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Embryonic Tissues Undergo Fusion Events During Development

Image Credit: Thomas Knudsen, from Synthetic Biology: ‘flipping the switch’ on opportunities and challenges with virtual tissues. Presented at CompuCell3D Workshop

Central Research Goal: Develop a model in vitro system that 
could be used to predict chemical effects on developmental 

fusion events using human cells

Presenter
Presentation Notes
Embryonic development is an incredibly complex process involving cell differentiation and tissue morphogenesisThere exist common features of developmental processes that share cell or tissue level processesFor example, development of eye, palate, urethra, endocardial tube, neural tube, foregut involve tissue fusionDevelopmental events including fusion are sensitive to chemical perturbations that can result in birth defects, which motivates the need for a model of developmental fusion to reduce reliance on mammalian embryosCENTRAL RESEARCH GOAL



3

Morphogenetic Fusion Events in the Embryo Depend on 
Epithelial-Stromal Interactions

[1] Bush et al. Development 2012 [2] Ray & Niswander. Development 2012
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Secondary Palate

Elevation Adhesion Fusion

Presenter
Presentation Notes
Fusion events in the embryo, particularly palate fusion and neural tube closure, are dependent on ESIsThe elevation, adhesion, and fusion of palatal shelves is regulated by palatal epithelial cells and mesenchymeNeural plate invagination and tube closure are regulated by the underlying mesoderm, the neural plate ectoderm, and non-neural ectodermPerturbation of fusion can result in cleft palate or neural tube defects respectivelyGiven the relatively simple architecture of the palate, we sought to design an in vitro model to study fusion behavior by engineering ESIs
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The Need for Fusion-Competent Models of Epithelial-Stromal Interactions
Global incidence of orofacial clefting: 0.12%

The Royal Children’s Hospital Melbourne Cleft Lip and Palate – an overview

Normal Unilateral cleft Bilateral cleft

Presenter
Presentation Notes
The global incidence of orofacial clefting is about 1:1000 globally, and cleft palate can result in feeding difficulties, particularly in developing countries with limited access to surgeons
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The Need for Fusion-Competent Models of Epithelial-Stromal Interactions

The Royal Children’s Hospital Melbourne Cleft Lip and Palate – an overview

Global incidence of orofacial clefting: 0.12%

Normal Unilateral cleft Bilateral cleft

Ex Vivo Palatal Organ Culture In Vitro Palatal Cell Culture

Nawshad et al. J Cell Sci. 2007Serrano et al. JoVE 2015

Existing methods for studying palate fusion use animal models, tissue explants, or primary two-
dimensional tissue cultures that exhibit a tradeoff between throughput and developmental relevance

Relevance
Throughput

Presenter
Presentation Notes
The study of palate fusion is mostly limited to embryo cultures, mammalian tissue explants, and rudimentary in vitro cell culturesAs in model development in general, these models present a tradeoff between developmental relevance and throughputOur goal is to develop a complementary approach to study fusion behavior in vitro using human cells and complex 3D co-culture that can bridge the gap between traditional 2D mono-cultures and explant cultures
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Pathology of Palate Fusion and Cleft Palate

6

Epithelium
Mesenchyme

Elevation Adhesion Fusion

Mouse E14 Mouse E15 Mouse E15.5

Bush et al. Development 2012 

Presenter
Presentation Notes
As mentioned previously, palate fusion occurs in three main stages: elevation of the palatal shelves above the tongue at around day 14 in the mouse or approximately week 8 in humans. After elevation, the palatal shelves extend towards the midline and adhere, which is mediated by the medial edge epithelial cells covering the palatal mesenchymeFusion involves removal of the MEE cells in the seam between palatal shelves and the formation of a confluent mesenchyme that will eventually mineralize and form the secondary palate
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Pathology of Palate Fusion and Cleft Palate

7

Growth/Elevation Defects

Mouse E15
fgf10 -/-

Mouse E15.5
egfr -/-

Rice et al. J. Clin. Invest. 2004Miettinen et al. Nat. Genet. 1999

Adhesion/Fusion Defect

tgfb3 -/-

Proetzel et al. Nat. Genet. 1995

Mouse E15.5

Etiology of cleft palate involves genetic, environmental, and genetic x environmental factors

Epithelium
Mesenchyme

Elevation Adhesion Fusion

Mouse E14 Mouse E15.5

Bush et al. Development 2012 

Mouse E15

Presenter
Presentation Notes
Palate fusion defects can result from failure of the palatal shelves to grow or elevate, as shown here in an egfr mouse and an fgf10 knockout mouse, or from failure of the palatal shelves to adhere, as shown here in a tgfb3 knockout mouse. The etiology of cleft palate involves both genetic factors, as shown, as well as environmental factors, which necessitates a robust in vitro assay of palate fusion
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In Vitro Organotypic Model to Examine Morphogenetic Fusion

In Vivo Palate Fusion
Epithelium

Mesenchyme

Elevation Adhesion                                      Fusion

FusionBring Spheroids Into 
Contact

Adhesion

Monitor Adhesion and Fusion of 
Mesenchymal/Epithelial Tissues

In Vitro Fusion

Presenter
Presentation Notes
In thinking about the fusion of palatal shelves, the key feature is the removal of the MEE cells and the formation of a confluent mesenchymeThe embryonic palate is a relatively simple tissue consisting of a mesenchymal interior covered in a thin layer of epithelium, and we propose to study the fusion of engineered embryonic palatal organoids in vitro
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In Vitro Organotypic Model to Examine Morphogenetic Fusion

Add Human Epithelial 
Progenitor Cells

Wharton’s Jelly Stromal Cells

Elevation Adhesion                                      Fusion

FusionBring Spheroids Into 
Contact

Adhesion

Monitor Adhesion and Fusion of 
Mesenchymal/Epithelial Tissues

In Vitro Fusion

Stromal Compartment: Human 

In Vivo Palate Fusion
Epithelium

Mesenchyme

Presenter
Presentation Notes
In order to establish the stratified architecture of the palate in a reproducible way, we established a technique wherein the stromal compartment consists of 3D spheroid cultures of Whartons jelly stromal cells and the epithelial covering is provided by sequential addition of Human epithelial progenitor cells to the outside spheroid surface
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In Vitro Organotypic Model to Examine Morphogenetic Fusion

Add Human Epithelial 
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Presenter
Presentation Notes
It is important to recognize that the palatal mesenchyme exhibits an osteogenic phenotype even prior to fusion, thus we sought to differentiate 3D spheroids of Wharton’s jelly stromal cells down the osteogenic lineage, which constitutes the first part of our model development
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Generating Spheroids of Human Wharton’s Jelly Stromal Cells (HWJSCs)
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Presenter
Presentation Notes
We used forced aggregation to generate whartons jelly stromal cell spheroids in high throughputWe showed that mesenchymal spheroid size is dependent on the cell seeding density and culture conditions
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HWJSC Spheroid Osteogenesis Over Time in Culture

0.0625

0.125

0.25

0.5

1

2

4

8

16

GAPDH MYC CD44 VIM BGLAP RUNX2 PPARG

Fo
ld

 C
ha

ng
e 

G
en

e 
Ex

pr
es

si
on

Day 4
Day 7
Day 14
Day 21

*
**

* * * *

* * * *
* * * *

*
* *

0 5 1 0 1 5 2 0 2 5
0

1

2

3

A lk a lin e  P h o s p h a ta s e   A c t iv ity

T im e  in   C u ltu re  (d a y s )

N
o

rm
a

li
ze

d
 I

n
te

n
s

it
y

*
*

** *

Spheroid culture in osteo-induction medium by day 7 elicits
i. Down-regulation of mesenchymal markers
ii. Up-regulation of osteogenic differentiation markers
iii. Increased alkaline phosphatase activity

Mesenchymal OsteogenesisStemness

Presenter
Presentation Notes
We studied the phenotype of mesenchymal spheroids upon culture in osteo-induction medium using gene expression analysis and alkaline phosphatase activity assayWe established that a 7 day culture in osteo-induction medium was sufficient to observe….
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Day 1

Day 7

Representative confocal z-slices

Phenotypic Characterization of Mesenchymal Cell Spheroids

Presenter
Presentation Notes
We further sought to characterize the extracellular matrix composition of mesenchymal cell spheroids, as the ECM is likely to play a role in the subsequent attachment of epithelial cells to the outer spheroid surfaceCol I and IV was expressed primarily on the spheroid surface, which suggests mesenchymal cell heterogeneity as early as day 1 of cultureLaminin staining ws more pronounced at day 7 relative to day 1, which suggests that differentiation accompanied by increased laminin expressionThese data suggest a mechanism whereby mesenchymal cell spheroids could promote epithelial cell attachment
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Establishing Epithelial-Stromal Co-Culture
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Epithelial attachment to osteogenic HWJSC 
spheroids is maximal at an epithelial/mesenchymal 

(E/M) ratio of 0.8

Presenter
Presentation Notes
We developed a technique to adhere epithelial cells to the outer mesenchymal cell spheroid surface by culturing spheroids in suspension with dissociated epithelial cells.We observed that the amount of epithelial coverage was dependent on the epithelial-to-mesenchymal seeding ratio, and a ratio of 0.8 was sufficient to observe a maximum of epithelial cell coverage of the spheroid surface
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Fusion of Epithelial-Stromal Spheroids
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HWJSC/HPEKp spheroids in culture exhibit fusion behavior 
reminiscent of palatal tissue fusion over 2 days (removal of 

epithelial cells from seams) that is complete by day 4

Presenter
Presentation Notes
Finally, we established a method for culturing co-cultured mesenchymal-epithelial cell spheroids in non-adherent round bottom plates to promote their adhesion to one another.This method is primarily intended to study the fusion of spheroids, but other complementary techniques, such as that to be described by Brian Johnson, are necessary to study the growth and elevation aspects of palatal fusionUsing the method we developed in conjunction with cell tracking dyes for the mesenchyme (red) and epithelium (green), we observed that At day 0, epithelial cells coating mesenchymal spheroids on the outside onlyAt day 1, epithelial cells persist in the seamsBy day 2, epithelial cells no longer in seamsBy day 4, fusion is complete (no epi in seams and mesenchyme appears continuous)
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Spheroid Fusion is Dependent on EGF and FGF Signaling
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Fibroblast growth factor (FGF) and epidermal 
growth factor (EGF) signaling inhibition interferes 

with in vitro fusion progression in culture

Presenter
Presentation Notes
We sought to interrogate the signaling pathways driving in vitro fusion behavior using inhibitors against the FGFR, EGFR, and TGFBR pathwaysWe observed that with the FGF and EGF inhibitors, in vitro fusion was perturbed at multiple time points relative to the DMSO controlThese data suggest that in vitro fusion shares FGF- and EGF-dependence consistent with palate fusion, though future work is necessary to understand why the TGFB inhibitor had no effect in this system
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Co-culture Spheroid Fusion Distinct from Mono-culture Spheroid Fusion
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Presenter
Presentation Notes
One of the future directions for the model is to understand in greater detail the changes that occur genetically during fusion that may make our system sensitive to perturbation by certain classes of chemicalsNotably, we performed RNASeq on fusion of cocultured spheroids and compared the transcriptional changes to mesenchymal spheroids alone. We observed that the trajectory of gene changes was distinctly different in the two different systems, which suggests that co-culture provides greater complexity and may be uniquely sensitive to chemicals compared to the monoculture modelAlso, youll notice that fusion in the co-culture model involves an initial transition between day 0 and 1 followed by a drastic transition between day 1 and 2, which corroborates our visual evidence that the bulk of the fusion process occurs between day 1 and 4 



Future Directions

Study Epithelial 
Morphogenesis in Real-Time

Cross-Validate In Vitro Fusion Model 
with In Silico Palatogenesis Model

Hutson et al. Chem. Res. Toxicol. 2017

Explore Chemical Effects on In 
Vitro Fusion
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Presenter
Presentation Notes
Our future directions are aimed at comparing our results in the fusion model with complementary measurements of epithelial cell morphogenesis as well as the in silico model of secondary palate fusion recently published by Shane Hutson et al.Finally, we propose to screen chemicals that are known to cause cleft palate in our in vitro model for further validation of the approach
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