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Is anisotropic propagation of polarized molecular distribution the common mechanism of swirling patterns of planar cell polarization?
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Mutations in multiple planar cell polarity (PCP) genes can cause swirling patterns indicated by whorls and tufts of hairs in the wings and the abdomen of Drosophila and in the skin of vertebrates. Damaged global directional cue caused by mutations in four-jointed, fat, and dachsous, impaired cellular hexagonal packing caused by mutations in frizzled, or weakened intracellular signaling caused by mutations in disheveled, inturned, and prickle all make hair patterns globally irregular yet locally aligned, and in some cases, typically swirling. Why and how mutations in different genes all lead to swirling patterns is unexplored. Although the mechanisms of molecular signaling remain unclear, the features of molecular distribution are evident-most PCP molecules develop the polarized distribution in cells and this distribution can be induced by intercellular signaling. Does this suggest something fundamental to swirling patterns beyond the particular functions of genes, proteins, and signaling? A simple model indeed indicates this. Disregarding detailed molecular interactions, the induced polarization of molecular distribution in an epithelial cell can be modeled as the induced polarization of positive and negative charge distribution in a dielectric molecule. Simulations reveal why and how mutations in different genes all lead to swirling patterns, and in particular, the conditions for generating typical swirling patterns. These results show that the anisotropic propagation of polarized A c c e p t e d m a n u s c r i p t 2 molecular distribution may be the common mechanism of swirling patterns caused by different mutations. It also suggests that at the cell level, as at the molecular level, a simple mechanism can generate complex and diverse cellular patterns in different molecular contexts. The similarity between

the induced polarization and its propagation both in the epithelial cells and the dielectric molecules also interestingly suggests some commonalities between pattern formation in the biological and physical systems.

A c c e p t e d m a n u s c r i p t

INTRODUCTION

From flies to vertebrates during embryogenesis, epithelial cells develop both apicobasal polarity (AP) perpendicular to the tissue surface and planar cell polarity (PCP) along the tissue surface. AP determines the apical and basal sides of cells and PCP aligns cells with their neighbors. As PCP is involved in diverse tissue patterning, distinct mutation phenotypes are widely observed in different animal tissues [START_REF] Adler | Planar signaling and morphogenesis in Drosophila[END_REF][START_REF] Klein | Planar cell polarity: an emergent model points in the right direction[END_REF][START_REF] Zallen | Planar polarity and tissue morphogenesis[END_REF]. Of particular interest are domineering nonautonomy [START_REF] Vinson | Directional non-cell autonomy and the transmission of polarity information by the frizzled gene of Drosophila[END_REF] and swirling patterns [START_REF] Gubb | A genetic analysis of the determination of cuticular polarity during development in Drosophila melanogaster[END_REF]. The former refers to the mutations affecting cell polarization not only in a mutant clone but also in the nearby wild-type cells; the latter refers to whorls and tufts of hairs and bristles in the wing and the abdomen of Drosophila and in the skin of vertebrates [START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF][START_REF] Casal | Developmental compartments and planar polarity in Drosophila[END_REF][START_REF] Wang | Order from dis-order: self-organization in mammalian hair patterning[END_REF]. Considerable biological experiments and mathematical modeling have been made to understand domineering nonautonomy. Despite that the detailed signaling processes are still controversial [START_REF] Lawrence | Planar cell polarity: one or two pathways?[END_REF], most studies suggest that the molecular interactions within and between the cells are responsible for the propagation of polarized molecular distribution, thus, the A c c e p t e d m a n u s c r i p t 3 observed domineering nonautonomy (Tree et al., 2002b;[START_REF] Amonlirdviman | Mathematical modeling of planar cell polarity to understand domineering nonautonomy[END_REF][START_REF] Garrec | Establishment and maintenance of planar epithelial cell polarity by asymmetric cadherin bridges: a computer model[END_REF]. The swirling patterns, in contrast, have been less investigated and remain elusive.

PCP in different tissues undergoes three stages of molecular signaling conducted by the proteins in three layers (Tree et al., 2002a). In the first stage, the interactions among proteins in the top layer, principally Four-jointed (Fj), Dachsous (Ds), and Fat (Ft), generate a global directional cue to guide cell polarization [START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF][START_REF] Zeidler | The four-jointed gene is required in the Drosophila eye for ommatidial polarity specification[END_REF][START_REF] Casal | Developmental compartments and planar polarity in Drosophila[END_REF][START_REF] Rawls | The cadherins Fat and Dachsous regulates dorsal/ventral signaling in the Drosophila eye[END_REF][START_REF] Yang | Regulation of Frizzled by Fat-like cadherins during planar polarity signaling in the Drosophila compound eye[END_REF][START_REF] Cho | Action of fat, four-jointed, dachsousand dachsin distal-to-proximal wing signaling[END_REF]). In the second stage, under the global cue the interactions among proteins in the middle layer, including Frizzled (Fz), Dishevelled (Dsh), Vang-gogh (Vang), Prickle (Pk), and Flamingo (Fmi), make proteins develop polarized distributions in the cells [START_REF] Vinson | A Drosophila tissue polarity locus encodes a protein containing seven potential transmembrane domains[END_REF][START_REF] Tayler | Van Gogh: a new Drosophila tissue polarity gene[END_REF][START_REF] Usui | Flamingo, a seven-pass transmembrane cadherin, regulates planar cell polarity under the control of Frizzled[END_REF][START_REF] Krasnow | Dishevelled is a component of the frizzled signaling pathway in Drosophila[END_REF]Tree et al., 2002b;[START_REF] Lawrence | Cell interactions and planar polarity in the abdominal epidermis of Drosophila[END_REF]. In the third stage, the interactions among a set of tissue-specific proteins in the bottom layer generate tissue-specific phenotypes, such as hair directions in the vertebrate skin and Drosophila wing and ommatidia rotation in the Drosophila eye. Interestingly, while mutations in fz and vang in the middle layer usually cause domineering nonautonomy, mutations in genes in both the top and middle layers widely lead to swirling patterns. The underlying mechanisms, however, are unclear.

As swirling patterns are observed in tissues with mutations in the genes controlling directional cue generation, it is suggested that they are caused by PCP signaling in cells without a cue or with a random cue [START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF]. However, rather than being purely random, these patterns show noticeable features. Especially, the hair directions are globally swirling and locally aligned, for which a satisfactory explanation is absent. With a qualitative model, by applying a computational (cellular automata) rule to all of the cells such that each cell iteratively updates its direction on the vector sum [START_REF] Wang | Order from dis-order: self-organization in mammalian hair patterning[END_REF]. Since hair directions become very regular at the steady state, they propose that local cell interactions initiate a self-organizing process making PCP locally aligned.

This explanation, to some extent, justifies the observed global features, but accounts inadequately for the obvious differences between swirling patterns and the wild-type phenotype. Besides, swirling patterns caused by the mutations in fz, dsh, inturned (in), and pk, which function during the second stage of PCP to amplify and propagate cell polarization, were not addressed [START_REF] Wang | Order from dis-order: self-organization in mammalian hair patterning[END_REF].

Recently, it is reported that Fz and Pk, the two key components in the second stage PCP signaling, are required for the hexagonal packing of wing epithelial cells [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF]. Since the hexagonal packing process overlaps in time with the second stage PCP signaling, PCP propagation in unpacked or poorly packed cells may affect PCP patterning significantly.

We are currently interested in swirling patterns in the Drosophila wing. Although the details of molecular signaling have not been fully revealed, polarized molecular distributions have been well characterized. Driven by the directional cue, Fz moves distally and Vang moves proximally in the cell, forming a dipolar Fz/Vang distribution. This distribution is amplified by the intracellular Fz/Dsh and Vang/Pk signaling, which results in a dipolar Dsh/Pk distribution. The two dipolar distributions are stabilized by the cadherin Fmi between the cell and its neighbors [START_REF] Adler | Planar signaling and morphogenesis in Drosophila[END_REF][START_REF] Klein | Planar cell polarity: an emergent model points in the right direction[END_REF]. During the second stage of PCP, the wing epithelial cells also undergo hexagonal packing.

Initially, cells are in different shapes-tetragon, pentagon, hexagon, heptagon, and octagon. After hexagonal packing, about 80% of cells are hexagons. boundaries exist in cells due to defects or differences in any of the mentioned aspects (e.g., packed and unpacked cells, differently packed cells, and different strength of inter-and intracellular signaling), they may contribute to the anisotropic propagation of PCP. These results suggest the anisotropic propagation of polarized molecular distribution as the common mechanism of swirling patterns caused by mutations in different PCP genes. They also imply that at the cell level, as at the molecular level [START_REF] Affolter | Legs, eyes, or wings -selectors and signals make the difference[END_REF], complex and diverse cellular patterning could be accounted for by limited number of mechanisms. These results also reveal an interesting similarity between swirling patterns in PCP and spiral waves in cardiac arrhythmias, caused by anisotropic propagation of molecular signaling and of electric excitations, respectively [START_REF] Pertsov | Spiral Waves of excitation underlie reentrant activit in isolated cardiac muscle[END_REF]. Moreover, as polarized dielectric molecules via the van der Waals force cause physical morphogeneses such as gas condensation and polarized epithelial cells via the intercellular molecular binding cause biological morphogeneses such as epithelial patterning, a common principle can be presumed to exist in some biological and physical patterning.

METHODS

Biological aspects. The model contains a lattice of 50x50 cells in different shapes and orientations in the Cartesian coordinate system. Despite the fact that geometrically a cell has eight surrounding cells, its real interactors (called neighbors henceforth) are neighborhood-dependent and dynamically changeable. Since cells connect with each other tightly, the cell neighborhood, shape, and orientation are mutually determined (Fig. 1DE). Of the 23 different cell shapes and orientations, there are 2 tetragons, 8 pentagons, 4 hexagons, 8 heptagons, and 1 octagon (Fig. S1A). Compared with the Several features of PCP and hexagonal packing in the wing allow the computation to be reasonably simplified. First, perimeter of pentagonal, hexagonal, and heptagonal cells are not significantly different [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], thus cells are assumed to have the same perimeter. Second, the junctional material in a cell is distributed symmetrically between neighbors [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], thus each cell's membrane (perimeter) is assumed to be equally shared by its neighbors. Third, since the dipolar Fz/Vang distribution induced by intercellular Fz/Vang interaction relies on the shared membrane, but not on the physical distance between the connecting cells, the latter can be assumed equal. Fourth, as the Fz/Vang polarity in a cell shows little impact on the Fz/Vang distribution in neighbors in the axis perpendicular to the Fz/Vang polarity, the impact on the two neighbors can be neglected (Fig. 1AB). Fifth, typically non-existing triangular and enneagonal cells are neglected.

Finally, since the cell shape, orientation and cell neighborhood are mutually determined, different neighborhoods are used to represent different cell shapes and orientations. , with the parameter D reflecting the strength of intercellular signaling. As intracellular signaling does not change the cell polarity and molecule transportation, irrespective of whether it is via biochemical reactions or via microtubules [START_REF] Shimada | Polarized transport of Frizzled along the planar microtubule arrays in Drosophila wing epithelium[END_REF], is assumed to be at the steady state, a constant g is used to reflect the consistent strength of intracellular signaling.

Computing cell polarity

Therefore, the change in Px/Py can be computed by the two reaction-diffusion style equations
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Ex and Ey are computed in the same way as that of the induced polarization of dielectric molecules. If a polarized dielectric molecule is on the X-axis and at the origin (Fig. 1C), the X and Y components of its electric field at point W are [START_REF] Benedek | Physics with illustrative examples from medicine and biology -Electricity and magnetism[END_REF],
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Initial and boundary conditions, parameter values and numerical solution.

The X and Y component of the directional cue were Ix = 0.01 and Iy = 0.0, which were sufficiently small to allow inter-and intracellular signaling to have ample time to play their roles. To generate a random directional cue (presumably slightly weaker than the normal cue), the function random() was used to generate a pair of random numbers between 0.0000~0.0099 for Ix and Iy and another pair of random numbers between 0.00~0.99 to determine the sign of Ix and Iy (negative if > 0.5 and positive otherwise). We assume that Fz/Vang signaling does not affect Ft/Fj/Ds interactions, which are believed to determine the directional cue [START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF][START_REF] Yang | Regulation of Frizzled by Fat-like cadherins during planar polarity signaling in the Drosophila compound eye[END_REF][START_REF] Matakatsu | Interactions between Fat and Dachsous and the regulation of planar cell polarity in the Drosophila wing[END_REF][START_REF] Cho | Action of fat, four-jointed, dachsousand dachsin distal-to-proximal wing signaling[END_REF][START_REF] Casal | Developmental compartments and planar polarity in Drosophila[END_REF]; thus the cue constantly contributes to PCP in each step. Since the lattice is a small patch of epithelial cells surrounded by the same epithelial cells, the periodic boundary condition was applied.
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To determine the value of D/g in Eqn (2ab), a pattern of 85% correct hairs (with the remaining outside the range of correct) produced with randomly distributed 85% of cells hexagonally packed under the normal cue was generated with D = 0.01 and g = 0.012. As this pattern (referred to as simulated wildtype, SWT) matches the reported wild-type phenotype, 0.01/0.012 was set to D/g. The inter-and intracellular signaling of PCP gradually makes all cells maximally and stably polarized, after which no further polarity change occurs. Since after P>10.0 cell polarity changes little, P>10.0 was chosen to terminate simulation when it occurs in >96% cells. Eqn (2ab) was solved with the first-order Euler forward method. Since the 'diffusion' term does not cause the convergence problem, a large dt=1.0 was used.

Parameter sensitivity. It was checked whether the production of the SWT was sensitive to the value of D and g and the ratio of D/g. When D was halved or g was doubled, the results were better, as expected; when D was doubled or g was halved, the results remained largely normal (Fig. S1BC); and when both D/g were doubled or halved, the changes were reasonably in narrower ranges (Fig. S1DE).

These results indicate that the SWT is not produced by a system sensitive to D/g.

Measure of correct, aligned, and swirling hairs.

In all results, the strength and direction of cell polarity is indicated by the length and direction of the hair. To decipher simulated phenotypes, correct, aligned, and swirling hairs, abbreviated as correct, aligned, and swirling in the text and legends, are quantitatively defined.

Correct:

If a hair is in the direction [Px, Py], if 1 . 0 / & 0 < > Px Py Px
, then its direction is correct (this hair is counted as correct and marked in dark blue in all figures). Values of correct, aligned, and swirling are given when results are compared or their qualitative features are not distinctive.

RESULTS

Hexagonal packing slightly, but directional cue significantly, determines the normal PCP

In the Drosophila wing, before hexagonal packing, epithelial cells are about 5% tetragon, 35% pentagon, 44% hexagon, and 16% heptagon, and at the end of hexagonal packing about 80% of cells become hexagon [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF] ). This SWT pattern matches to the observed wild-type PCP. In the following parts, unless specified, "packed" means hexagonally packed cells in the shape 11 (Fig. S1A), "unpacked" means non-hexagonal cells equally in tetragons, pentagons, and heptagons, and "mixed" means the cell population before hexagonal packing. Packed cells, unpacked cells, and mixed cells are randomly distributed.

In theory, defects in hexagonal packing or in directional cue would affect PCP. To study PCP in poorly packed cells under the normal cue, simulations were made in (i) 50% packed and 50% unpacked cells and (ii) mixed cells. The difference in results is quantitative but not qualitative (Fig. S2A, captured at step 189, correct = 1459; Fig. S2B, captured at step 191, correct = 1111). To check the impact of hexagonally packed but randomly oriented cells on PCP, hexagons in different orientations were employed to perform the simulations. The results were not better than the PCP simulated in mixed cells (Fig. S2C, captured at step 191, correct=910).

To check the impact of directional cue, two simulations were made in packed and mixed cells under a random cue. Both resulted in highly irregular yet similar patterns. Quantitatively, PCP in mixed cells (Fig. S2D, captured at step 320, swirling = 432, correct = 76) is worse and slower than in packed cells (Fig. 2B, captured at step 320, swirling = 171, correct = 55), which is a reasonable result. These results agree with the experimental finding that in the PCP mutant wing defects in hexagonal packing do not much perturb the cell polarity [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], thereby highlighting the importance of directional cue.
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Rescue of directional cue, hexagonal packing, intracellular and intercellular signaling

To further evaluate the relative importance of hexagonal packing and directional cue, similar to rescuing fz function in experiment by restoring fz expression at different times [START_REF] Strutt | Nonautonomous planar polarity patterning in Drosophila: Dishevelledindependent functions of Frizzled[END_REF], packed cells and directional cue were made available at different times in simulations. First, PCP in packed cells under a random cue was simulated, during which the normal cue was restored at step 10 (Fig. 3A, captured at step 243) and 50 (Fig. 3B, captured at step 300). The results show that, to produce a largely correct PCP the cue should be rescued at a very early time, and a rescue at a step as late as 50 produced a slower PCP and an irregular pattern qualitatively similar to PCP in packed cells under a random cue (Fig. 2B). Simulations in mixed cells under the normal cue were also made, with cells becoming packed later. It was found that a rescue of hexagonal packing at a step as late as 150

was enough to produce a quite normal pattern (Fig. S3A, captured at step 189, correct = 1100). These results further support the mentioned conclusion that the hexagonal packing slightly, but directional cue significantly, determines the normal PCP. In vivo, the directional cue could affect PCP in two linked ways, via hexagonal packing and via Fz signaling [START_REF] Strutt | Nonautonomous planar polarity patterning in Drosophila: Dishevelledindependent functions of Frizzled[END_REF][START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], which might explain its importance. As will be discussed later, under the normal cue and with intact intracellular signaling PCP does not rely much on hexagonal packing, but when intracellular signaling is impaired PCP becomes more sensitive to defects in hexagonal packing.

To check intracellular signaling under the wild-type condition, i.e., 85% of cells packed under the To complete the comparison, further two simulations were made under the conditions (i) and (ii) with intact inter-and intracellular signaling, respectively (Fig. S3H, captured at step 294, swirling=171 and correct=58; Fig. S3I, captured at step 160, swirling=0 and correct=1192). In all these cases, PCP under a random cue (Fig. S3DFH) was worse than PCP under the normal cue (Fig. S3EGI), and the rescue of intra-and intercellular signaling always improved PCP. The comparable improvement of PCP by the rescue of inter-and intracellular signaling under the two conditions may indicate a comparable impact of inter-and intracellular signaling on PCP under abnormal conditions.

A graded directional cue could make PCP anomalies position-dependent

A c c e p t e d m a n u s c r i p t

Mutations in the genes involved in directional cue generation are found to produce position-dependent instead of random aberrances. In the ds mutant wing, hair directions at the distal tip are more regular than those in other areas [START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF], and if nonautonomous fz function is impaired, hairs at the distal tip are more tolerant than hairs elsewhere [START_REF] Strutt | Nonautonomous planar polarity patterning in Drosophila: Dishevelledindependent functions of Frizzled[END_REF]. In the eye, the proportion of ommatidia showing dorsoventral inversion in an fz clone is also position-dependent-about 5% at the equatorial edge, 15%-25% at the center, and 40%-60% at the polar edge [START_REF] Strutt | Nonautonomous planar polarity patterning in Drosophila: Dishevelledindependent functions of Frizzled[END_REF]. To check whether this position-dependency could be caused by a graded cue, a simulation was made in mixed cells under a graded normal cue (the normal cue + column × 0.0005). The result is not remarkably different from PCP in mixed cells under the normal cue (Fig. S2B), but quantitatively there are fewer correct hairs in the low cue area and more correct hairs in the high cue area (data not shown).

This is because the cells under a higher cue are more resistant to the modification of their polarity by neighbors.

We speculate that if a graded cue is impaired by gene mutations, then the residual cue gradient would still be graded. To check how such a gradient would affect PCP, a simulation in mixed cells under a graded random cue (the random cue + column × 0.0005) was made. The result is remarkable (Fig. 4A).

On the basis of these results, together with the observed distal-to-proximal Fj gradient in the wing [START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF][START_REF] Matakatsu | Interactions between Fat and Dachsous and the regulation of planar cell polarity in the Drosophila wing[END_REF], equator-to-pole Fj gradient in the eye [START_REF] Yang | Regulation of Frizzled by Fat-like cadherins during planar polarity signaling in the Drosophila compound eye[END_REF], and the opposite Ds gradient in the two tissues [START_REF] Yang | Regulation of Frizzled by Fat-like cadherins during planar polarity signaling in the Drosophila compound eye[END_REF][START_REF] Cho | Action of fat, four-jointed, dachsousand dachsin distal-to-proximal wing signaling[END_REF]),a graded cue can be speculated in these tissues, which is higher at the distal end in the wing and at the equator edge in the eye. A graded cue provides a simple and plausible explanation not only for those inexplicable position-dependent PCP anomalies in the Drosophila wing and eye [START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF][START_REF] Strutt | Nonautonomous planar polarity patterning in Drosophila: Dishevelledindependent functions of Frizzled[END_REF] but also for the finding that hair formation first starts at the distal end in the wing and the earliest
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ommatidia rotation happens at the equator part in the eye [START_REF] Wong | Tissue polarity genes of Drosophila regulate the subcellular location for prehair initiation in pupal wing cells[END_REF][START_REF] Wehrli | Epithelial planar polarity in the developing Drosophila eye[END_REF].

Large clones with an abnormal cue can produce typical swirling patterns

Swirling patterns caused by mutations in different genes are widely observed, however, typical swirls are rare. By analyzing the typical ones [START_REF] Adler | Tissue polarity points from cells that have higher Frizzled levels towards cells that have lower Frizzled levels[END_REF][START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF][START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF][START_REF] Simon | Planar cell polarity in the Drosophila eye is directed by graded Four-jointed and Dachsous expression[END_REF][START_REF] Matakatsu | Interactions between Fat and Dachsous and the regulation of planar cell polarity in the Drosophila wing[END_REF], we find that they show one or several of the following features: (i) changed molecular distribution (the reversed Fz distribution); (ii) specific mutations in some genes (ft l(2)fd and ds UAO71 ); (iii) large clone; and (iv) irregular clone boundary. An interesting question is whether these features indicate something in common to the generation of typical swirling patterns.

Converting these features into simulation conditions, specifically, assuming that ft l(2)fd would eliminate the cue in cells, we addressed this question by investigating the impact of these conditions (the impact of clone boundary is described in the next section).

First, if a clone was large, with packed cells under the normal cue outside it and mixed cells without cue inside it, typical swirling patterns were generated (Fig. 5A). Besides irregular and swirling hair directions inside the clone, hair directions in some cells outside the clone were also changed. This result is quite similar to the experimentally observed phenotypes [START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF]. Small clones were found to less likely to cause swirls, which is in line with the finding that small errors in PCP can be corrected by signaling from neighboring normal cells [START_REF] Ma | Fidelity in planar cell polarity signaling[END_REF]. Some mutations could impair rather than eliminate the cue, which raises the question of whether the no-cue condition is indispensable. To investigate it, a simulation with mixed cells under a random cue inside a clone (a random cue is weaker than the normal cue, see Methods) was performed, which also resulted in typical
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swirls (Fig. 5B). However, if mixed cells in the clone were under the normal cue, a quite regular pattern was acquired (Fig. 5C). These results indicate that a weak and abnormal cue contributes significantly to the generation of typical swirling patterns. To check if the clone shape matters, a round clone and a square clone under the no-cue condition were examined. The result indicates that the clone shape is not critical (Fig. 5DE). Further, to check the impact of a clone of changed molecular distribution, simulations were made with packed cells under the normal cue. When the cue in the clone was rotated by 90 degrees or reversed (Fig. S6AB), though hair directions within or around the clone were changed and somewhat swirling, typical swirls were absent. These results indicate that the changed molecular distribution would affect hair directions but might not significantly contribute to typical swirling patterns. Finally, to check if typical swirls could be produced in a globally graded cue a simulation was made with mixed cells without cue inside the clone and packed cells under the graded normal cue outside it. The graded cue does not noticeably affect the generation of swirling patterns (Fig. 4B).

These results together suggest that the identified features indeed indicate something in common to the generation of swirling patterns. Generally, under the normal cue, since PCP proceeds at the normal speed and is constrained in the correct direction, it is resistant to the anisotropic propagation caused by flawed cellular packing, whereas under a weak and abnormal cue, since PCP proceeds slowly and is less or wrongly directionally constrained, it is much affected by the anisotropic propagation caused by flawed cellular packing. This explains the previous findings that PCP in mixed cells under the normal cue is quite regular but in packed cells under the random cue is highly irregular (Fig. S2B; Fig. S3H).

If a clone is large, the long-range anisotropic propagation significantly promotes the generation of typical swirls.
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Clone boundary may specifically affect anisotropic propagation

In simulations with mixed cells inside a clone, the anisotropic propagation of PCP is caused by the irregular cell neighborhood inside the clone and around the clone boundary. To check whether and how clone boundary per se would affect PCP, simulations where the cells inside and outside a no-cue clone were packed in two different hexagons were performed. This would avoid the anisotropic propagation in the clone caused by the irregular cell neighborhood. Two swirls were found when the shape 11 cells and shape 12 cells were inside and outside of the clone respectively (Fig. 6A; Fig. S1A); however, no swirl was found in the opposite case (Fig. 6B). A closer observation reveals different cross-boundary PCP propagation in these two cases. In the first case, the cross-boundary propagation in many of the cells inside the clone was perpendicular to the outside cell polarity, rendering subsequent propagation in the clone very anisotropic (Fig. 6A). In the second case, the cross-boundary propagation in many of the cells inside the clone was along, or roughly along, the outside cell polarity, rendering subsequent propagation in the clone quite isotropic (Fig. 6B). These observations indicate that the cell neighborhood at the clone boundary may inherently affect cross-boundary PCP propagation and therefore the intra-clone PCP propagation. To check whether this impact is cloneshape-dependent, two simulations under the same conditions but with a square clone were made. The results indicate that the impact is independent of the clone shapes (Fig. S4AB).

To check whether irregularity of clone boundary matters, another simulation was made with a slightly more complex clone (Fig. 6C). Although the result contains only one defined swirl, globally hair directions seem more irregular than in a simpler clone (Fig. 6AB). This may help explain the
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observation that swirling patterns are more often seen in clones with a complex and irregular boundary.

A complex clone boundary is likely to make cross-boundary PCP propagation anisotropic.

Intracellular and intercellular signaling affects PCP differently

Cell polarity is amplified by intracellular Fz/Dsh and Vang/Pk signaling and modified by intercellular Fz/Vang signaling. A recent study indicates that Fz/Vang conducted intercellular signaling does not require Dsh and Pk and takes place earlier than intracellular signaling [START_REF] Strutt | Differential activities of the core planar polarity proteins during Drosophila wing patterning[END_REF].

However, less is known about the contribution of intracellular signaling. In particular, why mutations in genes involved in intracellular signaling cause swirling patterns is poorly understood. With different values of g/D that reflect different relative strengths of intra-and intercellular signaling, simulations were made to address this question.

When the g/D ratio was decreased by decreasing g 10 times which weakened the intracellular signaling, PCP under the wild-type condition (85% of cells packed under the normal cue) became slower and more irregular (Fig. 7A, swirling = 9 and correct = 952). When the g/D ratio was decreased by increasing D 10 times which enhanced the intercellular signaling, PCP became very irregular with multiple swirls (Fig. 7B, swirling = 171 and correct = 136). These results indicate the importance of intracellular signaling, which is supported by the experiments in vertebrates [START_REF] Wallingford | Dishevelled controls cell polarity during Xenopus gastrulation[END_REF].

Many swirling patterns are observed in situations of double mutations. To check the combined impact of impaired directional cue and impaired intracellular signaling, the simulation was made under the condition that outside the clone were packed cells under the normal cue but inside the clone were mixed cells without the directional cue and all cells had a 10 times smaller g. The result, compared In addition to mutant clones with defects in directional cue and hexagonal packing, there can be mutant clones with defects in inter-or intracellular signaling. To check how clones with impaired intracellular signaling affect PCP, two simulations were made with a clone in which intracellular signaling was 10 times weaker (g=0.0012). In the case where 70% of cells were packed and 30% of cells unpacked, changes in the hair directions widely occurred in the clone (Fig. 7D); in the case where all cells were packed, changes in the hair directions only occurred at the inner clone boundary (Fig. S5). Simulations showed that the weakened intracellular signaling decreased PCP speed and relatively enhanced the intercellular signaling, and the two effects together enhanced the anisotropic propagation of PCP, making it more sensitive to mutant clones, boundaries in the cells, and defects in hexagonal packing.

DISCUSSION AND CONCLUSIONS

The common mechanism of swirling patterns Swirling patterns are widely observed in different tissues. Compared with domineering nonautonomy, they are less revealed experimentally as well as theoretically. Swirling patterns caused by mutations in ft, fj, and ds can be explained by miss-guided PCP signaling. However, those caused by mutations in genes such as pk, dsh, and in pose a challenging question [START_REF] Adler | Tissue polarity points from cells that have higher Frizzled levels towards cells that have lower Frizzled levels[END_REF][START_REF] Adler | Mutations in the cadherin superfamily member gene dachsous cause a tissue polarity phenotype by altering frizzled signaling[END_REF]. In the middle or bottom layer of PCP signaling, these genes take different function in intracellular signaling that interprets and amplifies the directional cue. Though mutations in different genes affect PCP signaling differently, they all cause swirling hair patterns. No elegant explanation has been made to mutations can all lead to swirling patterns implies that some common mechanism above molecular signaling may exist and determine swirling pattern generation. To theoretically unveil the mechanism, analogies between the biological system and some physical systems have been suggested, for example, it is proposed that cellular polarization is similar to the patterning of electron spins in the ferromagnet [START_REF] Lewis | Planar cell polarity in the inner ear: how do hair cells acquire their oriented structure?[END_REF][START_REF] Wang | Order from dis-order: self-organization in mammalian hair patterning[END_REF].

In this study, by comparing the induced polarization of a cell to that of a dielectric molecule, a model covering the major aspects of PCP but neglecting the molecular details of the signaling is built.

Simulations that produce typical and atypical swirling patterns under various conditions show how impaired directional cue, poor hexagonal packing, weakened intracellular signaling, irregular clone boundary, and inhomogeneous strength of intercellular signaling affect the propagation of PCP. The results not only explain why mutations in genes in intracellular signaling cause swirling patterns but also indicate that the anisotropic propagation of polarized molecular distribution could be the common mechanism of swirling patterns at the cell level.

Specifically, simulations suggest that swirling patterns caused by weakened intracellular signaling are due to the defects in cellular packing, which, according to Classen et al. [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], normally exist in cells. When intracellular signaling is weakened, the impact of the defects on PCP becomes increased. This also reasonably explains why double mutations, for example, one in a gene controlling directional cue generation and the other in a gene participating in intracellular signaling, is more likely to cause swirling patterns. Since the anisotropic propagation caused by defects in cellular packing differs from the anisotropic propagation caused by impaired directional cue, phenotypically 

A mathematical note

An interesting relationship can be observed by comparing Eqn (2ab) to the Turing reaction-diffusion equations:

( )

1 2 1 1 1 C D C f t C ∇ + = ∂ ∂ (5a) ( ) 2 2 2 2 2 C D C f t C ∇ + = ∂ ∂ (5b)
In Eqn (2ab), if D=0, Px/Py would just be amplified Ix/Iy and the cell polarity would match the cue direction, and if i,j] is cell position and m, n=0 or 1 ), the cell polarity would deviate from the cue direction. In Eqn (5ab), if D 1 =D 2 =0, C 1 and C 2 would evolve into a uniform steady state, if D 1 ≠D 2 , spatially inhomogeneous patterns would be generated by diffusion-driven instability [START_REF] Murray | Discussion: Turing theory of morphogenesis -Its influence on modeling biological pattern and form[END_REF], and if
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2 ] , [ 2 ] , [ 2 1 but n j m i j i D D ± ± ∇ ≠ ∇ =
, diffusiondriven instability would also occur, a situation very close to Eqn (2ab). In the two cases, inhomogeneous diffusion in the cells and inhomogeneous interaction between the cells are essentially parallel.

A possible sufficient condition for generating typical swirling patterns

A c c e p t e d m a n u s c r i p t

As typical swirling patterns are not widely observed in experiments, a question is what are the required conditions for generating them? An analysis of those results with clear swirls reveals that typical swirls often occur in large ft l(2)fd and ds UAO71 clones. On the basis of the speculation that mutations like ft l(2)fd might eliminate the directional cue in cells, simulations were made with a clone without or with a weak directional cue, and typical swirls were produced. Further investigations into the clone size, clone shape, and clone boundary also reveal their effects on swirling pattern generation. These results

indicate that the following conditions may comprise a set of sufficient conditions for the generation of typical swirling patterns in a clone: (i) poorly packed cells to create irregular cell neighborhood, (ii) without a cue or with a weak cue to make cell polarization in random directions or at slow speed, (iii) a large clone size to allow long-range propagation, and (iv) a complex clone boundary to make irregular cross-boundary propagation. These conditions should be verified experimentally, for example, to see whether ft l(2)fd would indeed eliminate the cue and whether a simple clone boundary would be less able to produce typical swirls. Such coupled computational and experimental studies, with predictions and verification, would make PCP better understood.

Why do swirling patterns show stereotypical global features?

In contrast to typical swirling patterns, atypical ones (globally swirling but without clear whorls and tufts) are widely observed in varied situations. Moreover, some swirling patterns show highly 

Can the model explain wider epithelial cell polarization?

The impressive agreement between the simulation results and experimental findings supports modeling a polarizing epithelial cell as a polarizing dipole, which allows the major PCP properties determined by core signaling components to be computationally investigated at the cell level. In addition to the Fz/Vang-based PCP in the epidermis, there are other PCP processes based on molecules such as myosin II and Bazooka and involved in other tissue patterning processes, such as convergent extension and grastrulation [START_REF] Keller | Shaping the vertebrate body plan by polarized embryonic cell movements[END_REF][START_REF] Zallen | Patterned gene expression directs bipolar planar polarity in Drosophila[END_REF][START_REF] Zallen | Planar polarity and tissue morphogenesis[END_REF]. These processes show two features: cell polarization is reversible and the relevant molecules adopt polarized (like Fmi in structure in the Drosophila embryo could also be modeled [START_REF] Blankenship | Multicellular rosette formation links planar cell polarity to tissue morphogenesis[END_REF]. Actually, hexagonal packing of the wing cells during wing development is thought to be quite similar to the cell shape change during embryonic convergent extension [START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF], and it has been proposed that even at the molecular level PCP in different tissues could follow an essentially common mechanism [START_REF] Mlodzik | Planar cell polarization: do the same mechanisms regulate Drosophila tissue polarity and vertebrate gastrulation?[END_REF].
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  neighbors' directions, Wang et al. produced different swirling patterns under different initial conditions

  cellular patterning contribute to tissue development at two levels.Experimental studies have revealed some common mechanisms of molecular signaling, including lateral inhibition, positive and negative feedback, and the cell fate determination by morphogen gradient. However, the question of whether there exist common mechanisms of cellular patterning has not been adequately addressed. It is important to reveal these mechanisms and their relationships with molecular signaling. Here, instead of investigating detailed PCP signaling at biochemical reaction level[START_REF] Amonlirdviman | Mathematical modeling of planar cell polarity to understand domineering nonautonomy[END_REF][START_REF] Garrec | Establishment and maintenance of planar epithelial cell polarity by asymmetric cadherin bridges: a computer model[END_REF], we use modeling and simulations to investigate the mechanisms and characteristics of cellular patterning that generate swirling patterns. This study addresses why and how mutations in the genes in different layers and affecting different aspects of PCP can all lead to swirling patterns. Our exploration complements the experimentally addressed questions such as 'what molecules take what functions in what interactions.'Cell polarization is guided by the directional cue, modified by intercellular signaling, and amplified by intracellular signaling. Analogous to the dipolar distribution of positive and negative charges in a dielectric molecule, the dipolar distribution of Fz/Vang in an epithelial cell induces polarization in the neighboring cells. Hence, a polarizing epithelial cell is modeled as a polarizing dielectric molecule (Fig.1AB). With this conceptually clear and simple model, following questions have been addressed: (i) how do defects in the four aspects, i.e., directional cue, hexagonal packing, intercellular signaling, and intracellular signaling, affect PCP; (ii) is there any common mechanism behind various swirling patterns caused by the defects in these aspects; and (iii) what are the conditions required for generating typical swirling patterns? Simulations show that, compared with the defects in directional cue, the defects in hexagonal packing affect PCP less; nevertheless, both make the propagation of PCP anisotropic. The anisotropic propagation makes cell polarization globally disorganized but locally a mutant clone without a cue or with a random cue, the propagation from normal cells into mutant cells can be affected by both the cell neighborhood and the clone shape. Moreover, as long as

  a regular and uniform neighborhood in previous PCP models, diverse and changeable cell shapes and orientations with irregular and changeable neighborhoods greatly help the modeling and simulation of complex patterns.

  moment and Px and Py are its two components (corresponding to the cell polarity in the x and y directions, respectively), r is the distance between O and W, and θ is the angle between OX and OW. On the basis of the third assumption, r is not important, dielectric molecule is not on OX, the X´Y´ coordinate system is used to plot it on OX´ and then ' Ex and ' Ey are computed with Eqn (3ab). As the angle between OX and OX´ is Px Py arctan = β and θ can be easily determined depending on the position of W and computed ' Ex and ' Ey (Fig.1C), the following coordinates transformations give Ex and Ey

  If a hair is in the direction [Py, Px] and its eight neighbors in directions [Py i , Px i ] (i = 1 to 8), if for all eight i there exists 0 hair is aligned with its neighbors (this hair is counted as aligned and marked in azure in all figures). Swirling: If a hair is in the direction [Px, Py], then its eight neighbors in directions [Px i , Py i ] (i = 1 to 8) are treated clockwise to count the number of adjacent hair pairs in the clockwise direction, CLOCKWISE, and the number of adjacent hair pairs in the anticlockwise direction, ANTICLOCK. For a hair pair, if the hair directions are in the same quadrant, clockwise/ anticlockwise is determined by their slope Py/Px, if the hair directions are in two adjacent quadrants, clockwise/anticlockwise is determined by the quadrant relation, if hair directions are in two disjoint quadrants, clockwise/anticlockwise is undetermined. If CLOCKWISE - ANTICLOCK ≥ 6 or ANTICLOCK -CLOCKWISE ≥ 6, then this hair's eight neighbors comprise a swirl (all nine cells are counted as swirling and marked in red in all figures).

  hexagonally packed under the normal cue was first produced (Fig. 2A, captured at step 190, correct = 2101

  Fig.S3E, captured at step 346, swirling = 0 and correct = 811). Note, in the second case the cue was

  the same condition except a smaller g (Fig.5A, swirling=72), shows some new features: the swirling pattern inside the clone is severer and the hair directions outside the clone are affected more by cross-boundary PCP propagation (Fig.7C, swirling=117).

  at the molecular level and the similarity at the cell level. That different

  patterns are different. Those seen in pk and dsh mutants are closer to those seen in fz, vang and fmi mutants but different from those seen in ft and ds mutants. Moreover, in dsh, pk, fz and vang mutants the hairs start at the center of the cell but in ft and ds mutants they start at the one side of the cell. Despite these differences, at the cell level the anisotropic propagation of cell polarization occurs in all of the cases, providing a common mechanism to explain different swirling patterns.

  reproducible and stereotypical global features. So, what makes hair directions stereotypically rather than randomly swirling? The simulations of clone boundary provide an answer. In the situations generating typical or atypical swirling patterns, various boundaries could exist in cells, for example, between wild-type and mutant cells, between packed and unpacked cells, between cells with different cue concentration or direction, and between cells with different intra-and intercellular signaling strength. As revealed by the simulations, these boundaries contribute to the anisotropic propagation of the contribution becomes significant if other defects coexist. While an impaired cue or the unpacked cells would make fine-grained anisotropic propagation of PCP, such boundaries would cause coarse-grained anisotropic propagation, which explains globally swirling and locally aligned instead of purely random hair directions. Very likely, they may also explain why some swirling patterns show stereotypical global features and are highly reproducible-some of the boundaries may inherently exist in a tissue, with an insignificant effect under the normal situation but a substantial one under abnormal situations on PCP. The uneven distribution of the 15% unpacked cells[START_REF] Classen | Hexagonal packing of Drosophila wing epithelial cells by the planar cell polarity pathway[END_REF] and the existence of wing veins, for example, are two examples.

Drosophila

  wing cells) but not dipolar (like Fz/Vang in Drosophila wing cells) distribution. Can the model describe such PCP processes? We note that the proposed analogy between the induced polarization of biological cells and the induced polarization of dielectric molecules and the propagation of the polarization do not require an explicit representation of specific molecules such as Fz/Vang or myosin II/Bazooka and, therefore, do not depend on the polarized distribution of a molecule or the dipolar distribution of a pair of molecules. Thus, other PCP related patterning such as the rosette

Fig. 1

 1 Fig. 1 The analogy between the induced polarization of epithelial cells and the induced
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 2 Fig. 2 PCP under a random cue is highly irregular. (A) In 85% packed cells under the normal cue
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 4 Fig. 4 A graded directional cue makes PCP anomaly graded. (A) PCP in mixed cells under a
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 56 Fig. 5 A large clone and impaired directional cue are critical for generating typical swirling
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 7 Fig. 7 Changed intra-and intercellular signaling has different impact on PCP. (A) PCP in 85%

  Fig. S1 The generation of the simulated wild-type is not sensitive to g/D values. (A) The 23
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 S2 Fig. S2 Directional cue is more important than hexagonal packing for PCP. (A) PCP in cells 50%
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 S3 Fig. S3 Intra-and intercellular signaling has comparable importance in abnormal situations.

  Fig. S4 The impact of clone boundary on PCP. PCP in cells packed in two different hexagons inside

  

  

  

  

  

  

  

  

  

  

A c c e p t e d m a n u s c r i p t

  . A cell's polarity P, a vector, is divided into two components Px and Py in the X and Y direction. Similarly, its impact E on a neighboring cell at point W is divided into Ex and Ey.

				t Py ∂ ∂	=	f	( ) Py	+	g	(Py	)	(1b)
	According to assumptions 1-3, if a cell has n neighbors, there are ( ) Px f	=	D	⋅	n Ex i ∑ n i	and
	f	( ) Py	=	D	⋅	n Ey ∑ n i	i
	The change in Px/Py is determined both by modification of Px/Py by intercellular signaling, ( ) Px f	and
	f	( ) Py	, and by amplification of Px/Py by intracellular signaling, ( ) Px g	and ( ) Py g	, which can be
	described by		
				t Px ∂ ∂	=	f	( ) Px	+	g	(Px	)	(1a)
										8

  . Hexagonal packing overlaps in time with Fz coordinated PCP signaling, and at the end of PCP Fz/Vang and Dsh/Pk acquire dipolar distributions in cells. To

investigate swirling patterns under various conditions, a pattern of 85% correct hairs produced with