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1. Supporting Text SI1: HGF/SF-Met-Signaling is 

Sufficient to Induce a Wave of Increased Migration in 

Normal Epithelial Cells 

During wound healing of DA3 cells, HGF/SF-Met signaling induces a wave of 

increasing velocity that gradually propagates from the wound edge to cells located 

farther in the monolayer along the moving frame [1] (Fig. S1A). This wave does not 

occur in serum-starved untreated cells. Careful examination of this wave leads to the 

conclusion that it propagates faster than the speed of the advancing cell monolayer 

(Fig. S1B). A similar wave occurs in MDCK cells as well. This wave does not emerge 

upon starvation alone (control experiments). HGF/SF-Met signaling is sufficient to 

induce this wave (Figs. S1C-D).  

 

Figure S1: HGF/SF-induced wave of increased migration. (A) A spatiotemporal depiction of 

the average motility of a wound healing experiment of DA3 cells treated with HGF/SF, taken 

from [1]. Each bin (t,d) in the kymograph represents the average motility (µm hour−1) of all 

cells at distance interval d from the wound at time t. For each time point, the wound contour 

is segmented so that the distance from the edge is defined dynamically. The two vertical lines 

define the partition to the 3 phases in the healing process [1]. (B) Kymograph of the same 

experiment with static distances from the initial midline of the wound. The propagation speed 

is faster than that of the advancing cell monolayer. (C) Control MDCK cells speed 
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kymograph - no wave is observed. (D) MDCK cells treated with HGF/SF – emergence of a 

wave of increased motility validates previous results with DA3 cells. 

 

A wave of accelerating cells begins at the leading edge in both wound healing [1,2] 

and monolayer expansion experiments [3]. Chemical stimulation plays an important 

role in the wave's characteristics, e.g., acto-myosin contractility functions as a 

negative regulator of the number of cell rows potentially participating in collective 

migration [2]; chelation of extracellular calcium disrupts and inhibits cell-cell 

junctions, leading to monolayer disintegration that destroys the wave [3]. Starved 

cells do not exhibit this phenotype, and activation of Met-signaling by HGF/SF is 

sufficient to induce motility waves for both tumor (DA3) and normal (MDCK) cells 

(demonstrated in [1] and here). 

 

2. Supporting Text SI2: A Simplified Model to Test the 

Hypothesis that Strain Rate Triggers Cellular 

Directional Response 

A simplified model to test the hypothesis that strain rate triggers directional response, 

i.e. determines the ratio of V+ to V||, was evaluated. We describe a Gaussian 

acceleration wave traversing the monolayer at velocity much larger than of the cells, 

as observed in the experimental data (approximately 45 µm hour
−1

, almost twice as 

fast as the advancing cells). Cells are considered as viscous elements, thus the local 

forces that they can detect are proportional to the strain-rate, and these forces are then 

assumed to trigger a signal for the cytoskeleton, directing it to polymerize in specific 

regions, where it is converted into a directional traction force that drives the cell 

motility. Once the strain-rate diminishes, after the wave passes, there are no forces 

anymore in such a viscous material, the random motion returns to its proportional 

values with loss of the directionality, and orientation is lost (Fig. 5B). This setting was 

sufficient to qualitatively capture the phenomenon observed for DA3 cells (Figs. 5C 

and 5D), and in for MDCK cells (data not shown). 

Consider cells as a continuous medium, with some velocity field toward    and 

parallel     to the wound edge. From this velocity field we have a strain-rate field. 

                                                                    ̇    (  )                                                            ( ) 

Consider a cell-cell linker of typical length a and stiffness k. It makes some on-off 

adhesion between the cells, with kon independent of the stretch and koff reduced when 

it is stretched so that the linker breaks up more when stretched. Let us propose the 

simplest form: 

                                                               
 (      (  ̇) )                                      (2) 
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where koff,0 is the off-rate when unstretched,    is the energy of linker adhesion. The 

time-scale of the stretch is over the average time that the linker is attached, i.e. 

      
  . We solve this equation for koff 

                                          

 
  ̇√  

√          ̇                 
     

                                     ( ) 

where W is the PolyLog function. The average occupation of the linker is therefore 

given by   
   

        
. As an example, we can assume that an acceleration wave 

travels at a constant velocity c, of a Gaussian profile (characterized by its width 

parameter σ), of the form 

                                                          (   )  
 

√  
  (    )                                             (4) 

which is normalized to give an overall acceleration of the particles from 0 to 1. We 

can now solve the velocity V+ which is the integral of this wave, assuming that the 

particles do not move appreciably as it passes over them,    . For such a traveling 

wave of acceleration, Fig. 5A plots the time evolution of the acceleration, velocity and 

     (                    ) as the wave passes a cell at a certain position.  

As the acceleration in the wave is in the direction pointing towards the wound, this 

direction undergoes the strongest strain-rate, so the linkers in that direction tend to 

detach more (higher off rate, Eq.3). Our assumption is that the resulting spatial 

anisotropy in the number of attached cell-cell linkers around the cell perimeter 

polarizes the cell and concentrates the motile forces in the direction where the linkers 

have been detached. The cell will therefore have its actin-based motility apparatus 

concentrated in the direction of the wound, in response to the detachment of the 

linkers in this direction. 

We describe the polarization in response to the linker detachment in the direction of 

the wound as follows: We assume that the ratio of the velocities in the directions 

towards- and parallel to the wound are linearly related to the linker density along 

these two orthogonal directions on the cell surface, i.e.,         . We find that due 

to this assumption the parallel velocity is always smaller than the velocity towards the 

wound,       , and is affected by the high strain-rates during the acceleration phase 

(Fig. 5D). 

After the acceleration wave has passed, there is no strain-rate, and the occupation of 

the linkers returns to its isotropic profile. The actin-based motility becomes isotropic 

and the cell traction forces are not anymore highly oriented towards the wound edge. 

The result is that the velocity towards the wound and the velocity orthogonal to the 

wound become comparable. 

Since we do not specify the molecular nature of the linkers, we do not have a detailed 

molecular mechanism of this process. We merely propose that such a mechano-
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sensitive component would naturally give rise to the observed relation between the 

velocity orientation and the strain-rate and acceleration. This schematic model can 

motivate more molecular studies aimed at identifying the components that have these 

properties.  

The order of events according to this model is as follows: Initiation is by the 

acceleration of the cells at the wound edge which move outwards in response to the 

free space. This acceleration is transmitted to the cells behind the edge cells, through 

the mechanical coupling of cell-cell contacts and linkers. How this wave of 

acceleration is transmitted and propagates through the cell layer we do not describe in 

mechanistic detail. We simply demonstrate that this acceleration induces a wave of 

strain-rate that could polarize cells and orient their motion towards the wound edge by 

breaking the isotropy of cell-cell linkers at the cell membrane. 

The spring-constant k, or mechanical stiffness of the linker itself, mainly affects its 

detachment dynamics. Experiments indicate that forces that dominate cell motility 

within cellular layers are the intrinsic motile forces generated by the cells [4]. We 

therefore focus on the role of the linkers as signaling molecules that control the spatial 

recruitment of the cells’ actin-based motility apparatus. 

 

3. Supporting Text SI3: The Effect of Met Inhibition 

Specificity to HGF/SF-Met signaling was determined by inhibition experiments; 

either with PHA (to inhibit the constitutively activated Met) or with PHA and 

HGF/SF (to inhibit HGF/SF-induced Met activation) in comparison with +HGF/SF.  

PHA treatment reduced the directionality and the wave of coordination. Cells treated 

with PHA+HGF/SF were characterized by reduced motility attributes (speed, 

directionality, persistent migration, wave of coordination) compared to HGF/SF-

treated cells, the same attributes were slightly amplified compared to control cells. To 

conclude, a dose-dependent response to HGF/SF signaling was found: PHA inhibits 

the endogenous constitutive activated Met, while PHA+HGF partially inhibits the 

organized motility. Figure S2 present the results obtained for DA3 cells treated with 

PHA with or without HGF/SF. MDCK cells were untreated (control) or treated with 

HGF/SF, and not treated with PHA since Met is not constitutively active in these cells 

[5]. 
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Figure S2: Met inhibition. (A) Waves of coordination for Control, PHA, and PHA+HGF/SF-

treated DA3 cells. Same analysis as performed in Figs. 2B and 2C. A propagating wave is 

observed for all conditions. (B) Average persistent migration as function of distance from the 

wound edge for Control, PHA, and PHA+HGF/SF-treated DA3 cells. (C) The association 

between the waves of acceleration and directionality is shown for Control, PHA, and 

PHA+HGF/SF-treated DA3 cells. Same analysis as performed in Figs. 6A (DA3) and 7F 

(MDCK). (D) The association between the waves of directionality and coordination is shown 

for Control, PHA, and PHA+HGF/SF-treated DA3 cells. Same analysis as performed in Figs. 

6B (DA3) and 7G (MDCK). All results in this figure were accumulated over all experiments 

(N = 6 for control cells, N = 4 for PHA, N = 6 for PHA + HGF/SF). 
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4. Supporting Text SI4: Supporting Methods 

Cultures: DA3 cells expressing the fluorescent protein mCherry, derived from the 

mouse mammary adenocarcinoma cell line D1-DMBA-3, induced in BALB/C mice 

by dimethylbenzanthracene [6] were maintained in DMEM supplemented with 10% 

heat-inactivated fetal calf serum (FCS, Gibco-BRL) in a 37C, 5% CO2 incubator. 

Madin-Darby Canine Kidney (MDCK) epithelial cells expressing YFP-membrane 

were maintained in DMEM supplemented with 5% fetal FCS in a 37C, 5% CO2 

incubator. 

Wound healing assay: Cells were grown to 90% confluence in 24-well plates (Costar 

(R) plates, Corning, NY, USA). Prior to scratching, the cells were starved by 

changing the medium to DMEM plus 0.1% FCS (starvation medium) for 4 hours 

(DA3) or 24 hours (MDCK). The medium was then changed to either fresh starvation 

medium (denoted henceforth Control), starvation medium with 80 ng ml
-1

 HGF/SF 

(denoted henceforth +HGF/SF), starvation medium with 2.5 µM of the Met inhibitor 

PHA665752 [7] for an additional 2 hours (only for DA3 cells, denoted henceforth 

PHA), or starvation medium with HGF/SF and 2.5 µM of PHA665752 for an 

additional 2 hours (only for DA3 cells, denoted henceforth PHA+HGF/SF).  A scratch 

of approximately 300 μm in width was generated using a 200 μl tip [8]. The plate was 

subjected to time lapse microscopy in a stage incubator (OKOLAB, Italy) on a 

computer-controlled motorized stage of a confocal microscope (CLSM-510, Carl 

Zeiss, Germany), used in non-confocal mode, with a 10x (0.30) objective. Image 

acquisition was initiated 2 hours post scratching. Images were acquired every 14.5 

(DA3) or 15.7 (MDCK) minutes for 26 hours (DA3) or 15 hours (MDCK). The 

coordinates of each scratch were predefined, and a macro that repetitively positions 

the field of view at each point was executed. The acquired differential interference 

contrast (DIC) channel of the time-lapse sequence was used for the analysis. A total 

of 21 DA3 experiments (6 control, 5 +HGF/SF, 4 PHA, 6 PHA+HGF/SF) and 10 

MDCK experiments (5 control, 5 +HGF/SF) were processed. The rest of the 

experiments were discarded due to image-acquisition faults. All DA3 experiments 

(excluding PHA, which are new) were previously reported [1], MDCK experiments 

are reported for the first time here. Raw image data is publically available at “The 

Cell: an Image Library” (DA3, CIL:43401 - CIL:43419, CIL:45451-CIL45454, 

http://www.cellimagelibrary.org/groups/43401. MDCK, CIL:44501 - CIL:44510, 

http://www.cellimagelibrary.org/images/44501). 

Velocity magnitude map: A kymograph displaying the average speed of cellular 

image patches as a function of the distance from the wound edge, at every time point. 

We have recently shown that it can provide means of visualization and quantitative 

measurements [1]. Custom Matlab (MathWorks) software was developed to extract 

velocity magnitude maps from time-lapse light-microscopy wound healing 

experiments. The algorithm includes a foreground/background image segmentation to 

partition a light-microscopy image to cellular- and non-cellular regions [9]; local-

motion estimation is performed on image-patches by searching for maximal 

http://www.cellimagelibrary.org/groups/43401
http://www.cellimagelibrary.org/images/44501
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correlation of a given patch onto the consecutive frame; and averaging the extracted 

motion fields' magnitude (which resembles cells' local speed) at different distances 

from the wound edge. Figure S3 illustrates this process. 

More systematically, given two consecutive frames t, t+1 from the time-lapse 

sequence: 

 Partition the current image (at time t) to a grid of sub-cellular sized local 

patches, 15 x 15 pixels each. 

 Apply cross correlation-based motion estimation to retrieve velocity fields' 

estimations for each patch. The search radius was defined based on maximal 

speed of 50 µm / hour. 

 Segment the image to cellular and non-cellular regions, use the segmented 

image to define each strip, a mask containing all pixels at a given distance-

interval from the wound edge. 

 For each time t and distance-interval d from the wound edge, the average 

speed of all cells in the corresponding strip is recorded to the bin at position 

(t,d)  in the velocity map.  

 

Figure S3: Computing velocity magnitude maps (and similarly strain rate and acceleration 

kymographs): for a given bin at time t, and distance interval from the wound d, calculate the 

average speed of all corresponding cells. Repeat this process for all values of t and d. 
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Directionality, acceleration, and strain rate: To examine the relations between 

cellular motion in a predetermined direction, acceleration, strain rate and 

directionality we produced two-dimensional spatiotemporal grids (kymographs), each 

representing one of these measurements. These grids were defined in the same way 

that the velocity maps were produced; each bin represents the average measurement 

of the cells at the corresponding spatiotemporal strip. Thus further analysis was based 

on an "atomic" spatiotemporal resolution that is defined by a bin in these 

spatiotemporal grids; temporal resolution of about 15 minutes between consecutive 

frames, and spatial resolution of approximately 12.5 µm-long intervals. 

Directional velocity is obtained by the two-component decomposition of the velocity 

vector to a component toward (perpendicular / normal) to the wound edge – V+, and 

the parallel component – V||. Of these components we take the magnitude (i.e., 

absolute value), so that V|| does not average to zero. The directional components are 

determined by the orientation of the wound edge, and are computed by projecting the 

velocities of cells undergoing collective migration onto the direction of wound 

closure. Directionality is defined as the ratio <|V+|>/<|VII|>. Practically, directionality 

was calculated by taking the ratio between the corresponding bins from the directional 

velocity kymographs. Acceleration is defined as the average local time-derivative of 

speed for a given spatial strip (distance from the edge),         (t=14.5 minutes 

which is the frame time). Strain rate is defined as the average local spatial derivative 

of speed for a given spatial strip,        , were x is the local migration direction of 

each cell (d=12.4 µm which corresponds to 10 pixels).  

For each treatment, the data from all experiments was pooled, and the analysis was 

performed only until first contact between the opposing borders of the wound (Phase 

1). Figure S4 illustrates the above measures and their cross-dependencies. 
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Figure S4: Summary of the spatiotemporal measures we use (shown are examples of a single 

experiment of DA3 cells treated with HGF/SF). The speed kymograph (velocity magnitude 

map) can also be calculated by considering the average magnitude of the velocity component 

toward- (V+) and parallel- (V||) to the wound edge (denoted directional velocity). The 

spatiotemporal ratio between these two defines directionality. Spatiotemporal acceleration (or 

strain rate) is calculated by averaging acceleration (or strain rate) of single patches based on 

their local motion direction for every time point and distance interval from the wound edge. 

Spatiotemporal coordinated migration was defined as the probability of a patch to be part of a 

coordinately migrating cluster for each time and distance-interval (see subsection 

“coordination”).  

Association between different spatiotemporal measures: To calculate the 

correlation between two spatiotemporal measures, each bin (t,d) in the kymograph of 

the first measure is paired with the corresponding bin from the other kymograph. All 

such pairs from all bins in all experiments under a specific condition (cell line + 

treatment) are accumulated to generate the scatter plots presented here (e.g., Figs. 6A 

and 6b). Pearson correlation is used on all accumulated pairs to define the cross-

correlation between two measures. When considering different time shifts, the same 

process is repeated, only each pair of kymographs is aligned based on the specific 

temporal shift under examination. 

Cells tracking: Cell tracking from live bright-field light-microscopy images was 

performed by the method described in [1] (custom Matlab implementation). Briefly, 

five iterations of bilateral filtering [10], an edge-preserving and noise reducing 

smoothing filter were applied on the local motion estimation grid in each frame from 



11 
 

the time-lapse experiment. Given an initial cell location at position (x,y), its estimated 

trajectory is defined by iteratively placing (x,y) by its estimated location (x+dx,y+dy) 

in the next frame by applying the corresponding vector (dx,dy) extracted from the 

filtered motion estimation. This simple tracking method was qualitatively shown to 

perform well in a setting of collective migration (Fig. S5) [1]. 

 

Figure S5: Visual comparison of trajectories extracted automatically (green) versus manually 

tracked cells (red) for control and HGF/SF-treated DA3 cells. Adapted from [1]. 

 

Persistence: The ratio between the displacement (translation) and the total distance 

traveled in a given trajectory is defined as persistence. This measure was previously 

used in [11] and is similar to "chemotactic index" calculation, only without the 

predefined direction [12]. Maximal persistence score is 1 (ballistic motion), lower 

scores imply a more zigzagging motion, and minimal score is 0 (Fig. S6). Persistence 

was calculated for trajectories extracted from Phase 1 as function of distance from the 

wound edge for DA3 and MDCK cells at spatial intervals of 37 µm (30 pixels). The 

distance from the edge was defined by applying MultiCellSeg [9] for cellular-non-

cellular segmentation, with respect to the cell's starting position. 3,000-4,000 distinct 

trajectories per treatment were used for averaging persistence as function of distance 

from the edge. 

 

Figure S6: Cell persistence is the ratio between its translation along the trajectory and the 

total distance traveled. 
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Coordination: Local motion fields were referred as an image with two channels 

(motion in x- and y-coordinates) for clustering of coherent spatial regions – defining 

explicitly groups of cells that maintain coordinated motion. Bilateral filtering [10] was 

applied on these motion fields, followed by region-growing segmentation [13] as a 

clustering method.  

Final clusters that are smaller than a predefined threshold (set to approximately 20 

cells - 1230 µm
2
) or without significant motion are discarded. Finally, connected 

components of clusters are united to define the final results (Fig. S7). 

 

Figure S7: For each frame in the time-lapse video, the input is a 2-dimensional grid, were 

each bin contains the motion estimation vector onto the next frame (upper left). First, bilateral 

filtering is applied on these vector fields, treating them as an image with two channels, x-

coordinates and y-coordinates (upper right). Next, a region merging-based image 

segmentation algorithm is applied on the filtered motion fields, and detects larger groups of 

patches that maintain coherent coordinated motion. Finally, mutually touching groups are 

combined and all connected components of patches above a given area threshold (accounting 

for approximately 20 cells) define the clusters of coherent intercellular motion (lower left). 

The total area of cells participating in these clusters was recorded as a function of time to 

quantify temporal intercellular coordination. 

 

The merging order is defined by the initial similarity between adjacent agents’ 

velocity. The similarity measure is defined as the normalized distance between a pair 

of vectors. Two regions are merged if their similarity is lower than a given threshold. 

This threshold depends on the size of the regions examined (large regions are more 

"forgiving" and merge easily to other groups), and on a parameter Q that sets the 

merging sensitivity (more merging for high Q). Q is adjusted based on the data, but is 

not very sensitive. We have set Q to 0.04 and haven't changed it for all experiments. It 

is important to note that the original motion-fields image is scaled down to the 
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resolution of the patches used for motion estimation (15x15 pixels in our case), so 

there is significantly less data to process than in the original images. This algorithm 

was implemented in Matlab (MathWorks). 

More systematically, given a motion estimation image in patches resolution, and a 

parameter Q: 

1. Start by defining a region for each patch containing its motion-estimation 

vector 

2. Calculate the similarity for all 4-connectivity couples of adjacent motion-

patches 

3. Sort these couples in increasing order 

4. Traverse this order once, for any current couple of pixels (p1,p2): 

a. Find (r1,r2) the corresponding regions to (p1,p2) 

b. Extract the average vector in r1 and r2, calculate their similarity, 

sim(r1,r2) 

c. Calculate the threshold for merging two regions TH =  b(r1) + b(r2), 

whereas b(r) = log(size(r)) * Q 

d. Merge r1 and r2 if and only if sim(r1,r2) < TH 

5. Discard regions smaller than approximately 20 cells or where no significant 

motion was found 

6. Unite touching-regions and report them as the final clusters 

This algorithm can be implemented very efficiently, with linear complexity of the 

number of patches. This is done by using a union-find data structure [14] to enable 

fast (constant complexity) operation of finding regions given an image patch (step 4a 

in the algorithm), extracting the average vector (step 4b) and merging two regions 

together (step 4d). Since only immediate spatial neighboring patches are considered, 

the number of couples (step 2) is linear in the number of patches, and sorting these 

couples is performed by applying bucket-sort, as the similarity between two regions 

have a discrete set of possible values (as motion estimation works at a resolution of a 

single pixel). 

Trajectories-based coordination: Long-lasting coordination was quantified by explicit 

detection of cell clusters that migrate coordinately over long periods of time. The 

motivation is to reduce the noise associated with local motion estimation by 

considering long trajectories, as demonstrateed in Figs. 2B and 2C. This was 

performed by applying the clustering algorithm described above on a dense grid of 

trajectories. Each image patch was tracked from the first frame until phase 1 ends, 

from phase 2 until it ends and during the first 15 frames of phase 3. The similarity 

between a pair of adjacent patches' trajectories was defined very similarly to the 

normalized cell pair separation distance measurement described in [11] (that is very 

similar to [15]). The idea is to quantify the difference between initially neighbored 
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cell tracks over time. Since we process uniformly distributed patches, given two 

adjacent patches, their similarity is defined as ratio between the translation distance 

between the final position of their trajectories and the maximal trajectory path length 

(to make it insensitive to differences in cell speed). The parameters for the clustering 

algorithm were set to the same values as described above.  

Analysis of long trajectories limits the temporal resolution, thus requires the analysis 

of the 3 phases in the healing process. Examining short trajectories of 5-frame length 

(~75 minutes per trajectory) and using the same clustering method enables achieving 

a higher temporal resolution. This allows spatiotemporal analysis of coordination until 

first contact between cells from opposing borders of the wound (Phase 1), as shown in 

Fig. 2. The algorithm is exactly identical to the clustering method used to quantify 

long-lasting coordination, just applied on shorter trajectories. 
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