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Summary

The directed migration of cells sculpts the embryo, contributes to homeostasis in the adult and, 

when dysregulated, underlies many diseases [1, 2]. During these processes, cells move singly or as 

a collective. In both cases, they follow guidance cues which direct them to their destination [3–6]. 

In contrast to single cells, collectively migrating cells need to coordinate with their neighbors to 

move together in the same direction. Recent studies suggest that leader cells in the front sense the 

guidance cue, relay the directional information to the follower cells in the back and can pull the 

follower cells along [7–19]. In this manner, leader cells steer the collective and set the collective′s 

overall speed. However, whether follower cells also participate in steering and speed setting of the 

collective is largely unclear. Using chimeras, we analyzed the role of leader and follower cells in 

the collectively migrating zebrafish posterior lateral line primordium. This tissue expresses the 

chemokine receptor Cxcr4 and is guided by the chemokine Cxcl12a [20–23]. We find that leader 

and follower cells need to sense the attractant Cxcl12a for efficient migration, are coupled to each 

other through cadherins, and require coupling to pull Cxcl12a-insensitive cells along. Analysis of 

cell dynamics in chimeric and protein-depleted primordia shows that Cxcl12a-sensing and 

cadherin-mediated adhesion contribute jointly to direct migration at both single-cell and tissue 
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levels. These results suggest that all cells in the primordium need to sense the attractant and adhere 

to each other to coordinate their movements and migrate with robust directionality.

Ghaphical abstract

Colak-Champollion et al. combine chimeric analysis with live imaging to examine how 

collectively migrating cells coordinate their migration in the zebrafish lateral line primordium. 

They show that the cells require cadherins and chemokine sensing for polarity, cell coupling and 

efficient directional migration of the primordium.

Results and discussion

Cxcr4-mediated Cxcl12a signaling is required in all primordium cells for efficient 
directional migration

The primordium expresses the chemokine receptor Cxcr4b and migrates along a stripe of 

constant Cxcl12a expression [20–22]. It expresses the Cxcl12a clearance receptor Ackr3b in 

its back [24, 25], where Ackr3b removes the chemokine to generate a local Cxcl12a gradient 

across the primordium to direct it forward [22, 23] (Figure 1A). Chimeric analysis indicates 

that Cxcr4b is only required in the leader cells of the primordium (cells located in the front 

15 μm of the primordium for directed migration [21]), suggesting that the leader cells guide 

the follower cells in the back of the primordium. Since cells in the first 120 μm of the 

primordium (about 80% of the cells) sense a Cxcl12a-gradient across themselves [22, 23], 
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we hypothesized that the follower cells (cells located behind the front 15 μm of the 

primordium) could also contribute to directed migration. To explore this idea, we first 

analyzed the expression levels of the two Cxcl12a receptors Cxcr4a and Cxcr4b using 

transcriptional reporters. This analysis showed that the primordium expresses cxcr4a and 

cxcr4b as previously reported [20, 23, 26] (Figure S1A, S1B) but at very different levels; 

cxcr4b expression is 19-fold higher than cxcr4a expression in the primordium (Figure 1B). 

The difference in expression was lost when we expressed cxcr4a from the cxcr4b promoter 

(Figure S1C, S1D). Second, we asked to what degree the two Cxcr4 receptors contribute to 

the migration of the primordium. Quantification of the speed, directionality and traveled 

distance in embryos with progressively lower overall Cxcr4 activity showed that Cxcr4a 

contributes little and Cxcr4b majorly to the directional sensing of the primordium (Figures 

1C, S1E). Loss of Cxcr4b function did not result in the upregulation of cxcr4a expression, 

indicating that the absence of Cxcr4b activity is not compensated for by increased cxcr4a 
transcription (Figure S1B). Importantly, expressing cxcr4a from the cxcr4b promoter in 

cxcr4b−/− embryos restored primordium migration (Figure 1C), suggesting that the different 

receptor expression levels underlie the different contributions to directional sensing during 

primordium migration rather than different affinities for Cxcl12a as observed in other 

contexts [27, 28]. Third, we assessed whether a few wild-type cells can also restore 

directional migration of primordia completely lacking Cxcr4 activity. Using chimeric 

analysis [29, 30], we found that 16 or fewer wild-type cells did not restore the migration of 

cxcr4a−/−; cxcr4b−/− primordia (Figure 1D, E). Increasing the number of wild-type cells to 

29 (this corresponds to 54 % of the total cells in this primordium) partly restored migration 

of a cxcr4a−/−; cxcr4b−/− primordium (Figure 1E). Similarly, and consistent with published 

work [21], placing as few as seven wild-type cells into cxcr4b−/− primordia that lack Cxcr4b 

activity but retained Cxcr4a activity partly restored primordium migration (Figure S2). 

Placing wild-type cells into wild-type primordia did not affect primordium migration (Figure 

1D, E). Thus, a few wild-type cells are not sufficient to direct the migration of cxcr4-

deficient neighbors in the primordium, suggesting that both the leader cells in the front and 

the follower cells in the back of the primordium need to sense the attractant Cxcl12a for 

directional migration. To determine the contribution of the follower cells to the directed 

migration of the primordium, we generated cxcr4a−/+; cxcr4b−/− primordia which harbored 

an increasing number of wild-type cells (Figure 2A). This analysis showed that the distance 

traversed by the chimeric primordia increased in a fairly linear fashion with the initial 

number of wild-type cells in the primordium (Figure 2B–E). In contrast, there was little to 

no correlation between the traversed distance and the number of wild-type cells when only 

considering the cells in the front of the primordium (Figure 2F, G). This suggests that all the 

cells in the primordium - leader and follower cells - contribute remarkably equally to the 

directed migration of the collective.

Cadherins mediate cell-cell adhesion between primordium cells

Wild-type cells can direct the migration of neighboring cells in primordia with reduced 

Cxcr4 activity. Since the cells in the primordium adhere tightly to each other [31], wild-type 

cells could direct the migration of Cxcr4-deficient cells in the primordium by pulling their 

neighbors along. The primordium expresses the two cell-cell adhesion receptors Cadherin-1 

(E-Cadherin, Cdh1) and Cadherin-2 (N-Cadherin, Cdh2) [30–33]. To characterize the role of 
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Cdh1 and Cdh2 in primordium migration, we first assessed their expression using functional 

BAC transgenes that drive expression of Cdh1-superfolderGFP (Cdh1-sfGFP) and Cdh2-

mCherry from the cdh1 and cdh2 genomic architecture (cdh1:cdh 1-sfGFP and cdh2:cdh2-
mCherry, Figure 3A, B). Consistent with previous reports [30–33], we find that Cdh1 and 

Cdh2 are expressed in the migrating primordium (Figure 3C, D and Video S1). The front 

cells express 1.7-fold more Cdh1-sfGFP and the rear cells express 1.6-fold mor6e Cdh2-

mCherry than the rear and front cells, respectively (Figure S3A–S3C). The graded Cadherin 

expression pattern in the primordium is independent of Cxcr4b-mediated Cxcl12a and 

Fgf3/10 signaling (Figures 3C, D, S3B–S3F). Second, we asked whether Cdh1 and Cdh2 are 

required for cell-cell adhesion in the primordium. While cdh1−/− embryos disintegrate 

during gastrulation [34] - precluding the analysis of the migration of the primordium, cdh2−/
− embryos are viable until 4 dpf but malformed [35, 36]. As previously reported [37, 38], we 

find that the primordium only completes on average 70 % of its migration in cdh2−/− 
embryos (Figure S3L). This is probably due to the reduced or absent stripe of cxcH2a 
expression along the migratory route in cdh2−/− embryos (Figure S3G). We therefore used 

chimeric analysis to assess the role of Cdh1 and Cdh2 in primordium migration. As reported 

for cdh1 morphant cells [30], cdh1−/− and cdh2−/− cells migrate together with their wild-

type neighbors (Figure 3E, F and Video S2). Since Cdh1 and Cdh2 might act redundantly, 

we analyzed the behavior of cdh1−/−; cdh2−/+ and cdh1−/+; cdh2−/− cells in wild-type 

primordia. Indeed, cells lacking three of the four cdh1 and cdh2 copies detached and fell 

behind when they were located at the primordium′s edge (3 of 3 clones) and co-migrated 

with their wild-type neighbors only when they were located in the center of the primordium 

(Figure 3G, H and Video S2). Importantly, we never obtained cdh1−/−; cdh2−/− double 

mutant clones in the primordium (Figure S3J), suggesting that cdh1−/−; cdh2−/− cells are 

not incorporated into the primordium or fail to co-migrate with wild-type primordium cells. 

Also, Cdh1-sfGFP was not upregulated in the absence of Cdh2 activity (Figure S3H, S3I). 

Thus, while Cdh1 and Cdh2 are graded in their expression across the primordium, both 

proteins work together to mediate adhesion between the cells in the primordium.

Cadherin-1 is required in wild-type cells to restore the migration of cxcr4b mutant 
primordial

Since wild-type cells restore directed migration and increase the speed of cxcr4-deficient 

primordia with increasing cell number (Figure 2E), we hypothesized that wild-type cells 

physically adhere to and pull cxcr4-deficient cells in the correct direction. We tested this 

idea by placing cdh1−/− and cdh2−/− cells into cxcr4b−/− primordia (Figure 3I). Similar to 

wild-type cells, cdh2−/− cells restored the directed migration of cxcr4b−/− primordia (4 of 4 

chimeric primordia, Figure 3J, K, M and Video S2). In contrast, cdh1−/− cells mostly failed 

to restore cxcr4b−/− primordium migration. cdh1−/− cells occupied the front region, 

initiated migration but then separated from the cxcr4b−/− primordium (6 of 9 chimeric 

primordia, Figure 3J, L and Video S2). Thus, Cdh1, and not Cdh2, is important for cells to 

remain attached to and restore the migration of primordium cells with reduced directional 

sensing. This observation suggests that reducing directional sensing and cell-cell adhesion in 

the same cells should also cause them to separate from the primordium. However, when we 

placed cdh1−/−; cxcr4b−/− or cdh2−/−; cxcr4b−/− in wild-type primordia, cells of both 

genotypes co-migrated with their wild-type neighbors and did not separate from the 
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primordium or caused the primordium to split (Figure S3M, S3N). Consistent with the 

increased levels of Cdh1 in the primordium′s front, these observations suggest that Cdh1 

physically couples cells in the front of the primordium to one another.

Directional migration of cells in the primordium requires Cadherins

Our observations indicate that Cxcr4-mediated Cxcl12a sensing and Cadherin-mediated cell-

cell interactions coordinate directional migration of the cells in the primordium. To assess 

the contribution of these two aspects to migration, we first characterized the behavior of 

wild-type cells in different locations of the primordium. We placed wild-type cells labeled 

with nuclear H2A-GFP into wild-type primordia whose cell nuclei were labeled with H2A-

mCherry and tracked the nuclear movements of the donor and host primordium cells over 

time. Using these measurements, we determined the directionality and neighbor relations of 

the donor and host cells at different positions in the primordium. As expected, the 

directionality angle of the cells (Figure 4A) compared to the overall directionality of the 

primordium varied slightly with the cell′s position in the primordium. Leader cells in the 

primordium moved slightly more directional than follower cells (Figure 4B, C). Also, cells 

closer to the midline of the primordium aligned more with the overall directionality of the 

primordium than cells further outwards (Figure S4C, S4D). To assess the contribution of 

attractant sensing, we placed cxcr4b−/− cells labeled with H2A-GFP into wild-type 

primordia labeled with H2A-mCherry. As expected [21], cxcr4b−/− cells occupied follower 

positions in the rear of the primordia (Figure S4E) and aligned less with the primordium′s 

direction of migration than wild-type cells (Figure 4C). This resulted in less directional 

migration of individual cxcr4b−/− cells as judged by their averaged directional indices - a 

measure of how close to a straight path a cell moves (Figure 4E). As a consequence, 

neighboring cxcr4b−/− cells separated from each other more over time than neighboring 

wild-type cells (Figure 4D). This also caused their wild-type host neighbors to move in a 

slightly less coordinate manner (Figure S4B). Next, we placed cdh1−/− cells into wild-type 

primordia. In contrast to cxcr4b−/− cells, cdh1−/− cells were not excluded from the front of 

the primordium (Figure S4E). However, the directional migration of cdh1−/− cells was 

impaired (Figure 4E). cdh1−/− leader cells moved 3-times more often sideways or 

backwards than wild-type cells causing the cells behind them to also slow down (Figure 4B 

and Video S3). cdh1−/− follower cells were also impaired in their directionality but to a 

lesser degree than cdh1−/− leader cells (Figure 4C). Similar to cxcr4b−/− cells but more 

severely, cdh1−/− cells also perturbed the directional migration of their wild-type neighbor 

cells (Figure S4A, S4B, S4D). This caused pairs of neighboring cdh1−/− cells and - 

surprisingly also pairs of neighboring wild-type cells - to separate over time (Figure 4D). As 

a consequence, these chimeric primordia migrated in an accordion-like manner (Video S3). 

In contrast to cdh1−/− cells, cdh2−/− cells in the front or back of otherwise wild-type 

primordia were less impaired in their ability to migrate directionally (Figures 4B, C, E, 

S4A–S4C). Also, cdh2−/− cells perturbed the neighbor relations across the entire tissue 

similar to cdh1−/− cells but to a lesser extent (Figure 4D). Nuclear movements reflect the 

combined effects of a cell′s own movement and the influence of the neighbors on a cell′s 

movement. To assess whether impaired attractant sensing or reduced cell-cell adhesion affect 

the cell′s own movement similarly to its movement in a group, we used the protrusive 

activity of cell clones as a measure of their preferred direction of migration (Figure 4F and 
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Video S3). Recording the extensions and retractions of membrane-labeled clones in wild-

type primordia over time, we found that the protrusive activity of wild-type cell clones is 

biased towards the front and the midline of the primordium (Figure 4G). This bias is slightly 

reduced in cxcr4a−/+; cxcr4b−/− cell clones and strongly reduced in cdh1−/− cell clones 

(Figure 4G). Combined reduction of attractant sensing and cell-cell adhesion in cxcr4b−/−; 

cdh1−/− cell clones did not reduce the bias of the protrusive activity further (Figure 4G). 

This suggests that attractant signaling and cadherin activity act on a cellular level to provide 

directional information and on a tissue level to coordinate cell movements for efficient 

directional migration.

Alpha E-catenin coordinates movements between cells in the primordium

Our observations suggest that Cadherin-mediated cell-cell adhesion coordinates the 

movement of the cells in the primordium. To directly test this idea, we depleted alpha E-

catenin (Ctnna1) protein in the primordium using a knock-in line that expresses functional 

Ctnna1-Citrine (ctnna1-citrine) from the endogenous promoter [39] and zGrad from the 

cxcr4b promoter (cxcr4b:zGrad, Figure 4H). zGrad is a fusion protein of an F-box to an anti-

GFP nanobody that recognizes Citrine-tagged proteins and targets them for degradation [40, 

41]. Since Ctnna1 connects Cadherins on the plasma membrane to the actin filaments inside 

the cell, its depletion should impair Cadherin-mediated cell-cell adhesion [42]. Mostly 

consistent with in vitro studies [17, 43, 44], time lapse analysis indicated that Ctnna1-

Citrine-depleted primordium cells separated from neighbors and migrated less directional 

than cells in control primordia (Figures 4D, E, J, S4F, S4G and Video S4). This resulted in 

primordia with gaps in the cluster, uncoordinated movements, cell shedding and overall 

defective neuromast deposition (Figure 4I and Video S4). Although Ctnna1 is thought to 

connect Cdh1 and Cdh2 to the actin meshwork [45–47], accordion-like migration displayed 

by primordia with cdh1−/− cells was not observed in Ctnna1-Citrine-depleted primordia, 

possibly because depletion of Ctnna1 was not complete or because of Ctnna1-independent 

functions of Cadherins. This corroborates the idea that cell-cell coupling coordinates cell 

movements and enhances the directionality of the primordium cells.

In summary, our observations suggest a two-layered model for primordium migration. On 

the cellular level, each cell derives directional information from the Cxcl12a attractant 

gradient and through Cdh1, possibly by Cdh1-mediated local tugging from neighbors as 

observed among mesoderm cells [48]. On a tissue level, cells are mechanically coupled to 

their neighbors through Cadherins. These mechanisms ensure that the directed migration of 

the group is the result of locally sampled directional information by the cells and averaged 

motions of the individual cells. In effect, this changes the behavior of the individual cells 

from less directional, more single cell-like to more directional and coordinated movements 

[49–51] and allows the primordium to tolerate perturbations and increase its directional 

robustness.

Our findings parallel observations in cell culture where coordinated movements through 

cell-cell adhesion between leader and follower cells is necessary to propel the collective 

forward [17, 48, 52–57], ex vivo studies where Cdh1 and Cdh2 mark cell-cell contacts orient 

the polarity of protrusions and suppress or mediate contact inhibition of locomotion and thus 
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cell dispersal, respectively [58–61], and in vivo studies where Cdh1 coordinates the 

movement of individual cells in a group and thereby affects the group′s directionality [62, 

63]. In some scenarios, these effects are mediated by cells pulling on the cadherins of their 

neighbors across adherens junctions, eliciting signals that provide the neighbors with 

directional information and maintain leader-follower cell behavior [19, 48, 63–65], a 

mechanism that may also be employed by cells in the primordium to coordinate cell 

movements. Future studies will have to unravel to what degree cell-cell adhesion couples the 

movements of cells and provides polarity information to neighbors to provide coordination 

and robustness to migrating collectives.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents and resources should be communicated to and 

will be fulfilled by the Lead Contact, Holger Knaut (Holger.Knaut@nyulangone.org). There 

are restrictions to the availability of the BAC transgenes (cdh2:cdh2-mCherry, cxcr4a:H2A-
mCherry and cxcr4b:cxcr4a) due to the lack of an external centralized repository for its 

distribution and our need to maintain the bacterial stocks. We are glad to share the bacterial 

strains carrying the BAC transgenes upon request with compensation by requestor for 

shipping. Zebrafish lines TgBAC(cdh2:cdh2-mCherry), TgBAC(cxcr4a:H2A-mCherry) and 

Tg(cxcr4b:cxcr4a) are not available via central repositories due to their criteria for accepting 

lines and will be maintained as live stocks in our laboratory for at least two years. We will 

share the zebrafish lines upon request with compensation by requestor for shipping.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish strains—Zebrafish care and the use of live fish for experiments were approved 

and overseen by the New York University School of Medicine Institutional Animal Care and 

Use Committee. Zebrafish were raised and maintained at 28.5°C. Zebrafish embryos 

between 5 dpf and 21 dpf were fed on Cylop-eeze (Argent Laboratories). Zebrafish older 

than 21 dpf were raised on brine shrimp (Brine Shrimp Direct, USA) and at a consistent 

light-dark cycle (14 hrs light-10 hrs dark). Embryos were collected 15 min past egg laying 

and raised at 28.5 °C. Unfertilized eggs were discarded. Embryos were staged as described 

previously [66]. At the developmental stages presented in this study, the gender is not been 

determined yet and cannot be distinguished.

The cxcr4bt26035 allele contains a nonsense mutation that results in a premature stop codon 

[67], the cxcr4aum21 allele contains a 29 nt deletion and 4 nt insertion [68], the cxcl12at30516 

allele contains a nonsense mutation resulting in a premature stop codon [25], the cdh1tx230 

(weg) has a nonsense mutation resulting in a premature stop codon [34], the cdh2m117 (glass 

onion) [69, 70] allele has a missense mutation that results in an amino acid change [36], the 

fgf3t24149 (lia) allele contrains a missense mutation (E138K) [71] and the fgf10atbvbo allele 

has a nonsense mutation that results in a premature stop codon at amino acid 5 [72]. cxcr4a, 
cdh1, and cdh2 homozygous embryos were generated by inbreeding heterozygous adults. 

Mutant, heterozygous, and wild-type embryos were identified through PCR amplification of 

the mutated locus followed by investigation of the size difference of the amplicons for 
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cxcr4a, and restriction digests for cdh1 and cdh2. Additionally, cdh1 mutants were identified 

by gross morphological phenotype and sequencing of the PCR product. Primers used for 

genotyping are as follows; cxcr4a. forward outer 5′CCAACTTTGAGGTCCCGTGTGATG 

3′ reverse outer 5′ CTGTGGACACGGATGACATTCCTG 3′, forward inner same as 

forward outer, reverse inner 5′ GAATGGCAGAGTGAGCAC 3′, cdh1: forward outer 

5′CAATATAACAGGCTCTGGGCAGAT 3′, reverse outer 5′ 
CAGACCAATTTTTACTGGTATCACC 3′, forward inner 

5′TGTCCGTTATAGAGAGAAGC 3′, reverse inner 5′ GTCAAGAATGCTTTGGATCG 

3′, cdh2. forward outer 5′ TGCAGTGTGTCTGTATGCGTAT 3′, reverse outer 5′ 
AGACTGGATCTGAAACACACAC 3′, forward inner 

5′AGTGATACTGTTTCCTCGGCAC3′, reverse inner 5′ 
TCTGACTGCACTTCACATGATG 3′, fgf3: forward outer 5′ ATCCCGCCATGCCACAAT 

3′, reverse outer 5′ TCTCGTACCCCACATAAAACTGAC 3′, forward inner 

5′CTGCTCTTGTTGTTACTGAGC 3′, reverse inner 5′ 
CTCAAATATCAAACGGTTTACTCAC 3′, fgf10: forward outer 5′ 
TGCATCACCCTTTCTCCCATCCAG 3′, reverse outer 5′ 
TCGTCCTTGCTTTTGGTGCCATTG 3′, forward inner 

5′GCTCTTCCCAGTTTTCCGAGCTCCAGGACAATGTGCAAATCG 3′, reverse inner 5′ 
TCCGTTCTTATCGATCCTGAG 3′. Restriction enzymes used for cdh1, cdh2, fgf3 and 
fgf10 are DdeI (New England Biolabs), BsrI (New England Biolabs), Apol (New England 

Biolabs) and Taqal (New England Biolabs), respectively. Tg(cldnB:lyn2GFP) [21], 

prim:lyn2mCherry [73], TgBAC(cxcr4b:H2A-GFP) [30], TgBAC(cxcr4a:H2A-mCherry) 
(this study), TgBAC(cdh1:cdh1-sfGFP) [41], TgBAC(cxcr4b:zGrad) [41], Gt(ctnna-
citrine)Ct3a [39], TgBAC(cxcr4b:cxcr4a) (this study) and TgBAC(cdh2:cdh2-mCherry) (this 

study) embryos were generated by crossing heterozygous transgenic adults to wild-type 

adults. Transgenic embryos were identified by GFP or RFP fluorescence.

METHOD DETAILS

Generation of transgenic strains

cdh2:cdh2-mCherry: For the cdh2:cdh2-mCherry transgene, we used the BAC clone 

CHORI-211–75O1 which was obtained from BACPAC Resources, Children′ Hospital 

Oakland Research Institute, CA, USA (bacpacorders@chori.org). This BAC clone spans 172 

kb (172343 bp) of genomic region and contains the cdh2 locus which we modified in two 

ways by recombineering. First, the Tol2 sites and the cryaa:dsRed transgenesis marker were 

inserted into the BAC backbone [74]. Second, a cassette consisting of mCherry-FRT-galK-
FRT, flanked by 206 bp and 497 bp of homology upstream of the stop codon in cdh2 exon 

16, and downstream of the stop codon in cdh2 exon 16, respectively, was inserted before the 

cdh2 stop codon using galK-mediated recombineering [75]. The GalK was removed using 

Flippase-mediated recombination. This transgene expresses full length Cdh2 fused to 

mCherry from the cdh2 promoter and its final version was characterized using EcoRI (New 

England Biolabs) restriction digestion and sequencing of the PCR amplicons of the modified 

locus. The final BAC was purified using nucleobond BAC 100 kit (Clontech). We co-

injected 1 nl of 40 ng/μl Tol2 mRNA and 50–250 ng/μl of the cdh2:cdh2-mCherry transgene 

DNA into one-cell stage embryos. The Tol2 mRNA was transcribed using the mMessage 
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mMachine SP6 Transcription Kit (Thermo Fisher) from the pCS2FA-transposase plasmid 

[76]. Stable transgenic lines were generated by outcrossing the adult fish injected with the 

transgene and raising embryos with red fluorescence in the eye lens at 4 days post 

fertilization. The full name of this transgenic line is TgBAC(cdh2:cdh2-mCherry)p3.

cxcr4a:H2A-mCherry: For the cxcr4a:H2a-mCherry transgene, the BAC clone CHORI73–

268G8 was modified in two ways by recombineering. First, the Tol2 sites and the 

cryaa:Cerulean transgenesis marker were inserted into the BAC backbone [74]. Second, a 

cassette consisting of H2A-mCherry-FRT-kanR-FRT flanked by 737 bp and 753 bp of 

homology upstream of cxcr4a exon 2, and downstream of the cxcr4a stop codon, 

respectively, was inserted to replace the cxcr4a coding sequence in cxcr4a exon 2 (amino 

acid 6–361, the last amino acid before the stop codon) using kanR-mediated recombineering 

[75]. The kanR cassette was removed using Flippase-mediated recombination. This 

transgene expresses the first five amino acids from cxcr4a exon 1 fused to H2A-mCherry 

from the cxcr4a promoter. The final BAC transgene was characterized by SpeI and EcoRI 

(New England Biolabs) restriction digestion and sequencing of PCR amplicons of the 

modified locus. The final BAC was purified using nucleobond BAC 100 kit (Clontech). We 

co-injected 1 nl of 40 ng/μl Tol2 mRNA and 50–250 ng/μl of the cdh2:cdh2-mCherry 
transgene DNA into one-cell stage embryos. The Tol2 mRNA was transcribed using the 

mMessage mMachine SP6 Transcription Kit (Thermo Fisher) from the pCSFA-transposase 

plasmid [76]. Stable transgenic lines were generated by out-crossing the adult fish injected 

with the transgene and raising embryos with red fluorescence in the cxcr4a expression 

domains since the expression of Cerulean from the cryaa promoter is too weak to detect in 

the lens at 4 days post fertilization. The full name of this transgenic strain is 

TgBAC(cxcr4a:H2A-mCherry)p1.

cxcr4b:cxcr4a: For the cxcr4b:cxcr4a transgene, we modified the BAC clone DKEY169F10 

(ImaGenes GmbH, Germany, sales@imagenes-bio.de) which contains a 67 kb genomic 

DNA fragment that spans the cxcr4b locus. First, we inserted the targeting cassette 

pIndigo-356-Tol2-kanR-myl7-mScarlet into the BAC backbone through recombineering [41, 

74]. This modification adds tol2 sites and a myocardium-specific transgenesis marker to the 

transgene. Second, a targeting cassette containing the coding sequence for the first five 

amino acids (MAYYE) of cxcr4a fused to GalK flanked by homology arms 429 bp upstream 

of the cxcr4b start codon and 345 bp downstream of cxcr4b exon 1 was inserted to replace 

the coding sequence for the first five amino acids of zebrafish cxcr4b in exon 1. The GalK 

sequence was removed by seamless recombineering using a PCR template identical to the 

one described above but lacking the GalK sequence [75]. Next, a targeting cassette 

containing cxcr4a-FRT-GalK-FRT flanked by homology arms 413 bp upstream and 433 bp 

downstream of the coding sequence for cxcr4b in exon 2 replaced the coding sequence of 

zebrafish cxcr4b in exon 2 with the coding sequence of cxcr4a (codons 5–355). The GalK 

cassette was removed by flippase-mediated recombination. This transgene expresses cxcr4a 
from the cxcr4b promoter. The full name of this transgenic line is Tg(cxcr4b:cxcr4a)p1.

Whole-mount in situ hybridization—RNA probe preparation and in situ hybridization 

were carried out as previously described [77]. RNA probes against cxc12a and cxcr4a were 
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labeled with a DIG RNA labeling mix (Roche, Cat. No. 11277073910) and detected with 

anti-DIG-AP antibody (1:5000; Sigma-Aldrich, Cat. No. 11093274910) and NBT/BCIP 

stain (1:1000; Sigma-Aldrich, Cat. No. 11681451001). During in situ hybridization 

procedure, cdh2 mutant embryos and their wild-type siblings and cxcr4b:cxcr4b embryos 

and their non-transgenic wild-type siblings were processed in the same tubes to reduce 

variability in staining. Embryos were mounted in 3% methly cellulose (Sigma-Aldrich, Cat. 

No. 64670) and imaged with a 10× (NA 0.5) objective on a Axioplan Microscope (Zeiss) 

equipped with an Axiocam (Zeiss). The probes are complementary to nucleotides 32–1013 

and 119–1138 of the cxcl12a and cxcr4a mRNAs, respectively [78].

Chimeric analysis—For chimeric analysis, we transplanted 20–50 cells from donor 

embryos at the 1000–8000 cell stage into host embryos of the same stage. Donor and host 

embryos were transgenic for one of the following transgenes: Tg(cldnB:lyn2GFP), 
Tg(prim:lyn2mCherry), TgBAC(cxcr4b:H2A-GFP), or TgBAC(cxcr4b:H2A-mCherry), 
which label the membranes (first two transgenes) and the nuclei (last two transgenes) of the 

primordium cells. These transgenes also label other structures. The cldnB:lyn2-GFP 
transgene labels the primordium and the skin cells. The prim:lyn2-mCherry transgene is an 

enhancer trap line that labels the primordium and the muscle cells. The cxcr4b:H2A-GFP 
and the cxcr4b:H2A-mCherry transgenes label the primordium and - more dimly - the skin 

cells and the muscle cells. Therefore, donor-derived cells in the muscle and skin-depending 

on the transgene used to mark the donor cells - are mostly also tracked. Since the donor cells 

were targeted to regions of the host embryo that give rise to neural crest, placodal and 

neuronal tissue, donor-derived skin and muscle cells were very infrequent in the chimeric 

embryos. At 26 to 30 hpf, primordia with donor-derived cells were identified using a Zeiss 

Axio Zoom V16 stereo microscope. Embryos were either used to record time lapse videos or 

fixed in 4% PFA at 48 hpf and imaged. To determine the genotype of the donor embryos, the 

donor embryos were digested with Proteinase K (Sigma-Aldrich, Cat. No. P2308) for DNA 

extraction at 90% epiboly. Additionally, the cdh1 mutant donors were also identified based 

on the cdh1 mutant phenotype which manifests around gastrulation. Genotyping of donor 

embryos for cxcr4a, cdh1, and cdh2 mutations by PCR was performed as described above.

Confocal imaging

Still images: Fixed and live embryos were mounted in 0.5% low melt agarose/Ringer′s 

solution (HEPES 5mM, NaCl 111mM, KCl 5mM, CaCl2 1mM, MgSO4 0.6mM) on No 1.5 

coverslips with ring spacers and sealed with glass slides. For live embryos the Ringer′s 

solution was supplemented with 0.4 mg/ml MS-222 anesthetic. The embryos were imaged 

using a Leica SP5 II confocal microscope equipped with HyD detectors with a Leica 10× 

(NA 0.3) objective for overview images and a Leica 40× (NA 1.1) water immersion 

objective for high spatial resolution images.

The pinhole was set to 1.0 airy unit.

For quantification of the Cdh1-sfGFP, Cdh2-mCherry, cxcr4a:H2A-mCherry and 

cxcr4b:H2A-mCherry fluorescence intensities, the embryos were mounted in 0.5% low melt 

agarose/Ringer′s solution supplemented with 0.4 mg/ml MS-222 anesthetic on a glass 
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coverslips as described above. The images were collected using a 40× water immersion 

objective (HC PL APO 40×/1.10 W CORR CS2) on a Leica SP5 II laser scanning confocal 

microscope equipped with HyD hybrid detectors set to photon counting mode with 

exception of the quantification of the Cdh1-sfGFP fluorescence intensity measurements in 

cdh2 mutant embryos, which were collected on a Leica SP8 scanning confocal microscope 

equipped with HyD hybrid detectors. For Cdh1-sfGFP image acquisition, the pinhole was 

set to 2.1 airy unit. The 488 nm laser was set to 293 μW and the 561 nm laser was set to 198 

μW. For Cdh2-mCherry image acquisition, the pinhole was set to 3.1 airy units. The 488 nm 

laser was set to 23 μW and the 561 nm laser was set to 677 μW. For documenting the co-

expression of Cdh1-sfGPF and Cdh2-mCherry, the pinhole was set to 3.1 airy units. The 488 

laser was set to 160 μW and the 561 laser was set to 672 μW. For cxcr4a:H2A-mCherry and 

cxcr4b:H2A-mCherry image acquisition, the pinhole was set to 3.8 airy units. The 488 laser 

was set to 14 μW and the 561 laser was set to 1.30 mW.

The laser power was calibrated before imaging sessions using an X-Cite Power Meter Model 

XR2100 (Lumen Dynamics), which measures the power of laser light emitted from the 

objective onto the stage.

For whole cxcr4a:H2A-mCherry; cldnB:lyn2GFP embryo imaging, embryos were mounted 

in 0.5% low melt agarose/Ringer′s solution supplemented with 0.4 mg/ml MS-222 

anesthetic on a glass coverslips as described above. The embryos were imaged with a Leica 

SP8 laser scanning confocal microscope using the LAS X Navigator software.

Time lapse videos: Chimeric embryos with membrane-labeled primordium cells (wild-type, 

cdh1−/−, cdh2−/−, cdh1+/−; cdh2−/− and cdh1−/−; cdh2+/− donors in wild-type or cxcr4b−/
− hosts) were mounted in 0.5% low melt agarose/Ringer′s solution (HEPES 5mM, NaCl 

111mM, KCl 5mM, CaCl2 1mM, MgSO4 0.6mM) supplemented with 0.4 mg/ml MS-222 

anesthetic in a 35 mm petri dish and covered with Ringer′s solution supplemented with 0.4 

mg/ml MS-222 anesthetic or on No 1.5 coverslips with ring spacers and sealed with glass 

slides using Vaseline Petroleum Jelly as a sealant. The embryos were imaged on a Leica SP5 

II or Leica SP8 laser scanning confocal microscope equipped with HyD hybrid detectors and 

a heated stage (Warner Instruments). We used a Leica 40× NA 0.8 objective (HCX APO L 

40×/0.80 W U-V-I) to document the migration of chimeric primordia (Video S2) or a Leica 

40× NA 1.1 water immersion objective (HC PL APO 40×/1.10 W CORR CS2) to document 

the nucelar movements and protrusive activity of clones in chimeric primordia (Figure 4G 

and Videos S3 and S4). The heated stage was set to 28 °C. Images were acquired every 0.5, 

15, 20 or 30 min using the HyD detectors in photon counting mode. For wild-type donors in 

cxcr4b mutant hosts, the pinhole was set to 2.73 airy units. The 488 laser was set to 10% and 

the 561 laser was set to 25%. For cdh1−/− cdh2−/−, cdh1+/−; cdh2−/−; cdh1−/−; cdh2+/− 
donors in cxcr4b mutant hosts the pinhole was set to 2.17 airy units. To record the protrusive 

activity of clones the pinhole was set to 1 airy unit.

Chimeric embryos with labeled primordium nuclei (wild-type, cdh1−/−, cdh2−/− and cxcr4b
−/− donors in wild-type hosts) were mounted in 0.5% low melt agarose/Ringer′s solution 

(HEPES 5mM, NaCl 111mM, KCl 5mM, CaCl2 1mM, MgSO4 0.6mM) supplemented with 

0.4 mg/ml MS-222 anesthetic on No 1.5 coverslips with ring spacers and sealed with glass 
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slides. The embryos were imaged on a Leica SP5 II laser scanning confocal microscope 

equipped with HyD hybrid detectors set to photon counting mode and a 40× NA 1.1 water 

immersion objective (HC PL APO 40×/1.10 W CORR CS2). Images were acquired every 2 

min for a duration of 60 to 120 min starting at 33 to 35 hpf. The pinhole was set to 2.1 airy 

unit.

For low magnification time lapse of Ctnna1-Citrine-depleted primordium cells, 

ctnna1:ctnna1-Citrine/ctnna1:ctnna1-Citrine, cxcr4b:zGrad, prim:lyn2mCherry and 

Ctnna1:ctnna1-Citrine/Ctnna1:ctnna1-Citrine, prim:lyn2mCherry control embryos were 

mounted in 0.5% low melt agarose/Ringer′s solution (HEPES 5mM, NaCl 111mM, KCl 

5mM, CaCl2 1mM, MgSO4 0.6mM) supplemented with 0.4 mg/ml MS-222 anesthetic on a 

35 mm petri dish. The embryos were imaged on a Leica SP8 laser scanning confocal 

microscope equipped with HyD hybrid detectors set to photon counting mode and a Leica 

20× NA 0.5 water dipping objective (L 20×/0.5 W U-V-I). Images were acquired every 4 

min for a duration of 12 hours. The pinhole was set to 1 airy unit.

For cell tracking analysis of Ctnna1-Citrine-depleted primordium cells, ctnna1:ctnna1-
Citrine/ctnna1:ctnna1-Citrine, cxcr4b:zGrad, cxcr4b:H2A-mCherry embryos and 

ctnna1:ctnna1-Citrine/Ctnna1:ctnna1-Citrine, cxcr4b:H2A-mCherry and ctnna1:ctnna1-
Citrine/+; cxcr4b:zGrad, cxcr4b:H2A-mCherry control embryos were mounted in 0.5% low 

melt agarose/Ringer′s solution (HEPES 5mM, NaCl 111mM, KCl 5mM, CaCl2 1mM, 

MgSO4 0.6mM) supplemented with 0.4 mg/ml MS-222 anesthetic on No 1.5 coverslips with 

ring spacers and sealed with glass slides. The embryos were imaged on a Leica SP8 laser 

scanning confocal microscope equipped with HyD hybrid detectors set to photon counting 

mode and a Leica 40× NA 1.1 water immersion objective (HC PL APO 40×/1.10 W CORR 

CS2). Images were acquired every 2 min for a duration of 30 to 200 min. The pinhole was 

set to 1 airy unit.

For the cell protrusion analysis, embryos with chimeric primordia were mounted in 0.5% 

low melt agarose/Ringer′s solution (HEPES 5mM, NaCl 111mM, KCl 5mM, CaCl2 1mM, 

MgSO4 0.6mM) supplemented with 0.4 mg/ml MS-222 anesthetic on No 1.5 coverslips with 

ring spacers and sealed with glass slides. The embryos were imaged on a Leica SP5 II (wild-

type and cxcr4a+/−; cxcr4b−/− donor cells) or a Leica SP8 (cdh1−/− and cdh1−/−; cxcr4b−/
− donor cells) laser scanning confocal microscope equipped with HyD detectors set to 

photon counting mode and a 40× NA 1.1 water immersion objective (HC PL APO 40×/1.10 

W CORR CS2). Images were acquired every 30 seconds for a duration of 15 to 30 minutes 

starting at 33 to 35 hpf. The pinhole was set to 1 or 1.5 airy units.

Image analysis

Migration distance and donor cell number: The somite number where the primordium tip 

was located was determined based on the overview images collected with a Leica 10× 

objective (HCX PL NA 0.3). The percent of completed migration was calculated by dividing 

the somite number where the mosaic primordium′s tip was located by the average of the 

somite numbers where the wild-type primordium tips were located. The total number of 

donor cells in the posterior lateral line (neuromasts, interneuromasts and the primordium) 
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was counted using the high resolution images collected with a Leica 40× objective (HC PL 

APO 40×/1.10 W CORR CS2).

To determine the migration distance of primordia in cdh2−/−; cldnB:lyn2GFP and 

cxcr4b:cxcr4a, cxcr4b−/−; cldnB:lyn2GFP embryos, the embryos were imaged between 48 

and 50 hpf using a Leica M165 FC stereo microscope. The percent of completed migration 

was determined by dividing the distance between the ear and the primordium′s front by the 

distance between the ear and the end of the tail. For cdh2−/− embryos and their siblings, the 

values were normalized to the average migration distance of primordia in wild-type 

embryos. For primordia in cxcr4b:cxcr4a embryos and their non-transgenic siblings, the 

values were normalized to the average migration distance of primordia in wild-type 

embryos.

Cdh1-sfGFP and Cdh2-mCherry fluorescence quantification: For Cdh1-sfGFP 

fluorescence intensity quantification, we generated a mask of the primordium by 

thresholding the prim:lyn2mCherry channel and filling the holes to encompass the 

cytoplasm in addition to the membranes. We multiplied the GFP channel to this mask, 

removed the zeroes, and plotted the average GFP intensity at each anterior-posterior position 

against the distance from the front of the primordium. For Cdh2-mCherry fluorescence 

intensity quantification, we used the same procedure but generated a mask based on the 

cldnB:lyn2GFP channel. These procedures were automated using a custom-written imageJ 

script (Methods S1).

cxcr4a and cxcr4b expression quantification—For the quantification of H2A-

mCherry expressed from the cxcr4a and cxcr4b promoters, we generated a mask of the 

primordium by thresholding the cldnB:lyn2GFP channel and filling the holes to encompass 

the cytoplasm in addition to the membranes. We multiplied the mCherry channel to this 

mask, removed the zeroes, and plotted the average mCherry intensity at each anterior-

posterior position against the distance from the front of the primordium. These procedures 

were automated using a custom-written imageJ script (Methods S2).

Quantification of cell protrusive activity: For the quantification of the protrusive activity 

of cell clones in the chimeric primordia, individual Z-stacks of the time lapse videos were 

maximum projected and subjected to a median filter of one to remove noise and improve 

edge detection. The time lapse videos were then thresholded and the position of the cell 

clone′s centroid was registered to the image frame. Extensions and retractions of a cell clone 

were defined as an increase or a decrease in area compared to the cell clone in the previous 

image (time interval 30 seconds). Protrusive activity was defined as the sum of the absolute 

area change of a cell clone between two consecutive time points. The protrusive activity was 

summed over the entire time lapse and radially resliced from the centroid of the cell clone 

outward with 0 degrees pointing in the direction of primordium migration (posterior), 90 

degrees pointing dorsal, 180 degree pointing anterior and 270 degree pointing ventral [79]. 

The protrusive activity per degree was summed and normalized to the time length of the 

video, averaged over all clones and binned in 10 degree intervals and normalized to the total 

protrusive activity of the cell clones of a given genotype for visualization as a rose diagram 

(Figure 4G). Since the attractant Cxcl12a is secreted underneath the midline of the 
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primordium, dorsal and ventral primordium cells are oriented differently towards the 

chemokine. To correct for this, cell clones in the ventral half of the primordium were mirror-

imaged along the midline of the primordium to make them comparable to dorsal clones. This 

procedure was automated using a custom-written imageJ script (Methods S3).

Tracking of the cell nuclei in the primordium: To track the cell nuclei in the primordium, 

we imported the time lapse videos of chimeric primordia with H2A-GFP labeled donor cells 

(wild-type, cxcr4b−/−, cdh1−/− or cdh2−/− cells) and H2A-mCherry labeled wild-type host 

cells into the software Imaris Version 8.0 (Bitplane, Oxford Instruments). As in the original 

recordings, the dimensions were set to × = 0.378 μm, y = 0.378 μm, z = 1.00 μm and t = 120 

s. To track the cell nuclei the spot tool in the Imaris software was used with a specified cell 

diameter of 3.78 μm and default background subtraction activated. The histogram of the spot 

quality was adjusted such that about 70 to 80 % of the cells were selected. The cell nuclei 

were tracked using the autoregressive motion method with a maximum distance that an 

object can move between two consecutive time points set to 20 μm for the red channel 

(H2A-mCherry wild-type host cell nuclei) and 10 μm for the green channel (H2A-GFP 

donor cell nuclei). The maximum gap size - maximum number of consecutive time points 

that are allowed to be missing in order to join track fragments - was set to two for the red 

channel and 1 for the green channel. After running the tracking algorithm the filter for track 

length was set to select 75 to 85 % of the longest tracks and the tracks were manually 

curated to remove tracked nuclei that do not belong to the primordium or represent dying 

cells and to delete or correct track segments. For dividing cells, only one daughter cell was 

tracked. To correct for stage drift a muscle cell nucleus was tracked and chosen as a 

reference point. The x, y, z, t and track IDs were exported and the position of the reference 

cells was subtracted from all tracked cells at each time point. This analysis resulted in a set 

of vectors in three-dimensional space where the vector Pt denotes the xyz-coordinates of 

each cell nucleus at time point t.

Calculation of normalized average speed: We calculated the velocity vt for t = 1 to n 

where n denotes the last time point of the cell track according to the following relations:

For t = 1, v1 =  P2 − P1 /Δt.

For t = n, vn =  Pn − Pn − 1 /Δt.

For t = 2⋯n − 1, vt= Pt + 1 − Pt − 1 /2Δt.

where ‖·‖ denotes the Euclidean norm in 3D space and Δt denotes the time interval (120 s 

for all time lapse videos).

Calculation of directionality indices: Since the directionality index depends on the track 

length [80], we only included tracks with the median track length of 18 time intervals for the 
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calculation of the directionality indices. For tracks with a length of 18 or more time 

intervals, we selected the first 18 time intervals of the track and treated the remaining track 

as a new track. The directionality indices of such tracks by normalizing the total distance 

traveled to the actual distance between start (P1) and end position (P18) which is given by:

∑i = 1
17 Pi + 1 − Pi

P18 − P1

Calculation of directional angles: To calculate the directional angle of each cell nucleus 

with a track length of 2 or more time intervals, we first determined the average displacement 

(Dt) of all wild-type host cell nuclei (total number of nuclei = n) in the primordium at each 

time interval (t), which is given by:

Dt =
∑i = 1

n Pt + 1
i − Pt

i

n

The displacement of a single nucleus is given by:

Dt
i = Pt + 1

i − Pt
i

The angular deviation At
i of the displacement of each cell nucleus i at time t from the 

average wild-type host cell nuclei′s displacement is given by:

At
i = cos−1 Dt ⋅ Dt

i

Dt
j ⋅ Dt

i

and ranges from 0 to π.

The position of a cell in respect to the primordium′s front-back (posterior-anterior) and 

medial-lateral axes was determined based on the center of mass, Mt, and the overall 

displacement Dt. The center of mass and the overall displacement define the front-back axis 

with Mt at the origin and Dt pointing towards the front of the primordium. For each cell i at 

time t, the distance of the cell to the axis is calculated by

c = argmin
c ∈ ℝ+

Mt + cDt − Pt
i

using the function “fminsearch” in MATLAB (Mathworks). The corresponding coordinate 

on axis of cell i at time t is defined as c‖Dt‖.

Calculation of neighbor-neighbor distances: Cells were defined as neighbors if the 

distance from the center of mass of their nuclei was smaller than 15 · m at first time point 
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that both cell nuclei were tracked. The distance of neighboring cells was then tracked for 11 

time intervals and recorded. Tracks spanning less than 11 time intervals were excluded from 

the analysis and tracks spanning more than 11 time intervals were cut to include only the 

first 11 time intervals. If a track spanned 22 time intervals or more the track was cut in two 

and treated as two independent cell tracks. We chose 11 time intervals for the analysis 

because this corresponds to the mean track length. In case of chimeric primordia, this 

analysis was done on the host-host cells, donor-donor cells and host-donor cells. The 

custom-written MATLAB (Mathworks) and python scripts are available as Methods S4.

Experimental design—All data were obtained from at least two independent 

experiments. No statistical method was used to predetermine sample size. The experiments 

were not randomized and the data analysis was not performed blindly. Embryos that were 

not healthy during data acquisition were excluded from the analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size and statistical tests used for each experiment are indicated in the figure 

panels and legends. The Mann-Whitney test was used to assess if the migration distances of 

primordia between two different conditions was significantly different. The Kolmogorov-

Smirnov test was used to assess if the angle distributions among different genotypes/

conditions was significantly different. Kruskal-Wallis one-way analysis of variance was used 

to asses if neighbor-neighbor distances among different genotypes were significantly 

different. These analyses were performed using Prism software, version 8 (GraphPad).

DATA AND CODE AVAILABILITY

The codes generated during this study are included in the online version of this report 

(Methods S1–S4).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Primordium leader and follower cells need to sense Cxcl12a for efficient 

migration

• Cadherins mediate adhesion between primordium cells

• Wild-type cells require Cdh1 to pull attractant-blind neighboring cells

• Cadherins and Cxcl12a-sensing mediate cell polarity and primordium 

directionality
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Figure 1. A small number of Cxcr4-expressing cells cannot restore migration of primordia 
lacking Cxcr4 activity
(A) Schematic of primordium migration and chemokine signaling system in primordium.

(B) Fluorescent intensity quantification of cxcr4b transcriptional reporter in wild-type 

primordia (black) and cxcr4a transcriptional reporter in cxcr4b heterozygous (green) and 

cxcr4b mutant primordia (pink) in 33–36 hpf embryos. Fluorescent intensities were averaged 

along the front-to-back axis of the primordia. Mean, SD, and n are indicated.

(C) Quantification of primordium migration in 48 hpf embryos of indicated genotypes. Note 

that the cxcr4b:cxcr4a embryos originated from a cross that yielded on average 50 % cxcr4b
−/− and 50% cxcr4b+/− embryos. Grey dots are individual data points. Sample size is as 
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indicated. Vertical and horizontal black lines indicate mean and SD, respectively. *** = 

p<0.001, **** = p < 0.0001, ns=not significant (Mann-Whitney test).

(D) Quantification of the migration defects in cxcr4 mutants and degree of migration 

restoration in chimeric primordia. Note, the number of wild-type cells for the chimeras 

includes wild-type cells in the neuromasts and the primordium.

(E) Sum projections of fixed chimeric embryos of indicated genotypes at 48 hpf. 

Magnifications of primordia in left panels indicated by dashed white rectangles are shown in 

the panels on the right. The asterisks mark the yolk extension. Scale bars in left and right 

panels correspond to 100 μm and 20 μm, respectively. (See also Figure S1 and Methods S2).
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Figure 2. Cxcr4-deficient primordia migrate further with increasing number of wild-type cells
(A) Experimental design and predictions for migratory behavior of cxcr4-deficient primordia 

with increasing number of wild-type cells.

(B-D) Sum projections of 48 hpf embryos with chimeric primordia. Wild-type donor-derived 

cells in primordia labeled in red with prim:lyn2mCherry and cxcr4a+/−; cxcr4b−/− host-

derived cells labeled in green with cldnB:lyn2GFP (B-D) and magnifications of chimeric 

primordia outlined with rectangles in B-D (B′-D′). Chimeric primordia migrate further as 

the number of wild-type donor cells increases in the cxcr4a+/−; cxcr4b−/− primordia. The 

chimeric primordia are outlined with dashed rectangles and asterisks mark the end of the 

yolk extension in B-D. Scale bars in B-D and B′-D′ correspond to 100 μm and 20 μm, 

respectively.

(E) Graph of the migration distance of cxcr4-deficient primordia versus the total number of 

wild-type cells in the chimeric primordia (total number of wild-type cells include neuromast 

(nm) cells and primordium (prim) cells).

(F) Graph of wild-type cell number in the leader cell region (first 15 microns of the front of 

the primordium as defined in [31]) versus migration distance of cxcr4-deficient chimeric 

primordia.

(G) Graph of the number of wild-type cells in the follower cell region (past 15 microns from 

the front of the primordium as defined in [31]) versus migration distance of cxcr4-deficient 

chimeric primordia. (See also Figure S2 and Methods S2).

n indicates number of chimeric primordia in E-G.
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Figure 3. Cadherin-mediated adhesion couples the cells in the primordium
(A, B) Schematic diagrams of BAC transgenes that drive expression of Cdh1-sfGFP and 

Cdh2-mCherry.

(C) Single confocal section through primordium in live prim:lyn2-mCherry, cdh1:cdh1-
sfGFP embryos heterozygous (left) and mutant for cxcr4b (right) at 36 hpf.

(D) Single confocal section through primordium in live cldnB:lyn2-GFP, cdh2:cdh2-
mCherry embryos heterozygous (left) and mutant for cxcr4b (right) at 36 hpf. Scale bar 

corresponds to 20 μm. See also Video S1.

(E-H) Sum projections of time lapse videos of wild-type primordia (green) with clones of 

cdh1−/− (E), cdh2−/− (F), cdh1−/−; cdh2−/+ (G) and cdh1−/+; cdh2−/− (H) primordium 

cells (red). The time lapse videos start at 33 hpf (E), 28 hpf (F,H), 31 hfp (G) and stop at the 

indicated lapsed times. Arrows in G and H indicate mutant cells on the edge of the 

primordium that fail to co-migrate with their wild-type neighbors. Scale bar is 20 μm. 

Images correspond to frames 1 and 8 (E, F and H) and frames 7 and 14 (G) in Video S2.

(I) Experimental design and predictions for the cadherin mutant cells′ ability to rescue the 

cxcr4b mutant primordia migration defect.

Colak-Champollion et al. Page 25

Curr Biol. Author manuscript; available in PMC 2020 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(J) Table summarizing the chimeric analysis of cadherin deficient cells in cxcr4b mutant 

primordia. Genotypes of donor clones and host primordia, percentage of chimeric primordia 

in which donor-cells split from the host-cells and sample number are indicated.

(K-M) Sum projections of time lapse videos of cxcr4b mutant primordia (green) with clones 

of wild-type control (K), cdh1−/− (L) and cdh2−/− (M) primordium cells (red). The time 

lapse videos start at 33–34 hpf and stop at the indicated lapsed times. Arrows indicate wild-

type (K) and mutant (L-M) cells in the front of the primordium. Scale bar is 20 μm. Images 

correspond to frames 1 and 13 in Video S2. (See also Figure S3, Videos S1 and S2 and 

Methods S1)

Colak-Champollion et al. Page 26

Curr Biol. Author manuscript; available in PMC 2020 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Chemokine signaling and cadherin-mediated adhesion provide directionality to the 
cells in the primordium
(A) Schematic diagrams of nuclear tracking of primordium cells. The directional angle (θ) 

was calculated as the angle between the averaged displacement vector of the primordium 

(black arrow) and the displacement vector of each cell nucleus in the primordium (red 

arrow) between two consecutive time points tn and tn+1 in 3-dimensional space. For perfectly 

aligned cells, the directional angle will be zero and for cells migrating in the opposite 

direction of the primordium, the directional angle will be 180 degrees.

(B) Semi-circular histogram plots of the directional angle frequencies (binned in 30 degree 

intervals) of wild-type (left), cdh1 mutant (middle) and cdh2 mutant leader cells (right) in 

wild-type primordia. For the wild-type directional angles, donor and host leader cell 

directional angles were pooled. Note that cxcr4b mutant cells do not occupy leader cell 
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positions in wild-type primordia and directional angles cannot be determined. Dashed lines 

indicate directional angle frequencies of the wild-type leader cells. The frequencies on the 

radial axes are plotted on a log10-scale. n indicates the number of directional angles. The 

directional angle distributions for wild-type and cdh1 mutant leader cells (p = 0.0003) and 

wild-type and cdh2 mutant leader cells (p = 0.0015) are significantly different (Kolmogorov-

Smirnov test).

(C) Semi-circular histogram plots of the directional angle frequencies (binned in 30 degree 

intervals) of wild-type (far left), cxcr4b mutant (middle left), cdh1 mutant (middle right) and 

cdh2 mutant follower cells (far right) in wild-type primordia. Dashed lines indicate 

directional angle frequencies of the wild-type follower cells. The frequencies on the radial 

axes are plotted on a log10-scale. n indicates the number of directional angles. The 

directional angle distributions for wild-type and cxcr4b mutant follower cells (p = 0.0075), 

wild-type and cdh1 mutant follower cells (p < 0.0001), and wild-type and cdh2 mutant 

follower cells (p =0.0032) are significantly different (Kolmogorov-Smirnov test).

(D) Normalized neighbor-neighbor distances for wild-type and Ctnna1-depleted primordia 

(black) and host-host (red), donor-donor (green) and host-donor (yellow) chimeric 

primordia. For chimeric primordia, all host cells were wild-type and the genotypes of the 

donor cells are indicated. Cells were defined as neighbors if the initial distance between a 

pair of cells was smaller than 15 μm. The distance between such pairs was tracked for 11 

time intervals (22 min). The neighbor-neighbor distances were normalized to the average 

speed of the primordium cells. Mean and standard deviation are indicated. n is the number of 

cell pairs and N is the number of embryos analyzed. ns indicates p > 0.05 and **** indicates 

p < 0.0001 (Kruskal-Wallis one-way analysis of variance).

(E) Directional indices of donor cells of indicated genotypes in wild-type host primordia and 

directional indices of wild-type cells and Ctnna1-depleted cells. Note that the directional 

indices of the host and donor cells are pooled for chimeric primordia with wild-type donor 

and wild-type host cells. Directional indices were calculated for a track length of 18 time 

intervals (36 min). Mean and standard deviation are indicated. n is the number of cell tracks 

and N is the number of embryos analyzed. ns indicates p > 0.05 and **** indicates p < 

0.0001 (Kruskal-Wallis one-way analysis of variance).

(F) Schematic diagram of donor cell clone (red) location and protrusive activity angle 

distribution with respect to the primordium midline and direction of migration. Dashed line 

indicates the primordium midline in AP axis, and large arrow indicates the direction of 

migration. Protrusive activity towards 0 degrees is in the direction of migration and 

protrusive activity towards 270 degree is towards the midline of the primordium and the 

underlying cxcl12a-expressing cells.

(G) Circular histogram plots of protrusive activity frequencies of donor-derived wild-type 

cells (far left, n=8), cxcr4a+/−; cxcr4b−/− cells (middle left, n=8), cdh1−/− cells (middle 

right, n=5), and cdh1−/−; cxcr4b−/− cells (far right, n=2) in wild-type primordia. The 

distributions of the protrusive activities for wild-type cells and the mutant (cxcr4a+/−; 
cxcr4b−/−, cdh1−/− or cdh1−/−; cxcr4b−/−) cells are significantly different (p < 0.0001, 

Kolmogorov-Smirnov test).

(H) Schematic depiction of ctnna1:ctnna1-Citrine locus, cxcr4b:zGrad transgene and 

principle of zGrad-mediated Ctnna1-Citrine depletion.
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(I) Tiled and sum-projected Z-stacks of ctnna1:ctnna1-Citrine/ctnna1:ctnna1-Citrine, 
prim:lyn2-mCherry embryo (top) and ctnna1:ctnna1-Citrine/ctnna1:ctnna1-Citrine, prim:/
yn2-mCherry cxcr4b:zGrad embryo (bottom). For clarity, only the mCherry signal is shown. 

Arrowheads, bracket and asterisk indicate neuromasts, shed primordium cells and mScarlet 

expression in the heart from the transgenesis marker on the cxcr4b:zGrad BAC transgene, 

respectively. Scale bar 0.5 mm.

(J) Semi-circular histogram plots of the directional angle frequencies (binned in 30 degree 

intervals) of leader cells in wild-type (left) and Ctnna1-depleted primordia (right). Dashed 

lines indicate directional angle frequencies of the wild-type leader cells. The frequencies on 

the radial axes are plotted on a log10-scale. n indicates the number of directional angles. The 

directional angle distributions for wild-type and Ctnna-depleted leader cells are not 

significantly different (p = 0.3454, Kolmogorov-Smirnov test). (See also Figure S4, Videos 

S3 and S4 and Methods S3 and S4)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-DIG AP Sigma Aldrich SKU 11093274910

Bacterial and Virus Strains

NEB 5-alpha New England Biolabs Cat No C2987H

SW105 [75] N/A

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

NBT Sigma Aldrich SKU 11383213001

BCIP Sigma Aldrich SKU 11383221001

Digoxigenin-labeled nucleotides Sigma Aldrich SKU 11277073910

Paraformaldehyde Sigma Aldrich SKU P6148–500G

Proteinase K Sigma Aldrich SKU P6556–1G

Bovine Serum Albumin Sigma Aldrich SKU A8022–50g

Methycellulose Sigma Aldrich SKU 1424506–1G

Glycerol Sigma Aldrich SKU G7893–1L

Tricaine (Ethyl 3-aminobenzoate methanesulfonate) Sigma Aldrich SKU E10521–50G

Low melt agarose (AquaPor HR) National Diagnostics Cat No EC-205 (100g)

BsrI New England Biolabs R0527S

DdeI New England Biolabs R0175S

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

cxcr4bt26035 [67] N/A

cxcr4aum2 [68] N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

cldnb:lyn2GFP [21] N/A

prim:lyn2mCherry [73] N/A

cxcl12at30516 [25] N/A

cxcr4a:H2A-mCherry This study N/A

cxcr4b:H2A-mCherry [73] N/A

cxcr4b:cxcr4a This study N/A

fgf10atbvbo [72] N/A

fgf3t24149 [71] N/A

cdh1tx230 [34] N/A

cdh2m117 [36] N/A

cdh1:cdh1-sfGFP [41] N/A

cdh2:cdh2-mCherry This study N/A

cxcr4b:H2A-GFP [30] N/A

cxcr4b:zGrad [41] N/A

Gt(ctnna-citrine)Ct3a [39] N/A

Oligonucleotides

For primer sequences used in this study, see Table S1 Integrated DNA Technologies Custom synthesis

Recombinant DNA

CHORI-211–75O1 (cdh2 BAC) BACPAC Resources Center N/A

CHORI73–268G8 (cxcr4a BAC) BACPAC Resources Center N/A

DKEY169F10 (cxcr4b BAC) Source Bioscience N/A

Software and Algorithms

Prism 8 (Version 8.1.2) Graphpad

FIJI N/A https://fiji.sc/

MatLab Mathworks https://www.mathworks.com/

Imaris 8.0 Oxford Instruments https://www.oxinst.com/

Python 2.7 N/A https://www.python.org/

Data S1–S4 This study N/A

Other
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