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SUMMARY
Costello syndrome (CS) is an autosomal dominant disorder caused bymutations in HRAS. Although CS patients have skeletal abnormal-

ities, the role of mutatedHRAS in bone development remains unclear. Here, we use CS induced pluripotent stem cells (iPSCs) undergoing

osteogenic differentiation to investigate how dysregulation of extracellular matrix (ECM) remodeling proteins contributes to impaired

osteogenesis. Although CS patient-derived iPSCs develop normally to produce mesenchymal stem cells (MSCs), the resulting CS MSCs

show defective osteogenesis with reduced alkaline phosphatase activity and lower levels of bone mineralization. We found that hyper-

activation of SMAD3 signaling during the osteogenic differentiation of CSMSCs leads to aberrant expression of ECM remodeling proteins

such asMMP13, TIMP1, and TIMP2. CSMSCs undergoing osteogenic differentiation also show reduced b-catenin signaling. Knockdown

of TIMPs permits normal differentiation of CSMSCs into osteoblasts and enhances b-catenin signaling in a RUNX2-independentmanner.

Thus, this study demonstrates that enhanced TIMP expression induced byhyperactivated SMAD3 signaling impairs the osteogenic devel-

opment of CS MSCs via an inactivation of b-catenin signaling.
INTRODUCTION

Costello syndrome(CS) is anexampleof aRASopathy, a fam-

ily of genetic disorders caused by RAS/MAPK signaling de-

fects (Tidyman and Rauen, 2009). CS is caused mainly by

constitutive activation of RAS signaling resulting frommu-

tations in the Harvey rat sarcoma viral oncogene homolog

(HRAS) (Aoki et al., 2005).CSpatients frequentlyhave germ-

line heterozygous glycine-to-serine missense mutations at

aminoacid 12 (HRASG12S). These patients showvarious clin-

ical phenotypes, including intellectual disability, hypertro-

phic cardiomyopathy, postnatal growth retardation, short

stature, and craniofacial malformations (Costello, 1977;

Hennekam, 2003). Although skeletal defects are a common

feature in a majority of CS patients (Leoni et al., 2014), the

mechanism by which HRASG12S induces abnormal bone

development remains unclear.

Mesenchymal stem cells (MSCs) develop into embryonic

bone and are needed to maintain a continuous supply of

osteogenic cells for bone remodeling (Bruder et al., 1994).

Runt-related transcription factor 2 (RUNX2) plays an

important role in the expression of most genes associated

with osteogenic differentiation (Ducy et al., 1997). On

the other hand, the transcription factor osterix (OSX)mod-

ulates the expression of factors downstream of RUNX2,

factors like collagen type I, osteocalcin (OCN), and bone

sialoprotein (Nakashima et al., 2002). The expression and

transcriptional activity of RUNX2 is directly modulated

by transforming growth factor b (TGF-b) signaling (Alliston
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et al., 2001). TGF-b signaling also regulates the expression

of extracellular matrix (ECM) remodeling factors impor-

tant for the osteogenic and chondrogenic differentiation

of MSCs (Chen et al., 2012; Rydziel et al., 1997).

ECM remodeling affects developmental processes such as

cell differentiation fate, stemness, morphogenesis, cell

migration, and apoptosis. It also interacts with growth

factors and cytokines (Vu andWerb, 2000).Matrixmetallo-

proteinases (MMPs) and their modulators, the tissue inhib-

itors of MMPs (TIMPs), are associated with the synthesis

and release of the growth factor binding proteins that un-

derlie latent growth factor functions (Kasper et al., 2007;

Mott and Werb, 2004). MMPs and TIMPs play important

roles in determining the cell fate of MSCs as they differen-

tiate into adipocytes, osteocytes, and chondrocytes (Kasper

et al., 2007). Expression of MMP2, MMP13, MMP14, and

members of the TIMP family (i.e., TIMP1 and TIMP2) is

required for ECM remodeling in the differentiation of

MSCs into osteoblasts (Almalki and Agrawal, 2016).

MMP2 knockout (KO) mice display craniofacial abnormal-

ities and gradual reduction of bone mineral density with

aging (Mosig et al., 2007). Knockdown (KD) of MMP13 in

human adipose tissue-derived MSCs suppresses alkaline

phosphatase (ALP) activity andmineralization during oste-

ogenic differentiation (Ozeki et al., 2016). MMP14 defi-

ciency leads to a deregulation of collagen turnover, thereby

leading to dwarfism and impairment of bone development

in mice (Holmbeck et al., 1999). TIMP KO mice show ab-

normalities in bone growth, such as long bone growth
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plate closure defects, limb shortening, epiphyseal distor-

tion, and widespread chondrodysplasia (Saw et al., 2019).

Nevertheless, the roles that ECM remodeling factors like

the TIMPs and MMPs play in human osteogenesis remain

poorly understood. In this study, we have examined the

relationship between the osteogenic activity of CS MSCs

and ECM remodeling. In addition, TIMP1 and TIMP2 can

function as ligands that regulate Wnt/b-catenin signaling

(Egea et al., 2012; Xia and Wu, 2015). Wnt/b-catenin

signaling plays an important role in bone development

via two mechanisms: it promotes osteogenesis and sup-

presses chondrogenesis (Day et al., 2005; Krishnan et al.,

2006).

Here, we used CS induced pluripotent stem cells (iPSCs)

to investigate the effect of the HRASG12S mutation on

bone development. During osteogenic differentiation,

CS MSCs show enhanced SMAD3 signaling activity and

altered expression of ECM remodeling proteins such as

TIMP1, TIMP2, and MMP13. Intriguingly, we found

that elevated p-SMAD3 levels do not affect RUNX2

expression during osteogenic development. Transfection

of TIMP-specific small interfering RNAs (siRNAs) rescues

the osteogenic activity of CS MSCs and enhances their

expression of OSX. Furthermore, KD of TIMP1 rescues

b-catenin signaling in CS MSCs during osteogenic devel-

opment in vitro. Our results suggest TIMP overexpression

underlies the abnormal skeletal abnormalities of CS pa-

tients during early development in a RUNX2-indepen-

dent manner.

RESULTS

CS-iPSC-derived MSCs show poor osteoblast

differentiation potency in vitro

As with wild-type (WT) iPSCs, we found that CS iPSCs

generated from three different CS patients express normal

levels of pluripotency-associated markers (Figure S1B) and

can form three germ layers (Figure S1C). These CS iPSCs

can differentiate into MSCs prior to osteogenic differenti-

ation just like WT iPSCs. Both WT MSCs and CS MSCs

exhibit high expression of MSC-positive markers (i.e.,

CD73, CD90, and CD105) and low expression of MSC-

negative markers (i.e., CD34, CD45, and HLA-DR) (Fig-

ure 1A) while maintaining normal morphology (Fig-

ure S1D). As expected, we found that CS MSCs show

significantly more HRAS activity than WT MSCs, which

also results in elevated phosphorylated extracellular-

signal-regulated kinase (p-ERK) levels (Figure 1B). During

osteogenic differentiation, CS MSCs show reduced ALP ac-

tivity and weak alizarin red S (AR-S) and von Kossa (VK)

staining, implying reduced mineralization (Figure 1C).

Like WT MSCs, in contrast, CS MSCs differentiate nor-

mally into chondrocytes and adipocytes (Figures S1E and
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S1F). In addition, WT MSCs and CS MSCs subjected to

5-ethynyl-20-deoxyuridine (EdU) assays show no differ-

ence in proliferation rate during osteogenesis (Figure S1G).

These results demonstrate that CS MSCs show impaired

competence to differentiate into osteoblasts despite being

normal in appearance and showing normal expression of

MSC surface markers.

Enhanced SMAD3 signaling impairs osteogenesis in

CS MSCs

The regulation of bone homeostasis and embryonic skel-

etal development requires TGF-b signaling (Wu et al.,

2016). We previously reported that a BRAF mutation

causing the RASopathy known as cardiac-facial-cutaneous

(CFC) syndrome leads to defective osteogenesis in CFC

MSCs due to the hyperactivation of ERK and TGF-b

signaling (Choi et al., 2017b). Thus, we asked whether

the same signaling pathways may also be dysregulated in

CS MSCs during osteogenesis in vitro. As expected, we

observed enhanced p-ERK in CS MSCs at day 7 of osteo-

genic induction. Although CS osteoblasts show similar

levels of p-SMAD2, they show increased p-SMAD3 levels

compared with WT osteoblasts (Figure 2A). In addition,

CS osteoblasts show significantly reduced expression

(transcriptional and translational) of the osteogenic

markers OSX, OCN, and collagen type I, but not RUNX2

(Figures S2A and S2B). To correlate ERK signaling with

SMAD signaling, we incubated CS MSCs with a p-ERK in-

hibitor (U0126) during osteogenic differentiation. This in-

hibition of ERK signaling in CS MSCs during osteogenic

differentiation reduces both their p-ERK and their p-

SMAD3 levels, but not their p-SMAD2 levels (Figure 2B).

This result implies that ERK activity influences SMAD3

but not SMAD2 signaling in CS MSCs during osteogenesis.

Interestingly, we found that inhibition of TGF-b signaling

does not influence p-ERK activity during osteogenesis by

CS MSCs (Figure 2C). We also found that inhibition of

ERK signaling increases ALP activity but does not rescue

the mineralization defect of CS osteoblasts (Figure S2D).

Inhibition of TGF-b signaling, however, enhances both

ALP activity and mineralization in CS osteoblasts

compared with nontreated controls (Figure S2E). When

we transfected a constitutively active form of SMAD3

(SMAD3CA) into WT MSCs during osteogenic differentia-

tion, the transfected cells showed low ALP activity and

weak AR-S staining, indicating insufficient osteogenesis

(Figure 2D). In addition, the expression of PAI-1—a known

SMAD3 target gene (Hua et al., 1999)—was significantly

higher in SMAD3CA-transfected osteoblasts compared

with WT osteoblasts (Figure S2F). As we observed with

CS osteoblasts, these transfected cells showed lower

expression of all the osteogenic markers we tested except

RUNX2 (Figure S2F). Moreover, constitutive activation of
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Figure 1. Defective osteogenic differentiation of CS MSCs
(A) Normal expression of MSC surface markers in CS MSCs. WT, wild type; CS, Costello syndrome.
(B) Enhanced activities of HRAS-GTP and ERK in CS MSCs. Data are presented as means ± SEM (n = 3). *p < 0.05; **p < 0.01.
(C) Reduced ALP activity and calcium deposition in CS MSCs during osteogenic differentiation. Data are presented as means ± SEM (n = 3).
**p < 0.01; ***p < 0.001 (Student’s t test). ALP, alkaline phosphatase; AR-S, alizarin red staining; VK, von Kossa staining.
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Figure 2. Enhanced SMAD3 signaling impairs osteogenic differentiation of CS MSCs
(A) Elevated levels of p-ERK and p-SMAD3 in CS osteoblasts (n = 4).
(B) Suppression of SMAD3 signaling in CS MSCs during osteogenesis by treatment with an ERK inhibitor (U0126, 10 mM) (n = 3).
(C) Inhibition of TGF-b signaling in the osteogenic development of CS MSCs does not affect ERK signaling activity (n = 4). SB, SB431542.
(D) Recapitulation of osteogenic defects in WT MSCs by SMAD3CA overexpression. SMAD3CA, constitutively active form of SMAD3 (n = 3).
ALP, alkaline phosphatase; AR-S, alizarin red staining; EV, empty vector; S3CA, SMAD3CA.
(E) SMAD3CA overexpression does not affect ERK activity in WT MSCs (n = 4). EV, empty vector; S3CA, SMAD3CA.
Data information: in (A–C), data are presented as means ± SEM. *p < 0.05; **p < 0.01 (Student’s t test). In (D and E), data are presented as
means ± SD. *p < 0.05 (Student’s t test).
SMAD3 signaling does not seem to affect p-ERK signaling

during osteogenic development in vitro (Figure 2E). Thus,

hyperactivated ERK signaling seems to irreversibly in-

crease SMAD3 signaling activity in CS MSCs during osteo-
1988 Stem Cell Reports j Vol. 16 j 1985–1998 j August 10, 2021
genesis. Together, our results suggest that hyperactivated

SMAD3 signaling caused by increased ERK signaling is

the main contributor to the defective osteogenesis of CS

MSCs.



Enhanced SMAD3 signaling in CS MSCs alters the

expression of ECM remodeling proteins and disrupts

osteogenesis in a RUNX2-independent manner

Hyperactivated SMAD3 signaling reportedly represses

RUNX2 expression and transcriptional activity in mouse

primary osteoblasts and osteosarcoma cells (Alliston

et al., 2001). Despite the enhanced SMAD3 signaling

we observed in this study, we did not observe reduced

expression of RUNX2 in CSMSCs during osteogenesis (Fig-

ures S2A and S2B). In addition, we found similar RUNX2

transcriptional activity during osteogenic development

between CS and WT MSCs (Figure S2C). Thus, we hypoth-

esized that SMAD3 signaling may contribute to the defec-

tive osteogenesis of CS MSCs via a RUNX2-independent

mechanism. SMAD3 signaling is known to modulate the

expression of ECM remodeling proteins in mesenchymal

cells (Chen et al., 2012; Verrecchia and Mauviel, 2002;

Yao et al., 2017), and ECM remodeling is required for

bone maturation during skeletal development (Lu et al.,

2011). Thus, we decided to examine the expression of key

osteogenesis-related ECM remodeling proteins in CS osteo-

blasts. We found reduced expression of MMP13 and

elevated expression of the MMP modulators (TIMP1 and

TIMP2) in CS osteoblasts compared with WT osteoblasts

(Figure 3A). In addition, CS osteoblasts secrete significantly

more TIMP1 and TIMP2 in serum-freemedium thanWTos-

teoblasts (Figure S3A). We next asked whether aberrant

expression of ECM proteins is associated with the impaired

osteogenesis of CS MSCs. We found that treatment of CS

osteoblasts with recombinant human MMP13 (rhMMP13;

5 mM) does not effectively rescue their ALP activity (Figures

S3B and S3C) or mineralization defects (Figures 3B and

S3D). In contrast, transfection of CS osteoblasts with

TIMP1- and TIMP2-specific siRNAs does effectively rescue

their ALP activity (Figures S3B and S3C) andmineralization

(Figures 3B and S3D) defects. We also found that the com-

bination of rhMMP13 treatment with TIMP-specific siRNA

transfection induces a synergistic increase in CS-osteoblast

mineralization, but not ALP activity (Figures 3B and S3D).

These results demonstrate that upregulation of TIMP1

and/or TIMP2 leads to defective osteogenesis in CS MSCs.

Intriguingly, inhibition of TGF-b signaling enhances the

expression of MMP13 and reduces the expression of

TIMP1 and TIMP2 as CS MSCs undergo osteogenesis (Fig-

ure 3C). However, while inhibition of TGF-b signaling up-

regulates OSX expression in CS osteoblasts, it does not

affect RUNX2 expression (Figure 3C).WTMSCs transfected

with SMAD3CA show reduced expression of MMP13 and

OSX but enhanced expression of TIMP1 and TIMP2 (Fig-

ure 3D). Thus, TGF-b signaling is likely involved in the

expression of TIMP1, TIMP2, and MMP13 in CS MSCs dur-

ing osteogenic differentiation. In addition, the transfection

of TIMP1- or TIMP2-specific siRNAs increases OSX expres-
sion during the osteogenic differentiation of CS MSCs,

but treatment with rhMMP13 does not (Figures 3E and

S3E). In addition, we did not observe any changes in

RUNX2 expression regardless of the experimental condi-

tions. Our findings suggest that aberrant ECM remodeling

protein expression contributes to the defective osteogenic

differentiation of CS MSCs independent of RUNX2.

Overexpression of TIMP1 in CS MSCs inhibits

osteogenesis by reducing b-catenin signaling

TIMP1 binding to CD63 on the surface of human MSCs is

known to enhance AXIN2 activity, thereby suppressing

b-catenin signaling (Egea et al., 2012). Active b-catenin

acts as a key regulator in the expression of OSX during os-

teogenesis (Choi et al., 2017a; Felber et al., 2015; Liu

et al., 2015). Thus, we examined the activity of b-catenin

signaling in CS MSCs during osteogenic development.

We found enhanced AXIN2 expression and reduced active

b-catenin in CS osteoblasts compared with WT osteoblasts

(Figure 4A), while the levels of other complex proteins

(APC and GSK3b) remained similar. In an immunofluores-

cence analysis, we also found reduced active b-catenin in

CS osteoblasts compared with WT (Figure S4A). CS osteo-

blasts also show reduced levels of the b-catenin target

gene cyclin D1, but WT levels of CD63 expression (Fig-

ure 4A). Upon treatment with the AXIN2 inhibitor

SKL2001, we observed a significant increase in active b-cat-

enin and OSX in CS MSCs during osteogenic differentia-

tion, but this did not affect RUNX2 expression (Figure 4B).

Furthermore, we found that AXIN2 inhibition restores ALP

activity and mineralization in CS MSCs during osteogene-

sis (Figure S4B). Thus, inactivation of b-catenin signaling

via a hyperactivation of AXIN2 seems to cause aberrant

osteogenic differentiation of CS MSCs. Next, to determine

whether TIMP1 modulates b-catenin signaling, we trans-

fectedMSCs with TIMP1-specific siRNAs and/or SMAD3CA

expression vectors during in vitro osteogenic differentia-

tion. We found that TIMP1 KD in CS MSCs elevates the ac-

tivity of b-catenin during osteogenic development (Fig-

ure S4C). Furthermore, TIMP1 KD in WT MSCs during

osteogenic differentiation reduces AXIN2 expression, but

enhances b-catenin activity (active b-catenin and cyclin

D1), regardless of SMAD3CA expression (Figure 4C).

TIMP1 KD also increases the expression of OSX and

MMP13 in the transfected cells without affecting RUNX2

expression. Thus, it is obvious that TIMP1 is involved in os-

teogenesis, regulating b-catenin signaling independent of

RUNX2. TIMP1 KD in WT MSCs during osteogenesis re-

stores the ALP activity and mineralization defects caused

by SMAD3CA transfection (Figure 4D). Together, our find-

ings demonstrate that TIMP1 overexpression causes aber-

rant osteogenesis in CS MSCs via a downregulation of

b-catenin signaling.
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Figure 3. Aberrant expression of ECM remodeling proteins in CS osteoblasts
(A) Dysregulation of ECM remodeling protein expression in CS osteoblasts. CS osteoblasts show reduced expression of MMP13 and increased
expression of TIMP1 and TIMP2 (n = 3).
(B) Rescue of mineralization in CS MSCs upon transfection with TIMP1-specific siRNAs (n = 3). AR-S, alizarin red staining; M13, recom-
binant human MMP13; siCtrl, siRNA control; siT1, TIMP1 siRNA; O.D, optical density. Scale bars: 200 mm.
(C) Inhibition of SMAD3 signaling alters the expression of ECM remodeling proteins in CS MSCs. SMAD3 inhibition increases MMP13
expression and reduces TIMP1 and TIMP2 expression in CS osteoblasts (n = 4).
(D) Transfection of WT MSCs with SMAD3CA vectors affects the expression of ECM remodeling proteins. SMAD3CA overexpression in WT MSCs
during osteogenic differentiation reduces MMP13 expression and enhances TIMP1 and TIMP2 expression (n = 4). EV, empty vector; S3CA,
SMAD3CA.
(E) TIMP1 KD in CS MSCs during osteogenic development affects their expression of OSX. TIMP1-specific siRNAs enhance OSX expression
independent of RUNX2 (n = 3). rhMMP13, recombinant human MMP13; siCtrl, siRNA control; siTIMP1, TIMP1 siRNA.
Data information: band intensities for the indicated proteins were measured using ImageJ and then normalized to GAPDH controls. In (A–C
and E), data are presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t test). In (D), data are presented as means ±
SD. *p < 0.05 (Student’s t test).
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Figure 4. Reduced b-catenin signaling in CS osteoblasts
(A) Increased AXIN2 expression and decreased b-catenin signaling in CS osteoblasts. b-cat, b-catenin (n = 4).
(B) Treatment with the AXIN2 inhibitor SKL2001 (40 mM) increases active b-catenin and OSX expression in CS MSCs during osteogenic
differentiation (n = 3).
(C) Relationship of TIMP1 and b-catenin signaling in osteogenic development. TIMP1 KD reduces AXIN2 expression, enhances b-catenin
activity (active b-catenin and cyclin D1), and increases OSX expression in WT MSCs during osteogenic differentiation (n = 5). siCtrl, siRNA
control; siTIMP1, TIMP1 siRNA; EV, empty vector; S3CA, SMAD3CA.
(D) Relationship of TIMP1 and SMAD3 signaling in osteogenic development. TIMP1 KD rescues ALP activity and AR-S staining in WT MSCs
transfected with SMAD3CA vectors (n = 4). ALP, alkaline phosphatase; AR-S, alizarin red staining; siCtrl, siRNA control; siTIMP1, TIMP1
siRNA; EV, empty vector; S3CA, SMAD3CA.
Data information: in (A and B), data are presented as means ± SEM. *p < 0.05; **p < 0.01 (Student’s t test). In (C and D), data are presented
as means ± SD. *p < 0.05; **p < 0.01 (Student’s t test).
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Figure 5. Correction of HRASG12S in CS iPSCs using the CRISPR-Cas9 system
(A) Correction of an HRAS mutation in CS iPSCs using the CRISPR-Cas9 system.
(B) Increased ALP activity and AR-S staining in CS(c) osteoblasts (n = 4). ALP, alkaline phosphatase; AR-S, alizarin red staining.
(C) Reduced p-ERK and p-SMAD3 with normal expression of ECM remodeling proteins (MMP13, TIMP1, and TIMP2) in CS(c) osteoblasts
(n = 4).
(D) Reduced expression of AXIN2 and enhanced b-catenin activity (active b-catenin and cyclin D1) in CS(c) osteoblasts (n = 4).
(E) Modeling the impaired osteogenesis of CS MSCs. RTK, receptor tyrosine kinase; TGF-bR, TGF-b receptor.
Data information: in (B–D), data are presented as means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t test). CS(c), corrected CS
iPSCs.
Correction of HRASG12S using CRISPR-Cas9 validates a

model for the impaired osteogenesis of CS MSCs

To confirm whether the active HRASG12S mutation really

causes aberrant osteogenesis, the HRAS mutation of CS

iPSCs was corrected using the CRISPR-Cas9 system. CS

iPSCs with c.34G > A mutation were electroporated with

single guide RNA (sgRNA) plasmids, CRISPR-Cas9-GFP

plasmids, and single-stranded oligodeoxynucleotides
1992 Stem Cell Reports j Vol. 16 j 1985–1998 j August 10, 2021
(ssODNs). Transformed cells (GFP-positive cells) were

selected by fluorescence-activated cell-sorting (FACS) isola-

tion and cultured until colony formation (Figure 5A). Of

the 50 CS iPSC colonies we tested, we found one corrected

clone that expressed normal levels of the pluripotency-

associated markers (Figure S5A) and had a normal karyo-

type (Figure S5B). The clone showed no evidence of muta-

tion in the top four potential off-target sites (Figure S5C).



MSCs derived from these corrected CS iPSCs (CS(cor)

MSCs) showed normal expression of MSC positive and

negative markers (Figure S5D), in addition to reduced

HRAS activity and p-ERK levels (Figure S5E). These CS(cor)

MSCs were capable of differentiating into normal osteo-

blasts with higher levels of ALP activity andmineralization

than their parent CS MSCs (Figure 5B). As expected,

HRASG12S correction rescues the hyperactivated p-SMAD3

signaling and the dysregulation of ECM remodeling pro-

tein expression in CS osteoblasts (Figure 5C). We found

that HRASG12S correction also rescues b-catenin signaling

and OSX expression (Figure 5D). Our results indicate that

HRASG12S impairs osteogenesis by affecting SMAD3/b-cate-

nin signaling, thereby dysregulating ECM remodeling pro-

tein expression.

DISCUSSION

Here we suggest a cellular model underlying the impaired

bone development of CS patients. We demonstrate for

the first time that dysregulation of ECM remodeling is asso-

ciated with defective osteogenesis using CS iPSCs. During

the osteogenic differentiation of CS MSCs, mutated HRAS

hyperactivates both ERK signaling and SMAD3 signaling.

This enhanced SMAD3 activity leads to overexpression of

TIMP1 and TIMP2. KD of TIMP1 or TIMP2 rescues the

defective ALP activity and mineralization capacity of CS

MSCs during osteogenic differentiation in vitro.

We previously reported that enhanced SMAD2 signaling

contributes to the impaired osteogenic differentiation of

CFCMSCs (Choi et al., 2017b). Here, we observed hyperac-

tivation of SMAD3 signaling in CSMSCs during osteogenic

development (Figure 2A). Thus, TGF-b signaling differen-

tially contributes to the osteogenic development of CS

and CFC MSCs. SMAD2 and SMAD3 reportedly also show

differential sensitivity to TGF-b signaling in the early line-

age specifications of mouse embryonic development. In

teratomas, overexpression of SMAD2 downregulates neural

gene expression and upregulates mesodermal gene expres-

sion, while overexpression of SMAD3 upregulates neural

gene expression and downregulates mesodermal gene

expression (Liu et al., 2016). Collectively, our results sug-

gest that CS and CFC patients may have minor differences

in bone development, despite both conditions beingmem-

bers of the same RASopathy family of disorders.

SMAD3 activity represses osteogenic development by

reducing the expression of RUNX2 and OCN in mouse pri-

mary osteoblasts (Alliston et al., 2001). In this study, how-

ever, both CS MSCs and WT MSCs overexpressing the

SMAD3CA show steady expression of RUNX2 throughout

osteogenic differentiation (Figures 3C and 3D). Thus,

RUNX2 expression seems to be independent of SMAD3 ac-

tivity in CS MSCs. In addition, WT and CS osteoblasts do
not show a significant difference in the expression of

TGF-b or Activin A (Figure S2G). This means the activation

of TGF-b signaling we observed in CS osteoblasts arises

from enhanced p-ERK, rather than increased levels of

ligand. In addition, we found via western blot that CS

MSCs undergoing osteogenesis show inhibition of ERK

signaling and slightly increased expression of RUNX2 (Fig-

ure S2H). It is therefore conceivable that the enhanced ERK

activity of CS MSCs undergoing osteogenesis does not

affect RUNX2 expression.

Treatment with the ERK inhibitor PD0325901 reportedly

rescues the low density of mineralized enamel secreted by

ameloblasts in CS (HRASG12V) mice (Goodwin et al.,

2014). In this study, we found that treatment with the

ERK inhibitor U0126 rescued the ALP activity of CS MSCs

undergoing osteogenic differentiation but failed to restore

their decreasedmineralization (Figure S2D). This difference

suggests that ERK signaling regulatesmineralization during

bone development in a cell-type-specific manner. More-

over, the effects of RAS-ERK on osteogenesis remain contro-

versial because of variations in experimental methodology

and the use of diverse cell lines and primary cells at various

stages of osteogenic development (Schindeler and Little,

2006). Our results indicate that ERK signaling is not a

crucial effector of mineralization in CS MSCs undergoing

osteogenic development.

Next, we found aberrant expression of ECM remodeling

proteins in CS osteoblasts. Similar dysregulation of ECM

signaling has also been reported in CS astrocytes derived

from CS iPSCs (Krencik et al., 2015). CS osteoblasts express

higher levels of TIMP1 and TIMP2 but lower levels of

MMP13 than WT osteoblasts (Figure 3A). Moreover, we

found that KDof TIMP1or TIMP2 led to increasedALP activ-

ity and mineralization in CSMSCs during osteogenic differ-

entiation (Figures 3B and S3B–S3D). TIMP3 is reportedly

modulated by both the ERK1/2 and the SMAD3 signaling

pathways (Leivonen et al., 2013). We found an enrichment

ofTIMP3 transcripts inCSosteoblasts comparedwithWTos-

teoblasts (Figure S3G). Nevertheless, we decided to investi-

gate the roles of TIMP1 and TIMP2 in this study because

they are key regulators of ECM remodeling in MSCs during

osteogenicdevelopment (Almalki andAgrawal, 2016). These

results indicate that aberrant expression of ECM remodeling

proteins is responsible for the defective osteogenic develop-

ment of CSMSCs. In addition, we found that osteogenic dif-

ferentiation of CS MSCs is unaffected by rhMMP13 treat-

ment (Figures S3B and S3C). Unlike what we observed with

mineralization, we found that combined treatment with

TIMP1- or TIMP2-specific siRNAs and rhMMP13didnot pro-

duce a synergistic effect onALPactivity (Figures 3BandS3D).

This difference seems to be due to the temporal role of

MMP13 in bone development. MMP13 reportedly restruc-

tures the collagen matrix for mineralization in long bone
Stem Cell Reports j Vol. 16 j 1985–1998 j August 10, 2021 1993



development (Page-McCaw et al., 2007). OSX KOmouse os-

teoblasts reportedly show a specific downregulation of

MMP13 (Zhang et al., 2012). Because OSX is also reduced

in CS osteoblasts (Figures S2A and S2B), we suspected that

the reduction of MMP13 is secondary to the reduced levels

of OSX in CS osteoblasts. When we knocked down TIMP1

in WT MSCs, we observed an increase in the expression of

MMP13 and OSX (Figure 4C). During osteogenesis, OSX ac-

tivates the expression of collagen type I, the most abundant

ECMmolecule in the bonematrix (Boskey, 2013;Nakashima

et al., 2002). In this study, we found that the reduced expres-

sion ofOSX inCSosteoblasts comparedwithWTosteoblasts

leads to lower expression of pro-collagen type I (Figures S2A

and S2B). Regardless, CS and WT osteoblasts show similar

levels of fibrillar collagen type I deposition (Figure S3F).

Thishomeostatic depositionof fibrillar collagen type I seems

to be responsible for the TIMP overexpression-induced

reduction of MMP13 in CS osteoblasts. MMPs, which are in-

hibited by TIMPs, liberate active TGF-b from large latent

complex binding to several ECM proteins, such as fibrillin-

1, fibronectin, and vitronectin (Wipff and Hinz, 2008).

Although latent TGF-b/BMPs are highly activated in Fbn1-

null mouse osteoblasts (Nistala et al., 2010), we found

enhanced TGF-b and reduced BMP1/5/9 in CSMSCs during

osteogenesis (Figures 2A and S4E). Because the transcription

levels of TGF-b ligands in CS osteoblasts are similar to those

ofWTosteoblasts (Figure S2G), it is likely that TGF-b activity

is independent of the ligand expression. Collectively, it is

obvious that TIMP overexpression is a crucial factor leading

to the defective osteogenesis of CS MSCs.

TIMP1 acts as a ligand to inhibit b-catenin signaling inde-

pendentofMMPactivity. TIMP1KDinWTMSCs reportedly

reduces their expression of AXIN2 and activates b-catenin

signaling, increasing osteogenesis (Egea et al., 2012). In

contrast, TIMP1 overexpression increases AXIN2 expres-

sion and inactivates b-catenin signaling in CSMSCs during

osteogenic differentiation (Figure 4A). As shown in Fig-

ure S4D, rhTIMP1 transduction increasedAXIN2, decreased

b-catenin activity, and decreased MMP13/OSX expression

in WT MSCs during osteogenic differentiation, all leading

to reduced ALP activity and mineralization. Combined

treatment with rhTIMP1 and an AXIN2 inhibitor, however,

did not affect MMP13 expression. Thus, TIMP1 alone does

not contribute to reducing MMP13. In addition, we

observed a significant reduction in p-SMAD1/5/9 in CS os-

teoblasts (Figure S4E) that probably results from an increase

in AXIN2. This is because AXIN2 inhibits the BMP pathway

by reducing b-catenin activity (Yan et al., 2009). Interest-

ingly, CS MSCs also show increased osteogenic activity

upon inhibition of AXIN2 (Figure S4B). Furthermore, KD

of TIMP1 in WT MSCs transfected with SMAD3CA vectors

reduces their expression of AXIN2 and activates b-catenin

signaling (Figure 4C). Thus, the overexpression of TIMPs
1994 Stem Cell Reports j Vol. 16 j 1985–1998 j August 10, 2021
is clearly responsible for reduced b-catenin signaling in CS

osteoblasts.

In conclusion, we suggest amodel for the defective osteo-

genesis of CS MSCs that implicates ECM-associated mole-

cules and their associated signaling pathways (Figure 5E).

Briefly, we found that mutated HRASG12S enhances both

ERK and SMAD3 signaling in CS MSCs during osteogenic

differentiation. Elevated p-SMAD3 leads to aberrant expres-

sion of ECM remodeling proteins in CS osteoblasts. In

particular, TIMP overexpression reduces b-catenin activity,

which disrupts the osteogenic development of CS MSCs.

This model provides new insights into the mechanisms

by which mutated HRASG12S induces the bone abnormal-

ities observed in CS patients.
EXPERIMENTAL PROCEDURES

Generation and maintenance of CS iPSCs
CS fibroblasts were biopsied from three patients via a protocol

approved by the Asan Medical Center institutional review board

(2011-0451). The institutional review board of KAIST (KH2016-

52) approved the culture and generation of human iPSCs. Human

iPSCswere generated fromfibroblasts of eachCS patient (CS iPSCs)

using Yamanaka’s factors (Takahashi et al., 2007). CS patient fibro-

blasts were a gift from the Asan Medical Center (Table S1). Each of

the three patients had a point mutation (c.34G > A) in the HRAS

gene located at chromosome 11p15 that resulted in an amino

acid substitution of glycine 12 to serine (Figure S1A). Two WT

iPSC lines derived from foreskin fibroblasts (CRL-2097, ATCC,

Manassas, VA) and human dermal fibroblasts were used as controls

(Kim et al., 2015; Park et al., 2015). The CS iPSCs and WT iPSCs

were cultured in embryonic stem cell (ESC)mediumonmitomycin

C-treated (A.G. Scientific, San Diego, CA) mouse embryo fibro-

blasts (MEFs) at a density of 1 3 104 cells/cm2. The ESC medium

consisted of DMEM/F12 (Invitrogen, Carlsbad, CA) with 20%

Knockout SR (Invitrogen), 1% nonessential amino acids (Invitro-

gen), 1.2 mg/mL sodium carbohydrate, 0.1 mM b-mercaptoetha-

nol (Sigma, St. Louis, MO), and 10 ng/mL basic fibroblast growth

factor 2 (R&D Systems, Minneapolis, MN) at 37�C and 5% CO2.

The established CS iPSC lines were then characterized by their

expression of human ESC markers (Figure S1B) and the ability to

differentiate into cells of the three germ layers (Figure S1C).
Differentiation of human iPSCs into MSCs
HumaniPSCsweredifferentiated intoMSCsaspreviouslydescribed

(Choi et al., 2017b;Mahmoodet al., 2010). Briefly, human iPSCcol-

onies were dissected into small clumps (approximately 0.5 mm 3

0.5 mm in size). These clumps were transferred to uncoated Petri

dishes (SPL Lifesciences, Pocheon, Korea) and incubated in EB me-

dium for 2 days. The EBmedium consisted of DMEM/F12 (Invitro-

gen, Carlsbad, CA) with 10%Knockout SR (Invitrogen), 1% nones-

sential amino acids (Invitrogen), 1.2mg/mL sodium carbohydrate,

and 0.1mM b-mercaptoethanol (Sigma, St. Louis, MO). In this me-

dium, the clumps spontaneously aggregated to form embryoid

bodies (EBs). These EBs were cultured in the same medium



supplemented with 10 mM SB431542 (Cayman Chemical, Ann Ar-

bor, MI) for 8 d with media changes every other day. After 10 d of

incubation, the EBs were attached to fibronectin-coated dishes

(BD Biosciences, Franklin Lakes, NJ) and then further cultured in

DMEM/F12 supplemented with 1 mM SB431542, 1% insulin plus

transferrin liquid supplement (Sigma), 2% B27 supplement (Invi-

trogen), and 1% CD lipid (Invitrogen) for 8–10 additional days

with medium changes every other day. For MSC maturation, the

cells were then cultured in a-MEM (Invitrogen) containing 10%

FBS for 14 days with medium changes once every 3 days.

Differentiation of MSCs into osteoblasts
STEMPRO differentiation medium (Invitrogen) was used as a basal

medium for differentiation into osteoblasts. For osteogenesis,

MSCs were seeded at a density of 13 105 cells/cm2. At 80% conflu-

ence, theMSCswerecultured inosteogenesismedium(thebasalme-

diumwith an additional osteogenesis supplement) for 21 days with

mediumchangesonceevery3days.Thedifferentiationof thesecells

was confirmed by ALP activity, as well as AR-S and VK staining. ALP

activitywas visualized at 7 days of osteogenic differentiationusing a

LeukocyteAlkaline Phosphatase Kit (Sigma) according to themanu-

facturer’s protocol. ALP activity was quantified with an Alkaline

PhosphataseYellow (pNPP) Liquid Substrate System (Sigma) accord-

ing to themanufacturer’s protocol. ForAR-S staining, cells at 14days

were fixed with 10% formalin for 10 min and stained in AR-S solu-

tion (American Master Tech, Lodi, CA) at room temperature (RT)

for 1 h. AR-S was extracted using cetylpyridinium chloride (CPC)

in distilled water (DW) (35 mg/mL). The samples were incubated

with the CPC reagent for 2 h at 4�C. The concentration of AR-S

was measured via absorbance at 405 nm using a microplate reader

(Thermo Fisher Scientific). For VK staining, cells at 21 days were

fixed with 10% formalin for 10 min and incubated in 5% silver ni-

trate (AmericanMaster Tech, Lodi, CA) at RTunder UV light for 1 h.

Real-time quantitative PCR
Total RNA was obtained using the easy-BLUE kit (Intron Biotech-

nology, Seongnam, Korea). One microgram of total RNA was

reverse transcribed using the First Strand cDNA Synthesis Kit

(Bioassay, Daejeon, Korea) according to the manufacturer’s proto-

col. Real-timeqPCRwasperformedusing a 23 PCRmix comprising

40 mM Tris (pH 8.4), 0.1 M KCl, 6 mM MgCl2, 2 mM dNTP, 0.4%

SYBR Green (Thermo Fisher Scientific), 0.2% fluorescein (Bio-Rad,

Hercules, CA), 10% DMSO, and DW. The qPCR was carried out on

a CFX-Connect Real-Time System (Bio-Rad) through 30–40 cycles

of 95�C denaturation, 60�C annealing, and 72�C elongation steps.

The transcription level ofGAPDHwasused tonormalize the expres-

sion of the target genes. The difference between theGAPDHCt and

the target Ct was used to calculate the 6 threshold cycle (6Ct)

value. mRNA expression fold changes between the samples and

the controls were determined using the formula 2-(S
OCt-COCt).

The primers used in this study are listed in Table S2.

Immunostaining
Cells were fixed in 10% formalin solution (Sigma) at 4�C for 30min.

After beingwashedwith PBST (PBS containing 0.1%Tween20) three

times, the cells were permeabilized in PBS supplemented with 0.1%

TritonX-100 (Sigma) for 20minwith gentle agitation. The cellswere
thenblockedwith 2%BSA for 1h and incubated at 4�Covernight af-

ter the addition of each primary antibody. After being washed with

PBST three times, the cellswere incubatedwith secondary antibodies

(Alexa Fluor 488 or 594; Abcam, Cambridge, MA) at RT for 1 h. The

samples were counterstained with DAPI (Sigma) and analyzed on a

fluorescence microscope (Olympus, Tokyo, Japan). The primary an-

tibodies used in this study are listed in Table S3.

Western blotting
Cells were lysed in RIPA buffer (GenDEPOT, Katy, TX) containing

protease and a phosphatase inhibitor cocktail (GenDEPOT) by

gentle agitation at 4�C for 2 h. Lysed cells were centrifuged at

16,000 ⅹ g for 15 min, and then the supernatant was collected.

The protein concentration of the supernatant was measured us-

ing the Bradford protein assay (Bio-Rad). The lysate was dena-

tured in SDS-PAGE buffer (250 mM Tris-HCl [pH 6.8] with 5%

2-mercaptoethanol, 10% SDS, 0.5% bromophenol blue, and

50% glycerol) at 95�C for 5 min. The samples (at 1 mg/mL) were

loaded on a 12% SDS-PAGE gel and then transferred to a nitrocel-

lulose membrane (Whatman, Maidstone, England). After the

samples were blocked with 5% BSA or 5% skim milk in Tris-buff-

ered saline containing 0.1% Tween 20 (TBST: 10mMTris-HCl [pH

7.5], 150 nM NaCl, and 0.1% Tween 20) for 1 h, they were incu-

bated at 4�C overnight after the addition of primary antibody.

The primary antibodies used in this study are listed in Table S4.

The membranes were then washed with 5% TBST and incubated

with a horseradish peroxidase-conjugated secondary antibody

(Cell Signaling Technology, Beverly, MA) at RT for 1 h. The ECL

reagent (Merck Millipore, Billerica, MA) was used for developing

the membranes. The LAS-4000 Mini biomolecular imager (Fuji

Film, Tokyo, Japan) was used to detect protein bands. The inten-

sity of each band was quantified with ImageJ software (NIMH, Be-

thesda, MD). HRAS activity was measured using the HRAS Activa-

tion Assay Kit (Cell Biolabs, San Diego, CA) according to the

manufacturer’s instructions. The lysate was incubated with

HRAS-GTP pull-down beads for 1 h with gentle agitation. After

being washed with lysis buffer, the beads were denatured in

SDS-PAGE buffer at 95�C for 5 min. Western blotting for HRAS-

GTP was performed as described above.

FACS analysis
MSCs were harvested using a trypsin solution containing 0.25%

EDTA (Invitrogen). After a neutralization step in FACS buffer

(PBS containing 1% FBS), the cells were filtered into a cell strainer

with 40 mmpores (Corning, Corning, NY). The harvested cells were

centrifuged at 3003 g for 5 min at 4�C and washed in FACS buffer.

The samples were then incubated at 4�C for 20 min in the dark

with FACS antibodies against CD34, CD45, HLA-DR, CD73,

CD90, or CD105. The antibodies used in the FACS analysis are

listed in Table S5. After being washed with FACS buffer, the anti-

body-labeled cells were examined using a FACS LSRFortessa flow

cytometer (BD Biosciences). MSC marker expression rates were

analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

Transfection
MSCs were transfected with TIMP1- or TIMP2-specific siRNAs

(Santa Cruz, Dallas, TX) using the RNAimax reagent (Thermo
Stem Cell Reports j Vol. 16 j 1985–1998 j August 10, 2021 1995



Fisher Scientific) according to the manufacturer’s protocol.

Briefly, 53 104 cells were suspended in 50 mL Opti-MEM (Thermo

Fisher Scientific) containing 10 nM siRNA and 0.6 mL RNAimax

reagent. Scrambled siRNAs (Dharmacon) were used as a negative

control. MSCs (5 3 104 cells) were transfected with pCMV5b-

SMAD3CA vectors (250 ng) in MSC medium (450 mL) containing

50 mL Opti-MEM and 1 mL Lipostem reagent (Thermo Fisher Sci-

entific) at 37�C for 24 h. Then, the transfected cells were cultured

in osteogenesis medium at 37�C with medium changes every

3 days. Day 7 osteoblasts were examined for ALP activity, and

day 14 osteoblasts were stained with AR-S solution to measure

mineralization.

Correction of HRASG12S mutation in CS iPSCs by

CRISPR-Cas9 system
CS iPSCs (1 3 106 cells) were transfected in Opti-MEMwith 2.5 mg

pCas9-GFP plasmids, 2.5 mg sgRNA plasmids, and 5 mg ssODNs us-

ing a NEPA21 electroporator (125 V, 5 s) (Nepagene, Shioyaki, Ichi-

kawa, Japan). After electroporation, the cells were transferred to

Matrigel-coated cell culture plates and cultured in mTESRmedium

(STEMCELL Technologies, Vancouver, BC, Canada) supplemented

with 10 mM ROCK inhibitor (Y27632) at 37�C for 24 h. GFP-posi-

tive cells were sorted using a FACSAria II flow cytometer (BD Biosci-

ences) and immediately cultured in ESC medium containing

Y27632 (10 mM) and 5 mg/mL gentamycin onmitomycin C-treated

MEF feeders until colony formation. Approximately 500 GFP-pos-

itive cells were plated per well in six-well plates. The colonies were

harvested in lysis solution (50 mM Tris-HCl [pH 8.5], 1 mM EDTA,

0.005% SDS, 200 mg/mL proteinase K) at 50�C for 2 h. They were

then heated at 95�C for 10 min to inactivate proteinase K. The

genomic region around the CRISPR-Cas9 target site for the HRAS

correction was amplified via PCR using a Taq 1.1 premix (Bioassay)

with 2% Tween 20. The primers used for HRAS sequencing were

forward, 50-GACCTGTTCTGGAGGACG-30, and reverse, 50-
CCTATCCTGGCTGTGTCC-30. Of 50 individual clones, 10 had in-

del mutations and 1 showed correction of HRASG12S with normal

expression of pluripotency-associated markers (Figure S5A). The

potential off-target sites of the sgRNA were examined by using

the RGEN tool. The PCR primers for detectingmutations in poten-

tial off-target sites are listed in Table S6.

Statistics
The n value means independent experiments as biological repli-

cates. We performed all experiments with independently differ-

entiated cells from WT and CS iPSCs. All data collected from ex-

periments were used for analysis in this study. Each experiment

was repeated at least three times. Data obtained from experi-

ments in which SMAD3CA was overexpressed in WT iPSCs or

those using the corrected CS iPSCs are presented as means ±

SD. The data obtained from all other experiments are presented

as means ± SEM. In each case the mean of the dataset obtained

from the two WT cell lines was compared with the mean of the

dataset obtained from the three CS lines. Statistical significance

was evaluated using a two-tailed Student t test performed

with GraphPad Prism 7 (GraphPad Software, La Jolla, CA). The

p values are indicated as follows: *p % 0.05, **p % 0.01,

***p % 0.001.
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