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Supplementary Material 

1. Supplementary movies 

VideoS1: This video shows the simulation of vSkin initialization.  

VideoS2: This video shows a wound healing simulation, with a wound that was generated by removing a 

triangular shape slice with height of 0.96 mm and width of 1.86 mm.  

VideoS3: This video shows the simulation of biochemical perturbations.  

VideoS4: This video shows the simulation of normal melanocytes growth with mildly senescent 

fibroblasts.  

VideoS5: This video shows the simulation of normal melanocytes growth and invasion with highly 

senescent fibroblasts.  

VideoS6: This video shows the simulation of minimally transformed melanocytes growth and invasion 

with mildly senescent fibroblasts.  

VideoS7: This video shows the simulation of minimally transformed melanocytes growth and invasion 

with highly senescent fibroblasts.  

2. Supplementary experimental results 

Irradiation (10 Gy) of human primary skin fibroblasts led to their entry into a senescent-like state, 

as demonstrated by increased staining for β-galactosidase (Figure 1S A, B). The onset of senescence in the 

fibroblasts was associated with a marked change in their mRNA profiles with increases noted in ECM 

constituents, growth factors and proteases (Figure1S C).  Western blotting demonstrated that ADAM9 

expression was highly upregulated in senescent fibroblasts compared to non-senescent fibroblasts and that 

this was associated with increased matrix degrading capacity (Figure 1S C-E) 
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3. Mathematical model  

3.1 Microenvironmental factors 

Keratinocytes, melanocytes and fibroblasts require a large number of different growth factors and adhesion 

signals to promote and maintain their normal growth and maintenance. However, here we restrict ourselves 

to either one or two chemical variables for each cell type in the model for the sake of simplicity. For a 

keratinocyte, we consider EGF and TGFβ, because these two factors are known to be the most effective 

regulators for keratinocyte growth control (1-5).  We consider bFGF for the growth control of both 

melanocytes (6) and fibroblasts (7). Since fibroblasts produce proteases when they are activated (8, 9), we 

include MDE in the model as well. Finally, ECM concentration is incorporated, since ECM is required for 

structural support, and it separates the dermal and epidermal layers in the form of basement membrane (8-

10). The dynamics of the five microenvironmental variables are defined by a system of partial differential 

equations that describe how each of them evolves in space and time. Since these continuous variables 

interact with discrete cells, for clarity we present only the discretized version of each equation.  

The discretized governing equation for EGF GE( )  at a node η ≡ ηx,ηy( ) ∈ Ω ⊂ Ζ2 is 

[GE ]+1 −[GE ]

δt
= DEΔ2[GE ]

diffusion  
+ αEFη + βEKη( )

              production by
    fibroblasts & keratinocytes  

− γE[GE ]Kη +ς E[GE ]Mη( )
             consumption by
keratinocytes or melanocytes  

− λ[GE ]
decay

,      (1s)

 

where Χη = 1 if a grid point η  is occupied by a cell type Χ  at time step t,

0 otherwise






 

where a cell type X  can be keratinocyte (K), melanocyte (M) or fibroblast (F). In Eq (1s), •[ ]  represents 

the concentration of a chemical at a node η  at time step t e.g.,[GE ] = GE t,ηx,ηy( )( ) . •[ ]+1
represents 
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the concentration at the next time step, and δt  represents a time step. The operator Δ2  defines a two-

dimensional discrete Laplacian,  

Δ2 f ηx,ηy( ) ≡
f ηx +δh,ηy( ) + f ηx −δh,ηy( ) + f ηx,ηy +δh( ) + f ηx,ηy −δh( ) − 4 f ηx,ηy( )

δh( )2 ,  

where δh  is the grid size. Equation (1s) defines EGF as a diffusing chemical that is increased by a rate of 

αE or βE  when a grid node η  is occupied by a fibroblast (F) or a keratinocyte (K), respectively. The 

concentration is decreased if a node is occupied by a keratinocyte or melanocyte (M) at a rate of γE and 

ς E , respectively, due to uptake of EGF. Lastly, the concentration has a natural decay rate of λ  per time 

step. Similarly, the dynamics of bFGF Gb( ) is modeled as follows,  

[Gb ]+1 −[Gb ]

δt
= DbΔ2[Gb ]

diffusion  
+ αbFη + βbKη +αb

sFη
s + βb

sMη
s( )

            production by fibroblasts, keratinocytes
transformed melanocytes, or senescent fibroblasts  

− γb[Gb ]Kη +ς b[Gb ]Mη +ξb[Gb ]Fη +ς b
s[Gb ]Mη

s +ξb
s[Gb ]Fη

s( )
             consumption by keratinocytes, melanocytes,
fibroblasts,  senescent fibroblasts, or transformed melanocytes  

,−λ[Gb ]
decay

                 (2s)

 

where fibroblasts and keratinocytes produce bFGF at the rate of αb and βb , respectively, and transformed 

fibroblasts and transformed melanocytes produce bFGF at the rate of αb
s  and βb

s , respectively. All cell 

types can bind to bFGF at a rate of γb,ς b,ξb,ς b
s , and ξb

s .  

 

Finally, TGF β Tβ( )  is produced by fibroblasts and keratinocytes at a rate of αTβ
and βTβ

, respectively, 

diffuses at a rate DTβ
,  and binds to keratinocytes, melanocytes (or transformed melanocytes), fibroblasts or

senescent fibroblasts at rates of γTβ
,ςTβ

,ξTβ
, respectively. 
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[Tβ ]+1 −[Tβ ]

δt
= DβΔ2[Tβ ]

diffusion  
+ αTβ

Fη + βTβ
Kη( )

               production by
    fibroblasts and keratinocytes  

− γTβ
[Tβ ]Kη +ςTβ

[Tβ ]Mη +ξTβ
[Tβ ]Fη + ςTβ

s [Tβ ]Mη
s +ξTβ

s [Tβ ]Fη
s( )

             consumption by keratinocytes, melanocytes, fibroblasts, transformed melanocytes, or senescent fibroblasts  
− λ[Tβ ]

decay
,                  (3s)

  

The equations for ECM and MDE are provided in the main text (Quick guide, Eq (2)-(3)). 

3.2 Cell phenotypes 

We consider the von Neumann neighborhood of range 1 (i.e., four orthogonal neighbors) for each grid 

point η ∈ Ω , denoted by Nη (Figure 3S A). In vSkin, each cell has three possible phenotypes, 

proliferative, migratory and dead. For the sake of simplicity, each cell is allowed to execute only one 

phenotype, proliferative, migratory, or dead, at each cell time step tc( ) . In other words, if the cell chooses 

one phenotype at current time step, it exits current life cycle and waits until next time step. If a cell does not 

execute any of these three phenotypes, it remains as a quiescent cell.  

Cell-cell adhesion: In order to incorporate one of the important mechanical aspects of skin into the model, 

we define an adhesion level 0 ≤ Aη ≤1( )  at each node η ∈ Ω  explicitly by using cell-cell adhesive 

coefficients Cη,ξ , where ξ  is one of its orthogonal neighbors i.e., ξ ∈ Nη( ) . The adhesive coefficient 

between the same cell types is defined as 0.5. A value zero is assigned when there is no known adhesion 

mechanism between two cells, such as between a fibroblast and a keratinocyte. The coefficient for two 

melanocytes is based on current literature (11-13). To model E-cadherin mediated adhesion between a 

keratinocyte and a melanocyte, we impose a higher value (1.0) between these cell types. To recapitulate the 

anchorage of a melanocyte to the basement membrane, we also assign a higher value (1.0). The adhesive 

coefficient Cη,ξ  for all cases is summarized in Figure 3S A-B. By averaging the four adhesion coefficients 

Cη,ξ  at each grid point, we define an adhesion level Aη  for a cell at that grid point η . 
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Aη = Cη,ξ
4.0

ξ∈Nη

           (4s).  

Migration: In vSkin, every cell has capacity to move to one of its orthogonal neighbors Nη( )  regulated by 

its cell-cell adhesion restriction i.e., Pr (migration) ~ 1− Aη( )( ) , where Aη  is a cell-cell adhesion 

level obtained from equation. Since the migration rules are slightly different for each cell type we will give 

a more detailed description in the following paragraphs. 

Both keratinocytes and fibroblasts move only if empty grid points exist in Nη . We first determine the 

cell-cell adhesion value Aη . If there is only one empty neighbor in the neighborhood Nη , the cell moves 

to this point with probability 1− Aη( ) . If there are more empty grid points, the new position for the cell is 

chosen randomly from these grid points. An example of keratinocyte migration is shown in Figure 3S C-D.  

In addition to the cell-cell adhesion restriction, we use more complex rules for melanocyte migration 

based on the current literature (11). Melanocytes locate to the basement membrane in a 1:5 stable ratio with 

basal keratinocytes. Typically, one melanocyte is associated with approximately 36 keratinocyte neighbors. 

This symbolic structural relationship is known as the melanin unit. In the vSkin model, this melanin unit is 

modeled as a number of keratinocytes in the upper half of the Moore neighborhood of range γ for each 

melanocyte. The value of γ is set to 4 in vSkin. In vSkin, a melanocyte is moved to one of its orthogonal 

neighbors with regards to its cell-cell adhesion level, provided that (i) the melanin unit of the melanocyte is 

disrupted, (ii) there is an ECM gradient towards one of its neighbors, and (iii) at least one of its neighbors is 

either empty or only occupied by a keratinocyte. In order to satisfy (i), a check for the number of 

keratinocyte neighbors is made every cell time step. Rule (ii) is implemented because melanocytes are 

known to have a delicate cell-matrix interaction mechanism (14, 15) and migrate via haptotaxis. Based on 

rule (iii), a melanocyte is allowed to be moved to another grid point ξ  in Nη  even if the point is occupied 

by a keratinocyte. This additional rule is implemented to recapitulate observed melanocyte high motile 

activity (15). If there exist one neighbor ξ( )  satisfying rule (ii) and (iii), the melanocyte is moved to the 
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new position ξ . If more than one such neighbors exist, the new position for the melanocyte is chosen 

randomly from the neighbors. An example of melanocyte migration is provided in Figure 3S E-F.  

Proliferation: In the vSkin model, we assume that each cell has capacity for proliferation and will produce 

two daughter cells provided that (i) the cell specific growth factor is sufficient for cell growth and (ii) there 

is sufficient space surrounding the parent cell for the two daughter cells to occupy. For a keratinocyte to 

divide, the concentration of GE  has to be sufficient for its division (greater than a given threshold Bk). 

Then, a keratinocyte proliferates with a probability of Pr (keratinocyte division) ~ (1 - Tβ). A melanocyte 

proliferates if (i) the melanin unit is disrupted and (ii) the concentration of bFGF is sufficient for cell 

division (greater than a threshold Bm). A fibroblast is allowed to proliferate if the growth factor bFGF 

Gb( )  is greater than the given threshold (Bf). In addition to the bFGF level, we also consider a space 

constraint that limits the number of fibroblasts in vSkin domain. A fibroblast can divide only if at most one 

fibroblast neighbor exists in its neighborhood. This is not an unreasonable assumption in that the main role 

of fibroblasts in the model is to supply microenvironmental factors and the number of fibroblasts and the 

production rate of the microenvironmental factors are scalable. In other words, we can first choose a fixed 

number of normal fibroblasts in the model and then scale the production rates αE,αb,αTβ( )  accordingly. 

In order to satisfy (ii), we assumed that one daughter cell replaces the parent cell and the other daughter cell 

will move to any one of the parent cell’s four empty orthogonal neighbors Nη( ) . If more than one of the 

neighboring grid points is empty, then the new cell position is chosen randomly from these points.  

Death: For any cell to survive, it requires sufficient growth factors. We assume that the concentration has to 

drop to starvation levels, Sk for a keratinocyte and Sm  for a melanocyte, before death can occur. For a 

normal fibroblast, we use a different constraint that incorporates both cell age and the concentration of 

bFGF. Since every fibroblast is continuously producing bFGF with the rate αb , it is never deprived of 

growth factor in normal skin conditions. We make another assumption that as a fibroblast ages, it will need 

more growth factors. In other words, the probability of fibroblast death is positively correlated with age but 
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has a reciprocal relationship to the concentration of bFGF Pr ( fibroblast death) ~ [Gb ]
age( ).  The 

space that dead cells occupy immediately becomes available to new cells.  

3.3 Parameterization 

This vSkin model inevitably contains a large number of parameters as it has three different cell types and 

five microenvironmental factors. Unfortunately, many of the model parameters were difficult, if not, 

impossible to obtain, and therefore need to be estimated. However, due to the interdependent nature of the 

variables, precise parameterization may not be as important, rather the interactions between the variables is 

the real driving force. Homeostasis is our primary goal and as such served as central driver for 

parameterization. We do not doubt that other parameter sets could achieve similar outcomes.  

The diffusion rate of EGF (DE) is estimated using the relation given in (16) with the molecular weight 

133.07 kDa (17). The estimated value is DE = 2.5×10−8 cm2

s . The production rate of EGF by a 

fibroblast has not been measured. Thus, we estimate it to be a 0.5 

dimensional value = 1.2 fg day-1cell-1( ) from multiple simulations varying this parameter within 

range of [0,1] to achieve normal growth (net growth ~ 0) of keratinocytes. Fibroblasts are the main growth 

factor supplier in skin (8, 9). Thus, we make an assumption that a keratinocyte produces EGF with a 

significantly smaller rate (0.005; non-dimensional). Growth factor consumption rates are difficult to 

measure, especially at the level of single cells. We consider a normal activity rate of growth factor 

receptors. For example, we use 0.01 for a normal activation rate of EGF receptors of keratinocytes, 

meaning that a keratinocyte is able to bind 1% of EGF at the grid point (per cell) per time step. The rate is 

set to be a smaller value (0.001) for melanocytes since EGF is known to stimulate keratinocyte growth 

mainly (2, 5).  Note that we varied these consumption rates within a range [0,1] to achieve skin 

homeostasis. We estimate the diffusion rate of TGFβ using the relation in (16) and the molecular weight 

44.3112 kDa (17). The estimated value is DTβ
= 5.8×10−8 cm2

s . The production rate of TGFβ by a 
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fibroblast is chosen to be 0.21333 fg day-1cell-1 from in vitro study (18). The rate for a keratinocyte is 

assumed to be significantly smaller than that of a fibroblast (19). Since TGFβ is known to mainly regulate 

the growth of keratinocytes (1, 3, 4), we assumed that keratinocytes bind to TGFβ the most. The rates for a 

melanocyte and a fibroblast were estimated to achieve normal skin homeostasis. The consumption rates of 

TGFβ are estimated to be 0.2, 0.6, 0.1 for a melanocyte, a keratinocyte, and a fibroblast, respectively. Using 

the same method (16) with molecular weight 17.1531 kDa, the diffusion rate Db  is estimated to be 

Db =1.2 ×10−7 cm2

s .  The production rate of bFGF by a fibroblast is also estimated from multiple 

simulations varying these parameters within a range of [0,1] (non-dimensional). The estimated parameter is 

0.05 0.12 fg day-1cell-1( ) . The rate for keratinocytes is assumed to be significantly smaller, since 

keratinocytes appear to produce significantly less bFGF than fibroblasts (20). Since both melanocytes and 

fibroblasts use bFGF as a growth-promoting signal and there is no evidence showing which cell binds to 

bFGF more, we use the same value (0.02) for the bFGF-binding rate. The rate for keratinocytes is set to be 

significantly smaller (0.005). The diffusion rate of MDE is estimated to be Dp = 5.01×10−8 cm2

s  in 

(16, 17). The production rate of MDE by fibroblasts is varied within a range 

0.024 - 0.12 fg day-1cell-1.  Estimated values for the kinetic parameters λ and μ  are not available, 

since they are very difficult to obtain experimentally. Thus, we set non-dimensional values that best 

produced homeostasis. We know that ECM density in the dermis is significantly higher than that in the 

epidermis (Figure 2A), we therefore set the epidermal ECM density to 0.2 and the dermal ECM density is 

0.7.  

The cell cycle time is set it to be a typical value tc = 24 h. The size of the grid is set to be 300 × 62. The 

grid size δh is set to be δh = 20 μm (a typical cell diameter), and thus the dimensions of the skin slice we 

simulate are 6 mm × 1.24 mm. The time step for the microenvironmental variables is set to be δt = 4.8 h. 

We assume that all cell types have the same volume 3.1416 ×10−9 cm3 with a radius 10 μm, and 

therefore the base number of cells is set to be 3.1831 × 108. The background density of ECM is set to be 5.0 

× 10-4g cm3 (21). The background concentration of microenvironmental variables is assumed to be G0 = 10 
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ng cm-3 (22). We assume that the concentration of growth factors above which a cell proliferates in normal 

skin is set to the non-dimensional threshold value 0.02 for Bm, 0.02 for Bf and 0.01 for Bk. Since the 

concentrations below which cells die from starvation are also variables, we set a starvation threshold to be 

1% (Sk), 2% (Sm), and 0.1% of the background microenvironmental concentration G0 for keratinocyte, 

melanocyte, and abnormal fibroblast respectively.  

3.4.  Simulation process 

We summarize the computational algorithm that integrates the discrete cells and the continuous 

microenvironmental variables.  

1. Define a rectangular grid that determines both microenvironmental concentrations and cell 

positions.  

2. Set initial concentration of EGF, bFGF, TGFβ and ECM at each grid point.  

3. Set initial positions of fibroblasts, melanocytes and keratinocytes on the grid.  

4. Microenvironmental concentrations are solved using the governing equations (1)-(3) & (1s)-(3s).  

5. Cell-cell adhesion level is determined for each grid point.  

6. The concentration of microenvironmental factors and adhesion level are coupled with each cell to 

determine its phenotype.  

7. Action associated with the determined phenotype is realized and the grid is updated accordingly.  

8. Go to step 4. 

3.5. Skin fitness 

The degree of abnormality of vSkin was characterized by a defined metric, “skin fitness (f(t)).” We 

quantify ratios of each cell compartment (ratio of keratinocyte to melanocyte and that of fibroblasts to 

melanocytes) at each time step (t) and compare with the ratios of the normal state (t0). We also took 

changes of epidermal thickness into account to monitor skin fitness. Changes from time step t0 to time step t 

(t0 → t) in both compartmental ratios and epidermal thickness were weighted equally to determine the final 
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skin fitness. The skin fitness is scored from -1 to +1, where +1 represents the maximal fitness and a normal 

skin state, and is defined as follows, 

                                                   f (t) =1.0 − w1

Δr

r
+ w2

Δh

h







                                     (5s)   

where r represents the sum of two ratios, the ratio of keratinocyte to melanocyte and that of fibroblast to 

melanocyte, Δ represents the change from time step t0 to t, h stands for a epidermal thickness, and w1 and w2 

are the weights. In this study we choose the same weight (i.e., w1 = w2 = 0.5).  

4. Experimental methods 

Cell culture 

Melanoma cells were cultured in RPMI medium supplemented with 5% fetal calf serum (FCS).  

 

Human specimen procurement 

After deparaffinization, the slides were stained for ADAM9 (Chemicon) before a thorough washing and 

incubation with an Alexa-Fluor 647 secondary antibody. The slides were also stained with DAPI to indicate 

the nuclei and analyzed using a Leica confocal microscope. Areas of stroma, tumor and leading edge were 

delineated through examination of corresponding H & E stained slide by a dermatopathologist. 

Co-culture growth 

Senescence was induced in primary fibroblasts following irradiation with 10 Gy followed by 7 days of 

recovery as described in Campisi and colleagues (23). Senescent and pre-senescent fibroblasts were plated 

upon 10 cm tissue culture plates overnight before the addition of Adeno-GFP tagged melanoma cells (a gift 
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from Dr Amer Beg, Moffitt Cancer Center). Images of the growing cells were taken after 24, 48 and 72 

hours with a Nikon-TS100 inverted fluorescence microscope.  

Three-dimensional spheroid assays 

WM793 melanoma spheroids were prepared using the liquid overlay method (24). Spheroids were treated 

with serum free RPMI, pre-senescent fibroblast conditioned RPMI or senescent fibroblast conditioned 

RPMI. Pictures of the invading spheroids were taken using a Nikon-TS100 inverted fluorescence 

microscope. Images were converted to gray scale and the spheroid frames were outlined using ImageJ 

(Image Processing and Analysis in Java) by modifying the threshold. The spheroid frames were than 

inverted and absolute intensity of the invading cells was quantified using Adobe Photoshop.  

Western blotting 

Cells were plated and grown overnight. To detect ADAM-9 levels, ADAM-9 antibody (ab) was used for 

immunoblotting (IB). For all IB experiments, proteins were denatured prior to separation on 6-18% Tris-

Glycine gels. Proteins were transferred to polyvinylidene fluoride (PVDF) and blocked with 5% non-fat 

milk in Tris-Buffered Saline Tween-20 (TBST). Blots were incubated overnight in primary ab diluted 

according to the manufacturers instructions. Secondary ab’s conjugated to the enzyme horseradish 

peroxidase (HRP) were used for detection by chemiluminescense.  

Zymography 

Cells were plated and allowed to grow overnight. To detect functional ADAM-9 activity, proteins were not 

denatured prior to separation upon a casein gel. Cleavage of casein was imaged using an Epson V300 photo 

scanner.  
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Table 1: Model parameters 

Parameter Description Value Normalized value 

DTβ Diffusion rate of TGFβ 5.8 × 10-8 cm2⁄s 0.0838 

αTβ Fibroblast TGFβ production rate 0.21333 fg day-1cell-1 0.0873 

βTβ Keratinocyte TGFβ production rate 0.0106 fg day-1cell-1 0.004 

γTβ Keratinocyte TGFβ binding rate - 0.6 

ζTβ Melanocyte TGFβ binding rate - 0.2 

ξTβ Fibroblast TGFβ binding rate - 0.1 

DE Diffusion rate of EGF 2.5 × 10-8 cm2⁄s 0.0367 

αE Fibroblast EGF production rate 1.2 fg day-1 cell-1 0.5 

βE Keratinocyte EGF production rate 0.0012 fg day-1 cell-1 0.005 

γE Keratinocyte EGF binding rate - 0.01 

ζE Melanocyte EGF binding rate - 0.001 

Db Diffusion rate of bFGF 1.2 × 10-7 cm2⁄s 0.1708 

αb Fibroblast bFGF production rate 0.12 fg day-1 cell-1 0.05 

βb Keratinocyte bFGF production rate 0.024 fg day-1 cell-1 0.01 

ξb Fibroblast bFGF binding rate - 0.02 

γb Keratinocyte bFGF binding rate - 0.005 

ζb Melanocyte bFGF binding rate - 0.02 

λ Decay rate of all growth factors - 0.01 

Dp Diffusion rate of MDE 5.01 × 10-8 cm2⁄s 0.0724 

κE Keratinocyte ECM production rate 15.7 pg day-1 cell-1 0.1 

ρE Fibroblast ECM production rate 15.7 pg day-1 cell-1 0.1 

μ ECM decay rate - 0.001 

E0 Epidermis ECM density - 0.2 

E1 Dermis ECM density - 0.7 

 

Supplementary Figure Legends 

Figure 1S. Phenotype changes in fibroblasts. A: SA-β-Galactosidase staining where the blue cells are 

SA-β-Galactosidase positive (indicating senescence). B: Automated inverted fluorescence images of pre-

senescent (left) and senescent (right) fibroblasts. C: Micro-array analysis shows the fold-increase in 

expression of multiple proteins in senescent fibroblasts compared to normal fibroblasts. Specific families of 

growth factors, proteases and extracellular matrix protein show increased expression. D: Senescent 

fibroblasts showed enhanced expression of ADAM9 proteins. E: Zymography shows senescent fibroblasts 

enhance matrix-degrading capacity. 
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Figure 2S. ADAM9 staining. Additional H&E-stained section of a nodule of metastatic melanoma, stained 

with anti-ADAM9. The white line demarcates the tumor-stroma interface. T denotes tumor area, and S 

indicates stromal area. There is high ADAM9 expression at the tumor edge (tumor/stromal interface) in the 

melanoma specimen but significantly weaker expression in the tumor core. 

 
Figure 3S: Cell-cell adhesion and migration A: The cell-cell adhesion value Aη  at each node is an 

average of its four orthogonal cell-cell adhesive coefficients Cη,ξE .. S ,  defined in B( ) . C: An example of 

cell-adhesion level for a keratinocyte at a grid point η . This keratinocyte happens to have one keratinocyte 

and one melanocyte neighbor, and from Eq (4s), an adhesion value Aη  is determined Aη = 0.375( ).  D: 

This keratinocyte can move to either the north or south grid point (empty) with the same probability of 

Pr = 
1− Aη( )

2.0 = 0.3125








.  E: Another example, where a melanocyte happens to have three 

neighbors (east: melanocyte, south: keratinocyte, west: fibroblast) which gives a cell-adhesion value of 0.5. 

F: The probability of movement for this melanocyte is 0.5 and the cell can move to either its north or south 

grid point. However, since there is an ECM gradient 

[E] south( ) > [E](η),  but [E] north( ) < [E](η)( ) , the melanocyte is not allowed to move north and 

therefore can only move south. ECM gradient will always dictate the movement direction, provided one 

exists and there is sufficient space to move.  
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Supplementary Figures 

 

Figure 1S 

 

 



 15

Figure 2S 
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Figure 3S 
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