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Abstract

Granulin epithelin precursor (GEP) is a new growth factor that functions in brain develop-
ment, chondrogenesis, tissue regeneration, tumorigenesis, and inflammation. The goal of this
study was to study whether GEP was critical for odontogenesis and amelogenesis both in vivo
and in vitro. The in situ hybridization and immunohistochemistry data showed that GEP was
expressed in both odontoblast and ameloblast cells postnatally. Knockdown of GEP by
crossing U6-ploxPneo-GEP and Sox2-Cre transgenic mice led to a reduction of dentin
thickness, an increase in predentin thickness, and a reduction in mineral content in enamel.
The in vitro application of recombinant GEP up-regulated molecular markers important for
odontogenesis (DMPI, DSPP, and ALP) and amelogenesis (ameloblastin, amelogenin and
enamelin). In conclusion, both the in vivo and the in vivo data support an important role of
GEP in tooth formation during postnatal development.
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INTRODUCTION

GEP, also known as PC-cell-derived growth
factor, progranulin, acrogranin, or GP80, was first
identified as a growth factor from the conditioned
tissue culture media collected from a mouse epithelin
precursor of a highly tumorigenic cell line (1). High
levels of GEP expression were found in several hu-
man cancers such as breast cancer, clear-cell renal
carcinoma, invasive ovarian carcinoma, glioblastoma,
adipocytic teratoma, and multiple myeloma (2-5).
GEP was highly expressed in rapidly cycling epi-
thelial cells such as cells in the immune system and in
the nerve system (1-4, 6), as well as in cartilage cells
(7).

GEP is a 593-amino-acid secreted glycoprotein
with an apparent molecular weight of 80 kDa, which
acts as an autocrine growth factor. GEP contains sev-
en-and-a-half repeats of a cysteine-rich motif

(CX5.6CX5CCX3CCXsCCXDXHCCPXCX54C) in - the
order P-G-F-B-A-C-D-E, where A-G are full repeats
and P is the half-motif. The C-terminal region of the
consensus sequence contains the conserved sequence
CCXDX,HCCP which is likely linked to its regulatory
function.

It is well documented that GEP, as growth factor,
plays multiple functions in control of cell cycle (8),
mesothelial differentiation (9), sexual differentiation
of the brain (10), macrophage development (11), re-
sponse to rheumatoid arthritis and osteoarthritis (12),
as well as in wound responses and tissue repair (13),
(14).

To address GEP function in chondrogenesis, we
recently showed that GEP stimulates chondrocyte
differentiation from mesenchymal stem cells in vitro
and endochondral ossification ex vivo (15). Impor-
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tantly, we demonstrated that GEP is a key down-
stream molecule of BMP2, and that GEP-knockdown
mice display skeleton defects (7).

Many studies have indicated that various factors
are involved in the formation of dentin and enamel
during tooth development (16-26), although there has
been no report on the role of GEP in odontogenesis
and amelogenesis. In this study, we attempted to
study GEP expression pattern in odontoblast and
ameloblast cells. Next, we investigated whether GEP
plays a role in tooth development in vivo using GEP
knock-down mice. We also studied the molecular
mechanisms by which GEP controlled odontoblast
and ameloblast function in vitro. Our data docu-
mented an important role of GEP in controls of tooth
development both in vivo and in vitro.

EXPERIMENTAL PROCEDURES

Generation of siGEP Knockdown Transgenic
Mice

Based on the technique developed by Deng’s
laboratory  (27), we recently generated the
U6-ploxPneo-GEP-RNAi knockdown (KD) transgenic
mice where a 19 base pair of
5-GCCTATCCAAGAACTACAC-3" oligo (silencing
GEP) and its antisense oligo with a loop was under
the control of the U6 promoter (a ubiquitous promo-
ter) (7). Because a loxP-flanked neomycin cassette is
inserted into this promoter to block the promoter ac-
tivity, there is no expression of RNAi in the absence of
Cre. In this study, two independent founders were
used for crossing with Sox2 Cre mice (Stock Number:
004783 from Jax mice database) to remove the neo
cassette in order to activate expressions of GEP RNA.
The transgenic lines were genotyped using PCR with
the following pair of primers
(6'-CGAAGTTATCTAGAGTCGAC-3' and
5-AAACAAGGCTTTTCTCCAAGG-3'), which ampl-
ify ~100 bp from the U6 promoter and the connecting
neo gene. The wild-type controls and GEP KD mice
were sacrificed at various stages of development, in-
cluding E17.5, newborn, postnatal day 10, and day 21.
All animal studies were in accordance with the
guidelines and approved by the IACUC committee of
Baylor College of Dentistry.

Alizarin Red/Alcian Blue Staining of the Skeleton

The newborns from wild-type and the GEP KD
littermates were skinned, eviscerated, and fixed for
more than 1 day in 95% ethanol. They were then
stained with Alizarin red (0.09%) and Alcian blue
(0.05%) for photography described previously (28-29).

Histology

Teeth were fixed in freshly prepared 4% para-
formaldehyde in phosphate-buffered saline (pH 7.4),
decalcified, and embedded in paraffin by standard
histological procedures as previously described (30).
The tissue blocks were cut into 4-pum-thick, me-
sio-distal, serial sections and mounted on glass slides.
Sections were used for H&E staining, in situ hybridi-
zation and immunohistochemistry (GEP and DSPP).
For Von kossas staining, the samples (newborn) were
embedded in paraffin without decalcification.

In Situ Hybridization

The mouse GEP antisense RNA (cRNA) was
used for in situ hybridization as described previously
(7, 30). Briefly, the digoxigenin (DIG)-labeled mouse
GEP cRNA probe was prepared by using an RNA
Labeling Kit (Roche, Indianapolis, IN). The hybridi-
zation temperature was set at 55°C and the washing
temperature was set at 70°C to inactivate endogenous
alkaline phosphatase. DIG-labeled nucleic acids were
detected in an enzyme-linked immunoassay with a
specific anti-DIG-AP antibody conjugate and an im-
proved substrate that gives rise to a red signal (Vector,
Burlingame, CA).

High-Resolution Tooth Radiography and p -CT

After dissection, teeth were X-rayed using a
Faxitron radiographic inspection wunit (Model
8050-020, Field Emmission Corporation, Inc.) with
digital image capture capabilities. Using a Scanco p
-CT 35 (SCANCO Medical AG, Switzerland), p-CT
analyses included a high resolution scan of the lower
jaw for overall assessment of the tooth shape and
structure .

Cell Culture and Cell Proliferation

A preodontoblast or an odontoblast cell line (31)
or an ameloblast cell line (LS8, a gift from Dr. Mal-
colm L. Snead from University of Southern California)
was plated into a 6-well plate at a density of 1.2X105
cells per well. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 2 mmol/L
L-glutamine, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Cell proliferation assay was performed
by the MIT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] method. Briefly, Cells
were seeded into 96-well plates at 5 x104 cells per well.
When the cells were at 70% confluences, recombinant
GEP protein was added at concentrations of 50
ng/ml, 100 ng/ml, and 200 ng/ml. The media was
changed every other day throughout the course of the
experiment. The mitogenic effect of recombinant GEP
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protein was assessed on day one, three, and five after
initial treatment by MTT cell proliferation assay kit
(ATCC, No. 30-1010K, Manassas, VA). The optimal
density was determined at a wavelength of 490 nm.
Cells without addition of GEP served as a control
group.

RNA Isolation and Quantitative PCR analyses

To examine the effects of the recombinant GEP
protein on gene expression, the preodontoblast or
ameloblast cells were adapted to serum free medium
for 24 hours followed by additions of GEP at 200
ng/ml. Twenty-four hours later, these cells were
harvested for RNA isolation and quantitation analysis
of gene expression by real time RT-PCR. RNA was
isolated using Trizol reagent (Invitrogen, San Diego,
CA) according to the manufacturer’s protocol. After
purification, 1 ug total RNA was treated with Turbo
DNase (Ambion) and reverse transcribed into
first-strand cDNA using a high-capacity cDNA re-
verse transcription kit (Invitrogen, San Diego, CA).
Using 20 pl SYBR GREEN PCR, reactions were per-
formed in a 96 well optical reaction plate formatted in
the 7300 Sequence Detection System (Applied Bio-
systems) with the following PCR conditions: 40 cycles,
95 °C for 15 s, 60 °C for 1 minute. The transcript of
GAPDH mRNA was employed as an internal control
for RNA quality. For each gene, three independent
RT-PCR reactions from the same reverse transcription
sample were also performed. The presence of a single
specific PCR product was verified by melting curve
analysis, confirmed on an agarose gel, and further
sequenced by the Applied Biosystems sequencing
system (Applied Biosystems Inc). The genes analyzed
were DMP1, DSPP, ALP, Ameloblastin, Enamelin and
Amelogenin. GAPDH was used as the internal con-
trol.

Statistical Analyses

We computed statistical significance with inde-
pendent-samples t-test using SPSS 12.0. A P value of <
0.05 was considered statistically significant.

RESULTS

GEP Expression Patterns in Teeth during Em-
bryonic and Postnatal Development

To characterize the temporal and spatial expres-
sion pattern of GEP during tooth development, we
performed in situ hybridization at multiple time
points, including E17.5, newborn, postnatal days 10
(P10), and 21 (P21). As revealed in Fig. 1, GEP mRNA
was expressed in the osteoblast (Ob) cell but not in
tooth cells at E17.5 (1A). After birth, GEP was shown
in odontoblasts (Od, B-D), ameloblasts (Am, B-D), and

osteoblast cells (B-D). Immunohistochemistry data
confirmed high expression of GEP protein in ame-
loblasts and enamel matrix (E). This information
suggests that the expression profile of GEP is linked to
osteogenesis, odontogenesis and amelogenesis during
postnatal development.

GEP KD Mice Display Porous, Hypomineralized,
and Immature Alveolar Bone.

The in vivo knockdown techniques used in this
study was originally developed by C. X. Deng’s la-
boratory at NIH/NIDDK, which has been success-
fully used to knock down FGF receptor2 in cartilage
(32). In this study, we crossed U6-ploxPneo-GEP-RNAi
knockdown (KD) transgenic mice (7) to Sox2-Cre
transgenic mice.. The GEP KD newborn head, stained
with Alizarin Red/Alcian Blue, displayed no appar-
ent difference from the age-matched control head (Fig
2A), suggesting that GEP may not be essential for
early development. However, at age of 3-week, radi-
ograph and p-CT images obtained from the GEP KD
mandible showed a defect in mineralization as re-
vealed by a thin porous mandible (Fig 2B-C). Overall,
the tooth was slightly small with thin dentin in GEP
KD mice (Fig. 2C).

GEP KD Mice Display Reduced Dentin Mass.

To further characterize GEP KD tooth, we car-
ried out in situ hybridization for comparison of GEP
levels in GEP KD and the control tooth. As shown in
Fig. 3A, there was a remarkably reduction in GEP
mRNA expression in the GEP KD odontoblast cells.
H&E staining revealed that the thickness of dentin
was decreased in the GEP KD mice, while the pre-
dentin was increased, compared to the age matched
control (Fig. 3A, B and D). Quantitative data showed
that the above changes are statistically significant (Fig
3C, left panel), and the ratio of dentin/predetin was
significantly decreased in the GEP KD mice compared
to that of the WT mice (Fig. 3C, right panel). Fur-
thermore, the expression level of DSPP protein (den-
tin sialophosphoprotein, a marker for dentin forma-
tion) in the GEP KD mouse was dramatically reduced
(Fig. 3D).

GEP Accelerates Odontoblast Cell Proliferation
and Differentiation

The GEP knockdown dentin phenotype
prompted us to determine whether recombinant GEP
was able to change odontoblasts proliferation and
differentiation. We previously created a GEP stable
cell line using 293 EBNA cells and generated recom-
binant GEP (7). In this study, we tested the effect of
GEP on a preodontoblast cell line (31, 33). Our data
showed that recombinant GEP stimulated prolifera-
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tion of the preodontoblast cell line at all tested con-
centrations, although the significant difference was
only observed at the 200 ng/ml concentration (Fig.
4A). Next, we tested the effects of GEP (200ng/ml) on
cell differentiation using an odontoblast cells line. Our

real-time RT-PCR data showed that GEP increased
expressions of DMP1, DSPP and ALP (markers for
odontogenesis, Fig. 4B). These in vitro data support a
positive role of GEP in odontogenesis.

Enamel

e e e

D
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Fig 1. GEP expression in tooth during development. Panels A-D show in situ hybridization for GEP expression in
teeth at different stages (red signal). At EI7.5 (A), GEP was detected in the osteoblast (Ob) cells but not in the odontoblast
(Ob) cells. At day one (B), the expression of GEP mRNA was observed in both odontoblasts (Ob) and ameloblasts (Am). At
day 10 (C), the expression of GEP mRNA in odontoblasts was high; At day 21 (D), GEP mRNA was detected in ameloblasts,
odontoblasts, periodontal ligament (PDL) and osteoblast cells. Panel E showed that GEP protein was particularly high in

newly formed enamel.
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Fig.2 Effects of GEP KD on craniofacial development. A) Alizarin red/Alcian blue staining of the wild-type (WT, left
panel) and the knockdown (KD, right panel) newborns heads were shown. B) Radiographs of the 3-week-old WT and GEP
KD mandibles were shown. C) Micro-CT images of the 3-week-old WT (left panels) and GEP KD (right panels) mandibles
were shown. The whole mount scanning images were shown on upper panels and the sagittal sections were shown on lower

panels.

GEP KD Mice Developed an Enamel Phenotype

Because GEP was expressed in ameloblast cells
(Figs 1 and 3) and the GEP expression level was re-
duced in the GEP KD ameloblast cells (Fig. 3A), we
next asked whether GEP played a role in amelogene-
sis. The von Kossa staining showed a sharp reduction
of the total enamel volume (less than 50% of the nor-
mal enamel volume) in the GEP KD lower jaw (Fig.
4A). To further address whether GEP controls cell
proliferation and differentiation in the ameloblast

cells, we next added recombinant GEP to an amelob-
last cell line (LS8) for testing if GEP had effects on cell
proliferation and cell differentiation. As shown in Fig.
5B, recombinant GEP stimulated ameloblast prolife-
ration at day3 and day5 (left panel). GEP also in-
creased expressions of ameloblastin, amelogenin, and
enamelin (markers for amelogenesis, Fig. 5B, right
panel). Taken together, both the in vivo and in vitro
data support a positive role of GEP in amelogenesis.
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Fig.3 Dentin defect in 3-week-old GEP knockdown (KD) Mice. A) In situ hybridization displayed a reduction of GEP
mRNA in the GEP knockdown odontoblast layer (right panel; Od; signal in red) compared to the age matched wild type
control (WT, left panel). B) HE staining of the first molars showed a reduction of dentin thickness and an increase in
pre-dentin thickness in the GEP knockdown mice (right panel) compared to the control (left panel). C) Quantitative data
showed that a significant changes in the thickness of the GEP KD dentin and predentin compared to those in the control (left
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panel), and that the ratio of dentin / predetin was significantly decreased in GEP KD mice compared to the WT control mice
(right panel). All the values were presented as mean + SE. n=4, *p = 0.05. D) The immunostaining of DSPP (brown staining
with green nuclear counterstain) showed a lower level in GEP KD mice (right panel) compared to that of the WT control
mice (left panel).
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Fig.4 Recombinant GEP protein stimulates cell proliferation and accelerates cell differentiation in the
odontoblast cell line. A) MTT assay data showed an increase in cell proliferation in all 3 concentrations of recombinant
GEP protein, although there was a significant difference only at the concentration of 200 ng (Data are mean * SEM, n=4, p
<0.05). B) Recombinant GEP protein also increased levels of cell markers for odontoblast cell differentiation: DMP1, DSPP
and ALP. These values were normalized by GAPDH. (Data are mean * SEM, n=4, p <0.05).
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Fig 5. GEP KD mice display a reduction in enamel mineralization. A) Von Kossa staining showed a reduction of
mineralization in the GEP knockdown mice (KD, right panel) compared to the age matched wild type (WT, left panel). B)
MTT assay data showed an increase in cell proliferation in the ameloblast cell line with all 3 concentrations of recombinant
GEP protein, although there was a significant difference only at the concentration of 200 ng. C) Recombinant GEP protein
increased levels of cell markers for ameloblast cell differentiation: ameloblastin, amelogenin, and enamelin. These values
were normalized by GAPDH. (Data are mean * SEM, n=4, p <0.05).

DISCUSSIONS

GEP, as a local growth factor, is closely asso-
ciated with development, tissue regeneration, tumo-
rigenesis, and inflammation (13, 34-36). Through a
functional genetic screen, we previously isolated GEP
as a binding partner of cartilage oligomeric matrix
protein (COMP, a noncollagenous matrix protein
whose mutations lead to pseudoachondroplasia,
multiple epiphyseal dysplasia, and short-limb dwar-
fism) (37). Our recent studies showed that
GEP-mediated chondrocyte proliferation was regu-
lated by GEP/COMP interaction, suggesting its im-
portance in skeletogenesis (7). Although the GEP re-
ceptor is largely unknown, the signaling pathway

activated by GEP has been revealed based on the fol-
lowing two pieces of evidence. First, GEP was re-
ported to activate Erkl/2 signaling in SW-13 adrenal
carcinomas (38). Second, our recent finding showed
that GEP greatly accelerates chondrogenesis whose
activity was abolished for more than 60% when
Erk1/2 blocker was applied (7).

In this study we used GEP-knockdown trans-
genic mouse model and cell culture to investigate the
role of GEP during odontogenesis and enamelogene-
sis. Our key findings are 1) GEP is expressed in the
ameloblast (the cell for enamel formation), and the
odontoblast (the cell for dentin formation), as well as
the osteoblast (the cell for bone formation); 2) recom-
binant GEP accelerates cell proliferation and differen-
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tiation in both ameloblast and odontoblast cell lines in
vitro; and 3) knockdown of GEP in the above cells
leads to mineralization defects in enamel, dentin and
jawbone. The above data supports a role of GEP in
tooth formation during postnatal development.

To our best knowledge, there was no report on
GEP expression and function in the craniofacial re-
gion. In this study, our result showed that GEP was
expressed in all these tissues, although knockdown of
this gene led to no apparent embryonic phenotype
(Figs 2-3), suggesting that this gene may not be critical
in early bone and tooth development. However, the
p-CT data showed that the size and bone density of
GEP KD mouse mandibles were markedly reduced,
supporting a role of GEP in osteogenesis during
postnatal development.

Our quantitative analysis showed a significant
difference in the thickness of dentin and predentin
between the WT and the GEP KD mice. The ratio of
dentin to predentin also decreased sharply from the
GEP KD mice to WT mice. Because DSPP, a gene crit-
ical for dentin formation, has been shown to be a good
phenotypic marker for secretory odontoblasts (39-42),
we compared its protein expression profile in the
knockdown and the control dentin. As expected, the
expression of DSPP protein in GEP KD mice was in-
deed much lower than that in the WT mice. Further-
more, using the cell culture system, we clearly dem-
onstrated that recombinant GEP protein increased
preodontoblast cell proliferation, and induced the
odontoblast differentiation as shown by an increase in
mRNA expressions of DMP1, ALP and DSPP (Fig.3B).
All these data suggest that GEP is likely critical for
odontogenesis.

In this research, we also studied GEP function in
amelogenesis. The enamel thickness was sharply de-
creased in the GEP KD mice (Fig. 4A). Von Kossa
staining revealed that the mineral was considerably
reduced in GEP KD mice (Fig. 4A). It is known that
three 'structural' enamel proteins--amelogenin, ena-
melin, and ameloblastin are likely important for
enamel formation (16-17, 43-45). Therefore, we tested
the effects of the recombinant GEP on their expression
in vitro. Our result showed that GEP stimulated
ameloblast proliferation in a dosage-dependent
manner (Fig. 4B). In addition, GEP increased mRNA
expressions of ameloblastin, amelogenin and ename-
lin (Fig. 4B). Based on this finding, we believe that
GEP is likely involved in the amelogenesis.

Cre-LoxP-based RNA interference is a newly
developed approach, which combines RNA interfe-
rence-mediated gene knockdown using a plas-
mid-based structure and Cre-LoxP system. It was in-
itially used in cell culture system (27) and late in an-

imals for studies of FGF receptor2 in cartilage (32).
Comparison with the traditional knockout approach,
this method provides a much fast (approximately 6
months or less), yet efficient way to knockdown gene
functions in vivo in a tissue-specific manner. For ex-
ample, Coumoul et al. reported over 95% reduction of
FGF receptor 2 after removing the neomycin gene in
the U6 promoter by crossing with transgenic Cre mice
in the mouse germline. As a result, knockdown of
Fgfr2, a critical growth factor for many organ devel-
opments, led to embryonic lethality. Because of the
Cre-loxP nature, this system can be very useful for the
tissue specific knockdown purpose. With this
Cre-loxP plasmid we have also successful knocked
down GEP in cartilage tissue (7). The GEP knockdown
mice developed dwarfism and striking defects in the
skeletal system, including delayed endochondral
bone growth and reduced bone length and volume.
However, this technique has certain limitations. For
example, we found that the knockdown efficiency
was not consistent. Consequently, the phenotype va-
ries.

In summary, this study provides novel insights
into the role of GEP in regulation of odontogenesis
and amelogenesis. Our work supports a hypothesis
that GEP, as a local growth factor, controls expression
levels of DSPP, ALP, DMP1, AMELX, ENAM and
AMBN during postnatal tooth development.
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