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Summary

Transforming growth factor beta receptor Il (TGFBR-II) interacting protein | (TRIP-1) is a WD-40 protein that binds to
the cytoplasmic domain of the TGF-B type Il receptor in a kinase-dependent manner. To investigate the role of TRIP-I
in mineralized tissues, we examined its pattern of expression in cartilage, bone, and teeth and analyzed the relationship
between TRIP-1 overexpression and mineralized matrix formation. Results demonstrate that TRIP-1 was predominantly
expressed by osteoblasts, odontoblasts, and chondrocytes in these tissues. Interestingly, TRIP-1 was also localized in the
extracellular matrix of bone and at the mineralization front in dentin, suggesting that TRIP-I is secreted by nonclassical
secretory mechanisms, as it is devoid of a signal peptide. In vitro nucleation studies demonstrate a role for TRIP-I in
nucleating calcium phosphate polymorphs. Overexpression of TRIP-| favored osteoblast differentiation of undifferentiated
mesenchymal cells with an increase in mineralized matrix formation. These data indicate an unexpected role for TRIP-I

during development of bone, teeth, and cartilage. (] Histochem Cytochem 60:323-337,2012)
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WD-40 repeat containing family of proteins play important
roles in cellular functions including signal transduction,
mRNA processing, gene regulation, vesicular trafficking,
and cell cycle regulation (Neer et al. 1994; Smith et al.
1999; Li and Roberts 2001). WDRS5, a member of the
WD-40 family of proteins, has been shown to regulate
endochondral bone formation (Gori et al. 2006). Recently,
mutations in WDR72, a WD repeat protein, caused autoso-
mal recessive hypomaturation amelogenesis imperfecta in
humans (El-Sayed et al. 2009). Another study has specu-
lated that premature loss of permanent teeth in patients with
Allgrove (4A) syndrome could be related to mutations in
AAAS gene, which encodes the protein Aladin, a member of
the WD family (Razavi et al. 2010). In recent studies, Gilis-
sen et al. (2010) have reported heterozygous mutations in
WDR35, another WD protein, leading to cranioectodermal
dysplasia, a disorder characterized by craniosynostosis, and
ectodermal and skeletal abnormalities. These studies indicate

the importance of the WD-40 family of proteins in the
development of bones and teeth.

Transforming growth factor beta receptor II (TGFBR-II)
interacting protein-1 (TRIP-1) is a WD protein associated
with TGFBR-II and plays an important role in TGF- sig-
naling. In this pathway, TRIP-1 binds to the cytoplasmic
domain of the TGFBR-II in a kinase-dependent manner and
is phosphorylated on serine and threonine residues by the
receptor kinase (Chen et al. 1995). Studies have also
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indicated that TRIP-1 acts as a modulator of TGF-f3 activity
in vivo by inhibiting the expression of several genes stimu-
lated by TGF-B (Choy and Derynck 1998). During skeletal
development, TRIP-1 functions by regulating osteoblast
differentiation. Sheu et al. (2003) have suggested that
tartrate-resistant acid phosphatase (TRAP) interacts with
TRIP-1 resulting in downstream signaling by TGF-f/
Smads. Thus, TRIP-1 might play a functional role in TGF-f
signaling through its association with TGFBR-II.

Besides its signaling function, TRIP-1 is an essential
subunit of eukaryotic elongation initiation factor 3 (elF3;
Asano et al. 1997). It is a subunit of the eIF3 complex and
is also termed as elF3i, elF3p36, elF3S2, or eiF3. elF3 is
the largest of the elFs (Behlke et al. 1986) and plays an
essential role in the initiation of eukaryotic translation
(Kolupaeva et al. 2005; Hinnebusch 2006). Overexpression
of TRIP-1 or elF3i in fibroblasts resulted in improved pro-
liferation, accelerated cell cycle progression, and increased
cell size (Ahlemann et al. 2006).

It has long been known that members of the TGF-f3 super
family cytokines regulate a wide variety of biological pro-
cesses, such as proliferation and cell death (Roberts and Sporn
1993); and defects in TGF-§ signal transduction pathways
have been known for several developmental defects (Blobe
et al. 2000; Massagué et al. 2000). Abundant expression of
various TGF-f isoforms is observed in bone during skeletal
development, implying their importance in normal hard-tissue
development and function. TGF- and its cognate receptors
have also been implicated to play an important role in the regu-
lation of early tooth development (Chai et al. 1999). Studies by
Ito et al. (2003), Sasaki et al. (2006), and Seo and Serra (2007)
have shown that conditional inactivation of TGFBR-II resulted
in a significant reduction in the proliferation of chondrocytes,
osteoprogenitor cells, and palatal mesenchyme suggesting that
TGFBR-II plays a primary role in regulating mesenchymal cell
proliferation during skeletal development. Recent studies by
Seo and Serra (2009) show that loss of TGFBR-II caused
defects in the development of the skull vault indicating that
TGFBR-II plays a critical role in intramembranous bone
formation.

Thus, TRIP-1 appears to have several functions during
skeletal development. In this study, we report on the devel-
opmental expression of TRIP-1 in mineralized tissues. The
localization pattern of TRIP-1 would give insight into the
complex molecular mechanisms underlying the develop-
ment of bones and teeth.

Materials and Methods
Cell Culture

Six different cell types were used in this study. T4—4, rat
preodontoblast cell line (Hao et al. 2002); MC3T3-El,
mouse preosteoblast cell line (a kind gift from Dr. Franchesi,

University of Michigan); C3H10T1/2, mouse embryonic
undifferentiated mesenchymal cell line; human bone mar-
row stem cells (HMSCs; obtained from Tulane Cancer
Center); primary preodontoblasts; and primary preosteo-
blasts obtained from mouse day 3 postnatal pups. T4—4
cells were grown in DMEM/F-12 (Cellgro) containing 10%
fetal bovine serum (Cellgro) with 1% antibiotic-antimy-
cotic. MC3T3-E1 cells were grown in aMEM (Cellgro)
supplemented with 10% FBS and 1% antibiotics.
C3H10T1/2 cells were grown in BME medium (Cellgro)
containing 10% FBS and 1% antibiotics. HMSCs, primary
preodontoblasts, and preosteoblasts were grown in cMEM
medium with 20% fetal bovine serum.

Immunohistochemistry

Embryonic day 13.5 (E13.5) and embryonic day 16.5 (E16.5)
whole mouse embryos; postnatal day 1 (P1), day 3 (P3), day 5
(P5), and day 7 (P7) mouse heads; and day 20 (P20) mouse
mandibles were collected. The specimens were fixed in 4%
paraformaldehyde and embedded in paraffin wax. The day 20
mandibles were demineralized in buffered 10% EDTA for 7
days at 40°C and processed as above. Additionally, long bones
from P1, P3, P5, and 4-week-old mice were also fixed and
embedded in paraffin wax. Four-week-old long bones were
demineralized in buffered 10% EDTA for 7 days at 40°C.
Five-um-thick sections were cut and deparaffinized with
xylene and hydrated through graded ethanol. Only the 4-week-
old long bone sections were treated with chondroitinase ABC
at 0.5 U/ml in PBS for 60 min at room temperature. All the
samples were then incubated in 3% HZO 5 for 30 min to quench
endogenous peroxidase activity and blocked with PBS con-
taining goat serum (Vectastain ABC peroxidase kit) for 60 min
at room temperature. Sections were then incubated overnight
at 4C with anti-Eif3b antibody (rabbit polyclonal anti-Eif3b
[sc-50357] or mouse monoclonal anti-Eif3b [sc-271539];
1/200, Santa Cruz Biotechnology (Santa Cruz, California) or
anti-Type X Collagen antibody (a kind gift from Dr. William
A. Horton, Oregon Health Sciences University). Then they
were incubated with biotin conjugated secondary antibody,
washed 4 times in PBS, incubated with peroxidase-conjugated
streptavidin (Vectastain ABC peroxidase kit), and the peroxi-
dase was detected using a DAB kit (Vector Labs, Burlingame,
CA). Rabbit secondary antibody with the omission of primary
antibody was used as negative control. All experiments were
performed in accordance with approved University of Illinois
at Chicago animal protocol (Assurance no: A3460.01).

RNA Isolation and Northern Blot
Hybridization Analysis
Total RNA was isolated from the preodontoblast T4—4 cells

and preosteoblast MC3T3-E1 cells using Trizol method
(Invitrogen) and resolved on 0.8% agarose gel containing



Localization of TRIP-I in Bone and Teeth

325

formaldehyde and transferred to nylon membrane. *2P
labeled rat TRIP-1 cDNA was used as a probe for northern
analysis.

Expression and Purification of Recombinant
TRIP-1 Protein

Recombinant TRIP-1 protein was expressed in bacteria
using pGEX-4T3 system. Briefly, 973-bp fragment corre-
sponding to the coding region of Rat TRIP-1 cDNA was
PCR-amplified and cloned into Eco RI/Xho I restriction
sites in pGEX4T-3 vector. This plasmid was transformed
into BL-21 Escherichia coli cells and the recombinant pro-
tein was expressed as a glutathione S-transferase (GST)
fusion protein and purified based on manufacturer’s proto-
col (GE Healthcare, Piscataway, NJ). Thrombin was used to
cleave the recombinant protein from GST.

Overexpression of TRIP-1

For stable expression, rat TRIP-1 cDNA was PCR-amplified
and cloned into HindIIl and Apal sites of pECFP vector
(Clontech Laboratories , Mountain View, CA). Stable transfec-
tions with TRIP-1-CFP plasmid DNA were performed with
Superfect Transfection reagent (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s protocol. Selections of the stable
colonies were made with G418 sulfate (Sigma, St Louis, MO)
at 0.8 mg/ml of medium. Single cell colonies were isolated by
plating cells at low density. Control cells were mock trans-
fected with “empty” vector and selected identically.

Generation of Extracellular Matrix from
HMSCs

HMSCs were embedded in a collagen scaffold as described
previously (Ravindran et al. 2012). The cells were cultured
for 48 hr in growth media. Subsequently, differentiation
media containing 100 mg/ml ascorbic acid, 10 mM
B-glycerophosphate and 10 mM dexamethasone were used
for culturing the cells for an additional 2 weeks. At the end
of 2 weeks, the cells were treated with buffer 1 (10 mM
sodium phosphate, 150 mM sodium chloride, and 0.5%
triton x-100) for 30 min at 37°C in a tissue culture incuba-
tor. The buffer was then changed to buffer 2 (25mM ammo-
nium hydroxide) and the scaffolds were incubated for 20
min at 37°C. Finally, the scaffolds were washed three times
in Hanks balanced salt solution (HBSS) containing no cal-
cium or magnesium. HMSC-derived extracellular matrix
(ECM) scaffolds were then subjected to 3 freeze—thaw
cycles in liquid nitrogen and 37°C cell culture incubator
respectively. The scaffolds were then washed four times in
HBSS, fixed in neutral buffered formalin, paraffin embed-
ded, and sectioned (5 mm). The sections were immunos-
tained with anti-Eif33 antibody (rabbit polyclonal

anti-Eif33 [sc-50357] or mouse monoclonal anti—Eif3f3
[sc-271539]; 1/200, Santacruz Biotechnology) and anti-
fibronectin antibody (1/200, Sigma) followed by staining
with the corresponding fluorescent secondary antibodies.
The sections were then imaged using a Zeiss LSM 510
Meta confocal microscope. For cell-derived ECM without
the collagen scaffold, the HMSCs were grown to 100%
confluency in regular medium without mineralization, and
the ECM was isolated as described above.

Immunofluorescence and Confocal Imaging

All cell types used in this study were grown to 60% conflu-
ency on cover slips in 6-well plates. Cells were washed
three times with PBS, fixed in 4% paraformaldehyde for 1
hr and permeabilized in PBS with 0.5% Triton-x100. The
cells were then blocked with 5% bovine serum albumin
(BSA) in PBS for 1 hr at room temperature and incubated
with anti-Eif3b primary antibody overnight at 40°C (rabbit
polyclonal anti-Eif33 [sc-50357] or mouse monoclonal
anti—Eif33 [sc-271539]; 1/100, Santacruz Biotechnology).
After washing 3 times with PBS, the cells were incubated
for 1 hr at room temperature with the goat anti-rabbit
TRITC secondary antibody. The cells were then washed
extensively in PBS and mounted on glass slides and viewed
under a Zeiss 510 LSM Meta confocal microscope.

Protein Isolation and Western Blotting

Total proteins were extracted from C3H10T1/2, MC3T3-El,
and T4—4 cells using M-Per reagent (Pierce, Rockford, IL).
Nuclear and cytoplasmic proteins were also extracted from
C3H101/2, MC3T3-E1, and T4—4 cells using NE-Per reagent
(Pierce). Thirty mg of the total proteins were resolved on a
10% SDS-polyacrylamide gel under reducing conditions.
After electrophoresis, the proteins were electro-transferred
onto nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA), blocked with 5% nonfat milk, and probed
with rabbit polyclonal anti-Eif3f3 (sc-50357) or mouse
monoclonal anti-Eif33 (sc-271539) antibody (1/500,
Santacruz Biotechnology). Tubulin was used as control to
ensure equal loading of proteins. Blots were then incubated
with HRP-conjugated goat anti-rabbit IgG or anti-mouse IgG
secondary antibody (Sigma). After washing three times with
PBS containing 0.05% Tween 20 and once with PBS, the
bands were visualized by the lightening chemiluminescence
reagent (Pierce, Rockford, IL).

To obtain secreted proteins, C3H10T1/2, MC3T3-El
preosteoblast cells, and T4-4 preodontoblast cells were
grown to 80% confluence in their growth medium in 100mm
tissue culture dishes. The medium was subsequently
changed to serum-free medium for a period of 48 hr. The
medium containing the secreted proteins was collected
from three 100-mm tissue culture dishes, centrifuged, and
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dialyzed extensively against double-deionized water. The
dialyzed solution was then lyophilized and reconstituted in
500 pl of PBS. Twenty pl of the total proteins were resolved
on SDS-PAGE and transferred on to nitrocellulose mem-
brane. Media was also collected from MC3T3-E1 preosteo-
blast cells and T4—4 preodontoblast cells cultured in the
presence of differentiation media. For these experiments,
the cells were grown to complete confluence, and the
medium was changed to serum-free regular media or dif-
ferentiation media 48 hr before the desired time point. At
the end of the time point, the medium was collected, and the
cells were trypsinized and counted to ensure that the cell
number did not vary significantly between the time points.
Fifteen pl of the reconstituted protein samples obtained
from media collected from a single flask at each time point
were resolved on SDS-PAGE, and immunoblotting was
performed as described previously.

Induction of Mineralization and
Characterization of the Mineralized
Matrices by von Kossa and Alkaline
Phosphatase (ALP) Staining

Mineralization was induced with normal growth medium
supplemented with 10 mM B-glycerophosphate, 100 mg/ml
ascorbic acid, and 10 nM dexamethasone. The C3H10T1/2-
CFPTRIP-1 stable transfected cells and C3H10T1/2-CFP
mock transfected cells were allowed to undergo differentia-
tion under mineralization conditions (28 days in culture)
and fixed with 10% formalin in neutral buffer (Sigma) for
15 min. The slides were washed with distilled water and
then treated with 1% AgNO3 for 1 hr, washed again with
distilled water, and treated with 2.5% sodium thiosulfate
for 5 min. The specimens were then examined under a light
microscope and imaged. For ALP staining, the cells were
fixed in ice cold methanol for 10 min and incubated with
equal volumes of NBT/BCIPreagent (Bio-Rad Laboratories)
for 15 to 20 min.

EDX Analysis and SEM

C3H10T1/2-CFP mock and C3H10T1/2-CFPTRIP-1 over-
expressing cells were grown on 12-mm cover glass placed
in 12-well tissue culture plates under mineralization condi-
tions for 28 days. They were then washed twice with PBS
and fixed in 1.5% glutaraldehyde in 0.15 M Sodium caco-
dylate buffer for 24 hr at 4C. After washing twice with
PBS, the samples were dehydrated by passing through a
series of graded ethanol solutions of 30%, 50%, 90%, and
100% for 10 min each. The samples were finally dehy-
drated by immersing them in a solution of
Hexamethyldisilazane (HMDS) for 10 min followed by
air-drying inside a tissue culture hood. Elemental analysis

was directly conducted on a scanning electron microscope
(Hitachi S-3000N) equipped with an energy dispersive
X-ray device without any further sample processing. They
were finally imaged using a Hitachi S-3000N Variable
Pressure-SEM (Hitachi High-Technologies Canada, Inc.,
Canada). JOEL JSM 6320F field emission scanning elec-
tron microscope (FESEM) was used to image collagen
fibrils and mineralized nodules in the matrix.

In Vitro Nucleation Studies

In vitro nucleation experiments were conducted as previ-
ously published (He and George 2004). Briefly, pretreated
cover glass was adsorbed with TRIP-1 (20 mg of recombi-
nant TRIP-1 protein in 100 m1 of 25-mm sodium bicarbon-
ate buffer) and incubated overnight at 4°C in a humidified
chamber. Twenty mg of BSA-coated cover glass served as
controls. After incubation, the samples were rinsed with
double-deionized water and placed into a channel connect-
ing two halves of an electrolyte cell, one compartment
containing calcium buffer (165 mm NaCl, 10 mm HEPES,
2.5 mm CaCl2, pH 7.4) and the other phosphate buffer (165
mm NaCl, 10 mm HEPES, 1 mm KH2PO4, pH 7.4). A
small electric current of 1 mA was passed through the sys-
tem to facilitate even distribution of the ions on the cover
glass coated with the proteins. The buffers were changed
regularly to maintain a constant pH. At the end of 14 days,
the cover glass was removed, washed with double-deionized
water, dehydrated in graded ethanol solutions, and dried
with HMDS. The samples were then imaged using a
Hitachi S-3000N variable pressure scanning electron
microscope. Energy dispersive X-ray (EDX) analysis was
also performed for all samples to analyze the presence of
calcium and phosphate deposits.

Results

Expression of TRIP-I During Embryonic
Development

Immunohistochemical analysis at E13.5 showed highly
localized expression of TRIP-1 in the chondrocytes of the
cartilaginous primordium of the basioccipital bone in the
rostral part of the vertebral column with the forming cervical
vertebrae (Fig. 1A). Figure 1B shows the bud stage of tooth
development and TRIP-1 was detected in the oral epithelium
and in the condensing neural-crest-derived ectomesenchy-
mal cells (Higher Magnification, Supplement Fig. 1). In the
sagittal section of E16.5 mouse head, TRIP-1 was present in
the osteoblasts of the alveolar bone and in the chondrocytes
of the Meckel’s cartilage (Fig. 1C). Figure 1D shows pre-
dominant localization of TRIP-1 in the dental pulp cells,
basement membrane, osteoblasts, and alveolar bone matrix
in the developing incisor at E16.5. Expression was also
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Figure |. Localization of TRIP-1 during embryonic development of bone and teeth. (A) Localization of TRIP-I in the chondrocytes of the
rostral part of the vertebral column with the forming cervical vertebrae. (B) Localization of TRIP-1I in the bud stage of tooth development.
(C) Localization of TRIP-1 in Meckel’s cartilage (MC). (D) Localization of TRIP-1 in the developing incisors and alveolar bone at E16.5.
Insert shows higher magnification of 1D showing TRIP-| localization in the basement membrane. Black arrows in all images represent
localization of TRIP-1. DM = dental mesenchyme; DE = dental epithelium; B = bone; P = dental pulp cells; C = chondrocytes in the
cartilaginous primordium of the basioccipital bone; Od = odontoblasts. A-D bars = 50 ym;inset bar = 10 ym.

observed in the stem cell niche of the cervical loop at the
apical end of the developing incisor.

Expression of TRIP-1 in Postnatal Developing
Tooth

At postnatal day 1, TRIP-1 was localized in the basement
membrane of the incisors. In contrast, there was low
expression in the molars (Fig. 2A,B). At day 3, localized
expression was seen in the odontoblasts of both the devel-
oping molar and incisor (Fig. 2C,D). Nuclear localization
of TRIP-1 was observed at this developmental stage (Fig.
2C,D). Interestingly, distinct localization of TRIP-1 was
observed at the mineralization front during the assembly of
the calcified dentin matrix (white arrow in Fig. 2D).
TRIP-1 was also localized in the surrounding alveolar bone
matrix (Fig. 2C inset). With further development, at day 5
(Fig. 2E,F) and day 7 (Fig. 2G,H) localization of TRIP-1
was observed in the odontoblasts of both the molars and

incisors, with predominant expression in the dentin matrix
at day 7 (Fig. 2G, white arrow). At day 20, persistent
expression of TRIP-1 was observed in the odontoblasts and
also localized in the dental pulp cells (Fig. 3A,B). Abundant
expression was also observed in the osteoblasts of the
alveolar bone (Fig. 3C,D). Thus, TRIP-1 maintains high
expression levels in the dental papilla at the bud stage and
during its differentiation into fully functional odontoblasts.

Expression of TRIP-1 in Developing Mouse
Femurs

We then examined the localization of TRIP-1 during endo-
chondral ossification by analysis of various skeletal elements
at different developmental stages. At postnatal day 1, TRIP-1
expression was detected in the extracellular matrix of the
proliferating chondrocytes and also localized in the nucleus
of some proliferating cells, but no expression was observed
in the hypertrophic chondrocytes of the growth plate (Fig.
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Day 1

Day 3

Day 5

Day 7

Figure 2. Localization of TRIP-1 in postnatal developing teeth. Localization of TRIP-I in developing molars of postnatal day | (A), day
3 (C),day 5 (E), and day 7 (G) of tooth development. Localization of TRIP-I in incisors of postnatal day | (B), day 3 (D), day 5 (F), and
day 7 (H) of tooth development. Black arrows point to expression in the odontoblasts. White arrows represent expression in the ECM.
P = dental pulp cells; B = bone; Od = odontoblasts; Am = ameloblasts; D = dentin; E = enamel. A[E,H bars = 20 pm; B,D,FG bars =

10 pm;inset bar = 20 pm.

4A). Increased expression of TRIP-1 in the cartilage matrix
was observed at day 3 with some localization in the perios-
teum (Fig. 4B, 5SA-D). The level of expression was more
widespread in the chondrocytic matrix at postnatal day 5

with localization in prehypertrophic extracellular matrix and
in the periosteum (Fig. 4C, 6A,B). Interestingly, at 4 weeks
of development, no expression of TRIP-1 was seen in the
proliferating cells and in the cartilage matrix (Fig. 4D).
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Figure 3. Localization of TRIP-1 in postnatal day 20 mouse incisor and surrounding alveolar bone. (A,C) Localization of TRIP-1 in the
dentin matrix of the molars and the alveolar bone of postnatal day 20 mouse mandible. (B,D) Enlarged images show the presence of
TRIP-1 in the mineralizing dentin matrix and in the alveolar bone at day 20. Black arrows point to expression in the odontoblasts. White
arrows represent expression in the ECM. P = dental pulp cells; B = bone; D = dentin.A bar = 100 pm; B,D bars = 10 ym; C bar = 50 pm.

However, predominant expression was seen in the bone spic-
ules of the primary spongiosa, osteocytes, and mineralized
matrix of cortical bone (Fig. 6C,D; Supplement Figs 2-4).

Subcellular Localization of TRIP-1

Subcellular localization of TRIP-1 was analyzed by immu-
nocytochemical analysis in different cell types, namely
primary pulp cells and calvarial cells from 3-day pups,
HMSCs, T4—4, and MC3T3 cells. In all cell types studied,
TRIP-1 was predominantly expressed in the cytoplasm,
although some expression was observed in the nucleus and
on the plasma membrane (Fig. 7A—E). Northern blot analy-
sis was performed to identify TRIP-1 transcript in T4-4
preodontoblasts and MC3T3-E1 preosteoblasts (Fig. 7F). A
single transcript of 1.6 kb was detected in both cell types.
Protein expression was confirmed by western blotting of
the total proteins isolated from T4-4, MC3T3-El, and

C3H10T1/2 cells. A distinct band at 37 kDa was observed
(Fig. 7G). Tubulin was used as a control to demonstrate
equal loading of total protein. To further confirm the subcel-
lular localization of TRIP-1, nuclear and cytoplasmic pro-
teins were extracted from the above-mentioned three cell
types. TRIP-1 expression was observed more in the nuclear
fractions when compared to the cytoplasmic fractions (Fig.
7H). Since expression of TRIP-1 was observed in the matrix
during tooth development, we performed Western blot anal-
ysis on the proteins isolated from the secretory pool before
and after differentiation for both T4—4 and MC3T3 cells.
Results in Fig. 71 confirmed that TRIP-1 is indeed secreted.

Expression of TRIP-1 in the Extracellular
Matrix

A signal peptide is absent in TRIP-1. However, expression
was observed in the matrix and in the secretome of various
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Figure 4. Localization of TRIP-1 in the femoral growth plate region during early endochondral ossification. Localization of TRIP-1 in
the growth plate region in the long bone sections of postnatal day | (A), day 3 (B), day 5 (C), and 4-week-old (D) mice. Black arrows
represent expression in chondrocytes.White arrows represent expression in the ECM. Inset shows higher magnification images of TRIP-1
expression in nucleus of the chondrocytes. HC = hypertrophic chondrocytes; PC = proliferating chondrocytes; B = bone. A-C bars = 50

um; D bar = 100 ym;inset bar = 10 uym.

cell lines studied. To further confirm that TRIP-1 is indeed a
secretory protein, HMSCs were differentiated on a 3-D col-
lagen scaffold, and the extracellular matrix secreted by the
cells were immunostained with TRIP-1 antibody. Confocal
images of the ECM showed TRIP-1 localized in the HMSC
matrix (Fig. 8A). Fibronectin, a predominant ECM protein
was used as a positive control. Negative staining for DAPI
shows the absence of intact cells or any nuclear material.
Also both rabbit and mouse secondary antibodies with the
omission of primary antibodies were used as negative con-
trols (Fig. 8B). These results were further confirmed by per-
forming the same experiments on the ECM isolated directly
from HMSCs. Results in Fig. 8C show the presence of
TRIP-1 in the ECM secreted by HMSCs. Absence of intact
cells was confirmed by staining for the cell nuclei with
DAPI. Fibronectin was used as a positive control and sec-
ondary antibodies with the omission of primary antibodies
were used as negative control (Fig. 8D). Results from the
above experiments suggest that TRIP-1 is indeed a secretory

protein and is probably secreted by nonclassical secretory
method in the absence of a signal peptide.

Overexpression of TRIP-1 Induces Cellular
Differentiation and Formation of Mineralized
Nodules

To gain insight into the role of TRIP-1 in the ECM, a stable
cell line expressing TRIP-1 as a CFP-fusion protein was
generated. The C3H10T1/2-TRIP-1 overexpressing cells
and mock cells (with the empty vector) were cultured in the
presence of osteogenic differentiation medium. FESEM
imaging of the TRIP-1 overexpressed cells showed the
presence of abundant collagen fibrils with mineralized nod-
ules (Fig. 9B). SEM analysis in Fig. 9C depicts the calci-
fied matrix deposited by TRIP-1 overexpressing cells, and
Fig. 9D is the corresponding EDX analysis confirming the
presence of calcium and phosphate in the deposits (white
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Figure 5. Localization of TRIP-1 in the long bone of postnatal day 3 developing mice. (A,C) Localization of TRIP-I in the preosteoblasts
and periosteun of postnatal day 3 mouse long bone. (B,D) Higher magnification of the boxed region showing the presence of TRIP-1 in
the mineralizing bone matrix and in the periosteum at day 3. Black arrows represent expression of TRIP-1 in periosteum.White arrows
represent expression of TRIP-| in preosteoblasts. B = bone; P = periosteum.A,C bars = 20 pm; B,D bars = [0 ym.

arrows). Figure 9A represents the matrix deposited by
mock cells. To further confirm the differentiation and for-
mation of mineralized matrix by TRIP-1 overexpressing
cells, we performed von Kossa and ALP staining. Results in
Fig. 9E and 9F demonstrate that von Kossa and ALP stain-
ing were significantly higher in TRIP-1 overexpressing
cells when compared with mock cells. Taken together, these
data suggest that TRIP-1 might have a functional role dur-
ing matrix mineralization.

rTRIP-1 Induces Nucleation of Calcium
Phosphate Polymorphs

To demonstrate the involvement of TRIP-1 in mineraliza-
tion, in vitro nucleation studies were performed with
rTRIP-1. Figure 10B represents SEM image of mineral
deposits obtained from in vitro nucleation experiments per-
formed for 14 days on TRIP-1 coated glass plates, and their
corresponding EDX analysis is shown in Fig. 10D. The
ratio of calcium and phosphate was determined to be 0.83

(SEM = 0.19, n=4). This suggests that the calcium phos-
phate polymorphs were amorphous. BSA-coated cover
glass was used as a control (Fig. 10A), and the EDX analy-
sis performed on the deposits is shown in Fig. 10C.

Discussion

Type 11 TGF-B receptor interacting protein-1 (TRIP-1) is a
member of a family of structurally conserved proteins, the
WD-40 repeat proteins (Chen et al. 1995). The WD-40
proteins contain 4 or more copies of a conserved Trp-Asp
motif, the so-called WD-40 repeat, which forms a scaffold
for binding other proteins (Neer and Smith 1996). TRIP-1
has been identified as a phosphorylation target of the
TGFBR-II kinase during in vitro studies (Chen et al. 1995)
and also as a functional component of eukaryotic transla-
tion initiator factor 3 (eiF3) multiprotein complexes (Asano
et al. 1997). Choy and Derynck (1998) have reported
modulation of Smad pathway by TRIP-1, and Sheu et al.
(2003) have demonstrated the same effect in osteoblasts.
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Day 5

4 weeks

Figure 6. Localization of TRIP-1 in postnatal day 5 and 4-week-old long bones of developing mice. Localization of TRIP-1 in the long bone
sections of postnatal day 5 (A) and 4-week-old (C) mice. (B, D) Enlarged images show the presence of TRIP-1 in the mineralizing matrix
and in osteocytes, osteoblasts, and periosteum. Insert in Fig. 6B shows the expression of TRIP-1 in the peroisteum. Black arrows point to
expression of TRIP-1 in the bone osteocytes and periosteum.White arrows represent expression of TRIP-1 in the ECM. B = bone; P =

periosteum.A,C bars = 50 pm; B,D, and inset bars = 10 pm.

Recent work has shown that loss of TRIP-1 in lung epithe-
lial cells dramatically increases the ability of these cells to
undergo epithelial-mesenchymal transformation in response
to TGF-B1 treatment (Perez et al. 2011). In this study, we
characterized the physiological expression of TRIP-1 dur-
ing bone and teeth development to determine if TRIP-1
plays an important role in a biological process such as
matrix mineralization.

Immunohistochemical analysis shows the localization of
TRIP-1 in several cell types responsible for mineralized
matrix formation in the developing mouse embryo. Tooth
development takes place by the reciprocal interactions and
controlled programming between the oral epithelium and
the neural-crest-derived mesenchyme. Signals transmitted
by the epithelial cells promote condensation of the mesen-
chymal cells called the dental papilla. At the bud stage of
tooth development, TRIP-1 was expressed in both the epi-
thelial cells of the oral ectoderm and specifically in the den-
tal papilla. With further development, the dental papilla

differentiates to form the odontoblast cells that will initially
produce the uncalcified predentin matrix and subsequently
mineralized dentin, while the dental lamina differentiates to
form the ameloblasts that will produce enamel. Expression
of TRIP-1 was observed in both ameloblasts and odonto-
blasts until day 3 in the molars. At later developmental
stages, TRIP-1 is expressed only by the odontoblasts. As the
incisors are continuously erupting, expression of TRIP-1
was seen in both odontoblasts and ameloblasts. Undifterentiated
pulp cells show lower expression levels of TRIP-1 during
early stages and higher expression with further develop-
ment. These observations suggest that TRIP-1 might play a
regulatory role in the differentiation of both ameloblasts
and odontoblasts and perhaps might participate in the cross-
talk between these two cell types.

An interesting observation was the localization of
TRIP-1 in the mineralizing dentin matrix. At day 3, the
odontoblasts are fully polarized and secrete type I collagen
and several noncollagenous proteins necessary for matrix



Localization of TRIP-I in Bone and Teeth

333

TRIP-1 DAPI
A
~
5 /.
A
/
i TN
D
-
E VA

~ -

MERGE

TRIP-1 s e @ 37 KDa

TUBUIN . e qui

Media o s

I Days in Mineralization
-~
”

0 7 14 21
MC3T3 W s e

T N

Figure 7. Immunolocalization of TRIP-1 in different cell types. Figures 7A—E represent confocal images of the immunolocalization of TRIP-
| in different cell types: (A) primary odontoblasts; (B) primary osteoblasts; (C) human marrow stromal cells; (D) T4—4 preodontoblasts;
and (E) MC3T3-El preosteoblast cells. Localization of TRIP-1 is represented by yellow arrows. Scale bars = |0 pm. (F) Northern
blotting analysis of T4—4 preodontoblasts and MC3T3-E| preosteoblast cells showing expression of TRIP-1.The size of TRIP-1 transcript
obtained was |.6 kb. (G) Western blot analysis of total protein lysates from C3HI0T1/2 undifferentiated mesenchymal cells, T4—4
preodontoblasts, MC3T3-E| preosteoblasts with TRIP-1 antibody showing expression of TRIP-1 at 37 KDa. (H) Western blot analysis of
nuclear, cytoplasmic,and the secretome of the above 3 cell types shows distinct presence of TRIP-1 at 37 KDa. () Western blot analysis of
proteins isolated from the secretory pool before (day 0) and after inducing differentiation (days 7, 14,and 21) for both T4—4 and MC3T3
cells showing the presence of TRIP-1.A-E TRIP-1, DAPI, and MERGE bars = 10 pm.

mineralization. During this process, TRIP-1 was localized
at the mineralization front where the first crystals of cal-
cium phosphate are deposited. This suggests that TRIP-1
might play a role in matrix mineralization. This function
was demonstrated by in vitro nucleation assay, which dem-
onstrated that TRIP-1 could bind calcium.

Skeletal development in vivo occurs via two major
processes, namely intramembranous and endochondral
ossification. Intramembranous ossification occurs by direct
differentiation of mesenchymal cells into osteoblasts.
TRIP-1 was expressed in the osteoblasts of the intramem-
branous bone as early as E16.5. Predominant localization
was seen even at day 20 in preosteoblasts and differentiated
osteoblasts. Endochondral bone formation is a complex
and tightly regulated process that involves programmed
proliferation and maturation of chondrocytes followed by

terminal differentiation, hypertrophy, and replacement of
cartilage by bone. During endochondral bone formation,
TRIP-1 was localized in the periosteum, osteoblasts, and
bone marrow at day 3 and 5; while at 4 weeks of develop-
ment, increased expression was seen in the bone matrix and
in osteocytes. Based on the physiological expression pat-
tern, it is possible that TRIP-1 might play a role in both
intramembranous and endochondral bone formation.
During embryogenesis, condensations of mesenchymal
cells form, within which chondrocytes develop, proliferate,
and differentiate to form a cartilage template that contains
distinct zones of resting, proliferative, and hypertrophic
chondrocytes; and these cells are spatially arranged (Seo
and Serra 2007). Chondrogenesis is the earliest step in
endochondral bone formation. It begins with the condensation
of undifferentiated mesenchyme, leading to increase in cell
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Figure 8. Expression of TRIP-I in the ECM of HMSCs. (A) Expression of TRIP-1 and Fibronectin in the ECM secreted by differentiating
HMSCs grown on scaffolds. (B) Secondary antibody negative controls. (C) Expression of TRIP-1 and Fibronectin in the ECM secreted
by HMSCs. (D) Secondary antibody negative controls. ATRIP-1 and DAPI bars = 20 pm; A FN bars = 10 pm; B bars = 10 ym; C and D

bars = 20 uym.

density. These undifferentiated progenitor cells differentiate
into chondrocytes. TRIP-1 was localized at E13.5 specifically
in the chondrocytes of the vertebral body and in the chondro-
cytes of the cartilaginous primordium of the basioccipital
bone. No staining was present in the intervertebral disc.
During endochondral ossification, TRIP-1 expression was
controlled spatially and temporally. In the epiphyseal growth
plate, proliferating chondrocytes undergo maturation and
hypertrophic differentiation. At day 1 and 3, localization of
TRIP-1 was seen in the extracellular matrix of the proliferat-
ing chondrocytes. With further development, TRIP-1 signal
disappears from the cartilage matrices of proliferating and
prehypertrophic chondrocytes and was specifically seen in the

bone spicules of the ossification zone. In the craniofacial
region, chondrocytes of the Meckel’s cartilage also expressed
TRIP-1. Based on the localization pattern, it could be con-
cluded that TRIP-1 is required for chondrocyte proliferation
and differentiation during the formation of axial and appen-
dicular skeleton.

Subcellular localization of TRIP-1 in primary osteoblasts,
odontoblasts, and cell lines showed specific localization pat-
terns. Localization at the plasma membrane suggests its
probable participation in the TGF-B signaling pathway.
Localization of TRIP-1 in the cytoplasm suggests its involve-
ment in the protein translational machinery, whereas a func-
tional role for nuclear TRIP-1 is yet to be determined.
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Figure 9. Analysis of the extracellular matrix secreted by TRIP-1 overexpressing cells. (A) Scanning electron micrograph of control
cells showing deposition of proteinaceous ECM with no mineral deposits. (B,C) Scanning electron micrograph of the matrix secreted by
C3HIO0TI/2-TRIP-1 overexpressing cells subjected to in vitro mineralization for 28 days. Note deposition of collagen fibrils containing
numerous mineral deposits (black arrows). (D) EDX analysis of the mineral deposits formed by C3HI0TI/2-TRIP-1 overexpressing
cells grown in differentiation media. Calcium and phosphate peaks are marked by white arrows. (E and F) von Kossa and ALP staining of
C3HI10T/2-mock and C3HIOT1/2-TRIP-I overexpressing cells and their corresponding quantification.

In this study, an interesting observation is the localiza- C3H10T1/2, T4—4, and MC3T3-E1 showed the presence of
tion of TRIP-1 in the extracellular matrix. A classical signal TRIP-1. TRIP-1 in the ECM was also confirmed by immu-
peptide is absent in TRIP-1; however, Western blot analysis nohistochemical analysis of the HMSC-derived ECM. In a
performed on total proteins isolated from the secretome of  recent study, several proteins have been identified in the
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Figure 10. In vitro nucleation of calcium phosphate polymorph by TRIP-1. (B,D) Electron micrograph of calcium phosphate deposits on
rTRIP-1 coated cover glass subjected to in vitro nucleation and its corresponding EDX analysis respectively. B scale bar = [0 pm.White
arrows point to calcium and phosphate peaks. 10A and 10C are the images of deposits obtained from BSA coated cover glass used as a

control and its EDX analysis respectively. Bars = Spym.

secretome of human mesenchymal stem cells that do not
have a signal peptide (Chiellini et al. 2008). It was sug-
gested that cells secrete exosomes as a mechanism to
extrude some proteins. Thus, TRIP-1 could be secreted to
the ECM by such nonclassical secretory mechanisms.
Presence of TRIP-1 in the ECM and at the mineraliza-
tion front led us to investigate its function as a calcium-
binding protein. SEM analysis of the matrix deposited by
C3H10T1/2 cells overexpressing TRIP-1 grown under dif-
ferentiation conditions, showed deposition of mineralized
deposits on fibrillar collagen. Intense von Kossa and alka-
line phosphatase staining confirmed that TRIP-1 might play
a functional role in osteogenic differentiation and mineral-
ization of the extracellular matrix. /n vitro nucleation

experiments confirmed that immobilized TRIP-1 had the
potential to nucleate calcium phosphate polymorphs.

In conclusion, based on the temporal and spatial expres-
sion pattern of TRIP-1 during bone and teeth development,
itis possible that TRIP-1 might reveal a previously unknown
function. We envisage TRIP-1 to function in osteoblast dif-
ferentiation, perhaps through the canonical TGF-B signal-
ing pathway, whereas its presence in the ECM suggests that
it is a secreted protein and can be involved in the mineral-
ization of the extracellular matrix.
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