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Abstract: 49 

 50 

Stable cell-cell contacts underpin tissue architecture and organization.  Quantification of junctions 51 

of mammalian epithelia requires laborious manual measurements that are a major roadblock for 52 

mechanistic studies. We designed Junction Mapper as an open access, semi-automated software 53 

that defines the status of adhesiveness via the simultaneous measurement of pre-defined parameters 54 

at cell-cell contacts. It identifies contacting interfaces and corners with minimal user input and 55 

quantifies length, area and intensity of junction markers.  Its ability to measure fragmented junctions is 56 

unique.  Importantly, junctions that considerably deviate from the contiguous staining and straight 57 

contact phenotype seen in epithelia are also successfully quantified (i.e. cardiomyocytes or 58 

endothelia).  Distinct phenotypes of junction disruption can be clearly differentiated among various 59 

oncogenes, depletion of actin regulators or stimulation with other agents.  Junction Mapper is thus a 60 

powerful, unbiased and highly applicable software for profiling cell-cell adhesion phenotypes and 61 

facilitate studies on junction dynamics in health and disease. 62 

 63 

 64 

Introduction: 65 

 66 

Tight contacts with neighbours to form a cohesive sheet of cells is a fundamental property of 67 

multicellular organisms and underpins organ development and function. Conversely, signalling 68 

pathways necessary to maintain junctions are often targeted by pathogens and underlie key 69 

mechanisms of diseases of the vasculature, heart and different epithelial organs.   70 

Attachment to neighbouring cells has a distinct configuration in different cell types and is 71 

dynamically remodelled in homeostasis and diseases. In epithelial tissues, the characteristic cell-cell 72 

adhesion site appears as a straight and tense or stiff junction, represented by an apparent 73 

contiguous, adjoining staining of E-cadherin receptors (the epithelia-specific cadherin protein).  74 

Following stimuli such as growth factor treatment or oncogene expression in epithelial cells, the 75 

dynamic nature of cell-cell contacts is manifested in a variety of ways: disturbances in the 76 

configuration of the contacting interface between cells, fragmentation of cadherin staining or thinning 77 

out of the distribution of receptors from contacting cell borders (Braga et al., 2000; Erasmus et al., 78 

2016; Frasa et al., 2010; Lozano et al., 2008; Nola et al., 2011).   79 

However, a linear junction appearance does not apply to other cell types that also require strong 80 

cell-cell attachment. Intercalated discs, specialised junctions in cardiomyocytes, sustain considerable 81 

mechanical stress with heart beating (Ehler, 2016; Vermij et al., 2017).  Extensive remodelling of the 82 

intercalated discs composition (Estigoy et al., 2009) and architecture is observed in cardiac aging 83 

(Sessions and Engler, 2016; Tribulova et al., 2015), diabetes-induced cardiopathies (Adeghate and 84 

Singh, 2014), arrythmogenic cardiomyopathies (Calore et al., 2015) and cardiac hypertrophy and 85 

failure (Lyon et al., 2015).  During vascular homeostasis, endothelial cell-cell contacts may have a 86 

similar appearance as epithelial junctions (Dejana and Orsenigo, 2013; Malinova and Huveneers, 87 

2018).  Upon stimulation with inflammatory agonists (Radeva and Waschke, 2018), endothelial 88 

contacts undergo adjustments to increase permeability, changing from a linear to a zig-zag 89 

configuration and the appearance of gaps between cells (Malinova and Huveneers, 2018).  90 

Collectively, the above data demonstrate that distinct patterns of junctions are stimulus-dependent 91 

and reflect the specific destabilization (or strengthening) of cadherin receptors at contact sites in 92 

various cell types.   93 

Despite the extensive scientific progress in our understanding of how cell-cell contacts are 94 

modulated, how these distinct phenotypes of junction modulation are fully attained is still unclear.  A 95 

major road block to furthering mechanistic studies on junction regulation is the restricted capability 96 

and efficiency of the quantitative image analysis currently available.  Existing imaging platforms (i.e. 97 

Cell Profiler) (Carpenter et al., 2006; McQuin et al., 2018) are fantastic resources for cell biologists.  98 
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For Drosophila or nematode epithelia, several software are available for quantification of 99 

morphogenesis that robustly detect cell boundaries during morphogenesis (i.e. during dorsal closure 100 

or germ band extension) (Curran et al., 2017; Sumi et al., 2018).  In contrast, for mammalian epithelial 101 

cells, available systems are not always suitable for the precise delineation of cell borders and the 102 

output of current pipelines is mostly morphometric parameters (i.e. cell size, shape, number or 103 

texture) (Campbell et al., 2017; McQuin et al., 2018; Yin et al., 2013).  Cell-cell borders of mammalian 104 

cells are particularly difficult to detect because of cytoplasmic noise, irregular shapes (Held et al., 105 

2011) and variable junction phenotypes, particularly when junctions are severely disrupted.  This 106 

hitherto prevents an objective approach to analyse regulation of cell-cell contacts of mammalian cells 107 

and tissues. 108 

Nevertheless, previous computer vision studies of mammalian junctions report the automated 109 

quantification of a single heterotypic junction (e.g. tumour-immune cell contact or host-pathogen 110 

contact) (Graus et al., 2014; Merouane et al., 2015), morphometry of mammary gland spheroids 111 

(Harma et al., 2014) or dynamics of VE-cadherin contacts during cell rearrangements in angiogenesis 112 

(Bentley et al., 2014).  Disruption of cell-cell contacts has been assessed in high-throughput manner 113 

by coupling junction segmentation with cell tracker and endothelia stimulation (Seebach et al., 2015), 114 

cadherin intensity at junctions (Erasmus et al., 2016) or indirectly, by increased inter-nuclear distance 115 

as cells scatter (Loerke et al., 2012).   116 

Notwithstanding these successful studies, available methodology does not enable quantification 117 

of distinct patterns of organization of receptors or junction morphometry that are readily identified by 118 

the human eye.  In addition, manual methods available for junction quantification rely on intensity 119 

levels and thresholding, which are not appropriate to detect junction attributes such as alterations in 120 

shape, length, fragmentation or continuity of cell-cell contacts.  Non-intensity-based attributes of 121 

junctions are usually defined visually and/or painstakingly analysed via laborious user-dependent 122 

quantification of individual junctions.  For example, the switch between a straight to undulated cell-cell 123 

contact occurs without apparent changes in receptors levels at contact sites (Otani et al., 2006).  In 124 

this case, rather than alterations of receptor levels at junctions, it involves impaired signalling of the 125 

small GTPase Cdc42 to modulate the amount of contraction, making cell-cell contacts less stiff and 126 

tense (Oda et al., 2014; Otani et al., 2006).   127 

To address the above issues, we developed a semi-automated pipeline, Junction Mapper, which 128 

can fully capture the distinct patterns of junction perturbation by diverse stimuli in various cell types.  It 129 

can efficiently (i) identify cell boundaries and cell-cell corners, (ii) describe phenotypes of junction 130 

architecture and (iii) quantify parameters that reflect the distribution and organization of junctional 131 

markers along the contacting interface.  To broaden the software suitability to different models, we 132 

validate the robustness of the Junction Mapper software in endothelial cells and cardiomyocytes that 133 

show distinct receptor organization and architecture when compared to epithelial cells.  The repertoire 134 

of parameters distinguishes subtle differences of junction disruption and provides a fingerprint for 135 

each stimulus, with insights into modes of action and how efficient and functional junctions are.  136 

 We envisage that the analytical capabilities of Junction Mapper will be invaluable for the 137 

scientific community to perform quantitative image analysis in mechanistic and translational studies of 138 

cell-cell contacts.  Most importantly, the generation of tools to facilitate unbiased phenotype 139 

identification will be a major step forward to understand how junction dynamics are modulated in 140 

homeostasis and pathologies of different tissues.  141 

 142 

Results 143 

 144 

In normal epithelia, a junction between neighbouring cells usually appears as a straight, taut line, 145 

with E-cadherin receptors uniformly distributed along the contacting interface (Fig. 1A).  Junctions are 146 

delimited by corners between three or more cells, where a specialised type of contacts are formed 147 

(tricellular junctions) (Fig. 1A).  Distinct stimuli disrupt the above junction architecture in different 148 
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ways, from minor reduction in levels to complete removal of adhesion receptors from contacting cells 149 

(Fig. 1B).  Concomitant with changes in levels, junction configuration and architecture are also 150 

compromised, which are not always captured by intensity measurements. 151 

We designed and validated a semi-automated system (Fig. 2), Junction Mapper, that builds from 152 

our quantitative analysis of images from RNAi screens (Erasmus et al., 2016).  Our previous software 153 

defines an E-cadherin mask to calculate the intensity specifically around junctions as a percentage of 154 

thresholded area of the whole original image.  The E-cadherin mask is also used to subtract an ROI 155 

from an image of a distinct marker (i.e. F-actin), so that mostly the signal localized at contacts is 156 

considered.  Junction Mapper implements novel quantification tools (corners, length and area) and a 157 

variety of novel primary and secondary parameters expressed per individual junction. 158 

The main advantage of Junction Mapper is to efficiently segment junctions in a variety of cell 159 

types and of different junction patterns, from linear to fragmented or disrupted contacts.  The software 160 

detects the contacting interface between two cells and obtains a skeletonized edge map (summarised 161 

stepwise in Figure 2-figure supplement 1; see Methods).  Although semi-automated, users can adjust 162 

the outline manually by removing incorrect or adding missing lines, with subsequent refinement of the 163 

line location and geometry by the software algorithm (detailed in Figure 2-figure supplement 2).  A 164 

dilation step is applied (user controlled) to define the area to be quantified around the skeletonized 165 

map (Figure 2-figure supplement 1).  To identify individual junctions for further quantification, the 166 

software then automatically identifies each cell-cell corner (i.e. point of contact between three or more 167 

cells, see its mathematical definition in Figure 2-figure supplement 2).  The number and location of 168 

corners in each cell can also be manually adjusted by the user (Figure 2-figure supplement 2). 169 

Images obtained at different resolutions can be used for analyses in Junction Mapper 170 

(Supplementary file 1).  However, the highest quality images possible should be used, as resolution 171 

may impact the ability to detect individual clusters of the junction marker.  For defining the automated 172 

skeletonized edge of each image, a suitable signal-to-noise ratio is necessary to ensure enough 173 

contrast to differentiate staining at junctions from the cytoplasm (Figure 2-figure supplement 3).  The 174 

higher the Peak Signal to Noise ratio, the easier it is for the program to automatically delineate the cell 175 

outline skeleton. For efficient skeleton definition the ratio should be above 22dB (Figure 2-figure 176 

supplement 3).  Using the automated skeleton as a start point, the user can refine the cell outline map 177 

by manually drawing or removing lines to close any gaps or correct deviations, particularly in cells 178 

with reduced staining at cell-cell contacts (Figure 2-figure supplement 1 to 2).  The higher the 179 

fragmentation of junctions in the image, the more user input is necessary to define the final skeleton 180 

outline for quantification.  181 

User-controlled threshold selection is done by inspection of the image with a slider component on 182 

the software interface (Figure 2-figure supplement 2).  Thresholding aims to reduce background 183 

without removing pixels from contact areas. The skeleton obtained is then projected onto the original 184 

thresholded image to segment the area of interest and proceed with quantification of each junction for 185 

up to two different junctional markers per image (see below).  The measurement of the different 186 

parameters is performed simultaneously and automatically, in an unbiased manner (Fig.2).  The 187 

output per junction is produced as an Excel file that contains the selected image, skeleton and the 188 

quantification of pre-designed measurements and parameters (see below). 189 

 190 

Primary parameters and validation:  191 

We envisage that different phenotypes of junction perturbation may require a distinct set of 192 

parameters to appropriately capture the disruption features (Fig. 1).  Towards this goal, we propose a 193 

variety of parameters to be used as bona fide readouts and measure information that is based on 194 

intensity, area and length of the interface and cell-cell contact (Fig. 3A; Figure 3-figure supplement 1).  195 

The following concepts are defined and used herein.  Interface is the contacting membrane between 196 

two neighbouring cells and delimited by cell-cell corners.  A cell-cell contact or junction is the region of 197 

the interface covered by adhesion receptors (e.g. cadherin staining).  Junctions may or may not 198 
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extend to the whole of the interface (corner-to-corner), and can appear fragmented or dotted (Fig. 1, 199 

Fig. 3A).  Area is the dilated region around the skeleton and is set to encompass the width of a 200 

junctional marker staining (which can vary in thickness).  Contour is the length measurement of the 201 

outline of the skeleton between defined points (interface or junction).  Finally, the straight-line length is 202 

defined as the shortest distance (Euclidian distance) between corners that form the boundaries of one 203 

junction or interface.  204 

Primary parameters obtain the basic metrics (area, contour and straight-line length) of each 205 

interface and junction selected in the monolayer (Fig. 3A, Figure 3-figure supplement 1).  A key 206 

innovation of the Junction Mapper is its ability to quantify junction marker staining that is not 207 

contiguous and that does not extend to both corners.  New parameters assess area or contour 208 

occupied by fragments of the junctional staining (Fragmented Junction Contour and Junction Area).  209 

To validate the length-based measurements, individual contacts disrupted by H-Ras expression were 210 

quantified and, as predicted, decreasing values for the contour of the interface, junction or fragmented 211 

junction were revealed for each assessed junction (Fig. 3B-C).  Although measurements of contacts 212 

of control cells also decline between these three parameters, they did not decline to the same extent 213 

as the ones of junctions from expressing cells (Fig. 3C).  The area-based measurements Interface 214 

Area and Junction Area of the same junctions followed similar pattern (Fig. 3D).  We envisage that the 215 

primary parameters are useful to show extension or retraction of the contacting interface/junctions, 216 

increased fragmentation of the staining of junction marker or fluctuations of global staining intensity at 217 

cell-cell contacts.   218 

We next assessed the impact of user-defined settings (dilation and threshold) on the primary 219 

parameters. The variable dilation settings define areas for quantification and permits the user to 220 

account for different thickness of the staining at cell-cell contacts, wavy or undulated junctions.  221 

Increasing the dilated area did not affect the length of contacting interface or fragmented junction 222 

(Figure 3-figure supplement 2A-C), but positively correlated with E-cadherin intensity and area (Figure 223 

3-figure supplement 2D).  Similarly, larger dilation values better captured the amount of VE-cadherin 224 

present in endothelial junctions as they acquire a zig-zag conformation after thrombin stimulation 225 

(Figure 3-figure supplement 2E-F, H).   A trade-off is necessary between the amount of dilation and 226 

thresholding, so that the contribution of cytoplasmic staining is minimized with larger dilation values. 227 

The effect of thresholding was tested using the same images (Figure 3-figure supplement 3A-B, 228 

E-F).  Of note is that the precise outline of VE-cadherin zig-zag staining was not recognized by the 229 

edge map produced (red line, Figure 3-figure supplement 3E-F).  Increasing the threshold applied to 230 

the original images decreased the measured cadherin area and intensity (Figure S6D,H) and the 231 

length of junction fragments was severely reduced (Figure 3-figure supplement 3C,G; see definition in 232 

Figure 3-figure supplement 1).  The interface contour values were not affected by thresholding, as the 233 

interface is delimited by corners and independent of intensity values (Figure 3-figure supplement 234 

3C,G).  Taken together, we concluded that the primary parameters measure the length and area of 235 

various features as predicted and are selectively modulated by user-controlled settings in accordance 236 

to their definition (Figure 2-figure supplement 2). 237 

 238 

Secondary parameters:  239 

The availability of a repertoire of parameters is a unique advantage of the software for mapping 240 

distinct phenotypes.  Secondary parameters (Scheme 1, Figure 3-figure supplement 1) are derived 241 

from the primary metrics above and aim to normalise the measurements to the size of each junction 242 

or contacting interface (length or area).  The Linearity Index measures how straight an interface 243 

between two cells is, as proposed by Takeichi and colleagues (Otani et al., 2006).  Coverage Index is 244 

a length measurement of the percentage of the interface length that is covered by the junction marker 245 

staining and has been previously used manually in the lab (Lozano et al., 2008).  Three different 246 

parameters quantify the distribution of a junctional marker along the interface.  First, Interface 247 

Occupancy, measures the area occupied by the marker within the Interface Area of each junction. 248 
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Second, Junction Protein Intensity per Interface area calculates the fluorescence intensity within the 249 

Interface Area.  Finally, Cluster Density is the junction protein intensity level within the area delimited 250 

by its staining (i.e. Fragmented Junction Area, which considers any fragmentation of the staining; 251 

additional parameters are described in Figure 3-figure supplement 1).  We predict that the secondary 252 

parameters are more useful to compare the accumulation or removal of specific markers, their density 253 

and relative changes when comparing across different samples.  254 

The Coverage Index parameter calculated by Junction Mapper was validated by manual 255 

quantification using FIJI on cells expressing active Rac1 (Supplementary file 2A-B).   The manual 256 

quantification used straight-line measurements (Lozano et al., 2008), rather than the more precise 257 

contour measurement by Junction Mapper (Scheme 1).  Using either quantification, manual or 258 

Junction Mapper, a significant statistical difference was observed between values of control and 259 

Rac1-expressing cells (Supplementary file 2C).  Lower values were obtained with the manual 260 

quantification method as predicted when using straight-lines for measurement.  However, when 261 

controls values were compared between the two methods, no statistical difference was obtained 262 

(Supplementary file 2C).  263 

    Thus, the parameters give results as expected from previous manual methods.  In addition, the 264 

reproducibility of secondary parameters was assessed in independent biological replicates by the 265 

same user.  Across biological replicates of cells overexpressing active Rac1, the absolute values 266 

obtained for each sample were slightly different (Scheme 1B-D).  However, the overall result is the 267 

same between replicates: a reduction of Coverage Index and Interface Occupancy of E-cadherin at 268 

junctions from Rac1 expressing cells (Scheme 1B-D).  Comparison of control values between 269 

biological replicates (or between Rac1 expressing cells) was not statistically different.   270 

 271 

User-bias validation: 272 

The robustness of Junction Mapper with respect to user bias was tested by: (i) defining the 273 

skeleton and corners and (ii) quantifying the same samples by different users.  First, the quality 274 

control of skeleton and corners is subjective (Supplementary file 3A-B).  Confluent epithelial 275 

monolayers with clearly defined junctions and corners produced less output variability from different 276 

users than images with disrupted contacts (Supplementary file 3A-D).  We found that a particular hot 277 

spot for differences was the identification of cell corners in disrupted contacts, where corners are 278 

often not covered by cadherin staining (Supplementary file 3B).  Second, pair-wise comparison of 279 

primary parameters of matched epithelial junctions obtained independently by two users showed 280 

significant differences (Supplementary file 3C-D).   281 

However, when secondary parameters were calculated, the profiles obtained by the two users 282 

were similar, aside the absolute values being different (Supplementary file 3E-F, see also Figure 7-283 

Figure supplement 1).  This can be explained by the fact that the user-dependent variability partially 284 

auto-correct itself, as values are normalised to the interface and junction area or length which are 285 

non-reciprocally impacted by user bias.  For example, a larger dilation setting will generate a larger 286 

junction area containing a higher number of E-cadherin pixels; when cluster density is calculated (E-287 

cadherin intensity/fragmented junction area), the ratio will not differ extensively between different 288 

users.    289 

We conclude that, in addition to the impact of dilation and thresholding settings, Junction Mapper 290 

results are impacted by user influence on the cell edge map. This influence is stronger in cell images 291 

with disrupted cell-cell contacts, where higher frequency of inaccurate corner and skeleton detection 292 

occurs and hence more manual edge correction is required the more robust secondary parameter 293 

measurements should be considered. Furthermore, absolute comparisons can not be made between 294 

experiments.  Instead, normalization of secondary parameters to controls in each replicate will 295 

facilitate comparisons. 296 

   297 

Distinct oncogenes trigger different patterns of junction disruption in epithelia: 298 
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We addressed whether Junction Mapper parameters could identify distinct features and patterns 299 

of junction disruption by different stimuli.  We tested images of epithelial cells transfected with 300 

oncogenic Rac (H-RasG12V; Fig.4A), constitutively activated Rac1 (RacQ61L) or activated Src (SrcY527F; 301 

Figure 4-figure supplement 1).  Previous visual analysis indicated that perturbation of cell-cell 302 

contacts occurs more efficiently between two RacQ61L-expressing neighbouring keratinocytes (Braga 303 

et al., 1997; Lozano et al., 2008). To validate this quantitatively, junctions were classified into two 304 

groups (i) between two expressing cells (ee) and (ii) between one expressing and one non-expressing 305 

cell (en).  Control junctions from the same image were quantified from cells without oncogenic H-Ras 306 

expression.  Measurements of the primary parameters (Fig. 3) confirmed that junction contour and 307 

area were more severely disrupted when two neighbouring cells contained exogenous H-RasG12V (Fig. 308 

4D-E).  The interface of mosaic contacts shared by expressing and non-expressing cells (en) were 309 

not significantly different from controls (Fig. 4B,C,F). 310 

The interface between cells containing oncogenic H-Ras (ee) was significantly longer and larger 311 

than control cells (Interface Contour and Interface Area, Fig. 4B,C).  Irrespective of the longer 312 

contacting interface, the contour and the area of E-cadherin stained fragments were considerably 313 

altered upon expression of H-RasG12V (Fragmented Junction Contour and E-cadherin Area, Fig. 314 

4D,E).  Finally, the length between cell-cell corners was significantly longer between controls and two 315 

adjacent transfected cells (Straight-line Interface Length, Fig. 4F).  Based on the quantification of the 316 

primary parameters, oncogenic H-Ras expression induces a longer contacting interface between cells 317 

and a progressive fragmentation of E-cadherin staining. The primary parameter measurements 318 

following expression of activated Rac1Q61L or SrcY527F (Figure 4-figure supplement 1) showed distinct 319 

alteration profiles when compared between each other and to activated H-Ras (Fig. 4).  For example, 320 

active Src expression did not promote elongation of the contacting interface or an increase in 321 

interface area (Figure 4-figure supplement 1 H-I), while active Rac1 did not induce fragmentation of 322 

cadherin staining (Figure 4-figure supplement 1D-E).  The above data may indicate that distinct 323 

subsets of parameters can differentiate alterations by different stimuli, thereby providing a unique 324 

disruption profile (Fig. 5).  While data are from one technical replicate only, the high number of 325 

junctions quantified per sample is still sufficient to indicate significant differences among groups 326 

(Supplementary file 1). However, further experimentation is required to confirm the patterns observed.  327 

The secondary parameters (Scheme 1) were designed so that the distribution of a junctional 328 

marker is normalised to the area or length of the interface or junction between neighbouring cells.  329 

Although Intensity is a primary parameter, it was also included here for comparison with other 330 

published studies.  The patterns of the secondary parameters Interface Occupancy and Cadherin 331 

Intensity at Interface Area essentially followed the corresponding primary parameters E-cadherin Area 332 

and E-Cadherin Intensity (Fig. 4,5). Yet, the differences between groups are more apparent in the 333 

secondary parameters: data are less scattered with fewer outliers when compared to primary 334 

parameters.   335 

We decided to focus on junctions that were shared by two transfected cells (ee), where 336 

phenotypes are clearer (Frasa et al., 2010; Lozano et al., 2008).  Upon transfection of activated forms 337 

of H-Ras, Src or Rac1, a progressive disappearance of E-cadherin from the interface between cells 338 

was observed in different patterns (Fig. 5A,C,E).  When compared to controls, the undulation of the 339 

interface was increased among cells expressing H-RasG12V or SrcY527F (higher Interface Linearity 340 

Index, Fig. 5B,D), but remained unchanged for Rac1Q61L-perturbed junctions (ee, Fig. 5F).   These 341 

data indicate that, as E-cadherin is removed from junctions, the interface between H-RasG12V and 342 

SrcY527F expressing cells becomes less tensile. The percentage of the interface area occupied by E-343 

cadherin receptors was decreased in all samples (Interface Occupancy, Fig. 5B,F), but did not reach 344 

significance in Src-expressing cells (Fig. 5D).  345 

The intensity levels of cadherin at junctions was significantly reduced following transfection of 346 

activated H-Ras or Src when measured as raw values (E-cadherin Intensity) or corrected per 347 

contacting area between two cells (E-cadherin Intensity per Interface Area) (Fig. 5B,D).  In contrast, 348 
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after active Rac1 expression, neither parameter was significantly changed.  Consistent with the 349 

distinct phenotype of junction perturbation seen in Rac1Q61L-transfected cells, the density of cadherin 350 

clusters was decreased in H-RasG12V and SrcY527F, but slightly augmented in RacQ61L.  351 

These data are summarized as a diagram in Scheme 2.  We concluded that Junction Mapper 352 

quantification can capture the various phenotypes of junction perturbation and collectively define a 353 

specific profile for each oncogene.  Our preliminary observations suggest that activated Rac1 does 354 

not significantly reduce the overall levels of E-cadherin at junctions, since receptor intensity at the 355 

interface area is not reduced. Rather, Rac1 activation progressively redistributes receptors at the 356 

junction (reduced Interface Occupancy and higher Cluster Density), maintaining straight, linear 357 

junctions.  In contrast, activated H-Ras or Src disrupt junctions via fragmentation and removal of E-358 

cadherin consistently throughout the contacting interface (decreased in Interface Occupancy and 359 

Cluster Density), with concomitant undulation of cell-cell contacts (i.e. reduced tension or stiffness at 360 

junctions). 361 

 362 

Dynamic range of the measurements of cell-cell contact phenotypes 363 

Disassembly of junctions by oncogenes is a severe phenotype, often leading to complete 364 

dissolution of contacts.  However, other stimuli (i.e. differentiation, protein depletion, growth factor or 365 

drug treatment) may induce a milder phenotype that is not easily quantified.  We asked whether the 366 

Junction Mapper could efficiently detect small changes in E-cadherin levels or distribution under 367 

different conditions (Fig. 6).  Datasets were obtained where the role of actin-regulatory proteins in 368 

junction formation was investigated in normal keratinocytes (Erasmus et al., 2016).  Depletion of CIP4 369 

(a regulator of cadherin trafficking) (Leibfried et al., 2008; Rolland et al., 2014), VAV2 (an exchange 370 

factor for Rho, Rac2 and Cdc42) (Vigil et al., 2010) or EEF1A (an actin bundling protein) (Mateyak 371 

and Kinzy, 2010) results in modest, but significant fluctuations in E-cadherin at junctions (20%-30%) 372 

using a thresholding method (Erasmus et al., 2016).    373 

When analysed with Junction Mapper, CIP4, VAV2 or EEF1A siRNA did not interfere with the 374 

linearity of the contacting interface (Fig. 6B,D,F), in line with the appearance of normal, linear 375 

junctions.   Consistent with our previous findings (Erasmus et al., 2016), a small decrease in E-376 

cadherin intensity was observed in both CIP4 and VAV2 depleted cells (Fig. 6B,F), while EEF1A 377 

siRNA promoted the unusual phenotype of higher levels of cadherin receptors (Fig.6D).  These 378 

distinct patterns were also seen when E-cadherin intensity and area were normalized to the interface 379 

area (Intensity per Interface Area and Interface Occupancy, respectively).  Strikingly, despite the 380 

similar reduction in E-cadherin intensity levels following VAV2 and CIP4 depletion, receptors were 381 

removed in different ways from junctions.  The clusters of cadherin receptors were less dense with 382 

lower levels of CIP4, while upon VAV2 siRNA, the density of the clusters slightly increased (Cluster 383 

density, Fig. 6B,F).   384 

Thus, the discrete changes in junctions result from reduced cadherin levels throughout the 385 

contacting interface by lower density of receptor clusters (CIP4 RNAi) or localised E-cadherin removal 386 

and redistribution into denser clusters (VAV2 RNAi; Fig. 6B,F).  In contrast, EEF1A depletion 387 

augmented E-cadherin Intensity and Cluster Density along the interface.  Taken together, these data 388 

highlight the ability of the Junction Mapper to detect phenotypes reproducibly and with good dynamic 389 

range.  Scheme 3 summarizes the changes and distinct profiles detected by Junction Mapper in our 390 

validation experiments.  391 

 392 

Endothelial junctions and cardiomyocyte intercalated discs 393 

We next asked whether the software would be applicable to endothelial cells and cardiomyocytes 394 

that have junctions differently shaped when compared with epithelial contacts.  Both types of junctions 395 

are considerably more fragmented than epithelial contacts, and thus it was not clear whether the 396 

parameters quantified by the Junction Mapper would be suitable. 397 
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Thrombin is a serine protease that stimulates protease-activated receptor (PAR) in endothelial 398 

cells to increase vascular permeability in inflammation and injury (Fig. 7A) (Kumar et al., 2009).  399 

Visually, the junctions of endothelial cells treated with thrombin are quite distinct (Malinova and 400 

Huveneers, 2018), but so far it has not been possible to evaluate differences quantitatively.  There 401 

were no significant changes in the Interface Linearity Index (Fig. 7A,B), consistent with the limitation 402 

of Junction Mapper to skeletonize zig-zagged junctions and thus measure their length (Figure 3-figure 403 

supplement 3E-F).   404 

However, with appropriate dilation values (Supplementary file 1, Figure 3-figure supplement 2), 405 

alterations were detected for area-based measurements.  In thrombin-treated cells, VE-cadherin 406 

distribution along the interface area (Interface Occupancy), intensity of VE-cadherin staining and 407 

normalised intensity per contacting interface were substantially higher (Fig. 7C-E).  The density of VE-408 

cadherin clusters was also enhanced upon treatment with thrombin (Fig. 7F), implying that a higher 409 

number of receptors is recruited per contact area.  Of note is that the analysis of stimulated 410 

endothelial cells, with their typical junction morphology and gaps, was strongly influenced by the user-411 

controlled settings (Figure 7-figure supplement 1 A-C).  Yet, although raw values of each junction 412 

varied with different user settings, the overall trend and conclusion remained the same (Figure 7-413 

figure supplement 1D-F), consistent with our previous comparative analyses (Supplementary files 2-414 

3). 415 

Rat neonatal cardiomyocytes were treated with phenylephrine (PE) as a model to induce 416 

hypertrophy (Miragoli et al., 2011; Simpson, 1985).  Cells were co-stained with -catenin as a 417 

junctional marker and connexin 43 (Fig. 8A), a protein found in GAP junctions, a structure necessary 418 

for synchronization of cardiomyocyte beating.  The appearance of both markers at junctions was 419 

considerably fragmented (dotted appearance; Fig. 8A), suggesting that parameters that consider the 420 

staining area would be the most appropriate.   421 

The software used the skeleton and dilated area of -catenin as a mask as described by 422 

Erasmus et al. (Erasmus et al., 2016) to segment the area where connexin 43 was localised.  The 423 

Interface Linearity Index of -catenin (Fig. 8B) or connexin 43 (Fig. 8C) was not significantly altered 424 

upon induction of hypertrophy in cellulo.  Instead, hypertrophy stimulation promoted higher Interface 425 

Occupancy and higher levels of -catenin and connexin 43 at junctions (raw intensity or corrected by 426 

the interface area; Fig. 8B,C).  However, the density of -catenin clusters was significantly reduced, 427 

while connexin 43 density was augmented in PE-treated cells, in a small but significant manner.  428 

Thus, the two markers are modulated differently by hypertrophy stimulation in cellulo.  Increased 429 

levels of -catenin are achieved by less dense clusters spread along the interface, while connexin 43 430 

molecules are clustered more densely, suggesting localised stimulation of gap junction formation. 431 

These data demonstrate the use of Junction Mapper for multiple cell types and its power to correlate 432 

the distribution of different proteins at cell-cell junctions.  The data from cardiomyocytes and 433 

endothelial cells are summarized in Scheme 4 and a heuristic approach on how to define the user-434 

dependent settings and the parameters to use for these cell types are described in Supplementary file 435 

4.   436 

 437 

Discussion 438 

 439 

Junction configuration and adhesion receptor organization at contact sites are maintained via a 440 

complex interplay of distinct cytoskeletal filaments and associated regulatory proteins, with an 441 

exquisite regulation by diverse pathways and cellular contractility.  At cell-cell contact sites, the 442 

challenge remains to translate the regulation of junctional components into functional and 443 

appropriately shaped cell-cell contacts.  Junction Mapper facilitates the profiling of cell-cell contact 444 

behaviour with a variety of novel parameters in a fast, robust and reliable manner.  Collectively, the 445 

parameter repertoire indicates how effective cell-cell adhesion is, identifies altered patterns of 446 
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receptor distribution and guides experimental design to unravel the underlying molecular 447 

mechanisms. 448 

Junction Mapper provides a semi-automated computer vision solution with broad applicability. 449 

The most innovative aspects of Junction Mapper are, first, the measurement of receptor density and 450 

occupancy, via the normalization of the junction marker intensity, length and area to the available 451 

contacting interface and cell-cell contact area. Second, the automatic quantification of fragmented 452 

staining at a junction, which has not been feasible previously and, third, the correlation of the 453 

parameters from two junctional markers along the same junction. Underpinning the above aspects is 454 

the ability of Junction Mapper to detect cell borders and corners when considerable disruption is 455 

observed.  Machine learning algorithms certainly have the potential to improve and automate 456 

segmentation success, especially of highly fragmented contacts.  However, the availability of training 457 

image datasets with boundaries manually-generated is still a bottleneck (Häring et al., 2018).  One 458 

possible use of the software is therefore the generation of precise cell outline skeletons that can be 459 

used to train machine-learning algorithms in the future. 460 

While semi-automation has been implemented during the image processing by Junction Mapper, 461 

user contribution is necessary and essential to perform the quality control of skeleton outline, corner 462 

positioning and setting up the dilation and threshold levels in a given dataset.  User bias is particularly 463 

relevant in images with very disrupted and irregular junctions, and absolute values are not suitable for 464 

comparison across experiments in some cases.  However, user bias can be minimized.  Analysis of 465 

biological replicates or independent analysis by different users show that (i) the secondary 466 

parameters are more robust against user bias and (ii) obtained results are similar across replicates 467 

when comparing control and treated samples. 468 

The software can detect both major and minor changes at junctions in different experiments.  469 

Unexpected and distinct profiles emerge from junction disruption by oncogenes that potently remove 470 

E-cadherin from contacts.  The junctional defects caused by H-RasVG12V or SrcY527F illustrate the novel 471 

parameters that measure junction fragmentation and the specific density of E-cadherin in remaining 472 

fragments.  In contrast, the perturbation profile induced by expression of Rac1Q61L is not appropriately 473 

quantified by intensity alone and may be better assessed by “Interface Occupancy”, “Coverage Index” 474 

and “Cluster Density”. Among the repertoire of pre-defined parameters, we find that a subset is highly 475 

likely to assess the features of a particular junction phenotype. Phenotypes not yet analysed could 476 

present additional possibilities to improve the Junction Mapper repertoire in future studies. 477 

Junction Mapper analysis confirms mild phenotypes previously observed with manual, threshold-478 

based quantifications of whole images (Erasmus et al., 2016), that indicate either an increase (EEF1A 479 

siRNA) or a decrease (CIP4 or VAV2 siRNA) in the intensity levels of E-cadherin. In addition, new 480 

Junction Mapper parameters uncover distinct features, i.e. that EEF1A depleted cells have higher E-481 

cadherin occupancy and augmented cluster density when compared to controls.  The profiling with 482 

new parameters underscores the potential of Junction Mapper to differentiate among distinct, subtle 483 

modes of junction perturbation. Yet, the conceptual significance of such alterations remains to be 484 

consolidated in future experiments and with additional biological replicates.   485 

The plasticity of endothelial junctions is well established (Radeva and Waschke, 2018), but their 486 

unique responses to different stimuli have been challenging to quantify (Häring et al., 2018).  The 487 

remarkable zig-zag pattern of thrombin-stimulated endothelial junctions correlates with increased 488 

vascular permeability (Malinova and Huveneers, 2018) but it is not recognized by the automated 489 

skeleton definition.  Using area-based parameters, we find that the contacting interface is occupied 490 

more efficiently, with higher density of VE-cadherin receptors at endothelial junctions upon thrombin 491 

treatment.  Thus, it seems that the increased levels of VE-cadherin at junctions may promote stronger 492 

endothelial adhesion, which is relevant to sustain elevated intracellular tension and contractility 493 

induced by thrombin stimulation.  These results are consistent with the role of mechanical tension in 494 

receptor modulation and integrity of multicellular tissues (Liu et al., 2010), and merit further 495 

experimentation. 496 
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Because of the fragmented and undulated nature of cardiomyocyte contacts (Ehler, 2016; Vermij 497 

et al., 2017), quantitative imaging tools specifically designed for intercalated discs have not been 498 

available or systematically used.  At steady state, our data show that, in control cardiomyocytes, 499 

intercalated discs have clusters of cadherin receptors that are far apart.  Hypertrophic stimulus in 500 

cellulo (neonatal rat cardiomyocytes) potently increases the levels of -catenin at contacting 501 

interfaces, consistent with what was reported in hamster and human hypertrophic hearts (Masuelli et 502 

al., 2003).  Connexin 43 is a major connexin isoform found in cardiomyocytes and its total protein and 503 

mRNA levels are augmented by hypertrophic signals in cellulo (i.e. phenylephrine) (Salameh et al., 504 

2008; Stanbouly et al., 2008) or in human hearts with compensated left-ventricular hypertrophy by 505 

pressure-overloading (Kostin et al., 2004).  The initial profiling analysis with Junction Mapper suggest 506 

that the formation of GAP junctions is enhanced after hypertrophy stimulation in cellulo, confirming the 507 

broadening of intercalated disc area and higher number of GAP junctions in compensated 508 

hypertrophic hearts of human patients (Kostin et al., 2004).  Although hypertrophic stimulus increases 509 

both -catenin and connexin 43 levels at intercalated discs, these markers are regulated in distinct 510 

ways. The -catenin cluster density is decreased leading to a more contiguous distribution, while 511 

connexin 43 is localised in clusters of higher density.   512 

Clearly, further investigation is necessary to ascertain the profiling and biological significance of 513 

the phenotypes observed in different models.  The quantification of very fragmented and zig-zagged 514 

junctions such as those in endothelia and cardiomyocytes is a challenge that Junction Mapper has 515 

begun to address, but improvements in future computation studies are welcomed.  The complexity of 516 

these junctions also require more user input to quality control the definition of the skeleton and 517 

corners.  In addition, the ability of Junction Mapper to quantify junctions in a stratified epithelium, 518 

where the added complexity of multiple epithelial cell layers provides an additional challenge, remains 519 

to be tested.   520 

We foresee the potential of Junction Mapper in distinct research areas, due to its innovative 521 

and in-depth approach to quantify cell-cell contacts.  The detailed fine mapping of junction properties 522 

forms a basis to distinguish between disassembly mechanisms and infer cellular processes such as 523 

intracellular trafficking, receptor clustering or modulation of contraction at junctions.  As multiple 524 

cellular processes contribute to junction stability, the fingerprinting of junction phenotypes after 525 

different stimuli is a powerful tool in pathway inference and guides rescue and translational 526 

experiments.  Despite its limitations, Junction Mapper’s broad dynamic range, repertoire of novel 527 

parameters and applicability to quantify junctions in various cell types will have a significant impact on 528 

studies in numerous model systems.     529 
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 538 

Figure legends 539 

 540 

Figure 1.  Appearance of normal and perturbed junctions. A, Representative images of 541 

junctions from normal epithelial cells, which are characterized by cell-cell contacts between 542 

neighbouring cells appearing as a straight line, with E-cadherin receptors uniformly distributed along 543 

the contacting interface.  Junctions are delimited by corners between three or more cells, where a 544 

specialised type of contact is formed (tricellular junctions).  B, Distinct stimuli disrupt the above 545 

junction architecture in different ways, from minor reduction in levels to complete removal of adhesion 546 
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receptors from contacting cells.  Concomitant with changes in receptor levels, junction configuration 547 

and architecture are also compromised, alterations which are not always captured by intensity 548 

measurements.  Scale bars=10M 549 

 550 

Figure 2. Junction Mapper – overview of quantification process.  The original grey scale 551 

image stained for a junctional marker (E-cadherin) is uploaded in the program, which identifies the 552 

edge map of each cell semi-automatically to define the cell boundaries onto which measurements are 553 

made (skeleton, 1 pixel wide).  This is superimposed onto the images to allow correction of missing 554 

boundaries and small errors interactively by the user.  The image is then segmented to identify each 555 

cell to be quantified. A threshold is set to remove non-specific staining, and the skeleton is dilated 556 

(pixels) to select the area to be quantified that includes all staining at cell-cell contacts.  Finally, cell 557 

corners are defined automatically or manually.  Thresholded images are then quantified using the 558 

dilated mask and results are shown in Excel files as individual measurements of specific junctions as 559 

defined by the pairing of two different corners. Detailed steps are described in Figure 2-figure 560 

supplement 1. 561 

 562 

Figure 3. Junction Mapper – parameters.  A, Diagram highlighting the concepts that underpin 563 

the primary parameters measured by the software.  An image of a cell with a hypothetical disruption 564 

of E-cadherin at cell-cell contacts is shown: stars mark the corners delimiting each contacting 565 

interface, and rhombus shapes mark the edges of each fragment of cadherin staining that we define 566 

as junctions.  In each cell, measurements are made to assess the properties of each interface 567 

(corner-to-corner) and each junction (may be adjoining or disrupted in multiple fragments): the 568 

hypothetical length (straight line interface length or Euclidian distance between two points), the 569 

contour (connection of brightest pixels along the curvature of the staining/interface) and area (defined 570 

dilated region around cell-cell borders).  Intensity is also measured within the dilated area.  B-D, The 571 

primary parameters were validated to assess measurements were as predicted from their definition.  572 

Selected junctions from cells expressing activated H-Ras or controls (B) were quantified for length-573 

based measurements (C, contours of interface, junction or fragmented junctions) or area-based 574 

measurements (D, areas of interface or junction). Diagrams at the bottom of graphs in C and D show 575 

the measurements performed.  Coloured arrows point to selected junctions quantified.  Each 576 

contacting interface is delimited by corners visualized by yellow squares. Scale bar=10m.   577 

 578 

Figure 4. Primary parameters quantification of H-Ras dependent junction perturbation.  A, 579 

Human normal keratinocytes were transfected with pRK5-myc-H-RasG12V, fixed and stained with anti-580 

E-cadherin and anti-myc antibodies.  Images are shown of E-cadherin staining and myc staining as a 581 

marker of transfected cells.  Coloured rectangles mark areas shown as a zoom on the left of the 582 

images and highlight control junctions (orange), junctions between expressing and non-expressing 583 

cells (en, purple) or between two transfected cells (ee, red).  Arrowheads point to E-cadherin staining.  584 

B-F, Quantification of the primary parameters using Junction Mapper.  Graphs are plotted showing 585 

values of each parameter (Y axis) versus different junction types (X-axis).  The parameter name is at 586 

the top of each graph and a diagram representing the quantification is shown on the left of its 587 

corresponding graph.  Data is from one experiment (technical replicate) and the number of junctions 588 

analysed for each condition is found at the bottom of the graphs, below each scatter box plot.  589 

Statistical analysis was performed using One-way ANOVA, followed by Games-Howell post-hoc test. 590 

Non-significant (ns) and significant p-values (<0.05) are placed inside graphs.  Scale bar=20M or 591 

10M (zoom images).                                                                                                                                                     592 

 593 

Figure 5. Distinct profiles of junction disruption by oncogenes.  Human normal keratinocytes 594 

were transfected with pRK5-myc-H-RasG12V (A), pEGFP-SrcY527F (C) or pRK5-myc-Rac1Q61L (E).  Cells 595 

were fixed and stained with anti-E-cadherin and, for (A) and (E), anti-myc antibodies.  Images are 596 
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shown of E-cadherin and transfected cells (anti-myc or GFP).  Coloured rectangles mark areas shown 597 

as a zoom on the left of the images and highlight control junctions (orange), junctions between 598 

expressing and non-expressing cells (en, purple) or between two transfected cells (ee, red).  599 

Arrowheads point to E-cadherin staining.  B, D, F, Quantification of different parameters obtained with 600 

Junction Mapper.  Graphs are plotted to show values of each parameter (Y axis) versus different 601 

junction types (X-axis) for H-RasG12V (B), SrcY527F (D) and Rac1Q61L (F).  The parameter name and a 602 

diagram representing the quantification are shown on top of each graph.  Technical (H-Ras, Rac1) or 603 

biological replicates (Src, N=2) were analysed.  Number of junctions quantified in each condition is 604 

shown at the bottom of the graphs, below each scatter box plot.  Statistical analysis was performed 605 

using One-way ANOVA, followed by Games-Howell post-hoc test. Non-significant (ns) and significant 606 

p-values (<0.05) are placed inside graphs.  Scale bar=20M or 10M (zoom images). 607 

 608 

Figure 6. Junction Mapper reliably quantifies mild phenotypes.  A, Human normal 609 

keratinocytes were depleted of different cytoskeleton-associated proteins using siRNA against CIP4 610 

(A), EEF1A (C) or VAV2 (E).  Cells were fixed and stained for E-cadherin, and images acquired for 611 

control (non-targeting oligos) and depleted cells.  Areas marked by coloured rectangles are shown as 612 

a zoom underneath the images.   Arrowheads point to E-cadherin staining.  B, D, F, Quantification of 613 

different parameters obtained with Junction Mapper.  Graphs are plotted with values on the Y axis 614 

and control and siRNA samples on the X-axis for CIP4 (B), EEF1A (D) and VAV2 (F).  The parameter 615 

name and a diagram representing the quantification are shown on top of each graph.  Junctions 616 

analysed in each condition were obtained from technical replicates and numbers assessed is shown 617 

at the bottom of the graphs, below each scatter box plots.  Statistical analysis was performed using 618 

Mann-Whitney U-test.  Non-significant (ns) and significant p-values (<0.05) are placed inside graphs.  619 

Scale bar=20M or 10M (zoom images). 620 

 621 

Figure 7. Quantification of Endothelial junction alterations triggered by thrombin 622 

stimulation.  A, HUVEC were treated with thrombin for 10 minutes, fixed and stained for VE-cadherin 623 

as a marker of endothelial contacts.  Inverted images and a zoom are shown. Arrowheads show VE-624 

cadherin staining.  B-F, Quantification of different parameters obtained with Junction Mapper.  Graphs 625 

are plotted with values on the Y axis and samples (control or thrombin-treated) on the X-axis.  The 626 

parameter name is shown on top of each graph and a diagram representing the quantification on the 627 

left of each graph.  Number of junctions analysed in each condition is shown at the bottom of the 628 

graphs, below each scatter box plots. Junctions were obtained from biological replicates (N=2).  629 

Statistical analysis was performed using Mann-Whitney U-test.  Non-significant (ns) and significant p-630 

values (<0.05) are placed inside graphs.  Scale bar=20M or 10M (zoom images) 631 

 632 

Figure 8. Hypertrophic stimulus of cardiomyocytes promotes distinct responses of 633 

Connexin 43 and -catenin at intercalated discs.  A, Rat neonatal cardiomyocytes were stimulated 634 

with phenylephrine for 48 hours and stained with anti--catenin or anti-connexin 43 antibodies.  635 

Inverted images for each marker and a zoom of merged staining are shown.  The arrowhead points to 636 

-catenin staining and the arrow shows connexin 43 clusters. B-C, Images were processed with 637 

Junction Mapper and quantification of selected parameters is shown here for -catenin (B) or 638 

connexin 43 (C).  Diagrams on top of each graph summarize how each parameter was measured.  639 

Values were obtained from one technical replicate.  Number of junctions analysed in each condition is 640 

shown below each scatter box plot.  Statistical analysis was performed using Mann-Whitney U-test.  641 

Non-significant (ns) and significant p-values (<0.05) are placed inside graphs. Scale bar=10M. 642 

 643 

Scheme 1.  Secondary parameters. A, Novel parameters were defined to normalise the 644 

quantifications with respect to the area or length of contacts.  The secondary parameters assess the 645 

configuration of the contacting interface (Interface Linearity Index), how much the staining of a 646 
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junction marker occupies the interface length (Coverage Index) or area (Interface Occupancy).  The 647 

distribution of junction marker is measured in two ways: their intensity levels within the area occupied 648 

by the junction fragments (Cluster Density) or the contacting interface (E-cadherin intensity at 649 

interface area). B-D, Reproducibility of quantification by Junction Mapper in independent biological 650 

replicates.  B, Keratinocytes expressing activated Rac1 (green) or controls (non-expressing cells) 651 

were stained for E-cadherin (blue). C-D, Images obtained from two independent biological replicates 652 

(replicate 1 and replicate 2) were processed to obtain the secondary parameters Coverage Index (C) 653 

or Interface Occupancy (D).  Numbers at the top inside graphs show the number of junctions 654 

quantified in each sample from two biological replicates (N=2); ns, non-significant. Arrowheads point 655 

to residual E-cadherin staining; thick arrow shows lack of cadherin staining.  Scale bar=20M. 656 

 657 

Scheme 2. Overview of different profiles of junction disruption caused by expression of 658 

oncogenic Ras, Src or Rac1.  Different parameters are normalised to controls (junctions from non-659 

expressing cells) arbitrarily set as 100 (orange colour).  Values are represented as circles of 660 

proportional sizes for junctions between two expressing cells (red colour).  Non-significant values are 661 

shown in pink colour (ns). 662 

 663 

Scheme 3. Overview of different profiles of junction disruption following depletion of CIP4, 664 

EEF1A or VAV2.  Different parameters are normalised to controls (junctions from cells treated with 665 

non-targeting oligos) arbitrarily set as 100 (orange colour).  Values are represented as circles of 666 

proportional sizes for targeting siRNA-treated samples (blue colour) relative to controls.  Non-667 

significant values are shown in light blue colour (ns). 668 

 669 

Scheme 4.  Overview of distinct changes of cell-cell adhesion in thrombin-stimulated 670 

endothelial cells or hypertrophic cardiomyocytes.  Endothelial cells (HUVEC) were treated with 671 

thrombin and cardiomyocytes stimulated with phenylephrine (PE) to induce permeability or 672 

hypertrophy, respectively.  Parameters are normalised to controls (junctions from untreated cells) 673 

arbitrarily set as 100 (orange colour).  Values are represented as circles of proportional sizes for 674 

junctions from stimulated cells (blue colour).  Non-significant values are shown in light blue colour 675 

(ns). 676 

 677 

Supplementary Figures 678 

 679 

Figure 2-figure supplement 1: Summary of the automatic detection of cell-cell borders by 680 

Junction Mapper and user-controlled adjustments.  Snapshot images of Junction Mapper user 681 

interface showing the sequential steps (automatic and user-controlled) to obtain the edge map of cell-682 

cell contacts in a monolayer. 683 

 684 

Figure 2-figure supplement 2: Detailed notes on Junction Mapper concepts and usage.  685 

Description of how the software works, the concepts and mathematical formulas of individual 686 

parameters. 687 

 688 

Figure 2-figure supplement 3: Impact of signal-to-noise on identification of the edge map.  689 

Three different noise levels were applied to two original images (epithelial (A) or endothelial (B) 690 

monolayers) stained for E-cadherin (A) or VE-cadherin (B).  The original and modified images (left 691 

column) were analysed with Junction Mapper to identify the edge map for quantification. The primary 692 

skeleton (identified automatically by the software) is shown in the middle column and the modified 693 

edge map (after dilation and erosion to a pixel-width skeleton, but without manual corrections) is 694 

shown in the right column.  The peak signal to noise ratio values (PSNR) are shown on the top right of 695 
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each modified image.  The higher the noise in the image, the worse is the ability of the program to 696 

identify the edge map.  *, denotes cells expressing activated Rac1.   697 

 698 

Figure 3-figure supplement 1: Description of the parameters quantified by Junction 699 

Mapper.  A, Snapshot image of the program interface showing an E-cadherin staining image and 700 

representation of the skeleton (red line), identification of the corners (yellow circles) and dilated area 701 

for quantification (green line).  B – C, Parameters are classified as primary parameters (B, 702 

measurements of length, area or intensity of the interface and junctions) or secondary parameters (C, 703 

novel parameters designed to quantify junction configuration or the distribution of receptors along 704 

contacts).  It lists the number of the calculation (#), name of the parameter, units, description and how 705 

parameters were calculated computationally (details).  Diagram representation of each parameter is 706 

also included and follows Fig.3 definitions [colour code and lines (thickness, straightness and 707 

curvature)]. 708 

 709 

Figure 3-figure supplement 2: The impact of user-controlled dilation step settings on 710 

measurements.  A-D, Epithelial cells expressing active Rac1 (A) or controls (B) were stained for 711 

cadherin receptors.  Screenshots of Junction Mapper analyses shows different dilation values (green 712 

outline of different widths). Corners delimiting each contacting interface are shown as yellow squares.  713 

Selected junctions were quantified with different dilation settings and impact on primary parameters is 714 

exemplified on length-based measurements (C, Interface Contour, Fragmented Junction Length) and 715 

area-based parameters (D, E-cadherin Area, E-cadherin intensity).  Increasing the dilation values 716 

modifies the area-based (D) but not the length-based measurements (C).  E-H, Similar analyses were 717 

performed on images of endothelial cells treated with thrombin (E) or controls (F) and corresponding 718 

graphs show the primary parameters quantifications (G,H).  Junction undulation caused by thrombin 719 

treatment is not captured by the edge map, which is seen as a comparatively straight line (G).  Larger 720 

dilation values obtained higher VE-cadherin area measurements at the undulated contacts (H).  721 

Values obtained are from selected junctions shown and under the different conditions applied. 722 

 723 

Figure 3-figure supplement 3: The impact of user-controlled thresholding settings on 724 

measurements. A-D, Epithelial cells expressing active Rac1 (A) or controls (B) were stained for E-725 

cadherin receptors. Screenshots of Junction Mapper analyses shows different thresholding values (0 - 726 

150). Skeletons are shown as a pixel-width red line and corners delimiting each contacting interface 727 

are seen as yellow squares.  Selected junctions were quantified with the different settings and impact 728 

on primary parameters are shown for the length-based measurements (C, Interface Contour, 729 

Fragmented Junction Length) and area-based parameters (D, E-cadherin Area, E-cadherin intensity).  730 

Increasing thresholding levels did not interfere with interface contour length, as it is defined by the 731 

position of corners (C).  The fragmented junction length was reduced by increasing thresholding (C), 732 

similar to what was observed with the E-cadherin area and intensity (D).  E-H, Similar analyses and 733 

results were obtained from VE-cadherin staining images of endothelial cells treated with thrombin (E) 734 

or controls (F) and corresponding graphs show the primary parameters quantifications (G,H).   Values 735 

obtained are from selected junctions shown and under the different conditions applied. 736 

 737 

Figure 4-figure supplement 1: Primary parameters quantification of junction perturbation 738 

by activated Rac1 or activated Src.  A, G, Human normal keratinocytes expressing myc-Rac1Q61L or 739 

GFP-SrcY527F were fixed and stained with anti-E-cadherin antibodies.  Images are show of E-cadherin 740 

staining and GFP or myc as a marker of expressing cells.  Coloured rectangles mark areas shown as 741 

a zoom on the left of the images and highlight control junctions (orange), junctions between 742 

expressing and non-expressing cells (en, purple) or between two transfected cells (ee, red).  743 

Arrowheads point to E-cadherin staining.  B-F, H-L, Quantification of the primary parameters using 744 

Junction Mapper.  Graphs are plotted showing values of each parameter (Y axis) versus different 745 
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junction types (X-axis).  The parameter name is at the top of each graph and a diagram representing 746 

the quantification is shown on the left of its corresponding graph.  Technical replicates (Rac1) or 747 

biological replicates (Src, N=2) were quantified.  Number of junctions analysed in each condition is 748 

found at the bottom of the graphs, below each scatter plot.  Statistical analysis was performed using 749 

One-way ANOVA, followed by Games-Howell post-hoc test. Non-significant (ns) and significant p-750 

values (<0.05) are placed inside graphs.  Scale bar=20M or 10M (zoom images). 751 

 752 

Figure 7-figure supplement 1: Impact of different users on Junction Mapper quantification 753 

of endothelial junctions.  A-B, Representative images of a selected subset of endothelial cells 754 

stained for VE-cadherin (first column) were processed by two users independently (user A and user 755 

B), setting up the skeleton, corners, dilation, thresholding values. Middle column show the overlay of 756 

the skeletons obtained by user A and user B; arrows point to misaligned regions. Last column shows 757 

the overlay of added corners to the skeleton.  Blue arrowheads show corners that are not co-758 

localized.  A, Control non-stimulated endothelial cells.  B, Endothelial cells treated with thrombin.  C, 759 

Pairwise comparison of individual junction values of primary parameters obtained by user A (dilation 760 

6, threshold 16) and user B (dilation 7, threshold 50).  D-F, Graphs of selected parameters obtained 761 

from the analyses by user A or user B.  The overall result and profile comparing control and treated 762 

samples from each user is similar, although, because of the lower number of junctions in each 763 

sample, not all comparisons reached significance. Values obtained are from the number of junctions 764 

shown on the top right of graphs (panel C) and, for panels D-F, numbers are shown below the scatter 765 

plots for each condition and user inside the graph in panel F.  Statistical analyses were performed by 766 

Wilcoxson matched-pairs signed rank test (C) or Mann-Whitney test (D-F).  767 

 768 

Supplementary file 1:  Description of the different experiments used to validate Junction 769 

Mapper.  Type of microscope, image characteristics, image resolution, user-controlled settings and 770 

replicate type are outlined. 771 

 772 

Supplementary file 2: Validation of the Coverage Index parameter. A-B, Diagram and 773 

definition of the measurements used for quantification of the parameter Coverage Index.  A, Junction 774 

Mapper measures the Coverage Index using the more precise contour length of E-cadherin 775 

fragments.   B, Our previous work (Lozano et al., 2008) defined Coverage Index as the ratio between 776 

the straight lines (Euclidian distances) measuring E-cadherin staining over the interface length. C, 777 

Quantification of the same images is shown via the two methods, Junction Mapper or Manual. When 778 

manually quantified (i.e. straight line) the average values are smaller than those obtained with 779 

Junction Mapper.  When the two methods were compared, there are no statistical differences 780 

between control groups or between active Rac1 groups.  Furthermore, the significant difference 781 

between control and Rac1 is maintained in each methodology (manual or Junction Mapper).  782 

Junctions were quantified from one technical replicate; number of analysed junctions is written inside 783 

graphs below each sample.  Ns, non-significant; *** p = 0.001. Scale bar=10m. 784 

 785 

Supplementary file 3: Impact of user on Junction Mapper quantification of epithelial 786 

junctions. A-B, A subset of representative images was processed by two users independently (first 787 

column; user A and user B), setting up the skeleton, corners, dilation, thresholding values. Middle 788 

column shows the overlay of the skeletons obtained by user A and user B; arrows point to misaligned 789 

regions. Last column shows the overlay of added corners to the skeleton.  Blue arrowheads show 790 

corners that are not co-localized.   A, Control samples (CIP4 siRNA experiment) were stained for E-791 

cadherin (red) and F-actin (green).  B, Epithelial cells expressing activated H-Ras (green, pRK5-myc-792 

H-RasG12V) stained for E-cadherin (red).  C, Pairwise comparison of individual junction values of 793 

primary parameters of CIP4 siRNA experiment obtained by user A (dilation 2, threshold 50) and user 794 

B (dilation 3, threshold 69).  D, Pairwise comparison of individual junction values of primary 795 
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parameters of active H-Ras expression images obtained by user A (dilation 2, threshold 54) and user 796 

B (dilation 2, threshold 55).  E-F, Graphs of selected parameters obtained from the analyses by user 797 

A and user B.  The overall result and profile comparing control and treated samples is similar between 798 

different users.   E, RNAi experiment showing control non-targeting siRNA (NT) and CIP4 siRNA 799 

samples.  F, Expression of activated H-Ras showing junctions from control non-expressing cells (c), 800 

between H-Ras expressing and non-expressing cells (en) and between two expressing cells (ee).  801 

Number of junctions analysed by each user is shown on the Y axis of first graphs (panels C,D) or 802 

below scatter plots inside the last graph on the right (panels E,F).  All junctions are from one technical 803 

replicate.  Statistical analyses were performed by Wilcoxson matched-pairs signed rank test (C-D) or 804 

One-Way Anova and Kruskal Wallis test (E-F).  ns, non-significant 805 

 806 

Supplementary file 4:  Heuristics approach to set up analysis with Junction Mapper and 807 

minimize user bias 808 

 809 

Supplementary file 5: Description of statistical analyses and variances of the experimental data 810 

analysed by Junction Mapper. 811 

 812 

 813 

Source data:   814 

Numerical data used to prepare graphs in each figure. Data for each graph are listed in separate 815 

sheets in the excel files. Explanations can be found in the first sheet of each excel file. 816 

 817 

Scheme 1 - Source Data 818 

Figure 3B - Source Data 819 

Figure 4 - Source Data 820 

Figure 5 - Source Data 821 

Figure 6 - Source Data 822 

Figure 7 - Source Data 823 

Figure 8 - Source Data 824 

Figure 2 - figure supplement 3 - Source Data 825 

Figure 3-figure supplement 2 - Source Data 826 

Figure 3-figure supplement 3 - Source Data 827 

Figure 4-figure supplement 1 - Source Data 828 

Figure 7-figure supplement 1 - Source Data 829 

Supplementary file 2 - Source Data 830 

Supplementary file 3 - Source Data 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

  839 
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Methods 840 

 841 

Key Resources Table 842 

Reagent 
Type Designation Reference RRID catalogue 

number 

Antibody 

-catenin 
(rabbit 
polyclonal) Thermo-Fischer   RRID:AB_88035 Cat# 71-2700 

Antibody Connexin 43 Millipore RRID:AB_11210474 Cat# MAB3067 
Antibody anti-myc Sigma RRID: AB_439695   Cat# B7554 

Antibody E-cadherin 
(HECD1) own hybridoma stock     

Antibody VE-cadherin 
(clone 75) BioSciences RRID:AB_2276073 Cat# 610252 

Recombinant 
DNA reagent 

pEGFP- Src 
Y527F activated Src    gift Prof 

M.Frame 
Recombinant 
DNA reagent 

pRK5-myc H-
Ras G12V activated H-Ras   (Braga et al., 

2000) 
Recombinant 
DNA reagent 

pRK5myc- 
Rac1 Q61L activated Rac1 RRID:Addgene_12983 (Lamarche et 

al., 1996) 
Sequence 
based 
reagent 

siRNA 
duplexes CIP4, VAV2 and EEF1A    (Erasmus et 

al.,2016) 

Software  ImageJ http://fiji.sc  RRID:SCR_002285   

Software  GraphPad 
Prism https://graphpad.com  RRID:SCR_002798   

Software  Adobe 
Illustrator 

http://www.adobe.com/pr
oducts/illustrator.html  RRID:SCR_010279   

Software  Adobe 
Photoshop 

 https://www.adobe.com/p
roducts/photoshop.html  RRID:SCR_014199   

Software  Rstudio  http://www.rstudio.com/  RRID:SCR_000432   
 843 

Cell culture and treatment: 844 

Primary keratinocytes were grown as described elsewhere (Braga et al., 1997).  Cells were 845 

transfected with activated Src (pEGFP-SrcY527F, 1 g/ml for 8 hours) or constitutively active GTPases 846 

Ras (pRK5myc-RasG12V, 0.5 g/ml for 8 hours) or Rac1 (pRK5myc-Rac1Q61L, 0.5 g/ml, overnight) 847 

using JetPrime (Polyplus).  For RNAi experiments, normal keratinocytes were seeded in standard 848 

calcium medium as above (containing 1.8mM CaCl2), transferred to low calcium medium (0.1mM 849 

CaCl2 and foetal calf serum depleted from divalent cations) and grown until confluence (Braga et al., 850 

1997).  For replicate validation, cells were treated with non-targeting oligos, and then transfected with 851 

pRK5myc-Rac1Q61L.  RNAi transfection was performed with oligonucleotide duplexes (at 50 nM) to 852 

deplete EEF1A (72 hours), VAV2 or CIP4 (48 hours) using Interferin (Polyplus) or Metafectene 853 

transfection reagents (Biontex Laboratories GmbH) (Erasmus et al., 2016).   854 

Pooled Human Umbilical Vein Endothelial Cells (HUVEC) from different donors (Lonza) were 855 

cultured in EBM-2 culture medium supplemented with EGM-2 bullet kit (Lonza).  Human plasma 856 

derived thrombin (used at 0.2 U/ml, 10 minutes) and fibronectin were purchased from Sigma-Aldrich.  857 

For staining, cells were plated on coverslips coated with 3 g/ml fibronectin.   858 

Neonatal rat cardiomyocytes were freshly isolated from 1- to 3-day old Sprague-Dawley rats, 859 

using Neonatal Heart Dissociation Kit and the protocol provided by the company 860 

(www.miltenyibiotec.com/protocols, Miltenyi Biotec). Cells were plated on 13-mm laminin-coated glass 861 

cover slips and cultured in 199 Medium (M199, Sigma) supplemented with 10% neonatal calf serum 862 

http://www.adobe.com/products/illustrator.html
http://www.miltenyibiotec.com/protocols
http://www.rstudio.com/
http://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/photoshop.html
http://fiji.sc/
https://graphpad.com/
https://www.adobe.com/products/photoshop.html
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(NCS, Biosera), 1% Vitamin B12 (Sigma), 1% L-Glutamine (Sigma), 0.5 % antibiotics. On the day 863 

after plating, cardiomyocyte cultures were exposed to 10μM phenylephrine for 48 hours to induce 864 

hypertrophy (Miragoli et al., 2011).  865 

 866 

Immunostaining and microscopy: 867 

Normal keratinocytes were fixed for 10 min with 3% paraformaldehyde, cells were fixed and 868 

permeabilized with 0.1% Triton X-100 and blocked with 10% FCS for 10 minutes and stained as 869 

described (Braga et al., 1997).  Cells were stained with anti-E-cadherin antibodies (mouse 870 

monoclonal HECD1) and anti-myc (mouse monoclonal 9E10, Sigma-Aldrich Cat# B7554, AB_439695 871 

from RRID https://scicrunch.org/resources). DNA was labelled with DAPI (Sigma, 1:3000).  Secondary 872 

antibodies were bought from Jackson ImmunoResearch.  After treatment, control and hypertrophy-873 

induced neonatal rat cardiomyocytes were fixed and stained with antibodies against -catenin (rabbit 874 

polyclonal 1:50, Thermo-Fischer Cat# 71-2700, RRID:AB_88035) and connexin43 (mouse 875 

monoclonal 1:1000, Millipore Cat# MAB3067, RRID:AB_11210474).   876 

A summary of the types of images used for different experiments, type of replicate and user-877 

defined parameters is found in Supplementary file 1. Briefly, images were acquired on a Leica DM 878 

IRBE confocal (keratinocytes), Zeiss inverted LSM-780 (cardiomyocytes) or LSM-510 (keratinocytes) 879 

laser-scanning confocal (Carl Zeiss) using a 63x/1.4 Plan Apochromat objective or with an Olympus 880 

Provis BX51 microscope coupled to a SPOT RT monochrome camera using Simple PCI software 881 

(Hamamatsu, Japan; keratinocytes).   882 

Endothelial cells (HUVEC) were fixed for 15 minutes in 4% paraformaldehyde, permeabilized with 883 

0.4% Triton X-100 for 15 minutes and blocked in 2% BSA for 1 hour. Mouse monoclonal anti-VE-884 

cadherin (clone 75, BD Biosciences Cat# 610252, RRID:AB_2276073) antibody and secondary 885 

fluorescence antibody (Molecular Probes) incubations were performed in 2% BSA for 1 hour.  886 

Coverslips were mounted in Mowiol/DABCO solution.  Coverslips were imaged using an inverted 887 

wide-field microscope (NIKON Eclipse Ti) equipped with a 60x 1.49 N.A. Apo TIRF (oil) objective and 888 

Luca-R EMCCD camera (Andor). 889 

 890 

Software development: 891 

Junction Mapper is an open access, standalone and downloadable software developed in Java.   892 
The Junction Mapper code has been deposited in GitHub (license GNU GENERAL PUBLIC 893 
LICENSE;  https://github.com/ImperialCollegeLondon/Junction_Mapper) and the software, instructions 894 
and its documentation can be downloaded from 895 
https://dataman.bioinformatics.ic.ac.uk/junction_mapper.  The software uses algorithms that are 896 
mostly available open access, with some added innovation (i.e. fragmented length calculation).  The 897 
novelty of Junction Mapper lays in the integration of distinct measurements, calculations of new 898 
parameters and consolidation of all parameters in a single system.  In addition to junction 899 
measurements, we also developed a “Nucleus Tool” to quantify the inter-nuclei distances of scattering 900 
epithelial cells – this tool will be described elsewhere. 901 

The parameters and software to quantify junction phenotypes were built on the concept of our 902 
prior segmentation image analysis (Erasmus et al., 2016) based on intensity thresholding and whole 903 
image output obtained for the epithelial monolayer.  Briefly, the labelling with a junctional marker (i.e. 904 
cadherin or a generic “junction marker 1”) is used to delineate the borders between cells and to form a 905 
mask to extract only the pixels found at contact sites for quantification.  The mask can then be used to 906 
segment additional co-stained proteins that localise at junctions.  907 

We address the bottlenecks in quantification of phenotypes that are not measurable by intensity 908 

only.  Segmentation of images was performed to delineate where cell-cell contacts are (cell skeleton) 909 

and identify the corners between three or more contacting epithelial cells (see Fig. S1, Fig. S2). The 910 

cell skeleton is calculated in the following way. The original grey scale image of the “junction marker 911 

1” edges is interactively edited using blurring and sharpening filters to emboss the edges using the 912 

program GUI. The image is then binarized using an averaging filter (of the target pixel local 913 

https://scicrunch.org/resources
https://github.com/ImperialCollegeLondon/Junction_Mapper
https://dataman.bioinformatics.ic.ac.uk/junction_mapper
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neighbourhood) alongside a threshold and this binary image of cell edges is then super-imposed upon 914 

the original cell image stained for the junctional marker. Super-imposition of the skeleton and grey-915 

scale image allows cell boundaries of each cell to be fine-tuned or re-adjusted automatically using 916 

dilation, skeletonisation and maximum intensity within a neighbourhood algorithm.  Edges can also be 917 

drawn on and removed from the image manually during this interactive process. The result is well-918 

characterised edges that correspond to the real cell boundaries with a minimal amount of effort from 919 

the user. It has so far proved very hard to obtain reliable cell boundaries on a wide range of images 920 

and conditions without an interactive element. The program is designed to make this task as quick 921 

and efficient as possible. The image skeleton can then be dilated by the user (1 to 9 pixels, depending 922 

on image amplification and junction width) to set the area that fully contains the junctional marker 923 

staining.  Corners between contacting cells are automatically identified and can be added or corrected 924 

manually. For junctions that are severely perturbed, providing a labelling for the whole cell facilitates 925 

the positioning of its corners and skeleton. 926 

These spatial demarcations (skeleton, corners and area) are then used to calculate the primary 927 

parameters as described below (Figure S2).  A minimal threshold is applied to avoid losing any signal 928 

at the cell-cell interface.  The length and area of (i) contacting membrane between cells (Interface 929 

Contour (unit pixels) and Interface area (unit pixels2), respectively) was calculated using the skeleton 930 

between two neighbouring corners on the cell outline.  The length and area of the specific staining of 931 

a junctional marker (Junction Contour (unit pixels) and Junction Area (unit pixels2), respectively) were 932 

measured between the outermost above-threshold pixels of the staining observed along the 933 

contacting interface. 934 

To evaluate distinct perturbations of junctions, primary parameters calculated the sum of the 935 

length of individual staining fragments of the junctional marker along the interface between cells 936 

(Fragmented Junction Contour, unit pixels).  The Euclidian distance between corners was used to 937 

calculate the length of an optimal, straight interface between two cells (Straight-line Interface Length, 938 

unit pixels).  For estimation of the optimal junction length, the parameter Straight-line Junction Length 939 

is derived from the Euclidian distance between the outermost above-threshold pixels of the staining of 940 

a junctional marker, which may or may not coincide with the distance between the corners.  Additional 941 

primary parameters quantify more specifically the junctional marker: “junction marker 1” Area (number 942 

of above the threshold pixels within dilated edge area, in pixels2) and “junction marker 1” Intensity 943 

(within the dilated edge area, in arbitrary units or A.U.). 944 

Secondary parameters were derived to assess different phenotypes of perturbed contacts by 945 

normalizing measurements per length or area of each junction or contacting interface (Figure S3).   946 

First, the software calculates how straight an interface or junction is using two parameters: (i) 947 

Interface Linearity Index (ratio between Interface Contour and Straight-line Interface Length, unitless) 948 

and (ii) Junctional Linearity index (ratio between Junction Contour and Straight-line Junction Length, 949 

unitless).  Second, to estimate the proportion of the interface between cells that is covered by 950 

adhesion receptors, two parameters are calculated: (i) a length-based parameter, Coverage Index 951 

(ratio between Fragmented Junction Contour and Interface Contour, unit %) and (ii) an area-based 952 

parameter, Interface Occupancy (ratio between Junctional area and Interface area, unit %).  The latter 953 

would be more appropriate to account for variable thickness of the junctional marker staining.  Third, 954 

secondary parameters that address the specific distribution of junctional markers between 955 

neighbouring cells are: “junction marker 1” intensity per interface area (ratio between “junction marker 956 

1” Intensity and Interface Area, unit A.U./pixel2) and Cluster Density (ratio between “junction marker 1” 957 

and Junction area, unit A.U./pixel2).  958 

 959 

Software validation: 960 

Validation of the length and area measurements of the interface, junctions and fragmented 961 

junctions was performed on selected junctions. The impact of user-controlled settings (dilation and 962 

thresholding) was tested by increasing the dilation or thresholding values during the analyses and 963 
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comparing the effects on primary parameters of selected junctions.  The coverage index was 964 

validated manually using FIJI and the active Rac1 expressing data set, on the same junctions 965 

quantified by Junction Mapper.  The manual calculation (Lozano et al., 2008) has been traditionally 966 

done using the Euclidian distance (straight-line length) rather than the more precise contours 967 

measured by Junction Mapper.  To estimate the impact of different users subjectivity on the data 968 

obtained with Junction Mapper, a random subset of images from three different data sets (siCIP4, H-969 

Ras, endothelial cells) was analysed independently by a separate user without knowledge of the 970 

settings used for analysis by user A.  Each user independently set up the corners, skeleton 971 

corrections, dilation and thresholding. 972 

For estimation of signal to noise ratio required for the skeleton recognition by Junction Mapper, 973 

random noise was added to the original (high quality) image using Fiji (Gaussian (normally) 974 

distributed with a mean of zero and standard deviation of 25; 975 

https://imagejdocu.tudor.lu/gui/process/noise) (Ferreira and Rasband, 2012).  The quality of images 976 

was then estimated using the peak signal-to-noise ratio (PSNR) expressed in decibels (dB). The 977 

PSNR was calculated with the SNR Fiji plugin (Sage and Unser, 2003) by comparing original image to 978 

the images with added noise to the junction marker channel, since only this channel was used to 979 

create the skeleton.  A heuristics approach on how to optimize analyses with Junction Mapper can be 980 

found in Supplementary file 4. 981 

 982 

Image analysis – quality control and exclusions: 983 

Junction Mapper quantifies images in a variety of formats and resolutions.  A summary of the 984 

image dataset and user-controlled values used in each experiment can be found in Supplementary 985 

file 1.  Images obtained from different experiments were subjected to quality control before 986 

quantification: junctions were excluded if they have blurry areas, artefacts or large gaps between 987 

cells.  Regions were also excluded that contained (i) junctions of cells overlapping or on top of each 988 

other (different focal plane) (ii) multinucleated cells (iii) cells that were not fully surrounded by 989 

neighbours (i.e. at the border of the image or epithelial colony), (iv) junctions of cells overexpressing 990 

high levels of protein.  As values are obtained per junction and a junction is shared by two cells, 991 

duplicated measurements of junctions are removed from the dataset.   992 

For expression of different oncogenes, junctions were classified as those between (i) control cells 993 

(between two non-transfected cells), (ii) between two expressing cells (ee) or (iii) junctions shared by 994 

one expressing and a non-expressing cell (en).  For the analyses of endothelial cells - junctions in 995 

blurry parts of the picture, with artefacts or large gaps between junctions and junctions at the border 996 

of a endothelial colony were excluded.  For cardiomyocytes, the same criteria were applied as for 997 

endothelial cells and the parts of the image where the staining seemed very scattered and chaotic, 998 

with no clear trace of a junction were also excluded. 999 

 1000 

Statistical analysis: 1001 

Normality test was performed in each dataset using Kolmogorov-Smirnov normality test and 1002 

Shapiro-Wilk test.   Data from SrcY527F, H-RasG12V and Rac1Q61L experiments were analysed using 1003 

ANOVA with the Games-Howell post-hoc test from the ‘userfriendlyscience’ in RStudio.  Despite the 1004 

data being non-parametric, the large number of junctions in each sample (>100 junctions) allows for 1005 

the use of ANOVA with Games-Howell post-hoc test, which corrects for unequal sample sizes and 1006 

variances between groups and for data with non-parametric distribution.  Significance was set at p < 1007 

0.05.  Data with a single treatment group and control group (this includes siRNA experiments in 1008 

epithelial cells, cardiomyocytes and endothelial cells) were non-parametric and hence were analysed 1009 

using the Mann-Whitney U-test in GraphPad PRISM.  Pair-wise comparison was analysed with 1010 

Wilcoxon matched paired test. The summary of the types of data used and statistical analyses can be 1011 

found in the Supplementary files 1 and 4, respectively.   1012 

https://imagejdocu.tudor.lu/gui/process/noise
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When biological replicates were analysed, it was first checked if the profile of the data was 1013 

consistent across replicates, and then data was pooled.   A total of 4,080 junctions were quantified 1014 

across different experiments (expression, siRNA or stimulus) and cell types using different batches of 1015 

cells.  An average of 227 junctions for each sample were analysed in parallel.  The precise number of 1016 

junctions quantified in each sample is written inside each graph.  All numerical source data for each 1017 

figure can be found in supplemental files online. 1018 

Graphs were obtained using GraphPad Prism.  Images were processed using FIJI (Schindelin et 1019 

al., 2012), Adobe Photoshop and Adobe Illustrator. 1020 
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