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Abstract Transforming growth factor-b-induced gene

product-h3 (TGFBI/BIGH3) is an extracellular matrix

protein expressed in a wide variety of tissues. TGFBI binds

to type I, II, and IV collagens, as well as to biglycan and

decorin and plays important roles in cell-to-cell, cell-to-

collagen, and cell-to-matrix interactions. Furthermore,

TGFBI is involved in cell growth and migration, tumori-

genesis, wound healing, and apoptosis. To investigate

whether TGFBI is involved in the maintenance of skeletal

tissues, Tgfbi knockout mice were generated by crossing

male and female Tgfbi heterozygous mice. Skeletal prep-

aration showed that the skeletal size in Tgfbi knockout

mice was smaller than in wild-type and heterozygous mice.

However, chondrocytic cell alignment in the growth plates,

bone mineral density, and bone forming rates were similar

in Tgfbi knockout, wild-type, and heterozygous mice.

Alterations in skeletal tissue arrangements in Tgfbi

knockout mice were estimated from safranin O staining,

trichrome staining, and immunohistochemistry for type II

and X collagen, and matrix metalloproteinase 13

(MMP13). Cartilage matrix degradation was observed in

the articular cartilage of Tgfbi knockout mice. Although the

detection of type II collagen in the articular cartilage was

lower in Tgfbi knockout mice than wild-type mice, the

detection of MMP13 was markedly higher, indicating that

Tgfbi deficiency is associated with the degradation of car-

tilage matrix. These results suggest that TGFBI plays an

important role in maintaining skeletal tissues and the car-

tilage matrix in mice.
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Introduction

Transforming growth factor-b-induced gene product-h3

(TGFBI/BIGH3) was first identified in human lung adeno-

carcinoma cells. The gene encodes a 683-amino acid pro-

tein that contains a secretory signal sequence, an N-terminal

cysteine-rich EMI domain, four fasciclin 1 domains, and an

RGD (Arg–Gly–Asp) motif [1, 2]. TGFBI is an extracel-

lular matrix (ECM) protein that modulates cell growth [3],

tumorigenesis [4], wound healing [5], and apoptosis [6].

Moreover, it controls cell adhesion and migration [7–9].

TGFBI is expressed in various tissues, including the bone,

cartilage, heart, liver, and skin [1, 7, 10, 11].
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TGF-b is an important regulator of chondrocyte and

osteoblast differentiation during endochondral ossification.

The protein is localized to hypertrophic chondrocytes,

osteoblasts, osteoclasts, and vascular structures [12]. TGF-

b inhibits the terminal differentiation and hypertrophy of

chondrocytes, which results in the synthesis of cartilage

matrix and the maintenance of articular cartilage [13, 14].

TGF-b also regulates bone formation by activating osteo-

blast recruitment, differentiation, and function and inhib-

iting terminal osteoblast differentiation, bone matrix

synthesis, and osteocyte apoptosis [15]. TGF-b induces

TGFBI, which is strongly expressed in the perichondrium,

periosteum, and prehypertrophic chondrocytes in articular

cartilage and in growth plate cartilage during endochondral

ossification [11]. TGFBI has a high affinity for other ECM

proteins, including collagen, laminin, and fibronectin [16].

These observations suggest that TGFBI expressed in

chondrocytes and osteoblasts forms important interactions

with ECM proteins and maintains ECM homeostasis in

skeletal tissues. In the present study, we examined altera-

tions in the skeletal tissue of Tgfbi knockout mice.

Materials and Methods

Generation of Tgfbi Knockout Mice

Tgfbi knockout mice were generated by crossing male and

female Tgfbi heterozygous mice. Genotypes were deter-

mined by polymerase chain reaction (PCR) using genomic

DNA from the tail. The primer sets used and the PCR

genotyping reactions have been described previously [17].

All animal experiments were conducted after obtaining

approval from the animal ethics committee of Kyungpook

National University.

Skeletal Preparation

Skeletons from postnatal mice were prepared and stained

with alcian blue for cartilage and alizarin red S for bone

[18, 19]. Briefly, the skin and viscera were removed.

Samples were fixed overnight in 95 % ethanol and then

stained overnight in 150 mg/L alcian blue solution (Sigma-

Aldrich, St. Louis, MO, USA) containing 20 % acetic acid

and 80 % ethanol. After being rinsed in 95 % ethanol for

3 h, the samples were treated with 2 % KOH for 24 h to

clarify the soft tissues. Finally, the bones were stained with

50 mg/L alizarin red S solution containing 1 % KOH.

Histological and Histomorphometric Observations

Postnatal mice were fixed in 4 % paraformaldehyde at 4 �C

overnight. Undecalcified vertebrae were embedded in

destabilized methyl methacrylate as previously described

[20], sectioned at 5-lm, and stained with von Kossa stain.

To determine the dynamic histomorphometric indices,

mice were injected with calcein at 30 mg/kg body weight

at 6 and 2 days before sacrifice. Static and dynamic his-

tomorphometric analysis was conducted using the Bioquant

image analysis system (Bio-Quant, Inc., San Diego, CA,

USA) [21]. Long bones decalcified for 1 month with 0.5 M

ethylenediaminetetraacetic acid solution were embedded in

paraffin, sectioned at 5-lm, and stained with hematoxylin

and eosin (H&E), alcian blue, and safranin O. Masson

trichrome staining (Sigma-Aldrich) [22] was performed to

measure the collagen content. Using this system, organized

collagen fibers were stained blue, and the cytoplasm,

muscle, and erythrocytes were stained red [23].

Immunohistochemical Analysis

To examine the level and localization of type II collagen

(Col2), type X collagen (Col10), and matrix metalloproteinase

13 (MMP13), deparaffinized 5-lm sections were blocked with

3 % bovine serum albumin at room temperature for 1 h and

then incubated overnight at 4 �C with anti-Col2 antibody

(1:100; LSL-LB-1297; Cosmo Bio Co. Tokyo, Japan), anti-

Col10 antibody (1:100; LSL-LB-0092; Cosmo Bio Co.), anti-

MMP13 antibody (1:50; ab75606; Abcam, Cambridge, MA,

USA) or anti-aggrecan antibody (1:50; AB1031; EMD Mil-

lipore, Billerica, MA, USA) diluted in 0.03 % phosphate-

buffered saline (PBS). After incubation with the primary

antibody, the slides were washed in PBS and incubated with a

biotinylated anti-rabbit IgG secondary antibody (VectaStain

ABC Kit, Vector Laboratories, Burlingame, CA, USA) at

room temperature for 1 h. Signals for antibody binding were

visualized using diaminobenzidine substrate (Invitrogen,

Carlsbad, CA, USA). Samples were counterstained with

0.25 % methyl green.

Results

Reduced Bone Growth in Tgfbi Knockout Mice

The Tgfbi heterozygous mouse model was generated by

homologous recombination in C57BL/6 embryonic stem

cells [17]. Although some heterozygous mice are slightly

smaller and more nervous than wild-type mice, they have

no specific phenotype. By crossing male and female Tgfbi

heterozygous mice, wild-type, heterozygous, and knockout

littermates were generated. In RT-PCR analysis, Tgfbi

expression was not detected in the long bones, kidneys, or

other tissues of Tgfbi knockout mice (Fig. S1 and data not

shown). Whereas newborn Tgfbi knockout mice did not

differ from their littermates (data not shown), mice at
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postnatal day 15 (P15) started to exhibit a reduction in

body size (Fig. 1a). At P21, the body size of Tgfbi

knockout mice was remarkably reduced compared with

that of wild-type and heterozygous mice (Fig. 1a). To

confirm the reduction in body size, bone lengths were

observed using skeletons stained with alcian blue for car-

tilage and alizarin red for bone (Fig. 1b, c). Although the

skeletal morphology was not altered, the long bones,

including the humerus, radius, ulna, femur, and tibia were

significantly shorter in Tgfbi knockout mice than wild-type

mice at P15, P21, and P30 (Fig. 1b, c).

No Altered Osteoblast Function for Bone Formation

in Tgfbi Knockout Mice

To determine the cause of the shorter bone lengths in Tgfbi

knockout mice, we investigated chondrocyte arrangements

and osteoblast function. Growth plates are responsible for

linear growth in vertebrates. H&E and alcian blue staining

showed that chondrocytic cell arrangements in the growth

plates were identical in the vertebrae of Tgfbi knockout mice

and wild-type mice (Fig. 2a, b), indicating that knockout of

Tgfbi had no evident effect on vertebral linear growth.

Similar findings were obtained when the growth plates of

long bones of the same age were assessed (data not shown).

Mineralized bone patterns and calcein double labeling

were analyzed to determine whether Tgfbi affected osteo-

blast function. Undecalcified lumbar vertebrae at P15 and

P30 were stained with von Kossa stain to detect bone

mineralization. The appearance of the mineralized trabec-

ular bone was unchanged in Tgfbi knockout mice at P30

(Fig. 2c, d). Histomorphometric analysis of the fourth

lumbar vertebra showed no significant reduction in can-

cellous bone volume, trabecular thickness, trabecular

number, or trabecular separation (Fig. S2A). At P15, the

findings in wild-type and knockout mice were identical

(Fig. S2B). Mice were treated with calcein for double

labeling to measure the dynamic and static parameters of

bone formation. Identical patterns of calcein double

labeling were clearly observed on the surfaces of the

lumbar bones of Tgfbi knockout and wild-type mice

(Fig. 2e, f). Furthermore, the bone forming rate (BFR), an

indicator of osteoblast activity, and the mineral apposition

rate (MAR), an indicator of the rate of new bone deposition

in the radial direction, were similar for wild-type and Tgfbi

knockout mice (Fig. 2g). These results indicated that the

absence of the Tgfbi gene did not affect the functions of

chondrocytes or osteoblasts.

Bone Matrix Degradation in Tgfbi Knockout Mice

The ECM of cartilage and bone, secreted by chondroblasts

and osteoblasts, respectively, comprises a complex mixture

of proteins and proteoglycans. Proteoglycans are glyco-

proteins with large clusters of carbohydrate chains, which

are assessed with safranin O staining. The intensity and

area of staining is directly proportional to the proteoglycan

content in cartilage [24]. Masson trichrome staining was

used to distinguish cells from the surrounding connective

tissues, including collagen fibers [23, 25]. TGFBI is an

ECM protein that is expressed and secreted by chondro-

blasts for incorporation into cartilage and osteoblasts for

incorporation into bone [11]. To determine whether TGFBI

is involved in the maintenance of cartilage and bone

matrix, we assessed the proteoglycan content, collagen

arrangement, and protein localization in the cartilage

matrix of Tgfbi knockout and wild-type mice at P60. The

proteoglycan content in the articular cartilage of Tgfbi

knockout mice, as determined with safranin O staining,

was markedly lower than that in wild-type mice (Fig. 3a).

The proteoglycan content of cartilage samples was evalu-

ated according to the modified Mankin method [26, 27].

The proteoglycan content was reduced in the articular

cartilage of Tgfbi knockout mice, indicating increased

cartilage degradation in Tgfbi knockout mice compared

with that in wild-type mice (Fig. 3b). Furthermore, as

determined with Masson trichrome staining, the assessment

of deposited collagen was looser in Tgfbi knockout mice

than in wild-type mice (Fig. 3c). In the articular cartilage

during matrix degradation in cartilage or osteoarthritis

progression, type X collagen and MMP13 are highly

expressed and type II collagen expression is reduced [28,

29]. To assess bone matrix degradation in Tgfbi knockout

mice, the levels and localizations of type II and X collagen

and MMP13 were examined with immunostaining. The

type II collagen level in the articular cartilage was notably

lower in Tgfbi knockout mice than in wild-type mice

(Fig. 4a, b). On the other hand, in chondrocytes of the

superficial and middle zones of articular cartilage, MMP13

was present in Tgfbi knockout mice, but rarely detected in

wild-type mice (Figs. 4e, f, S3). The level of aggrecan

protein was increased in the articular cartilage of Tgfbi

knockout mice, indicating that cartilage homeostasis was

disrupted by Tgfbi deficiency (Fig. S3). However, the

levels of type X collagen, a specific marker of hypertrophic

chondrocytes, were similar in Tgfbi knockout and wild-

type mice (Fig. 4c, d). These results suggest that cartilage

matrix is degraded in the absence of Tgfbi.
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Discussion

The ECM is an important determinant of cellular behavior,

because it regulates cellular adhesion, migration,

proliferation, and differentiation. It is essential for main-

taining connective tissue [30]. The actions of the ECM

derive from its ability to sequester and modulate the

activities of specific growth factors, including TGF-b [31].

Fig. 1 Gross appearance and skeletal preparation of Tgfbi knockout

mice. a Gross appearance of Tgfbi knockout mice. Tgfbi knockout

mice were smaller, overall, than wild-type mice on postnatal days 15

and 21 (P15 and P21). b For skeletal preparations of Tgfbi knockout

mice at P15, P21, and P30, the skeleton was stained with alcian blue

for cartilage and then with alizarin red for bone. The femur or tibia,

representative of long bones, was significantly shorter in Tgfbi

knockout mice. c Reduced lengths of the femur and tibia at P15 and

P30. Both sides of the hindlimb from 3 to 5 mice per genotype were

analyzed. Values are the mean and SD. *p \ 0.05 versus wild-type

mice. WT wild-type, HET heterozygotes, KO knockout (Color figure

online)
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TGF-b plays a critical role in ECM synthesis and degra-

dation and in the cellular response to ECM, which is

mediated by integrins, CD44, and annexin 5 [32]. Fur-

thermore, several studies have shown that ECM proteins

are associated with TGF-b signaling. The ECM and TGF-b
signaling act in an integrated manner to maintain tissue

homeostasis [33]. In addition, in cultured mesenchymal

cells, TGF-b promotes matrix deposition by increasing the

expression of ECM genes and suppressing the activities of

genes that degrade the ECM, such as MMPs [34]. Inter-

estingly, an inactive (latent) form of TGF-b, which is

anchored to the ECM, has been reported to interact with

latent TGF-b binding protein [20, 35]. Furthermore, ECM

stiffness and TGF-b induce the expression of sox9, col2a1,

Fig. 2 Histological analysis

and microarchitecture

parameters of vertebrae from

Tgfbi knockout mice at P30. a,

b Chondrocyte arrangements

stained with H&E/alcian blue in

the vertebral growth plates were

identical in Tgfbi knockout mice

and wild-type mice. c, d The

lumbar vertebrae of mice were

analyzed with the von Kossa

stain, which stains mineralized

bones black. No differences in

mineralized cancellous bone

volume, trabecular thickness, or

trabecular number were

observed. e, f Distances

between calcein double labeling

were similar in Tgfbi knockout

mice and wild-type mice.

g Dynamic indices of bone

formation based on fluorescent

calcein labeling were quantified

using the Bioquant program.

MS/BS mineralized surface per

bone surface MAR mineral

apposition rate, BFR/BS bone

formation rate per bone

surfaces, WT wild-type, KO

knockout. Scale bar 50-lm

(Color figure online)
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and aggrecan and subsequent chondrocyte differentiation

[36].

TGFBI is an ECM protein induced by TGF-b and

expressed in a wide variety of tissues. TGFBI is involved

in cell growth and migration, tumorigenesis, wound

healing, and apoptosis, indicating that it plays roles in a

wide range of physiological and pathological conditions,

including diabetes, corneal dystrophy, and tumorigenesis

[37]. Some TGFBI mutations have been associated with

several forms of human autosomal dominant corneal

dystrophies [38]. Moreover, in a study using Tgfbi-over-

expressing transgenic mice, TGFBI was shown to be

involved in anterior segment morphogenesis and eye

development [39]. However, no abnormalities have been

observed in cornea of Tgfbi knockout mice. TGFBI

interacts strongly with other ECM proteins, including

collagen, laminin, and fibronectin [16]. In many cell types,

TGFBI functions as a linker protein that connects various

matrix molecules and facilitates cell-collagen interactions

[40–42]. Furthermore, TGFBI binds to type I, II, and IV

collagens and to proteoglycans, such as, biglycan and

decorin [42]. These findings indicate that interactions

between TGFBI and other ECM proteins are important for

the maintenance of ECM homeostasis. However, the role

of TGFBI in ECM homeostasis in vivo has not been well

characterized.

Tgfbi-deficient mice have been generated by two groups

using a general strategy for targeted mutations: Zhang et al.

[43] and Bae et al. [17]. The strategies for targeting Tgfbi

allele were different. Bae et al. [17] targeted exon 3 with a

neomycin cassette that was removed through Flp-mediated

recombination; Zhang et al. [43] targeted exons 4–6 by

replacement with a neomycin cassette. The two resulting

mouse models exhibited identical phenotypes: smaller

body size and shorter bone length than in wild-type mice.

However, no other abnormalities were observed in the

other tissues of Tgfbi-deficient mice. Yu and colleagues

have reported that bone mass, size, and strength were

reduced in their Tgfbi-deficient mice [43, 44], indicating

that TGFBI plays a positive role in bone development.

They also reported that Tgfbi-deficient mice exhibited a

significant decrease in periosteal BFR, suggesting that the

decreased bone size is due to reduced periosteal bone

formation. However, Yu and colleagues did not perform a

detailed study of alterations in bone matrix. In the present

study, we studied the in vivo changes in bone matrix and

skeletal size using the Tgfbi-deficient mouse model gen-

erated by our group [17]. Reduced bone growth is a con-

sistent finding in both Tgfbi-deficient mouse models. As

shown in this study, Tgfbi knockout mice also exhibited

bone matrix degradation and reduced bone growth with

lower proteoglycan and collagen contents and loose

Fig. 3 Bone matrix degradation and loose collagen matrix in Tgfbi

knockout mice at P60. a Safranin O staining (red) showed well-

organized proteoglycans in skeletal tissues. However, safranin O

staining was reduced in Tgfbi knockout mice compared with that in

the wild-type mice, indicating degradation of the bone matrix in Tgfbi

knockout mice. Scale bar 200-lm. b The proteoglycan content of

cartilage samples was evaluated histologically with safranin-O

staining, as shown in a, according to the modified Mankin method,

resulting in reduced proteoglycan content in Tgfbi knockout mice

compared with that in wild-type mice. Both sides of the hindlimb

from 3 to 5 mice per genotype were analyzed. Values are the mean

and SD. *p \ 0.05 versus wild-type mice. c Trichrome staining (blue)

shows the organization of collagen matrix complexes. In Tgfbi

knockout mice, a loosely arranged collagen matrix was observed

(light blue), whereas a dense blue was observed in wild-type mice.

Scale bar 200-lm. C1–C2 and C3–C4 are high magnification images

of WT and KO, respectively. Scale bar 50-lm. WT wild-type, KO

knockout (Color figure online)
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collagen deposition in the articular cartilage. Although the

type II collagen level was reduced, the MMP13 level was

higher in the articular cartilage of Tgfbi knockout mice

than in that of wild-type mice, and it was localized in

chondrocytes of the superficial and middle zones of the

articular cartilage of Tgfbi knockout mice. MMPs play a

role in the degradation of cartilage matrix components,

including all types of collagen, proteoglycans, and other

components of the ECM [45], indicating that MMPs reg-

ulate the balance between structural proteins in the articular

cartilage matrix. MMP13 degrades ECM constituents,

including type II collagen [46]. Whereas MMP13 defi-

ciency protects against cartilage erosion [47], overexpres-

sion of constitutively active Mmp13 in murine cartilage

induces cartilage degradation and promotes osteoarthritic

pathology [48], indicating that MMP13 plays a role in

maintaining cartilage matrix. In this study, the reduction in

type II collagen and increase in MMP13 in Tgfbi knockout

mice suggests that the cartilage matrix is degraded and

impaired in the absence of Tgfbi. TGFBI might serve as a

bridge to secure the connection with collagen and prevent

degradation by MMPs. Taken together, our observations

suggest that TGFBI plays a role in the maintenance of

skeletal tissues, including the articular cartilage, in mice.

During endochondral ossification, cartilage grows via

interstitial and appositional growth. Interstitial growth

results from the continuous cell division of chondrocytes,

which is accompanied by secretion of ECM within

existing cartilage. On the other hand, appositional growth

results in thickening of cartilage when ECM is added to

the surface of the existing peripheral cartilage. Thus, the

assembly and degradation of ECM molecules are impor-

tant for the maintenance of the bone matrix. In the present

study, we demonstrated that TGFBI positively regulates

the maintenance of skeletal size and the bone matrix in

mice.

Fig. 4 Altered levels and

localizations of bone matrix

proteins in Tgfbi knockout mice

at P60. Type II (Col2) (a, b) and

type X (Col10) (c, d) collagens,

and matrix metalloproteinase 13

(MMP13) (e, f) were detected in

wild-type and Tgfbi knockout

mice with immunostaining. The

level of type II collagen was

lower in Tgfbi knockout mice

than in wild-type mice, whereas

the level of MMP13 was

markedly higher. In addition,

the localization of MMP13 was

detected in chondrocytes of the

superficial and middle zones of

the articular cartilage of Tgfbi

knockout mice. However, the

level of type X collagen was

similar in both mice. Scale bar

50-lm
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