosaminoglycan accumulation in the developed cartilage. Chondrogenic mesoderm

fromhPSCs and dedifferentiated nasal chondrocytes responded similarly to forskolin. Furthermore, forskolin treatment in vitro increased

the frequency at which the cartilage pellets maintained unmineralized chondrocytes after subcutaneous transplantation. Thus, the post-

transplantational fate of chondrocytes originating fromhPSC-derived chondroprogenitors can be controlled during their genesis in vitro.
INTRODUCTION

Healthy cartilage of joints is stably maintained, but

damaged cartilage is not spontaneously repaired in large

animals and humans, leading to severe wear of the whole

joint cartilage and consequent osteoarthritis (Buckwalter

et al., 2014). The current cell-based and tissue engineer-

ing-based therapies, which use mesenchymal stromal cells

(MSCs) and dedifferentiated articular chondrocytes, are far

from ideal on a number of fronts (Steinert et al., 2007). One

of themajor challenges is to prevent the (re)generated carti-

lage from entering an endochondral ossification program

after transplantation (Somoza et al., 2014). Such a program

results in hypertrophic differentiation, mineralization/

calcification, and the death of chondrocytes, followed by

angiogenesis and bone growth, as in the growth plate.

Similar changes are also observed during osteoarthritic

cartilage degeneration (Pitsillides and Beier, 2011; van der

Kraan and van den Berg, 2012).

Chondrogenesis is most active during prenatal and early

postnatal stages. Surface injury introduced into fetal joint

cartilage in utero is repaired spontaneously and completely,

even in a large animal model (Namba et al., 1998), suggest-

ing that embryonic epiphyseal chondrocytes may possess

the capacity to regenerate joint articular cartilage without

being committed to endochondral ossification. For hu-

mans, pluripotent stem cells (PSCs), including embryonic
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stem cells (ESCs) and induced PSCs (iPSCs), are the only

practical source of embryonic cells. Chondroprogenitors

have already been developed from mouse (m) and human

(h) PSCs and characterized in vitro and in vivo (Nakayama

et al., 2016; Nakayama and Umeda, 2011). Interestingly,

we and others have recently shown that tissue-engineered

cartilage produced from mesodermal progeny of hPSCs

under scaffold-free conditions in vitro (i.e., cartilage pellet)

tended to stay in an unmineralized state when trans-

planted at ectopic sites in immunocompromised rodents

(Craft et al., 2015; Umeda et al., 2015; Yamashita et al.,

2015), as did a piece of articular cartilage (Figure S1A).

This tendency is preserved even when cartilage is formed

in the presence of bone morphogenetic protein (BMP)

(Umeda et al., 2015; Yamashita et al., 2015), which en-

hances chondrogenesis but also hypertrophic differentia-

tion of chondrocytes (Minina et al., 2002; Tsumaki et al.,

2002). However, when such mesodermal progeny were

expanded andmaintained in culture, the resulting cartilage

pellets matured readily and became fully mineralized after

transplantation (Figure S1B). So too did the chondrogenic

ectomesenchymal cells developed by an expansion culture

of neural crest-like progeny of hPSCs (Umeda et al., 2015).

Thus, regardless of the developmental origin, expanded

chondroprogenitors may have a tendency to give rise to

growth-plate-like, endochondral ossification-ready chon-

drocytes. However, expansion of chondrogenic cells such
uthor(s).
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Figure 1. Suppression of Hypertrophic Chondrocyte Gene Expression during Chondrogenesis from hESC-derived Ectomesenchymal
Cells
(A) Graphical representation of the experimental procedure. CDM, chemically defined medium; F, FGF2; Sb, SB431542; PT, PDGF + TGF-b;
PTB, PT + BMP4; PTG, PT + GDF5; PT7, PT + BMP7.
(B) BMP4 suppression of COL1 gene (COL1A1) expression during chondrogenesis. Mean relative expression levels from n = 5–9 (PTB) and
n = 6 (PT) are shown with SEM as thin vertical lines and p value.
(C) PTHrP suppression of COL10A1 expression without affecting COL2A1 expression. Mean value from n = 4 with SEM and p value. Right: Fold
changes in expression by PTHrP treatment. Mean value of the ‘‘expression in PTHrP-treated pellets divided by that in untreated pellets’’ with
SEM and p value.

(legend continued on next page)
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as MSCs is often needed to gain sufficient cells for

treatment.

One way to avoid endochondral ossification in chondro-

cytes developed from expanded chondroprogenitors is to

mimic the parathyroid hormone-related peptide (PTHrP)

signaling that keeps growth-plate chondrocytes in the pro-

liferative state and suppresses their hypertrophic differenti-

ation (Amizuka et al., 1994; Karaplis et al., 1994). During

embryonic skeletogenesis, early epiphyseal chondrocytes

express PTHrP and low levels of its receptor. Later, the

Indian hedgehog (IHH)-PTHrP negative feedback loop con-

trols the speed of hypertrophic differentiation and

terminal maturation of growth-plate chondrocytes (Lanske

et al., 1996; Vortkamp et al., 1996). Increased cAMP is

responsible for such effects of PTHrP (Sakamoto et al.,

2005). The rise in cAMP leads to activation of Sox9, the

master regulator of (immature) chondrocytes, through

the action of cAMP-dependent protein kinase (PKA)

(Huang et al., 2001, 2000), which also leads to inhibition

of Mef2c action and suppression of chondrocyte hypertro-

phic differentiation (Kozhemyakina et al., 2009). PTHrP

causes a decrease in the mRNA level of Runx2, the master

regulator for mineralization (bone formation) and hyper-

trophic differentiation of chondrocytes (Li et al., 2004),

and stimulates degradation of Runx2 protein (Zhang

et al., 2009), which delays chondrocyte hypertrophic dif-

ferentiation (Guo et al., 2006). Furthermore, Pthrp mutant

mice show mineralization of nasal cartilage (Chen et al.,

2008), suggesting that nasal cartilage is maintained perma-

nently in an unmineralized state via PTHrP signaling.

Here, we report that treatment with the small-molecule

activator of adenylyl cyclase forskolin, which directly in-

creases intracellular cAMP levels during chondrogenesis

from hPSC-derived ectomesenchymal cells, suppresses hy-

pertrophic differentiation and terminal maturation of

developed chondrocytes potentially via maintaining their

proliferative state. Forskolin also increases their capacity

to produce hyaline cartilagematrix. Furthermore, forskolin

treatment prevents cartilage pellets to varying degrees from

becoming mineralized bony tissues when transplanted at

an ectopic site in immunocompromised mice. Thus, the

implementation of cAMP signaling seems to be an effective

means of generating a long-lasting, endochondral ossifica-

tion-resistant cartilage construct.
(D) Time-dependent changes in gene expression during chondrogenes
(n = 2). Thin vertical line, SD.
(E) Translucent cartilage pellet formation from H9 hESC-derived ecto
(F) Histological and immunofluorescence staining of the cartilage pe
blue. The yellow arrow indicates the COL1+ area.
(G) Composition of SOX9+ chondrocytes within the cartilage pellets fo
cells (left), analyzed by fluorescence-activated cell sorting (FACS). Tho
Representative results of n = 8. Gene expression data are provided in
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RESULTS

Forskolin Selectively Suppresses Type XCollagenGene

Expression in Hyaline-like Cartilage Pellets Induced

with BMP4 from hPSC-Derived Ectomesenchymal

Cells

We used ectomesenchymal cells (Figure 1A) as a model

hPSC-derived chondroprogenitor that forms large hya-

line-like cartilage (i.e., type I collagen [COL1]lo, type II

collagen [COL2]+) pellets in the presence of BMP (Figures

1B and 1E) (Umeda et al., 2012) and expresses type X

collagen (COL10) mRNA (COL10A1), a marker of hypertro-

phic chondrocytes (Figures 1C and 1D) (Umeda et al.,

2015) to screen for signaling modifiers that counteract

the effect of BMP on hypertrophic differentiation of

chondrocytes without disturbing its effect on hyaline

chondrogenesis in vitro. We aimed to manipulate signaling

mechanisms of canonical WNT (stabilizing b-catenin),

PTHrP (increasing cAMP), and natriuretic peptide (NP,

increasing cGMP). WNT and NP promote, and PTHrP an-

tagonizes, hypertrophic differentiation of chondrocytes

in the growth plate (Nakayama et al., 2016).

We first tested the effect of PTHrP directly (Figure 1C).

Addition of PTHrP(1–34) peptide enhanced the growth of

cartilage pellets and suppressed COL10A1 expression

without affecting COL2 mRNA (COL2A1) levels during

chondrogenesis in the standard medium (PTB), which in-

cludes platelet-derived growth factor (PDGF), transforming

growth factor (TGF) b3, and BMP4 (Umeda et al., 2012,

2015). During chondrogenesis, COL2A1 expression was

stimulated by TGF-b added from day 6 until the levels pla-

teaued around days 20–30, whereas COL10A1 expression

became detectable after BMP4 treatment initiated on day

10 (Figure 1D). Accordingly, to restrict its effect on the

BMP-promoted chondrocyte hypertrophic differentiation,

we added PTHrP on days 11–12, when COL2A1+COL10A1–

immature chondrocytes were being made and BMP signal

had just begun.

We further investigated small molecules known to

directly elevate cAMP (forskolin), to inhibit canonical

WNT signaling (iCRT14 and KY02111), to inhibit all

WNT signaling (Verapamil and Wnt-C59), or to inhibit

cGMP signaling (KT5824) (Figures S2A–S2C). Initial

screening demonstrated that forskolin strongly suppressed
is under PTB with (brown) or without (blue) forskolin (Fk) treatment

mesenchymal cells under PTB with or without Fk.
llet formed as in (E). Representative results of n = 3. TB, toluidine

rmed under PTBFk from SOX9-GFP hiPSC-derived ectomesenchymal
se derived from H9 hESCs were used for the non-GFP control (right).
Figure S3C.
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Figure 2. Effect of Different BMPs on the Forskolin Suppression of Hypertrophic Chondrocyte Gene Expression and Forskolin
Enhancement of Sulfated Glycosaminoglycan Production
(A) Effect of replacement of BMP4 in PTB (PDGF + TGF-b+BMP4) with GDF5 (PTG) or BMP7 (PT7) on gene expression during chondrogenesis
with (brown) or without (blue) forskolin (Fk). Mean relative expression levels from n = 3–5 (COL2A1), 3–6 (SOX9 and COL10A1), and 3
(RUNX2) with SEM and p values. Additional data are provided in Figure S3A.
(B) Fold changes in expression by Fk addition. Mean values from n = 3–12 shown with SEM and p values. Table S7 shows all n and p values.
(C) Quantitative comparison of the capacity of chondrocytes generated under PTB, PTG, and PT7 with (brown) or without (blue) Fk to
produce sulfated glycosaminoglycan (sGAG). Top: Mean values of mg sGAG/mg DNA (n = 4–5) shown with SEM and p values. Bottom: Mean
fold changes in the mg sGAG/mg DNA values by Fk treatment with SEM and p values (n = 4).
(Figure S2A), andWnt-C59weakly suppressed (Figure S2C),

the expression of COL10A1, without significantly affecting

COL2A1 expression and growth of the cartilage pellet.

Other agents failed to show a significant effect on

COL10A1 expression and were somewhat inhibitory to

the growth of cartilage pellets.

Therefore, we focused on cAMP signaling activated by

forskolin for further analysis. Forskolin added at 20–

30 mM (Figure S2D) during chondrogenesis under PTB

reproducibly decreased and delayed the expression of

COL10A1 and to a lesser degree RUNX2 (one of the critical

COL10A1 transcription factors), without affecting the level

and kinetics of expression of the chondrocyte genes

COL2A1 and SOX9 (the major COL2A1 transcription fac-

tor) (Figure 1D). Immunohistological analysis showed

that uniform metachromatic staining by toluidine blue

(TB; i.e., uniform sulfated glycosaminoglycan [sGAG] accu-

mulation) overlapped with COL2 immunostaining within

the cartilage pellet but that COL1 was only detectable in

the layer of cells at the periphery of pellets,more so in those

formed without forskolin (Figure 1F). In support, the for-

skolin-treated cartilage pellets consisted mostly of SOX9+

chondrocytes, assessed as the proportion of GFP+ cells

in cartilage generated from SOX9-GFP hiPSC-derived

ectomesenchymal cells (mean % SOX9-GFP+ cells, 82.9 ±

11.7 [SEM]; Figure 1G). Thus, although forskolin and
PTHrP(1–34) can be inhibitory for chondrogenesis from

MSCs (Fischer et al., 2014), no sign of inhibition of chon-

drogenesis was observed in the hPSC-derived ectomesen-

chymal cells.

The Suppression of Hypertrophic Chondrocyte Gene

Expression and Enhancement of Sulfated

Glycosaminoglycan Production by Forskolin Are Not

Affected by the Type of BMP Used

GDF5 and BMP7, members of the BMP family, are known

to support chondrocyte hypertrophic differentiation only

weakly (Caron et al., 2013; Enochson et al., 2014;

Hatakeyama et al., 2004). However, under PTG or PT7

conditions, in which BMP4 in PTB is replaced with

GDF5 or BMP7, respectively, the expression of COL10A1

and RUNX2 was induced during chondrogenesis to levels

not significantly different from those under PTB (blue;

Figure 2A). In contrast, forskolin treatment suppressed

the expression of both genes (brown): e.g., expression of

COL10A1 was suppressed by 98% in PTB (from the rela-

tive expression of 0.25 to 0.0045) and 94% in PTG

(from 0.26 to 0.015), while that of COL2A1 and SOX9

was not significantly affected. Changes in the expression

of individual genes by forskolin treatment (+Fk) are

summarized in Figure 2B, which shows the +Fk expres-

sion level normalized by the corresponding �Fk level
Stem Cell Reports j Vol. 11 j 440–453 j August 14, 2018 443



(where �Fk = 1). Among hypertrophy genes, forskolin

suppression of COL10A1 expression was statistically sig-

nificant in all BMP types tested. For the alkaline phospha-

tase gene (ALPL) and RUNX2, reproducible suppression

was observed under PTB and PTG but not under PT7 con-

ditions. Forskolin effects on MMP13 expression were not

significant under any of the BMP conditions tested. As ex-

pected, changes of the (immature) chondrocyte genes,

COL2A1 and SOX9, were weak and statistically insignifi-

cant. However, expression of COL1A1 was significantly

reduced by forskolin (Figures 2B and S3A), suggesting

that it may enhance hyaline chondrogenesis. Forskolin

treatment also significantly reduced mRNA levels of

BMP4 in all BMP conditions.

A high level of sGAG is a key indicator of healthy artic-

ular cartilage. Therefore, we investigated the effect of for-

skolin on sGAG accumulation in cartilage pellets. Under

both PTB and PTG conditions, forskolin treatment resulted

in a significant increase in the capacity of chondrocytes to

produce sGAG (Figure 2C). The PT7 condition showed the

same tendency butwith only aweak statistical significance.

Thus, forskolin supports hyaline cartilage formation by

suppressing COL1A1 expression and stimulating sGAG

production from chondrocytes, consistent with a previous

suggestion (Malemud et al., 1986), regardless of the type of

BMPs used.

Exogenous cAMP Replaces Forskolin to Suppress

COL10A1 Expression during Chondrogenesis

Next, we set out to confirm that the suppressive effect of

forskolin on COL10A1 gene expression during chondro-

genesis is dependent on the cAMP signaling pathways:

i.e., one through PKA and/or another through the ex-

change protein directly activated by cAMP (EPAC) (Breck-

ler et al., 2011). We tested the effects of the cAMP analogs

N6-benzoyl cAMP (Bnz-cAMP) and 8-pCPT-20-O-Me-

cAMP-AM (CPT-cAMP), which preferentially bind and

activate PKA and EPAC, respectively (Christensen et al.,

2003; Poppe et al., 2008). We also tested the effect of

IBMX, an inhibitor of phosphodiesterase, the enzyme

that degrades cAMP and cGMP. The PKA-activating Bnz-

cAMP significantly inhibited COL10A1 expression during

chondrogenesis under PTB (+cAMP; Figures 3A and 3B) in

a dose-dependent manner (Figure S4A). IBMX at 0.5 mM

also significantly reduced the COL10A1 levels (+IBMX).

These treatments had no significant effect on the level

of COL2A1 expression (Figures 3A and 3B). In contrast,

the EPAC-activating CPT-cAMP reduced the COL10A1

levels, albeit to a much smaller degree (Figure S4A), and

the cGMP antagonist Rp-8-Br-PET-cGMPS had no effect

on COL10A1 (Figure S4B). These results suggest that sup-

pression by forskolin of COL10A1 expression during

chondrogenesis involves the cAMP-PKA pathway.
444 Stem Cell Reports j Vol. 11 j 440–453 j August 14, 2018
Effect of Porcupine Inhibitor on the Forskolin-

Dependent Decrease in COL10A1 Expression during

Chondrogenesis

Even in the presence of forskolin, COL10A1 expression

was induced, albeit slowly (only after day 20) and weakly

(brown; Figure 1D), resulting in low but variable levels of

background expression by day 28 of chondrogenesis (i.e.,

relative expression of COL10A1 of between 0.0045 and

0.012; Figure 2A). We hypothesized that the hypertro-

phy-inducing canonical WNT signaling might contribute

to such background expression. The weak (<50%) inhibi-

tory effect of Wnt-C59 (Figure S2C) on COL10A1 gene

expression observed in the initial screening was reproduc-

ible (Figure 3B), consistent with Narcisi et al. (2015).

However, addition of Wnt-C59 with forskolin did not

significantly enhance the inhibition of COL10A1 expres-

sion due to forskolin alone (Figure 3B). Therefore, the

residual expression of COL10A1 in forskolin-treated carti-

lage pellets was probably not supported by endogenous

WNT signaling.

Forskolin Promotes Accumulation of Proliferating

Chondrocytes within Cartilage Pellets

Forskolin-treated cartilage may maintain COL2A1+

COL10A1lo hyaline chondrocytes either by blocking

their hypertrophic differentiation or by supporting

their proliferation and survival. PTHrP is known to main-

tain immature chondrocytes in a proliferative state

in growth plate (Amizuka et al., 1994; Karaplis et al.,

1994). Since forskolin treatment caused a slight enlarge-

ment of cartilage pellets (1.31 ± 0.089 [SEM] fold

increase in diameter, n = 7, p = 6.2E�04; Figure 1E),

we tested whether forskolin mimicked the proliferative

effect of PTHrP by immunostaining 30-day-old cartilage

pellets with antibodies for Ki67, the protein marker

for cell proliferation, and COL2. Forskolin treatment

led to a significant increase in the proportion of

chondrocytes expressing Ki67 in the cartilage pellets

produced under PTB (indicated by the ratio of Ki67+

nuclei/DAPI+ nuclei in the COL2+ area; Figure 3C),

although cartilage pellets formed under PTG and PT

failed to show statistically significant differences (Fig-

ure S4C). Next, we conducted a 5-ethynyl-20-deoxyuridine
(EdU) incorporation study on day 26–28 cartilage pellets.

The study demonstrated that addition of forskolin

significantly increased the proportion of DNA-replicated

chondrocytes (SOX9-GFP+EdU+ cells) within the cartilage

pellets formed under PTB from SOX9-GFP hiPSC-

derived ectomesenchymal cells (Figures 3D, S4D, and

S4E). These results support our hypothesis that forskolin

increases the proportion of immature chondrocytes

within the formed cartilage by stimulating chondrocyte

proliferation.
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Figure 3. Mechanistic Insight into the Effect of Forskolin on the Formation In Vitro of COL2A1+COL10A1lo Cartilage from hESC-
Derived Ectomesenchymal Cells
(A) Effects of the cAMP analog, Bnz-cAMP, and PDE-inhibitor, IBMX, on COL2A1 and COL10A1 expression during chondrogenesis.
Representative results of n = 3–4. Thin vertical line, SD of three technical repeats. cAMP, 80 mM Bnz-cAMP; IBMX, 0.5 mM. Additional data
are provided in Figures S4A and S4B.
(B) Mean fold changes in COL2A1 and COL10A1 expression by addition of a factor during chondrogenesis under PTB (PDGF + TGF-b + BMP4)
are shown with SEM and p values. Table S7 shows all n and p values. Factors: cAMP, 100 mM Bnz-cAMP; IBMX, 0.5 mM; C59, 30 nM Wnt-C59.
Changes by +Fk (forskolin) versus +C59: ***p = 0.0031.
(C and D) Quantitation of proliferating chondrocytes within cartilage pellets formed under PTB with or without Fk.
(C) Left: Immunofluorescence image of Ki67 and COL2 staining of a PTBFk pellet. Right: Mean value of the % Ki67+ nuclei/total (DAPI+)
nuclei of the COL2+ area from n = 4 with SEM with p value. The yellow arrow indicates the Ki67+ nucleus. Additional data are provided in
Figure S4C.
(D) EdU incorporation. Left: EdU labeled chondrocytes formed from the SOX9-GFP hiPSC-derived ectomesenchymal cells under PTB and
PTBFk were FACS analyzed. Representative image of n = 4. The pink dot plots represent cells gated with the pink gate (i.e., SOX9-GFP+

chondrocytes). Right: Mean % EdU+ cells within the SOX9-GFP+ cell population are shown with SEM and p value. Additional results are
provided in Figures S4D and S4E.
Forskolin Suppresses COL10A1 Expression without

Affecting COL2A1 Expression during Chondrogenesis

in Different Cell Systems

The SOX9-GFP hiPSC-derived ectomesenchymal cells that

underwent chondrogenesis under PTB or PTG conditions

also showed that the expression of COL10A1 was selec-

tively decreased by forskolin treatment (Figure S3C). In

addition, when chondrogenic paraxial mesoderm was

derived from hESCs, expanded in a chemically definedme-

dium (CDM) containing fibroblast growth factor (FGF) 2

and SB431542 andCHIR99021 (FSbC condition; Figure 4A)

and subjected to pellet chondrogenesis culture under PTB,

we observed a similar selective reduction in the COL10A1
expression. The levels of COL2A1 transcript were un-

changed (Figures 4B and 4C).

Nasal chondrocytes originate from cranial neural crest

(i.e., ectomesenchymal cells). Therefore, adult nasal

chondrocytes isolated from three patients were propagated

(and inevitably dedifferentiated) and subjected to in vitro

chondrogenesis as described (Pelttari et al., 2014) (Figures

4D, 4E, and S5A). The low levels of COL2A1 and

COL10A1 mRNA detected on days 6–9 of differentiation

declined to a near undetectable level (relative expression

level of 0.001) by day 28 in the presence of TGFb3 alone

(T, green). However, the addition of BMP4 on day 10 stim-

ulated COL2A1 expression and to a much lesser degree,
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Figure 4. Effects of Forskolin during
Chondrogenesis from hESC-derived Para-
xial Mesoderm and from Dedifferentiated
Human Adult Nasal Chondrocytes
(A) Graphical representation of the experi-
mental procedure for developing chondro-
genic paraxial mesoderm (PM). C, CHIR;
N, Noggin; Fi, PD173074; P, PDGF; Sb,
SB431542; T, TGFb3; B, BMP4.
(B and C) Mean relative expression levels of
COL2A1 and COL10A1 in cartilage pellets
formed under PTB and PTB with forskolin
(PTBFk) (B), and mean fold changes in
expression of COL2A1 and COL10A1 by Fk
treatment (C) are shown with SEM and
p value (n = 5).
(D) Graphical representation of the experi-
mental procedure for human nasal chon-
drocytes. SCM, serum-containing medium;
FBS, fetal bovine serum.
(E) COL2A1 and COL10A1 expression during
chondrogenesis under T (green) and TB
conditions with (TBFk, brown) or without
(TB, blue) Fk. Square, cartilage from hESC-
ectomesenchymal cells formed under PTB
(NC); triangle, cartilage formed under PTBFk
(NC + Fk). Thin vertical line, SD of three
technical repeats. Results from two other
patient samples are shown in Figure S5A.
(F) Immunofluorescence images of the
cartilage pellets generated under T, TB, and
TBFk conditions. Toluidine blue staining for
sGAG is shown in Figure S5B.
COL10A1 expression (TB, blue). The addition of forskolin

(TBFk, brown) on day 12 selectively knocked down the

BMP4-supported COL10A1 expression without affecting

the BMP4-enhancedCOL2A1 expression. Furthermore, im-

munohistological analyses supported the finding that in

nasal cartilage pellets, the accumulation of COL2 (Fig-

ure 4F) and sGAG (Figure S5B) was dependent on BMP4

and independent of forskolin.

Thus, chondrogenesis from human neural-crest-derived

ectomesenchymal cells, human paraxial mesoderm-

derived chondroprogenitors, and dedifferentiated adult

human nasal chondrocytes is sensitive to forskolin

treatment, which leads to the suppression of the BMP-

stimulated commitment of the developed chondrocytes

to hypertrophic differentiation without affecting the

enhancement of chondrogenesis by BMP.

Forskolin Treatment Maintains the Expression of

Genes Representing ‘‘Proliferative’’ and ‘‘Primitive’’

Stages of Chondrocytes

To elucidate the type of cartilage that forskolin forms pref-

erentially and the potential molecular mechanisms
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involved in the process, we performed genome-wide,

comparative transcriptome analyses on the cartilage pellets

formed from three to four independent pellet cultures of

ectomesenchymal cells under PTB conditions with or

without forskolin treatment. RNAs were isolated on day

26–28 and mRNA-sequencing analyses were performed.

The principal component analysis and heatmap demon-

strated that forskolin-treated cartilage pellets were distinct

from forskolin-untreated cartilage pellets (Figures 5A and

5B). Gene ontology (GO) analysis on differentially ex-

pressed genes (DEGs, genes showingmore than a 2-fold dif-

ference in the expression level between forskolin-treated

and untreated pellets; Tables S1 and S2) indicated that for-

skolin treatment during chondrogenesis would likely

enhance ‘‘(nuclear) chromosome segregation’’ in the cells,

suggesting the enhancement of the cell division cycle of

chondrocytes (Figure 5C, Table S1). In support, the forsko-

lin-induced gene set contained various cell-cycle regulator

genes, including CCNA2/B2, CDK1/18, and CDC45 (Otto

and Sicinski, 2017), and DNA replication genes such as

MCM10,ORC1, andCDT1 (Sclafani andHolzen, 2007) (Fig-

ure 5E, Table S3). Consistently, the forskolin-suppressed
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Figure 5. Comparative Transcriptome Analysis of Cartilage Pellets Using the RNA-seq Technology
(A) Principal component analysis of the expression pattern of protein-coding genes between PTB (PDGF + TGF-b + BMP4, red) and PTBFk
(PTB + forskolin, blue) cartilage pellets.
(B) Heatmap of the differentially expressed genes (DEG).
(C and D) Gene ontology (GO) analysis. GO categories for forskolin (Fk)-induced genes (brown bars) and Fk-suppressive genes (blue bars).
(C) Top GO categories (p < 1.0E�17) from Table S1. (D) Skeletogenesis-related GO terms (p < 1.0E�04) from Table S2.
(E and F) Selected lists of Fk-induced genes (E) from Table S3 and Fk-suppressive genes (F) from Table S4.
gene set included the p21CIP1 cell-cycle inhibitor gene,

CDKN1A (Figure 5F, Table S4).

Furthermore, GO analysis suggested that forskolin treat-

ment during chondrogenesis would promote ‘‘cartilage

development’’ and ‘‘connective tissue development,’’ but

suppress ‘‘ossification,’’ ‘‘osteoblast differentiation,’’ ‘‘bio-

mineral tissue development,’’ ‘‘bone development,’’ and

the ‘‘BMP signaling pathway’’ (Figure 5D, Table S2). In sup-

port, the forskolin-induced gene set contained genes associ-

ated with chondrogenesis such as RUNX1 (Yoshida and

Komori, 2005), PBX3 (Capellini et al., 2006), and TGFBR3,

genes involved in nasal cartilage specification such as

ALX4 (Beverdam et al., 2001) and SIX2 (He et al., 2010),

the mineralization inhibitor gene, UCMA (Surmann-

Schmitt et al., 2008), and BMP inhibitor genes such as

GREM1 (Leijten et al., 2012) and CHRDL2 (Nakayama

et al., 2004) (Figure 5E, Table S3). In contrast, the forsko-

lin-suppressed gene set included inducers of chondrocyte

hypertrophy such as RUNX2 (de Crombrugghe and

Akiyama, 2009), Osterix/SP7 (Nakashima et al., 2002), and
FOXA2 (Ionescu et al., 2012) as well as IHH (Scotti et al.,

2010), indicator genes of chondrocyte hypertrophy such

asCOL10A1 andALPL, genes associatedwith (chondrocyte)

mineralization and bone formation such as IBSP, SPP1,

MEPE (Bonewald et al., 2009), and IRX5 (Askary et al.,

2015), and those associated with BMP and its signaling tar-

gets such as BMP2 and SMPD3 (Kakoi et al., 2014) (Figure 5F,

Table S4). Real-time RT-PCR of some of these genes has

confirmed the differential expression (Figure S3B).

These results are strikingly consistent with our previous

observations that forskolin treatment keeps the chondro-

cytes inan immature statebysuppressing theircommitment

to hypertrophic differentiation, probably through enhance-

ment of chondrocyte proliferation (Figures 3C and 3D).

Forskolin-Treated Cartilage Pellets Are Better

Maintained in an Unmineralized State In Vivo than

Untreated Pellets

Based on a prediction from the report of Scotti et al. (2010),

we examined whether the suppression by forskolin of the
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Figure 6. In Vivo Stability of Cartilage Pellets Formed from hESC-Derived Ectomesenchymal Cells in the Presence of Forskolin
(A and B) Graphical representation of the experimental procedure and examples of recovered cartilage: near-intact toluidine blue (TB)+,
von Kossa (VK)lo full cartilage, and completely mineralized TB�VK+ bony pellet (ppt). The criteria for the different types of cartilage pellets
are summarized in Figures S6A–S6C.
(C) Immunofluorescence study of the TB+VKlo full cartilage (blue) and the TB�VK+ bony ppt (red). See Figure S6D.
(D) Mean frequencies (freq.) of full cartilage, partial cartilage, and bony ppt recovery from transplantation experiments using cartilage
pellets (ppts) generated under PTB (PDGF + TGF-b + BMP4), PTB + forskolin (PTBFk), PTG (PDGF + TGF-b + GDF5), PTGFk, PT7 (PDGF +
TGF-b + BMP7), or PT7Fk conditions. Mean frequencies of absorption are also shown. Figures S7A and S7B shows graphical representations
with statistics.
(E) Mean frequencies of full cartilage, partial cartilage, and bony ppt recovery from all three BMP conditions tested (n = 3) with or without
Fk treatment are presented with SEM and p values. Cumulative data and analyses are presented in Figures S7C–S7E.
commitment of chondrocytes to hypertrophic differentia-

tion in cartilage developed in vitro would lead to suppres-

sion of post-transplantational mineralization of the

cartilage. We subjected ectomesenchymal cells to pellet

culture for 28–33 days under PTB, PTG, and PT7 conditions

with or without forskolin treatment. The resulting pellets

were transplanted subcutaneously into NSG mice, har-

vested 8 weeks later (Figure 6A), and analyzed immunohis-

tochemically. Metachromatic staining of TB, which

indicates the presence of sGAG, would confirm the pres-

ence of active chondrocytes, whereas black von Kossa

staining (VK), a sign of calcium accumulation would indi-

cate chondrocyte mineralization and bone formation.

Figures S6A–S6C classify the types of cartilage pellets recov-

ered. Analyses were focused on the TB+VKlo full-cartilage

pellet that maintained cartilaginous matrix (sGAG [TB+]
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and COL2) with minimal signs of mineralization (VKlo)

and COL10 expression, and the TB�VK+ bony pellets that

lost sGAG (TB�) and were fully mineralized (VK+) but still

contained COL10+ hypertrophic chondrocytes (Figures

6B and 6C).

As shown in Figure 6D, the addition of forskolin to PTB-

based pellet culture increased the recovery of TB+VKlo full-

cartilage pellets from 0% to 13.3% of total recovered pellets

(n [independent transplantation] = 9–10, p = 0.18; not

statistically significant; Figure S7A), and led to a concomi-

tant decrease in the frequency of TB�VK+ bony pellets

from 75.8% to 48.3% (p = 0.050; Figure S7A). Similarly,

forskolin addition to PTG culture significantly improved

the maintenance in vivo of TB+VKlo cartilage from 0%

to 25.0% (n = 7–8, p = 0.023; Figure S7A). Forskolin

addition to PT7 culture also improved TB+VKlo cartilage



Figure 7. Schematic Representation of
the Role of In Vitro Forskolin Treatment
on the Pre- and Post-transplantational
Fate of Cartilage Developed from hPSCs
maintenance from 0% to 12.5% (n = 5–6, p = 0.24, not sta-

tistically significant; Figure S7A). Interestingly, however,

the recoveries of TB+VKlo full cartilage (increased by forsko-

lin, p = 0.014) and TB�VK+ bony pellet (decreased by for-

skolin, p = 0.089) were surprisingly consistent, regardless

of the type of BMP used to promote cartilage pellet forma-

tion (Figure 6E). The analysis based on cumulative data led

to similar results (Figures S7C–S7E).

In conclusion, while forskolin treatment did not

completely inhibit the BMP-promoted commitment of

chondrocytes to hypertrophic differentiation during

in vitro chondrogenesis from ectomesenchymal cells, it

significantly and specifically counteracted such effects of

BMP (but not BMP-facilitated hyaline chondrogenesis),

and improved the maintenance of cartilage at an unminer-

alized or less mineralized state in vivo without loss of the

capacity to produce cartilage matrix.
DISCUSSION

We have demonstrated that the commitment of chondro-

cytes in cartilage pellets developed in vitro from the

hPSC-derived chondroprogenitors to hypertrophic differ-

entiation can be inhibited by forskolin treatment, and

such in vitro treatment can have a lasting effect on the

fate of the resulting chondrocytes; namely inhibition of

further maturation, mineralization, and bone formation,

even after transplantation (Figure 7). Furthermore, forsko-

lin achieved this effect, at least in part, by maintaining

chondrocytes in a primitive, proliferative state.

We used forskolin as a PTHrP mimic. Attempts to use

PTHrP or PTHrP(1–34) peptide to suppress hypertrophic

differentiation of chondrocytes developed in vitro from

MSCs have thus far yielded contradictory results. In earlier
studies, PTHrP enhanced COL2 expression and weakly

suppresses COL10 expression (Kim et al., 2008). PTHrP

in chondrocyte conditioned medium also suppressed

COL10 expression (Fischer et al., 2010). However, in later

studies, PTHrP was inhibitory for chondrogenesis and sup-

pressed the expression of both COL2A1 and COL10A1

(Weiss et al., 2010), although intermittent administration

of PTHrP(1–34) was found to alleviate the situation to

some extent (Fischer et al., 2014). Chondrogenesis from

adult MSCs in the presence of TGF-b induced the expres-

sion of COL2A1 and COL10A1 simultaneously (Fischer

et al., 2014;Weiss et al., 2010). In contrast, chondrogenesis

from the hPSC-derived chondroprogenitors showed

sequential induction of COL2A1 then COL10A1, so resem-

bling the maturation process of chondrocytes in the

growth plate. It is therefore tempting to speculate that

our success in the use of forskolin to reproducibly suppress

signs of chondrocyte hypertrophic differentiation in vitro

without affecting hyaline chondrogenesis may be attrib-

uted to the stage-specific administration of forskolin (i.e.,

after COL2A1 but before COL10A1 induction) used in our

hPSC-derived cell system.

BMPs are known to facilitate the hypertrophic differenti-

ation of chondrocytes in vitro at different efficiencies

dependent on the BMP used; e.g., GDF5 and BMP7 are

not very effective or sometimes inhibitory (Caron et al.,

2013; Enochson et al., 2014; Hatakeyama et al., 2004). In

fact, BMP7weakly inducedCOL10A1 andALPL expression,

andGDF5 induced it to levels between those achieved with

BMP7 and BMP4 (Figures 2 and S3A). These differences,

however, did not reflect the in vivo stability of developed

cartilage pellets, so that no cartilage remained as TB+VKlo

full cartilage after 8 weeks regardless of BMP (Figures 6D

and S7). In addition, conditions without exogenous BMPs

(PT condition) have thus far showed no significant
Stem Cell Reports j Vol. 11 j 440–453 j August 14, 2018 449



improvements (Figure S7), contrary to the expectation

from the previous studies using mesodermal progenitors

(Craft et al., 2015). Therefore, the use of no BMP, or a partic-

ular type of BMP, could not substitute effectively for forsko-

lin in the promotion of long-lasting cartilage formation

from ectomesenchymal cells.

We performed comparative bioinformatics analyses with

Wu et al. (2013) human embryonic chondrocyte databases

(GEO: GSE51812), but found no significant indications of

forskolin-promotion of articular chondrocyte formation

in our cultures (Tables S5 and S6), similar to the effects of

GREM1, FRZB, and DKK1 on the MSC chondrogenesis

(Leijten et al., 2012). However, the GO analysis implicated

forskolin suppression of the ‘‘BMP signaling pathway’’

among themost probable biologicalmechanisms of forsko-

lin (Figure 5D). In fact, we observed that forskolin induced

BMP inhibitor gene expression and suppressed BMP

signaling gene expression (Figures 2B, 5E, 5F, and S3B, Ta-

bles S3 and S4). Since exogenous forskolin and BMPs

were not present in vivo, suppression of the intrinsic capac-

ity of cartilage pellets to activate BMP signaling may

contribute to the improved maintenance of transplanted

cartilage pellets at an unmineralized or less mineralized

state for 8 weeks.

Significant fractions of the forskolin-treated cartilage

pellets recovered from ectopic transplantation were miner-

alized (Figures 6, S6, and S7), possibly due in part to

preferential absorption of unmineralized cartilage pellets

generated in vitro with forskolin. We have noted that for-

skolin treatment resulted in increased pellet loss, although

only the PTB condition gave statistically significant differ-

ences: from 10.4% (PTB) to 36.5% (PTBFk) (p = 0.084; Fig-

ure S7B). However, the mean increased rate of loss of

forskolin-treated pellets was consistent, regardless of

the type of BMP used for cartilage pellet formation

(p = 0.0010; Figure 6E). Furthermore, the results may be

due to the background expression of hypertrophy-inducer

genes such as RUNX2, SP7, BMP2, and BMP4, which was

not completely suppressed by forskolin. These gene prod-

uctsmay be upregulated and become functional after trans-

plantation to promote mineralized cartilage formation.

Additional blocking of WNT signaling by a porcupine in-

hibitor did not significantly improve the in vitro effect

(Figure 3B) and in vivo consequence (data not shown) of

forskolin treatment. Therefore, manipulation of other

mechanisms may be needed.

Thus, one of the advantages of the hPSC-derived chon-

droprogenitor cell system for generating tissue-engineered

cartilage is that the post-transplantational fate of devel-

oped chondrocytes can be more robustly controlled at a

pre-transplantational stage (i.e., in vitro), compared with

the adultMSC systems reported (Fischer et al., 2010; Narcisi

et al., 2015; Weiss et al., 2010). Mechanistic studies to un-
450 Stem Cell Reports j Vol. 11 j 440–453 j August 14, 2018
derstand how these processes work are necessary, not

only to improve the efficacy of hPSC-based cartilage regen-

erative therapy but also to apply the mechanism to the

more clinically relevant adult stem cells for better therapeu-

tic outcomes.
EXPERIMENTAL PROCEDURES

Human Pluripotent Stem Cell Culture
H9 (WA09) hESCs fromWiCell were maintained onmouse embry-

onic fibroblast feeder cells. CY2-SOX9-2A-ZsGreen-2A-Puro

(SOX9-GFP) hiPSCs from NIH were maintained in E8 medium as

described (Umeda et al., 2015). Human PSC experiments were

under the regulation of SCRO for the University of Texas Health

Science Center at Houston (UTHealth).

Generation and Expansion of Ectomesenchymal Cells

from hPSCs through Neural Crest Specification
Human ESCs and iPSCs were differentiated, and the neural crest-

like progeny were purified by fluorescence-activated cell sorting

(FACS) and expanded as described (Umeda et al., 2015).

Generation and Expansion of Paraxial Mesoderm

from hPSCs
Human ESCs were differentiated using the improved embryoid-

body-forming culture method (Umeda et al., 2015). Paraxial meso-

derm cells were isolated by FACS as described (Umeda et al., 2012),

and were then expanded in CDM (Umeda et al., 2015) supple-

mented with FGF2, PDGF, SB431542, and CHIR99021 (FPSbC me-

dium). At passage 2, PDGF was removed (FSbC).

Expansion of Human Adult Nasal Chondrocytes
Human adult nasal chondrocytes from one female (11F) and two

male patients (12M, 13M) were independently isolated and

expanded to passage 3 as described (Centola et al., 2013).

Scaffold-free Cartilage Formation: Pellet Culture
Chondrogenesis was induced by pellet culture as described

(Umeda et al., 2015). Chondrogenesis fromhuman nasal chondro-

cytes was performed as described (Pelttari et al., 2014).

Isolation of Chondrocytes from Cartilage Pellets
A cartilage pellet was treated with 4 mg/mL collagenase in the pel-

let culture medium (Umeda et al., 2015) at 37�C for 3 hr and disso-

ciated to single cells by repetitive pipetting.

Isolation and Quantification of DNA, RNA, and sGAG

from Cartilage
DNAs and sGAGs from cartilage pellets were isolated, quantified,

and analyzed as described (Umeda et al., 2015).

EdU Incorporation Assay
Cartilage pellets were labeled with EdU for 21–25 hr. Then chon-

drocytes were isolated and processed using the Click-iT plus EdU

Alexa Fluor 647 Kit (Invitrogen) and analyzed by FACS.



Gene Expression Profiling
Real-time RT-PCR experiments were performed as described

(Umeda et al., 2015). The results are presented as mean relative

expression levels (against EEF1A1) with SEM shown by thin error

lines. The change in expression was a relative expression of a

gene in treated (+) pellets normalized against that in the corre-

sponding untreated (�) pellets. RNA sequencing (RNA-seq) was

performed on an Illumina Nextseq500. Sequenced reads (GEO:

GSE116173) were mapped against the human reference genome

(hg19). Expression levels were calculated as normalized gene

counts from DESeq2 (Figure 5, Tables S1–S4).

Subcutaneous Transplantation of Cartilage Particles
The subcutaneous transplantation was performed as described

(Umeda et al., 2015), under the regulation of IACUC for UTHealth.

Immunohistological Staining
The cartilage pellets made in vitro were fixed with Zn-formalin,

paraffin embedded, sectioned, and subjected to immunofluores-

cence detection of COL1, COL2, and Ki67.

Statistical Analysis
Statistical differences between groups were determined by

Student’s t test (2 categories) or one-way ANOVA(>2 categories)

followed by the Student-Newman-Keuls multiple comparisons.

n is the number of independent experiments. p < 0.2 values are

shown as numbers in the bar graphs. Mean values that give

p R 0.1 from the +/� treatment comparisons are shown in

light-colored bars.

Note Added in Proof
During revision of this manuscript, Wu et al. (2017) published a

report demonstrating that inhibition of k-opioid receptor/cAMP

signaling accelerated the degeneration of injured articular

cartilage.
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1. SUPPLEMENTAL FIGURES 

 

 

 

  

Fig. S1 In vivo cartilage stability assayed by subcutaneous transplantation into NSG mice. 
(A) Bovine articular cartilage. A piece of 2-year-old bovine knee articular cartilage  
subcutaneously transplanted for 12 weeks in NSG mice. Note that some areas of the cut site (in mid 
zone) but not the untouched natural surface (superficial zone, SZ) were mineralized. (B) Cartilage 
pellet from FSbC-expanded human paraxial mesoderm. Bony tissue with no cartilaginous areas 
(Toluidine Blue [TB]- von Kossa [VK]+) detected 9 weeks after subcutaneous transplantation of cartilage 
pellets developed under PTB (PDGF+TGFβ+BMP4) conditions from expanded hESC-derived paraxial 
mesodermal cells (passage 4). They were more prone to mineralization than cartilage pellets made 
with uncultured paraxial mesoderm (Umeda, et al. 2015). Supplementary to Fig. 6. 
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Fig. S2 Functional screening by RT-PCR of small molecules that suppress hypertrophic 
differentiation of chondrocytes. 
(A-C) Chondrogenesis using hESC-derived ectomesenchymal cells was performed under PTB 
(PDGF+TGFβ+BMP4) or PTG (PDGF+TGFβ+GDF5) conditions with forskolin (Fk), KY02111 (KY), 
Verapamil (Vpm) or iCRT14 (iCRT) (A), with Fk or KT5823 (KT) (B), and with Fk, 30 nM Wnt-C59 
(C59), or Fk+C59 (C). The small molecules were added on day 11, except for C59, which was 
added on day 24. Pellets were harvested on day 32. (D) Chondrogenesis using hESC-derived 
ectomesenchymal cells was performed with 3, 9, 20, and 30 µM forskolin. Supplementary to Fig. 1D-
G. 
 



  

 

  

Fig. S3 Gene expression profiling by RT-PCR in forskolin-treated and untreated cartilage pellets. 
(A, B) Chondrogenesis using hESC-derived ectomesenchymal cells was performed under PTB 
(PDGF+TGFβ+BMP4), PTG (PDGF+TGFβ+GDF5), and PT7 (PDGF+TGFβ+BMP7) conditions, with 
(Brown: +Fk) or without (Blue: -Fk) forskolin. (A) Mean expression levels of chondrocyte genes are 
shown with SEM and P-values (+/-Fk comparison, values of P>0.2 are not shown). COL1A1: n 
(independent experiments)=7, ALPL: n=3-5, other comparisons *P=0.10, BMP4: n=3, MMP13: n=3. 
Supplementary to Fig. 2A. (B) RT-PCR confirmation of RNA-seq data. n=3-4. Supplementary to Fig.  
5EF. (C) Cartilage from SOX9-GFP hiPSC-derived ectomesenchymal cells made under PTB and PTG 
conditions with (brown) or without (blue) Fk. Mean expression levels with SEM and P-values (+/-Fk 
comparison) are shown (n=3-4). Supplementary to Fig. 1G. Other comparisons: COL2A1: *P=0.070, 
***P=0.0035, COL10A1: *P=0.083, ***P=0.0034. 
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Fig. S4 Effect of cAMP/cGMP analogs on COL10A1 expression during chondrogenesis. 
Chondrogenesis using hESC-derived ectomesenchymal cells was performed under PTB 
(PDGF+TGFβ+BMP4) conditions for 33 days (A) with 0.5 mM IBMX, 25 µM forskolin (Fk), 12.5 µM 
(L) and 25 µM (H) 1,9-dideoxyforskolin (ddFk), 3 µM (L) and 6 µM (H) CPT-cAMP (Cpt), 40 µM (L) 
and 80 µM (H) Bnz-cAMP (Bnz), 3 µM CPT-cAMP+40 µM Bnz-cAMP (Cpt+Bnz-L), and 6 µM CPT-
cAMP+80 µM Bnz-cAMP (Cpt+Bnz-H), and (B) with 25 µM forskolin (Fk), and 60 µM Rp-cGMP, 
added on day 11. Supplementary to Fig. 3A. 
Forskolin effects on the proliferation of chondrocytes in cartilage pellets. 
(C) Ki67 staining. PTG (PDGF+TGFβ+GDF5) vs. PTG+forskolin (PTGFk): P=0.40 (n=4). PT 
(PDGF+TGFβ) vs. PTFk: P=0.28 (n=2-3). Statistically insignificant differences. Supplementary to 
Fig. 3C (D) Without EdU labeling control for Fig. 3D. (E) EdU labeling of Fk treated and untreated 
cartilage pellets generated from H9 hESC-derived ectomesenchymal cells. Left Panels: 
representative FACS plots. Right panel: Mean % positive cells with SEM and P-value. n=3. 
Supplementary to Fig. 3D. 
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Fig. S5 Forskolin effects on chondrogenesis from dedifferentiated adult human nasal 
chondrocytes. 
(A) Nasal chondrocytes from 2 male patients (12M, 13M) were individually differentiated in 
the presence of TGFβ alone (T) as described (Pelttari et al., 2014), or under modified 
conditions (TB: TGFβ+BMP4, and TBFk: TGFβ+BMP4+forskolin). On days 6 and 32, 
cartilage pellets were harvested and subjected to real-time RT-PCR. Supplementary to Fig. 
4E. Blue square (NC): cartilage from hESC-ectomesenchymal cells formed under PTB 
(PDGF+TGFβ+BMP4), Brown triangle (NC+Fk): cartilage formed under PTBFk. (B) 
Supplementary to Fig. 4F. Toluidine blue (sGAG) staining of the same cartilage pellet 
samples. 
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Fig. S6 Types of cartilage recovered from the 8-week ectopic transplantation.  
(A) TB+VKlo full cartilage: >80% area (usually the periphery of cartilage pellets did not stain) shows 
metachromatic (pink-purple) staining with Toluidine blue (TB) and consists largely of unmineralized 
chondrocytes. However, pellets often contained some mineralized chondrocytes that stained weakly 
with von Kossa (VK). (B) Partial cartilage containing bony area and cartilaginous area. Upper panel: 
The cartilaginous area contains groups of unmineralized chondrocytes (yellow arrows). Lower 
panels: The cartilaginous area contains mostly mineralized chondrocytes. (C) TB-VK+ bony pellet 
(ppt): Mostly consisting of bony areas stained densely with VK, often containing TB-VK- marrow-like 
areas, but without TB+ cartilaginous area. (A-C) Supplementary to Fig. 6B. (D) Lower magnification 
(using x4 objective lens) photos of the immunofluorescence staining of the Fig. 6C post-
transplantation pellets.  
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Fig. S7 Post-transplantation cartilage phenotypes:  
Statistical analyses.  
(A) Recovery of each of TB+VKlo full cartilage, partial cartilage, and TB-VK+ bony pellet (ppt) 
after the 8-week ectopic transplantation of forskolin (Fk)-treated (Brown) and untreated 
(Blue) cartilage pellets was averaged and plotted with corresponding SEM and P-value (+/-
Fk comparison, values of P>0.2 are not shown). PTB (PDGF+TGFβ+BMP4): n=9-10. PTG 
(PDGF+TGFβ+GDF5): n=7-8, PT7 (PDGF+TGFβ+BMP7): n=5-6, PT (PDGF+TGFβ): n=3-6. 
Other comparisons: PTB: *P=0.060, ***P=9.1E-07, (***)P=0.0032, PTG: **P=0.023, 
***P=0.0082, PT7: *P=0.065, ***P=0.0014. Supplementary to Fig. 6D. (B) Pellet loss after the 
8-week ectopic transplantation from each transplantation experiment was averaged and 
plotted with corresponding SEM and P-values (+/-Fk comparison). Supplementary to Fig. 6D.  
Cumulative data analyses.  
(C) The number of recovered TB+VKlo full cartilage, partial cartilage, and TB-VK+ bony pellets 
(ppts) as well as the number of absorbed pellets after the 8-week ectopic transplantation of 
forskolin (Fk)-treated (Brown) and untreated (Blue) cartilage pellets were summed. 
Supplementary to Fig. 6D. (D) The % Full cartilage, % Partial cartilage and % Bony pellet 
(ppt) values from transplanted pellets produced under PTB (PDGF+TGFβ+BMP4), PTG 
(PDGF+TGFβ+GDF5) and PT7 (PDGF+TGFβ+BMP7) conditions, and those from PTB+Fk 
(PTBFk), PTGFk and PT7Fk conditions, shown in (C) were averaged and plotted with SEM 
with P-values. Supplementary to Fig. 6E (E) The % absorbed pellet values from transplanted 
pellets produced under PTB, PTG and PT7 conditions and those from PTBFk, PTGFk and 
PT7Fk conditions, shown in (C) were also averaged and plotted with SEM and P-value. 
Supplementary to Fig. 6E. 
 



2. SUPPLEMENTAL TABLES 
 
Table S1. Top GO Terms (Biological Process) P<1.0E-10 

               
  Top 20 Gene set names P FDR q 

 
     

Fk induced 
genes  （PTBFk＞PTB）    
GO:0007059 chromosome segregation 5.71E-17 8.86E-13 
GO:0098813 nuclear chromosome segregation 5.86E-17 4.54E-13 
GO:0000819 sister chromatid segregation  1.57E-16 8.11E-13 
GO:0007275 multicellular organism development 1.89E-16 7.31E-13 
GO:0048856 anatomical structure development 3.10E-16 9.61E-13 
GO:0032502 developmental process  6.38E-16 1.65E-12 
GO:0048731 system development 1.06E-15 2.34E-12 
GO:0032501 multicellular organismal process 3.09E-15 5.98E-12 
GO:0000280 nuclear division  8.68E-15 1.49E-11 
GO:0000278 mitotic cell cycle  1.25E-14 1.94E-11 
GO:0051301 cell division  1.26E-14 1.77E-11 
GO:0048285 organelle fission  3.94E-14 5.09E-11 
GO:0022402 cell cycle process  7.15E-14 8.53E-11 
GO:1903047 mitotic cell cycle process 1.26E-13 1.40E-10 
GO:0007049 cell cycle 2.13E-13 2.20E-10 
GO:0000070 mitotic sister chromatid segregation  7.61E-13 7.37E-10 
GO:0140014 mitotic nuclear division 7.86E-13 7.17E-10 
GO:0051239 regulation of multicellular organismal process  6.59E-12 5.67E-09 
GO:0009790 embryo development 1.16E-11 9.48E-09 
GO:0009653 anatomical structure morphogenesis  1.85E-11 1.44E-08 

 
 

  Fk suppressed 
genes  （PTB＞PTBFk）  

  GO:0048731 system development  1.66E-17 2.57E-13 
GO:0007275 multicellular organism development 2.57E-17 1.99E-13 
GO:0048856 anatomical structure development 3.92E-16 2.02E-12 
GO:0009888 tissue development  1.76E-15 6.83E-12 
GO:0032502 developmental process 3.88E-15 1.2E-11 
GO:0032879 regulation of localization 1.04E-12 2.7E-09 
GO:0032501 multicellular organismal process 1.36E-12 2.64E-09 
GO:0048513 animal organ development 2.26E-12 3.9E-09 
GO:0007154 cell communication  3.71E-12 5.75E-09 
GO:0050793 regulation of developmental process 6.68E-12 7.97E-09 
GO:0051239 regulation of multicellular organismal process  7.03E-12 7.78E-09 
GO:0009653 anatomical structure morphogenesis 1.1E-11 1.0E-08 



GO:0023052 signaling 4.25E-11 3.66E-08 

      



Table S2. Tissue/cell development-related GO Terms P<1.0E-04 
  

 
 

   
Developmental 

GO Gene set names P FDR q 

     
 Fk induced 

genes  （PTBFk＞PTB）   
 GO:0007399 nervous system development  4.12E-10 2.56E-07 

GO:0035295 tube development  2.46E-07 5.69E-05 
GO:1901342 regulation of vasculature development  3.42E-07 7.70E-05 
GO:0048514 blood vessel morphogenesis  3.62E-07 7.90E-05 
GO:0001525 angiogenesis  5.80E-07 1.15E-04 
GO:0045765 regulation of angiogenesis  8.33E-07 1.17E-04 
GO:0022414 reproductive process 2.14E-06 3.29E-04 
GO:0000003 reproduction  2.17E-06 3.31E-04 
GO:0001568 blood vessel development  2.85E-06 4.06E-04 
GO:0001655 urogenital system development  2.98E-06 4.12E-04 
GO:0051960 regulation of nervous system development 4.03E-06 5.26E-04 
GO:0001944 vasculature development 6.68E-06 8.04E-04 
GO:0022008 neurogenesis  6.72E-06 8.02E-04 
GO:0001501 skeletal system development  7.19E-06 8.45E-04 
GO:0048699 generation of neurons  1.05E-05 1.16E-03 
GO:0072358 cardiovascular system development  1.29E-05 1.39E-03 
GO:0048608 reproductive structure development 1.73E-05 1.81E-03 
GO:0061458 reproductive system development 1.98E-05 2.02E-03 
GO:2000181 negative regulation of blood vessel morphogenesis  2.72E-05 2.58E-03 
GO:0072001 renal system development  3.41E-05 3.10E-03 
GO:0001822 kidney development  3.81E-05 3.36E-03 
GO:1901343 negative regulation of vasculature development  4.86E-05 4.12E-03 
GO:0061448 connective tissue development  5.54E-05 4.64E-03 
GO:0001657 ureteric bud development  8.18E-05 6.58E-03 
GO:0051216 cartilage development  8.56E-05 6.64E-03 
GO:0060429 epithelium development 8.84E-05 6.72E-03 
GO:0072164 mesonephric tubule development 9.00E-05 6.78E-03 
GO:0072163 mesonephric epithelium development 9.00E-05 6.74E-03 
GO:0046546 development of primary male sexual characteristics 9.10E-05 6.78E-03 

 
   Fk suppressed 

genes  （PTB＞PTBFk）  
  GO:0048699 generation of neurons  2.54E-09 1.31E-06 

GO:0022008 neurogenesis  1.51E-08 6.31E-06 
GO:0030182 neuron differentiation  3.11E-08 1.18E-05 
GO:0001503 ossification  7.79E-08 2.42E-05 



GO:0060537 muscle tissue development  1.45E-07 4.24E-05 
GO:0007399 nervous system development  2.01E-07 5.37E-05 
GO:0014706 striated muscle tissue development  2.16E-07 5.68E-05 
GO:0060429 epithelium development  3.02E-07 7.31E-05 
GO:0072001 renal system development  3.90E-07 8.77E-05 
GO:0007517 muscle organ development  4.02E-07 8.78E-05 
GO:0072359 circulatory system development 5.47E-07 1.10E-04 
GO:0001501 skeletal system development  6.34E-07 1.24E-04 
GO:0001822 kidney development 1.44E-06 2.56E-04 
GO:0030278 regulation of ossification  1.76E-06 2.90E-04 
GO:0035239 tube morphogenesis  1.98E-06 3.21E-04 
GO:0060562 epithelial tube morphogenesis  2.41E-06 3.81E-04 
GO:0001655 urogenital system development  2.84E-06 4.27E-04 
GO:0045664 regulation of neuron differentiation  4.50E-06 6.34E-04 
GO:0016202 regulation of striated muscle tissue development  4.65E-06 6.44E-04 
GO:0061061 muscle structure development 4.99E-06 6.84E-04 
GO:1901861 regulation of muscle tissue development  5.54E-06 7.47E-04 
GO:0035295 tube development  6.06E-06 7.90E-04 
GO:0048514 blood vessel morphogenesis 6.14E-06 7.86E-04 
GO:0048634 regulation of muscle organ development  6.59E-06 8.30E-04 
GO:0051960 regulation of nervous system development 9.35E-06 1.08E-03 
GO:0003007 heart morphogenesis  1.07E-05 1.21E-03 
GO:0045165 cell fate commitment  1.20E-05 1.35E-03 
GO:0001649 osteoblast differentiation  1.40E-05 1.51E-03 
GO:0031214 biomineral tissue development  1.81E-05 1.90E-03 
GO:0007507 heart development  1.90E-05 1.97E-03 
GO:0050767 regulation of neurogenesis  2.24E-05 2.23E-03 
GO:0001568 blood vessel development  2.66E-05 2.58E-03 
GO:0048641 regulation of skeletal muscle tissue development  3.00E-05 2.87E-03 
GO:0048666 neuron development  3.48E-05 3.20E-03 
GO:0060348 bone development  3.93E-05 3.48E-03 
GO:2000725 regulation of cardiac muscle cell differentiation  4.48E-05 3.88E-03 
GO:0001525 angiogenesis  4.48E-05 3.86E-03 
GO:0055024 regulation of cardiac muscle tissue development  5.34E-05 4.38E-03 
GO:0048738 cardiac muscle tissue development  5.84E-05 4.74E-03 
GO:0001944 vasculature development  7.16E-05 5.64E-03 

GO:2000726 
negative regulation of cardiac muscle cell 
differentiation  8.15E-05 6.28E-03 

GO:0030509 BMP signaling pathway  8.82E-05 6.71E-03 

      



Table S3. Fk-induced gene list.  
   

 
    

Skeletogenesis-
related genes 

PTB PTBFk fold 
induction by 

Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

DLK1 15532.21 50776.97 3.27 7.04E-09 
MMP2 7223.26 24243.16 3.36 7.85E-08 
CILP2 9466.24 19658.75 2.08 4.22E-05 
SFRP5 1947.04 6689.51 3.44 4.86E-02 
SFRP1 1206.22 4896.12 4.06 1.84E-07 
PBX3 2120.04 5234.18 2.47 2.55E-16 
RUNX1 1278.92 3929.79 3.07 7.03E-16 
PTN 697.46 2631.56 3.77 5.87E-08 
TNFRSF11B 1198.53 2595.39 2.17 7.90E-03 
SOX11 1244.26 2500.55 2.01 6.39E-07 
SIX2 857.18 2380.29 2.78 2.34E-10 
CITED2 879.18 2051.24 2.33 3.60E-09 
GATA3 887.45 1870.27 2.11 2.18E-03 
ALX4 648.05 1803.80 2.78 2.77E-10 
EYA1 517.90 1625.08 3.14 9.49E-15 
FAP 407.94 1371.01 3.36 4.16E-02 
INHBA 370.15 1321.50 3.57 4.34E-07 
ITGA4 765.55 2255.70 2.95 5.45E-11 
GATA2 254.42 747.22 2.94 1.06E-03 
SOCS3 317.62 695.17 2.19 1.87E-02 
RSPO3 50.16 597.70 11.94 9.85E-23 
TGFBR3 56.25 377.66 6.73 1.03E-10 
RSPO2 59.30 202.07 3.42 1.24E-02 
LHX8 74.28 152.34 2.04 1.84E-02 
CSF3R 6.60 77.04 11.63 8.39E-05 
UCMA 1.60 68.10 43.15 1.03E-06 
LHX6 15.71 45.90 2.90 4.81E-02 
DACT2 1.83 21.03 11.19 1.65E-03 
RARRES1 3.65 15.40 4.20 2.71E-02 
DLL4 0.29 8.27 24.42 2.23E-02 

BMP signaling 
genes 

PTB PTBFk fold 
induction by 

Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

GREM1 1346.97 4501.42 3.34 4.40E-08 
GDF5 69.95 159.11 2.28 5.66E-04 
BMP5 38.96 120.17 3.09 2.66E-02 
CHRDL2 11.44 83.24 7.23 3.41E-09 
BMPER 5.65 32.00 5.82 2.57E-03 



Cell cycle 
control genes 

PTB PTBFk fold 
induction by 

Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

CCNB1 336.49 690.73 2.06 1.64E-02 
CCNA2 236.81 592.52 2.51 1.00E-02 
CDK1 166.77 584.12 3.51 2.22E-02 
CDK18 144.72 465.27 3.21 2.62E-04 
CCNB2 113.80 287.64 2.54 7.50E-04 
E2F1 101.41 232.61 2.30 1.41E-03 
CCNE2 47.18 105.64 2.23 3.27E-03 
MYCN 26.06 95.27 3.63 8.36E-03 
CDC45 22.95 55.67 2.45 9.40E-03 
CDC25C 14.73 47.28 3.24 2.20E-02 
E2F8 11.04 41.65 3.82 6.59E-03 
CCNA1 4.44 19.91 4.50 8.17E-03 

DNA replication 
genes 

PTB PTBFk fold 
induction by 

Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

ORC6 94.27 190.00 2.02 2.50E-02 
MCM10 43.79 125.85 2.88 1.17E-02 
CDT1 46.94 109.89 2.35 5.77E-03 
ORC1 30.51 75.11 2.47 5.11E-03 

       



Table S4. Fk-suppressed gene list.  
  

 
    

Skeletogenesis-
related genes 

PTB PTBFk fold 
suppression 
by Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

COL10A1 759335.21 27191.44 27.93 1.42E-11 
PTH1R 57556.05 20996.49 2.74 1.25E-07 
CYTL1 20403.47 6378.10 3.20 4.21E-02 
MEF2C 19516.42 8279.90 2.36 8.25E-05 
IHH 16969.11 3656.91 4.64 1.10E-03 
IBSP 16004.16 85.41 187.55 4.17E-09 
IGF1R 13863.53 5317.81 2.61 1.57E-33 
NRCAM 7953.61 1665.61 4.78 1.15E-03 
GSK3B 6291.89 2568.07 2.45 1.92E-17 
RUNX2 5022.87 1617.64 3.11 2.93E-06 
ALPL 4578.90 152.96 29.96 5.13E-09 
FST 4174.02 953.38 4.38 3.21E-03 
SP7 3828.53 646.53 5.92 3.31E-10 
FOXA2 3504.24 994.51 3.52 1.53E-11 
IRX5 2042.96 310.43 6.59 1.03E-10 
CD24 2006.71 213.78 9.40 3.49E-05 
WNT5B 1648.18 610.88 2.70 3.62E-07 
DKK1 1516.17 64.48 23.42 1.04E-07 
WNT11 1479.72 363.90 4.06 5.93E-08 
VDR 1478.11 428.00 3.45 6.62E-12 
VAV3 1406.94 97.05 14.52 8.08E-07 
DLX5 1256.06 593.71 2.12 1.29E-02 
WNT16 1914.44 290.74 6.58 7.95E-03 
IL17B 1070.22 43.11 24.66 4.55E-35 
JAG2 896.56 430.89 2.08 1.49E-08 
COL4A6 759.47 116.31 6.55 2.48E-16 
SPP1 755.78 21.22 35.38 6.60E-06 
DACH1 529.83 41.79 12.84 9.47E-15 
AXIN2 328.09 154.90 2.12 1.15E-03 
DLL1 310.31 45.14 6.94 2.20E-09 
KL 191.59 62.53 3.05 1.18E-05 
MEPE 187.06 1.02 186.09 9.20E-16 
CUX2 175.05 0.79 232.46 2.60E-16 
ANK1 141.71 8.88 16.55 7.71E-12 
WNT10B 138.31 22.82 6.05 2.43E-09 
DLX3 93.87 26.88 3.55 1.15E-04 
DKK2 63.92 7.89 7.96 1.58E-02 
DMP1 46.19 9.41 4.77 2.58E-02 



MYOCD 28.52 3.55 8.39 9.44E-04 
CYSLTR1 24.29 0.00 127.12 4.72E-06 
DCX 16.86 3.81 4.30 1.86E-02 
CALCRL 13.48 0.75 17.85 2.52E-03 

BMP signaling 
genes 

PTB PTBFk fold 
suppression 
by Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

DCN 27128.19 13080.70 2.07 2.15E-02 
SMPD3 5685.56 308.89 18.41 1.22E-06 
ID2 2699.09 1246.36 2.16 5.73E-07 
BMP2 2153.56 540.41 3.99 6.72E-11 
CHRDL1 411.70 189.02 2.18 9.14E-11 
BMP8A 254.56 105.41 2.43 5.90E-04 
BMP8B 34.98 10.06 3.51 1.98E-02 

Cell cycle 
control genes 

PTB PTBFk fold 
suppression 
by Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

CDKN1A 8873.45 3582.71 2.48 1.50E-16 
CDC42EP3 3631.13 1647.02 2.21 1.93E-05 
MYCL 34.37 11.45 2.95 1.15E-02 

DNA replication 
genes 

PTB PTBFk fold 
suppression 
by Fk  ≥2.0 

FDR adjusted 
P<0.05 DESeq DESeq 

          

       



Table S5. Comparative bioinformatics analysis between  
Fk-induced genes with Wu, et al.’s human embryonic 
chondrocytes.  

 
   

Fk-induced 
(fold induction 
≥2.0) genes 

17w articular 
chondrocytes 

6w 
condensing 

chondrocytes 
17w > 6w 

(fold 
increase 

>1.75) Microarray unit Microarray unit 

ST6GALNAC3 9.51 4.05 2.34 
LIX1 18.04 9.49 1.90 
MXRA5 11.42 6.12 1.87 
CENPK 8.70 4.70 1.85 
KIT 7.51 4.09 1.84 
JAKMIP2 13.90 7.66 1.81 
BAI3 12.07 6.87 1.76 

    
    

Fk-induced 
(fold induction 
≥2.0) genes 

17w articular 
chondrocytes 

6w 
condensing 

chondrocytes 
17w < 6w 

(fold 
increase 

>1.75) 
Microarray unit Microarray unit 

CHI3L2 4.97 11.54 2.32 
ICAM1 16.76 38.67 2.31 
SERPINA3 5.28 12.02 2.28 
ITIH6 4.25 9.19 2.16 
BHLHE40 10.85 23.16 2.14 
C1S 9.30 19.58 2.11 
NNMT 4.67 9.74 2.08 
GPRC5A 15.35 31.18 2.03 
TRAF1 9.15 18.47 2.02 
TNFRSF11B 11.07 21.75 1.96 
PLA2G2A 6.35 11.88 1.87 
ATP6V0A4 5.74 10.58 1.84 
OSMR 17.59 31.94 1.82 
INSC 4.31 7.61 1.77 
CST1 4.07 7.14 1.76 

	 	 	 	
	
	

	 	 	
	 	 	 	 



Table S6. Comparative bioinformatics analysis between  
Fk-suppressed genes with Wu, et al.’s human embryonic 
chondrocytes.  

 
   

Fk-suppressed 
(fold reduction 
≥2.0) genes 

17w articular 
chondrocytes 

6w 
condensing 

chondrocytes 
17w > 6w 

(fold 
increase 

>1.75) Microarray unit Microarray unit 

DKK1 8.76 3.55 2.47 
DACH1 23.78 10.05 2.37 
CDH10 7.35 3.24 2.27 
DCX 18.47 9.52 1.94 
FGF13 10.04 5.67 1.77 
GPR64 9.31 5.32 1.75 

	 	 	 	DKK1 and DCX are articular cartilage genes. 
 Forskolin suppresses the expression of these articular cartilage 

genes. 

	 	 	 	

Fk-suppressed 
(fold reduction 
≥2.0) genes 

17w articular 
chondrocytes 

6w 
condensing 

chondrocytes 
17w < 6w 

(fold 
increase 

>1.75) 
Microarray unit Microarray unit 

AGT 3.15 13.09 4.15 
ISG20 9.61 25.49 2.65 
AOC3 3.57 7.21 2.02 
SLC28A3 7.26 14.12 1.95 
PPP4R4 11.89 21.47 1.81 
LOC100126784 13.15 23.57 1.79 

	 	 	 	 
  



Table S7. n (independent experiment number) and P-value lists.  

         

Gene P, 
n P and n values for each condition 

Fig. 2B   PTBFk/PTB PTGFk/PTG PT7Fk/PT7 
    

   COL2A1 P 0.10 0.28 0.17 
  n 10 8 6 
    

   COL10A1 P 5.4E-21 1.1E-08 4.1E-10 
  n 17 11 9 
    

   COL1A1 P 2.5E-03 1.7E-04 6.3E-03 
  n 7 7 6 
    

   ALPL P 8.6E-04 0.016 0.57 
  n 6 3 3 
    

   SOX9 P 0.32 0.26 0.20 
  n 9 3 3 
    

   RUNX2 P 1.9E-06 0.0097 0.14 
  n 10 3 3 
    

   BMP4 P 0.0081 0.0017 1.0E-04 
  n 3 3 3 
    

   MMP13 P 0.12 0.68 0.63 
  n 3 3 3 
          

Fig. 3B Left   +cAMP/-cAMP +Fk/-Fk +IBMX/-IBMX 
    

   COL2A1 P 0.35	 0.037	 0.30	
  n 8 10 8	
    

   COL10A1 P 9.3E-06 7.9E-09 4.2E-05	
  n 6 8 8	
    

   Fig. 3B 
Right   +Fk/-Fk +C59/-C59 

+Fk+C59/-Fk-
C59 

    
   COL2A1 P 0.28	 0.36 0.35 

  n 5 6 6 



    
   COL10A1 P 5.9E-06 0.0077 1.8E-06	

  n 5 
	

6 6 
     

    
     P 0.0031 

           

 
 

     



3. SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 

Human pluripotent stem cell culture. 

H9 hESCs were maintained on mouse embryonic fibroblast feeder cells in SR medium: 

Dulbecco’s modified Eagle’s medium (DMEM): Ham’s F12 (1:1), 20% (v/v) KnockOut Serum 

Replacement (KSR), 2 mM GlutaMAX, 0.1 mM non-essential amino acids (all from Invitrogen, 

Carlsbad, CA) and 90 µM  β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), supplemented 

with 4 ng/ml FGF2 (hFGF2-IS, Miltenyi Biotec, Bergisch Gladbach, Germany) as described 

(Umeda et al., 2012), Alternatively CY2-SOX9-2A-ZsGreen-2A-Puro (SOX9-GFP) hiPSCs 

derived from the former Center for Regenerative Medicine in NIH were maintained in Essential-

8 medium on a vitronectin-coated plate (Invitrogen). Media and supplements, buffers and 

specialized tissue culture plates were generally sourced as described (Umeda et al., 2015; 

Umeda et al., 2012; Wang and Nakayama, 2009; Wang et al., 2010). 

Generation and expansion of ectomesenchymal cells from hPSCs through neural crest 

specification. 

Human PSCs were treated with collagenase I (Worthington, Lakewood, NJ) to generate clumps, 

which were plated onto a low-adhesion dish (Sarstedt, Nümbrecht, Germany) and cultured for 1 

day in a chemically defined medium (CDM): Iscove’s modified Dulbecco’s Medium (IMDM) 

(Sigma): Ham’s F12 (Invitrogen) (1:1), 0.5% (w/v) bovine serum albumin (Sigma), 1% (v/v) 

synthetic lipid concentrate (Invitrogen), 100  µg/ml human holo-transferrin (Sigma), 20 µg/ml 

human insulin (Sigma), 0.17 mM ascorbic acid-2-phosphate (AA2P, Sigma), 2 mM GlutaMAX 

(Invitrogen), and 0.4 mM monothioglycerol (MTG, Sigma), supplemented with 10 µM SB431542 

(Tocris) and 5 µM Y27632 (ROCK inhibitor, Tocris, Ellisville MO) at 37oC under 5% CO2/5% O2. 

The embryoid bodies (EBs) formed were transferred to a plate coated with 0.1% (w/v)  porcine 

gelatin (Sigma) on day 1 and cultured in CDM with 10 µM SB431542 and 2 µM CHIR99021 

(Tocris) till day 5. Then media was changed to CDM with 10 µM SB431542 only. On the day of 



harvest (usually day 6), a suspension of single cells was prepared using TrypLE Select 

(Invitrogen), diluted 2.5-fold with 0.5 mM EDTA in D-PBS (without Ca2+ and Mg2+), 

immunostained with the AlexaFluor647-conjugated mouse anti-hCD271 (#560326, BD 

Biosciences, San Jose, CA) and phycoerythrin (PE)-conjugated mouse anti-hCD73 (#344004, 

BioLegend, San Diego, CA) monoclonal antibodies, and the CD271hiCD73- cell population was 

isolated by FACS as described (Umeda et al., 2015). Alternatively, the CD271hi cell population 

was isolated by magnetic cell sorting using the MACS cell separation system and CD271 

microbead kits (#130-092-283, Miltenyi Biotec). The sorted cells were transferred to a plate 

coated with 10 µg/ml human fibronectin (Sigma) and cultured overnight at 4oC in CDM 

supplemented with 2 µg/ml heparin (Sigma), 2.5 µg/ml catalase (Sigma), 5-10 ng/ml FGF2 and 

5-7.5 µM SB431542 (FSb medium), at 37oC under 5% CO2/5% O2. The cells were passaged 

every 2-3 days at 3-4 x 104 cells/cm2 using the diluted TrypLE Select as described (Umeda et al., 

2015). At the desired density, the ectomesenchymal cells were primed with CDM supplemented 

with 5 ng/ml FGF2 and 10 ng/ml TGFβ3 (hTGFβ3, R&D Systems, Minneapolis, MN) for 3 days 

prior to chondrogenesis induction, and harvested with TrypLE Select. 

Generation and isolation of paraxial mesoderm from hPSCs. 

Human PSCs were differentiated 3-dimensionally using the CDM-based EB-forming culture as 

described (Umeda et al., 2015; Umeda et al., 2012) with slight modifications. Briefly, the EB 

culture was initiated in the CDM with extra anti-oxidants: 2.5 µg/ml catalase, 1.5 µg/ml reduced 

glutathione (Sigma) and 5 mM proline (Sigma) (CDM-AO medium), supplemented with 5 µM 

Y27632, 5 ng/ml BMP4 (hBMP4, R&D), and 5 µM CHIR99021, and maintained at 37oC under 

5% CO2/5% O2. On day 1, medium was changed to CDM-AO containing 5 µM CHIR99021. On 

day 2, 100-500 ng/ml Noggin (mNoggin-Fc, R&D) was added. On day 3, EBs were transferred 

to CDM-AO containing 0.9% (w/v) methylcellulose (Methocel A4M, Dow Chemical, Midland, MI) 

with 100 ng/ml Noggin, 0.5-2 µM CHIR99021, 0.2 µM PD173074 (FGFR1 inhibitor, Tocris), 3 



µM SB431542 and 5 ng/ml PDGF (hPDGF-BB, R&D). On day 6 or 7, single EB cells were 

obtained by treatment of EBs with the diluted TrypLE Select for 3-5 min at 37oC. The cells were 

stained with mouse anti-hPDGFRα (IgG2a, #556001, BD) and anti-KDR (IgG1, #101-M20 

ReliaTech, Wolfenbüttel, Germany) monoclonal antibodies, then with biotin-conjugated goat 

anti-mouse IgG2a (#1080-08), and PE-conjugated goat anti-mouse IgG1 antibodies (#1070-01) 

from SouthernBiotech (Birmingham, AL), and finally with allophycocyanin (APC)-conjugated 

streptavidin (#554067, BD). The KDR-PDGFRα+ cell population was isolated by FACS as 

described (Umeda et al., 2012).  

Expansion of hPSC-derived paraxial mesoderm cells. 

The FACS-isolated cells were cultured on a fibronectin coated plate in CDM supplemented with 

2 µg/ml heparin, 2.5 µg/ml catalase, 5-10 ng/ml FGF2, 5-10 ng/ml PDGF, 5-7.5 µM SB431542 

and 2 µM CHIR99021 (FPSbC medium), at 37oC under 5% CO2/5% O2 and passaged every 2-3 

days at 3.0 x 104 cells/cm2 using the diluted TrypLE Select. At passage 2, the medium 

composition was changed to FSbC by removal of PDGF from the FPSbC medium. 

Expansion of human adult nasal chondrocytes. 

Human adult nasal chondrocytes from one female (11F) and two male patients (12M, 13M) 

were independently isolated as described (Centola et al., 2013). Expansion of the chondrocytes 

was performed in DMEM (high glucose), 0.1 mM non-essential amino acids, 1 mM sodium 

pyruvate, 25 mM HEPES buffer, 2 mM GlutaMAX (all from Invitrogen) supplemented with 5% 

(v/v) fetal bovine serum (FBS, Hyclone, Logan, UT), 5 ng/ml FGF2 and 1 ng/ml hTGFβ1 (R&D), 

at 37oC under 5% CO2 for up to passage 3. 

Scaffold-free cartilage formation: pellet culture. 

To induce chondrogenesis from hPSC-derived chondroprogenitors, aliquots of 2-3×105 cells 

were centrifuged in a 15-ml conical tube (BD) to form pellets, and cultured in a 0.5 ml of serum-

free chondrogenic media: DMEM (high glucose), 1 mM sodium pyruvate, 1% (v/v) ITS+ (BD), 



100 nM dexamethasone (Sigma), 0.17 mM AA2P, 0.35 mM proline, 2 mM GlutaMAX, and 50 

µM MTG, supplemented with 40 ng/ml PDGF. On day 6 of pellet culture, 10 ng/ml TGFβ3 was 

added, and on day 10, a BMP (hBMP4 [PTB condition], hGDF5 [PTG condition], or hBMP7 [PT7 

condition], all from R&D) was added at 50 ng/ml. For the dedifferentiated human nasal 

chondrocytes, chondrogenesis was initiated in the presence of 10 ng/ml TGFβ3 from day 0 as 

described (Pelttari et al., 2014). In some pellets, 50 ng/ml BMP4 was added on day 10. When 

necessary the following were added on day 11 or 12: the activator of adenylyl cyclase, forskolin, 

3-30 µM (Tocris); canonical WNT signaling inhibitors such as KY02111, 10  µM, (Tocris) 

(Minami et al., 2012), and β-catenin-TCF interaction inhibitor (Gonsalves et al., 2011), iCRT14, 

25  µM, (Tocris); general WNT signaling inhibitors such as the L-type calcium channel blocker 

that induces soluble WNT binding proteins (Takamatsu et al., 2014), verapamil, 50  µM, (Tocris), 

and a porcupine inhibitor that inhibits WNT secretion (Proffitt et al., 2013), Wnt-C59, 30-120 nM, 

(Cellagen Technology, San Diego, CA); and cGMP signaling inhibitors such as the cGMP-

dependent protein kinase inhibitor that works at least in vitro (Burkhardt et al., 2000), KT5824, 

4 µM, (Tocris) and a potent cGMP antagonist (Poppe et al., 2008), Rp-8-Br-PET-cGMPS, 30-60 

µM, (Tocris). In separate experiments, the following were added on day 11 or 12: cAMP analogs 

such as the PKA activator, N6-benzoyl-cAMP, 40-100 µM, (Tocris and EMD Millipore, Temecula, 

CA): an EPAC activator (Christensen et al., 2003; Poppe et al., 2008), 8-pCPT-2'-O-Me-cAMP-

AM, 3-6 µM, (Tocris and Axxora, Farmingdale, NY); the non-specific phosphodiesterase 

inhibitor IBMX, 0.5 mM, (Tocris), and non/less-active version of forskolin, 1,9-dideoxyforskolin, 

12.5-25  µM, (Tocris). The concentrations used were in a published range that had been 

successful for various cell-based assays. The pellet cultures were maintained at 37oC under 

7.5% CO2 for up to 40 days. When the cartilage pellet became large enough to fill the bottom of 

the conical tube (larger than 4 mm in diameter), the pellet was transferred to a well of a 24-well 

tissue culture-untreated plate (BD), and cultured in 1.0-1.5 ml of chondrogenic medium at 37oC 



under 7.5% CO2/5% O2. Some cartilage pellets were then fixed with Zinc-Formalin (Z-Fix, 

American MasterTech, Lodi, CA) for 1 day, paraffin-embedded, sectioned (5 µm), deparaffinized, 

rehydrated, and stained with 0.1% (w/v) Toluidine Blue (Sigma).  

Isolation of chondrocytes from cartilage pellets. 

A cartilage pellet was treated with 0.3-0.5 ml of 4 mg/ml collagenase (D [Roche/Sigma]: XI 

[Sigma]=1:1 in DMEM) (Nakayama et al., 2000) at 37oC for 3 h with occasional shaking. 

Enzyme digestion was stopped by the addition of 1 ml DMEM, 10% (v/v) FBS. Pellets were 

dissociated with repetitive pipetting, and remaining aggregates were removed with a 40 µm 

mesh (BD). Cells were washed twice with an appropriate medium or solution. Approximately 

1.5-5.0 x 105 cells were recovered per pellet. 

EdU labeling of chondrocytes in cartilage pellets. 

Ten to 20 µM of EdU (Click-iT Plus EdU AlexaFluor 647 Flow Cytometry Assay Kit, Invitrogen) 

was added to pellet cultures and maintained for 21-25 h. The labeling time was determined by 

test labeling of pellets for 3 h, 21 h, 3 days, and 7 days. Under PTB+/-Fk conditions, 

approximately 1 day of labeling gave the most reliable values of EdU+ cell population from H9 

hESC- and CY2 SOX9-GFP hiPSC-progeny-derived cartilage. Two to three cartilage pellets 

were combined, and single cells were isolated as described above. Cells were washed with 

PBS and subjected to brief fixation with para-formaldehyde, followed by permeabilization with 

saponin, and then to AlexaFluor 647-picolyl azide treatment, according to the manufacturer’s 

recommendation. The labeled cells were analyzed by FACS LSRII (BD).  

Isolation and quantification of DNA, RNA and sGAG from cartilage. 

Cartilage pellets were collected and submerged in liquid N2, manually cracked into small pieces 

with a liquid N2 cooled mortar and a pellet pestle, and homogenized in the lysis buffer (RLT, 

Qiagen, Valencia, CA). The cleared lysates were then subjected to DNA, RNA and proteins 

isolation using the AllPrep DNA/RNA/Protein mini kit (Qiagen). The purified RNA was used for 



real-time RT-PCR analysis. The isolated proteins were subjected to papain digestion for 20-24 h 

at 60oC (125 µg/ml papain, 10 mM cysteine in sodium phosphate-EDTA pH 6.5 [all from Sigma]), 

and released sGAG was quantified by the 1,9-dimethyl methylene blue (DMMB [Sigma], 16 

 µg/ml in glycine-NaCl pH 3) serial-dilution assay, using bovine tracheal chondroitin-4-sulfate 

(Biocolor, UK) as standard. The OD590-530 was measured with SpectraMax M2 (Molecular 

Devices, Sunnyvale, CA). The DNA isolated with the AllPrep kit was quantified by the 

Hoechst33258 (Sigma, 0.2  µg/ml in Tris⋅HCl-EDTA-NaCl pH 7.5) serial-dilution assay, using 

bovine thymus DNA (Sigma) as standard. The fluorescence (emission 460 nm, excitation 

360 nm) was measured with SpectraMax M2. The total sGAG and DNA amounts per particle, 

along with comparative ratios of the sGAG and DNA, were then calculated. Results are 

presented as mean values with SEM (the standard error of the mean) shown by thin error lines. 

Gene expression profiling. 

The isolated RNA was reverse transcribed (RT) using a Superscript III kit (Invitrogen) and real-

time polymerase chain reaction (RT-PCR) was performed using the Taqman Gene Expression 

Assay and ABI7900 (Applied Biosystems, Foster City, CA). The expression levels of individual 

genes from duplicate or triplicate reactions were normalized against EEF1A1 transcript (2-ΔCt 

x100) and averaged to obtain relative expression, as described (Wang and Nakayama, 2009). 

The RT-PCR results are presented as mean relative expression levels with SEM shown by the 

thin error lines. Undetectable levels of all the genes tested lie in the relative expression range of 

0.001 to 0.0001. The “% COL10A1/COL2A1” is a relative expression of COL10A1 normalized 

against that of COL2A1 and multiplied by 100. The “Change in expression” was determined by 

the ratio of gene expression levels between treated (+) and untreated (-) pellets.  

For RNA Sequencing analysis (RNA-seq), three independent sets of PTB pellets, and 

four independent sets of PTBFk pellets were prepared from passage 5-8 ectomesenchymal 

cells (i.e., FSb-expanded CD271hiCD73- neural crest-like progeny of H9 hESCs). On day 26-28 



of pellet culture, 5 to 6 cartilage pellets were harvested, combined and total RNA was extracted 

with an RNeasy mini kit (Qiagen). Poly (A)-tailed messenger RNA was enriched using 

Poly(A)Purist Kit (Ambion, Foster City, CA) before the preparation of the RNA-seq library using 

an Ultra directional RNA library prep kit for Illumina (New England Biolabs, Ipswich, MA) per 

manufacturer’s instructions. RNA-seq was performed using the Illumina Nextseq500 with the 

150 bp pair-ended running mode. Sequencing reads were aligned against the GRCh37/hg19 

reference genome using bowtie2 (Langmead and Salzberg, 2012) with default parameter. Only 

uniquely mapped reads were used for downstream analysis. HTseq was used to count the read 

numbers mapped to each gene. DESeq2 (Love et al., 2014) was used to call the significantly 

differentially expressed genes (fold change ≥2; false discovery rate ≤0.05) between two 

conditions. The normalized gene counts from DESeq2 was used to do the normalization. The 

analyzed data are summarized in Tables S1-4. Sequenced reads were deposited to GEO 

(Accession #: GSE116173). 

Subcutaneous transplantation of cartilage particles. 

In preparation for cartilage transplantation, 6-12-week-old female immunocompromized NSG 

mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; Stock No: 005557) were anesthetized with isoflurane. 

After they had lost the pedal withdrawal reflex, buprenorphine was injected subcutaneously near 

the proposed site of incision, followed by clipping of back hair, skin disinfection with 

chlorhexidine and 70% (v/v) alcohol, and placement of a sterile drape around the area of 

incision. Mice were placed on a heated pad during the procedure to preserve body temperature. 

Two mid-longitudinal skin incisions of approximately 1 cm were made on the dorsal neck area of 

each mouse, and subcutaneous pockets formed by blunt dissection. In vitro-made cartilage 

pellets (of approximately 1-5 mm “wet” diameter) were individually placed into each pocket, with 

up to two transplants per mouse. Incisions were closed with skin adhesive. After 8 weeks, the 

transplanted mice were euthanized and cartilage pellets were harvested, fixed with Z-Fix for 4 

days, embedded in plastic, sectioned (5 µm), deplastified, rehydrated and stained with von 



Kossa counterstained with van Gieson, or with Toluidine Blue. Control experiments were 

performed using a piece of articular cartilage surface of 2-year-old bovine knee (4 mm in 

diameter x 2-3 mm in depth) obtained from Animal Technologies (Tyler, TX). The 

transplantation experiments were performed under the regulation of IACUC for the University of 

Texas Health Science Center at Houston (UTHealth). 

Immunohistological staining. 

The in vitro-made cartilage pellets were fixed with Z-Fix for 1 day, and paraffin embedded, 

sectioned (5 µm), deparaffinized with xylene, rehydrated, heat treated in the antigen-retrieval 

solution (Dako, Glostrup, Denmark), blocked with the blocking buffer (Dako), and subjected to 

immunofluorescence detection of COL1 (for detecting mesenchymal cells or osteoblasts), COL2 

(for detecting chondrocytes), or Ki67 (for detecting proliferating cells). The sections of in vivo-

derived, plastic-embedded cartilage pellets were deplastified in 1-acetoxy-2-methoxyethane 

(Sigma) for 30 min, rehydrated, DeCal (BioGenex Lab, Fremont, CA) and heat treated, blocked, 

and subjected to immunofluorescence detection of COL2 or COL10 (for detecting hypertrophic 

chondrocytes). Primary antibodies were rabbit anti-COL1 antibody (#NB600-408) and 

biotinylated goat anti-COL2 antibody (#NBP1-26546) from Novus Biologicals (Littleton, CO), 

and rabbit anti-human Ki67 antibody (#AB66155) and rabbit anti-COL10 antibody (#AB58632) 

from Abcam (Cambridge, MA). Secondary reagents were goat anti-rabbit IgG-AlexaFluor488 

(#A11034) and streptavidin-AlexaFluor594 (#S11227) from Molecular Probes (Eugene, OR). 

The slides were washed in PBS and mounted with ProLong Gold anti-fade mounting media 

(Molecular Probes). The % Ki67+ nuclei/DAPI+ nuclei of the COL2+ area was calculated as the 

average ratio between the number of Ki67+ nuclei and that of (DAPI+) nuclei counted from 3-4 

different COL2+ areas per section and multiplied by 100.  

Flow Cytometry. 



FACS analysis was performed on LSR II (BD). Cell sorting was done with FACS Aria II (BD) as 

described (Umeda et al., 2015; Umeda et al., 2012). Viable single cells were gated using DAPI 

(Sigma). Sorted cells ranged in purity from 90 to 95%.   

Statistical Analysis. 

Statistical differences between groups were determined by Student’s t-test (2 categories) or 1-

way ANOVA (>2 categories) followed by the Student-Newman-Keuls multiple comparisons by 

KaleidaGraph (Synergy, Reading, PA) software. n = number of independent experiments. 

*: P<0.1, **: P<0.05, ***: P<0.01. P<0.05 is considered to be statistically significant, and P<0.1 

is weakly significant. 
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