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Epithelium invagination is the key feature of early tooth development. In
this study, we first built a three dimensional model to represent epithelium
invagination-like structure by tissue engineering using human normal oral
epithelial cells (OECs) and dental pulp stem cells (DPSCs). OEC-DPSC
co-cultures on matrigel showed typical invagination of epithelial cells and
condensation of the underlying mesenchymal cells in a three-dimensional
manner. Epithelial invagination related molecules, CD44 and FE-cadherin,
and mesenchymal condensation involved molecules, N-cadherin and Msx1
expressed at a high level in the tissue model, suggesting the epithelial
invagination is functional. Our results suggest that co-cultivated OECs and
DPSCs on matrigel under certain conditions can build an epithelium
invagination-like model. This model might be explored as a potential

research tool for epithelial-mesenchymal interaction and tooth
regeneration.
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1. Concept of three-dimensional epithelial mesenchymal
co-culture systems. A: Culture schedule of three-dimentional
epithelial-mesenchymal co-cultures. B: Difference among four types of
epithelial-mesenchymal co-cultures. (J Cell Biochem. 2012;
113:1875-1885)
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2 . Three-dimensional co-cultivated OECs and DPSCs on the

matrigel, (J Cell Biochem. 2012; 113:1875-1885)

3. 3D structure of epithelial invagination in OEC-co-M tissue
model. Epithelial and mesenchymal cells were co-cultivated on

matrigel for 4 weeks and followed by whole

mount fluorescent immunohistochemistry staining with
anti-pan-cytokeratin antibody for OECs or anti-K8 antibody for
NDUSD-1 cells. 3D images were taken and analyzed with confocal
laser scanning microscopy. Between 40 and 50 slices were acquired for
each image (left panel). Thickness of the side is 50 mm. A: 3D
structure of OEC-co-M tissue model. OEC mass (green) migrated
inside DPSC mass. Red arrows indicate 3D epithelial invagination from
different angles. C: 3D structure of NDU-co-M co-cultures. NDUSD-1
cells (green) formed a thin layer adjacent to DPSC mass. No NDUSD-1
cell invagination was observed. DAPI stained nuclei present blue color.
Scale=50 mm. Right panel, 3D reconstruction from confocal laser
scanning optical stacks of OEC-co-M tissue model (B) and NDU-co-M
co-cultures (D).  (J Cell Biochem. 2012; 113:1875-1885)
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4. Comparison of gene expression of tooth early stage markers
among monolayer and three-dimensional co-cultivated mesenchymal
and epithelial cells. qRT-PCR analysis showed that there are big
differences of gene expression among monolayer DPSC, OECs, and
NDUSD-1 cells, and four types of epithelial-mesenchymal co-cultures
after 2 weeks cultivation. Red arrows indicate the expression of
important molecules. CDHI is essential for epithelial invagination.
CDH2 and Msxl are key molecules involved in mesenchymal
condensation. CDH1, CDH2, andMsx 1 showed high level expression in

OEC-co-M tissue model. ITGBI is involved in preventing



differentiation in stem cells. Both DPSCs and OECs showed higher
expression of ITGBI, nevertheless OEC-co-M, OEC-co-C, and
NDU-co-M co-cultures showed lower expression that indicates
differentiation was in process. Shh and Wnt are important molecules
for regulating epithelial stem cells functions. OECs expressed Shh and
Wnt10b genes which were absent in NDUSD-1 cells.
Msx1 and Pax9 are tooth-specific genes. OEC-co-M tissue model
showed the highest expression levels of Msx1 and Pax9 genes among
monolayer DPSCs and the four types of co-cultures. Epithelial cells,
OECs and NDUSD-1 cells did not express Msx1 and Pax9. Shown are
the averages and standard deviations of three independent experiments.

(J Cell Biochem. 2012; 113:1875-1885)
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5 . Three-dimensional epithelial-mesenchymal co-cultures on the
collagen gel. Epithelial and mesenchymal cells were co-cultivated on
collagen gel for 4 weeks and followed by immunostaining with
anti-pan-cytokeratin antibody for OECs or anti-K8 antibody for
NDUSD-1 cells. A: HE staining for OEC and DPSC co-cultures. Black
dotted line indicates invagination of epithelial cells. B: Gomori’s
aldehyde fuchsin staining for identify collagen formation in OEC-co-C
co-cultures. Arrows indicate collagen fibers (green). C: Pan-cytokeratin
expression in OEC-co-C co-cultures. Arrows indicate epithelial
colonies formed inside the mesenchyme. D: HE staining for NDU-co-C
co-cultures. NDUSD-1 cells and DPSCs formed two layers without
interference. E: Gomori’s aldehyde fuchsin staining for NDU-co-C

co-cultures. No collagen fibers were observed. F: K8 expression in

NDU-co-C co-cultures. K8 (p) epithelial cells did not invaginate into
mesenchymal cells. (J Cell Biochem. 2012; 113:1875-1885)
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6 . The p75 expression in three-dimensional co-cultivated
epithelial-mesenchymal cells. Epithelial and mesenchymal cells were
co-cultivated for 3 weeks, and followed by immunostaining for p75
expression. A: DPSCs and OECs were co-cultivated on matrigel. p75
(+) cells were observed inside OEC mass. B: DPSCs and OECs were
co-cultivated on collagen gel. The p75 (+) cells were observed the
boundary of which is between epithelial and mesenchymal tissue. C:
DPSCs and NDUSD-1 cells were co-cultivated on matrigel. D: DPSCs
and NDUSD-1 cells were co-cultivated on collagen gel. No positive
signal was detected in C and D. Arrow indicates p75 (+) cells. (J Cell
Biochem. 2012; 113:1875-1885)
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