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Abstract 14 

The atypical cadherins Fat and Dachsous (Ds) have been found to underlie planar cell 15 

polarity (PCP) in many tissues. Theoretical models suggest that polarity can arise 16 

from localized feedbacks on Fat-Ds complexes at the cell boundary. However, there is 17 

currently no direct evidence for the existence or mechanism of such feedbacks. To 18 

directly test the localized feedback model, we developed a synthetic biology platform 19 

based on mammalian cells expressing the human Fat4 and Ds1. We show that Fat4-20 

Ds1 complexes accumulate on cell boundaries in a threshold-like manner and exhibit 21 

dramatically slower dynamics than unbound Fat4 and Ds1. This suggests a localized 22 

feedback mechanism based on enhanced stability of Fat4-Ds1 complexes. We also 23 

show that co-expression of Fat4 and Ds1 in the same cells is sufficient to induce 24 

polarization of Fat4-Ds1 complexes. Together, these results provide direct evidence 25 

that localized feedbacks on Fat4-Ds1 complexes can give rise to PCP. 26 

 27 

Introduction 28 

 29 

Planar cell polarity (PCP) defines the coordinated polarization of cells in the plane of 30 

tissue1-5 and underlies the organization and geometry required for the proper function 31 

of many developing organs. PCP is usually manifested by orientation of external 32 

structures, such as trichomes and sensory hair cells in Drosophila 5,6, and hair 33 

structures in the inner ear and skin of vertebrates7-9.  34 

At the molecular level, PCP is defined by asymmetric distribution of transmembrane 35 

protein complexes which belong to two families - the Frizzled/Van-Gogh pathway 36 

(termed the “core” pathway) and the Fat/Dachsous (Ft/Ds) pathway. Both were 37 

discovered in Drosophila but are conserved in higher vertebrates5,10,11.   38 

The main players in the Ft/Ds pathway in Drosophila are the large atypical cadherins 39 

Ft, Ds and the Golgi protein kinase Four-jointed (Fj). Ft and Ds take part in 40 

heterophilic interactions resulting in trans-hetero-complexes on the boundary between 41 

cells. Unlike classical cadherins, there is no evidence of homophilic complexes of 42 

either Ft or Ds forming across cells 12,13.  43 

The mammalian homologues of Ft and Ds include Fat1-4 and Ds1-2. However, Fat4 44 

and Ds1 have the highest homology to Drosophila Ft and Ds, are the most widely 45 

expressed, and have the strongest knockout phenotypes14. Fat4 and Ds1 null mice 46 

show complex morphological abnormalities in the inner ear, kidney, brain, bone, 47 



lymph node, and more. 9,15. In humans, mutations in Fat4 and Ds1 were recently 48 

linked to various cancers and abnormal brain development16,17. Unlike in Drosophila, 49 

polarized distributions of Fat4 and Ds1 in vertebrates have not been observed yet, 50 

probably due to lack of good reagents for staining these proteins in-vivo. 51 

It remains poorly understood how polarized distribution of Fat and Ds is established, 52 

and how it is coordinated between neighboring cells. Models for the emergence of 53 

polarity can be classified according to whether or not they include feedbacks. Models 54 

without feedback propose that observed gradients of Ds and Fj are sufficient to 55 

explain the asymmetric distribution of Fat-Ds complexes18-23. However, these models 56 

cannot explain how relatively small differences in Ds and Fj expression between 57 

neighboring cells can lead to strongly polarized membrane distributions.  58 

This problem is solved by models that include localized feedback mechanisms, where 59 

we define "localized" to mean a feedback at the level of protein complexes within the 60 

cell boundary, to distinguish it from transcriptional feedback or tissue scale 61 

feedbacks. Such models have been previously proposed to explain polarity in the core 62 

pathway, where the localized feedbacks are mediated by the cytoplasmic proteins 63 

Prickle and Dishevelled24-26. However, no such feedbacks were identified for the Fat-64 

Ds pathway.  65 

In principle, two localized feedback mechanisms can be distinguished: (1) a self-66 

enhancing feedback that promotes the formation of additional Ft-Ds complexes in the 67 

same direction of existing Ft-Ds complexes, and (2) a mutual inhibition feedback 68 

between complexes in opposite direction (Figure 1A). Mathematical modeling 69 

predicts that models with both feedbacks can amplify small differences in expression 70 

and create strongly polarized cell boundaries 27,28. Intuitively, a model with a self-71 

enhancing feedback alone would lead to roughly equal numbers of opposing 72 

complexes, whereas a model with mutual inhibition feedback alone would remove 73 

pairs of opposing complexes and leave only the small excess of the dominant complex 74 

type. The combination of both feedbacks together leads to strong accumulation of 75 

complexes in one direction. Somewhat less intuitive is the prediction of these models 76 

that polarity can emerge spontaneously once threshold levels of Ft and Ds are 77 

reached, even in the absence of external gradients27,28. We note that models for PCP 78 

based on the core pathway are equivalent to mutual inhibition feedback described 79 

above and do not require self-enhancing feedback. 80 

 81 



To test whether localized feedbacks are required for establishing Fat4-Ds1 mediated 82 

planar cell polarity, it is necessary to directly verify their existence and the prediction 83 

of spontaneous polarization in the presence of threshold expression levels. In this 84 

work, we develop an experimental synthetic biology platform to study the interactions 85 

of Fat4 and Ds1 in live mammalian cells. By analyzing co-cultures of cells expressing 86 

Fat4 fused to Citrine and cells expressing Ds1 fused to mCherry, we show that Fat4-87 

Ds1 complex formation exhibits a threshold response to the levels of Fat4 and Ds1, 88 

supporting a localized self-enhancing feedback mechanism. We further show that 89 

Fat4-Ds1 complexes at the cell boundary form extremely stable clusters, suggesting 90 

that complex stabilization through clustering may serve as a mechanism for localized 91 

feedback. Finally, we show that cells expressing both Fat4 and Ds1 exhibit strong 92 

localized polarization, supporting the existence of mutual inhibition between opposing 93 

complexes. We find that the direction of polarization depends on the relative levels of 94 

Fat4 and Ds1 across the boundary between cells.     95 

 96 

Results 97 

 98 

Development of an experimental system for quantitative characterization of the 99 

mammalian Fat4/Dachsous1 interactions 100 

To study the interactions between Fat4 and Ds1 at the boundary between cells we 101 

cloned the full length human Fat4 with a c-terminal fusion of Citrine (Fat4-Citrine) 102 

and the human Ds1 with a c-terminal fusion to mCherry (Ds1-mCherry) (Figure 1B). 103 

We generated HEK293 stable cell lines expressing Fat4-Citrine under a constitutive 104 

CMV promoter (HEK-Fat4-Citrine) and Ds1-mCherry under a doxycycline inducible 105 

promoter (HEK-Ds1-mCherry). Western blotting confirmed that these fusion proteins 106 

were expressed and showed the expected molecular bands at ~500kDa for Fat4-citrine 107 

and~320kDa for Ds1-mCherry (Figure1- figure supplement 1A).  108 

 109 

To study the interactions between Fat4-Citrine and Ds1-mCherry we performed co-110 

culture experiments of HEK-Fat4-Citrine and HEK-Ds1-mCherry (Figure 1C-F). 111 

Consistent with the existing evidence for exclusively heterotypic interactions, these 112 

co-culture experiments revealed strong accumulation of Fat4-Citrine and Ds1-113 

mCherry at heterotypic junctions (yellow arrows in Figure 1D-F), while no 114 

accumulation was observed in homotypic junctions (white arrows in Figure 1D) or in 115 



monoculture experiment of either cell line (Figure 1- figure supplement 1B-C). 116 

Similar accumulation was observed in co-culture experiments of MCF7 cells 117 

expressing the same fusion constructs (Figure 1- figure supplement 1D).  118 

Surprisingly, we also found that Ds1-mCherry trans-endocytoses into the Fat4-citrine 119 

cells as evident from numerous vesicles containing both Ds1-mCherry and Fat4-120 

Citrine (white triangles in insets Figure 1D-F, see also yellow vesicles in Figures 3 121 

and 4, and in movie S1). No trans-endocytosis of Fat4-Citrine into the Ds1-mCherry 122 

cells is observed. This observation is the first evidence for the presence of 123 

transendocytosis in Ft-Ds pathway.  124 

 125 

Accumulation of Fat4-Ds1 complexes requires threshold levels of Ds1 and Fat4 126 

 127 

Having confirmed the expected qualitative behavior of our synthetic PCP system, we 128 

set out to determine how the accumulation of Fat4-Ds1 complexes depends on the 129 

expression levels of Fat4-citrine and Ds1-mCherry. To separately test the effect of 130 

self-enhancing and mutual inhibition feedbacks, we first considered co-culture of 131 

Fat4-citrine and Ds1-mCherry expressing cells, where mutual inhibition feedback is 132 

not present as opposing complexes cannot be formed. We began by analyzing the 133 

accumulation of Fat4-citrine and Ds1-mCherry at the population level in snapshots of 134 

co-culture experiments with Ds1-mCherry induction periods varying from 0 to 20 135 

hours (Figure 2A-B). We used automated image analysis to segment the cells and 136 

boundaries, and measure the Fat4-citrine and Ds1-mCherry fluorescence levels in 137 

each cell and each boundary (Figure 2C). By analyzing tens of thousands of junctions 138 

per condition we obtained detailed statistical information about the effect of increased 139 

Ds1-mCherry expression on Fat4-Ds1 accumulation.  140 

A self-enhancing positive feedback model is expected to exhibit a non-linear 141 

dependence of the accumulation of complexes on the total Ds1-mCherry level in the 142 

cell. To test this prediction we measured the fraction of accumulating boundaries and 143 

the average Ds1-mCherry expression in images (Figure 2 - figure supplement 1A-B). 144 

We find that relation between these quantities is best fitted with a Hill function with a 145 

Hill coefficient of 𝑛 = 2.2 ± 0.3, whose value n > 1 is consistent with a localized 146 

positive feedback model (Figure 2D). A somewhat stronger non-linear response (𝑛 =147 



4.5 ± 1.3) was observed in a second experiment where Ds1 levels where induced to 148 

lower levels (Figure 2 – supplement figure 2A-C).  149 

Having analyzed the population averages we next wanted to test if accumulation on a 150 

cell boundary is associated with locally higher expression levels of Fat4-citrine and 151 

Ds1-mCherry. For each Ds1 induction time, we compared the distributions of Fat4 152 

and Ds1 expression in cells that have strong accumulation on their boundary 153 

('accumulating boundaries', Figure 2E-F, dashed lines) and cells that do not ('non-154 

accumulating boundaries', Figure 2E-F, solid lines). We found that cells with 155 

accumulating boundaries generally express higher levels of either Fat4 or Ds1 (Figure 156 

2E-F, solid vs. dashed lines, 20h time point). We note that even with long induction 157 

times not all Fat4-Ds1 boundaries exhibit accumulation.  158 

To test if accumulation on boundaries simultaneously requires high levels of Fat4-159 

citrine and high levels of Ds1-mCherry, we plotted for each induction time, the two-160 

dimensional distribution of the levels of Fat4-citrine and Ds1-mCherry in the cells 161 

flanking all boundaries (Figure 2G-H, Figure 2- figure supplement 1C, Figure 2 – 162 

figure supplement 2C) (In Figure 2H, each dot represents one boundary and the axes 163 

values indicate the levels of Fat4-Citrine and Ds1-mCherry in the cells flanking that 164 

boundary). We observed a clear separation between 'accumulating boundaries' 165 

(yellow dots in Figure 2H) and 'non-accumulating boundaries' (boundaries without 166 

accumulation) (purple dots in Figure 2H) indicating that accumulation occurs when 167 

both Fat4-citrine and Ds1-mCherry are expressed above a certain threshold level. 168 

Note that, while the fraction of boundaries exhibiting accumulation increased with 169 

induction time (Figure 2- figure supplement 1C, Figure 2- figure supplement 2D), the 170 

separation between the two populations (i.e the threshold levels) remained almost the 171 

same (dashed lines Figure 2H). Such a behavior is expected from a localized feedback 172 

model exhibiting bistability. 173 

 174 

Live imaging reveals threshold response of Fat4-Ds1 accumulation dynamics at 175 

the single cell level 176 

 177 

Analysis of the snapshots demonstrated a threshold dependence of Fat4-Ds1 178 

complexes on Fat4-citrine and Ds1-mCherry levels, however it does not show the 179 

time scale of accumulation on individual boundaries. Moreover, the non-linear 180 

response in population level measurements may be smeared by averaging over many 181 



cells. To test whether a threshold response is also observed at the single cell level, and 182 

how abrupt the onset of accumulation, we performed live cell imaging of single Fat4-183 

Ds1 boundaries during Ds1-mCherry induction.  184 

To look at the accumulation of single boundaries over time we performed experiments 185 

using the two-cell assay – a micropatterning based method previously used by us and 186 

others to look at single pairs of cells over extended time periods29 (Figure 3A). We 187 

also tracked single Fat4- and Ds1-expressing cell pairs in a free co-culture assay 188 

(Figure 3 – supplement 1A). We then quantified the total Fat4 and Ds1 levels as well 189 

as the accumulation of Fat4-Ds1 complexes on the cell boundary over time after  190 

induction of Ds1-mCherry expression (Figure 3B and movie S1, Figure 3- figure 191 

supplement 1A-C). While the total Fat4 levels do not change, the total Ds1 levels 192 

increase slowly above background level, and become observable about 100min after 193 

addition of doxycycline (see Figure 3 - supplement figure 2A-C). This delay in 194 

observed fluorescence is probably due to maturation time of mCherry, as mRNA 195 

levels increase linearly upon induction (Figure 3 – supplement figure 2D). We note 196 

that most Ds1-mCherry is localized on the cell membrane, even in the absence of Fat4 197 

expressing cells (Figure 3 – supplement figure 2A-C), and that the measured total and 198 

membrane Ds1 levels are proportional, justifying the use of total Ds1-mCherry as a 199 

measure of the relevant Ds1 level in the cell. 200 

The accumulation of Fat4-citrine and Ds1-mCherry proteins on the boundary between 201 

cells shows a sharp increase shortly after Ds1 levels starts increasing (Figure 3C, 202 

Figure 3- figure supplement 1A-C). Furthermore, Ds1-mCherry on the boundary 203 

continues to increase faster than the total Ds1 (i.e. in a non-linear fashion) for several 204 

hours after accumulation starts (Figure 3 – supplement figure 1F), consistent with a 205 

threshold response. Taken together, the population snapshot experiments (Figure 2) 206 

and the single cell time lapse movies (Figure 3) strongly support a non-linear 207 

threshold response of Fat4-Ds1 complexes to the levels of Fat4 and Ds1. 208 

 209 

Fat4 and Ds1 accumulation are proportional, consistent with stoichiometric 210 

binding  211 

 212 

Although Fat4 and Ds1 accumulate on the boundary between cells, it is not clear 213 

whether this accumulation reflects the formation of heterotypic complexes or the 214 

independent recruitment of unbound Fat4 and Ds1 on both sides of the boundary. To 215 



distinguish between these two scenarios we analyzed the relative accumulation of 216 

both proteins in single cell movies. It is expected that feedback on complex formation 217 

would maintain a fixed stoichiometric ratio between Fat4 and Ds1, while independent 218 

accumulation (or independent feedback) of unbound Fat4 and Ds1 would not. 219 

Analysis of the three movies described above (Figure 3C and Figure 3- figure 220 

supplement 1B-C) showed that Fat4 and Ds1 fluorescence at the accumulating 221 

boundary are proportional as the boundary is formed (spanning over two orders of 222 

magnitude in fluorescence) (Figure 3D and Figure 3- figure supplement 1D-E). 223 

Similar results were obtained by analyzing snapshots from 31 boundaries showing, 224 

again a high degree of correlation (ρ=0.989) over two orders of magnitudes in 225 

fluorescence (Figure 3E). This linear relation between the accumulation on both sides 226 

of the boundary indicate the formation of Fat4-Ds1 complexes with a fixed 227 

stoichiometric ratio.  228 

 229 

Fat4 and Ds1 form extremely stable complexes on the boundary 230 

 231 

We next wanted to understand the mechanism of localized self-enhancing feedback. It 232 

has been previously shown that cadherins can interact cooperatively across the cell 233 

boundary to promote cell adhesion 30,31. We therefore hypothesized that stabilization 234 

of Fat4-Ds1 complexes, possibly through clustering, can be an underlying mechanism 235 

for the self-enhancing feedback. Although strictly, such a mechanism would predict 236 

increased complex stability at increased complex concentration, one would at the very 237 

least expect a large difference in stability between bound Fat4-Ds1 complexes and 238 

unbound Fat4 and Ds1. Consistent with this idea, increased stability of Ft-Ds 239 

complexes was recently observed in localized puncta on cell boundaries in 240 

Drosophila 21.    241 

To test the stability of Fat4-Ds1 complexes, we performed fluorescent recovery after 242 

photobleaching (FRAP) experiments on boundaries exhibiting accumulation (Figure 243 

4A-B, movie S2). Experiments were performed by bleaching the Fat4-citrine 244 

fluorescence (green in Figure 4A), without affecting the Ds1-mCherry fluorescence 245 

(red in Figure 4A), allowing automated tracking of the recovery dynamics of Fat4-246 

citrine on the boundary. Analysis of the recovery profile over time showed very slow 247 

recovery time (>25 minutes) on the accumulating boundary (see boundary on 248 



kymograph in Figure 4B), reflecting the extremely low turnover and membrane 249 

dynamics of Fat4-Ds1 complexes. 250 

We then examined whether the slow recovery of complexes is a reflection of the slow 251 

dynamics of unbound Fat4 and Ds1 or of the increased stability of the complex. To 252 

analyze the membrane dynamics of Fat4 and Ds1 we used FRAP combined with total 253 

internal reflection fluorescence microscopy (FRAP-TIRF) 32. We performed these 254 

experiments on monocultures of Fat4-citrine (Figure 4C-D, movie S3) and Ds1-255 

mCherry (Figure 4- figure supplement 1A-B). Both Fat4-citrine and Ds1-mCherry 256 

exhibited very fast recovery compared to the Fat4-Ds1 complexes, of the order of a 257 

few seconds (Figure 4B and D and Figure 4- figure supplement 1B). Quantitative 258 

analysis of FRAP movies allowed estimating the effective diffusion coefficients and 259 

membrane-cytoplasm exchange rates of Fat4-Ds1 complexes as well as unbound Fat4 260 

and Ds1 (see methods). We found that the mean diffusion coefficient of Fat4-Ds1 261 

complexes is more than two orders of magnitude smaller than that of unbound Fat4 262 

and Ds1 (Figure 4E). Similarly, the mean exchange rate of Fat4-Ds1 complexes are 263 

significantly smaller than those of the unbound Fat4 and Ds1 (Figure 4F). Hence, 264 

complexes formed on the boundary between cells show extremely high stability 265 

compared to unbound Fat4 and Ds1.   266 

To test if the observed slow dynamics is specific to Fat4-Ds1 complexes we also 267 

analyzed the dynamics of both unbound and bound N-cadherin-GFP (N-cad-GFP) 268 

(Figure 4- figure supplement 1C-F) using the same experimental approach. Similar to 269 

the results with Fat4 and Ds1, we found that accumulation of N-cad-GFP complexes 270 

on the cell boundary exhibited significantly slower dynamics than unbound N-cad-271 

GFP (Figure 4E-F and Figure 4- figure supplement 1C-F). This result is consistent 272 

with cooperative binding and enhanced stabilization of complexes at the boundary as 273 

previously observed for E-cadherin 33. Overall, these results support a model where 274 

stabilization of Fat4-Ds1 complexes via clustering serves as a mechanism for 275 

localized self-enhancing feedback.    276 

Finally, we also note that unbound Fat4 exhibited significantly faster membrane 277 

diffusion than unbound Ds1 (Figure 4E) despite having a significantly higher 278 

molecular weight (500KDa vs 320KDa). This suggests that either Ds1 diffusion is 279 

somehow inhibited compared to Fat4, or that the surface dynamics of Fat4 are 280 

enhanced through active transport processes.     281 

 282 



Boundary accumulation of Fat4 and Ds1 exhibits a 100-200nm gap 283 

 284 

Previous work on Drosophila Ft and Ds showed that Ft-Ds complexes form puncta 285 

along the cell boundaries21,34. To examine the spatial structure of Fat4-Ds1 complexes 286 

in our system we performed high resolution imaging of these boundaries. Unlike the 287 

Drosophila case, but consistent with a previous report15 in mammalian cells, we 288 

mostly observe continuous accumulation along the boundary. However, surprisingly, 289 

we observed a spatial gap between the peak in red fluorescence (Ds1-mCherry) and 290 

the peak in green fluorescence (Fat4-citrine) along the boundary (Figure 5A-C). We 291 

refer to this gap as the 'rainbow' feature (Figure 5B). Rainbows were apparent in most 292 

boundaries exhibiting accumulation in both HEK293 and MCF7 cells (Figure 5- 293 

figure supplement 1A-H). This shift is not due to chromatic aberration, as images of 294 

cells taken with fluorescent beads show clear rainbows even after the chromatic 295 

aberration was corrected (Figure 5- figure supplement 1I-N). Furthermore, we 296 

observed that different boundaries in the same picture and even the same cell (when 297 

both Fat4 and Ds1 are co-expressed) can exhibit oppositely directed rainbows (see 298 

Figure 6B). A similar shift was observed in images taken in super resolution STED 299 

microscopy (Figure 5- figure supplement 1E-H). 300 

Quantitative analysis of 61 boundaries revealed a relatively tight distribution of gaps 301 

with mean and standard deviation of 116±63nm (Figure 5D). Such a gap between the 302 

c-termini of Fat4 and Ds1 (where the fluorophores are fused to) is consistent with the 303 

length of Fat4 and Ds1 bound to each other in an extended linear form. Given that the 304 

length of a cadherin ectodomain is 4.5nm35, we estimate the extended form of the 305 

complex should be at least 150nm (34×4.5𝑛𝑚 = 153𝑛𝑚 assuming full overlap 306 

between Fat4 and Ds1) (Figure 1B).  307 

 308 

Cells expressing both Fat4 and Ds1 exhibit localized polarization 309 

    310 

Polarity in vivo is established in cells expressing both Fat and Ds, with Ds and Fat 311 

activity or expression controlled by a morphogen gradient21,36,37. The localized 312 

feedback model, however, predicts that polarization can emerge spontaneously; i.e. 313 

without external gradients27. To test if our synthetic cell culture system can polarize 314 

without tissue scale gradients we generated stable HEK293 cells that expressed both 315 

Fat4-citrine and inducible Ds1-mCherry (Figure 6A). Upon induction of Ds1-316 



mCherry expression we observed clear accumulation of Fat4-citrine and Ds1-317 

mCherry on the boundary between cells (Figure 6B), similar to the accumulation 318 

observed in co-culture of Fat4-citrine and Ds1-mCherry cells (Figure 1D-F).  319 

Analysis of high resolution images (Figure 6C) revealed rainbows similar to the ones 320 

observed in co-culture experiments (Figure 5). The observed rainbows show that even 321 

in cells expressing both Fat4-citrine and Ds1-mCherry, there is a strong bias in the 322 

direction of complex formation on any given cell-cell boundary. Furthermore, we 323 

generally do not see domains of opposite polarity within single boundaries suggesting 324 

that complexes on cell boundaries align in a coordinated manner. This observation is 325 

consistent with mutual inhibition feedback between complexes and suggests that 326 

direct interaction between opposing complexes is sufficient for generating polarity. 327 

 328 

The direction of polarity depends on differences in Fat4 and Ds1 expression 329 

 330 

Interestingly, we see that the direction of polarity, i.e., the direction from green to red 331 

in the rainbow (black arrow in Figure 6D), can differ between boundaries of the same 332 

cell (see, for example, boundaries 2, 3, and 4, in Figure 6B-D). This behavior is 333 

different from the long range polarization of Ft-Ds observed in Drosophila wing and 334 

larvae19,34,37,38, but is reminiscent of polarity reversal within the same cell recently 335 

observed in Drosophila larvae denticles39.  336 

We hypothesized that the difference between the localized polarity observed in the 337 

cell culture system and the coordinated polarity observed in vivo may be due to the 338 

variability in expression of Fat4 and Ds1 in our system and that this variability results 339 

in expression differences across the boundaries that locally bias the polarity. To check 340 

this hypothesis, we measured the differences in cytoplasmic levels of Fat4 and Ds1 341 

across each boundary. We defined the direction of expression gradients as the 342 

directions going from low to high expression level of Fat4 and Ds1 (marked by red 343 

and green triangles in Figure 6D). We then checked whether the direction of 344 

polarization, determined by the rainbow feature (red-green polarity bar in Figure 6D), 345 

is aligned with the direction of expression gradients of Fat4 and Ds1 across the 346 

boundary. We found that when the expression gradients of Fat4 and Ds1 are opposed 347 

(such as in boundaries 1,2, and 4 in Figure 6D) the polarity aligns with both the Ds1 348 

and Fat4 gradients. Namely, that boundary accumulation of Ds1 occurs on the cell 349 

with higher Ds1 expression, and conversely, boundary accumulation of Fat4 occurs 350 



on the cell with higher Fat4 expression. However, in situations where both expression 351 

gradients are aligned (such as in boundary 3 in Figure 6D) we found that the direction 352 

of polarity can align either with the Fat4 gradient or with the Ds1 gradient. An 353 

analysis of 107 boundaries (Figure 6E), indeed showed that if Fat4 and Ds1 354 

expression gradients are opposed, then the polarity almost always aligned with the 355 

direction of both gradients (bottom pie chart in Figure 6E). On the other hand, when 356 

Ds1 and Fat4 expression gradients were aligned (top pie chart in Figure 6E) we got 357 

almost equal number of boundaries aligned with Ds1 gradient (33 out of 68) and 358 

boundaries aligned with the Fat4 gradient (27 out 68). This result is consistent with a 359 

situation where the polarity is either controlled by the Ds1 expression gradient or 360 

controlled by the Fat4 expression gradient, depending which of the two is dominant.  361 

To check whether the final direction of polarity reflects the expression gradients that 362 

existed prior to the formation of polarized accumulation, we performed live imaging 363 

of boundary formation using confocal Airyscan technology. The movie of boundary 364 

accumulation (Figure 6 – supplement figure 1) confirms that the rainbow feature 365 

emerges in the direction of the Ds1 expression gradient (no significant Fat4 366 

expression gradient is observed in this movie). Overall, these observations support a 367 

picture where localized polarization of Fat4-Ds1 complexes in cell culture is biased 368 

by local gradients generated by cell-to-cell variability. 369 

 370 

Discussion 371 

 372 

In this work, we have adopted a synthetic biology approach to planar cell polarity and 373 

reconstituted Fat4-Ds1 PCP in a cell culture system to elucidate the basic mechanisms 374 

underlying polarity establishment. Reducing the in vivo system to its core allows 375 

dissecting Fat4-Ds1 interactions in a controlled and quantitative manner, beyond what 376 

is possible in vivo. The in vivo relevance of the in vitro findings can then subsequently 377 

be verified in a targeted manner. 378 

Two classes of models have been proposed to explain the emergence of asymmetric 379 

distribution of PCP proteins on cell boundaries: (i) gradient models, claiming that the 380 

asymmetric distribution of PCP proteins reflects the external gradients controlling the 381 

level and/or activity of PCP proteins21,37, and (ii) localized feedback models, where 382 

small initial biases in complex polarity are amplified by a combination of self-383 

enhancing feedback between like complexes and mutual inhibition feedback between 384 



opposing complexes24-28 (Figure 1A). Our results strongly support the existence of 385 

such localized feedbacks in the Fat4-Ds1 system and suggest a potential mechanism 386 

driving these feedbacks.  387 

By analyzing co-culture of cells expressing only Fat4 or Ds1 we can analyze the 388 

existence and properties of self-enhancing localized feedbacks in the absence of 389 

mutual inhibition. Large scale snapshot analysis (Figure 2) and live cell imaging of 390 

single pairs (Figure 3) show that accumulation of complexes at the boundary exhibits 391 

a threshold response to increasing levels of Ds1 - a hallmark of positive feedback. 392 

This is the first direct observation of a positive feedback loop in a PCP system. 393 

Evidence for the second class of localized feedback, the mutual inhibition between 394 

opposing complexes, is provided by our finding that strong polarization is consistently 395 

found in cells expressing both Fat4 and Ds1, even in the absence of a strong 396 

expression gradient in either of the proteins (Figure 6).             397 

What could be the mechanism behind the localized feedbacks on Fat4-Ds1 398 

complexes? The strong polarization and inferred presence of both feedbacks in a 399 

minimal synthetic system make it plausible that no other proteins specific to this 400 

pathway are involved in the feedback, and favor simple mechanisms that rely on 401 

direct interaction of the heterotypic complexes. Both positive and negative feedback 402 

can act either at the level of production or degradation. For example, for the positive 403 

feedback case, complexes can either catalyze production of like complexes, or prevent 404 

degradation of like complexes. Using quantitative FRAP analysis we show that unlike 405 

unbound Fat4 and Ds1, Fat4-Ds1 complexes are extremely stable, and do not recover 406 

or diffuse even after several minutes. This observation suggest that the positive 407 

feedback could at least in part rely on enhanced stability of complexes, possibly 408 

through cluster formation. Such enhanced stability of clusters was shown to occur 409 

with other cadherin such as E-cadherin31,33. Furthermore, FRAP analysis of 410 

Drosophila Ft/Ds in wing disk junctions also showed enhanced stability on boundary 411 

puncta compared to other boundary regions21.  412 

Enhanced stability mechanism may not be the only mechanism contributing to 413 

localized feedbacks. For example, clusters could not only stabilize complexes but also 414 

catalyze their formation by acting as a “diffusion trap”, as has also been suggested for 415 

E-Cadherin40. Moreover, work in Drosophila has implicated directional trafficking41 416 

and feedbacks through cytoplasmic PCP components24 as other potential mechanisms 417 

for localized feedbacks. 418 



One potential difficulty with the extreme stability of Fat4-Ds1 complexes is that it 419 

may be hard for the cells to change their initial polarity, for example to respond to cell 420 

divisions or morphogenetic processes. Interestingly, the observed trans-endocytosis of 421 

Ds1 into the Fat4 cell (Figure 1D-F) may serve as a way to quickly remodel 422 

boundaries in spite of their slow turnover by removing large fragments of boundaries 423 

with otherwise stable Fat4-Ds1 complexes.            424 

Our finding that polarity of Fat4-Ds1 accumulation at the cell boundary can be 425 

observed with optical microscopy through the gap between Fat4 and Ds1 fluorescence 426 

(Figure 5) is surprising. The expected lengths of the extracellular domains of Fat4 and 427 

Ds1 in an extended form are 153nm and 121nm, respectively (Fat4 and Ds1 have 34 428 

and 27 cadherin repeats, respectively). Hence, the observed gaps are consistent with 429 

the length of Fat4 and Ds1 in an extended conformation. A recent study, however, 430 

suggested that Fat4 and Ds1 fold into a compact structure to fit into intercellular 431 

gaps42. It is unclear whether these seemingly contradictory observations are due to 432 

different methodologies or different cellular contexts. Hence, further experiments are 433 

required to determine the structural basis of the observed gaps in our experiments.  434 

We used our synthetic system to show that cells expressing both Fat4 and Ds1 exhibit 435 

polarized distribution of these proteins on cell-cell boundaries. Hence, our in vitro 436 

setup shows that expression of Fat4 and Ds1 is sufficient to generate polarized 437 

boundaries. Unlike in vivo tissues where the direction of polarity is coordinated over 438 

extended regions, the direction of polarity of each boundary in our in vitro assay seem 439 

to be independent of the polarity of nearby boundaries. It is possible that this 440 

difference is due to the relatively large cell-to-cell variability in the expression of Fat4 441 

and Ds1 in cell culture. This variability can lead to local effective gradients of Fat4 442 

and Ds1 biasing the direction of polarity in each boundary. This situation is 443 

reminiscent of the disordered organization of denticles in Drosophila larvae which 444 

was attributed to variability in Ds expression between different rows39,43. 445 

Analysis of the direction of Fat4 and Ds1 gradients across each boundary indeed 446 

shows that for the unambiguous situation of opposing Fat4 and Ds1 gradients, the 447 

polarity (determined independently by the ‘rainbow’ feature) aligns with the local 448 

gradients. For the case where gradients are incompatible (i.e. pointing in the same 449 

direction), the polarity may be determined by either the Fat4 or the Ds1 gradients, 450 

depending which one is more dominant (e.g. which gradient is stronger). 451 



Our results and conclusions are not limited to the understanding of Fat-Ds signaling 452 

but provide a general framework for how complex local interactions between 453 

membrane proteins can induce tissue level organization. It remains to be seen whether 454 

similar mechanisms occur also in other systems.      455 
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Methods 460 

Cloning of Fat4 and Ds1 461 

Human Fat4 and Ds1 cDNA sequence were amplified from the mRNA extracted from 462 

MCF7 (ATCC HTB-22, RRID:CVCL_0031) cell line. Several fragments of each gene 463 

were amplified and then combined using either restriction enzymes or Gibson 464 

assembly44. The Citrine and mCherry were fused to the C-terminal end of the full 465 

length Fat4 and Ds1, respectively. Fat4 fusion construct was placed under a CMV 466 

constitutive expression promoter, while Ds1 fusion construct was placed under a 467 

doxycycline inducible promoter (pcDNA5/TO, T-REx system, Thermofisher).  468 

Cell culture and transfection 469 

HEK293 (ATCC CRL1753, RRID:CVCL_0063) cells were grown in adherent 470 

cultures in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 471 

FBS. MCF7 cells were grown in Eagle's Minimum Essential Medium supplemented 472 

with 10% FBS and 0.01 mg/ml human recombinant insulin (Biological Industries). 473 

All cells were cultured in a humidified atmosphere of 5% CO2 at 37oC. Stable and 474 

transient transfections were performed using TransIT®-LT1 reagent (Mirus Bio) 475 

according to the manufacturer’s instructions. For Fat4 and Ds1 constructs 1 µg of the 476 

plasmid was taken, for the other plasmids the mixture of the desired plasmid (200ng) 477 

with an empty vector (800ng). 478 

Both HEK293 and MCF7 cells are in the list of commonly misidentified cell lines 479 

maintained by the International Cell Line Authentication Committee. These two cell 480 

lines serve as a cellular platform for the testing the interactions between Fat4 and Ds1 481 

in the current work. These cells were chosen since they are standard epithelial cell 482 

lines which are often used in in-vitro experiments. Furthermore, HEK293 cells do not 483 

endogenously express Fat4 and Ds1 and hence provide an ideal platform to study 484 

these proteins. 485 

STR profiling confirmed the authentication of the MCF7 cell line but showed 486 

significant genetic modifications in the HEK-Fat4-Citrine and HEK-Ds1-mCherry 487 

cells, which is consistent with the known genomic instability of the HEK293 cell line. 488 

We note that both cell lines are clonal as they were grown from single cell colonies. 489 

The specific properties of these cells are not a contributing factor in our synthetic 490 

biology platform, nor do we compare between cell lines. For transparency purposes, 491 

we will make these cell lines available through a public repository (e.g. ATCC). All 492 



our cell lines tested negative for mycoplasma. Tests were performed using the EZ-493 

PCR mycoplasma kit (Biological Industries). 494 

 495 

Stable cell line establishment 496 

For the generation of stable cell lines, transiently transfected cells were passaged 24 h 497 

post-transfection in growth medium containing the appropriate selection antibiotics 498 

for 10 days (Zeocin (InvivoGen, USA) 100µg/ml for Fat4-citrine constructs, 499 

Blasticidin 5µg/ml and Hygromicin  (AG Scientific,USA) 50µg/ml for MCF7 and 500 

100µg/ml for HEK293 cells (AG Scientific,USA) for Ds1-mcherry constructs).  501 

Single cell colonies were generated by limiting dilution in a 96-well plate (2 cells/ml). 502 

After a period of two weeks, the plates were screened for positive clones, which were 503 

transferred to a new plate for further growing. 504 

HEK293 cell line expressing both Fat4-citrine and inducible Ds1-mCherry was 505 

generated by consecutive transfection and selection processes for both constructs.  506 

SDS page and Western blot  507 

Protein samples were prepared by trypsinization of HEK293 cells (1x106 cells). The 508 

cells were washed by PBS buffer and then lysed by adding 2x Laemmli sample buffer 509 

supplemented with 2M urea and boiled for 10 minutes. Samples of cell extracts were 510 

separated by SDS-PAGE (GeBARunner, DNR Bio-Imaging Systems) under reducing 511 

conditions using 4-12% gradient polyacrylamide gels (DNR Bio-Imaging Systems ) 512 

according to manufacturer's instructions.  513 

The samples were then electrophoretically transferred for 16 hours in 4oC using wet 514 

transfer standard protocol to the nitrocellulose membranes. Blots were blocked for 1 515 

hour in PBST (PBS buffer and  0.1 % Tween) containing 5% skim milk, followed 516 

overnight incubation at 4°C with anti-GFP (Cell signaling, RRID:AB_390710) and 517 

anti-mCherry (Clontech, RRID:AB_10013483) primary antibodies . Blots were 518 

washed three times and incubated for 1 hour at room temperature with the secondary 519 

antibody (HRP-conjugated goat anti-rabbit IgG, Jacksonimmuno, 520 

RRID:AB_2307391). Immunoreactive bands were visualized by the enhanced 521 

chemiluminescence method (ECL) (Biological Industries) according to standard 522 

procedures. 523 

 524 

qPCR Analysis 525 



HEK-Ds1-mCherry cells were grown for 24hrs. Doxycycline (DOX) was added for 0, 526 

0.5, 1 and 2 hrs. RNA was isolated with TRIzol® reagent (Life Technologies). 1 µg 527 

of RNA was reversed transcribed (SuperScript® III, Termo Fisher Scientific). mRNA 528 

expression was evaluated with the TaqMan® Gene Expression Assay (Applied 529 

Biosystems) using the FastStart Universal Probe Master (Roche). Relative expression 530 

of the mRNAs was normalized to GAPDH. Real-time PCR was performed in 531 

triplicate. 532 

Primers sequence: 533 

For mCherry: Forward: AGGACGGCGAGTTCATCT, Reverse: CCCATFGTC 534 

TTCTTCTGCATTA 535 

For GAPDH: Forward: GCTGGCATTGCCCTCAAC, Reverse: CATGAGGTCCAC 536 

CACCCTG 537 

 538 

Cell preparation for snapshot analysis and free co-culture experiments, FRAP 539 

and FRAP-TIRF experiments 540 

A co-culture/monoculture of Fat4-citrine and Ds1-mCherry expressing cells (1.6×104 541 

cell/ml) was seeded onto 24-well glass bottom plates (Cellvis, USA) or 35mm plates 542 

(SPL lifesciences, Korea) 12 hours prior the imaging.  543 

For snapshot analysis assay the 24-well plates were covered with 50ug/ml of 544 

Concanavalin A (Sigma Aldrich) to improve cell adherence. Cells were grown for 12 545 

hours and then for induction of Ds1-mCherry, 100ng/ml doxycycline (Sigma-Aldrich) 546 

was added to the growth medium for various periods of time. After that the cells were 547 

washed with PBS and fixed for 15 minutes at room temperature with 2% 548 

paraformaldehyde in PBS.  To visualize nuclei, the cells were stained with Hoechst 549 

Stain solution (Sigma Aldrich) for 5 minutes.  550 

For FRAP on boundaries and FRAP-TIRF, the cells were seeded on 24-well plates 551 

and 35mm plates, respectively. Directly prior the imaging the media was replaced 552 

with low fluorescence imaging media (αMEM without Phenol red, ribonucleosides, 553 

deoxyribonucleosides, folic acid, biotin and vitamin B12 (Biological Industries, 554 

Israel)). For induction of Ds1-mCherry expression, 100ng/ml doxycycline (Sigma-555 

Aldrich) was added to the growth medium 12 hours prior to imaging. 556 

Micropatterns 557 



Micropatterning was performed as previously described  45, In brief, A PDMS mold 558 

with raised bowtie patterns was attached to a glass surface of the 6-well glass bottom 559 

plates (MatTek, USA) after being treated with a UV/Ozone cleaning device (UVOCS, 560 

USA). Liquid agarose (0.6% in 2:3 EtOH:ddH2O) was wicked into the gap between 561 

the mold and the glass and an inverted pattern of agarose was formed upon removal of 562 

the PDMS mold. Bovine Fibronectin (50 μg/ml, Biological Industries) was adsorbed 563 

on the exposed regions of the glass by incubating it for 1hr at room temperature. The 564 

square size of the bowties used was 20x20µm which yielded the highest probability of 565 

a single cell to attach in each half of the bowtie. The mix of HEK293-Fat4-citrine and 566 

HEK293-Ds1 cells was diluted to 1.6×104 cell/ml and seeded onto the patterned plate. 567 

Directly prior imaging the media was replaced with a previously mentioned low 568 

fluorescence imaging media. For induction of Ds1-mCherry, 100ng/ml doxycycline 569 

(Sigma-Aldrich) was added to the growth medium to induce expression. 570 

Microscopy details 571 

Imaging of fixed cells for snapshot analysis 572 

Cells were imaged using Nikon TI-E inverted microscope (Nikon, Japan) equipped 573 

CFI Plan Apo 20X objective NA=0.7 (Nikon, Japan); and an ANDOR sCMOS 574 

camera (Andor, Belfast, Northern Ireland). The equipment was controlled by Micro-575 

Manager 1.4 software (UCSF). For each field of view 10 planes with 1µm apart in the 576 

z direction were taken. 577 

FRAP on the accumulating boundaries 578 

FRAP experiments on the accumulating boundaries were performed using Andor 579 

revolution spinning disk confocal microscope supplied with FRAPPA device (Andor, 580 

Belfast, Northern Ireland). Photobleaching was performed with 70% power of the 581 

445nm laser for a total bleach time of 75ms (3 repeats of 25ms).  582 

FRAP-TIRF experiments 583 

Cells were imaged in FRAP-TIRF iMIC system (Till photonics) equipped with an oil-584 

immersion Plan-Apochromatic 100x objective NA=1.45 (Olympus, Tokyo, Japan) 585 

and an ANDOR iXon DU 888D EMCCD camera (Andor, Belfast, Northern Ireland). 586 

FRAP protocol is similar to the one described previously in Khait et al (Khait).  587 

Live cell imaging of Fat4-Ds1 movies 588 

Cells were imaged using Andor revolution spinning disk confocal microscope (Andor, 589 

Belfast, Northern Ireland). The imaging setup consisted of an Olympus inverted 590 

microscope with an oil-immersion Plan-Apochromatic 60x objective NA=1.42 591 



(Olympus, Tokyo, Japan); and an ANDOR iXon Ultra EMCCD camera (Andor, 592 

Belfast, Northern Ireland). For Fat4-citrine and Ds1-mCherry co-culture movies 593 

(Figure 3), 90 images were taken every 10 minutes with exposure of 500ms. For each 594 

time point 8-12 z planes every 1µm were taken. 595 

Movies of Ds1-mCherry activation (Figure 3 – figure supplement 2) were performed 596 

using a Zeiss LSM880 confocal microscope. Images were taken every 5 minutes.  For 597 

each time point 7 z-planes every 1µm were taken.  598 

The movie of cells expressing both Fat4-citrine and Ds1-mCherry (Figure 6 – figure 599 

supplement 1) was performed using Zeiss LSM880 confocal microscope equipped 600 

with Airyscan detection unit. Image were taken every 5 minutes. 601 

High resolution confocal imaging and super resolution imaging 602 

High resolution images were acquired either with a Leica TCS SP5 (Leica 603 

Microsystems, Wetzlar, Germany) of with Leice TCS SP8 (Leica Microsystems, 604 

Wetzlar, Germany). The SP5 setup included HC PL APO 63x/1.40 Oil STED 605 

objective.  606 

For the super resolution images we used Leica TCS SP8 equipped with a STED 607 

module and an HC PL APO 100x/1.40 Oil STED objective and white laser. For STED 608 

images, the white light laser was set on excitation wavelength of 510nm or 586nm 609 

with an emission window of 520-581nm or 605-647nm, using the 592nm or 660nm 610 

depletion laser to narrow the PSF of the signal thus improving resolution. 611 

Deconvolution of the acquired images was performed with the Huygens Pro software 612 

on default settings.  613 

 614 

Data analysis 615 

Snapshot analysis 616 

Prior to analysis, z stacks of all the images were converted to 'average intensity 617 

projection' images. Snapshots of Fat4-Ds1 co-culture were segmented using Ilastik46, 618 

an open source software for image classification and segmentation (http://ilastik.org/) 619 

and custom written Matlab code.  One classifier was trained on the Fat4-citrine and 620 

Ds1-mCherry signal to distinguish regions of Fat4 expressing cells, Ds1 expressing 621 

cells and background. A second classifier was trained on the co-localization signal of 622 

Fat4-citrine and Ds1-mCherry complexes to identify accumulating boundaries with the 623 

'intensity feature' turned off to prevent inadvertently thresholding to identify 624 

boundaries and thereby creating a bias. A final classifier identified nuclei based on the 625 

http://ilastik.org/


Hoechst signal. Cells were then segmented by using the nuclei for a seeded watershed 626 

of the Fat4-Ds1 regions. For cells where the classifier failed to identify the cell type, 627 

raw Fat and Ds intensity was used to assign the type. Accumulating boundaries were 628 

assigned to cell interfaces based on their presence in cells on a dual lattice generated 629 

by watershedding the interfaces. Distributions in Fig 2 were generated from mean 630 

intensities in each cell shifted to have the dimmest cells have value 10, a cutoff value 631 

used for the log scale binning. Bins were spaced evenly on the log scale so the graphs 632 

show P(log I). In 2D histograms a fixed lookup table for the probabilties was used for 633 

different time points and intensity distributions for interfaces with and without 634 

accumulation were normalized by the sum of the two distributions (the total number of 635 

cells). All analysis code can be found at https://github.com/idse/FatDs/ . Intensity 636 

values used to generate the distributions in figure 2 and figure 2 - supplement figure 2 637 

can be found in the alldata.xlsx file.  638 

Fat4-citrine and Ds1-mCherry accumulation movies 639 

Prior to analysis, z stacks of all the images were converted to 'average intensity 640 

projection' images. Fat4-citrine and Ds1-mCherry accumulation movies were 641 

analyzed using semi-automatic custom written Matlab code. Cells were first 642 

segmented be mapping Fat4-citrine cells (green) and Ds1-mCherry cells (red), then 643 

the total fluorescence in these areas was measured. The overlap between the red and 644 

green areas was mapped as accumulating boundary. Since Ds1-mCherry fluorescence 645 

levels are low at short induction time; the segmentation by the code was not complete. 646 

In these cases we manually corrected the segmentation using DIC images for proper 647 

cell recognition. 648 

FRAP analysis of Fat4-Ds1 accumulating boundary 649 

Boundaries were segmented and tracked using the open active contour method 650 

(snake) implemented in the ImageJ plugin JFilament 47 on the unbleached Ds1-651 

mCherry signal. Using custom written Matlab code the Fat4-citrine signal along the 652 

snake was obtained as the maximal intensity projection normal to the snake over a 9 653 

pixel wide strip. Given the drift and growth / shrinkage of the snakes over times, the 654 

signal along the snake at different times had to be registered by maximizing the 655 

spatial cross-correlation to produce the space time profile. For Fat4-Ds1 boundaries 656 

we bleached half the boundary. We then fit an error function to the profile at each 657 

time, adapting 48, i.e. at each time we fit: 658 

https://github.com/idse/FatDs/


𝑓(𝑥) =  𝑈0 (1 − 𝐴
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𝑥−𝑥0

𝐿
)

2
)   659 

The diffusion constant was then obtained by fitting the linear relation with the squared 660 

width of the error function, which follows 𝐿2 =  𝐿0
2 +  4𝐷𝑡, while the exchange rate is 661 

the time scale obtained from fitting an exponential decay to the dynamics of A. The 662 

reason for doing things this way rather than fitting a spacetime profile directly is an 663 

increased robustness against registration errors, growth and shrinkage of the snakes 664 

and overall brightness changes cause by boundary drift in z. 665 

Image analysis of FRAP-TIRF experiments.  666 

All data processing was performed using custom written Matlab code, as described in 667 

Khait et al. 32. We used a semi-automatic analysis code for FRAP data extraction and 668 

fitting procedure. In brief, we defined for each movie a region of interest around the 669 

bleached area. The fluorescence profile as a function of time was extracted, corrected 670 

for background level and photobleaching and averaged along the axis parallel to the 671 

bleached stripe resulting in 1D fluorescence profile for each time point. Fitting to the 672 

recovery profiles for extracting Diffusion coefficients and exchange were done 673 

according to Khait et al.32  674 

Rainbow analysis and gradient measurements 675 

As in the boundary FRAP analysis, boundaries for rainbow analysis were segmented 676 

using Jfilament. Using custom written Matlab code intensities were interpolated on 677 

equaly spaced points along the boundary and along lines normal to the boundary to 678 

create a straightened intensity image. For each position on the boundary the intensity 679 

profile normal to the boundary was then fitted by a Gaussian. The relative position of 680 

the Fat and Ds peaks defines the direction of the polarity in Fig 6, while the 681 

distribution of the distance between the peaks for each position along each boundary 682 

is shown in Fig 5D. To determine gradients for Fig 6, cytoplasmic intensities were 683 

determined by taking the summed intensity projection of 5 slices centered round the 684 

plane of the rainbow, and then measuring the total intensity in a box away from the 685 

boundary, excluding the nucleus using the DAPI image and excluding vesicles using 686 

an intensity threshold. 687 

 688 

Figure captions 689 



Figure 1: Fat4-Citrine and Ds1-mCherry accumulate on heterotypic boundaries. 690 

(A) Schematic of the localized feedback hypothesis. (B) Schematic illustration of the 691 

stable cell lines and fusion constructs of Fat4-citrine and inducible Ds1-mCherry. (C) 692 

Schematic illustration of the cell-cell boundaries formed in a co-culture assay of Fat4-693 

citrine (green) and Ds1-mCherry (red) cells. Yellow boundary represents 694 

accumulation at heterotypic boundaries. Yellow vesicles represent trans-endocytosis 695 

of Ds1-mCherry into Fat4-citrine expressing cells. (D-F) A co-culture of HEK-Fat4-696 

citrine cells (green) and HEK-Ds1-mCherry cells (red). Strong accumulation is 697 

observed in heterotypic boundaries (yellow arrows). No accumulation is observed in 698 

homotypic boundaries (White arrows). Zoom in on the accumulation area (white box 699 

in D) demonstrates that Ds1-mCherry trans-endocytoses (white triangles) into Fat4-700 

citrine expressing cell (but not vice-versa). Nuclei are stained with Hoechst (blue). 701 

Scale bar - 20 µm. Supplementary figure (Figure 1- figure supplement 1) shows 702 

Western blot analysis, monoculture images from the two cell lines and boundary 703 

accumulation in MCF7 cell line. 704 

Figure 1- figure supplement 1: Fat4-citrine and Ds1-mCherry accumulate on 705 

heterotypic boundaries, but not on homotypic boundaries (A) Fat4-Citrine and 706 

Ds-mCherry are expressed stable cell lines based on Hek293 cells. Cell lysates from 707 

stable cell lines of Fat4-citrine and Ds1-mCherry were analyzed by Western blotting 708 

using anti-GFP and anti-mCherry antibodies. The high molecular bands are observed 709 

at the expected ~500kDa for Fat4-citrine and~320kDa for Ds1-mCherry. (B-C) An 710 

image of monocultures of cells expressing Ds1-mCherry (B) and Fat4-citrine (C). No 711 

accumulation is observed at homotypic boundaries in monocultures. Scale bar -10μm. 712 

(D) A co-culture of MCF7-Fat4-citrine cells (green) and MCF7-Ds1-mCherry cells 713 

(red). Heterotypic boundary exhibits accumulation (yellow arrow). Scale bar - 10μm. 714 

 715 

Figure2: Accumulation on the boundary between cells requires threshold levels 716 

of Fat4-citrine and Ds1-mCherry.  (A-C) The analysis pipeline for Fat4-Ds1 717 

boundary accumulation. (A) Snapshots of HEK-Fat4-citrine (green) and HEK-Ds1-718 

mCherry (red) co culture, at different Ds1 induction times. Nuclei are stained with 719 

Hoechst (blue). Higher Ds1-mCherry (red) levels are observed for longer induction 720 

times. Scale bar -100 µm. (B) Zoom in on the area marked with rectangle in (A) 721 

shows both accumulating (yellow arrows) and non accumulating (white arrows) 722 



boundaries. Scale bar – 20 µm. (C) Segmentation of the 20h induction time point 723 

(right image in (B)). Left image shows overlay of the cell segmentation while right 724 

image shows the segmentation label for cell type and boundary accumulation (green – 725 

Fat4, red – Ds1, yellow – accumulating boundary, blue – nuclei). (D) Plot showing 726 

the increase in the fraction of accumulating boundaries with Ds1-mCherry levels. 727 

Different colors represent different doxycycline induction times. Hill function fit 728 

(solid line) gives a Hill coefficient of 𝑛 = 2.2 ± 0.3, showing nonlinear increase. The 729 

error on n represent 95% confidence interval of the fit. (E-F) Probability distribution 730 

functions (pdf) of the total (cytoplasm+boundary) Fat4-citrine levels (E) and Ds1-731 

mCherry levels (F) in cells exhibiting accumulation on heterotypic boundaries 732 

(dashed lines) and in cells not exhibiting accumulation on heterotypic boundaries 733 

(solid lines). Pdf's shown are for the case of 20h doxycycline induction time. (G) 734 

Schematic of the defined 'accumulating' and 'non accumulating' boundaries. (H) Two 735 

dimensional distributions of the expression levels of Fat4-citrine and Ds1-mCherry in 736 

cells flanking each boundary after 0, 5 and 20 hours induction with doxycycline. Each 737 

point in the histogram corresponds to one Fat4-Ds1 boundary (see schematic in G), 738 

and the ‘x’ and ‘y’ values correspond to the levels of Ds1-mCherry and Fat-citrine 739 

flanking that boundary, respectively. Both axes are in logarithmic scale. The clear 740 

separation between ‘accumulating boundaries’ (yellow) and ‘non-accumulating 741 

boundaries’ (purple) indicates the threshold concentrations of Ds1 and Fat4 (dashed 742 

lines) above which a boundary is formed. Supplementary figure 1 (Figure 2- figure 743 

supplement 1) shows the average Ds1-mCherry expression, fraction of accumulation, 744 

and the distributions of accumulating and non-accumulating boundaries in all 745 

induction times. Supplementary figure 2 (Figure 2- figure supplement 2) shows the 746 

results of a duplicate experiment but with slightly different Ds1 induction rates.   747 

Figure 2- figure supplement 1: Accumulation on the boundary requires high 748 

levels of both Fat4 and Ds1. (A-B) The fraction of cells with accumulation at their 749 

boundaries (A) and the average Ds1-mCherry level in each image (B) increase as a 750 

function of induction time. Each dot represent the value obtained from one image. (C) 751 

Two dimensional distributions of the expression levels of Fat4-citrine and Ds1-752 

mCherry in cells flanking each boundary. The plots demonstrate the distributions at 753 

different induction times as described in Figure2. Each point in the histogram 754 

corresponds to one Fat4-Ds1 boundary, where yellow points correspond to 755 



'accumulating boundaries' and purple points correspond to 'non-accumulating 756 

boundaries'. Both axes are in a logarithmic scale. 757 

 758 

Figure 2- figure supplement 2: Accumulation on the boundary requires high 759 

levels of both Fat4 and Ds1. Analysis of a second experiment similar to the one 760 

shown in Figure 2 and Figure 2 – supplement Figure 1. In this experiment Ds1 761 

induction levels were lower. (A-B) The fraction of cells with accumulation at their 762 

boundaries (A) and the average Ds1-mCherry level in each image (B) increase as a 763 

function of induction time. Each dot represent the value obtained from one image. (C) 764 

Plot showing the increase in the fraction of accumulating boundaries with Ds1-765 

mCherry levels. Different colors represent different doxycycline induction times. Hill 766 

function fit (solid line) gives a Hill coefficient of n=4.5±1.3, showing nonlinear 767 

increase. The error on n represent 95% confidence interval of the fit.  (D) Two 768 

dimensional distributions of the expression levels of Fat4-citrine and Ds1-mCherry in 769 

cells flanking each boundary. The plots demonstrate the distributions at different 770 

induction times as described in Figure2. Each point in the histogram corresponds to 771 

one Fat4-Ds1 boundary, where yellow points correspond to 'accumulating boundaries' 772 

and purple points correspond to 'non-accumulating boundaries'. Both axes are in a 773 

logarithmic scale.  774 

 775 

Figure 3: Live imaging of Fat4-Ds1 accumulation dynamics reveals threshold 776 

response to Ds1 levels at the single cell (A) Schematic of the two-cell assay. In this 777 

assay two cells are restricted to a bowtie-shaped microwell allowing imaging of 778 

accumulation dynamics over time. (B) A filmstrip showing a movie in the two-cell 779 

assay with HEK-Fat4-Citrine cell (green) co-cultured with a HEK-Ds1-mCherry cell 780 

(red) (see Supplementary movie S1). Imaging started after the addition of the 100 781 

ng/ml doxycycline. Each image in the filmstrip is a sum of 8 z-slices encompassing 782 

the total width of the cells. As Ds1 levels increases, both proteins co-localize and 783 

accumulate at the cell boundary (yellow arrow). Scale bar - 10μm. (C) Quantitative 784 

analysis of accumulation dynamics. The levels of total cellular Fat4-Citrine (green 785 

solid line), total cellular Ds1-mCherry (red solid line), boundary Ds1-mCherry (red 786 

dashed line), and boundary Fat4-citrine (green dashed line) are plotted as a function of 787 

post-induction time. The fluorescence of both proteins exhibit a threshold response 788 



(black dashed line. (D-E) Mean boundary levels of Fat4-citrine and Ds1-mcherry are 789 

proportional to each other. Analysis of the single cell movie (D) and snapshots (E) 790 

shows that Fat4 and Ds1 fluorescence at the accumulating boundary are proportional 791 

to each other. ρ and n, correspond to the Pearson correlation coefficient and the 792 

number of frames, respectively. Supplementary figure 1 (Figure 3- figure supplement 793 

1) shows accumulation dynamics of free co-culture experiments and the non-linear 794 

accumulation of all movies shown here. Supplementary figure 2 (Figure 3- figure 795 

supplement 2) shows the distribution and dynamics of membrane Ds1 vs. total Ds1 in 796 

the cell. 797 

Figure 3- figure supplement 1: Live imaging of Fat4-Ds1 accumulation dynamics 798 

in free co-culture reveals threshold response to Ds1 levels (A) A filmstrip showing 799 

a movie from a free co-culture (i.e. not in a two cell assay) with Hek-Fat4-Citrine cell 800 

(green) co-cultured with a Hek-Ds1-mCherry cell (red). Imaging started two-hours 801 

after the addition of 100ng/ml doxycycline. Each image in the filmstrip is a sum of 13 802 

z-stacks encompassing the total width of the cells. As Ds1 levels increase, both 803 

proteins co-localize and accumulate at the cell boundary (yellow arrow). Scale bar - 804 

10μm. (B-C) Quantitative analysis of accumulation dynamics in two free co-culture 805 

movies. Here (B) is the analysis of the movie shown in (A) and (C) is the analysis of 806 

an additional free co-culture movie (not shown). The levels of total cellular Fat4-807 

Citrine (green solid line), total cellular Ds1-mCherry (red solid line), boundary Ds1-808 

mCherry (red dashed line), and boundary Fat4-citrine (green dashed line) are plotted 809 

as a function of post-induction time. Scale bar - 10 μm. (D-E) Analysis of the single 810 

cell movies in (B-C) shows that Fat4 and Ds1 fluorescence at the accumulating 811 

boundary are proportional to each other. (F) A log-log plot of Ds1 levels on the 812 

accumulating boundaries as a function of total Ds1 levels in the cell. The three plots 813 

correspond to the data shown in Fig. 3C (orange), Fig. 3 – supplement figure 1B 814 

(blue), and Fig. 3 – supplement figure 1C (blue). Slopes higher than 1 (black dashed 815 

line) indicate non-linear accumulation of Fat4-Ds1 complexes as a function of Ds1 in 816 

the cell.   817 

 818 

Figure 3- figure supplement 2: The membrane fraction of Ds1 mCherry is large 819 

and proportional to the total Ds1-mCherry in the cell. (A) Snapshot from a 820 

confocal time-lapse movie tracking dynamics and localization Ds1-mCherry levels in 821 



Hek-Ds1-mCherry cells. Ds1-mCherry was imaged at 7 z-planes. 1μm apart, every 5 822 

minutes, starting 32 minutes after doxycycline induction. Ds1-mCherry is localized 823 

both to the cell membrane (z=0μm plane) and to intracellular vesicles (see 824 

intracellular spots inside the cells at z=3μm plane). Scale bar - 10μm. (B) The mean 825 

Ds1-mCherry level at the z=0μm plane, corresponding to the membrane fluorescence, 826 

as a function of time. Fluorescence of Ds1-mCherry levels starts increasing about 100 827 

minutes after doxycycline induction. The data shown is an average of four movies and 828 

the error bar represent the standard error of the mean. This delay is probably due to 829 

finite maturation time of Ds1-mCherry. (C) The mean membrane Ds1-mCherry level 830 

(measures at z=0μm) is proportional to the mean total Ds1 mCherry levels (mean over 831 

all z-planes). (D) Fold change in Ds1 mRNA levels measured by qPCR show that the 832 

expression increases linearly in the first 2 hours showing that the delay in 833 

fluorescence levels observed in (B) is not due to delay in expression. Ds1 mRNA 834 

levels in each sample were normalized to GAPDH mRNA. Fold change is measure 835 

with respect to the mRNA levels with no doxycycline induction (t=0).  The values 836 

shown are the average of three independent repeats and the error bars represent the 837 

standard error of the mean.          838 

Figure 4. Bound Fat4-Ds1 complexes on the boundary are more stable than unbound 839 

Fat4 and Ds1. (A) A filmstrip showing a fluorescence recovery after photobleaching (FRAP) 840 

experiment on a boundary exhibiting accumulation (yellow) of Fat4-citrine (green) and Ds1-841 

mCherry (red). (see Supplementary movie S2) (B) A kymograph showing the fluorescence 842 

recovery profile along the boundary outlined in blue in (A). The fluorescence level (gray 843 

scale) is shown as a function of the position along the boundary (x-axis), and the time after 844 

photobleaching (y-axis). (C) A filmstrip from FRAP-TIRF experiment on a cell that express 845 

Fat4-citrine (see Supplementary movie S3). Arrow indicates the bleached area. (D) A 846 

kymograph showing the fluorescence recovery profile in the bleached area in (C). Almost full 847 

recovery of the bleached area is obtained after 20 sec. Scale bars - 5 μm. (E-F) Distributions 848 

of Diffusion coefficients (E) and exchange rates (F) obtained from analysis of FRAP 849 

experiments as those shown in (A-D). * and *** correspond to p-value<0.05 and p-850 

value<0.001, respectively, as estimated by t-test. The number of experiments for each sample 851 

are: unbound Fat4 n=29, unbound Ds1 n=36, unbound N-cadherin n=21, Fat4-Ds1 complex 852 

n=10, N-cadherin complex n=11. Error bars correspond to SEM. Supplementary figure 853 

(Figure 4- figure supplement 1) shows the analysis for unbound Ds1-mcherry, unbound N-854 

cadherin-GFP, and the bound N-cadherin complex.  855 



 856 

Figure 4- figure supplement 1: Unbound Ds1-mCherry and N-cadherin-GFP 857 

exhibit fast membrane dynamics (A-D) Filmstrips and analysis of FRAP-TIRF 858 

experiments on Hek293 cells express Ds1-mCherry (A-B) and N-cadherin-GFP (C-859 

D). Scale bar - 5 μm. For the N-cadherin experiments, Ds1-mCherry cells were 860 

transiently transfected with N-cadherin-GFP constructs. Frapped region is indicated 861 

arrows. (B,D) Kymographs showing the fluorescence recovery profile in (A) and (C), 862 

respectively. The fluorescence level (gray scale) is shown as a function of the position 863 

along the bleached area (y-axis), and the time after photobleaching (x-axis). (E) A 864 

filmstrip showing a FRAP experiment on a boundary exhibiting accumulation of N-865 

cadherin-GFP. The experiment was performed in a similar way to the FRAP 866 

experiments with Fat4-citrine and Ds1-mCherry accumulating boundaries (Figure 867 

4A). (F) A kymograph showing the recovery profile in (E).  868 

 869 

Figure 5. Fat4-citrine and Ds1-mCherry fluorescence at the boundary between 870 

cells are shifted by 100-200nm. (A) A high resolution image of a boundary 871 

exhibiting a ‘rainbow’ feature (composed of three stripes green, yellow and red; white 872 

arrow) indicating a shift between red and green fluorescence. Scale bar - 5 μm. (B) An 873 

illustration of the observed ‘rainbow’ feature. (C) A straightened version of the 874 

boundary shown in A (top). Fluorescence profiles (bottom) of Fat4-citrine (green) and 875 

Ds1-mCherry (red) along lines perpendicular to the boundary. Mean gap size for this 876 

boundary is as indicated (D) Probability distribution function of the distance between 877 

the peaks in the fluorescence profiles. Mean gap width for 61 boundaries as indicated. 878 

Supplementary figure (Figure 5- figure supplement 1) shows control experiments in 879 

MCF7 cells, super resolution STED images, and rainbows after correction of 880 

chromatic aberrations.  881 

 882 

Figure 5- figure supplement 1: The rainbow feature is observed in other cell 883 

types and with super resolution microscopy. (A-C) A rainbow feature observed in a 884 

confocal image of a co-culture of Fat4-citrine and Ds1-mCherry in MCF7 cells. Scale 885 

bar - 10 μm. (D) A zoom in on the boundary in (C). Scale bar - 2μm. (E-G) A super-886 

resolution image of the rainbow feature in a stimulated emission depletion (STED) 887 

microscope (Here, the co-culture is the same as Figure 5A). Scale bar - 2μm. (H) A 888 

zoom in on the boundary in (G). Scale bar  - 0.5 μm. (I-N) High resolution confocal 889 



images of a rainbow next to a 100nm tetraspeck bead (marked by an arrow). (I) A raw 890 

image of the boundary without any correction. Scale bar - 2.5μm. (J) A zoom in on 891 

the bead in (I). (K) A zoom in on the boundary in (I). Scale bar  - 0.5μm. (L) The 892 

image in (I) after correction of chromatic aberration. The correction of chromatic 893 

aberration was performed by applying global conformal transformation over the 894 

whole image (not shown) that minimizes the distances between the centers of the 895 

beads in the two channels. While the correction eliminates the shift between the two 896 

channels on the bead (M), the rainbow feature in the boundary is maintained (L,N).  897 

 898 

Figure 6. Fat4-citrine and Ds1-mCherry polarize in cells expressing both 899 

proteins. (A) Schematic illustration of the stable cell lines expressing both Fat4-900 

citrine and inducible Ds1-mCherry in the same cell. (B) An image of HEK293 cells 901 

expressing both Fat4-citrine and Ds1-mCherry. A rainbow feature (composed of three 902 

stripes green, yellow and red) is evident at the boundary between the cells. Scale bar - 903 

10 μm. (C) Zoom in on the boundaries in (B) marked by the numbers 1-4. Each 904 

boundary is presented next to its schematic illustration. Scale bar - 1 μm (D) An 905 

illustration of all the cells and boundaries shown in (B). The red-green barbells 906 

indicate the direction of polarity as determined by analysis of the rainbow. In this 907 

notation, the red and green circles marks the 'red side' and the 'green side' of the 908 

rainbow, respectively (see schematic of the notation on the right panel). The red and 909 

green triangles represent the directions of the cytoplasmic Ds1 and Fat4 gradients 910 

between the two cells flanking the boundary, respectively (cytoplasmic levels where 911 

measured in the area adjacent to the boundary – see methods). (E) Pie charts showing 912 

how the direction of polarization (red-green barbell) aligns with either the Fat4 913 

expression gradient (green triangle), or the Ds1 expression gradient (red triangle), or 914 

both, in the 107 analyzed boundaries. In the boundaries where the Fat4 and Ds1 915 

gradients are opposed (bottom pie chart) the polarity almost always (36 out of 39) 916 

aligns in a direction compatible with both gradients. In the boundaries where the Fat4 917 

and Ds1 gradients are aligned (top chart), the polarity cannot be compatible with both 918 

gradients. In these cases, it aligns with the Fat4 gradient in about half of the 919 

boundaries (27 out of 68), and to the Ds1 gradient in the other half (33 out of 68). NP 920 

– Non-polarized boundaries (no clear rainbow observed). 921 

 922 



Figure 6 – figure supplement 1. Polarization aligns with the expression gradient 923 

that existed prior to boundary accumulation. (A) A filmstrip from a movie of 924 

HEK293 cells expressing both Fat4-citrine and Ds1-mCherry showing the emergence 925 

of accumulation in a boundary (white rectangle).  Bottom strips – straightened 926 

versions of the boundaries in the filmstrip. Scale bar - 5µm (B) A schematic showing 927 

the direction of the expression gradient of Ds1 in (A) at t=200min. The level of Fat4 928 

is almost equal between the two cells flanking the boundary. (C) Fluorescence 929 

profiles of Fat4-citrine (green) and Ds1-mCherry (red) along lines perpendicular to 930 

the boundary at t=200min. (D) A histogram showing the distribution of the gap 931 

widths observed in the fluorescence profiles in (C). Mean gap size for this boundary is 932 

as indicated.  933 

 934 

 935 

 936 

Movie S1: A timelapse movie showing the dynamics of Fat4-Ds1 accumulation in a 937 

single cell pair. Movie used to generate filmstrip in Figure 3B. 938 

Movie S2: A timelapse FRAP movie showing the dynamics of bound Fat4 in Fat4-939 

Ds1 complex on the accumulating boundary. Movie used to generate filmstrip in 940 

Figure 4A. 941 

Movie S3: A timelapse FRAP-TIRF movie showing the dynamics of the unbound 942 

Fat4 on the basal membrane of the Fat4 expressing cell. Movie used to generate 943 

filmstrip in Figure 4C. 944 

Github repository - All analysis code can be found at 49 945 

Figure 2 – source data 1: A source data used to produce Figure 2, Figure 2 – figure 946 

supplement 1 and Figure 2 – figure supplement 2. The excel file contain two tabs 947 

corresponding to the two experimental sets. The rows include: IDs_xh are the Ds 948 

values for every cell in a batch, IFat_xh are the Fat values for every cell in a batch, 949 

IFatDsAccumulating_xh are the Fat and Ds values of cell that have accumulation 950 

boundaries, and IFatDsNonAccumulating_xh are Fat and Ds values for cells that 951 

share a Fat-Ds interface without accumulation. 952 
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