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During early cleft formation, the cleft evolves as a thin opening

between OCC cells, possibly primarily aided by random cell

movements [5,11] and possibly from a hypothesized force

generated by FN assembly [10] pushing assembled basement

membrane into the cleft opening. FN assembly, dependent on

strength of actin contractility for integrin activation, might cause

the two cleft-forming epithelial cell layers to separate. FN assembly

also stimulates proliferation [6], presumably causing an outward

force that emanates from inside the bud to counteract an inward

cleft movement force produced by FN.

Since our model lacks specific structural representation of

basement membrane assembly dynamics, we could not simulate

the FN generated ‘‘cleft forming force’’ which was hypothesized to

be the primary cause for progressive clefts [10]. Therefore, we

attempted to simulate the effect of this FN-actomyosin dependent

‘‘cleft forming’’ force through an energy function called focal point

plasticity (FPP). This function establishes links between selected

cells and regulates the distance between them, assigning an energy

penalty for deviating from a target distance. As noted in Eq. 4, the

penalty varies based on the target distance, and the l term. To

replicate the wedge-shaped cells in the cleft, we paired opposite

cells on each side of the cleft, and set decreasing target distances

for pairs deeper within the cleft. These target distances were

determined by examining cleft depths from ex-vivo time-lapse

images and measuring cleft width as a function of depth (Figure

S1). We found that a target distance inversely proportional to the

cleft depth approximated the observed shape. Modulating the l
term adjusts the strength of this cleft-opening/maintaining effect.

Due to the fundamental role of actomyosin contractility in FN

assembly, it can be viewed as modulating contractility levels within

the cleft cells.

In case of cleft progression, the exact roles for actin contractility

in force generation during progression is unknown and although

phosphorylated NM-myosin II was detected in the OCCs [6], it is

not known if OCCs contract by pulling on each other through the

actomyosin bundles. So, we utilized FPPl to assign lateral FPP

links in the OCC layer between adjacent cells and additional

vertical links and lateral links between cleft cells (Figures 3A, 3B).

These lateral links in the OCCs helped control the shape of the

boundary cells along with maintaining a constant epithelial

boundary. We then utilized the lateral FPP links in the cleft cells

to simulate the effect of this actomyosin dependent FN ‘‘wedge.’’

The varying target distances in the cleft region are manipulated

dynamically to simulate the effects of a ‘‘clefting force’’ generated

by continuous actomyosin-mediated FN assembly between the

cleft cells as the cleft progresses inward.

Figure 3. Construction of a GGH model of cleft formation and scope of modeling. A six cell deep single cleft was designed having 36 pixels
as the total cleft depth with predefined cleft cells (dark and medium blue). The local cleft simulation shows the other epithelial areas as polarized
OCCs (dark green) and non-polarized IPCs (light green) with mitotic cells (yellow). The mesenchymal compartment (cyan) has been simplified to a
single large cell. FPP links in the OCCs are shown as white lines. Spatial conversion: 1 mm = 1.06 pixels. Temporal conversion: 1 MCS = 48 sec. Single
cleft model at (a) 0 Monte Carlo steps (MCS) and (b) 1500 MCS (Scale = 50 mm). Time lapse images of a mesenchyme-free E12 epithelial rudiment at (c)
time 0 hr and (d) time 20 hrs with cleft measurements under 2006 magnification (Scale = 20 mm). Average cleft depth = 36.2 mm. (e) Since cleft depth
reaches a maximum value at 1500 MCS, this value was selected to represent the end of cleft progression. (f) The cleft depth distribution over time for
the base case condition showing 34.1 pixels cleft depth after 1500 MCS, corresponding to a 20 hr growth period of a pre-defined initiating cleft
through the end of cleft progression.
doi:10.1371/journal.pcbi.1003319.g003
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Designation of Cell Proliferation Properties
Previous work shows cell proliferation to be dispensable for cleft

initiation [41], but to be required for cleft progression [6].

Although cytoskeletal contraction can induce cell proliferation

[42,43], in the CC3D environment, cell proliferation can be

regulated separately from cell contractility. In the model we

designated not only the percentages of mitotic cells but also their

location within each epithelial cell subtype.

Temporal Calibration of the GGH Model with Image Data
We ran initial simulations for an extended number of

MCS steps to determine the range of MCS steps corre-

sponding to the time frame encompassing cleft initiation

through progression (Figure 1E). A termination value of 1500

MCS steps was selected, equating to a temporal conversion

of 1 MCS<48 seconds (Figure 3E, 3F). Figures 3A and 3B

show the model at time 0 hrs (0 MCS) and time 20 hrs

(1500 MCS), respectively.

Establishing Initial Parameters for the Single Cleft Model
Within the CC3D environment, we established a set of base

values for the five primary epithelial parameters included in this

computational model under which cleft progression could occur

(Table 1). To conduct a parametric search, we fixed the

temperature (T) at 10. Due to its central role in the energy

minimization step, modification of T impacts every other energy-

based parameter. We vary T and select a fixed value that permits

cells to fluctuate fluidly without becoming fragmented [27],

consistent with previous observations that epithelial cells undergo

dynamic movements during branching morphogenesis [10,23].

This simulates a basal level of cell migration in both OCC and

IPC epithelial cells. Interestingly, the random cell movement

observed produces some exchange of cells between the OCC and

IPC layer. With T at 10, we conducted a parametric search on

these parameters: focal point plasticity (FFP l), mitosis rate,

mitosis location, cell-cell contact energy, and cell-matrix contact

energies.

To yield a final cleft depth of 36 pixels in 1500 MCS (Video

S3), we fixed these base values for the five parameters: Mitosis

rate was set to 1% (per 100 MCS steps), evenly divided within

OCCs and IPCs; FPP l values in the OCCs and cleft cells was set

at 10; cell-cell contact energy was set to 10 for cleft cells and 5 for

all other cells; and cell-matrix adhesion in cleft cells was set to 3.

Under these parameters, our model achieved an average cleft

depth of 34.1 pixels, thereby yielding a spatial conversion of

1 mm = 1.06 pixels. Each simulation was run 100 times to ensure

the consistency of the results given the stochastic nature of the

GGH model. Figure 3F shows an example of the temporal

evolution of cleft depths, achieving a 34.1 mm depth in 1500

MCS. With T value fixed at 10, we tracked 1725 individual cells

in the base case simulation for 10 runs. The average net

displacement was found to be 7.3 mm and the total path length

was 94.6 mm (Figure S2). Thus the cell velocity was calculated to

be 4.7 mm/hour and the meandering index to be 0.08 in the base

model.

Quantitative Analysis of Cleft Progression
For quantitative and consistent methods to measure the quality

of simulated clefts by comparison with equivalent measurements

from organ explants, we developed descriptive cleft measurement

indices – cleft depth, spanning angle, and tilt angle. First, the cleft

center was located at the epithelial-mesenchymal boundary by

examining the angle formed by each boundary point and its 8-

distance neighbor on either side. As the deepest point of the cleft,

the cleft center should have the lowest such angle value. The

extrema are identified by using the mean-squared error (MSE) of

the best-fit line for the boundary on each side of the cleft center;

for each side, we progressively include points from the boundary

until the MSE exceeds a predetermined threshold. The cleft center

and extrema are shown in the example image in Figure 4A, 4D.

Cleft depth is calculated as the distance from the cleft center to the

midpoint of the line segment joining the two extrema (Figure 4B,

4E). Spanning angle is calculated as the angle formed by the line

segments joining the cleft center to each extrema (Figure 4C, 4F).

Clefts measuring less than 5 pixels in depth or exceeding 160u in

spanning angle were discarded. The tilt angle is a measure of the

perpendicularity of a cleft to the bud surface. It is calculated as the

smaller of the complementary angles formed by the line segment

between the extrema, and the line segment from the cleft center to

the midpoint of the line segment joining the two extrema, as

shown in Figure S3. Clefts with a tilt angle of less than 45u were

labeled as ‘‘failed clefts’’. The cleft categorization criteria were

based on measured properties of clefts from multiple time-lapse

images of organ explants.

Table 1. CC3D parameters that were varied in the model and their biological significance in branching morphogenesis and cleft
formation.

CC3D parameters to vary Biological effect simulated
Experimental data - Effect seen in cleft
formation Unknown biological effects

Focal point plasticity l (FPP l) Actin-myosin contractility
in the cleft cells

Decreasing contractility prevents
initiated clefts from progressing [6]

Increasing contractility.
Increasing or decreasing contractility
within cleft region

Mitosis rate (MR) Epithelial cell proliferation – in outer
columnar cells (OCC) and inner
polymorphic cells (IPC)

Decreasing cell proliferation in the
whole organ decreased cleft progression
but not initiation [6]

Increasing mitosis rate.

Varying mitosis rates in specific subsets of
cells in OCC and IPC populations.

Cell-cell (CC) contact energy E-cadherin-based cell-cell junctions E-cadherin mRNA was found to be ,6
fold lower in the cleft epithelium than in
the bud epithelium [10] Global reduction
of E-cadherin decreases branching
morphogenesis [38]

Increasing E-cadherin protein activity.

Increasing or decreasing E-cadherin levels
in the cleft region

Cell-matrix (CM) contact energy Cell-matrix adhesions Decreased FN decreases cleft formation [5].
Lower FN assembly reduces cleft depth [22]

Increasing FN assembly levels in the cleft
region

doi:10.1371/journal.pcbi.1003319.t001
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