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Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page
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Case Studies of collective cell migration

Case Study 1: Neural crest cell migration (Xenopus)

Case Study 2: Sensory organ primordium migration  
in fish lateral line (Zebrafish)

Case Study 3: Egg chamber rotation (Drosophila)

• Collective migration with leaders:

• Collective migration without leaders:

~
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Collective migration in fish lateral line

Speed ~1-2µm/min
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Collective migration in fish lateral line

The lateral line is comprised of a series of 
mechanosensory hair cell organs 
(neuromasts) that are deposited throughout 
the skin by the posterior lateral line 
primordium (pLLP), a cohesive mass of 
more than 100 migrating cells. 

• Migration of the primordial of sensory organ

Darren Gilmour lab, ZürichSpeed ~1-2µm/min
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majority of cells running along the sides of the migrating
tissue, giving it a millipede-like appearance (Figure 1E;
Movie S3). Based on this morphological criterion alone,
it appears that many cells of the primordium respond
directly to extrinsic guidance cues.

Cxcr4 Signaling Is Required for Coordinated
Motility within the pLLP
In order to address the role of Cxcr4b signaling in orga-
nizing cell behaviors within this migrating group, we
crossed the cldnBGFP transgene into the cxcr4b mutant
background. The normal tissue polarity is strongly af-
fected in the absence of Cxcr4b, and the pLLP is signif-
icantly rounder than in wild-type embryos (Figures 1G
and 4E; Movie S5). Time-lapse analysis shows that inter-
nal cell movements are uncoordinated in cxcr4b mu-
tants (compare kymographs in Figures 1F and 1G). Cells
of the pLLP appear to have the potential to migrate in
random directions in the absence of Cxcr4b function.

However, as they are held together in this context,
such uncoordinated movements cancel each other out
and result in greatly reduced net displacement of the
cell mass. In order to allow migration of a tissue such
as the pLLP, it is essential that motile cells are orientated
in the same direction, which requires Cxcr4b-mediated
detection of a stripe of SDF1a.

SDF1a Allows Bidirectional Migration
along the Lateral Line
Chemokines such as SDF1 are the archetypal vertebrate
chemoattractants (Rossi and Zlotnik, 2000). Not only
has SDF1 been shown to guide cells in a concentra-
tion-dependent manner in a number of different species,
but the misexpression of SDF1 in zebrafish embryos can
affect the migration of both PGCs and the lateral line pri-
mordium (Doitsidou et al., 2002; Li et al., 2004). These
ectopic expression experiments show that SDF1 can
act as a chemoattractant in vivo and suggest that the

Figure 1. Capturing Cell Behavior within the pLLP by Using CldnBGFP

(A and B) CldnBGFP transgenic embryos recapitulate the endogenous Claudin B expression pattern and show GFP expression in the migrating
primordium, deposited neuromasts, and connecting interneuromast cells. Other expression domains include pronephros (arrows) and skin. The
scale bar is 20 mm.
(C) An overview of a time-lapse movie showing 10 hr of lateral line morphogenesis with CldnBGFP. The lateral line primordium migrates at a speed
of w66 mm/hr at 25ºC. Forming proneuromasts at the trailing edge decelerate, causing the tissue to stretch, before being deposited (Movie S1).
The scale bar is 100 mm.
(D and E) Many cells of the primordium display cellular extensions (compare [D] to [E]; Movies S2 and S3).
(F) Kymograph analysis of cell movement. In this kymograph from wild-type, the traces are predominantly parallel, meaning that cells within the
primordium migrate at a constant speed and maintain a relative position (dotted lines on the right). The deceleration of cells at the back of the
primordium can be seen in the increased distance between the two dotted lines on the left (Movie S4).
(G) Cells within cxcr4b mutant primordium continue to move back and fourth, as revealed by a zig-zag pattern of traces in the kymograph (Movie
S5). The scale bar is 20 mm.

Developmental Cell
674

• All cells in the primordium, at the 
front but also in the bulk exhibit 
filopodia and therefore likely 
respond to guidance cues

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

• All cells in the primordium are motile

Collective migration in fish lateral line
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lateral line primordium normally moves up a gradient of
this chemokine. On the other hand, previous grafting ex-
periments carried out in Axolotl have shown that 180º ro-
tation of the epidermis directly in front of the primordium
appeared to have little effect on the directionality of its
migration (Smith et al., 1990). While these and other em-
bryological studies (Stone, 1923) argue against the pres-
ence of a graded signal in this species, they do not rule
out the possibility that a gradient was reestablished
after surgery. In order to determine which of these two
potential modes of chemokine-mediated guidance are
employed during primordium migration, we addressed
the behavior of the lateral line in mutants with changes
in the endogenous SDF1a expression domain. Embryos
mutant for fused somites/tbx 24 (fss) (Nikaido et al.,
2002) show a very interesting alteration in the expres-
sion of the lateral line stripe of SDF1a, which is present
in the anterior 5–10 somites but is absent further poste-
riorly, presumably due to somite patterning defects in
this mutant (Figure 2A). In a significant proportion of
fss mutants, the pLLP makes a ‘‘U-turn’’ maneuver and
migrates backward along the same stripe of SDF1a it
previously followed (11.8%, 27/229; Figures 2B and
2C). Here, the primordium migrates normally and even
deposits neuromasts; however, it now moves in the re-
verse direction (Figure 2E; Movie S6). This demonstra-
tion that the primordium treats this path of SDF1a like
a two-way street suggests that the normal head-to-tail
directionality of lateral line migration is not determined
by a polarized distribution of the chemokine guidance
cue, but rather by the organization of the primordium it-
self. Interestingly, embryos injected with morpholinos
against N-cadherin, which is highly expressed by the

primordium, show similar pathfinding phenotypes; how-
ever, the expression of SDF1a in these embryos has not
been addressed (Kerstetter et al., 2004).

Collective Migration within the Lateral Line
We next addressed the extent to which Cxcr4b/SDF1a
signaling controls individual cell behaviors within this
migrating tissue by carrying out a series of genetic mo-
saic experiments via cell transplantation. We first tested
this approach by transplanting rhodamine dextran-
labeled wild-type cells into wild-type cldnBGFP trans-
genic embryos at the blastula stage. The recipient
embryos were allowed to develop to 36 hpf before
screening for the presence of transplanted cells in the
pLLP. While the positioning of cells cannot be precisely
controlled, we could efficiently generate embryos with
mosaic pLLPs; greater than 10% transplanted host em-
bryos showed the presence of 5–10 red donor cells on
average (16/136). Their position was mapped by plotting
a red fluorescence intensity profile of the leading 150 mm
of the tissue (Figure 3B). Importantly, when many such
plots are superimposed, it becomes clear that trans-
planted wild-type cells are scattered throughout the
host primordium and show no clear bias in the positions
they occupy. We next addressed the role of Cxcr4b in
controlling individual cell behaviors by transplanting
homozygous mutant cells into wild-type cldnBGFP
transgenic fish. As shown in Figure 3D, cells lacking
the chemokine guidance receptor move in a directed
manner when placed in a wild-type primordium; thus,
they can be guided by Cxcr4b-independent interactions
with neighboring cells. Time-lapse and kymograph anal-
ysis shows that these mutant cells migrate at the same

Figure 2. Bidirectional Migration of the pLLP along an SDF1a Stripe

(A) Expression of SDF1a in the trunk of wild-type (upper panel) and fss mutant siblings (lower panel). In fss, the stripe of SDF1a followed by the
pLLP primordium is truncated, whereas a ventral expression domain at the level of the pronephros remains unaffected.
(B) Double labeling for SDF1a mRNA (green) and the pLL nerve (aAcTub, red) in wild-type and fss embryos. The lateral line makes a sharp turn at
the point at which SDF1a expression fades in fss (lower panel).
(C) Diagram indicating major routes taken by pLLP in fss mutants.
(D) Example of a primordium being attracted by a ventral source of SDF1a in fss.
(E) Time-lapse movie showing the pLLP undergoing a ‘‘U-turn’’ maneuver. The upper ‘‘start’’ panel shows a rounded primordium; a small group of
cells projects backward, causing the tissue to rotate. Once this ‘‘U-turn’’ is complete, the pLLP readopts its normal polarized morphology and
migrates at normal speed in the reverse direction and even deposits a proneuromast (Movie S6).

Cxcr4-Mediated Tissue Migration
675

SDF-1 and Primordial Germ Cell Migration
655

Figure 6. PGCs Are Attracted toward an Ec-
topic Source of SDF-1a

(A) An embryo injected with control morpho-
lino and eyfp-nanos-1 RNA at 1 cell stage
and ecfp-globin at 32 cell stage. The EYFP-
labeled PGCs (black) are found at the normal
position.
(B) An embryo injected at the 1 cell stage with
SDF-1a-MO and eyfp-nanos-1 mRNA, fol-
lowed by a later injection of ECFP mRNA into
cells at the 32 cell stage. The PGCs are ran-
domly distributed with respect to the ECFP-
expressing clone of cells (pseudocolors of
red and white represent high and higher lev-
els of ECFP expression, respectively).
(C) Top: an embryo injected at the 1 cell stage
with SDF-1a-MO and eyfp-nanos-1 mRNA
followed by injection of cells at the 32 cell
stage with ECFP and morpholino-resistant
sdf-1a mRNA. The PGCs are preferentially
found in close proximity to the ECFP- and
SDF-1a-expressing cells (pseudocolors rep-
resent the levels of ECFP- and therefore SDF-
1a expression). Bottom: high-magnification
pictures of the head region (left) and the noto-
chord (right) of a different embryo treated as
above.
(D) An embryo injected at the 1 cell stage with
SDF-1a-MO, CXCR4b-MO, and eyfp-nanos-1
mRNA followed by injection of cells at the 32
cell stage with ECFP and morpholino-resis-
tant sdf-1a mRNA. In these embryos, many
PGCs are randomly distributed relative to the
ECFP-expressing clone of cells.
(E) Quantitative analysis of the experimental
results. In embryos treated as described in
(B), approximately 20% of the somatic cells
exhibit ECFP expression, and a similar pro-
portion (yellow bar, 21.5% ! 6.4%) of PGCs
were found within the clone. In embryos
treated as described in (C), the PGCs are pref-
erentially found within the ECFP/SDF-1a-
expressing clone (red bar, 82.5% ! 3.9%, p "
0.001 in t test). The attraction of PGCs toward
the SDF-1a clone is inhibited when CXCR4b
is knocked down (green bar, 38.4% ! 4.5%,
p " 0.001 in t test).

• The chemoattractant SDF1/Cxcl12a is expressed 
along the lateral line where the primordia migrate

• SDF1 is a potent chemoattractant in a variety of 
biological contexts (eg. leukocytes, neurons, 
primordial germ cells etc). 

• SDF1 operates via its receptor CXCR4, a GPCR. 

• SDF1 attracts primordial germ cells (PGCs) to 
specific locations in zebrafish

Doitsidou, M., et al. and Raz, E. (2002). Cell 111, 647–659. 

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Collective migration in fish lateral line

• A chemoattractant is expressed in a track along the lateral line

SDF1/Cxcl12a

PGCs: primordial germ cells
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majority of cells running along the sides of the migrating
tissue, giving it a millipede-like appearance (Figure 1E;
Movie S3). Based on this morphological criterion alone,
it appears that many cells of the primordium respond
directly to extrinsic guidance cues.

Cxcr4 Signaling Is Required for Coordinated
Motility within the pLLP
In order to address the role of Cxcr4b signaling in orga-
nizing cell behaviors within this migrating group, we
crossed the cldnBGFP transgene into the cxcr4b mutant
background. The normal tissue polarity is strongly af-
fected in the absence of Cxcr4b, and the pLLP is signif-
icantly rounder than in wild-type embryos (Figures 1G
and 4E; Movie S5). Time-lapse analysis shows that inter-
nal cell movements are uncoordinated in cxcr4b mu-
tants (compare kymographs in Figures 1F and 1G). Cells
of the pLLP appear to have the potential to migrate in
random directions in the absence of Cxcr4b function.

However, as they are held together in this context,
such uncoordinated movements cancel each other out
and result in greatly reduced net displacement of the
cell mass. In order to allow migration of a tissue such
as the pLLP, it is essential that motile cells are orientated
in the same direction, which requires Cxcr4b-mediated
detection of a stripe of SDF1a.

SDF1a Allows Bidirectional Migration
along the Lateral Line
Chemokines such as SDF1 are the archetypal vertebrate
chemoattractants (Rossi and Zlotnik, 2000). Not only
has SDF1 been shown to guide cells in a concentra-
tion-dependent manner in a number of different species,
but the misexpression of SDF1 in zebrafish embryos can
affect the migration of both PGCs and the lateral line pri-
mordium (Doitsidou et al., 2002; Li et al., 2004). These
ectopic expression experiments show that SDF1 can
act as a chemoattractant in vivo and suggest that the

Figure 1. Capturing Cell Behavior within the pLLP by Using CldnBGFP

(A and B) CldnBGFP transgenic embryos recapitulate the endogenous Claudin B expression pattern and show GFP expression in the migrating
primordium, deposited neuromasts, and connecting interneuromast cells. Other expression domains include pronephros (arrows) and skin. The
scale bar is 20 mm.
(C) An overview of a time-lapse movie showing 10 hr of lateral line morphogenesis with CldnBGFP. The lateral line primordium migrates at a speed
of w66 mm/hr at 25ºC. Forming proneuromasts at the trailing edge decelerate, causing the tissue to stretch, before being deposited (Movie S1).
The scale bar is 100 mm.
(D and E) Many cells of the primordium display cellular extensions (compare [D] to [E]; Movies S2 and S3).
(F) Kymograph analysis of cell movement. In this kymograph from wild-type, the traces are predominantly parallel, meaning that cells within the
primordium migrate at a constant speed and maintain a relative position (dotted lines on the right). The deceleration of cells at the back of the
primordium can be seen in the increased distance between the two dotted lines on the left (Movie S4).
(G) Cells within cxcr4b mutant primordium continue to move back and fourth, as revealed by a zig-zag pattern of traces in the kymograph (Movie
S5). The scale bar is 20 mm.

Developmental Cell
674

• The movement of cells in a wild type 
primordia is orderly.

Intrinsic polarity

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Collective migration in fish lateral line

• Polarized organisation of the primordium in response to chemoattractant

• The movement of cells in a 
CXCR4b mutant is affected. 
Cells are intrinsically dynamic 
within the primordia but the 
movement is not directed towards 
the posterior

• The morphology of primordia is no 
longer polarized globally

• Overall the primordia fail to move 
directionally 
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lateral line primordium normally moves up a gradient of
this chemokine. On the other hand, previous grafting ex-
periments carried out in Axolotl have shown that 180º ro-
tation of the epidermis directly in front of the primordium
appeared to have little effect on the directionality of its
migration (Smith et al., 1990). While these and other em-
bryological studies (Stone, 1923) argue against the pres-
ence of a graded signal in this species, they do not rule
out the possibility that a gradient was reestablished
after surgery. In order to determine which of these two
potential modes of chemokine-mediated guidance are
employed during primordium migration, we addressed
the behavior of the lateral line in mutants with changes
in the endogenous SDF1a expression domain. Embryos
mutant for fused somites/tbx 24 (fss) (Nikaido et al.,
2002) show a very interesting alteration in the expres-
sion of the lateral line stripe of SDF1a, which is present
in the anterior 5–10 somites but is absent further poste-
riorly, presumably due to somite patterning defects in
this mutant (Figure 2A). In a significant proportion of
fss mutants, the pLLP makes a ‘‘U-turn’’ maneuver and
migrates backward along the same stripe of SDF1a it
previously followed (11.8%, 27/229; Figures 2B and
2C). Here, the primordium migrates normally and even
deposits neuromasts; however, it now moves in the re-
verse direction (Figure 2E; Movie S6). This demonstra-
tion that the primordium treats this path of SDF1a like
a two-way street suggests that the normal head-to-tail
directionality of lateral line migration is not determined
by a polarized distribution of the chemokine guidance
cue, but rather by the organization of the primordium it-
self. Interestingly, embryos injected with morpholinos
against N-cadherin, which is highly expressed by the

primordium, show similar pathfinding phenotypes; how-
ever, the expression of SDF1a in these embryos has not
been addressed (Kerstetter et al., 2004).

Collective Migration within the Lateral Line
We next addressed the extent to which Cxcr4b/SDF1a
signaling controls individual cell behaviors within this
migrating tissue by carrying out a series of genetic mo-
saic experiments via cell transplantation. We first tested
this approach by transplanting rhodamine dextran-
labeled wild-type cells into wild-type cldnBGFP trans-
genic embryos at the blastula stage. The recipient
embryos were allowed to develop to 36 hpf before
screening for the presence of transplanted cells in the
pLLP. While the positioning of cells cannot be precisely
controlled, we could efficiently generate embryos with
mosaic pLLPs; greater than 10% transplanted host em-
bryos showed the presence of 5–10 red donor cells on
average (16/136). Their position was mapped by plotting
a red fluorescence intensity profile of the leading 150 mm
of the tissue (Figure 3B). Importantly, when many such
plots are superimposed, it becomes clear that trans-
planted wild-type cells are scattered throughout the
host primordium and show no clear bias in the positions
they occupy. We next addressed the role of Cxcr4b in
controlling individual cell behaviors by transplanting
homozygous mutant cells into wild-type cldnBGFP
transgenic fish. As shown in Figure 3D, cells lacking
the chemokine guidance receptor move in a directed
manner when placed in a wild-type primordium; thus,
they can be guided by Cxcr4b-independent interactions
with neighboring cells. Time-lapse and kymograph anal-
ysis shows that these mutant cells migrate at the same

Figure 2. Bidirectional Migration of the pLLP along an SDF1a Stripe

(A) Expression of SDF1a in the trunk of wild-type (upper panel) and fss mutant siblings (lower panel). In fss, the stripe of SDF1a followed by the
pLLP primordium is truncated, whereas a ventral expression domain at the level of the pronephros remains unaffected.
(B) Double labeling for SDF1a mRNA (green) and the pLL nerve (aAcTub, red) in wild-type and fss embryos. The lateral line makes a sharp turn at
the point at which SDF1a expression fades in fss (lower panel).
(C) Diagram indicating major routes taken by pLLP in fss mutants.
(D) Example of a primordium being attracted by a ventral source of SDF1a in fss.
(E) Time-lapse movie showing the pLLP undergoing a ‘‘U-turn’’ maneuver. The upper ‘‘start’’ panel shows a rounded primordium; a small group of
cells projects backward, causing the tissue to rotate. Once this ‘‘U-turn’’ is complete, the pLLP readopts its normal polarized morphology and
migrates at normal speed in the reverse direction and even deposits a proneuromast (Movie S6).

Cxcr4-Mediated Tissue Migration
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• In a mutant where SDF1 
expression is reduced to 
a shorter region, 
primordia often U-turn

• Primordia do not change 
polarity/direction: 
trailing cells do not 
become leader cells

• This suggests that 
primordia have an 
intrinsic global polarity

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Collective migration in fish lateral line

• Structural polarity of cell cluster underlies directionality
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Collective migration in fish lateral line

• Structural polarity of cell cluster underlies directionality

Polarized epithelial cells Mesenchymal state

Side view
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speed and maintain a constant position in relation to
their neighbors, suggesting that the precise positioning
of cells within the pLLP is not based on Cxcr4b activity
(Figures 3G and 3H; Movie S9). However, mutant cells
show one clear difference when compared to wild-
type donor cells: they never occupy positions at the
leading edge in wild-type hosts. We were able to restrict
the region that remains free of mutant cells to the first 20
microns at the very tip of the migrating primordium, an
area that corresponds approximately to one leading
cell diameter (Figure 3E). Consistent with this inability
to assume the leading position, in no case was the pres-
ence of mutant clones, no matter how large, able to dis-
rupt the migration of the wild-type primordium (n > 50).

As mutant cells presumably occupy random positions
initially within the group, this suggests that they are ac-
tively excluded from the leading edge.

Are cells within the primordium actively migrating or
simply passively carried by motile neighbors? In order
to answer this question, we imaged the morphology of
cells within the primordium by transplanting cells from
cldnBGFP transgenics into embryos in which all cells
were labeled red by the injection of membrane RFP
(mRFP) mRNA (Gong et al., 2004). This approach shows
that single wild-type cells further back within a wild-type
primordium appear polarized and project highly dy-
namic extensions in the direction of migration (Figure 3C;
Movie S7). Interestingly, Cxcr4b-deficient cells have

Figure 3. Cell-Cell Interactions Regulate Mi-
gration in the Lateral Line Primordium

(A) Rhodamine-labeled wild-type cells trans-
planted into wild-type embryos transgenic
for cldnbGFP (upper panel). The lower panels
show an example of a mosaic primordium in
which donor cells colonize the tip (middle;
rhodamine only, lower; rhodamine plus
cldnbGFP).
(B) Plot of red intensity profile from 16 such
transplants, showing maximum (blue) and
minimum (red). The green trace shows a pro-
file of primordium from (A).
(C) CldnbGFP wild-type cells transplanted
into an mRFP-labeled wild-type primordium.
The right panel shows a magnified view of
internal cell clones displaying filopodia in
the direction of migration (arrowhead). No
such projections are observed from the rear
of the cell (arrows). Asterisks mark the lateral
line nerve from the donor, which also ex-
presses cldnBGFP (Movie S7).
(D and E) Mutant cxcr4b cells migrate nor-
mally when transplanted into wild-type pri-
mordia, but they adopt trailing positions.
Intensity profiling shows that in no case
(n = 21) were cxcr4b cells present in the lead-
ing 20 mm of the primordium.
(F) The right panel shows a magnified cxcr4b
mutant clone transplanted into an mRFP-
labeled wild-type primordium. Only the lead-
ing edges display filopodial protrusions
(arrowhead, Movie S8).
(G) Two-color time-lapse of a mosaic primor-
dium, in which red indicates cxcr4b cells and
the dotted line represents the region used for
the kymograph (Movie S9).
(H) Kymograph time-lapse movie from (G).
Red and green traces are parallel, indicating
that cxcr4b cells migrate at the same speed
as their wild-type counterparts.
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• Mosaic experiments of control 
cells into a control host 
primordium. 

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Collective migration in fish lateral line

• Chemoattractant signaling is required at the leading edge of cluster

speed and maintain a constant position in relation to
their neighbors, suggesting that the precise positioning
of cells within the pLLP is not based on Cxcr4b activity
(Figures 3G and 3H; Movie S9). However, mutant cells
show one clear difference when compared to wild-
type donor cells: they never occupy positions at the
leading edge in wild-type hosts. We were able to restrict
the region that remains free of mutant cells to the first 20
microns at the very tip of the migrating primordium, an
area that corresponds approximately to one leading
cell diameter (Figure 3E). Consistent with this inability
to assume the leading position, in no case was the pres-
ence of mutant clones, no matter how large, able to dis-
rupt the migration of the wild-type primordium (n > 50).

As mutant cells presumably occupy random positions
initially within the group, this suggests that they are ac-
tively excluded from the leading edge.

Are cells within the primordium actively migrating or
simply passively carried by motile neighbors? In order
to answer this question, we imaged the morphology of
cells within the primordium by transplanting cells from
cldnBGFP transgenics into embryos in which all cells
were labeled red by the injection of membrane RFP
(mRFP) mRNA (Gong et al., 2004). This approach shows
that single wild-type cells further back within a wild-type
primordium appear polarized and project highly dy-
namic extensions in the direction of migration (Figure 3C;
Movie S7). Interestingly, Cxcr4b-deficient cells have
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• When mutant cells are grafted 
into a wildtype host CXCR4 
mutant cells can be co-opted into 
a host and move with the 
primodium.

• Wildtype and mutant cells adopt 
a polarized behavior with 
filopodia extended to the tip of 
primordium, independent of 
CXCR4

• They maintain their position 
within primordia and move 
directionally via interactions with 
neighbors independent of CXCR4 
activity.

• Mutant cells never adopt an 
anterior most position in 
primordia suggesting they are 
excluded from leading position
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a similar dynamic behavior when transplanted into a
wild-type primordium, suggesting that it is not a direct
response to the extrinsic SDF1a cue, but is rather in-
duced by interactions with neighboring cells (Figure 3F;
Movie S8).

A Cxcr4b-Dependent Organizing Center
of the Lateral Line
We next asked to what extent, if any, transplantation of
wild-type cells could rescue the phenotype of Cxcr4b-
deficient pLLPs. We found that transplantation of even
small numbers of wild-type cells is able to rescue the
directed migration of otherwise mutant primordia with
remarkable efficiency. As few as 4 wild-type cells can
rescue the migration of more than 100 mutant neigh-
bors, demonstrating that fewer than 5% of the cells
must express the chemokine guidance receptor to allow
directional migration. Furthermore, as the primordium
guides the extending lateral line nerve (Gilmour et al.,
2004), which in turn guides associated migrating glial
precursors (Gilmour et al., 2002), the presence of a small

group of Cxcr4b-expressing cells is sufficient to rescue
the migration of all three cell types (data not shown). We
find that only the first 20 mm of the primordium harbor
wild-type cells in all rescued samples, the same sized re-
gion that remains free of donor cells in mutant into wild-
type transplants (Figure 4D). Therefore, through a series
of complementary genetic mosaic experiments, we
have unequivocally identified the minimum region of
the primordium that must express Cxcr4b in order to en-
sure the guided migration of the lateral line primordium.

What is very surprising from our findings is the effi-
ciency with which transplantation of a small number of
wild-type cells can rescue the lateral line migration
defect in cxcr4b mutant embryos. In almost nine out of
ten samples in which wild-type cells are present in mu-
tant primordia, they are found at the tip and rescue mi-
gration (85%, 94/110). This rescue rate is significantly
higher than that expected from the random distribution
of transplanted cells; in our original control transplants,
the leading 20 mm of wild-type host primordia showed
the presence of wild-type donor cells in fewer than

Figure 4. Cxcr4-Positive Cells Act as a Lateral Line Organizing Center

(A) CldnbGFP wild-type cells do not actively translocate to the leading edge of an mRFP-labeled cxcr4b primordium. Wild-type cells (two middle
panels) point randomly (arrows) and display no lateral displacement over a period of 132 min. Kymograph analysis confirms that wild-type cells
tumble with mutant neighbors.
(B) Wild-type cells at the tip of the primordium project in the direction of migration, pulling mutant cells with them. Initially, this polarizing influ-
ence has a limited range, causing the tissue to stretch (the dotted line highlights the separation of red-labeled wild-type cells) (Movies S10–S12).
(C) Kymograph analysis shows that it takes time for migration in these mutant primordia to become coordinated. The top half of this kymograph
resembles that shown for cxcr4b mutants, with zig-zag lines, whereas, in the bottom half, the lines are parallel as in wild-type (Movie S13).
(D) A red intensity profile from mosaic primordia shows that wild-type cells always colonize the tip of the migrating primordium (lower panel, n =
17). The peak in minimum intensity reading between 130 and 150 mm demonstrates the narrow region that is occupied by wild-type cells in every
sample.
(E) The shape of mutant primordia is also rescued by the presence of wild-type cells (roundness = 4pA/P2, where A = area and P = perimeter).
Error bars show standard deviation.
(F) The plot shows the distance traveled by wild-type (blue), rescued (red), and cxcr4b mutant (green) primordia by 40 hpf. Rescued primordia trail
wild-type by 60–500 mm, a time delay of 1–7.5 hr.
(G) Comparison of a wild-type, cxcr4b, and rescued embryo at 42 hpf. The deposition of lateral line neuromasts in the rescued sample is indis-
tinguishable from that in a wild-type embryo.
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• Leading edge organizing 
center in the primordium:

• Wildtype cells in a mutant 
primordium do not translocate 
to the front. They remain in a 
fixed position within the 
primordium. They are not 
attracted towards an SDF1 
source per se.

• A few wild type cells can rescue 
a CXCR4 mutant primordium. 

• They get to the leading edge via 
the tumbling at early stages of 
primordium development

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Collective migration in fish lateral line

• The leading edge functions as an organizing center for collective motility
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• Conclusions: 

• The lateral line primordium is a cluster of 100 cells that moves directionally to the posterior

• Directionality requires the existence of a track of SDF1/Cxcl12a chemoattractant 

• Chemoattractant sensing is required in the leading edge cells in the cluster 

• Yet directionality of cluster cannot be determined by pre-patterned SDF1 chemical gradient per se: 
clusters can move in both directions on track.

• Directionality requires the global polarization of the cell cluster which is independent of 
chemoattractant signaling. 

Collective migration in fish lateral line

Peter Haas and D. Gilmour, Developmental Cell 10, 673–680 (2006) 

Top view Side view
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Hypothesis : 

• Cluster motility requires self-generated gradient of chemoattractant

• Depends on intrinsic polarity of cell cluster

• For instance internalisation of SDF1/Cxcl12a at the rear by CXCR7 which works as a sink?

high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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Cxcr7 sink activities in chemokine
gradient formation. a, Expression
pattern of Cxcr7 (anti-Cxcr7
antibody (Ab), green in bottom
panel) and Cxcr4b (Cxcr4b–GFP,
red in bottom panel). Cxcr7 vesicles
cluster in apically constricted cells of
organ progenitors (asterisks, insets).
b, Ratiometric images of Cxcr4b–tFT
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c, Box-and-whiskers plot of tissue-
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Cxcr7 drives collective migration. a, Still image of
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nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
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dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
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resolution of peritonitis depends on their receptor CCR5 that se-
questers these chemokines in apoptotic leukocytes (Ariel et al.,
2006). As SDF-1 has been implicated in rheumatoid arthritis
and in acute lung injury inflammatory responses (e.g., De Klerck
et al., 2005; Matthys et al., 2001; Nanki et al., 2000; Petty et al.,
2007), it would be interesting to examine whether CXCR7 is in-
volved in regulation of inflammation in these tissues. Further-
more, since the SDF-1/CXCR4 pair is involved in other patholog-
ical conditions (in particular cancer, e.g., Muller et al. [2001] and
Orimo et al. [2005]) and controls a wide range of developmental
and homeostatic activities (e.g., Aiuti et al., 1997; Peled et al.,
1999; Zou et al., 1998), examining the role of CXCR7 in these pro-
cesses would be an important avenue for future research.

Whereas our results provide strong evidence that CXCR7 is
a nonsignaling receptor that functions as a sink for SDF-1a in
the case of PGC migration, it could be that this molecule func-
tions differently in different contexts. For example, the results
of Valentin et al. (2007) are compatible with the idea that in the
case of the zebrafish lateral-line primordium, CXCR7 activation
plays an instructive role in dictating cell behavior in the posterior
part of the migrating organ. The question of whether CXCR7 acts
as a professional or a part-time decoy receptor would thus re-
quire detailed examination of the biochemical and cellular re-
sponses in different settings in which this receptor functions.

Although this study reiterates the central role of SDF-1a and
CXCR4b in guiding PGC migration, our results highlight the im-
portance of regulation by other molecules. It would therefore
be important to examine additional parameters that could influ-
ence SDF-1a function in vivo, especially those relevant for its

spread within the embryo. Exploring the role of components of
the extracellular matrix that are known to bind SDF-1 as well
as enzymes modifying SDF-1 in the extracellular environment
would be especially informative in this context.

EXPERIMENTAL PROCEDURES

Zebrafish Strains
Fish of the AB background or transgenic fish carrying the Tol-kop-EGFP-F-

nos1-30UTR transgene (Blaser et al., 2006) or a similar line with a Tol-kop-

DsRedExpress-F-nos1-30UTR transgene served as wild-type fish. The trans-

genes direct EGFP-F or DsRedExpress expression to the PGCs. ody!/! mu-

tant embryos were used to analyze the migration in the absence of CXCR4b

function (Knaut et al., 2003).

Cloning and RT-PCR of cxcr7

The zebrafish cxcr7 open reading frame (accession number XM682279) was

amplified from midsomitogenesis cDNA and cloned into expression vectors

for expression in germ cells (CXCR7-nos1-30UTR) and for global expression

(CXCR7-globin).

For RT-PCR, total RNA was isolated from 1 hpf, 2 hpf, 2.75 hpf, 6 hpf, and 10

hpf using TRIZOL (Invitrogen) and cDNA was synthesized using oligo(dT)

primers. Primer sequences are provided in the supplemental material.

RNA Expression Constructs and Injections
Capped sense mRNA was synthesized using the mMessageMachine kit (Am-

bion). RNA was microinjected into the yolk of one-cell stage embryos unless

stated otherwise.

A description of the constructs used is provided in the Supplemental Data.

Knockdown of CXCR7, CXCR4b, SDF-1a, and SDF-1b
Knockdown of CXCR7 function was achieved by injection of 1.2 pmol CXCR7-

MO morpholino antisense oligonucleotides (50-ATCATTCACGTTCACACTC

ATCTTG-30) into one-cell stage embryos. A second oligonucleotide (50-GAA

ATCATTCACGTTCACACTCATC-30) also impaired PGC migration, albeit with

lesser effectiveness. Knockdown of CXCR4b and both zebrafish SDF-1 homo-

logs was achieved using 0.4 pmol of either oligonucleotides against cxcr4b,

sdf-1a (Doitsidou et al., 2002), and sdf-1b (50-TTGCTATCCATGCCAAGAGCG

AGTG-30). Control experiments were performed using equal concentrations of

irrelevant oligonucleotides.

Fluorescence Microscopy
Epifluorescence images were captured using a Zeiss microscope controlled

by the Metamorph Software (Visitron Systems). Time-lapse movies were gen-

erated for imaging cell morphology and behavior as well as for track analysis.

Frames were captured at 5 s or 10 s intervals for high-magnification movies

and at 1 min intervals for low-magnification movies.

Confocal fluorescence images were obtained with the Leica TCS SL confo-

cal microscope.

Measurement of Calcium Levels
Calcium measurements were performed as previously described (Blaser et al.,

2006). Somatic cell measurements were performed on the cytosol of cells in

the vicinity of migrating PGCs.

Germ Cell Transplantation
Germline chimeras were produced by transplantation of PGCs from Tol-kop-

DsRedExpress-nos1-30UTR transgenic embryos into Tol-kop-EGFP-F-nos1-

(lower panel), the migration toward the SDF-1a source is inhibited (cells 2 and 3). Cells that do not encounter CXCR7-expressing cells on their migration path (cell

1) are not affected (blue track).

(D) Multiple migration tracks of germ cells encountering a control transplant (dashed box) or a transplant expressing CXCR7 (red box outline). Tracks have been

corrected for morphogenetic movements and were given a common starting coordinate (circle) with the SDF-1a transplant positioned to the top (hatched box).

The putative SDF-1a gradient drawn in green. n signifies the number of cells examined. Tracks represent 150 min of PGC migration.

(E) Regions expressing sdf-1a fail to attract PGCs if the expression overlaps with that of cxcr7. Two-color in situ hybridization on 13 hpf spt!/! embryos using

cxcr7 (blue) and sdf-1a (red) probes (top panel) and nanos1 (blue) and sdf-1a (red) probes (lower panel).

Figure 7. A Model for the Role of CXCR7 in PGC Migration
Morphogenetic movements and changes in expression pattern cause dy-

namic shifts of sdf-1a expression sites (hatched box). CXCR7-mediated re-

moval of SDF-1a facilitates the generation of a sharp gradient (green), allowing

the PGCs (yellow) to polarize and migrate toward the site of sdf-1a transcrip-

tion (left panel). In the absence of CXCR7 function (right panel), SDF-1a is not

cleared efficiently (extended green gradient), resulting in abnormally high SDF-

1a levels and inability of germ cells to establish polarity. Consequently, germ

cells lose their close association with sdf-1a transcription domains.
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• Primordial Germ cells (PGCs) are guided by 
an SDF1a gradient that arises from moving 
source of SDF1 and endocytic activity of 
CXCR7 by PGCs

• CXCR7 works as a chemoattractant sink. 

Collective migration in fish lateral line

• A chemoattractant sink via receptor endocytosis

Figure 6. CXCR7 Affects the Direction of Germ Cell Migration In Vivo
(A) A schematic representation of the experimental manipulations generating a CXCR7 expression domain (red, Region A) superimposed on uniform SDF-1a

expression (blue, Region B). PGCs are depicted in green.

(B) In contrast to control experiments, PGCs vacated the CXCR7-expressing B region (p value < 0.001, t test). n signifies the number of embryos examined, and

error bars represent SEM.

(C) Snapshots of representative time-lapse movies with germ cells (green) migrating toward a transplanted source of SDF-1a (blue) in SDF-1-deficient embryos. A

transplant of cells (red) expressing either CXCR7 or control protein was placed at the migration path. In control experiments (upper panel), germ cells (white tracks

labeled 1–3) readily traverse the transplant toward the source of SDF-1a. Asterisks denote the starting points. When encountering a CXCR7-expressing transplant
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• Overexpression of CXCR7 in the soma blunts 
the SDF1 gradient and affects PGC migration 

SDF1 clone in 
SDF1 mutant
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Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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Figure 1 | Tandem fluorescent protein timers
(tFTs) allow quantification of chemokine-
dependent receptor turnover in vivo. a, Schema
describing experimental rationale. Red/green
intensity ratio increases as a function of protein age
(left). Chemokine-dependent receptor-
internalization rate determines ratio at plasma
membrane (right). b, Top, schematic outline (left)
and images of 7 h post-fertilization (h.p.f.) embryos
injected with cxcr4b-tFT (middle) or cxcr4b-tFT
plus cxcl12a mRNA (right), scale bar, 20mm.
Bottom, ratiometric images of squared areas
(calibration bar 5 normalized red/green ratio).
c, Box-and-whiskers plot of Cxcr4b–tFT lifetime
ratios as a function of cxcl12a mRNA
concentration (one-way analysis of variance
(ANOVA) test with Dunnett’s multiple
comparison procedure; control group: 0 ngml21

cxcl12a mRNA; **P , 0.01). d, BAC
cxcr4b:cxcr4b-tFT embryo at 32 h.p.f. Inset,
magnification of dashed area (scale bars: embryo,
200mm; inset, 50mm). e, Cxcr4b–tFT response to
heat-shock-induced expression of Cxcl12a
(hsp70:cxcl12a, Supplementary Video 1). Scale
bars: primordium, 20 mm; insets, 5mm. Insets,
magnification of boxed areas (brightness increased
in bottom inset for visualization). f, Tissue-scale
Cxcr4b–tFT lifetime ratio 5 h after heat-shock in
hsp70:cxcl12a and controls (heat-shock 5 45 min,
box-and-whiskers plot, Welch’s t-test,
***P , 0.001). n, number of samples.
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Figure 2 | Ligand-regulated chemokine receptor lifetime gradient indicates
self-generated migration. a, b, Primordia expressing cxcr4b:cxcr4b-tFT (a) or a
membrane-tetheredversion that does notrespond to Cxcl12a (cxcr4b:mem-tFT)
(b). c, d, Spatially resolved lifetime ratio profiles of Cxcr4b–tFT-expressing
(c) and mem-tFT-expressing (d) primordia at 32 h.p.f. Inset, tissue-scale lifetime
ratios (box-and-whiskers plot, Welch’s t-test, ***P , 0.001). e, Cxcr4b–tFT
ratiometric images after pulse of Cxcl12a (hsp70:cxcl12a, Supplementary
Video 2). f, Quantification of images shown in e. Scale bars, 10mm.
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• Assay to monitor surface CXCR4a lifetime and indirectly SDF1/Cxcl12a gradient: 
based on fusion in tandem with fast maturing GFP and slow maturing RFP.

• Rationale: high concentration of chemoattractant induces receptor 
internationalisation and lowers surface receptor lifetime

Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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Figure 1 | Tandem fluorescent protein timers
(tFTs) allow quantification of chemokine-
dependent receptor turnover in vivo. a, Schema
describing experimental rationale. Red/green
intensity ratio increases as a function of protein age
(left). Chemokine-dependent receptor-
internalization rate determines ratio at plasma
membrane (right). b, Top, schematic outline (left)
and images of 7 h post-fertilization (h.p.f.) embryos
injected with cxcr4b-tFT (middle) or cxcr4b-tFT
plus cxcl12a mRNA (right), scale bar, 20mm.
Bottom, ratiometric images of squared areas
(calibration bar 5 normalized red/green ratio).
c, Box-and-whiskers plot of Cxcr4b–tFT lifetime
ratios as a function of cxcl12a mRNA
concentration (one-way analysis of variance
(ANOVA) test with Dunnett’s multiple
comparison procedure; control group: 0 ngml21

cxcl12a mRNA; **P , 0.01). d, BAC
cxcr4b:cxcr4b-tFT embryo at 32 h.p.f. Inset,
magnification of dashed area (scale bars: embryo,
200mm; inset, 50mm). e, Cxcr4b–tFT response to
heat-shock-induced expression of Cxcl12a
(hsp70:cxcl12a, Supplementary Video 1). Scale
bars: primordium, 20 mm; insets, 5mm. Insets,
magnification of boxed areas (brightness increased
in bottom inset for visualization). f, Tissue-scale
Cxcr4b–tFT lifetime ratio 5 h after heat-shock in
hsp70:cxcl12a and controls (heat-shock 5 45 min,
box-and-whiskers plot, Welch’s t-test,
***P , 0.001). n, number of samples.
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Figure 2 | Ligand-regulated chemokine receptor lifetime gradient indicates
self-generated migration. a, b, Primordia expressing cxcr4b:cxcr4b-tFT (a) or a
membrane-tetheredversion that does notrespond to Cxcl12a (cxcr4b:mem-tFT)
(b). c, d, Spatially resolved lifetime ratio profiles of Cxcr4b–tFT-expressing
(c) and mem-tFT-expressing (d) primordia at 32 h.p.f. Inset, tissue-scale lifetime
ratios (box-and-whiskers plot, Welch’s t-test, ***P , 0.001). e, Cxcr4b–tFT
ratiometric images after pulse of Cxcl12a (hsp70:cxcl12a, Supplementary
Video 2). f, Quantification of images shown in e. Scale bars, 10mm.
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Collective migration in fish lateral line

E. Dona et al. and D. Gilmour. Nature. 503(7475):285-9 (2013)

Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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Figure 1 | Tandem fluorescent protein timers
(tFTs) allow quantification of chemokine-
dependent receptor turnover in vivo. a, Schema
describing experimental rationale. Red/green
intensity ratio increases as a function of protein age
(left). Chemokine-dependent receptor-
internalization rate determines ratio at plasma
membrane (right). b, Top, schematic outline (left)
and images of 7 h post-fertilization (h.p.f.) embryos
injected with cxcr4b-tFT (middle) or cxcr4b-tFT
plus cxcl12a mRNA (right), scale bar, 20mm.
Bottom, ratiometric images of squared areas
(calibration bar 5 normalized red/green ratio).
c, Box-and-whiskers plot of Cxcr4b–tFT lifetime
ratios as a function of cxcl12a mRNA
concentration (one-way analysis of variance
(ANOVA) test with Dunnett’s multiple
comparison procedure; control group: 0 ngml21

cxcl12a mRNA; **P , 0.01). d, BAC
cxcr4b:cxcr4b-tFT embryo at 32 h.p.f. Inset,
magnification of dashed area (scale bars: embryo,
200mm; inset, 50mm). e, Cxcr4b–tFT response to
heat-shock-induced expression of Cxcl12a
(hsp70:cxcl12a, Supplementary Video 1). Scale
bars: primordium, 20 mm; insets, 5mm. Insets,
magnification of boxed areas (brightness increased
in bottom inset for visualization). f, Tissue-scale
Cxcr4b–tFT lifetime ratio 5 h after heat-shock in
hsp70:cxcl12a and controls (heat-shock 5 45 min,
box-and-whiskers plot, Welch’s t-test,
***P , 0.001). n, number of samples.
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Figure 2 | Ligand-regulated chemokine receptor lifetime gradient indicates
self-generated migration. a, b, Primordia expressing cxcr4b:cxcr4b-tFT (a) or a
membrane-tetheredversion that does notrespond to Cxcl12a (cxcr4b:mem-tFT)
(b). c, d, Spatially resolved lifetime ratio profiles of Cxcr4b–tFT-expressing
(c) and mem-tFT-expressing (d) primordia at 32 h.p.f. Inset, tissue-scale lifetime
ratios (box-and-whiskers plot, Welch’s t-test, ***P , 0.001). e, Cxcr4b–tFT
ratiometric images after pulse of Cxcl12a (hsp70:cxcl12a, Supplementary
Video 2). f, Quantification of images shown in e. Scale bars, 10mm.
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Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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Figure 1 | Tandem fluorescent protein timers
(tFTs) allow quantification of chemokine-
dependent receptor turnover in vivo. a, Schema
describing experimental rationale. Red/green
intensity ratio increases as a function of protein age
(left). Chemokine-dependent receptor-
internalization rate determines ratio at plasma
membrane (right). b, Top, schematic outline (left)
and images of 7 h post-fertilization (h.p.f.) embryos
injected with cxcr4b-tFT (middle) or cxcr4b-tFT
plus cxcl12a mRNA (right), scale bar, 20mm.
Bottom, ratiometric images of squared areas
(calibration bar 5 normalized red/green ratio).
c, Box-and-whiskers plot of Cxcr4b–tFT lifetime
ratios as a function of cxcl12a mRNA
concentration (one-way analysis of variance
(ANOVA) test with Dunnett’s multiple
comparison procedure; control group: 0 ngml21

cxcl12a mRNA; **P , 0.01). d, BAC
cxcr4b:cxcr4b-tFT embryo at 32 h.p.f. Inset,
magnification of dashed area (scale bars: embryo,
200mm; inset, 50mm). e, Cxcr4b–tFT response to
heat-shock-induced expression of Cxcl12a
(hsp70:cxcl12a, Supplementary Video 1). Scale
bars: primordium, 20 mm; insets, 5mm. Insets,
magnification of boxed areas (brightness increased
in bottom inset for visualization). f, Tissue-scale
Cxcr4b–tFT lifetime ratio 5 h after heat-shock in
hsp70:cxcl12a and controls (heat-shock 5 45 min,
box-and-whiskers plot, Welch’s t-test,
***P , 0.001). n, number of samples.

Distance from leading edge (!m)
200 175 150 125 100 75 50 25 0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

a

e

c d

f

b
Li

fe
tim

e 
ra

tio

Li
fe

tim
e 

ra
tio

Distance from leading edge (!m)

Leading edge

n = 45 n = 34

Direction of migration

200 175 150 125 100 75 50 25 0

0.0

0.5

1.0

1.5

Distance from leading edge (!m)

150 125 100 75 50 25 0

0.0

0.1

0.2

0.3

0.4

0.5

0.6 Before heat-shock
+312 min
+498 min
+622 min

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

Cxcr4b–tFT

cxcr4b:cxcr4b-tFT

Cxcr4b–tFT mem-tFT

cxcr4b:mem-tFT

+312 min

Before heat-shock

+498 min

+622 min 0

0 0.7 1.50

0.6

0.0

0.5

1.0

1.5
Li

fe
tim

e 
ra

tio
***

Figure 2 | Ligand-regulated chemokine receptor lifetime gradient indicates
self-generated migration. a, b, Primordia expressing cxcr4b:cxcr4b-tFT (a) or a
membrane-tetheredversion that does notrespond to Cxcl12a (cxcr4b:mem-tFT)
(b). c, d, Spatially resolved lifetime ratio profiles of Cxcr4b–tFT-expressing
(c) and mem-tFT-expressing (d) primordia at 32 h.p.f. Inset, tissue-scale lifetime
ratios (box-and-whiskers plot, Welch’s t-test, ***P , 0.001). e, Cxcr4b–tFT
ratiometric images after pulse of Cxcl12a (hsp70:cxcl12a, Supplementary
Video 2). f, Quantification of images shown in e. Scale bars, 10mm.
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• CXCR4 receptor lifetime ratio depends on SDF1/Cxcl12a ligand concentration

• Probing chemoattractant receptor lifetime at the cell surface
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Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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Figure 1 | Tandem fluorescent protein timers
(tFTs) allow quantification of chemokine-
dependent receptor turnover in vivo. a, Schema
describing experimental rationale. Red/green
intensity ratio increases as a function of protein age
(left). Chemokine-dependent receptor-
internalization rate determines ratio at plasma
membrane (right). b, Top, schematic outline (left)
and images of 7 h post-fertilization (h.p.f.) embryos
injected with cxcr4b-tFT (middle) or cxcr4b-tFT
plus cxcl12a mRNA (right), scale bar, 20mm.
Bottom, ratiometric images of squared areas
(calibration bar 5 normalized red/green ratio).
c, Box-and-whiskers plot of Cxcr4b–tFT lifetime
ratios as a function of cxcl12a mRNA
concentration (one-way analysis of variance
(ANOVA) test with Dunnett’s multiple
comparison procedure; control group: 0 ngml21

cxcl12a mRNA; **P , 0.01). d, BAC
cxcr4b:cxcr4b-tFT embryo at 32 h.p.f. Inset,
magnification of dashed area (scale bars: embryo,
200mm; inset, 50mm). e, Cxcr4b–tFT response to
heat-shock-induced expression of Cxcl12a
(hsp70:cxcl12a, Supplementary Video 1). Scale
bars: primordium, 20 mm; insets, 5mm. Insets,
magnification of boxed areas (brightness increased
in bottom inset for visualization). f, Tissue-scale
Cxcr4b–tFT lifetime ratio 5 h after heat-shock in
hsp70:cxcl12a and controls (heat-shock 5 45 min,
box-and-whiskers plot, Welch’s t-test,
***P , 0.001). n, number of samples.
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Figure 2 | Ligand-regulated chemokine receptor lifetime gradient indicates
self-generated migration. a, b, Primordia expressing cxcr4b:cxcr4b-tFT (a) or a
membrane-tetheredversion that does notrespond to Cxcl12a (cxcr4b:mem-tFT)
(b). c, d, Spatially resolved lifetime ratio profiles of Cxcr4b–tFT-expressing
(c) and mem-tFT-expressing (d) primordia at 32 h.p.f. Inset, tissue-scale lifetime
ratios (box-and-whiskers plot, Welch’s t-test, ***P , 0.001). e, Cxcr4b–tFT
ratiometric images after pulse of Cxcl12a (hsp70:cxcl12a, Supplementary
Video 2). f, Quantification of images shown in e. Scale bars, 10mm.
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• CXCR4 lifetime ratio is present 
in a gradient from anterior to 
posterior and reflects an 
opposite SDF1/Cxcl12a gradient

Collective migration in fish lateral line

E. Dona et al. and D. Gilmour. Nature. 503(7475):285-9 (2013)

• Opposite gradient of ligand and receptor lifetime in primordium

Cxcr4b–tFT lifetime ratios (Fig. 3c–e), indicating that the endogenous
receptor reduces Cxcl12a levels available to the Cxcr4b–tFT reporter.
Lifetime ratios were more strongly reduced in cxcr7 mutants (cxcr7 sa16

(ref. 19)), despite its expression being restricted to cells at the tissue rear
(Fig. 3a–c). Conversely, knocking down cxcl12a in cxcr7 mutants increased

lifetime ratios to levels similar to cxcl12a null mutants (cxcl12at30516

(ref. 20), Fig. 3c), confirming that the effect of Cxcr7 on Cxcr4b turn-
over is through regulating chemokine availability. Spatially resolved
profiles revealed a pronounced reduction and flattening of Cxcr4b–
tFT lifetime ratios in the rear two-thirds of cxcr7 mutant primordia
(Fig. 3b, e). Interestingly, Cxcr4b–tFT lifetime ratio was also decreased
in the leading domain that does not express Cxcr7, consistent with the
idea that Cxcr7 regulates Cxcl12a availability across the entire prim-
ordium (Fig. 3e, f). Direct testing of the Cxcr7 sink model came from
expressing a fluorescently tagged version of Cxcl12a (Cxcl12a–GFP) in
cells adjacent to the migrating primordium. Cxcl12a–GFP accumu-
lated in cells at the rear of the tissue, in Cxcr7-positive endosomes
(Fig. 3g, h, Supplementary Video 3 and Extended Data Fig. 6). Thus,
although the extracellular chemokine gradient generated by the prim-
ordium cannot be directly visualized using currently available tools, this
pattern of increased accumulation of Cxcl12a–GFP at the tissue rear
probably represents a ‘complementary image’ of its extracellular dis-
tribution. We therefore conclude that Cxcr7 sink function at the tissue
rear patterns chemokine activity across the migrating primordium.

We next determined whether the activity of these receptors as sinks
for Cxcl12a is of functional importance during collective migration. To
this aim, we compared the ability of wild-type and internalization-
defective versions of Cxcr4b (Cxcr4b* (ref. 16)) and Cxcr7 (Cxcr7*,
Extended Data Fig. 7) to alter primordium migration. We expressed
each receptor form using a primordium-specific Gal4 line that drives
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• A pulse of Cxcl12a expression abrogates 
CXCR4 lifetime gradient. 

• The gradient then reforms spontaneously.
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high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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• Interplay between CXCR4 and 7:

• In a CXCR7 mutant, CXCR4 ratio is 
lower because the receptor is less 
present at the surface because 1) 
more ligand is present and 2) ligand 
dependent internalisation is 
enhanced

Collective migration in fish lateral line

E. Dona et al. and D. Gilmour. Nature. 503(7475):285-9 (2013)

• Receptor antagonism in primordium underlies self-generated ligand gradient

high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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• Overexpression of CXCR7 blocks 
emergence of self-generated ligand 
concentration gradient. 
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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(20mm in g).

LETTER RESEARCH

0 0 M O N T H 2 0 1 3 | V O L 0 0 0 | N A T U R E | 3

Macmillan Publishers Limited. All rights reserved©2013

Extended Data Figure 6 | Cxcr7-mediated internalization of Cxcl12a–GFP
at the tissue rear. a, Film-strip montages of z-stacks showing mosaic
expression of Cxcl12a–GFP resulting in preferential internalization at the rear
of the primordium (outlined by white line, corresponding to Supplementary
Video 3). Stacks were acquired 1–2 h after heat-shock induction (1 h at 38 uC)
of hsp70:cxcl12a-GFP_T2A_mKate2-CAAX-injected embryos. Accumulation

of Cxcl12a–GFP-positive vesicles in the primordium (yellow arrows) and
Cxcl12a–GFP-expressing cells within the primordium are indicated (white
arrowheads). Scale bar, 20mm. b, Anti-GFP and anti-Cxcr7
immunohistochemistry showing co-localization of Cxcl12a–GFP (green) and
Cxcr7 (red) in vesicles at the rear of the primordium. Images show maximum
intensity projection. Scale bars, 10mm.
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• Internalisation of CXCR7  
and its ligand SDF1/Cxcl12a

• The chemoattractant SDF1/
Cxcl12a is present in a 
gradient. 

Collective migration in fish lateral line

E. Dona et al. and D. Gilmour. Nature. 503(7475):285-9 (2013)

• Internalisation of ligand by CXCR7
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high-level expression in a mosaic pattern across the collective21. Over-
expression of wild-type Cxcr4b–GFP had no influence on primordium
migration and was able to rescue cxcr4b mutant primordia (Fig. 3j).
Overexpression of Cxcr4b*–GFP gave similar results in both assays
(Fig. 3i, j), demonstrating that Cxcr4b sink activity is dispensable for
directional collective migration. By contrast, overexpression of wild-
type Cxcr7–GFP markedly impaired migration (Fig. 3i, j) and caused
elongation of the tissue (Extended Data Fig. 8), as expected from
expanding the expression of a Cxcl12a sink within the primordium.
By comparison, overexpression of Cxcr7*–GFP showed strongly reduced
ability to interfere with migration (Fig. 3j), indicating that internaliza-
tion is necessary for Cxcr7 activity in this context.

To test whether Cxcr7 sink activity is sufficient for migration, as
predicted by the self-generated gradient model, we engineered an
external source of Cxcr7 that followed the collective, achieved by expres-
sing the receptor in the posterior lateral line nerve (pLLN) that extends
under the primordium en route without influencing its movement22

(Fig. 4a and Supplementary Video 4). Nerve expression of Cxcr7–GFP,
achieved using a neural-specific promoter23 (nerve:cxcr7-GFP) proved
sufficient to interfere with the migration and morphology of wild-type
primordia, with speed being reduced and the primordium becoming

elongated (Fig. 4b, c and Supplementary Video 5). Interestingly, migra-
tion decelerated when the Cxcr7-expressing nerve advanced into the
leading domain (Fig. 4c), indicating that the position of the Cxcr7 sink
dynamically influences tissue behaviour. Moreover, nerve:cxcr7–GFP
expression reinstalled directional migration in cxcr7 mutant primordia
with remarkable efficiency (Fig. 4d, e). Time-lapse imaging of these
nerve-guided tissues again highlighted the importance of Cxcr7 sink
positioning, with directional migration arresting when the nerve advanced
into the leading domain and recommencing when it retracted to trail-
ing regions (Fig. 4f, g and Supplementary Videos 6–8). Cxcr4b–tFT
lifetime ratio analysis revealed a chemokine activity gradient across
primordia in nerve:cxcr7-rescued embryos when compared to cxcr7
mutant siblings, confirming that extrinsic Cxcr7 sink activity is suf-
ficient to promote both directional migration and self-generated gra-
dient formation (Fig. 4h–j).

The data presented here provide compelling experimental support
for the idea that migrating collectives can determine their own direc-
tionality via a self-generated gradient mechanism. This has a number
of implications for our understanding of cell movement in complex
systems. Most obviously, autonomous dynamic remodelling of extra-
cellular guidance cues by migrating tissues circumvents the necessity
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Extended Data Figure 7 | Validation of internalization-defective
chemokine receptor forms. a, Cartoon illustrating the Gal4/UAS strategy used
to induce mosaic expression of chemokine receptors in the primordium.
b, Schematic of internalization-defective Cxcr4b form (Cxcr4*), as described in
ref. 16. Mutated putative phosphorylation sites (S to A) are shown in orange.
c, Examples of Gal4/UAS-driven expression of Cxcr4b–GFP (green or
greyscale, top) or Cxcr4b*–GFP (green or greyscale, bottom) in cxcr4b:NLS-
tdTomato (red) transgenic embryos. Both receptor forms localize at the plasma
membrane (arrowheads). Higher magnification of the squared area shows
internalized Cxcr4b (arrows), but not Cxcr4b*, under unstimulated conditions,
presumably in response to endogenous Cxcl12a. Scale bars, 10mm.

d, e, Heat-shock-induced Cxcl12a expression causes complete internalization
of Cxcr4b–GFP (d), whereas Cxcr4b*–GFP remains at the plasma membrane
(e). Thus, Cxcr4b* does not internalize Cxcl12a. f, An internalization-defective
form of Cxcr7 (Cxcr7*) was created by deleting the 40 C-terminal amino acids
of the receptor. Putative ubiquitination and phosphorylation target residues,
conserved in humans, are shown in red and orange, respectively. g, GFP fusion
of full-length Cxcr7 localizes in vesicles (arrows in the inset), consistent with
antibody stainings of endogenous Cxcr7 (Fig. 3a). h, C terminus deletion results
in clear receptor re-localization to the plasma membrane (arrowheads). Cxcr7*
is only occasionally found in vesicles (arrows). Expression of both receptor
forms was driven by Gal4/UAS. Scale bars, 50mm (10mm in the insets).
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• CXCR7 endocytosis is required for 
collective motility

• Use of endocytosis deficient CXCR4 
and 7 receptors.

• CXCR4 endocytosis is dispensable.  

for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.

cxcr7!/!

cxcr7!/!

cxcr7!/!

0 0.5

Cxcr7

Cxcl12a gradient
Self-directed migration

Cxcl12a gradient insuf!cient
No directed migration

Cxcl12a gradient reinstalled
Nerve-directed migration

cxcr7!/! cxcr7!/!+ nerve Cxcr7

0 min

230 min

897 min

0 min

230 min

897 min

180 min
360 min
540 min

230 min
180 min
360 min
540 min

720 min

180 min
360 min
540 min
720 min

cxcr7!/!

cxcr7!/!

cxcr7!/!

cxcr7!/!+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

Cxcr7

Nerve

Nerve

Cxcr7

+ nerve:cxcr7-GFP

cxcr7!/!+ nerve:cxcr7

NLS-tdTomato nerve:mem-GFP

Primordium, nerve tip

Primordium, nerve tip

+ nerve:cxcr4b-GFP

+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

WT
WT

WT

48 h.p.f.

Con
tro

l

10
0 t

o 7
5

75
 to

 50

50
 to

 25

25
 to

 0

0 t
o !

25

!2
5 t

o !
50

0.0

0.5

1.0

1.5
*

**

**

*

**

Nerve distance from leading edge ("m)

n 
= 

17

n 
= 

52

n 
= 

91

n 
= 

10
6

n 
= 

26

n 
= 

16

n = 70

n = 125

n = 130

Le
ad

in
g 

ed
ge

 v
el

oc
ity

("
m

 m
in

!1
)

n 
= 

37
1

0.0 0.2 0.4 0.6 0.8 1.0

***

cxcr7!/! +
nerve:cxcr7-GFP

 + cxcl12a Mo

cxcr7!/!
 

Normalized migrated distance (!)

***

Distance from leading edge (µm)

WT

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

200 175150125100 75 50 25 0

0.0

0.1

0.2

0.3

0.4
cxcr7!/! (n = 11)
cxcr7!/! + nerve:cxcr7
(n = 11)

0.00

0.05

0.10

0.15

0.20

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

a

f

h

g 

b

c

e

i

d

j

cxcr7!/! +
nerve:cxcr7-GFP

Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.

cxcr7!/!

cxcr7!/!

cxcr7!/!

0 0.5

Cxcr7

Cxcl12a gradient
Self-directed migration

Cxcl12a gradient insuf!cient
No directed migration

Cxcl12a gradient reinstalled
Nerve-directed migration

cxcr7!/! cxcr7!/!+ nerve Cxcr7

0 min

230 min

897 min

0 min

230 min

897 min

180 min
360 min
540 min

230 min
180 min
360 min
540 min

720 min

180 min
360 min
540 min
720 min

cxcr7!/!

cxcr7!/!

cxcr7!/!

cxcr7!/!+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

Cxcr7

Nerve

Nerve

Cxcr7

+ nerve:cxcr7-GFP

cxcr7!/!+ nerve:cxcr7

NLS-tdTomato nerve:mem-GFP

Primordium, nerve tip

Primordium, nerve tip

+ nerve:cxcr4b-GFP

+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

WT
WT

WT

48 h.p.f.

Con
tro

l

10
0 t

o 7
5

75
 to

 50

50
 to

 25

25
 to

 0

0 t
o !

25

!2
5 t

o !
50

0.0

0.5

1.0

1.5
*

**

**

*

**

Nerve distance from leading edge ("m)

n 
= 

17

n 
= 

52

n 
= 

91

n 
= 

10
6

n 
= 

26

n 
= 

16

n = 70

n = 125

n = 130

Le
ad

in
g 

ed
ge

 v
el

oc
ity

("
m

 m
in

!1
)

n 
= 

37
1

0.0 0.2 0.4 0.6 0.8 1.0

***

cxcr7!/! +
nerve:cxcr7-GFP

 + cxcl12a Mo

cxcr7!/!
 

Normalized migrated distance (!)

***

Distance from leading edge (µm)

WT

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

200 175150125100 75 50 25 0

0.0

0.1

0.2

0.3

0.4
cxcr7!/! (n = 11)
cxcr7!/! + nerve:cxcr7
(n = 11)

0.00

0.05

0.10

0.15

0.20

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

a

f

h

g 

b

c

e

i

d

j

cxcr7!/! +
nerve:cxcr7-GFP

Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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• Expression of CXCR7 in the 
nerve cells can rescue CXCR7 
mutation in the primordium.

• CXCR7 expression in 
posterior of cluster is 
sufficient to drive collective 
motility

Collective migration in fish lateral line

E. Dona et al. and D. Gilmour. Nature. 503(7475):285-9 (2013)

• CXCR7 endocytosis is necessary and sufficient for primodium motility 
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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Wnt/b-catenin pathway in the leading zone of the primordium.
Subsequent interactions between the Wnt/b-catenin and Fgf sig-
naling pathways serve to restrict activation of these pathways
into mutually exclusive domains. Restricted activation of Wnt/
b-catenin signaling controls the localized expression of cxcr4b
and cxcr7b and coordinates cell migration with sensory organ
deposition by restricting Fgf signaling to trailing cells.

RESULTS

Misregulation of the Wnt/b-Catenin Signaling Pathway
Causes Cell Migration Defects
To investigate a possible role of Wnt/b-catenin signaling in lateral
line development, we analyzed a recessive zebrafish mutation in

apc (adenomatous polyposis coli) (apcmcr) (Hurlstone et al., 2003;
Peifer and Polakis, 2000). APC is a scaffolding protein with sev-
eral protein-binding domains (Nathke, 2005). It is best known for
regulating the Wnt/b-catenin signaling pathway, in which it is
a necessary component of the complex that targets b-catenin
for destruction in the absence of active Wnt signaling (Bienz,
2002; Rubinfeld et al., 1996). Approximately 85% of human colon
cancer patients possess mutations in APC that lead to constitu-
tive activation of the Wnt/b-catenin signaling pathway in affected
cells (Kinzler and Vogelstein, 1996; Reya and Clevers, 2005). In
addition to its role in regulating the Wnt/b-catenin pathway,
in vitro studies of migrating cells have shown that association
of the C terminus of APC with microtubules is necessary for nor-
mal migration (Kroboth et al., 2007). Similarly to the majority of

Figure 1. Constitutive Activation of Wnt/
b-Catenin Signaling Disrupts Primordium
Migration, but Not Cell Type Specification
Anterior is oriented toward the left in all figures.

(A and B) In situ hybridization with the lateral line

marker eya1 of 36 hpf WT and apcmcr mutant

embryos. (A) In WT embryos, the primordium

(asterisk) has deposited neuromasts (arrows) and

almost reached the tail tip. (B) In mutant embryos,

the primordium (asterisk) stopped migrating be-

fore reaching the tail.

(C–E) Still images of a 90 min time-lapse recording

of a normally migrating lateral line primordium in

a Tg(Cldnb:lynGFP) embryo. (C) 34 hpf, time point

0 min. (D) After 45 min. (E) After 90 min. The trailing

zone of the primordium (arrow) has almost left the

field of view.

(F–H) Still images of a 90 min time-lapse recording

of a Tg(Cldnb:lynGFP);apcmcr mutant primordium.

(F) 34 hpf, time point 0 min. (G) After 45 min. (H) Af-

ter 90 min. The primordium is not moving tailward.

(I and J) Higher-magnification images of tip cells

(arrows) in migrating (I) Tg(Cldnb:lynGFP) and (J)

Tg(Cldnb:lynGFP);apcmcr mutant primordia.

(K–N) (K and L) Support and (M and N) hair cells are

specified in apcmcr mutant embryos. klf4 in situ la-

bels supporting cells in 36 hpf (K) WT and (L) apcmcr

mutants. Haircells in (M)Tg(Brn3c:GAP43-GFP)s356t

and (N) Tg(Brn3c:GAP43-GFP)s356t;apcmcr 72 hpf

mutant embryos.

(O) Simplified protein structure of WT Apc, Apcmcr,

and APC-GFP.

(P) An apcmcr embryo that was rescued by APC-

GFP injection as revealed by eya1 in situ. Arrows

indicate neuromasts; an asterisk labels the pri-

mordium.

(Q) Quantification of the rescue effect. Rescue

was found to be significant by a test of difference

in population proportions (p = 2.3 3 10!7).

(R–W) (R and U) Wnt target genes lef1 and axin2

are expressed in the tip of 36 hpf WT primordia.

(S and V) In apcmcr mutant embryos, lef1 and

axin2 are expressed in the entire primordium and

deposited cells. (T and W) Tg(hs:Dkk1) embryos,

heat shocked at 20 hpf, express no lef1 or axin2

by 4 hr post-heat shock.

Scale bars in (A)–(L) and (R)–(W) are equal to

40 mM. Scale bars in (M) and (N) are equal to

20 mM.
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Wnt signalling

is still active, as revealed by the expression of the Fgf target,
pea3 (Figures 3J and 7B). It seems likely that Sef abrogates
Fgf signaling only in the presence of low levels of Fgfr1, as
observed in WT primordia. Upregulation of dkk1 has no conse-
quence on Wnt/b-catenin signaling in apcmcr embryos, as the
Wnt pathway is constitutively activated by the mutation regard-
less of signaling events at the membrane. Interestingly, the
pathway antagonists sef and dkk1 are commonly thought to be
feedback induced by the Fgf and Wnt/b-catenin pathways,
respectively (Chamorro et al., 2005; Furthauer et al., 2002).
One exception is the Fgf inhibitor dusp6, which is Wnt/b-catenin
dependent during axis formation in zebrafish development
(Tsang et al., 2004). We have discovered that in the lateral line
primordium, sef expression is induced and maintained entirely
by the Wnt/b-catenin pathway, whereas the Wnt/b-catenin inhib-
itor dkk1 is regulated by the Fgf signaling pathway. This ensures
that these two pathways are active in exclusive domains. These
findings may warrant the reinvestigation of the hierarchy of these
interactions in other developing organ systems.

Regulation of Chemokine Receptors
by the Wnt/b-Catenin Pathway
The combination of gene expression changes and resulting phe-
notypes in the different experimental paradigms revealed that
Wnt/b-catenin signaling in the leading zone restricts expression
of cxcr7b to trailing cells (Figure 7). Ectopic activation of the Wnt/
b-catenin pathway in apcmcr or Fgf-depleted embryos causes
loss of cxcr7b accompanied by ectopic expression of cxcr4b
in the trailing-most cells (Figures S11A and S11B). This result
might suggest that Wnt/b-catenin signaling activates cxcr4b;
however, inhibiting the Wnt/b-catenin pathway does not lead
to a loss of cxcr4b, indicating that activation of cxcr4b expres-
sion in the leading zone occurs via an Fgf- and Wnt/b-catenin-
independent mechanism (Figure 7). Furthermore, the observa-

Figure 6. Localized Wnt/b-Catenin Signal-
ing Is Necessary for Asymmetric Expression
of Chemokine Receptors
(A and B) In 36 hpf WT embryos, (A) cxcr4b is

restricted to the leading zone, and (B) cxcr7b is

restricted to the trailing zone of the migrating

primordium.

(C–F) Expanded Wnt/b-catenin signaling in apcmcr

mutants and SU5402-treated embryos leads to

(C and E) expansion of cxcr4b and (D and F) loss

of cxcr7b.

(G) cxcr4b expression is not affected by a loss of

Wnt/b-catenin signaling.

(H) Loss of Wnt/b-catenin signaling leads to

expansion of cxcr7b into the leading zone of the

primordium. The scale bar is equal to 40 mM.

tion that Wnt/b-catenin signaling is suffi-
cient, but not necessary, for cxcr4b ex-
pression implies that ectopic Wnt/b-
catenin signaling in trailing cells inhibits
a transcriptional repressor of cxcr4b
(‘‘R’’ in Figure 7A). This repressor is inde-
pendent of Fgf signaling, as cxcr4b is also
repressed in trailing cells of SU5402-

treated embryos. Our data suggest that the underlying cause
of the migration defect in apcmcr mutant and SU5402-treated
embryos is the lack of cxcr7b and expansion of cxcr4b expres-
sion in trailing cells. Support for this conclusion also stems
from time-lapse analyses of cxcr7b morpholino-injected em-
bryos in which trailing cells tumble, but tip cells still extend nor-
mally toward the tail (Valentin et al., 2007).

Several models could explain how localized chemokine recep-
tor expression controls directional migration. Based on experi-
mental and genetic manipulations in which primordia migrated
in either direction along the horizontal myoseptum, Sdf1a does
not appear to be expressed in a gradient (Haas and Gilmour,
2006; Smith et al., 1994; Stone, 1923). Therefore, it was sug-
gested that polarized expression of cxcr4b and cxcr7b is likely
responsible for setting up an Sdf1a gradient within the primor-
dium (Dambly-Chaudiere et al., 2007; Valentin et al., 2007). Since
Sdf1a binds both Cxcr7b and Cxcr4b, the two receptors either
have to bind Sdf1a with different affinities or initiate different intra-
cellular signaling pathways in order to modulate the Sdf1a signal
along the a-p axis of the primordium.

A recent study has elucidated a mechanism by which Sdf1
signaling is controlled by Cxcr4b and Cxcr7b during zebrafish
primordial germ cell (PGC) migration (Boldajipour et al., 2008).
Cxcr7b expressed in somatic tissue does not itself signal but
acts as an Sdf1 sink, thus creating an Sdf1 gradient along which
PGCs migrate. If Cxcr7b functions as an Sdf1a sink in the primor-
dium, it could be necessary for establishing an Sdf1a gradient
across the migrating primordium, as suggested by Dambly-
Chaudiere et al. (2007). Possibly, the sequestration of Sdf1a by
cxcr7b-expressing trailing cells, coupled with the sloping
expression of cxcr4b, enables individual cells within the primor-
dium to orient toward the tail. In this model, apcmcr and SU5402-
treated primordia fail to migrate because all cells possess the
same chemokine receptor expression, and the ability to generate
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phenotype (Figures 2D–2F, n = 17). At !29 hpf, WT cells slowed
down together with the surrounding apcmcr cells. These data
demonstrate that the apcmcr phenotype is primordium autono-
mous and is not caused by defects in the muscle or skin of the
mutants.

Wnt/b-Catenin Signaling Regulates Fgf Signaling
in the Migrating Primordium
Abrogation of the Fgf signaling pathway by application of the
Fgf receptor inhibitor SU5402 immediately prior to primordium
migration leads to primordium stalling, which is a phenotype
that is strikingly similar to that observed in apcmcr mutant em-
bryos (Figure S2; Movie S7). We therefore asked whether Fgf
and Wnt/b-catenin signaling interact during primordium migra-

tion. fgf3 and fgf10 are the only fgf ligands detectable in the
primordium and are expressed in the leading zone of the WT pri-
mordium (Lecaudey et al., 2008; Nechiporuk and Raible, 2008),
overlapping with the Wnt/b-catenin targets lef1 and axin2 (Fig-
ures 1R, 1U, 3A, and 3E). To determine whether Wnt/b-catenin
signaling regulates fgf3 and fgf10 expression in the leading zone
of the primordium, we analyzed the expression patterns of these
fgf ligands after changes in the level of Wnt/b-catenin pathway
activation. fgf3 and fgf10 expression is upregulated in the entire
primordium of apcmcr mutant embryos (Figures 3B and 3F). Con-
versely, reducing Wnt/b-catenin signaling by overexpressing
the inhibitor dkk1 during primordium migration by heat shocking
Tg(hs:Dkk1) transgenic embryos or by blocking b-catenin-in-
duced transcription by heat shocking Tg(hsDTCF:GFP) embryos

Figure 3. Wnt/b-Catenin Signaling Regulates Fgf Signaling in the Migrating Primordium
(A–H) fgf3 and fgf10 are restricted to the leading zone of (A and E) WT primordia and are upregulated in (B and F) apcmcr mutant primordia. (C and G) Their

expression is lost in the absence of Wnt/b-catenin signaling. (D and H) fgf3 and fgf10 are upregulated in the absence of Fgf signaling.

(I) pea3 expression in WT primordia shows that Fgf signaling is only active in the trailing cells.

(J and K) pea3 is expanded in 38 hpf (J) apcmcr mutants and lost in (K) Tg(hs:Dkk1) embryos.

(L) pea3 expression is abolished by SU5402 treatment.

(M) The Fgf pathway inhibitor sef is expressed in the leading zone of WT primordia.

(N and O) sef expression is expanded in (N) apcmcr mutants and abolished in (O) Tg(hs:Dkk1) embryos.

(P) sef expression does not require Fgf signaling, as it is present in SU5402-treated primordia.

(Q–V) (S and T) Injection of sef morpholino (MO) disrupts primordium migration, (U and V) although the primordia orient correctly toward the posterior. (Q and R)

pea3 expression expands into the leading region of sef morphant primordia. WT, apcmcr, and SU5402-treated embryos were fixed between 32 and 36 hpf,

Tg(hs:Dkk1) embryos were heat shocked at 26 hpf and fixed at 32 hpf, and sef morphant embryos were fixed at 26 hpf.

Brackets in (B), (F), (G), and (N) indicate the primordium. Scale bars in (A)–(P) and (Q), (R), (U), and (V) are equal to 40 mM. Scale bars for (S) and (T) equal 100 mM.
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FGF signalling

is still active, as revealed by the expression of the Fgf target,
pea3 (Figures 3J and 7B). It seems likely that Sef abrogates
Fgf signaling only in the presence of low levels of Fgfr1, as
observed in WT primordia. Upregulation of dkk1 has no conse-
quence on Wnt/b-catenin signaling in apcmcr embryos, as the
Wnt pathway is constitutively activated by the mutation regard-
less of signaling events at the membrane. Interestingly, the
pathway antagonists sef and dkk1 are commonly thought to be
feedback induced by the Fgf and Wnt/b-catenin pathways,
respectively (Chamorro et al., 2005; Furthauer et al., 2002).
One exception is the Fgf inhibitor dusp6, which is Wnt/b-catenin
dependent during axis formation in zebrafish development
(Tsang et al., 2004). We have discovered that in the lateral line
primordium, sef expression is induced and maintained entirely
by the Wnt/b-catenin pathway, whereas the Wnt/b-catenin inhib-
itor dkk1 is regulated by the Fgf signaling pathway. This ensures
that these two pathways are active in exclusive domains. These
findings may warrant the reinvestigation of the hierarchy of these
interactions in other developing organ systems.

Regulation of Chemokine Receptors
by the Wnt/b-Catenin Pathway
The combination of gene expression changes and resulting phe-
notypes in the different experimental paradigms revealed that
Wnt/b-catenin signaling in the leading zone restricts expression
of cxcr7b to trailing cells (Figure 7). Ectopic activation of the Wnt/
b-catenin pathway in apcmcr or Fgf-depleted embryos causes
loss of cxcr7b accompanied by ectopic expression of cxcr4b
in the trailing-most cells (Figures S11A and S11B). This result
might suggest that Wnt/b-catenin signaling activates cxcr4b;
however, inhibiting the Wnt/b-catenin pathway does not lead
to a loss of cxcr4b, indicating that activation of cxcr4b expres-
sion in the leading zone occurs via an Fgf- and Wnt/b-catenin-
independent mechanism (Figure 7). Furthermore, the observa-

Figure 6. Localized Wnt/b-Catenin Signal-
ing Is Necessary for Asymmetric Expression
of Chemokine Receptors
(A and B) In 36 hpf WT embryos, (A) cxcr4b is

restricted to the leading zone, and (B) cxcr7b is

restricted to the trailing zone of the migrating

primordium.

(C–F) Expanded Wnt/b-catenin signaling in apcmcr

mutants and SU5402-treated embryos leads to

(C and E) expansion of cxcr4b and (D and F) loss

of cxcr7b.

(G) cxcr4b expression is not affected by a loss of

Wnt/b-catenin signaling.

(H) Loss of Wnt/b-catenin signaling leads to

expansion of cxcr7b into the leading zone of the

primordium. The scale bar is equal to 40 mM.

tion that Wnt/b-catenin signaling is suffi-
cient, but not necessary, for cxcr4b ex-
pression implies that ectopic Wnt/b-
catenin signaling in trailing cells inhibits
a transcriptional repressor of cxcr4b
(‘‘R’’ in Figure 7A). This repressor is inde-
pendent of Fgf signaling, as cxcr4b is also
repressed in trailing cells of SU5402-

treated embryos. Our data suggest that the underlying cause
of the migration defect in apcmcr mutant and SU5402-treated
embryos is the lack of cxcr7b and expansion of cxcr4b expres-
sion in trailing cells. Support for this conclusion also stems
from time-lapse analyses of cxcr7b morpholino-injected em-
bryos in which trailing cells tumble, but tip cells still extend nor-
mally toward the tail (Valentin et al., 2007).

Several models could explain how localized chemokine recep-
tor expression controls directional migration. Based on experi-
mental and genetic manipulations in which primordia migrated
in either direction along the horizontal myoseptum, Sdf1a does
not appear to be expressed in a gradient (Haas and Gilmour,
2006; Smith et al., 1994; Stone, 1923). Therefore, it was sug-
gested that polarized expression of cxcr4b and cxcr7b is likely
responsible for setting up an Sdf1a gradient within the primor-
dium (Dambly-Chaudiere et al., 2007; Valentin et al., 2007). Since
Sdf1a binds both Cxcr7b and Cxcr4b, the two receptors either
have to bind Sdf1a with different affinities or initiate different intra-
cellular signaling pathways in order to modulate the Sdf1a signal
along the a-p axis of the primordium.

A recent study has elucidated a mechanism by which Sdf1
signaling is controlled by Cxcr4b and Cxcr7b during zebrafish
primordial germ cell (PGC) migration (Boldajipour et al., 2008).
Cxcr7b expressed in somatic tissue does not itself signal but
acts as an Sdf1 sink, thus creating an Sdf1 gradient along which
PGCs migrate. If Cxcr7b functions as an Sdf1a sink in the primor-
dium, it could be necessary for establishing an Sdf1a gradient
across the migrating primordium, as suggested by Dambly-
Chaudiere et al. (2007). Possibly, the sequestration of Sdf1a by
cxcr7b-expressing trailing cells, coupled with the sloping
expression of cxcr4b, enables individual cells within the primor-
dium to orient toward the tail. In this model, apcmcr and SU5402-
treated primordia fail to migrate because all cells possess the
same chemokine receptor expression, and the ability to generate
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CXCR4

CXCR7

for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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is still active, as revealed by the expression of the Fgf target,
pea3 (Figures 3J and 7B). It seems likely that Sef abrogates
Fgf signaling only in the presence of low levels of Fgfr1, as
observed in WT primordia. Upregulation of dkk1 has no conse-
quence on Wnt/b-catenin signaling in apcmcr embryos, as the
Wnt pathway is constitutively activated by the mutation regard-
less of signaling events at the membrane. Interestingly, the
pathway antagonists sef and dkk1 are commonly thought to be
feedback induced by the Fgf and Wnt/b-catenin pathways,
respectively (Chamorro et al., 2005; Furthauer et al., 2002).
One exception is the Fgf inhibitor dusp6, which is Wnt/b-catenin
dependent during axis formation in zebrafish development
(Tsang et al., 2004). We have discovered that in the lateral line
primordium, sef expression is induced and maintained entirely
by the Wnt/b-catenin pathway, whereas the Wnt/b-catenin inhib-
itor dkk1 is regulated by the Fgf signaling pathway. This ensures
that these two pathways are active in exclusive domains. These
findings may warrant the reinvestigation of the hierarchy of these
interactions in other developing organ systems.

Regulation of Chemokine Receptors
by the Wnt/b-Catenin Pathway
The combination of gene expression changes and resulting phe-
notypes in the different experimental paradigms revealed that
Wnt/b-catenin signaling in the leading zone restricts expression
of cxcr7b to trailing cells (Figure 7). Ectopic activation of the Wnt/
b-catenin pathway in apcmcr or Fgf-depleted embryos causes
loss of cxcr7b accompanied by ectopic expression of cxcr4b
in the trailing-most cells (Figures S11A and S11B). This result
might suggest that Wnt/b-catenin signaling activates cxcr4b;
however, inhibiting the Wnt/b-catenin pathway does not lead
to a loss of cxcr4b, indicating that activation of cxcr4b expres-
sion in the leading zone occurs via an Fgf- and Wnt/b-catenin-
independent mechanism (Figure 7). Furthermore, the observa-

Figure 6. Localized Wnt/b-Catenin Signal-
ing Is Necessary for Asymmetric Expression
of Chemokine Receptors
(A and B) In 36 hpf WT embryos, (A) cxcr4b is

restricted to the leading zone, and (B) cxcr7b is

restricted to the trailing zone of the migrating

primordium.

(C–F) Expanded Wnt/b-catenin signaling in apcmcr

mutants and SU5402-treated embryos leads to

(C and E) expansion of cxcr4b and (D and F) loss

of cxcr7b.

(G) cxcr4b expression is not affected by a loss of

Wnt/b-catenin signaling.

(H) Loss of Wnt/b-catenin signaling leads to

expansion of cxcr7b into the leading zone of the

primordium. The scale bar is equal to 40 mM.

tion that Wnt/b-catenin signaling is suffi-
cient, but not necessary, for cxcr4b ex-
pression implies that ectopic Wnt/b-
catenin signaling in trailing cells inhibits
a transcriptional repressor of cxcr4b
(‘‘R’’ in Figure 7A). This repressor is inde-
pendent of Fgf signaling, as cxcr4b is also
repressed in trailing cells of SU5402-

treated embryos. Our data suggest that the underlying cause
of the migration defect in apcmcr mutant and SU5402-treated
embryos is the lack of cxcr7b and expansion of cxcr4b expres-
sion in trailing cells. Support for this conclusion also stems
from time-lapse analyses of cxcr7b morpholino-injected em-
bryos in which trailing cells tumble, but tip cells still extend nor-
mally toward the tail (Valentin et al., 2007).

Several models could explain how localized chemokine recep-
tor expression controls directional migration. Based on experi-
mental and genetic manipulations in which primordia migrated
in either direction along the horizontal myoseptum, Sdf1a does
not appear to be expressed in a gradient (Haas and Gilmour,
2006; Smith et al., 1994; Stone, 1923). Therefore, it was sug-
gested that polarized expression of cxcr4b and cxcr7b is likely
responsible for setting up an Sdf1a gradient within the primor-
dium (Dambly-Chaudiere et al., 2007; Valentin et al., 2007). Since
Sdf1a binds both Cxcr7b and Cxcr4b, the two receptors either
have to bind Sdf1a with different affinities or initiate different intra-
cellular signaling pathways in order to modulate the Sdf1a signal
along the a-p axis of the primordium.

A recent study has elucidated a mechanism by which Sdf1
signaling is controlled by Cxcr4b and Cxcr7b during zebrafish
primordial germ cell (PGC) migration (Boldajipour et al., 2008).
Cxcr7b expressed in somatic tissue does not itself signal but
acts as an Sdf1 sink, thus creating an Sdf1 gradient along which
PGCs migrate. If Cxcr7b functions as an Sdf1a sink in the primor-
dium, it could be necessary for establishing an Sdf1a gradient
across the migrating primordium, as suggested by Dambly-
Chaudiere et al. (2007). Possibly, the sequestration of Sdf1a by
cxcr7b-expressing trailing cells, coupled with the sloping
expression of cxcr4b, enables individual cells within the primor-
dium to orient toward the tail. In this model, apcmcr and SU5402-
treated primordia fail to migrate because all cells possess the
same chemokine receptor expression, and the ability to generate
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
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primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
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migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
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f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
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28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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Collective migration in fish lateral line

• Intrinsic polarity of the primordium guides directionality of cell cluster

A. Aman and T. Piotrowski. Developmental Cell 15, 749–761 (2008)
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Collective migration in fish lateral line

• Organs are deposited sequentially at the rear of the primordium

Thomas LECUIT   2022-2023

Extended Data Figure 1 | Quantitative analysis of lateral line organ
deposition. a, Posterior lateral line organs at 2 d.p.f. (cldnb:lynGFP). Organ
positions were identified from intensity profiles using peakFinder_R. b, Density
profile of distance between consecutive organ positions (first, second, third and
fourth spacing interval; see Fig. 1a). c, List of potential parameters affecting
organ spacing. d, cldnb:lynGFP and brightfield overlay image. Spheres indicate
colour code representing individual organs used in further analysis. e, Upper
panel, kymograph (x–t graph) from a 17.6 h time-lapse movie, where the y axis
represents time and the x axis represents distance. Lower panel, segmented
kymograph of primordium migration (green) and myotome growth (dashed
lines) through time. f, g, Calculated position (f) and velocity (g) of each organ

through time. Asterisk shows the time point when organ disengages from the
migrating collective. h, Second organ acceleration through time. Organ
deposition is defined as the time where acceleration is minimum. i, Growth-
effect-subtracted velocity of each organ through time (solid lines) versus
observed velocities (dashed line). j, Reconstruction of organ positions from
growth-subtracted velocities. k, Comparing spacing, average velocity and time
between consecutive depositions for first, second, third and fourth interval
(normalized to maximum). l, Correlation of time, distance and average
velocities between consecutive depositions. Statistics: Spearman N 5 82,
n 5 260, x–t r2 5 0.77, x–v r2 5 0.25, v–t r2 5 20.07. Scale bars, 500mm
(a), 200mm, 5 h (d, e).
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Luminal signalling links cell communication to tissue
architecture during organogenesis
Sevi Durdu1, Murat Iskar1, Celine Revenu1{, Nicole Schieber1, Andreas Kunze1, Peer Bork1, Yannick Schwab1 & Darren Gilmour1

Morphogenesis is the process whereby cell collectives are shaped
into differentiated tissues and organs1. The self-organizing nature of
morphogenesis has been recently demonstrated by studies showing
that stem cells in three-dimensional culture can generate complex
organoids, such as mini-guts2, optic-cups3 and even mini-brains4. To
achieve this, cell collectives must regulate the activity of secreted sig-
nalling molecules that control cell differentiation, presumably through
the self-assembly of microenvironments or niches. However, mech-
anisms that allow changes in tissue architecture to feedback directly
on the activity of extracellular signals have not been described. Here
we investigate how the process of tissue assembly controls signalling
activity during organogenesis in vivo, using the migrating zebrafish
lateral line primordium5. We show that fibroblast growth factor (FGF)
activity within the tissue controls the frequency at which it deposits
rosette-like mechanosensory organs. Live imaging reveals that FGF
becomes specifically concentrated in microluminal structures that
assemble at the centre of these organs and spatially constrain its sig-
nalling activity. Genetic inhibition of microlumen assembly and laser
micropuncture experiments demonstrate that microlumina increase
signalling responses in participating cells, thus allowing FGF to co-
ordinate the migratory behaviour of cell groups at the tissue rear.
As the formation of a central lumen is a self-organizing property of
many cell types, such as epithelia6 and embryonic stem cells7, lumi-
nal signalling provides a potentially general mechanism to locally
restrict, coordinate and enhance cell communication within tissues.

A major challenge in biology is to explain how the pattern of complex
organs emerges through dynamic self-organizing processes occurring
at cellular and molecular scales1,8,9. The development of the zebrafish
posterior lateral line system provides an example of an in vivo organo-
genesis process that has the potential to be understood quantitatively
at subcellular resolution10. Here, a series of rosette-like mechanosensory
organs is assembled and deposited along the flanks of the embryo by a
collectively migrating epithelial primordium5. While a number of sig-
nalling pathways required for this process have been identified11, it is
currently not known how their activity is coupled to this organogen-
esis process. We therefore first performed a quantitative analysis of the
normal organ deposition process by time-lapse imaging of many wild-
type (WT) embryos (Fig. 1a and Supplementary Videos 1 and 2). This
revealed that the overall pattern of organ spacing is determined by the
timing of deposition events, rather than by sustained changes in the speed
of primordium migration or growth of the embryo (Fig. 1b and Extended
Data Fig. 1).

The best candidate regulator of this organ deposition process is FGF
signalling, as FGF ligands have been shown to be required for organ
formation12–14. To test if this pathway controls organ deposition timing
we reduced its activity in a stepwise manner, by titrating the FGF re-
ceptor inhibitor SU5402 (ref. 12). This showed that reducing FGF activity
results in a dose-dependent delay in organ deposition (Fig. 1c, Extended
Data Fig. 2 and Supplementary Video 3), a finding we confirmed using
mutants for Fgfr1a15, the receptor that mediates signalling in this con-
text (Extended Data Fig. 2 and Supplementary Video 4). Conversely,
when we increased the concentration of FGF-ligand, by expressing a

progesterone-inducible transcription factor16 (cxcr4b:lexPR) that drives
uniform overexpression of a functional fusion protein of Fgf3 and green
fluorescent protein (lexOP:fgf3–GFP), organ deposition was accelerated
in a dose-dependent manner (Fig. 1d, Extended Data Fig. 2 and Sup-
plementary Video 5). Uniform overexpression of Fgf3–GFP did not sig-
nificantly alter rosette-like organ assembly rate, indicating that its effect
was primarily on the migratory behaviour of assembled organs (Extended
Data Fig. 3). Thus, the timing of this organ deposition process can be
controlled over a wide dynamic range by the activity level of a single
signalling molecule.

Since FGF regulates lateral line organ deposition in a dose-dependent
manner, its extracellular concentration and distribution must be tightly
controlled. Imaging the FGF distribution after uniform overexpression

1European Molecular Biology Laboratory Heidelberg, Meyerhofstrasse 1, 69117 Heidelberg, Germany. {Present address: Institut Curie, 26 rue d’Ulm, 75248 Paris, France.
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• FGF signaling tunes the timing of organ deposition

• Reduced FGF slows down organ deposition

• Increased FGF accelerates organ deposition

• Organ deposition at rear of organ is tuned by FGF signaling



25
Thomas LECUIT   2022-2023

of Fgf3–GFP revealed that it was concentrated in spherical volumes at
the apical centre of organ progenitor rosettes (Fig. 2a, e). Time-lapse anal-
ysis showed that the appearance of these spheres correlated with the
deceleration and arrest of the associated organ progenitor (Fig. 2b and
Supplementary Video 6). Apical spheres were also observed when the
tissue expressed a secreted form of GFP (secGFP; Fig. 2b, c). Inhibiting
protein secretion with brefeldin A prevented Fgf3–GFP localization to
these apical spheres and retained it in vesicles within all cells of the pri-
mordium (Fig. 2d), indicating that these spheres represent tightly re-
stricted pools of apically secreted proteins (Extended Data Fig. 4). By
contrast, direct visualization of endogenous Fgfr1a, using a newly gen-
erated monoclonal antibody against the zebrafish protein, revealed an
unrestricted plasma membrane distribution of the receptor (Fig. 2f, g).
Immunofluorescence of tight-junctions17 (Fig. 2h–j) and ultrastructural
analysis using correlative light electron microscopy (CLEM; Fig. 2l–n
and Extended Data Fig. 5)18 demonstrated that these apical spheres of
secreted protein represent extracellular pockets, or microlumina, assem-
bled from cell apical domains and displaying the cell junctions char-
acteristic of a lumen (Fig. 2n, o and Extended Data Fig. 5). Identical
luminal localization was also observed when Fgf3–GFP was expressed
at normal physiological levels using BAC-mediated complementation
(fgf3:fgf3–GFP; Fig. 2k and Extended Data Fig. 6). Interestingly, these
microlumina showed a geodesic organization to which each cell of the
organ progenitor contributes a facet and thus has access to this shared
microenvironment (Fig. 2m, o). The secGFP signal correlated perfectly
with the shape of the luminal cavity, even filling ‘side-pockets’ that are
formed stochastically by protruding sensory kinocilia of differentiating

organs (Fig. 2l, Extended Data Fig. 5 and Supplementary Video 7), sug-
gesting that secreted proteins freely diffuse within the microlumen.
Indeed, fluorescence loss in photobleaching (FLIP) and fluorescence
recovery after photobleach (FRAP) analysis of Fgf3–GFP confirmed
that Fgf3–GFP is highly mobile within the microlumen (Extended Data
Fig. 5).

The results described above reveal that microlumina could act as ‘hubs’
that locally concentrate secreted FGF molecules and ensure coordinated
signalling responses within the migrating tissue. Alternatively, signal-
ling activity may be determined by concentration gradients of freely
diffusible FGF molecules in the open extracellular environment, con-
sistent with its known role as a morphogen in other contexts19. To dis-
tinguish between these two models (Fig. 3a), we investigated the range
of FGF action by overexpressing the protein from randomly positioned
cell clones that were generated either by cell transplantation (Fig. 3b
and Extended Data Fig. 7) or mosaic expression of lexOP:fgf3–GFP
(Fig. 3d). Interestingly, Fgf3–GFP was secreted into microlumina inde-
pendently of the position of the expressing cell within the rosette, indi-
cating that any cell of the group can contribute signal to the microluminal
pool (Fig. 3c and Extended Data Fig. 7). As a first readout of FGF activity,
we mapped the deposition intervals of organs with and without ectopic
Fgf3–GFP-expressing cells. As shown in Fig. 3, individual ectopic Fgf3–
GFP-expressing cells efficiently arrested the migration of cells that were
connected to the same Fgf3–GFP-positive microlumen but they had no
effect on cells in neighbouring organs, even when they were physically
closer than cells of the same organ (Fig. 3b, d, Extended Data Fig. 7 and
Supplementary Video 8). Thus, the organ deposition response to ectopic
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Figure 2 | Secreted FGF becomes concentrated in multicellular
microlumina at the centre of organ progenitors. Fgf3–GFP and secGFP
images are taken from stable LexOP lines unless otherwise stated. a, Fgf3–GFP
localizes to apical spheres (arrowheads) after uniform expression (red
membrane counter-label, cells outlined in dashed lines in side view).
b, Kymographs showing that the appearance of Fgf3–GFP and secGFP
accumulation correlates with onset of organ deposition. c, secGFP localization
in primordium. d, Intracellular accumulation of Fgf3–GFP vesicles after
brefeldin A (1BfA) treatment. e, Schema comparing expression (green) and
localization (yellow) patterns of Fgf3–GFP. f, Fgfr1a protein distribution
(anti-Fgfr1a antibody) in migrating primordium. g, Anti-Fgfr1a antibody
staining in apical and basal optical slices of a rear rosette (calibration bar: signal
intensity). h, i, Tight junction ‘bucky ball’ in deposited organs (yellow) and tight

junctions of overlying skin cells (blue). i, Higher-resolution view of h. j, Co-
labelling of Fgf3–GFP (green) and tight junctions (ZO1, red). k, BAC fgf3:Fgf3–
GFP embryo shows microluminal localization, membranes labelled with
BAC cxcr4b:Cxcr4b–RFP (RFP, red fluorescent protein). l–n, CLEM analysis of
microlumen. l, Fluorescent images used for CLEM alignment showing slice
position (dashed), orthogonal view (below), secGFP and electron microscope
overlay at same position (right). m, Plasma membrane tracking shows
microlumina is assembled form many cells (pseudocoloured). n, Microluminal
space and surrounding cell junctions (schematic: section position), boxes show
higher-resolution view (red, tight junctions (TJ); orange, adherens junctions
(AJ)). o, Schematic representation of organ with central microlumen. Scale
bars, 50mm (a, c, d), 200mm, 5 h (b), 20mm (f), 5mm (g, h, i, j, k, l, m, n).
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of Fgf3–GFP revealed that it was concentrated in spherical volumes at
the apical centre of organ progenitor rosettes (Fig. 2a, e). Time-lapse anal-
ysis showed that the appearance of these spheres correlated with the
deceleration and arrest of the associated organ progenitor (Fig. 2b and
Supplementary Video 6). Apical spheres were also observed when the
tissue expressed a secreted form of GFP (secGFP; Fig. 2b, c). Inhibiting
protein secretion with brefeldin A prevented Fgf3–GFP localization to
these apical spheres and retained it in vesicles within all cells of the pri-
mordium (Fig. 2d), indicating that these spheres represent tightly re-
stricted pools of apically secreted proteins (Extended Data Fig. 4). By
contrast, direct visualization of endogenous Fgfr1a, using a newly gen-
erated monoclonal antibody against the zebrafish protein, revealed an
unrestricted plasma membrane distribution of the receptor (Fig. 2f, g).
Immunofluorescence of tight-junctions17 (Fig. 2h–j) and ultrastructural
analysis using correlative light electron microscopy (CLEM; Fig. 2l–n
and Extended Data Fig. 5)18 demonstrated that these apical spheres of
secreted protein represent extracellular pockets, or microlumina, assem-
bled from cell apical domains and displaying the cell junctions char-
acteristic of a lumen (Fig. 2n, o and Extended Data Fig. 5). Identical
luminal localization was also observed when Fgf3–GFP was expressed
at normal physiological levels using BAC-mediated complementation
(fgf3:fgf3–GFP; Fig. 2k and Extended Data Fig. 6). Interestingly, these
microlumina showed a geodesic organization to which each cell of the
organ progenitor contributes a facet and thus has access to this shared
microenvironment (Fig. 2m, o). The secGFP signal correlated perfectly
with the shape of the luminal cavity, even filling ‘side-pockets’ that are
formed stochastically by protruding sensory kinocilia of differentiating

organs (Fig. 2l, Extended Data Fig. 5 and Supplementary Video 7), sug-
gesting that secreted proteins freely diffuse within the microlumen.
Indeed, fluorescence loss in photobleaching (FLIP) and fluorescence
recovery after photobleach (FRAP) analysis of Fgf3–GFP confirmed
that Fgf3–GFP is highly mobile within the microlumen (Extended Data
Fig. 5).

The results described above reveal that microlumina could act as ‘hubs’
that locally concentrate secreted FGF molecules and ensure coordinated
signalling responses within the migrating tissue. Alternatively, signal-
ling activity may be determined by concentration gradients of freely
diffusible FGF molecules in the open extracellular environment, con-
sistent with its known role as a morphogen in other contexts19. To dis-
tinguish between these two models (Fig. 3a), we investigated the range
of FGF action by overexpressing the protein from randomly positioned
cell clones that were generated either by cell transplantation (Fig. 3b
and Extended Data Fig. 7) or mosaic expression of lexOP:fgf3–GFP
(Fig. 3d). Interestingly, Fgf3–GFP was secreted into microlumina inde-
pendently of the position of the expressing cell within the rosette, indi-
cating that any cell of the group can contribute signal to the microluminal
pool (Fig. 3c and Extended Data Fig. 7). As a first readout of FGF activity,
we mapped the deposition intervals of organs with and without ectopic
Fgf3–GFP-expressing cells. As shown in Fig. 3, individual ectopic Fgf3–
GFP-expressing cells efficiently arrested the migration of cells that were
connected to the same Fgf3–GFP-positive microlumen but they had no
effect on cells in neighbouring organs, even when they were physically
closer than cells of the same organ (Fig. 3b, d, Extended Data Fig. 7 and
Supplementary Video 8). Thus, the organ deposition response to ectopic
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Figure 2 | Secreted FGF becomes concentrated in multicellular
microlumina at the centre of organ progenitors. Fgf3–GFP and secGFP
images are taken from stable LexOP lines unless otherwise stated. a, Fgf3–GFP
localizes to apical spheres (arrowheads) after uniform expression (red
membrane counter-label, cells outlined in dashed lines in side view).
b, Kymographs showing that the appearance of Fgf3–GFP and secGFP
accumulation correlates with onset of organ deposition. c, secGFP localization
in primordium. d, Intracellular accumulation of Fgf3–GFP vesicles after
brefeldin A (1BfA) treatment. e, Schema comparing expression (green) and
localization (yellow) patterns of Fgf3–GFP. f, Fgfr1a protein distribution
(anti-Fgfr1a antibody) in migrating primordium. g, Anti-Fgfr1a antibody
staining in apical and basal optical slices of a rear rosette (calibration bar: signal
intensity). h, i, Tight junction ‘bucky ball’ in deposited organs (yellow) and tight

junctions of overlying skin cells (blue). i, Higher-resolution view of h. j, Co-
labelling of Fgf3–GFP (green) and tight junctions (ZO1, red). k, BAC fgf3:Fgf3–
GFP embryo shows microluminal localization, membranes labelled with
BAC cxcr4b:Cxcr4b–RFP (RFP, red fluorescent protein). l–n, CLEM analysis of
microlumen. l, Fluorescent images used for CLEM alignment showing slice
position (dashed), orthogonal view (below), secGFP and electron microscope
overlay at same position (right). m, Plasma membrane tracking shows
microlumina is assembled form many cells (pseudocoloured). n, Microluminal
space and surrounding cell junctions (schematic: section position), boxes show
higher-resolution view (red, tight junctions (TJ); orange, adherens junctions
(AJ)). o, Schematic representation of organ with central microlumen. Scale
bars, 50mm (a, c, d), 200mm, 5 h (b), 20mm (f), 5mm (g, h, i, j, k, l, m, n).
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enhance FGF signalling within the migrating tissue. This local increase
in FGF activity then positively feedbacks on microlumina by increasing
the epithelial character of responding cells, leading to the formation of
stable rosettes. Thus, luminal hubs provide a morphogenetic checkpoint
function by ensuring, in this case, that cells become polarized and or-
ganized before they can respond efficiently to signals promoting their
differentiation. Moreover, as lumen formation itself is highly sensitive
to changes in epithelial polarity and adhesion21,28, it is likely that luminal
signalling hubs can be rapidly disassembled and reassembled by pro-
cesses that alter cell cohesion, such as the epithelial–mesenchymal tran-
sition that is a hallmark of organogenesis and cancer29. However, this
mechanism could potentially be active in any context where cells con-
struct a lumen or similar enclosed extracellular microenvironment, such
as the transient tissue-folds that are prevalent during morphogenesis30.
A notable example is provided by the recent finding that early mam-
malian embryos and embryonic stem cells self-organize to form polar-
ized rosettes with a central lumen7, structures that are morphologically
highly similar to those interrogated here. Our study suggests potential
signalling roles for shared lumina in many other tissue contexts.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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of apical spheres in lexOP:secGFP primordia
(a, arrowhead), and reduces pea3 transcription,
shown in profile plot and box-plot quantification
(b, N 5 6, 6). c–e, Schema of two-photon
micropuncture approach. c, Schematic
representation of micropuncture experiment (left).
Plot of Fgf3–GFP pool fluorescence intensity after
micropuncture (green) or internal bleach pulse
(red). Panels show kymographs. d, Images of
Fgf3–GFP-positive organ before and after
micropuncture. e, Pea3 smFISH of Fgf3–GFP-
expressing organs 30–60 min after micropuncture,
comparing organ 2 micropunctured samples (pink,
N 5 16) with controls (blue, N 5 6). Absolute pea3
transcripts per cell were normalized to first organ
for each embryo. f, Organ deposition delay after
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Collective migration in fish lateral line

• FGF is present in lumen of posterior cell cluster
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Collective migration in fish lateral line

• Conclusions: 

• Chemoattractant sensing is required in the leading edge cells in the cluster 

• Directionality of cluster is not determined by pre-patterned SDF1 chemical gradient per se

• Directionality requires the global polarization of the cell cluster which is independent of 
chemoattractant signaling. 

• Directionality imparted by intrinsic structural polarization of cell cluster:

• This is partly self-organized via local SDF1 gradient formation

• But also partly pre-patterned by FGF/Wnt dependent regulation of CXCR7 expression.

for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.

cxcr7!/!

cxcr7!/!

cxcr7!/!

0 0.5

Cxcr7

Cxcl12a gradient
Self-directed migration

Cxcl12a gradient insuf!cient
No directed migration

Cxcl12a gradient reinstalled
Nerve-directed migration

cxcr7!/! cxcr7!/!+ nerve Cxcr7

0 min

230 min

897 min

0 min

230 min

897 min

180 min
360 min
540 min

230 min
180 min
360 min
540 min

720 min

180 min
360 min
540 min
720 min

cxcr7!/!

cxcr7!/!

cxcr7!/!

cxcr7!/!+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

Cxcr7

Nerve

Nerve

Cxcr7

+ nerve:cxcr7-GFP

cxcr7!/!+ nerve:cxcr7

NLS-tdTomato nerve:mem-GFP

Primordium, nerve tip

Primordium, nerve tip

+ nerve:cxcr4b-GFP

+ nerve:cxcr7-GFP

+ nerve:cxcr7-GFP

WT
WT

WT

48 h.p.f.

Con
tro

l

10
0 t

o 7
5

75
 to

 50

50
 to

 25

25
 to

 0

0 t
o !

25

!2
5 t

o !
50

0.0

0.5

1.0

1.5
*

**

**

*

**

Nerve distance from leading edge ("m)

n 
= 

17

n 
= 

52

n 
= 

91

n 
= 

10
6

n 
= 

26

n 
= 

16

n = 70

n = 125

n = 130

Le
ad

in
g 

ed
ge

 v
el

oc
ity

("
m

 m
in

!1
)

n 
= 

37
1

0.0 0.2 0.4 0.6 0.8 1.0

***

cxcr7!/! +
nerve:cxcr7-GFP

 + cxcl12a Mo

cxcr7!/!
 

Normalized migrated distance (!)

***

Distance from leading edge (µm)

WT

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

200 175150125100 75 50 25 0

0.0

0.1

0.2

0.3

0.4
cxcr7!/! (n = 11)
cxcr7!/! + nerve:cxcr7
(n = 11)

0.00

0.05

0.10

0.15

0.20

C
xc

r4
b–

tF
T 

lif
et

im
e 

ra
tio

a

f

h

g 

b

c

e

i

d

j

cxcr7!/! +
nerve:cxcr7-GFP

Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
specific expression of Cxcr7–GFP. d, Primordium
migration (arrows) in cxcr72/2 (top), plus
nerve:cxcr7-GFP (bottom). e, Dot-plot, median and
interquartile range of normalized distance
migrated (one-way ANOVA test with Bonferroni’s
multiple comparison adjustment, ***P , 0.001).
f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
cxcr72/2 plus nerve:cxcr7 primordia (right) at
28 h.p.f. i, Spatially resolved ratio profiles of
cxcr72/2 (green) and cxcr72/2 plus nerve:cxcr7
(blue) primordia at 28 h.p.f. Inset, tissue-scale
lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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for pre-existing long-range gradients, which may have spatial limita-
tions. Moreover, it could coordinate the migration of multiple collec-
tives within organisms, where gradients generated by one moving
tissue accelerate or retard the migration of another. Our finding that
the relocation of Cxcr7 allows the trailing nerve to direct the tissue that
normally guides it shows that such higher-level coordination is possible.
These experiments further show that signalling functions assigned to
Cxcr7, such asb-arrestin recruitment15, regulation of Cxcr4 expression4

or heterodimerization with Cxcr4 (ref. 24), are dispensable for this
process, thus providing further support for signalling-independent
activities for Cxcr7 in vivo12 and encouraging us to re-evaluate its role
in lateral line migration20 (Supplementary Discussion and Extended
Data Fig. 9). Here we have used protein lifetime reporters to reveal an
autonomously generated chemokine activity gradient across the axis of
a migrating collective. Although a number of cellular mechanisms could
influence receptor turnover rates across tissues25, we demonstrate that
Cxcr7 sink activity is required for and sufficient to pattern chemokine
activity across the primordium. In the future it will be interesting to
study how the tissue-scale chemokine gradient is converted to directed
collective migration. For example, whether the self-generated gradient
acts at the single-cell level, by directing the migration of individual cells
within the leading domain, remains an open question. An attractive
alternative, albeit non-mutually exclusive, proposal is that the function
of Cxcr7 is to polarize motility at the tissue-scale by reducing chemo-
kine activity levels to below a threshold, thus allowing follower cells
behind the leading domain to adopt a different migratory behaviour.
Finally, the generic nature of the lifetime imaging approach described
here should facilitate the analysis of guidance signalling and self-
generated gradient formation in other in vivo contexts. Given that
Cxcr4 (ref. 26) and Cxcr7 (refs 27, 28) have important roles in cancer,

it is tempting to speculate that a mechanism of this kind could promote
the self-directed migration of tumour cells6.

METHODS SUMMARY
Generation of Cxcr4b–tFT lifetime reporter BACs. Cxcr4b was tagged at the
carboxy terminus with a TagRFP–sfGFP tFT through modification of the BAC
clone CH211-145M5, containing 250 kilobases of genomic sequence, using stand-
ard ET recombineering technology29 (Gene-Bridges).
Imaging of tFT reporter lines. Embryos were mounted in 1% low melting point
(LMP) agarose in glass-bottom dishes (MatTek Corporation) and imaged on a Zeiss
LSM 780 confocal microscope. High-resolution z-stacks of primordia were cap-
tured using a 633 water immersion objective (C-APOCHROMAT, 1.2 numerical
aperture, Zeiss). Green and red signals were acquired sequentially using Gallium-
Arsenide-Phosphide (GaAsP) detectors. A reference solution of purified mCherry–
sfGFP fusion protein17 was used to normalize for intensity fluctuations affecting
the ratio. Low-resolution z-stacks of the entire embryo were acquired with a 203
objective (EL Plan-NEOFLUAR, 0.5 numerical aperture, Zeiss). Red and green
images correspond to merged Gaussian filtered and flattened (sum projection)
dual-colour z-stacks, whereas ratiometric images were generated from sum pro-
jections of segmented z-stacks. Colour-coding, if not specified otherwise, indicates
red/green ratio after normalization by the reference solution.
Image analysis of lifetime ratios. Custom software written in R was used for auto-
mated data analysis, using many features of the open source R/Bioconductor image
analysis package EBImage30. The complete image analysis code is available as part
of the Bioconductor data package DonaPLLP2013 (http://www.bioconductor.org).
Statistical analysis. Statistical analysis of tissue-scale lifetime ratios was performed
in R (Extended Data Fig. 10). The data set and vignette required to reproduce this
analysis with runnable R code are available as part of the Bioconductor data package
DonaPLLP2013 (http://www.bioconductor.org). GraphPad Prism 4.0 (GraphPad
Software) was used for all other statistical analysis. Details of statistical tests are
indicated in the figure legends. In box-and-whiskers plots the middle bar is the
median, the hinges show the interquartile range (IQR) and the notches extend to
6 1.58 IQR/sqrt(n), where n is the number of samples.
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Figure 4 | Chemokine gradient formation by
Cxcr7 drives collective migration. a, Still image of
primordium (cxcr4b:NLS-tdTomato, red) and
nerve (nerve:mem-GFP, green) at time-point
230 min of Supplementary Video 4, with
kymograph (below). Arrow indicates nerve tip.
b, Nerve-specific expression of Cxcr7–GFP
(bottom), but not Cxcr4b–GFP (top right), alters
primordium morphology (cxcr4b:NLS-tdTomato,
red). c, Primordium leading-edge velocities as
function of nerve distance (mean 1 s.e.m., one-way
ANOVA test with Dunnett’s multiple comparison
procedure; *P , 0.05, **P , 0.01). d, e, Cxcl12a-
dependent primordium migration rescue by nerve-
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interquartile range of normalized distance
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f, g, Time-lapse images of cxcr72/2

(f, Supplementary Video 6) and cxcr72/2 plus
nerve:cxcr7-GFP (g, Supplementary Video 7) and
corresponding kymographs (below). White dotted
lines indicate nerve ahead of primordium.
h, Ratiometric images of cxcr72/2 (left) and
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28 h.p.f. i, Spatially resolved ratio profiles of
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lifetime ratios (box-and-whiskers plot, Welch’s
t-test; *P 5 0.012). j, Model for nerve-rescue
experiment. Scale bars, 20mm (b, h), 50mm (a, f, g).
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Case Studies of collective cell migration

Case Study 1: Neural crest cell migration (Xenopus)

Case Study 2: Sensory organ primordium migration  
in fish lateral line (Zebrafish)

Case Study 3: Egg chamber rotation (Drosophila)

• Collective migration with leaders:

• Collective migration without leaders:

~
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Collective motility without free boundary

2D 3D

• Tissue rotation
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Collective motility without free boundary

• Tissue rotation in 2D

S. Jain, et al. and  B. Ladoux, Nat. Phys. 16, 802–809 (2020). 
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after 12 h). Eventually, the coordination parameter came to a final, 
lasting plateau at ±1, when cells reached confluency and began to 
rotate persistently in either a clockwise or anticlockwise direction 
with equal probability (Fig. 1d, at 20 h, Extended Data Fig. 1a and 
Supplementary Video 1). The coordination parameter gradually 
decreased at the end due to continued cell proliferation, a property 
reminiscent of cell jamming21,22,26,27 (Extended Data Fig. 1b). When 
cells were treated with mitomycin to maintain a constant cell num-
ber, collective cell behaviours were unaffected over the first 40 h, 
which was enough to reach confluency (Extended Data Fig. 1b). 

The average speed of rotation was higher for cells under mitomycin 
treatment (Extended Data Fig. 1c,d), probably due to the flow distur-
bance caused by continuing cell division under normal conditions28. 
To generalize our findings, we first varied the geometrical param-
eters characterizing cell confinement, including widths, perim-
eters and curvatures of closed patterns. Under these conditions, 
we did not affect the global rotational movements, demonstrating 
that this collective cell behaviour was qualitatively independent of 
geometrical constraints (Fig. 1e,f and Supplementary Video 2). In 
addition, we showed that our findings could be extended to other 
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Fig. 1 | Experimental set-up and directed collective migration of MDCK trains. a, Microcontact-printed pattern of Cy3-conjugated fibronectin in the shape 
of an annular ring (ring outer diameter 200!µm, track width 20!µm). b, Phase contrast images of a train of MDCK cells after initial seeding and spreading. 
The dashed white box indicates the contact regions where small cell trains merged into larger trains at 12!h and 20!h. c, Spatio-temporal displacement 
of cells traced along the circumferential mid-line of the ring track. A small train-merging event is indicated by the white dashed lines. d, Evolution of 
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• MDCK cells on a ring of Fibronectin 

• Emergence of global order at confluence in a 
variety of geometric patterned substrates

• Tissue rotation is arbitrarily clockwise or 
anticlockwise
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The ability of cells to migrate collectively is crucial in shap-
ing organisms during the complex morphogenetic events of 
development, and for several physiological and pathological 

events such as wound healing and cancer metastasis1,2. Single-cell 
migration is associated with a front–rear polarity that includes the 
formation of a lamellipodial structure at the leading edge3,4. Even 
though this mode of migration is still under intense research5, it is 
now clearly established that the protrusive activity driven by actin 
polymerization at the cell front leads to forward movement in a 
directional and persistent fashion6,7. Collective movements require 
a higher degree of complexity and are thus less well understood. 
Collectively migrating cells display a complex range of front–rear 
polarization and mechanical coupling behaviours that depend on 
their position within the migrating monolayer8,9. Collective migra-
tion behaviours occur under a broad range of external constraints 
that induce the appearance of highly motile mesenchymal-like 
‘leader’ cells10, the local guidance of small cohorts of ‘follower’ cells11 
and large-scale movements within the bulk of cell monolayers12. The 
emergence of these polarized cellular assemblies thus results from 
the integration of intra- and extracellular biomechanical cues that 
cooperate to steer and maintain the migration of cohesive groups13.

Both in!vivo and in!vitro studies on collective cell movements 
have uncovered the importance of front–rear polarization at the 
single-cell level, for instance through the formation of ‘cryptic’ 
lamellipodia14,15, but also that of a large-scale coupling between cells 
through intercellular adhesions16–19. Moreover, studies in! vivo on 
Drosophila follicular cells and genital cells, as well as in! vitro cell 
migration systems, show that cell monolayers can coordinate and 

rotate persistently even without free boundaries20–23. Interestingly, 
the emergence of collective cell migration in Drosophila follicular 
cells or more recently in mammalian intestinal turnover shows 
front–rear polarity patterns at the single-cell level24. Overall, 
the mechanisms behind epithelial cell migration remain largely 
unknown and controversial.

Using a microcontact printing method on polydimethylsilox-
ane (PDMS), we confined trains of Madin–Darby canine kidney 
(MDCK) epithelial cells on fibronectin-coated annular rings of 
controlled geometrical dimensions25. We mainly performed experi-
ments using rings 200 µm in outer diameter and 20 µm in width 
to limit cell migration along the ring to a one-dimensional track 
(Fig. 1a). This configuration minimizes lateral intercellular interac-
tions and thus simplifies the analysis of the experimental system. 
After cell seeding, cells coalesced and spread to form random-sized 
short trains (Fig. 1b). We tracked the coordination of these trains by 
quantifying the coordination parameter D, defined as the average of 
the sum of cross-products between the cell velocity unit vector (v) 
measured from particle image velocimetry (PIV) and its respective 
position vector from the centre of the ring (r) D ! 1

n

P r
rj j ´

v
vj j

! "

I(n, total number of points in a given space) such that the normal-
ized values of +1, !1 or 0 indicated clockwise, anticlockwise or no 
preferential direction, respectively. At subconfluency, cell trains dis-
played oscillatory migratory behaviours with no preferential direc-
tion (Supplementary Video 1 and Fig. 1c,d, before 12 h). However, 
we observed a surge in coordination parameter and average velocity 
as cell trains gradually met and fused into larger trains (Fig. 1b–d, 

The role of single-cell mechanical behaviour and 
polarity in driving collective cell migration
Shreyansh Jain1,2, Victoire M. L. Cachoux! !3, Gautham H. N. S. Narayana1, Simon de Beco1, 
Joseph D’Alessandro! !1, Victor Cellerin1, Tianchi Chen! !2, Mélina L. Heuzé1, Philippe Marcq! !4, 
René-Marc Mège! !1, Alexandre J. Kabla! !3, Chwee Teck Lim! !2,5,6 and Benoit Ladoux! !1�ᅒ

The directed migration of cell collectives is essential in various physiological processes, such as epiboly, intestinal epithe-
lial turnover, and convergent extension during morphogenesis, as well as during pathological events such as wound healing 
and cancer metastasis. Collective cell migration leads to the emergence of coordinated movements over multiple cells. Our 
current understanding emphasizes that these movements are mainly driven by large-scale transmission of signals through 
adherens junctions. In this study, we show that collective movements of epithelial cells can be triggered by polarity signals 
at the single-cell level through the establishment of coordinated lamellipodial protrusions. We designed a minimalistic model 
system to generate one-dimensional epithelial trains confined in ring-shaped patterns that recapitulate rotational movements 
observed in!vitro in cellular monolayers and in!vivo in genital or follicular cell rotation. Using our system, we demonstrated that 
cells follow coordinated rotational movements after establishing directed Rac1-dependent polarity over the entire monolayer. 
Our experimental and numerical approaches show that the maintenance of coordinated migration requires the acquisition of 
a front–rear polarity within each single cell but does not require the maintenance of cell–cell junctions. Taken together, these 
unexpected findings demonstrate that collective cell dynamics in closed environments as observed in multiple in!vitro and 
in!vivo situations can arise from single-cell behaviour through a sustained memory of cell polarity.
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after 12 h). Eventually, the coordination parameter came to a final, 
lasting plateau at ±1, when cells reached confluency and began to 
rotate persistently in either a clockwise or anticlockwise direction 
with equal probability (Fig. 1d, at 20 h, Extended Data Fig. 1a and 
Supplementary Video 1). The coordination parameter gradually 
decreased at the end due to continued cell proliferation, a property 
reminiscent of cell jamming21,22,26,27 (Extended Data Fig. 1b). When 
cells were treated with mitomycin to maintain a constant cell num-
ber, collective cell behaviours were unaffected over the first 40 h, 
which was enough to reach confluency (Extended Data Fig. 1b). 

The average speed of rotation was higher for cells under mitomycin 
treatment (Extended Data Fig. 1c,d), probably due to the flow distur-
bance caused by continuing cell division under normal conditions28. 
To generalize our findings, we first varied the geometrical param-
eters characterizing cell confinement, including widths, perim-
eters and curvatures of closed patterns. Under these conditions, 
we did not affect the global rotational movements, demonstrating 
that this collective cell behaviour was qualitatively independent of 
geometrical constraints (Fig. 1e,f and Supplementary Video 2). In 
addition, we showed that our findings could be extended to other 
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Fig. 1 | Experimental set-up and directed collective migration of MDCK trains. a, Microcontact-printed pattern of Cy3-conjugated fibronectin in the shape 
of an annular ring (ring outer diameter 200!µm, track width 20!µm). b, Phase contrast images of a train of MDCK cells after initial seeding and spreading. 
The dashed white box indicates the contact regions where small cell trains merged into larger trains at 12!h and 20!h. c, Spatio-temporal displacement 
of cells traced along the circumferential mid-line of the ring track. A small train-merging event is indicated by the white dashed lines. d, Evolution of 
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number of experiments, m!=!3), 50!µm (n!=!27, m!=!2), 100!µm (n!=!8) and 200!µm (n!=!8), shows a collective migration of cell trains independent of track 
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diameters (d1, outer—400!µm, middle—200!µm, inner—100!µm; d2, 1!mm) and widths (w1—50!µm, w2–100!µm, w3—200!µm). All error bars indicated are s.d. 
Scale bars in a,b,c, 50!µm, and f, 200!µm.
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after 12 h). Eventually, the coordination parameter came to a final, 
lasting plateau at ±1, when cells reached confluency and began to 
rotate persistently in either a clockwise or anticlockwise direction 
with equal probability (Fig. 1d, at 20 h, Extended Data Fig. 1a and 
Supplementary Video 1). The coordination parameter gradually 
decreased at the end due to continued cell proliferation, a property 
reminiscent of cell jamming21,22,26,27 (Extended Data Fig. 1b). When 
cells were treated with mitomycin to maintain a constant cell num-
ber, collective cell behaviours were unaffected over the first 40 h, 
which was enough to reach confluency (Extended Data Fig. 1b). 

The average speed of rotation was higher for cells under mitomycin 
treatment (Extended Data Fig. 1c,d), probably due to the flow distur-
bance caused by continuing cell division under normal conditions28. 
To generalize our findings, we first varied the geometrical param-
eters characterizing cell confinement, including widths, perim-
eters and curvatures of closed patterns. Under these conditions, 
we did not affect the global rotational movements, demonstrating 
that this collective cell behaviour was qualitatively independent of 
geometrical constraints (Fig. 1e,f and Supplementary Video 2). In 
addition, we showed that our findings could be extended to other 
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of cells traced along the circumferential mid-line of the ring track. A small train-merging event is indicated by the white dashed lines. d, Evolution of 
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after 12 h). Eventually, the coordination parameter came to a final, 
lasting plateau at ±1, when cells reached confluency and began to 
rotate persistently in either a clockwise or anticlockwise direction 
with equal probability (Fig. 1d, at 20 h, Extended Data Fig. 1a and 
Supplementary Video 1). The coordination parameter gradually 
decreased at the end due to continued cell proliferation, a property 
reminiscent of cell jamming21,22,26,27 (Extended Data Fig. 1b). When 
cells were treated with mitomycin to maintain a constant cell num-
ber, collective cell behaviours were unaffected over the first 40 h, 
which was enough to reach confluency (Extended Data Fig. 1b). 

The average speed of rotation was higher for cells under mitomycin 
treatment (Extended Data Fig. 1c,d), probably due to the flow distur-
bance caused by continuing cell division under normal conditions28. 
To generalize our findings, we first varied the geometrical param-
eters characterizing cell confinement, including widths, perim-
eters and curvatures of closed patterns. Under these conditions, 
we did not affect the global rotational movements, demonstrating 
that this collective cell behaviour was qualitatively independent of 
geometrical constraints (Fig. 1e,f and Supplementary Video 2). In 
addition, we showed that our findings could be extended to other 
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Fig. 1 | Experimental set-up and directed collective migration of MDCK trains. a, Microcontact-printed pattern of Cy3-conjugated fibronectin in the shape 
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number of experiments, m!=!3), 50!µm (n!=!27, m!=!2), 100!µm (n!=!8) and 200!µm (n!=!8), shows a collective migration of cell trains independent of track 
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• Trains of MDCK cells with CW 
or CCW rotation collide head 
to head

• Global alignement of velocity 
following collision of cell trains

• Coordination parameter D 
measures the degree of 
alignement of velocities (+1 if 
CW, -1 if CCW and 0 if random 
motion of cells)

• Emergence of global alignement of cell velocities
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• Cells have an intrinsic polarity and repolarize at contact sites

• Front-Back polarity is assessed 
with RacGTP sensor (PDB-YFP)

• Cells have an intrinsic polarity
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• Following collision, cells 
repolarize to yield global order

• The longer, faster moving cell 
train tends to keep its polarity

• A cryptic lamelipode forms at 
cell contacts. Cells with largest 
lamelipodes tend to maintain 
their polarity following contacts

• Stochastic distribution of 
polarities gives rise to global 
polarity
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Collective motility without free boundary

• Tissue rotation in 2D

S. Jain, et al. and  B. Ladoux, Nat. Phys. 16, 802–809 (2020). 
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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• Cell-cell adhesion is required for the emergence of global order but not for maintenance
• E-cadherin is polarized and mediates cell cell contacts

• Low calcium is used to disrupt E-cadherin adhesion

• Without cell-cell adhesion (low calcium or alpha-catenin KD), cells keep random 
polarity and fail to re-polarize following contacts
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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S. Jain, et al. and  B. Ladoux, Nat. Phys. 16, 802–809 (2020). 

• Cells exhibit local force dipole characteristic of intrinsic motility

• There is no evidence of global intercellular coupling and physical ordering 
when velocity alignement emerges
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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• Small cell clusters show collective force dipole 
characteristic of intercellular mechanical coupling via 
adhesion proteins.
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Fig. 3 | Establishment of directed collective cell migration depends on cell–cell junction strength but maintenance does not. a, Phase contrast 
images of rings under normal- and low-calcium conditions. The white dashed box indicates the region detailed in the expanded view (scale bar 10!µm); 
low-calcium medium leads to the loosening of cell–cell junctions. The schematic depicts E-cadherin distribution in normal- and low-calcium conditions. 
b, Representative spatiotemporal displacement kymograph of cell trains in a 20-µm ring. With low calcium cells fail to coordinate and initiate rotation 
(before 21!h). The normal-calcium medium addition (at 21!h) initiates coordinated rotations in the cell train. Introducing low calcium into the system again 
(at 42!h) maintains the coordinated rotation. c, D values of 20-µm (n!=!25, m!=!2) and 50-µm (n!=!13, m!=!1) wider rings indicate dynamics similar to those 
observed in displacement kymograph b. d, Displacement kymograph of a rotating cell train on soft gels for traction force measurement, traced along  
the circumferential mid-line of the ring track. e, Spatiotemporal distribution of tangential traction forces of the rotating cell train. The straightened  
cell-train phase contrast image is overlapped with the kymograph at a given time point to map the distribution of traction forces with respect to cells in  
the train. f, Expanded view of the white dashed square in e (scale bar 10!µm) and schematic representing the distribution of single-cell-level forces.  
g, Displacement kymograph of subconfluent short trains (before 36!h) and confluent rotating trains (after 36!h) on soft gels for traction force 
measurement. h, Spatiotemporal distribution of tangential traction forces of multiple short trains corresponding to an initial-stage (before 36!h) and 
late-stage confluent rotating ring of cells (after 36!h, marked by the white dashed line). i, Proportion of force dipoles during the initial subconfluent 
uncoordinated phase (8–11!h) and confluent coordinated phase of cell trains in the ring (42–45!h) (n!=!6). j, Time evolution of force dipoles from the initial 
uncoordinated state to the final rotating state of cells in the ring (n!=!6). All error bars indicated are s.d. All scale bars unless mentioned specifically: 50!µm.
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• But, at confluence, following velocity alignement, 
force dipoles are local, at the single cell scale. 

• Traction force microscopy: force dipoles at the single cell scale. 
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Collective motility without free boundary

• Tissue rotation in 3D
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projections showed that all cells uniformly moved in the azimuthal 
direction with small angular deviations in the velocities (movie S5 
and fig. S4A), demonstrating a whole-tissue collective rotation. We 
plotted |  !  V  q    | for each experiment as a function of diameter and 
found a nonmonotonic trend with a peak at Ø!=!100 mm (Fig.!2C 
and fig. S4B). In addition, a threshold of Ø!=!150 mm was identified, 
above which no CeR was observed. This threshold may be attributed 
to the intrinsic dynamics of MDCK epithelial cells whose velocity 
correlation length was measured to be ~200 mm on flat unconfined 
surfaces (37,!38). In the range of Ø!=!25 to 150 mm, we found that 
CeR duration and azimuthal velocity correlation length, xq, in-
creased with the diameter (see Fig.!2,!D!and!E, and Materials and 
Methods). The relationship between xq and the diameter was in 
good agreement with our previous observations in advancing t-CTs 
(21), corresponding to cellular behaviors constrained by geometry. 
When analyzing average cell movement over time (for instance, Vq 
in a 75-mm t-CT; Fig.!2F, left), we found that the emergence of CeR 

was correlated to a sudden increase in Vq from nearly zero to about 
10 mm/hour within 2 hours (movie S4). In contrast, Vz for the same 
t-CT fluctuated with time without any particular trend (Fig.!2F, 
right). Spatiotemporal kymograph for Vq showed a clear border 
marking the CeR starting time point between two distinct velocity 
patterns (i.e., different color patterns) for nonrotation and rotation 
regions (Fig.! 2G, left). On the contrary, the kymograph for Vz 
demonstrated similar patterns before and after that time point 
(Fig.!2G, right).

Under nonconfluent conditions with advancing t-CTs (21), we 
also observed synchronized rotations with collective forward heli-
coidal movement (fig. S5 and movie S6), which lasted longer than 
those transient rotations within 2D advancing cohorts (37). Among 
confluent PDMS microtubes, two adjacent groups of cells in a t-CT 
could occasionally rotate in opposite directions, generating a shear 
border, and eventually, the whole tissue coordinated and rotated 
uniformly in one direction (n!=!7 of 9; movie S7 and fig. S6A). In 

Fig. 1. Whole-tissue collective rotation in 3D concave cylindrical epithelia. (A) Images of a histone 1–GFP (H1-GFP) MDCK duct inside Matrigel at different z positions. 
Left, view from top; right, cross-sectional view, revealing hollow lumen inside the structure. H1-GFP nuclei are colored in blue, actin (phalloidin) in red, and collagen type 
IV (Col. IV) in green. (B) Time-lapsed images showing the circumferential rotation of the MDCK duct from (A). Single-cell trajectories are shown as varying colored lines. 
Red arrow indicates the rotational direction. (C) Schematic representation of a confluent MDCK tubular CT (t-CT) with collective movements with longitudinal (  !!! V !z    ) and 
azimuthal (  !!! V !q    ) velocities. The symbols were used to match the conventional terminology to describe a cylindrical system. (D) Graphs (top) and kymographs (bottom) 
displaying the average velocities (V) of the MDCK duct from (A) in azimuthal and longitudinal directions as a function of time. V is calculated using particle imaging velocimetry 
(PIV) analysis. The graphs then plot the average azimuthal and longitudinal component of V for each time point, reflecting the average movement of the whole duct. The 
kymographs demonstrate spatial average   !!! V !q     and   !!! V !z     along the l axis for every time point for the entire observation period, thus showing spatiotemporal distribution of 
local velocities. (E) Representative 3D reconstructed images of an MDCK t-CT with Ø = 100 mm. Actin, red; nuclei, green (H1-GFP). White arrows show either   !!! V !q     or   !!! V !z    . (F) Graphs 
representing counts of clockwise and counterclockwise rotating t-CTs of varying diameters. (G) Graphs representing average nucleus angular displacements of t-CTs with 
different sizes. Each line in each graph represents a t-CT. (H) Graph showing the percentage of CeR events observed in t-CTs of different diameters (n = 11 to 29 for each 
condition). Scale bars, 50 mm.
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projections showed that all cells uniformly moved in the azimuthal 
direction with small angular deviations in the velocities (movie S5 
and fig. S4A), demonstrating a whole-tissue collective rotation. We 
plotted |  !  V  q    | for each experiment as a function of diameter and 
found a nonmonotonic trend with a peak at Ø!=!100 mm (Fig.!2C 
and fig. S4B). In addition, a threshold of Ø!=!150 mm was identified, 
above which no CeR was observed. This threshold may be attributed 
to the intrinsic dynamics of MDCK epithelial cells whose velocity 
correlation length was measured to be ~200 mm on flat unconfined 
surfaces (37,!38). In the range of Ø!=!25 to 150 mm, we found that 
CeR duration and azimuthal velocity correlation length, xq, in-
creased with the diameter (see Fig.!2,!D!and!E, and Materials and 
Methods). The relationship between xq and the diameter was in 
good agreement with our previous observations in advancing t-CTs 
(21), corresponding to cellular behaviors constrained by geometry. 
When analyzing average cell movement over time (for instance, Vq 
in a 75-mm t-CT; Fig.!2F, left), we found that the emergence of CeR 

was correlated to a sudden increase in Vq from nearly zero to about 
10 mm/hour within 2 hours (movie S4). In contrast, Vz for the same 
t-CT fluctuated with time without any particular trend (Fig.!2F, 
right). Spatiotemporal kymograph for Vq showed a clear border 
marking the CeR starting time point between two distinct velocity 
patterns (i.e., different color patterns) for nonrotation and rotation 
regions (Fig.! 2G, left). On the contrary, the kymograph for Vz 
demonstrated similar patterns before and after that time point 
(Fig.!2G, right).

Under nonconfluent conditions with advancing t-CTs (21), we 
also observed synchronized rotations with collective forward heli-
coidal movement (fig. S5 and movie S6), which lasted longer than 
those transient rotations within 2D advancing cohorts (37). Among 
confluent PDMS microtubes, two adjacent groups of cells in a t-CT 
could occasionally rotate in opposite directions, generating a shear 
border, and eventually, the whole tissue coordinated and rotated 
uniformly in one direction (n!=!7 of 9; movie S7 and fig. S6A). In 

Fig. 1. Whole-tissue collective rotation in 3D concave cylindrical epithelia. (A) Images of a histone 1–GFP (H1-GFP) MDCK duct inside Matrigel at different z positions. 
Left, view from top; right, cross-sectional view, revealing hollow lumen inside the structure. H1-GFP nuclei are colored in blue, actin (phalloidin) in red, and collagen type 
IV (Col. IV) in green. (B) Time-lapsed images showing the circumferential rotation of the MDCK duct from (A). Single-cell trajectories are shown as varying colored lines. 
Red arrow indicates the rotational direction. (C) Schematic representation of a confluent MDCK tubular CT (t-CT) with collective movements with longitudinal (  !!! V !z    ) and 
azimuthal (  !!! V !q    ) velocities. The symbols were used to match the conventional terminology to describe a cylindrical system. (D) Graphs (top) and kymographs (bottom) 
displaying the average velocities (V) of the MDCK duct from (A) in azimuthal and longitudinal directions as a function of time. V is calculated using particle imaging velocimetry 
(PIV) analysis. The graphs then plot the average azimuthal and longitudinal component of V for each time point, reflecting the average movement of the whole duct. The 
kymographs demonstrate spatial average   !!! V !q     and   !!! V !z     along the l axis for every time point for the entire observation period, thus showing spatiotemporal distribution of 
local velocities. (E) Representative 3D reconstructed images of an MDCK t-CT with Ø = 100 mm. Actin, red; nuclei, green (H1-GFP). White arrows show either   !!! V !q     or   !!! V !z    . (F) Graphs 
representing counts of clockwise and counterclockwise rotating t-CTs of varying diameters. (G) Graphs representing average nucleus angular displacements of t-CTs with 
different sizes. Each line in each graph represents a t-CT. (H) Graph showing the percentage of CeR events observed in t-CTs of different diameters (n = 11 to 29 for each 
condition). Scale bars, 50 mm.
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projections showed that all cells uniformly moved in the azimuthal 
direction with small angular deviations in the velocities (movie S5 
and fig. S4A), demonstrating a whole-tissue collective rotation. We 
plotted |  !  V  q    | for each experiment as a function of diameter and 
found a nonmonotonic trend with a peak at Ø!=!100 mm (Fig.!2C 
and fig. S4B). In addition, a threshold of Ø!=!150 mm was identified, 
above which no CeR was observed. This threshold may be attributed 
to the intrinsic dynamics of MDCK epithelial cells whose velocity 
correlation length was measured to be ~200 mm on flat unconfined 
surfaces (37,!38). In the range of Ø!=!25 to 150 mm, we found that 
CeR duration and azimuthal velocity correlation length, xq, in-
creased with the diameter (see Fig.!2,!D!and!E, and Materials and 
Methods). The relationship between xq and the diameter was in 
good agreement with our previous observations in advancing t-CTs 
(21), corresponding to cellular behaviors constrained by geometry. 
When analyzing average cell movement over time (for instance, Vq 
in a 75-mm t-CT; Fig.!2F, left), we found that the emergence of CeR 

was correlated to a sudden increase in Vq from nearly zero to about 
10 mm/hour within 2 hours (movie S4). In contrast, Vz for the same 
t-CT fluctuated with time without any particular trend (Fig.!2F, 
right). Spatiotemporal kymograph for Vq showed a clear border 
marking the CeR starting time point between two distinct velocity 
patterns (i.e., different color patterns) for nonrotation and rotation 
regions (Fig.! 2G, left). On the contrary, the kymograph for Vz 
demonstrated similar patterns before and after that time point 
(Fig.!2G, right).

Under nonconfluent conditions with advancing t-CTs (21), we 
also observed synchronized rotations with collective forward heli-
coidal movement (fig. S5 and movie S6), which lasted longer than 
those transient rotations within 2D advancing cohorts (37). Among 
confluent PDMS microtubes, two adjacent groups of cells in a t-CT 
could occasionally rotate in opposite directions, generating a shear 
border, and eventually, the whole tissue coordinated and rotated 
uniformly in one direction (n!=!7 of 9; movie S7 and fig. S6A). In 

Fig. 1. Whole-tissue collective rotation in 3D concave cylindrical epithelia. (A) Images of a histone 1–GFP (H1-GFP) MDCK duct inside Matrigel at different z positions. 
Left, view from top; right, cross-sectional view, revealing hollow lumen inside the structure. H1-GFP nuclei are colored in blue, actin (phalloidin) in red, and collagen type 
IV (Col. IV) in green. (B) Time-lapsed images showing the circumferential rotation of the MDCK duct from (A). Single-cell trajectories are shown as varying colored lines. 
Red arrow indicates the rotational direction. (C) Schematic representation of a confluent MDCK tubular CT (t-CT) with collective movements with longitudinal (  !!! V !z    ) and 
azimuthal (  !!! V !q    ) velocities. The symbols were used to match the conventional terminology to describe a cylindrical system. (D) Graphs (top) and kymographs (bottom) 
displaying the average velocities (V) of the MDCK duct from (A) in azimuthal and longitudinal directions as a function of time. V is calculated using particle imaging velocimetry 
(PIV) analysis. The graphs then plot the average azimuthal and longitudinal component of V for each time point, reflecting the average movement of the whole duct. The 
kymographs demonstrate spatial average   !!! V !q     and   !!! V !z     along the l axis for every time point for the entire observation period, thus showing spatiotemporal distribution of 
local velocities. (E) Representative 3D reconstructed images of an MDCK t-CT with Ø = 100 mm. Actin, red; nuclei, green (H1-GFP). White arrows show either   !!! V !q     or   !!! V !z    . (F) Graphs 
representing counts of clockwise and counterclockwise rotating t-CTs of varying diameters. (G) Graphs representing average nucleus angular displacements of t-CTs with 
different sizes. Each line in each graph represents a t-CT. (H) Graph showing the percentage of CeR events observed in t-CTs of different diameters (n = 11 to 29 for each 
condition). Scale bars, 50 mm.
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• Emergence of tissue rotation on a concave curved surface

• Velocity is azimuthal, CW or CCW.

• Rotation is found over a wide range 
of tube diameter.  Above 150µm, 
there is no longer rotation. This may 
reflect the velocity correlation 
length scale in MDCK cells ~200µm, 
on flat unconfined surfaces.

• On curved surfaces, this correlation 
length     increases with tube 
diameter

Glentis et al., Sci. Adv. 8, eabn5406 (2022)     14 September 2022
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Fig. 2. Characteristics of epithelial tissue rotation inside microtubes. (A) Transform of a 3D t-CT into a 2D projection for analysis. The azimuthal and longitudinal 
velocity vectors are shown in red. Scale bar, 20 mm. (B) Cropped time-lapse 2D projections of rotating H1-GFP MDCK t-CT of different sizes. Tracking individual cell nuclei 
shows cell trajectories as parallel colored lines. Scale bars, 50 mm. (C to E) Graphs showing absolute average azimuthal velocities (|  _! V !q    |) (C), CeR duration (D), and   !!! V !q     correlation 
length (xq) (E) in different t-CTs (n = 3 to 10 for each condition). Data are presented as individual values with means ± SD. (F and G) Representative graphs (F) and kymographs 
(G) showing average velocity of a t-CT with Ø = 75 mm in azimuthal and longitudinal direction and spatial distribution along l axis as a function of time. (H) Graph presenting 
the average traction force (TF) (T; black line) applied by a t-CT of Ø = 75 mm together with average Vq (blue line) evolving with time. (I) Kymographs showing spatial distribution 
of average traction from (H) exerted azimuthally (Tq) or longitudinally (Tz) along l axis as a function of time. In (F) to (I), vertical black dash lines and red arrows denote 
onset of CeR.
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projections showed that all cells uniformly moved in the azimuthal 
direction with small angular deviations in the velocities (movie S5 
and fig. S4A), demonstrating a whole-tissue collective rotation. We 
plotted |  !  V  q    | for each experiment as a function of diameter and 
found a nonmonotonic trend with a peak at Ø!=!100 mm (Fig.!2C 
and fig. S4B). In addition, a threshold of Ø!=!150 mm was identified, 
above which no CeR was observed. This threshold may be attributed 
to the intrinsic dynamics of MDCK epithelial cells whose velocity 
correlation length was measured to be ~200 mm on flat unconfined 
surfaces (37,!38). In the range of Ø!=!25 to 150 mm, we found that 
CeR duration and azimuthal velocity correlation length, xq, in-
creased with the diameter (see Fig.!2,!D!and!E, and Materials and 
Methods). The relationship between xq and the diameter was in 
good agreement with our previous observations in advancing t-CTs 
(21), corresponding to cellular behaviors constrained by geometry. 
When analyzing average cell movement over time (for instance, Vq 
in a 75-mm t-CT; Fig.!2F, left), we found that the emergence of CeR 

was correlated to a sudden increase in Vq from nearly zero to about 
10 mm/hour within 2 hours (movie S4). In contrast, Vz for the same 
t-CT fluctuated with time without any particular trend (Fig.!2F, 
right). Spatiotemporal kymograph for Vq showed a clear border 
marking the CeR starting time point between two distinct velocity 
patterns (i.e., different color patterns) for nonrotation and rotation 
regions (Fig.! 2G, left). On the contrary, the kymograph for Vz 
demonstrated similar patterns before and after that time point 
(Fig.!2G, right).

Under nonconfluent conditions with advancing t-CTs (21), we 
also observed synchronized rotations with collective forward heli-
coidal movement (fig. S5 and movie S6), which lasted longer than 
those transient rotations within 2D advancing cohorts (37). Among 
confluent PDMS microtubes, two adjacent groups of cells in a t-CT 
could occasionally rotate in opposite directions, generating a shear 
border, and eventually, the whole tissue coordinated and rotated 
uniformly in one direction (n!=!7 of 9; movie S7 and fig. S6A). In 

Fig. 1. Whole-tissue collective rotation in 3D concave cylindrical epithelia. (A) Images of a histone 1–GFP (H1-GFP) MDCK duct inside Matrigel at different z positions. 
Left, view from top; right, cross-sectional view, revealing hollow lumen inside the structure. H1-GFP nuclei are colored in blue, actin (phalloidin) in red, and collagen type 
IV (Col. IV) in green. (B) Time-lapsed images showing the circumferential rotation of the MDCK duct from (A). Single-cell trajectories are shown as varying colored lines. 
Red arrow indicates the rotational direction. (C) Schematic representation of a confluent MDCK tubular CT (t-CT) with collective movements with longitudinal (  !!! V !z    ) and 
azimuthal (  !!! V !q    ) velocities. The symbols were used to match the conventional terminology to describe a cylindrical system. (D) Graphs (top) and kymographs (bottom) 
displaying the average velocities (V) of the MDCK duct from (A) in azimuthal and longitudinal directions as a function of time. V is calculated using particle imaging velocimetry 
(PIV) analysis. The graphs then plot the average azimuthal and longitudinal component of V for each time point, reflecting the average movement of the whole duct. The 
kymographs demonstrate spatial average   !!! V !q     and   !!! V !z     along the l axis for every time point for the entire observation period, thus showing spatiotemporal distribution of 
local velocities. (E) Representative 3D reconstructed images of an MDCK t-CT with Ø = 100 mm. Actin, red; nuclei, green (H1-GFP). White arrows show either   !!! V !q     or   !!! V !z    . (F) Graphs 
representing counts of clockwise and counterclockwise rotating t-CTs of varying diameters. (G) Graphs representing average nucleus angular displacements of t-CTs with 
different sizes. Each line in each graph represents a t-CT. (H) Graph showing the percentage of CeR events observed in t-CTs of different diameters (n = 11 to 29 for each 
condition). Scale bars, 50 mm.
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Fig. 2. Characteristics of epithelial tissue rotation inside m
icrotubes. (A) Transform of a 3D t-CT into a 2D projection for analysis. The azimuthal and longitudinal 

velocity vectors are shown in red. Scale bar, 20 mm. (B) Cropped time-lapse 2D projections of rotating H1-GFP MDCK t-CT of different sizes. Tracking individual cell nuclei 
shows cell trajectories as parallel colored lines. Scale bars, 50 mm. (C to E) Graphs showing absolute average azimuthal velocities (|  _

!
 V !q     |) (C), CeR duration (D), and   ! !

!
 V !q      correlation 

length (x
q ) (E) in different t-CTs (n = 3 to 10 for each condition). Data are presented as individual values with means ± SD. (F and G) Representative graphs (F) and kymographs 

(G) showing average velocity of a t-CT with Ø = 75 mm in azimuthal and longitudinal direction and spatial distribution along l axis as a function of time. (H) Graph presenting 
the average traction force (TF) (T; black line) applied by a t-CT of Ø = 75 mm together with average V

q  (blue line) evolving with time. (I) Kymographs showing spatial distribution 
of average traction from (H) exerted azimuthally (T

q ) or longitudinally (Tz ) along l axis as a function of time. In (F) to (I), vertical black dash lines and red arrows denote 
onset of CeR.
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this case, the average Vq exhibited a gradual deviation away from 
zero with time (fig. S6B, top left). The corresponding kymograph 
(fig. S6B, bottom left) showed two regions of distinct velocity patterns 
along the l axis at the early phase (from 0 to 8!hours; fig. S6B), indi-
cating two cohorts rotating in opposing directions. Afterward, the 
region of one pattern waned as time passed and the other gradually 
became dominant over the whole l axis (from 8 to 16!hours; fig. 
S6B). Under these conditions, we observed larger fluctuations in 
average Vz (fig. S6B, right) than the ones obtained without shear. 
Overall, these results suggest that cells could coordinate their rota-
tional movement via cell-cell interactions, indicating that cell-cell 
adhesion in concave t-CTs could play a role in coordinating 
whole-tissue CeR.

Reduced cell traction on substrate during collective 
tissue rotation
Because cell-substrate interaction evolves during collective epithelial 
migration (29,!39), we then investigated whether the abrupt shift 
of t-CT dynamics from a disordered state to a homogeneous CeR 
could lead to an apparent change in cell traction on the substrate. 
To measure traction forces (TFs) of t-CTs applied on the microtube 
inner walls, we used soft silicone microtubes (52.3! ±! 3.3 kPa in 
Young’s modulus and Ø!=!75 mm). Because of the fact that CeR is a 
rotating movement around a long axis without a leading front, to 
simplify calculation, we sampled a narrow window at the bottom of the 
microtubes (movie S8), where curvature effects could be neglected. 
Before CeR started, there were no clear patterns of TFs, and the 
average traction largely fluctuated with time (from 0 to 15 hours; 
Fig.!2H). After the onset of CeR, we measured a sheer drop in average 
TF (34.2!±!13.2 Pa; n!=!5). This reduced traction was then main-
tained throughout the whole CeR period with reduced fluctuation 

(from 15 to 40 hours; Fig.! 2H). Such a reduction was mainly at-
tributed to a decrease in TF in the azimuthal direction, Tq, because 
Tz (longitudinally exerted TF) remained relatively stable with time 
(Fig.!2I). We found a clear change in the Tq patterns in the kymograph 
before and after the commencement of CeR, while the Tz patterns 
remained unaltered (Fig.!2I). Briefly, our data demonstrated curvature- 
sensitive CeR dynamics with a threshold of Ø!=!150 mm and a sudden 
decrease in average Tq!after the onset.

Convex CTs on microfibers show a similar 
rotational movement
Because substrate curvature is known to regulate collective behav-
iors and cell-substrate interactions (21,! 40–42), we questioned 
whether a reverse curvature could cause different tissue dynamics. 
By growing H1-GFP MDCKs outside PDMS fibers of varying diame-
ters (Fig.!3A and fig. S7, A and B), we achieved convex CTs on fiber 
(f-CTs) of inverted apicobasal polarity (fig. S7C). Unexpectedly, we 
also observed similar CeR behaviors in f-CTs (movie S9 and fig. S7, 
D and E) as those of t-CTs in more than 70% of these convexly 
curved epithelial tissues (fig. S7F). They presented alike CeR duration 
(Fig.!3B) and a nonmonotonic trend of |  !  V  q    | as diameter increased, 
which peaked at Ø!=!75 mm (Fig.!3C). The threshold for CeR to 
emerge in f-CTs was Ø!"!100 mm, whereas f-CTs of Ø!>!100 mm did not 
rotate (n!=!6). In addition, MDCK f-CTs on fibronectin-/Matrigel-/
poly-L-lysine–coated (fig. S8) microfibers collectively rotated in a 
similar fashion. Furthermore, TF microscopy (TFM) on f-CTs was 
performed on comparably soft silicone microfibers (64.6!±!4.0 kPa 
in Young’s modulus and Ø!=!75 mm). There was also a clear reduc-
tion in the profile of average traction after the onset of CeR (Fig.!3D). 
Furthermore, such a decrease was mainly attributed to a decrease in 
Tq (Fig.!3E). In comparison with the case of t-CTs (a reduction of 

Fig. 3. Convex CTs show collective cell rotation. (A) Representative 3D reconstructed images of H1-GFP MDCK cells on Ø = 100 mm PDMS microfiber (marked by teal) 
showing a convexly curved f-CT. Actin, red; nuclei, green (H1-GFP). White arrows show either   !!! V !q     or   !!! V !z    . Scale bar, 50 mm. (B) Graph displaying CeR duration of different t-CTs 
(aqua) and f-CTs (red). Data are presented as individual values with means ± SD. (C) Graph showing |  _! V !q    | of different t-CTs (aqua) and f-CTs (red). Data are presented as 
means ± SD. n = 5 to 10 (t-CTs) and n = 3 to 8 (f-CTs) for each diameter. (D) Graph presenting the average magnitude of traction (black line) applied by an f-CT on a Ø = 75 mm 
soft silicone fiber together with average azimuthal velocity (blue line) as a function of time. (E) Kymographs showing time-evolving average Tq and Tz from (D) along l axis. 
In (D) and (E), vertical black dash lines and red arrows indicate onset of CeR.
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Roles of lamellipodial protrusions in CeR
After investigating the roles of CCJ stability, we asked how protrusive 
forces usually generated by actin filaments could affect CeR. Using 
high-resolution time-lapse imaging, we found that the long-range, 
basal actin filaments in both t-CTs and f-CTs remained persistently 
immobile related to the substratum during CeR (Fig.!5C and movie S14) 
and may disappear when they reached the rear edge of the cell. In 
addition, we found that actin-based cryptic lamellipodia continuously 
appeared at the cell edges (Fig.!5D). These protrusions were highly 
aligned with the CeR direction, regardless of the oriented actomyosin 

networks (Fig.!4,!A!and!B, and fig. S9, A and B) and the random cell 
orientation (fig. S9E) in all confluent CTs. To check whether these 
were polarized structures, we monitored yellow fluorescent protein–
p21 binding domain (YFP-PBD) signals as a marker for active Rac-1 and 
Cdc42 and found that cells accumulate Rac-1 at their fronts as they 
protruded forward (fig. S16), suggesting the role of polarized protru-
sions in CeR. This was supported by treatment with a Rac-1 inhibitor 
(Z62), which immediately halted CeR (Fig.!5E). Overall, we identified 
immobile long-range actin filaments in rotating t-CTs and f-CTs while 
polarized cellular protrusions as essential factors for persistent CeR.

Fig. 4. Different organizations of actin cytoskeleton and CCJ according to tissue curvatures. (A) Representative 3D reconstructed images of rotating MDCK t-CTs and 
f-CTs showing large-scale long-range basal actin filaments orienting in different directions. Actin, red; E-cadherin (E-cad), green. (B) Rose diagrams of actin filament orientation 
in CTs of varying diameters (n = 13 to 75). (C) 2D projections of a t-CT (top) and a f-CT (bottom) showing detailed features of CCJs in different orientations. White arrows 
indicate actin filaments overlapping with b-catenin fingers. Magenta dashed boxes indicate zoomed-in regions. Rose diagrams on the right showing the orientation of 
b-catenin fingers at CCJs (n = 88 for t-CTs and n = 65 for f-CTs) with respect to the azimuthal axis. (D) Top: Schematic representation of actin alignment and distribution of 
b-catenin and a-18 enriched CCJs in t-CTs and f-CTs. Actin filaments may attach to CCJs via b-catenin and substrate via FA. Middle and bottom: Normalized b-catenin 
fluorescent intensity (middle; n = 68 for t-CTs and n = 65 for f-CTs) and fluorescent intensity ratio of unfolded a-catenin (a-18) over total a-catenin (bottom; n = 115 for 
t-CTs and n = 50 for f-CTs) in various oriented CCJs. The relative angles between CCJs and CeR direction (i.e., relative to a axis) were presented in x axis. Data are shown as 
individual values overlapped with box charts showing means ± SD (coefficient = 1 for the box and coefficient = 1.5 for the whiskers). NS, not significant. (E) 2D fluorescent 
projections showing organization of actin (LifeAct-GFP) in a t-CT with Ø = 100 mm before and after EGTA treatment. (F) Rose diagram showing actin filament orientation 
in t-CTs with Ø = 100 mm after EGTA treatment (n = 26). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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An active polar gel description for CeR
To gain insights into 3D CeR, we used an overdamped active polar 
fluid framework (56–58) including explicit couplings between 
substrate curvature and cell polarity (see sections S1 and S2). To 
describe MDCK CTs, we accounted for an average cell polarity and 
an average cell velocity given by a polarity field p and a velocity 
field v, respectively. Here, the polarity field p can represent an 
averaged direction of planar polarity in cell monolayers, such as 
cryptic lamellipodia on one side of cells. In cylindrical geometries, 
the principal directions of a cylindrical substrate are the longitudi-
nal direction    ̂  z    and the azimuthal direction ! ! q   (l and a in the experi-
mental section, respectively; Fig.!6A). In addition, the substrate 
curvature along the longitudinal direction vanishes, and along the 
azimuthal direction is 1/R, where R = Ø/2 is the substrate radius. 
The curvature 1/R changes sign when describing concave (negative) 
or convex (positive) curvatures corresponding to microtubes and 
microfibers, respectively. In this case, we allowed R to change sign 
to account for different curvatures, i.e., R < 0 for microtubes and 
R > 0 for microfibers.

To describe the effects of substrate curvature on cell polarity, we 
accounted for couplings allowed by symmetries between the sub-
strate curvature and the polarity field. For cylindrical substrates, we 
found that the equilibrium uniform polarity states are determined 
as the minimum of an effective free-energy density f (see sections S1 
to S3 for a derivation of f as a thin-film limit of a 3D Landau-Ginzburg 
free-energy density)

  f =  (    c  2   +     
_

 b   1   ! R   +     
_

 b   2   ! 
 R   2 

   )     ( p z  2  +  p q  2  ) ! 2   +  (      b  1   ! R   +    b  2   ! 
 R   2 

   )      p q  2   ! 2   +  c  4      ( p z  2  +  p q  2  )   2  ! 4  !   (1)

where pz and pq are the components of the polarity field p in the 
longitudinal and azimuthal directions, respectively. In view of the 

fact that confluent MDCK cell monolayers are, on average, immo-
bile on a flat substrate (59,!60), we considered that a disordered state 
dominates for a sufficiently large radius R and set the phenomeno-
logical parameters c2 > 0 and c4 > 0. For intermediate R, the 
substrate curvature can induce ordered states via couplings with the 
polarity field. The parameters  ( b  1  ,   

_
 b   1  )  and  ( b  2  ,   

_
 b   2  )  are amplitudes 

associated with linear and quadratic couplings in 1/R and the polarity 
field, respectively. Hence, the linear couplings  ( b  1  ,   

_
 b   1  )  change sign 

with curvature [i.e., convex (positive) to concave (negative)], whereas 
the quadratic couplings  ( b  2  ,   

_
 b   2  )  do not (Fig.!6A). As a result, qua-

dratic couplings may lead to collective rotation in both concave and 
convex CTs, while linear couplings may only cause CeR under 
either one of the conditions.

The radius R then determines the state of CTs (either rotation or 
no rotation; see sections S3 and S4 for details). Within the parame-
ter regime where    

_
 b   1   =   

_
 b   2   = 0  in Eq. 1, the system can either assume 

a disordered phase (no rotation), whereby pz = pq = 0, or an azimuthal 
ordered phase (rotation), whereby pz = 0 and pq = ±P (Fig.!6B and 
sections S3 and S4), where P depends on R and material parameters. 
In the overdamped limit, force balance in the azimuthal direction 
leads to the steady-state azimuthal velocity field in the azimuthal 
ordered phase (see section S4)

   v  q   = ±     T  0  ! " 
_

  c  2   /  c  4     ! 
x(1 +  a  2   /  r   2 )

    " 
____________

  #  (  1 +   1 ! r   +    a  1   ! 
 r   2 

   )    !  (2)

which depends only on two dimensionless parameters   a  1   =  b  2    c  2   /  b 1  2 !  
and   a  2   = h  c 2  2  / x  b 1  2   and the dimensionless radius r = Rc2/b1. The 
parameter h corresponds to the shear viscosity, x corresponds to a 
friction coefficient with the underlying substrate, and T0 corresponds to 
the amplitude of polar traction forces. With this, we found that the direc-
tion of pq and vq is set by a symmetry-breaking process without sign 

Fig. 5. Roles of cell-cell adhesions and cell polarity in rotating CTs. (A) Graphs showing EGTA treatment ceased CeR (Vq ! 0; magenta arrow) and CeR recurrence 
(blue arrow) after washout. (B) Plots presenting |  _" V "q    | for different rotating CTs before and after EGTA treatment (n = 4 for all cases). (C) 2D time-lapse (15 s per frame) projec-
tions demonstrating actin dynamics of a t-CT (Ø = 100 mm) expressing LifeAct-GFP during CeR. The cell periphery is drawn in red. The kymograph on the right was ob-
tained by reslicing along white dashed line (0 min). White arrows indicate trajectories of immobile long-range actin filaments, and blue arrows show displacement of cell 
front with respect to a axis. (D) 2D time-lapse projections demonstrating actin-based cryptic protrusion of a rotating t-CT (Ø = 100 mm) consisting of WT and LifeAct-GFP 
MDCKs. Magenta arrows denote lamellipodial protrusions of a LifeAct-GFP–expressing cell toward a WT (unmarked) cell. (E) Graphs presenting |  _" V "q    | for different rotating 
CTs before and after Z62 treatment (n = 6 for t-CTs and n = 3 for f-CTs). Student’s t test, *P < 0.05, ***P < 0.001, and ****P < 0.0001. In (B) and (E), data are presented as 
means ± SD. Red arrows indicate rotation direction. Scale bars, 20 mm.
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An active polar gel description for CeR
To gain insights into 3D CeR, we used an overdamped active polar 
fluid framework (56–58) including explicit couplings between 
substrate curvature and cell polarity (see sections S1 and S2). To 
describe MDCK CTs, we accounted for an average cell polarity and 
an average cell velocity given by a polarity field p and a velocity 
field v, respectively. Here, the polarity field p can represent an 
averaged direction of planar polarity in cell monolayers, such as 
cryptic lamellipodia on one side of cells. In cylindrical geometries, 
the principal directions of a cylindrical substrate are the longitudi-
nal direction    ̂  z    and the azimuthal direction ! ! q   (l and a in the experi-
mental section, respectively; Fig.!6A). In addition, the substrate 
curvature along the longitudinal direction vanishes, and along the 
azimuthal direction is 1/R, where R = Ø/2 is the substrate radius. 
The curvature 1/R changes sign when describing concave (negative) 
or convex (positive) curvatures corresponding to microtubes and 
microfibers, respectively. In this case, we allowed R to change sign 
to account for different curvatures, i.e., R < 0 for microtubes and 
R > 0 for microfibers.

To describe the effects of substrate curvature on cell polarity, we 
accounted for couplings allowed by symmetries between the sub-
strate curvature and the polarity field. For cylindrical substrates, we 
found that the equilibrium uniform polarity states are determined 
as the minimum of an effective free-energy density f (see sections S1 
to S3 for a derivation of f as a thin-film limit of a 3D Landau-Ginzburg 
free-energy density)
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• Cells exhibit orthogonal cell polarity in concave and convexed curvatures

• Rotation requires cell adhesion, and cell polarization (Rac1)

Rac inhibitor

A. Glentis et al., and B. Ladoux. Sci. Adv. 8, eabn5406 (2022) 

t-CT: tubular curved tissue
f-CT: convexe tissue on fiber

Adhesion inhibitor
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Collective motility without free boundary

• Tissue rotation in 2D and 3D: conclusions
• Intrinsic capacity to break symmetry at cellular scale

• Cell interactions reorganize local polarities and lead to local ordering

• Global ordering emerges at high density when all cells interact.

• This involves coupling between curvature, velocity and polarity (the mechanisms are not 
understood, phenomenological model)

• There is no need for long range ordering (by mechanochemical gradients, eg, 
chemotactic cues or durotactic signals).  

• Yet such long range cues could potentially increase robustness or velocity alignments (ie. 
Increase the velocity and polarity correlation lengths).
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Collective motility without free boundary

• Topological defects in polarity field is linked to chiral symmetry breaking

P. Guillemat et al. K. Kruse and A. Roux. 
Nature Materials. 21: 588–597 (2022)
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To test our theory, we obtained stress gradients within mounds 
from volume changes of cell nuclei37,38 (Methods) and found them 
to match our theoretical results (Fig. 4g). In the centre of the 

mounds, both density and compressive stresses increased with 
time (Fig. 4e,g). We found that in the absence of orientational 
order, the experimental density and stress profiles cannot be 
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58 CHAPTER 2. THE POWER OF THE FIELD

m = 1 m = –1/2 m = +1/2

m = +1/2
m = +1

m = –1/2

m = –1/2
m = –1/2

(A) (B)

(C)

Figure 2.19: Topological defects hiding right before our eyes. (A) Paper from
Lionel Penrose, father of other famed Penroses, in which he examined the nature
of the topological defects in our skin patterns. (B) Images showing di↵erent
defect types in our fingerprints. (C) Schematics of topological defects having
di↵erent charges. (A) Adapted from Penrose, LS (1965) Nature, 205, 544-546
and (B) adapted from Fardin, M.-A., and Ladoux, B (2021) Nat. Phys. 17,
172-173.

480CHAPTER 19. ORDER AND SINGULARITIES IN FIELDS: CELL ALIGNMENT ANDNEMATIC DYNAMICS

where kgrowth is the growth rate of the cells and D is an e↵ective di↵usion
constant. The velocity field varies in space and time according to a governing
equation similar to those used throughout the book (first introduced in eqn. 8.31,
p. 213) and given here as

D(⇢v)

Dt
= r · � � ⌫v. (19.82)

As before (see the estimate on p. 447), the substrate introduces a friction term
⌫v with a friction coe�cient ⌫. The time evolution of the tensor order parameter
Q is given by

DQ

Dt
= �SE+Q ·⌦�⌦ ·Q+ �H (19.83)

where S is the scalar order parameter and E, Q, and �H are discussed in
eqns. 19.59 and 19.60 (p. 473). Like in our earlier treatment of nematohydro-
dynamics, this equation features a coupling between the tensor order parameter
and the flow, as well as the relaxation term �H. This theoretical analysis
leads to predictions like those given in Figure 19.14. Here, the equations of
nematohydrodynamics are integrated numerically. The result is a spontaneous
organization of the bacterial layer into small aligned domains similar to those
seen experimentally. Thus, the equations of nematohydrodynamics enable us to
understand patterns and geometry in bacterial growth as emergent properties
of replicating, elongated rods. They also enable quantitative dialogue between
theory and experiment, providing an opportunity for the mechanistic discovery
that, for example, a specific physical property of individual cells explains a spe-
cific feature of emergent colony structure. We refer the reader to the Further
Reading for details and insights from such a dialogue.

19.3 Defects in Active Nematics

In Section 2.4 (p. 52) we saw the physical necessity and biological significance
of topological defects in the regeneration of hydra. That was our first hint of
the role of topological defects in the self-organization of biological systems at
many scales, whether of actin filaments in thin layers near the surface of a cell
or the orientations of cells in epithelial tissues. Indeed, active nematic agents
result in the emergence of these new kinematic structures known as topological
defects. These defects carry “charges,” which can be computed as shown in
Figure 19.16. The idea is that we add up the angular accumulation or deficit
as we traverse a closed path around the defect core, an idea that is implemented
mathematically as

m =
1

2⇡

I

C
d✓ (19.84)

where as seen in the figure, the angle ✓ provides the orientation of the director
field at each point along the circular contour we traverse around the defect. As
shown in the figure, the key concept is to relate the orientation of the director
✓ with the angular position ↵ as we traverse a closed loop around the defect.
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Figure 19.16: Orientational ordering defects in active matter systems. (A)
Schematic of the director field in the vicinity of defects. (B) Orientation of
the director field at di↵erent points around a defect core. (C) Variation of the
orientation ✓ as a function of the angular position ↵ as a contour is traced
around the defect core. (D) Computing the topological charge as a line integral
encircling the defect core.

Topological charge

Nematic order parameters Topological charge in a tissue

Christina Hueschen and Rob Phillips. The restless cell, in press

Cultured myoblasts
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shape evolution. As previously observed42, C2C12 cells cultured 
at high-passage numbers were unable to differentiate (Extended 
Data Fig. 9a). In this case, cellular mounds grew further in height, 
forming cylindrical protrusions up to hundreds of micrometres 
(Fig. 6b and Extended Data Figs. 9b and 10a).

The stability of these large multicellular structures was strictly 
dependent on confinement as degradation of the surrounding  

non-adhesive coating induced the protrusions to collapse 
(Supplementary Video 10). Other confinement geometries, namely 
squares and triangles, topologically equivalent to a disc, also led to 
the growth of cylindrical protrusions (Fig. 6c). After 6 days, larger 
confinement sizes also led to the formation of mounds, which were 
flatter for bigger confinements and organized around integer topo-
logical defects (Extended Data Fig. 10b–d). Furthermore, in our 
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• Topological defects in polarity field is linked to chiral symmetry breaking

P. Guillemat et al. K. Kruse and A. Roux. 
Nature Materials. 21: 588–597 (2022)

• Integer topological defects organize stresses driving tissue morphogenesis 

Tzer Han Tan et al, A. Grapin-Botton and F. Jülicher. biorxiv 
https://doi.org/10.1101/2022.09.29.510101
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Figure 1: Distinct rotational dynamics in pancreas spheres. a, Experimental setup: pan-
creas progenitor cells form single layer epithelial spheres when cultured in Matrigel.
b, Mercator projection of the apical surface of a pancreas sphere. c, Schematic defin-
ing the angular conventions: � denotes azimuthal angle, ✓ the polar angle and  the
angular change of rotation axis. d, Surface velocity of a rotating sphere as measured
by particle image velocimetry (PIV). e, Surface velocity of a rotating sphere as a
function of polar angle ✓. f-g, Rotational dynamics that pancreas spheres exhibit
in the short (f) and long (g) term. The first row shows a schematic for the type of
rotational dynamics. The second row shows the angular position of the rotation axis
as a function of time in the (✓,�) polar plot. The third row shows the magnitude of
the angular velocity and the rotational axis angular change. We show a representative
case for each type of dynamics here. Additional data is included in SI Fig. 1.

Solid and flowing regimes of active vertex model90

These various forms of dynamics appear within the same culture condition, suggesting that an91

underlying biophysical mechanism is responsible for the observed types of dynamics and transi-92

tions between them. To identify this mechanism, we developed a mechanical model of pancreas93
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angular change of rotation axis. d, Surface velocity of a rotating sphere as measured
by particle image velocimetry (PIV). e, Surface velocity of a rotating sphere as a
function of polar angle ✓. f-g, Rotational dynamics that pancreas spheres exhibit
in the short (f) and long (g) term. The first row shows a schematic for the type of
rotational dynamics. The second row shows the angular position of the rotation axis
as a function of time in the (✓,�) polar plot. The third row shows the magnitude of
the angular velocity and the rotational axis angular change. We show a representative
case for each type of dynamics here. Additional data is included in SI Fig. 1.

Solid and flowing regimes of active vertex model90

These various forms of dynamics appear within the same culture condition, suggesting that an91

underlying biophysical mechanism is responsible for the observed types of dynamics and transi-92

tions between them. To identify this mechanism, we developed a mechanical model of pancreas93
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• Emergent chirality in active solid rotation of pancreas spheres  

• Asters and spirals form around integer topological defects in cultured myoblasts
• Stresses accumulate at integer topological defects
• Mounds and spirals in 3D emerge
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Popkova A, Rauzi M and Wang X. Front. Cell Dev. Biol. 9:645235. doi: 10.3389/fcell.2021.645235  (2021)
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Popkova et al. Molecular Corsets Drive Tissue Elongation

FIGURE 1 | Egg chamber rotation and planar cell polarity during Drosophila oogenesis. (A) Schematic diagram illustrating Drosophila ovary, composed of 15–20
ovarioles. Each ovariole is composed of a string of egg chambers at different developmental stages. (B) Schematic diagram illustrating egg chamber morphology at
stages 5–8. FC, follicle cells; NC, nurse cells; oocyte in yellow. Anterior-posterior (AP) and Dorsal-ventral (DV) axes are indicated. Green arrows mark the direction of
tissue expansion, and blue arrows mark the corset-restrictive forces. The egg chambers expand their volume from early to late stages. With the corset-restrictive
forces, the egg elongates along the AP-axis during their expansion processes. (C) Schematic representation of the cross-sections of egg chamber at stages 5–8.
Arrows indicate the sense of tissue rotation. (D) Schematic representation of the molecular corsets at stage 5–8. The molecular corsets are composed of parallel
fibrillary ECM at the BM and parallel actin bundles at the basal domain of follicular epithelial cells. (E) Schematic diagram showing the mechanisms driving tissue
rotation and planar cell polarity during Drosophila oogenesis.

(Popkova et al., 2020). How are polarized sca�olds formed?
More precisely, how do actin bundles and ECM fibrils
align? Actin bundle alignment is pre-established at very
early stages of oogenesis (region 2b) (Chen et al., 2016) and

the controlling factors are not known. In contrast, ECM
fibril formation takes place between S2 and S8 via an
atypical mechanism based on egg chamber polarized rotation
around the AP axis.
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rotation and planar cell polarity during Drosophila oogenesis.

(Popkova et al., 2020). How are polarized sca�olds formed?
More precisely, how do actin bundles and ECM fibrils
align? Actin bundle alignment is pre-established at very
early stages of oogenesis (region 2b) (Chen et al., 2016) and

the controlling factors are not known. In contrast, ECM
fibril formation takes place between S2 and S8 via an
atypical mechanism based on egg chamber polarized rotation
around the AP axis.
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tissue expansion, and blue arrows mark the corset-restrictive forces. The egg chambers expand their volume from early to late stages. With the corset-restrictive
forces, the egg elongates along the AP-axis during their expansion processes. (C) Schematic representation of the cross-sections of egg chamber at stages 5–8.
Arrows indicate the sense of tissue rotation. (D) Schematic representation of the molecular corsets at stage 5–8. The molecular corsets are composed of parallel
fibrillary ECM at the BM and parallel actin bundles at the basal domain of follicular epithelial cells. (E) Schematic diagram showing the mechanisms driving tissue
rotation and planar cell polarity during Drosophila oogenesis.

(Popkova et al., 2020). How are polarized sca�olds formed?
More precisely, how do actin bundles and ECM fibrils
align? Actin bundle alignment is pre-established at very
early stages of oogenesis (region 2b) (Chen et al., 2016) and

the controlling factors are not known. In contrast, ECM
fibril formation takes place between S2 and S8 via an
atypical mechanism based on egg chamber polarized rotation
around the AP axis.
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• Egg chamber morphogenesis in Drosophila

• The egg grows and elongates. 

• Egg elongation requires active remodeling by the surrounding epithelium
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Nurse cells (NC)

Collective motility and Tissue rotation in vivo
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.

25 FEBRUARY 2011 VOL 331 SCIENCE www.sciencemag.org1072

REPORTS • Egg chamber rotation occurs simultaneously with elongation

• Egg chamber rotation 
has no predetermined 
orientation

• The follicular epithelium 
rotates together with 
the egg and nurse cells

atypical cadherin Fat2 and the receptor tyrosine phosphatase
leukocyte antigen related (Lar) (Bateman et al., 2001; Frydman
and Spradling, 2001; Gutzeit et al., 1991; Viktorinova et al.,
2009). Fat2 (also known as Kugelei) shows a planar polarized
distribution at the basal surface, such that it is present on cell-
cell interfaces roughly perpendicular to the direction of tissue
motility, and is absent from the lateral cell-cell interfaces (Viktor-
inova et al., 2009) (Figure 1H). It was later shown that this local-
ization corresponds to each cell’s trailing edge and that Fat2 is
required for collective follicle cell migration (Cetera et al., 2014;
Chen et al., 2016; Viktorinová and Dahmann, 2013). A recent
model proposed that Fat2 promotes epithelial motility by stimu-
lating the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016); however, how this model fits
with Fat2’s trailing edge localization is unclear. Lar is planar
polarized at the basal epithelial surface similar to Fat2 (Bateman
et al., 2001) (Figure 1I), and Lar has also been proposed to stim-
ulate the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016). However, Lar’s sub-cellular
localization (i.e., leading edge versus trailing edge) and role in
epithelial motility are less well defined. Whether Fat2 and Lar
work together to control the formation of leading edge protru-
sions is also unknown.

Here we show that Fat2 and Lar participate in a planar signaling
system that coordinates leading and trailing edge dynamics be-
tween migrating epithelial cells. First we show that Lar’s planar
polarized distribution corresponds to each cell’s leading edge
and that Lar is required for epithelial migration. We then show
that, contrary to the current model, Fat2’s role in protrusion for-
mation is non-cell-autonomous. Specifically, Fat2 signals from
the trailing edge of each cell to induce the formation of leading
edge protrusions in the cell directly behind, in part by stabilizing
Lar at the leading edge of this cell. Finally, we introduce a role
for Fat2 and Lar in the control of trailing edge retraction by
showing that Lar signals from the leading edge of each cell to
stimulate the retraction in the cell directly ahead and that Fat2
plays a cell-autonomous role in this process. Altogether, this
work defines a key mechanism driving epithelial migration and
establishes a new paradigm for planar cell-cell signaling.

RESULTS

Lar Promotes Epithelial Migration and Localizes to Each
Cell’s Leading Edge
To investigate whether Fat2 and Lar participate in a planar
signaling system controlling epithelial migration, we first needed
to better define Lar’s role in this process. Live imaging revealed
that Lar null epithelia show a fully penetrant yet variable defect in
their motility (Figures 2A–2D and S1A–S1C, Table S1, and Movie
S1). We defined a Lar epithelium as being ‘‘non-migratory’’ if it
had a migration rate that was less than that of the fastest rate
obtained for a fat2 null epithelium in the same experiment (i.e.,

Figure 1. The Developmental Context for the Migration of the Follic-
ular Epithelium
(A and B) Illustrations showing a migrating epithelium from basal (A) and side

(B) views. Protrusion size has been exaggerated in (B) to increase visibility.

(C) Micrograph of a developmental array of egg chambers, highlighting the

period when rotation (arrows) occurs.

(D) Illustration of a central sagittal section through an egg chamber.

(E) Illustration of a central transverse section through an egg chamber. During

their migration (arrow), the follicular epithelial cells crawl along the basement

membrane, which remains stationary.

(F) Illustration of the basal surfaceof the follicularepithelium. Duringmigration, the

actincytoskeleton isplanar polarized, withstressfibers oriented in thedirectionof

movement and leading edge protrusions oriented orthogonally (arrows).

(G) Micrograph of actin-based structures at the basal surface of the follicular

epithelium at stage 7. A single cell is highlighted. The direction of migration is

down, as determined by the orientation of leading edge protrusions.

(H and I) Micrographs showing planar polarization of Fat2-3xGFP (H) and Lar (I)

at the basal surface at stage 7.

Scale bars, 10 mm.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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• The follicular epithelium 
rotates but the outer 
extracellular matrix layer 
composed of Collagen IV is 
a static substratum

Epithelium rotation

ECM (collagen IV-GFP) and Epithelium (Red)

Collective motility and Tissue rotation in vivo



44
Thomas LECUIT   2022-2023

Saori L. Haigo and David Bilder 
Science 331, 1071 (2011) 

What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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• Integrins and Collagen-IV 
are both required for:

— Egg chamber Elongation

— And Rotation

Egg chamber Elongation

What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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Fig. 2. mys or vkg mosaic follicles do not undergo polarized rotation and do not elongate. (A to D)
Follicles with epithelial clones of mys or vkg (GFP-negative) show shape defects during rotation. mys
mutant follicles (B) are rounder from stage 5; vkg mutant follicles (C) are rounder from stage 8. AR is
displayed in (D). Asterisks indicate P < 0.05. (E to G) Round follicles with mys (F) and vkg (G) clones are
defective in rotation compared to control (E). WT cells are shown as green intracellular, Indy-GFP, as green
membrane; tracked cells are pseudocolored red. (H) Percentage of follicles undergoing polarized, off-axis,
or no rotation from live imaging. Scale bars in (A to C), 100 mm; (E to G), 25 mm.
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Fig. 1. Follicle rotation coincides
with elongation of the Drosophila
egg. Anterior is left unless other-
wise noted. Graphs report means T
SD. (A) Follicles elongate along the
A-P axis during oogenesis. Collagen

IV–GFP (green), F-actin (red), and DNA (cyan). (B) Follicle aspect ratio (AR) quantification reveals that
elongation occurs primarily between stages 5 and 9. AU, arbitrary units. Solid blue line indicates stages
during which polarized rotation is observed. (C) Tracking of follicle cells (white and yellow dots,
arrowheads) and germline nuclei (red; blue asterisks, arrows) rotate together. Note that the stage 9 follicle
does not rotate. (D) Follicle cells (red; tracked cells outlined in blue) move against static collagen IV–GFP
fibrils (green, arrowheads). Scale bars in (A), 100 mm; (C), 50 mm; (D), 10 mm.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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mys: gene encoding ß-integrin

vkg: gene encoding Collagen-IV

Similar defects are observed following 
collagenase treatment

• Integrin adhesion and ECM are required for tissue rotation

Collective motility and Tissue rotation in vivo
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• Tissue rotation orients the secreted ECM in a circumferential molecular corset

• Collagen-IV forms polarized fibrils around 
the circumference of rotating egg 
chamber

4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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• When Integrins are absent and tissue rotation blocked, the collagen fibrils are no longer polarized.

4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
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(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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• Collagen is deposited by the rotating tissue

Collective motility and Tissue rotation in vivo
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During development, tissue morphogenesis requires precise
coordination of individual cell behaviours and reciprocal
interactions between cells and their extracellular matrix.

The Drosophila egg chamber provides a highly amenable system
to identify molecular mechanisms underlying changes in tissue
and organ shape1. Egg chambers are multicellular structures
within the fly ovary that will each give rise to a single egg. They
are composed of a germ cell cluster surrounded by an epithelial
layer of follicle cells. The basal surface of the epithelium is in
contact with a basement membrane extracellular matrix, which
encapsulates the egg chamber (Fig. 1a,b). Egg chambers are
assembled in an anterior ovarian region known as the germarium
and are then organized into a developmental array called an
ovariole (Fig. 1a). Each egg chamber progresses through 14
developmental stages before forming an egg.

Although initially spherical, egg chambers lengthen along
their anterior–posterior axes as they mature (Fig. 1a)2–4. This
morphogenesis begins at stage five and depends on a precise
organization of the basal epithelial surface, in which parallel
arrays of actin bundles within the cells and fibril-like structures in
the adjacent basement membrane align perpendicular to the
elongation axis (Fig. 1c)5,6. This circumferential arrangement of
structural molecules is thought to act as a ‘molecular corset’ that
directionally biases egg chamber growth towards the poles, as
mutations that disrupt this pattern lead to the production of
round rather than elongated eggs6–12. Elongation also depends on
an intriguing collective cellular motion, in which the entire egg
chamber rotates perpendicular to the anterior–posterior axis
within its surrounding basement membrane (Fig. 1d)10.

The discovery that egg chamber elongation depends on
rotation has led to two major challenges in understanding this
system. The first is to determine the mechanisms underlying
individual follicle cell motility. The second is to determine the
relationship between the rotational motion and the morphogen-
esis itself. There is compelling evidence that rotation builds the
polarized basement membrane associated with the molecular
corset10. However, the relationship between rotation and the
actin-based component of the corset, the basal actin bundles,
remains unknown.

The tissue-level organization of the basal actin bundles has
been reported to fluctuate during the early stages of egg chamber

development. The actin bundles first show a circumferential
arrangement within the follicle cell precursors in the germarium9.
However, this early tissue-level organization was reported to be
lost on egg chamber formation, such that the basal actin bundles
were still aligned within individual cells, but their global
orientation was perturbed. The tissue-level alignment of the
basal actin bundles was then thought to re-emerge at stage five,
concurrent with the time that rotation and basement membrane
polarization were reported to begin9,10. Recent work has shown
that when rotation ends at stage nine, the actin bundles undergo
oscillating, Myosin II-mediated contractions to produce a
circumferentially constrictive force around the egg chamber to
further elongate the tissue13.

Here we show that egg chamber rotation is driven by
lamellipodial protrusions at each follicle cell’s leading edge. We
further show that rotation begins much earlier than previously
reported, and that this motion is required for the tissue-level
alignment of the basal actin bundles. By blocking rotation at
discrete time points and employing a new quantitative method to
characterize actin organization, we find that the actin-based
component of the molecular corset is built in three steps. Global
actin bundle alignment is first established among the follicle cell
precursors in the germarium9. Contrary to previous reports,
however, the tissue-level actin pattern is maintained by egg
chamber rotation during stages one through five. Starting at stage
six, rotation becomes dispensable for tissue-level actin bundle
alignment. This change coincides with basement membrane
polarization, which suggests that interactions between the basal
actin bundles and the fibrillar matrix may stabilize the corset
pattern. This work sheds light on the cellular mechanisms that
drive egg chamber rotation and demonstrates how collective
cell migration can be harnessed to build a tissue-level actin
organization required for organ morphogenesis.

Results
Follicle cells have leading edge filopodia and lamellipodia. To
elucidate the cellular mechanisms underlying egg chamber rota-
tion, we first investigated the composition of the actin cytoske-
leton at the basal surface of the follicular epithelium. In addition
to the parallel arrays of actin bundles, previous reports have
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Figure 1 | Overview of key concepts in egg chamber elongation. (a) Illustration of an ovariole, a developmental array of egg chambers. Egg chambers
are spherical when they bud from the germarium and then lengthen along their anterior–posterior axes as they develop. (b) Blowup of the boxed region in a
highlighting the apical–basal axis of the follicle cell epithelium. (c) The ‘molecular corset’ consists of parallel arrays of actin bundles at the basal
epithelial surface (stage nine) and fibril-like structures in the adjacent basement membrane (stage seven). Laser-scanning confocal images. Scale bar,
10mm. (d) Transverse section through a stage seven egg chamber, as shown by the dashed line in a. The egg chamber rotates within the surrounding
basement membrane (illustration adapted from ref. 32).
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During development, tissue morphogenesis requires precise
coordination of individual cell behaviours and reciprocal
interactions between cells and their extracellular matrix.

The Drosophila egg chamber provides a highly amenable system
to identify molecular mechanisms underlying changes in tissue
and organ shape1. Egg chambers are multicellular structures
within the fly ovary that will each give rise to a single egg. They
are composed of a germ cell cluster surrounded by an epithelial
layer of follicle cells. The basal surface of the epithelium is in
contact with a basement membrane extracellular matrix, which
encapsulates the egg chamber (Fig. 1a,b). Egg chambers are
assembled in an anterior ovarian region known as the germarium
and are then organized into a developmental array called an
ovariole (Fig. 1a). Each egg chamber progresses through 14
developmental stages before forming an egg.
Although initially spherical, egg chambers lengthen along

their anterior–posterior axes as they mature (Fig. 1a)2–4. This
morphogenesis begins at stage five and depends on a precise
organization of the basal epithelial surface, in which parallel
arrays of actin bundles within the cells and fibril-like structures in
the adjacent basement membrane align perpendicular to the
elongation axis (Fig. 1c)5,6. This circumferential arrangement of
structural molecules is thought to act as a ‘molecular corset’ that
directionally biases egg chamber growth towards the poles, as
mutations that disrupt this pattern lead to the production of
round rather than elongated eggs6–12. Elongation also depends on
an intriguing collective cellular motion, in which the entire egg
chamber rotates perpendicular to the anterior–posterior axis
within its surrounding basement membrane (Fig. 1d)10.

The discovery that egg chamber elongation depends on
rotation has led to two major challenges in understanding this
system. The first is to determine the mechanisms underlying
individual follicle cell motility. The second is to determine the
relationship between the rotational motion and the morphogen-
esis itself. There is compelling evidence that rotation builds the
polarized basement membrane associated with the molecular
corset10. However, the relationship between rotation and the
actin-based component of the corset, the basal actin bundles,
remains unknown.
The tissue-level organization of the basal actin bundles has

been reported to fluctuate during the early stages of egg chamber

development. The actin bundles first show a circumferential
arrangement within the follicle cell precursors in the germarium9.
However, this early tissue-level organization was reported to be
lost on egg chamber formation, such that the basal actin bundles
were still aligned within individual cells, but their global
orientation was perturbed. The tissue-level alignment of the
basal actin bundles was then thought to re-emerge at stage five,
concurrent with the time that rotation and basement membrane
polarization were reported to begin9,10. Recent work has shown
that when rotation ends at stage nine, the actin bundles undergo
oscillating, Myosin II-mediated contractions to produce a
circumferentially constrictive force around the egg chamber to
further elongate the tissue13.

Here we show that egg chamber rotation is driven by
lamellipodial protrusions at each follicle cell’s leading edge. We
further show that rotation begins much earlier than previously
reported, and that this motion is required for the tissue-level
alignment of the basal actin bundles. By blocking rotation at
discrete time points and employing a new quantitative method to
characterize actin organization, we find that the actin-based
component of the molecular corset is built in three steps. Global
actin bundle alignment is first established among the follicle cell
precursors in the germarium9. Contrary to previous reports,
however, the tissue-level actin pattern is maintained by egg
chamber rotation during stages one through five. Starting at stage
six, rotation becomes dispensable for tissue-level actin bundle
alignment. This change coincides with basement membrane
polarization, which suggests that interactions between the basal
actin bundles and the fibrillar matrix may stabilize the corset
pattern. This work sheds light on the cellular mechanisms that
drive egg chamber rotation and demonstrates how collective
cell migration can be harnessed to build a tissue-level actin
organization required for organ morphogenesis.

Results
Follicle cells have leading edge filopodia and lamellipodia. To
elucidate the cellular mechanisms underlying egg chamber rota-
tion, we first investigated the composition of the actin cytoske-
leton at the basal surface of the follicular epithelium. In addition
to the parallel arrays of actin bundles, previous reports have
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Figure 1 | Overview of key concepts in egg chamber elongation. (a) Illustration of an ovariole, a developmental array of egg chambers. Egg chambers
are spherical when they bud from the germarium and then lengthen along their anterior–posterior axes as they develop. (b) Blowup of the boxed region in a
highlighting the apical–basal axis of the follicle cell epithelium. (c) The ‘molecular corset’ consists of parallel arrays of actin bundles at the basal
epithelial surface (stage nine) and fibril-like structures in the adjacent basement membrane (stage seven). Laser-scanning confocal images. Scale bar,
10mm. (d) Transverse section through a stage seven egg chamber, as shown by the dashed line in a. The egg chamber rotates within the surrounding
basement membrane (illustration adapted from ref. 32).
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Popkova et al. Molecular Corsets Drive Tissue Elongation

FIGURE 1 | Egg chamber rotation and planar cell polarity during Drosophila oogenesis. (A) Schematic diagram illustrating Drosophila ovary, composed of 15–20
ovarioles. Each ovariole is composed of a string of egg chambers at different developmental stages. (B) Schematic diagram illustrating egg chamber morphology at
stages 5–8. FC, follicle cells; NC, nurse cells; oocyte in yellow. Anterior-posterior (AP) and Dorsal-ventral (DV) axes are indicated. Green arrows mark the direction of
tissue expansion, and blue arrows mark the corset-restrictive forces. The egg chambers expand their volume from early to late stages. With the corset-restrictive
forces, the egg elongates along the AP-axis during their expansion processes. (C) Schematic representation of the cross-sections of egg chamber at stages 5–8.
Arrows indicate the sense of tissue rotation. (D) Schematic representation of the molecular corsets at stage 5–8. The molecular corsets are composed of parallel
fibrillary ECM at the BM and parallel actin bundles at the basal domain of follicular epithelial cells. (E) Schematic diagram showing the mechanisms driving tissue
rotation and planar cell polarity during Drosophila oogenesis.

(Popkova et al., 2020). How are polarized sca�olds formed?
More precisely, how do actin bundles and ECM fibrils
align? Actin bundle alignment is pre-established at very
early stages of oogenesis (region 2b) (Chen et al., 2016) and

the controlling factors are not known. In contrast, ECM
fibril formation takes place between S2 and S8 via an
atypical mechanism based on egg chamber polarized rotation
around the AP axis.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 March 2021 | Volume 9 | Article 645235

• Hypothesis: A molecular corset constrains egg growth along the antero-posterior axis

• The corset comprises actin 
filaments and Collagen IV, yet 
actin is dispensable for egg 
elongation, but Collagen is 
required

4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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Fig. 3. A polarized fibrillar collagen IV matrix is built during follicle rotation.
(A to F) Length and density of collagen IV fibrils increase during follicle rotation.
Collagen IV–GFP (green) puncta at stage 4 (A) mature into polarized fibrils
(B to E). (F) Collagen fibrils orient perpendicular to the A-P axis. (G) Strategy to create

RFP-marked follicle cells producing collagen IV–GFP in genetic mosaics. Source
cells distributed across the A-P axis (H) produce a uniform distribution of collagen-
GFP fibrils, whereas posteriorly restricted source cells (I) produce only posterior
labeled fibrils in stage 8 follicles. Scale bars in (A to E), 5 mm; (H to I), 25 mm.

Fig. 4. A polarized fibrillar col-
lagen IV matrix maintains follicle
shape. (A to C) Acute drug treat-
ment of elongated stage 12 fol-
licles. Collagenase (C), but not
latrunculin A (B), perturbs follicle
shape, quantified in (D). (E to J)
The Collagen IV matrix (green) is
present but disorganized in round
mys mutant follicles [compare
(E) with Fig. 3C]. Fibrils normal-
ly elongated in WT (F) fail to
elongate in mys mutants (G);
largest fibril shapes quantified
in (H). (I and J) Collagen fibril
orientation is lost inmysmutant
follicles. Double asterisks indicate
P < 0.01; triple asterisks indicate
P << 0.001. Scale bars in (A to
C), 100 mm; (E), 10 mm; (F to
G), 3 mm.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).
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morphogenetic movement that elongates a de-
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migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
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and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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identified a series of actin-based protrusions14,15. To determine
whether the protrusions correspond to each follicle cell’s leading
edge, we clonally expressed a fluorescently labelled actin-binding
protein, Moesin ABD, and analysed egg chambers during stages
six through eight. This labelling shows that actin-rich protrusions
are uniformly restricted to one side of each cell (Fig. 2a).
Furthermore, live imaging performed during the same
stages reveals that membrane projections extend in the same
direction as epithelial movement, indicating that they
correspond to each migrating cell’s leading edge (Fig. 2b and
Supplementary Movie 1).
Migrating cells typically have two types of actin-based

protrusions at their leading edges that drive forward motility,
filopodia and lamellipodia16,17. To determine whether both of
these structures are present at the basal follicle cell surfaces, we
stained for their characteristic markers. Enabled/VASP (Ena) is
an actin-binding protein required for filopodia formation18.
This protein localizes in a punctate pattern at the edge of
the protrusions, consistent with localization to filopodial tips

(Fig. 2c). The SCAR/Wave complex is an activator of the actin
nucleator Arp2/3, which is required to produce the dynamic
branched actin network of the lamellipodium16,17. SCAR localizes
broadly across the leading edge of each follicle cell, consistent
with localization to lamellipodial structures (Fig. 2d). Depletion of
Ena changes protrusion morphology by eliminating the finger-
like, filopodial actin structures (Supplementary Figs 1a and 2a).
Under these conditions, SCAR still preferentially localizes to each
follicle cell’s leading edge (Supplementary Fig. 1b). In contrast,
loss of SCAR or depletion of the SCAR complex component
Abelson interacting protein (Abi) eliminates all actin-based
protrusions in a cell-autonomous manner, as well as the leading
edge localization of Ena and SCAR (Fig. 2e,f and Supplementary
Fig. 1c). Thus, the protrusive edge of each follicle cell contains
both lamellipodia and filopodia.
We next focused on the composition of the basal actin bundles

and their relationship to the leading edge protrusions. We
observed that non-muscle Myosin II and the focal adhesion
component Paxillin localize along the length of the basal actin
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Figure 2 | Filopodia and lamellipodia form the leading edge of each migrating follicle cell. Laser-scanning confocal images were taken at the
basal surface of stage seven and eight egg chambers. Scale bars, 10mm. (a) The actin-binding domain of Moesin (MoeABD mCherry) was expressed in a
clone of follicle cells (red) and the total F-actin population was labelled with phalloidin (green). Protrusions extend from only one side of each cell (yellow
arrow) and not the other (green arrow). (b) Neuroglian (Nrg) and I’m not dead yet (Indy) GFP protein traps were used to visualize follicle cell membranes.
Live imaging shows that membrane protrusions extend at the leading edge of the follicle cells. A single leading edge is indicated by the yellow arrow
at 0 and 10min. The arrows show that the protrusive activity and migration both occur in a downward direction. (c) Endogenous Ena localizes to the tips of
filopodia. (d) Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the lamellipodia. (e) In a SCARD37 mosaic egg
chamber, the leading actin networks underlying the protrusions are absent in follicle cells lacking SCAR (white arrows). Control cells (blue) maintain SCAR
localization with the leading edge protrusions (yellow arrow). (f) Clonal expression of Abi RNAi (blue) also eliminates SCAR enrichment and protrusions
at the leading edge.
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identified a series of actin-based protrusions14,15. To determine
whether the protrusions correspond to each follicle cell’s leading
edge, we clonally expressed a fluorescently labelled actin-binding
protein, Moesin ABD, and analysed egg chambers during stages
six through eight. This labelling shows that actin-rich protrusions
are uniformly restricted to one side of each cell (Fig. 2a).
Furthermore, live imaging performed during the same
stages reveals that membrane projections extend in the same
direction as epithelial movement, indicating that they
correspond to each migrating cell’s leading edge (Fig. 2b and
Supplementary Movie 1).
Migrating cells typically have two types of actin-based

protrusions at their leading edges that drive forward motility,
filopodia and lamellipodia16,17. To determine whether both of
these structures are present at the basal follicle cell surfaces, we
stained for their characteristic markers. Enabled/VASP (Ena) is
an actin-binding protein required for filopodia formation18.
This protein localizes in a punctate pattern at the edge of
the protrusions, consistent with localization to filopodial tips

(Fig. 2c). The SCAR/Wave complex is an activator of the actin
nucleator Arp2/3, which is required to produce the dynamic
branched actin network of the lamellipodium16,17. SCAR localizes
broadly across the leading edge of each follicle cell, consistent
with localization to lamellipodial structures (Fig. 2d). Depletion of
Ena changes protrusion morphology by eliminating the finger-
like, filopodial actin structures (Supplementary Figs 1a and 2a).
Under these conditions, SCAR still preferentially localizes to each
follicle cell’s leading edge (Supplementary Fig. 1b). In contrast,
loss of SCAR or depletion of the SCAR complex component
Abelson interacting protein (Abi) eliminates all actin-based
protrusions in a cell-autonomous manner, as well as the leading
edge localization of Ena and SCAR (Fig. 2e,f and Supplementary
Fig. 1c). Thus, the protrusive edge of each follicle cell contains
both lamellipodia and filopodia.
We next focused on the composition of the basal actin bundles

and their relationship to the leading edge protrusions. We
observed that non-muscle Myosin II and the focal adhesion
component Paxillin localize along the length of the basal actin
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Figure 2 | Filopodia and lamellipodia form the leading edge of each migrating follicle cell. Laser-scanning confocal images were taken at the
basal surface of stage seven and eight egg chambers. Scale bars, 10mm. (a) The actin-binding domain of Moesin (MoeABD mCherry) was expressed in a
clone of follicle cells (red) and the total F-actin population was labelled with phalloidin (green). Protrusions extend from only one side of each cell (yellow
arrow) and not the other (green arrow). (b) Neuroglian (Nrg) and I’m not dead yet (Indy) GFP protein traps were used to visualize follicle cell membranes.
Live imaging shows that membrane protrusions extend at the leading edge of the follicle cells. A single leading edge is indicated by the yellow arrow
at 0 and 10min. The arrows show that the protrusive activity and migration both occur in a downward direction. (c) Endogenous Ena localizes to the tips of
filopodia. (d) Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the lamellipodia. (e) In a SCARD37 mosaic egg
chamber, the leading actin networks underlying the protrusions are absent in follicle cells lacking SCAR (white arrows). Control cells (blue) maintain SCAR
localization with the leading edge protrusions (yellow arrow). (f) Clonal expression of Abi RNAi (blue) also eliminates SCAR enrichment and protrusions
at the leading edge.
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identified a series of actin-based protrusions14,15. To determine
whether the protrusions correspond to each follicle cell’s leading
edge, we clonally expressed a fluorescently labelled actin-binding
protein, Moesin ABD, and analysed egg chambers during stages
six through eight. This labelling shows that actin-rich protrusions
are uniformly restricted to one side of each cell (Fig. 2a).
Furthermore, live imaging performed during the same
stages reveals that membrane projections extend in the same
direction as epithelial movement, indicating that they
correspond to each migrating cell’s leading edge (Fig. 2b and
Supplementary Movie 1).
Migrating cells typically have two types of actin-based

protrusions at their leading edges that drive forward motility,
filopodia and lamellipodia16,17. To determine whether both of
these structures are present at the basal follicle cell surfaces, we
stained for their characteristic markers. Enabled/VASP (Ena) is
an actin-binding protein required for filopodia formation18.
This protein localizes in a punctate pattern at the edge of
the protrusions, consistent with localization to filopodial tips

(Fig. 2c). The SCAR/Wave complex is an activator of the actin
nucleator Arp2/3, which is required to produce the dynamic
branched actin network of the lamellipodium16,17. SCAR localizes
broadly across the leading edge of each follicle cell, consistent
with localization to lamellipodial structures (Fig. 2d). Depletion of
Ena changes protrusion morphology by eliminating the finger-
like, filopodial actin structures (Supplementary Figs 1a and 2a).
Under these conditions, SCAR still preferentially localizes to each
follicle cell’s leading edge (Supplementary Fig. 1b). In contrast,
loss of SCAR or depletion of the SCAR complex component
Abelson interacting protein (Abi) eliminates all actin-based
protrusions in a cell-autonomous manner, as well as the leading
edge localization of Ena and SCAR (Fig. 2e,f and Supplementary
Fig. 1c). Thus, the protrusive edge of each follicle cell contains
both lamellipodia and filopodia.
We next focused on the composition of the basal actin bundles

and their relationship to the leading edge protrusions. We
observed that non-muscle Myosin II and the focal adhesion
component Paxillin localize along the length of the basal actin
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Figure 2 | Filopodia and lamellipodia form the leading edge of each migrating follicle cell. Laser-scanning confocal images were taken at the
basal surface of stage seven and eight egg chambers. Scale bars, 10mm. (a) The actin-binding domain of Moesin (MoeABD mCherry) was expressed in a
clone of follicle cells (red) and the total F-actin population was labelled with phalloidin (green). Protrusions extend from only one side of each cell (yellow
arrow) and not the other (green arrow). (b) Neuroglian (Nrg) and I’m not dead yet (Indy) GFP protein traps were used to visualize follicle cell membranes.
Live imaging shows that membrane protrusions extend at the leading edge of the follicle cells. A single leading edge is indicated by the yellow arrow
at 0 and 10min. The arrows show that the protrusive activity and migration both occur in a downward direction. (c) Endogenous Ena localizes to the tips of
filopodia. (d) Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the lamellipodia. (e) In a SCARD37 mosaic egg
chamber, the leading actin networks underlying the protrusions are absent in follicle cells lacking SCAR (white arrows). Control cells (blue) maintain SCAR
localization with the leading edge protrusions (yellow arrow). (f) Clonal expression of Abi RNAi (blue) also eliminates SCAR enrichment and protrusions
at the leading edge.
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identified a series of actin-based protrusions14,15. To determine
whether the protrusions correspond to each follicle cell’s leading
edge, we clonally expressed a fluorescently labelled actin-binding
protein, Moesin ABD, and analysed egg chambers during stages
six through eight. This labelling shows that actin-rich protrusions
are uniformly restricted to one side of each cell (Fig. 2a).
Furthermore, live imaging performed during the same
stages reveals that membrane projections extend in the same
direction as epithelial movement, indicating that they
correspond to each migrating cell’s leading edge (Fig. 2b and
Supplementary Movie 1).

Migrating cells typically have two types of actin-based
protrusions at their leading edges that drive forward motility,
filopodia and lamellipodia16,17. To determine whether both of
these structures are present at the basal follicle cell surfaces, we
stained for their characteristic markers. Enabled/VASP (Ena) is
an actin-binding protein required for filopodia formation18.
This protein localizes in a punctate pattern at the edge of
the protrusions, consistent with localization to filopodial tips

(Fig. 2c). The SCAR/Wave complex is an activator of the actin
nucleator Arp2/3, which is required to produce the dynamic
branched actin network of the lamellipodium16,17. SCAR localizes
broadly across the leading edge of each follicle cell, consistent
with localization to lamellipodial structures (Fig. 2d). Depletion of
Ena changes protrusion morphology by eliminating the finger-
like, filopodial actin structures (Supplementary Figs 1a and 2a).
Under these conditions, SCAR still preferentially localizes to each
follicle cell’s leading edge (Supplementary Fig. 1b). In contrast,
loss of SCAR or depletion of the SCAR complex component
Abelson interacting protein (Abi) eliminates all actin-based
protrusions in a cell-autonomous manner, as well as the leading
edge localization of Ena and SCAR (Fig. 2e,f and Supplementary
Fig. 1c). Thus, the protrusive edge of each follicle cell contains
both lamellipodia and filopodia.

We next focused on the composition of the basal actin bundles
and their relationship to the leading edge protrusions. We
observed that non-muscle Myosin II and the focal adhesion
component Paxillin localize along the length of the basal actin
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Figure 2 | Filopodia and lamellipodia form the leading edge of each migrating follicle cell. Laser-scanning confocal images were taken at the
basal surface of stage seven and eight egg chambers. Scale bars, 10mm. (a) The actin-binding domain of Moesin (MoeABD mCherry) was expressed in a
clone of follicle cells (red) and the total F-actin population was labelled with phalloidin (green). Protrusions extend from only one side of each cell (yellow
arrow) and not the other (green arrow). (b) Neuroglian (Nrg) and I’m not dead yet (Indy) GFP protein traps were used to visualize follicle cell membranes.
Live imaging shows that membrane protrusions extend at the leading edge of the follicle cells. A single leading edge is indicated by the yellow arrow
at 0 and 10min. The arrows show that the protrusive activity and migration both occur in a downward direction. (c) Endogenous Ena localizes to the tips of
filopodia. (d) Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the lamellipodia. (e) In a SCARD37 mosaic egg
chamber, the leading actin networks underlying the protrusions are absent in follicle cells lacking SCAR (white arrows). Control cells (blue) maintain SCAR
localization with the leading edge protrusions (yellow arrow). (f) Clonal expression of Abi RNAi (blue) also eliminates SCAR enrichment and protrusions
at the leading edge.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6511 ARTICLE

NATURE COMMUNICATIONS | 5:5511 | DOI: 10.1038/ncomms6511 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

identified a series of actin-based protrusions14,15. To determine
whether the protrusions correspond to each follicle cell’s leading
edge, we clonally expressed a fluorescently labelled actin-binding
protein, Moesin ABD, and analysed egg chambers during stages
six through eight. This labelling shows that actin-rich protrusions
are uniformly restricted to one side of each cell (Fig. 2a).
Furthermore, live imaging performed during the same
stages reveals that membrane projections extend in the same
direction as epithelial movement, indicating that they
correspond to each migrating cell’s leading edge (Fig. 2b and
Supplementary Movie 1).

Migrating cells typically have two types of actin-based
protrusions at their leading edges that drive forward motility,
filopodia and lamellipodia16,17. To determine whether both of
these structures are present at the basal follicle cell surfaces, we
stained for their characteristic markers. Enabled/VASP (Ena) is
an actin-binding protein required for filopodia formation18.
This protein localizes in a punctate pattern at the edge of
the protrusions, consistent with localization to filopodial tips

(Fig. 2c). The SCAR/Wave complex is an activator of the actin
nucleator Arp2/3, which is required to produce the dynamic
branched actin network of the lamellipodium16,17. SCAR localizes
broadly across the leading edge of each follicle cell, consistent
with localization to lamellipodial structures (Fig. 2d). Depletion of
Ena changes protrusion morphology by eliminating the finger-
like, filopodial actin structures (Supplementary Figs 1a and 2a).
Under these conditions, SCAR still preferentially localizes to each
follicle cell’s leading edge (Supplementary Fig. 1b). In contrast,
loss of SCAR or depletion of the SCAR complex component
Abelson interacting protein (Abi) eliminates all actin-based
protrusions in a cell-autonomous manner, as well as the leading
edge localization of Ena and SCAR (Fig. 2e,f and Supplementary
Fig. 1c). Thus, the protrusive edge of each follicle cell contains
both lamellipodia and filopodia.

We next focused on the composition of the basal actin bundles
and their relationship to the leading edge protrusions. We
observed that non-muscle Myosin II and the focal adhesion
component Paxillin localize along the length of the basal actin
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Figure 2 | Filopodia and lamellipodia form the leading edge of each migrating follicle cell. Laser-scanning confocal images were taken at the
basal surface of stage seven and eight egg chambers. Scale bars, 10mm. (a) The actin-binding domain of Moesin (MoeABD mCherry) was expressed in a
clone of follicle cells (red) and the total F-actin population was labelled with phalloidin (green). Protrusions extend from only one side of each cell (yellow
arrow) and not the other (green arrow). (b) Neuroglian (Nrg) and I’m not dead yet (Indy) GFP protein traps were used to visualize follicle cell membranes.
Live imaging shows that membrane protrusions extend at the leading edge of the follicle cells. A single leading edge is indicated by the yellow arrow
at 0 and 10min. The arrows show that the protrusive activity and migration both occur in a downward direction. (c) Endogenous Ena localizes to the tips of
filopodia. (d) Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the lamellipodia. (e) In a SCARD37 mosaic egg
chamber, the leading actin networks underlying the protrusions are absent in follicle cells lacking SCAR (white arrows). Control cells (blue) maintain SCAR
localization with the leading edge protrusions (yellow arrow). (f) Clonal expression of Abi RNAi (blue) also eliminates SCAR enrichment and protrusions
at the leading edge.
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• Question: What drives collective motility during tissue rotation?

• The basal surface of follicle epithelial cells have 
protrusions at their leading edge: filopodia and 
lamelipodia

• Ena marks the tip of filopodia

• SCAR (regulator of Arp2/3 and branched 
actin nucleation) is concentrated at 
lamelipodia.

• SCAR and Abi, control actin nucleation at 
the leading edge.

M. Cetera et al. and S. Horne-Badovinac. Nature Communications. 5:5511 (2014)
(DOI: 10.1038/ncomms6511)
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bundles while being largely excluded from the leading edge
(Supplementary Fig. 1d,e). These results are consistent with
previous reports suggesting the actin bundles are contractile stress
fibres that mediate follicle cell attachment to the basement
membrane19,20.
Finally, we found that the protrusions can be separated

spatially from the basal actin bundles within an individual cell.
We have previously shown that tissue-level actin bundle
alignment can be lost in a mosaic epithelium that contains a
clone of cells lacking Misshapen kinase function11,15. Under these
conditions, leading edge protrusions can extend orthogonally to
the basal actin bundles in wild-type cells (Supplementary Fig. 1f).
Moreover, complete loss of leading edge protrusions has no effect
on the morphology or organization of the basal actin bundles
(Fig. 2e,f). Altogether, these data indicate that the protrusive actin
networks at the leading edge of each follicle cell are both
compositionally and spatially distinct from the basal actin
bundles.

SCAR-dependent lamellipodia drive egg chamber rotation. To
determine the contribution of the leading edge actin networks to
egg chamber rotation, we manipulated Ena and SCAR activity in
the follicle cells. For these experiments, we used the traffic
jam-Gal4 (tj-Gal4) driver, which is expressed in both the follicle
cell precursors and follicle cells at all developmental stages21.
Depletion of Ena throughout the epithelium by RNA inter-
ference (RNAi) eliminates filopodia from the basal surface
(Supplementary Fig. 2a,b) without disrupting rotation or egg
chamber elongation (Fig. 3a,b). In contrast, depletion of Abi
throughout the epithelium blocks egg chamber rotation (Fig. 3a
and Supplementary Movie 2). Similar to other perturbations that
block rotation10,15,22,23, Abi depletion also disrupts basement
membrane polarization, tissue-level actin bundle alignment and
egg chamber elongation (Fig. 3b–d). When Abi is removed from a
small clone of follicle cells, however, the cells that lack leading
edge protrusions are carried along by their neighbours and

rotation proceeds (Supplementary Fig. 2c and Supplementary
Movie 3). These findings show that Abi is required for egg
chamber rotation, presumably due to its role in stimulating
protrusive activity at each follicle cell’s leading edge.

Egg chamber rotation begins at stage one. Egg chamber rotation
has been reported to begin at stage five10,23. However, we observed
a polarized distribution of SCAR at the basal epithelial surface
before this stage (Fig. 4a), which suggests that rotation may begin
earlier than previously thought. Through long-term live imaging
of entire ovarioles, we determined that egg chamber rotation
begins at stage one and continues slowly through
stage five before increasing in speed at stage six (Fig. 4b,c,
Supplementary Fig. 3a and Supplementary Movie 4). These data
suggest that rotation occurs in two phases: an early slower phase
and a later faster phase. Depletion of Abi from the follicle cells
blocks the early as well as the late rotation (Supplementary
Fig. 3b). To determine whether the early motion depends on other
factors required for egg chamber rotation, we examined the
atypical cadherin Fat2, which has been previously shown to be
required for this motion at later stages23. Similar to depletion of
Abi, loss of Fat2 function also disrupts egg chamber rotation
during early stages (Supplementary Fig. 3c and Supplementary
Movie 5). Together, these data suggest that the two rotation phases
depend on similar mechanisms driving follicle cell motility.

Rotation maintains tissue-level actin bundle alignment. As egg
chamber rotation and the tissue-level alignment of the basal actin
bundles were both thought to begin at stage five, it had been
difficult to determine their order and dependence on one another.
Given the finding that rotation actually begins at stage one, we
can now investigate whether rotation plays a role in globally
aligning the actin bundles. To this end, we developed a novel
method to quantitatively assess basal actin bundle alignment
from stages one through eight in rotating and non-rotating egg
chambers.
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Figure 3 | SCAR-dependent lamellipodia promote egg chamber rotation. (a) Live imaging was used to determine the contributions of lamellipodia (Abi)
and filopodia (Ena) to follicle cell (FC) migration. Expressing Abi RNAi in all follicle cells throughout oogenesis with the traffic jam-Gal4 (tj-Gal4) driver
blocks the rotation of stage seven–eight egg chambers, whereas ena RNAi has no effect. Individual data points, mean±s.e.m., t-test: ***P! 1.7" 10# 7.
(b) Abi RNAi egg chambers fail to elongate properly beginning at stage six, whereas ena RNAi does not disrupt elongation. The aspect ratio is the length of
the egg chamber divided by its width. For stages 4–10 nZ6, stages 11–13 nZ3, stage 14 nZ25 (exact n values are in Supplementary Table 2). Data
represent mean±s.d., t-test: **Po0.003, ***Po0.0008. (c) The basement membrane fails to become polarized when rotation is blocked by Abi depletion.
Basement membrane structure is visualized using a GFP protein trap in the Collagen IV (Col IV) a2 chain, Viking (Vkg GFP). (d) Expression of
Abi RNAi with tj-Gal4 eliminates leading edge structures and disrupts the tissue-level alignment of the basal actin bundles. (c,d) Laser-scanning confocal
images of stage seven-eight egg chambers. Scale bars, 10mm.
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• SCAR and Abi are both required for 
migration of follicle epithelial cells 
and tissue rotation

• And for tissue elongation

• ENA and filopodia are dispensible 
for migration and elongation.

• Branched actin nucleation at the leading edge is required for tissue rotation 
and global tissue polarization

bundles while being largely excluded from the leading edge
(Supplementary Fig. 1d,e). These results are consistent with
previous reports suggesting the actin bundles are contractile stress
fibres that mediate follicle cell attachment to the basement
membrane19,20.
Finally, we found that the protrusions can be separated

spatially from the basal actin bundles within an individual cell.
We have previously shown that tissue-level actin bundle
alignment can be lost in a mosaic epithelium that contains a
clone of cells lacking Misshapen kinase function11,15. Under these
conditions, leading edge protrusions can extend orthogonally to
the basal actin bundles in wild-type cells (Supplementary Fig. 1f).
Moreover, complete loss of leading edge protrusions has no effect
on the morphology or organization of the basal actin bundles
(Fig. 2e,f). Altogether, these data indicate that the protrusive actin
networks at the leading edge of each follicle cell are both
compositionally and spatially distinct from the basal actin
bundles.

SCAR-dependent lamellipodia drive egg chamber rotation. To
determine the contribution of the leading edge actin networks to
egg chamber rotation, we manipulated Ena and SCAR activity in
the follicle cells. For these experiments, we used the traffic
jam-Gal4 (tj-Gal4) driver, which is expressed in both the follicle
cell precursors and follicle cells at all developmental stages21.
Depletion of Ena throughout the epithelium by RNA inter-
ference (RNAi) eliminates filopodia from the basal surface
(Supplementary Fig. 2a,b) without disrupting rotation or egg
chamber elongation (Fig. 3a,b). In contrast, depletion of Abi
throughout the epithelium blocks egg chamber rotation (Fig. 3a
and Supplementary Movie 2). Similar to other perturbations that
block rotation10,15,22,23, Abi depletion also disrupts basement
membrane polarization, tissue-level actin bundle alignment and
egg chamber elongation (Fig. 3b–d). When Abi is removed from a
small clone of follicle cells, however, the cells that lack leading
edge protrusions are carried along by their neighbours and

rotation proceeds (Supplementary Fig. 2c and Supplementary
Movie 3). These findings show that Abi is required for egg
chamber rotation, presumably due to its role in stimulating
protrusive activity at each follicle cell’s leading edge.

Egg chamber rotation begins at stage one. Egg chamber rotation
has been reported to begin at stage five10,23. However, we observed
a polarized distribution of SCAR at the basal epithelial surface
before this stage (Fig. 4a), which suggests that rotation may begin
earlier than previously thought. Through long-term live imaging
of entire ovarioles, we determined that egg chamber rotation
begins at stage one and continues slowly through
stage five before increasing in speed at stage six (Fig. 4b,c,
Supplementary Fig. 3a and Supplementary Movie 4). These data
suggest that rotation occurs in two phases: an early slower phase
and a later faster phase. Depletion of Abi from the follicle cells
blocks the early as well as the late rotation (Supplementary
Fig. 3b). To determine whether the early motion depends on other
factors required for egg chamber rotation, we examined the
atypical cadherin Fat2, which has been previously shown to be
required for this motion at later stages23. Similar to depletion of
Abi, loss of Fat2 function also disrupts egg chamber rotation
during early stages (Supplementary Fig. 3c and Supplementary
Movie 5). Together, these data suggest that the two rotation phases
depend on similar mechanisms driving follicle cell motility.

Rotation maintains tissue-level actin bundle alignment. As egg
chamber rotation and the tissue-level alignment of the basal actin
bundles were both thought to begin at stage five, it had been
difficult to determine their order and dependence on one another.
Given the finding that rotation actually begins at stage one, we
can now investigate whether rotation plays a role in globally
aligning the actin bundles. To this end, we developed a novel
method to quantitatively assess basal actin bundle alignment
from stages one through eight in rotating and non-rotating egg
chambers.
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Figure 3 | SCAR-dependent lamellipodia promote egg chamber rotation. (a) Live imaging was used to determine the contributions of lamellipodia (Abi)
and filopodia (Ena) to follicle cell (FC) migration. Expressing Abi RNAi in all follicle cells throughout oogenesis with the traffic jam-Gal4 (tj-Gal4) driver
blocks the rotation of stage seven–eight egg chambers, whereas ena RNAi has no effect. Individual data points, mean±s.e.m., t-test: ***P! 1.7" 10# 7.
(b) Abi RNAi egg chambers fail to elongate properly beginning at stage six, whereas ena RNAi does not disrupt elongation. The aspect ratio is the length of
the egg chamber divided by its width. For stages 4–10 nZ6, stages 11–13 nZ3, stage 14 nZ25 (exact n values are in Supplementary Table 2). Data
represent mean±s.d., t-test: **Po0.003, ***Po0.0008. (c) The basement membrane fails to become polarized when rotation is blocked by Abi depletion.
Basement membrane structure is visualized using a GFP protein trap in the Collagen IV (Col IV) a2 chain, Viking (Vkg GFP). (d) Expression of
Abi RNAi with tj-Gal4 eliminates leading edge structures and disrupts the tissue-level alignment of the basal actin bundles. (c,d) Laser-scanning confocal
images of stage seven-eight egg chambers. Scale bars, 10mm.
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bundles while being largely excluded from the leading edge
(Supplementary Fig. 1d,e). These results are consistent with
previous reports suggesting the actin bundles are contractile stress
fibres that mediate follicle cell attachment to the basement
membrane19,20.
Finally, we found that the protrusions can be separated

spatially from the basal actin bundles within an individual cell.
We have previously shown that tissue-level actin bundle
alignment can be lost in a mosaic epithelium that contains a
clone of cells lacking Misshapen kinase function11,15. Under these
conditions, leading edge protrusions can extend orthogonally to
the basal actin bundles in wild-type cells (Supplementary Fig. 1f).
Moreover, complete loss of leading edge protrusions has no effect
on the morphology or organization of the basal actin bundles
(Fig. 2e,f). Altogether, these data indicate that the protrusive actin
networks at the leading edge of each follicle cell are both
compositionally and spatially distinct from the basal actin
bundles.

SCAR-dependent lamellipodia drive egg chamber rotation. To
determine the contribution of the leading edge actin networks to
egg chamber rotation, we manipulated Ena and SCAR activity in
the follicle cells. For these experiments, we used the traffic
jam-Gal4 (tj-Gal4) driver, which is expressed in both the follicle
cell precursors and follicle cells at all developmental stages21.
Depletion of Ena throughout the epithelium by RNA inter-
ference (RNAi) eliminates filopodia from the basal surface
(Supplementary Fig. 2a,b) without disrupting rotation or egg
chamber elongation (Fig. 3a,b). In contrast, depletion of Abi
throughout the epithelium blocks egg chamber rotation (Fig. 3a
and Supplementary Movie 2). Similar to other perturbations that
block rotation10,15,22,23, Abi depletion also disrupts basement
membrane polarization, tissue-level actin bundle alignment and
egg chamber elongation (Fig. 3b–d). When Abi is removed from a
small clone of follicle cells, however, the cells that lack leading
edge protrusions are carried along by their neighbours and

rotation proceeds (Supplementary Fig. 2c and Supplementary
Movie 3). These findings show that Abi is required for egg
chamber rotation, presumably due to its role in stimulating
protrusive activity at each follicle cell’s leading edge.

Egg chamber rotation begins at stage one. Egg chamber rotation
has been reported to begin at stage five10,23. However, we observed
a polarized distribution of SCAR at the basal epithelial surface
before this stage (Fig. 4a), which suggests that rotation may begin
earlier than previously thought. Through long-term live imaging
of entire ovarioles, we determined that egg chamber rotation
begins at stage one and continues slowly through
stage five before increasing in speed at stage six (Fig. 4b,c,
Supplementary Fig. 3a and Supplementary Movie 4). These data
suggest that rotation occurs in two phases: an early slower phase
and a later faster phase. Depletion of Abi from the follicle cells
blocks the early as well as the late rotation (Supplementary
Fig. 3b). To determine whether the early motion depends on other
factors required for egg chamber rotation, we examined the
atypical cadherin Fat2, which has been previously shown to be
required for this motion at later stages23. Similar to depletion of
Abi, loss of Fat2 function also disrupts egg chamber rotation
during early stages (Supplementary Fig. 3c and Supplementary
Movie 5). Together, these data suggest that the two rotation phases
depend on similar mechanisms driving follicle cell motility.

Rotation maintains tissue-level actin bundle alignment. As egg
chamber rotation and the tissue-level alignment of the basal actin
bundles were both thought to begin at stage five, it had been
difficult to determine their order and dependence on one another.
Given the finding that rotation actually begins at stage one, we
can now investigate whether rotation plays a role in globally
aligning the actin bundles. To this end, we developed a novel
method to quantitatively assess basal actin bundle alignment
from stages one through eight in rotating and non-rotating egg
chambers.
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Figure 3 | SCAR-dependent lamellipodia promote egg chamber rotation. (a) Live imaging was used to determine the contributions of lamellipodia (Abi)
and filopodia (Ena) to follicle cell (FC) migration. Expressing Abi RNAi in all follicle cells throughout oogenesis with the traffic jam-Gal4 (tj-Gal4) driver
blocks the rotation of stage seven–eight egg chambers, whereas ena RNAi has no effect. Individual data points, mean±s.e.m., t-test: ***P! 1.7" 10# 7.
(b) Abi RNAi egg chambers fail to elongate properly beginning at stage six, whereas ena RNAi does not disrupt elongation. The aspect ratio is the length of
the egg chamber divided by its width. For stages 4–10 nZ6, stages 11–13 nZ3, stage 14 nZ25 (exact n values are in Supplementary Table 2). Data
represent mean±s.d., t-test: **Po0.003, ***Po0.0008. (c) The basement membrane fails to become polarized when rotation is blocked by Abi depletion.
Basement membrane structure is visualized using a GFP protein trap in the Collagen IV (Col IV) a2 chain, Viking (Vkg GFP). (d) Expression of
Abi RNAi with tj-Gal4 eliminates leading edge structures and disrupts the tissue-level alignment of the basal actin bundles. (c,d) Laser-scanning confocal
images of stage seven-eight egg chambers. Scale bars, 10mm.
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• In the absence of lamelipodia (Abi KD), 
follicle epithelial cells have an intrinsic 
axial organisation but fail to coordinate 
the emergence of a global polarity at the 
tissue level.

• Collagen IV is no longer globally 
polarized. 

Collective motility and Tissue rotation in vivo
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inhibitor stop rotating within an hour, whereas egg chambers
treated with the control molecule CK-689 continue to rotate
normally (Fig. 7b and Supplementary Movie 7). Similar to late
expression of Abi RNAi, stage-seven egg chambers treated
with the inhibitor preserve their global actin bundle alignment
in the absence of migration (Supplementary Fig. 5c and
Supplementary Movie 8). We treated egg chambers of all stages
with the inhibitor or control molecule for 1 h and then
immediately fixed them for analysis. Blocking rotation with the
inhibitor causes the tissue-level actin alignment to drop below
control levels for stages two through five. However, during stages
six through eight the tissue-level actin pattern persists in the
absence of migration (Fig. 7c,d). These data show that the early
rotation phase is essential to maintain the tissue-level actin
bundle alignment, but at later stages the pattern is preserved by
an alternate mechanism.

Previous work has shown that one of the functions of egg
chamber rotation is to polarize the follicular basement mem-
brane10. We hypothesize that this fibrillar matrix may preserve

the tissue-level alignment of the basal actin bundles during stages
six through eight by providing a stable source of polarizing
information to the follicular epithelium. To investigate this
possibility, we analysed the dynamics of basement membrane
polarization through time and directly compared the results with
the global actin alignment in rotating versus acutely blocked egg
chambers. In agreement with previously published data, we find
that basement membrane polarization increases through time,
reaching its maximum at stages seven and eight (Fig. 7e and
Supplementary Fig. 5d,e)10. When rotation is acutely blocked
with the Arp2/3 inhibitor, any polarization that was already
present in the matrix remains intact (Supplementary Fig. 5f).
Importantly, there is a strong correlation between the period of
maximal basement membrane polarization and the period when
rotation becomes dispensable for maintaining the global actin
bundle pattern (Fig. 7f). These data suggest that an interaction
between the basal actin bundles and polarized basement
membrane may maintain the tissue-level alignment of these
structures at later developmental stages.
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!
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Cellular directorsSubcellular directors
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Figure 5 | Method for determining the global alignment of the basal bundles in a given epithelium. (a) Representative image of a stage five egg chamber
where the actin is labelled with phalloidin (left panel). The pattern obtained by segmenting the epithelium into individual cells (centre panel). To analyse
actin bundle alignment, individual cells are broken into subcellular windows of 6.74mm2 (right panel, windows are not shown to scale). (b) Representative
image of the basal actin bundles in a subcellular window as defined in a. Scale bar, 2 mm. The 2D FFT of the actin image where the red line indicates
the principal direction of the FFT, orthogonal to the orientation of actin bundles (centre panel, green line). Director indicating the local alignment of the actin
image (left panel). (c) Magnification of the epithelial region within the green rectangle in a. Directors (green and magenta lines) indicate the local
alignment of actin bundles within each cell. Directors deviating from the mean by more than an s.d. (magenta lines) were discarded (see Methods).
(d) Director field showing the mean orientation (yellow lines) of the green directors within each cell shown in c. (e) The order parameter (S) is calculated
by comparing the relative angle between all directors in an epithelium.
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Discussion
Here we have shown that egg chambers begin rotating shortly after
they emerge from the germarium and that this motion is driven by

SCAR-dependent lamellipodia at each follicle cell’s leading edge.
Thus, the well-studied mechanisms that underlie individual cell
motility also promote the collective migration of the follicle cells
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Figure 6 | Egg chamber rotation maintains the tissue-level alignment of the basal actin bundles. (a) Representative images of basal actin bundle
alignment in control versus Abi RNAi epithelia at different stages with the corresponding order parameter value (S). Yellow lines represent the mean
orientation of the basal actin bundles in each cell. Spinning disk confocal images. (b) Graph showing the average order parameters for control (blue line)
versus Abi RNAi (red line) epithelia at stages one through eight. For stages 1–6 nZ8, stage 7 nZ5 and stage 8 nZ4 (exact n values are in Supplementary
Table 2). Data points represent mean±s.e.m., t-test: **Po0.003, ***Po1.95! 10" 7. A t-test compares the difference between control and Abi RNAi
epithelia at each stage. (c) Graph showing the average order parameters for wild-type (blue) versus fat2n103-2 (red) epithelia at stages one through eight.
For stage 1 nZ4, 2–5 nZ7, 6 nZ5, 7 nZ8, 8 nZ4 (exact n values are in Supplementary Table 2). Data points represent mean±s.e.m., t-test: *P#0.012,
***Po5.96! 10" 7. A t-test compares the difference between wild-type and fat2n103-2 epithelia at each stage. (d) Basal actin bundles within the germarium
are globally aligned in control, Abi RNAi, wild-type and fat2 conditions. Spinning disk confocal images. (e) Stills from a 60-min near-total internal reflection
fluorescence time series showing the basal actin bundles in a stage four egg chamber. The actin binding domain of Utrophin fused to GFP marks F-actin.
The order parameter fluctuates, but there is a trend towards global actin bundle alignment. The coloured lines show the mean actin bundle orientation for
each cell. Rows of cells sharing the same color can be followed through time to visualize the downward migration of the epithelium. Scale bars, 10mm.
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Discussion
Here we have shown that egg chambers begin rotating shortly after
they emerge from the germarium and that this motion is driven by

SCAR-dependent lamellipodia at each follicle cell’s leading edge.
Thus, the well-studied mechanisms that underlie individual cell
motility also promote the collective migration of the follicle cells
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Figure 6 | Egg chamber rotation maintains the tissue-level alignment of the basal actin bundles. (a) Representative images of basal actin bundle
alignment in control versus Abi RNAi epithelia at different stages with the corresponding order parameter value (S). Yellow lines represent the mean
orientation of the basal actin bundles in each cell. Spinning disk confocal images. (b) Graph showing the average order parameters for control (blue line)
versus Abi RNAi (red line) epithelia at stages one through eight. For stages 1–6 nZ8, stage 7 nZ5 and stage 8 nZ4 (exact n values are in Supplementary
Table 2). Data points represent mean±s.e.m., t-test: **Po0.003, ***Po1.95! 10" 7. A t-test compares the difference between control and Abi RNAi
epithelia at each stage. (c) Graph showing the average order parameters for wild-type (blue) versus fat2n103-2 (red) epithelia at stages one through eight.
For stage 1 nZ4, 2–5 nZ7, 6 nZ5, 7 nZ8, 8 nZ4 (exact n values are in Supplementary Table 2). Data points represent mean±s.e.m., t-test: *P#0.012,
***Po5.96! 10" 7. A t-test compares the difference between wild-type and fat2n103-2 epithelia at each stage. (d) Basal actin bundles within the germarium
are globally aligned in control, Abi RNAi, wild-type and fat2 conditions. Spinning disk confocal images. (e) Stills from a 60-min near-total internal reflection
fluorescence time series showing the basal actin bundles in a stage four egg chamber. The actin binding domain of Utrophin fused to GFP marks F-actin.
The order parameter fluctuates, but there is a trend towards global actin bundle alignment. The coloured lines show the mean actin bundle orientation for
each cell. Rows of cells sharing the same color can be followed through time to visualize the downward migration of the epithelium. Scale bars, 10mm.
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Here we have shown that egg chambers begin rotating shortly after
they emerge from the germarium and that this motion is driven by

SCAR-dependent lamellipodia at each follicle cell’s leading edge.
Thus, the well-studied mechanisms that underlie individual cell
motility also promote the collective migration of the follicle cells
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Figure 6 | Egg chamber rotation maintains the tissue-level alignment of the basal actin bundles. (a) Representative images of basal actin bundle
alignment in control versus Abi RNAi epithelia at different stages with the corresponding order parameter value (S). Yellow lines represent the mean
orientation of the basal actin bundles in each cell. Spinning disk confocal images. (b) Graph showing the average order parameters for control (blue line)
versus Abi RNAi (red line) epithelia at stages one through eight. For stages 1–6 nZ8, stage 7 nZ5 and stage 8 nZ4 (exact n values are in Supplementary
Table 2). Data points represent mean±s.e.m., t-test: **Po0.003, ***Po1.95! 10" 7. A t-test compares the difference between control and Abi RNAi
epithelia at each stage. (c) Graph showing the average order parameters for wild-type (blue) versus fat2n103-2 (red) epithelia at stages one through eight.
For stage 1 nZ4, 2–5 nZ7, 6 nZ5, 7 nZ8, 8 nZ4 (exact n values are in Supplementary Table 2). Data points represent mean±s.e.m., t-test: *P#0.012,
***Po5.96! 10" 7. A t-test compares the difference between wild-type and fat2n103-2 epithelia at each stage. (d) Basal actin bundles within the germarium
are globally aligned in control, Abi RNAi, wild-type and fat2 conditions. Spinning disk confocal images. (e) Stills from a 60-min near-total internal reflection
fluorescence time series showing the basal actin bundles in a stage four egg chamber. The actin binding domain of Utrophin fused to GFP marks F-actin.
The order parameter fluctuates, but there is a trend towards global actin bundle alignment. The coloured lines show the mean actin bundle orientation for
each cell. Rows of cells sharing the same color can be followed through time to visualize the downward migration of the epithelium. Scale bars, 10mm.
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• Nematic order of actin bundles in 
follicle epithelial cells

• Nematic order emerges early and 
persists

• Cell migration (controlled by Abi 
and the adhesion molecule Fat2) 
is required for maintenance of 
cell ordering/alignement.

• Early ordering is independent of 
tissue rotation

• Cell alignement requires collective cell migration

The epithelium was manually segmented into individual cells
using cell membranes and cortical actin as markers, and each cell
was then broken down into a series of small overlapping windows
(Fig. 5a and Methods). The orientation of the actin bundles in a
given window was obtained by analysing the skew of its two-
dimensional Fast Fourier Transform (2D FFT). Windows with
aligned actin bundles produce asymmetrically skewed transforms,
where the direction of skew is directly related to the orientation of
the bundle (Fig. 5b)24. Iteratively performing this calculation
yields a director field that represents a local measure of actin
bundle orientation at a subcellular length scale (Fig. 5c). To
determine the mean orientation of the actin bundles in a given
cell, local directors (Fig. 5c, green lines) were binned and averaged
(Fig. 5d, yellow lines). Finally, to determine the tissue-level
polarity of the actin bundles, we defined a nematic order
parameter (S) (Fig. 5e), which compares the relative orientation of
cellular-level directors of all the cells within a given image
(Fig. 5d, yellow lines). The order parameter can vary from zero
(random distribution of directors) to one (parallel directors), and
was found to be independent of the size of the region analysed in
the epithelial sheet (Supplementary Fig. 4a,b and Supplementary
Methods).

Using this method we determined that the average tissue-level
actin bundle alignment is high throughout stages one through
eight, never falling below 70% of the maximum possible value
(Fig. 6a–c). However, the average alignment does show a higher
s.d. during stages one through four, which may account for
previous reports that the basal actin bundles are not globally
oriented during these stages9. Alignment then increases over
time, reaching its peak at stages seven and eight. In contrast,
when rotation is blocked with Abi RNAi or mutation of the fat2
gene, the global actin bundle pattern is indistinguishable from
controls at stage one, but is then progressively lost starting at
stage two (Fig. 6a–c). Consistent with these data, the actin
bundles within the follicle cell precursors of the germarium are
circumferentially aligned in all backgrounds (Fig. 6d). In both
non-migratory conditions, actin bundle alignment is also

preserved within individual cells at all developmental stages
analysed (Supplementary Fig. 4c). These data indicate that
rotation promotes actin bundle alignment on the tissue rather
than cellular scale.

To further characterize the dynamics of actin bundle orienta-
tion within individual migrating follicle cells, we performed live
imaging of early rotation phase egg chambers. Consistent with the
observation that the global actin alignment is more variable in
young egg chambers, we found that the orientation of the actin
bundle array within an individual cell can fluctuate as the
epithelium migrates (Fig. 6e and Supplementary Movie 6). Over
time, the orientation is stabilized and the basal actin bundles are
brought into alignment across the tissue. Altogether, these data
are consistent with a model in which the tissue-level alignment of
the basal actin bundles is established in the germarium, and that
the global actin pattern is then maintained and reinforced by egg
chamber rotation.

Rotation becomes dispensable for global actin alignment. One
question that arose from the results above is whether rotation is
continuously required to maintain tissue-level actin bundle
alignment. To address this question, we developed methods to
selectively block rotation at later stages. The mirror-Gal4 driver
(mirr-Gal4)25 expresses weakly in the follicle cells at stages six
and seven, and expresses highly at stage eight (Supplementary
Fig. 5a). When Abi RNAi is expressed using mirr-Gal4, egg
chambers rotate and show proper basal actin bundle alignment at
stage six. However, by stage eight, leading edge protrusions
disappear (Fig. 7a) and 70% of the egg chambers have stopped
rotating (Supplementary Fig. 5b). Significantly, the tissue-level
alignment of the basal actin bundles is unaffected even though
rotation has stopped prematurely. These data show that rotation
becomes dispensable for maintaining the global actin pattern in
stage-eight egg chambers.

To determine precisely when rotation contributes to tissue-
level actin alignment, we acutely blocked migration using the
Arp2/3 inhibitor CK-666 (ref. 26). Egg chambers treated with the
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Figure 4 | Egg chamber rotation begins at stage one. (a) SCAR is enriched at one side of each follicle cell during early rotation stages. Scanning confocal
image of the basal epithelial surface of a stage two egg chamber. (b) Stills from a time series of His2Av RFP-expressing egg chambers that show
rotation occurring at stages one (0.10 mmmin! 1), three (0.34mmmin! 1) and four (0.32mmmin! 1). The coloured dots mark the same set of nuclei
through each 30-min interval. Spinning disk confocal images. (c) Quantification of follicle cell (FC) migration rate. Each data point represents and individual
egg chamber with mean±s.d. Scale bars, 10mm.
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atypical cadherin Fat2 and the receptor tyrosine phosphatase
leukocyte antigen related (Lar) (Bateman et al., 2001; Frydman
and Spradling, 2001; Gutzeit et al., 1991; Viktorinova et al.,
2009). Fat2 (also known as Kugelei) shows a planar polarized
distribution at the basal surface, such that it is present on cell-
cell interfaces roughly perpendicular to the direction of tissue
motility, and is absent from the lateral cell-cell interfaces (Viktor-
inova et al., 2009) (Figure 1H). It was later shown that this local-
ization corresponds to each cell’s trailing edge and that Fat2 is
required for collective follicle cell migration (Cetera et al., 2014;
Chen et al., 2016; Viktorinová and Dahmann, 2013). A recent
model proposed that Fat2 promotes epithelial motility by stimu-
lating the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016); however, how this model fits
with Fat2’s trailing edge localization is unclear. Lar is planar
polarized at the basal epithelial surface similar to Fat2 (Bateman
et al., 2001) (Figure 1I), and Lar has also been proposed to stim-
ulate the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016). However, Lar’s sub-cellular
localization (i.e., leading edge versus trailing edge) and role in
epithelial motility are less well defined. Whether Fat2 and Lar
work together to control the formation of leading edge protru-
sions is also unknown.

Here we show that Fat2 and Lar participate in a planar signaling
system that coordinates leading and trailing edge dynamics be-
tween migrating epithelial cells. First we show that Lar’s planar
polarized distribution corresponds to each cell’s leading edge
and that Lar is required for epithelial migration. We then show
that, contrary to the current model, Fat2’s role in protrusion for-
mation is non-cell-autonomous. Specifically, Fat2 signals from
the trailing edge of each cell to induce the formation of leading
edge protrusions in the cell directly behind, in part by stabilizing
Lar at the leading edge of this cell. Finally, we introduce a role
for Fat2 and Lar in the control of trailing edge retraction by
showing that Lar signals from the leading edge of each cell to
stimulate the retraction in the cell directly ahead and that Fat2
plays a cell-autonomous role in this process. Altogether, this
work defines a key mechanism driving epithelial migration and
establishes a new paradigm for planar cell-cell signaling.

RESULTS

Lar Promotes Epithelial Migration and Localizes to Each
Cell’s Leading Edge
To investigate whether Fat2 and Lar participate in a planar
signaling system controlling epithelial migration, we first needed
to better define Lar’s role in this process. Live imaging revealed
that Lar null epithelia show a fully penetrant yet variable defect in
their motility (Figures 2A–2D and S1A–S1C, Table S1, and Movie
S1). We defined a Lar epithelium as being ‘‘non-migratory’’ if it
had a migration rate that was less than that of the fastest rate
obtained for a fat2 null epithelium in the same experiment (i.e.,

Figure 1. The Developmental Context for the Migration of the Follic-
ular Epithelium
(A and B) Illustrations showing a migrating epithelium from basal (A) and side

(B) views. Protrusion size has been exaggerated in (B) to increase visibility.

(C) Micrograph of a developmental array of egg chambers, highlighting the

period when rotation (arrows) occurs.

(D) Illustration of a central sagittal section through an egg chamber.

(E) Illustration of a central transverse section through an egg chamber. During

their migration (arrow), the follicular epithelial cells crawl along the basement

membrane, which remains stationary.

(F) Illustration of the basal surfaceof the follicularepithelium. Duringmigration, the

actincytoskeleton isplanar polarized, withstressfibers oriented in thedirectionof

movement and leading edge protrusions oriented orthogonally (arrows).

(G) Micrograph of actin-based structures at the basal surface of the follicular

epithelium at stage 7. A single cell is highlighted. The direction of migration is

down, as determined by the orientation of leading edge protrusions.

(H and I) Micrographs showing planar polarization of Fat2-3xGFP (H) and Lar (I)

at the basal surface at stage 7.

Scale bars, 10 mm.
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and Spradling, 2001; Gutzeit et al., 1991; Viktorinova et al.,
2009). Fat2 (also known as Kugelei) shows a planar polarized
distribution at the basal surface, such that it is present on cell-
cell interfaces roughly perpendicular to the direction of tissue
motility, and is absent from the lateral cell-cell interfaces (Viktor-
inova et al., 2009) (Figure 1H). It was later shown that this local-
ization corresponds to each cell’s trailing edge and that Fat2 is
required for collective follicle cell migration (Cetera et al., 2014;
Chen et al., 2016; Viktorinová and Dahmann, 2013). A recent
model proposed that Fat2 promotes epithelial motility by stimu-
lating the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016); however, how this model fits
with Fat2’s trailing edge localization is unclear. Lar is planar
polarized at the basal epithelial surface similar to Fat2 (Bateman
et al., 2001) (Figure 1I), and Lar has also been proposed to stim-
ulate the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016). However, Lar’s sub-cellular
localization (i.e., leading edge versus trailing edge) and role in
epithelial motility are less well defined. Whether Fat2 and Lar
work together to control the formation of leading edge protru-
sions is also unknown.

Here we show that Fat2 and Lar participate in a planar signaling
system that coordinates leading and trailing edge dynamics be-
tween migrating epithelial cells. First we show that Lar’s planar
polarized distribution corresponds to each cell’s leading edge
and that Lar is required for epithelial migration. We then show
that, contrary to the current model, Fat2’s role in protrusion for-
mation is non-cell-autonomous. Specifically, Fat2 signals from
the trailing edge of each cell to induce the formation of leading
edge protrusions in the cell directly behind, in part by stabilizing
Lar at the leading edge of this cell. Finally, we introduce a role
for Fat2 and Lar in the control of trailing edge retraction by
showing that Lar signals from the leading edge of each cell to
stimulate the retraction in the cell directly ahead and that Fat2
plays a cell-autonomous role in this process. Altogether, this
work defines a key mechanism driving epithelial migration and
establishes a new paradigm for planar cell-cell signaling.

RESULTS

Lar Promotes Epithelial Migration and Localizes to Each
Cell’s Leading Edge
To investigate whether Fat2 and Lar participate in a planar
signaling system controlling epithelial migration, we first needed
to better define Lar’s role in this process. Live imaging revealed
that Lar null epithelia show a fully penetrant yet variable defect in
their motility (Figures 2A–2D and S1A–S1C, Table S1, and Movie
S1). We defined a Lar epithelium as being ‘‘non-migratory’’ if it
had a migration rate that was less than that of the fastest rate
obtained for a fat2 null epithelium in the same experiment (i.e.,
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(A and B) Illustrations showing a migrating epithelium from basal (A) and side

(B) views. Protrusion size has been exaggerated in (B) to increase visibility.

(C) Micrograph of a developmental array of egg chambers, highlighting the

period when rotation (arrows) occurs.

(D) Illustration of a central sagittal section through an egg chamber.

(E) Illustration of a central transverse section through an egg chamber. During

their migration (arrow), the follicular epithelial cells crawl along the basement

membrane, which remains stationary.

(F) Illustration of the basal surfaceof the follicularepithelium. Duringmigration, the

actincytoskeleton isplanar polarized, withstressfibers oriented in thedirectionof

movement and leading edge protrusions oriented orthogonally (arrows).

(G) Micrograph of actin-based structures at the basal surface of the follicular

epithelium at stage 7. A single cell is highlighted. The direction of migration is

down, as determined by the orientation of leading edge protrusions.

(H and I) Micrographs showing planar polarization of Fat2-3xGFP (H) and Lar (I)
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0.067 mm/min), as fat2 epithelia have been established to never
migrate (Cetera et al., 2014; Chen et al., 2016). Using this metric,
48% of Lar null epithelia are non-migratory, whereas the rest
migrate slower than controls. We then used mosaic analysis to
map Lar’s sub-cellular localization (Figure S1D). Analyzing Lar
localization around clones of cells expressing Lar-RNAi revealed
that Lar primarily localizes to each cell’s leading edge (Figure 2E).
Together, these data show that Lar promotes epithelial migration
and that it likely does so by acting at the leading edge of
each cell.

Fat2 and Lar Show a Planar Polarized Distribution
throughout the Migratory Period
When combined with previous work on Fat2 (Viktorinová and
Dahmann, 2013), the data above establish a framework wherein
Fat2 and Lar act as pro-migratory proteins that localize to juxta-
posing membrane domains, with Fat2 at the trailing edge of one
cell and Lar at the leading edge of the cell behind. If this comple-
mentary localization pattern is important for epithelial motility,
Fat2 and Lar should exhibit planar polarized distributions

Figure 2. Lar and Fat2 Promote Follicle Cell
Migration and Localize to Juxtaposing Cell
Edges at the Basal Epithelial Surface
(A–C) Still images from time-lapse movies of

control (A), Larbola1/Larbola2 (B), and (C) stage 6

epithelia. Dotted lines mark the same three cells

across each time series. Some Larbola1/Larbola2

epithelia migrate slowly (B) while some do not

migrate (C). Scale bars, 10 mm.

(D) Migration rates for control, Larbola1/Larbola2,

and fat2N103!2 epithelia. Individual data points,

mean ± SD. See Table S1 for sample sizes and p

values.

(E and E0 ) Mosaic expression of Lar-RNAi. Wild-

type cells are pseudocolored cyan. Lar is enriched

at the leading edge of wild-type cells behind the

clone (solid triangles), compared with the trailing

edge of wild-type cells ahead of the clone (open

triangles). Scale bar, 10 mm.

(F and F0) Mosaic epithelium showing Fat2-

3xGFP’s sub-cellular localization. Cells not ex-

pressing fat2-3xGFP are pseudocolored cyan.

Asterisk marks one cell. Fat2-3xGFP is present at

the cell’s trailing edge (solid triangle) but not at the

leading edge (open triangle). Scale bar, 10 mm.

(E and F) Stage 7 epithelia and the direction of

migration is down.

(E00 and F00) These illustrations depict Lar and Fat2

distributions at the basal surface.

See also Figures S1, S2, Table S1, and Movie S1.

throughout the migratory period. It has
been reported, however, that Fat2 and
Lar exclusively localize to tricellular junc-
tions during early migratory stages, and
do not become planar polarized along
cell membranes until stage 6 (Bateman
et al., 2001; Viktorinova et al., 2009).

To visualize Fat2’s and Lar’s localiza-
tions in young egg chambers with more
clarity, we used the CRISPR-Cas9 sys-

tem to insert three copies of GFP into the fat2 locus (fat2-
3xGFP), creating a bright, functional protein fusion (Figures
S2A–S2C), and confirmed that the Fat2-3xGFP protein localizes
to each cell’s trailing edge (Figure 2F). We also developed better
immunostaining conditions for Lar (see STAR Methods). With
these improved methods, we see Fat2 and Lar planar polarized
along cell membranes from the very earliest stages of epithelial
migration (Figures S2D and S2E). These data suggest that
Fat2’s and Lar’s planar polarized localizations are likely to be
integral to the migration process.

Fat2 and Lar Play Complementary Roles in the
Formation of Leading Edge Protrusions
Fat2 and Lar have been proposed to promote epithelial migra-
tion by stimulating the formation of leading edge protrusions
on a cell-autonomous basis (Squarr et al., 2016). This model
fits well with Lar’s localization along leading plasma mem-
branes, but it is at odds with Fat2’s localization along trailing
plasma membranes. To explore this paradox, we analyzed
leading edge protrusion formation in Lar and fat2 mosaic
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and Lar might control protrusive activity by functioning in a
planar signaling pathway that mediates communication between
neighboring cells. Fz/Vang and Ft/Ds PCP signaling complexes
form distinct puncta along cell-cell interfaces near the apical
epithelial surface (Hale et al., 2015; Strutt et al., 2011). We found
that Fat2 and Lar colocalize in similar puncta along basal cell-cell
interfaces (Figures 4A–4C). Performing line-scan analyses along
these regions revealed that the correlation between Fat2 and Lar
fluorescence is robust, with an average Pearson coefficient of

0.78 ± 0.06 (Figures 4C, S3A, and S3B). These data open the
possibility that Fat2 and Lar participate in a signaling complex
spanning cell-cell boundaries.

Given their striking colocalization, we next asked whether Fat2
and Lar are required for each other’s localization. This question
has been explored previously (Viktorinova et al., 2009), but the
original experiments were performed on entirely mutant epithelia
instead of mosaic epithelia, making it difficult to assess whether
protein levels were altered in mutant cells compared with wild-
type cells, and whether the phenotype was cell-autonomous
or non-cell-autonomous. Moreover, because the earlier study
was performed prior to the discovery of egg chamber rotation
(Haigo and Bilder, 2011), the authors were unable to distinguish
whether mislocalization of a given protein was due to loss of the
other protein from the epithelium, per se, or to the loss of tissue
motility. Therefore, we revisited this question taking these impor-
tant variables into account.

Using mosaic epithelia, we discovered that Lar levels are
significantly reduced at the basal surface of fat2 null clones (Fig-
ure 4D). Careful examination of clone boundaries further re-
vealed that this effect is non-cell-autonomous. Cells positioned
directly behind fat2 cells lack Lar at their leading edges, whereas
fat2 cells positioned directly behind wild-type cells retain Lar at
their leading edges. This phenotype is not due to an effect on
Lar expression, as Lar protein levels are normal at the apical sur-
face of fat2 clones (Figures S3C and S3D). Nor is it due to loss of
protrusions behind fat2 cells, as Lar still localizes normally in
clones of cells expressing an RNAi transgene against the Wave
regulatory complex (WRC) component Abelson interacting pro-
tein (Abi) (Figure S3E), which is required cell-autonomously for
protrusion formation in the follicle cells (Cetera et al., 2014). By
contrast, Fat2 levels and localization are more weakly affected
in Lar null clones, and the defects that do occur are variable (Fig-
ures S3G–S3I). Altogether, these data suggest that Fat2 at the
trailing edge of one cell stabilizes Lar’s localization at the leading
edge of the cell directly behind, but that Lar plays a less impor-
tant role in localizing Fat2.

Our finding that Fat2 localization is only weakly affected in Lar
null clones conflicts with the previous report that Fat2 is uni-
formly localized around basal cell edges in epithelia entirely
mutant for Lar (Viktorinova et al., 2009). The difference in Fat2
localization between these studies may result from a difference
in the ability of an entirely mutant versus a mosaic epithelium
to migrate. Tissue migration can still occur in epithelia containing
small clones of non-migratory cells, as the mutant cells are
passively carried along by their wild-type neighbors (Cetera
et al., 2014; Viktorinová and Dahmann, 2013), whereas tissue
migration fails in epithelia entirely comprised of non-migratory
cells. To explore this possibility, we examined Fat2 and Lar local-
ization in epithelia where migration was blocked by loss of the
WRC (Cetera et al., 2014), and found that Fat2 and Lar both
lose their planar polarization (Figures 5A–5D). The two proteins
do still colocalize in puncta at cell-cell interfaces under these
conditions, however (Figure 5B). By contrast, Fat2 and Lar
localize normally in clones lacking WRC function that can be car-
ried along the migration path by their wild-type neighbors (Fig-
ures S3E and S3F). These data suggest that the Fat2 localization
defect seen in Lar null epithelia (Viktorinova et al., 2009) may be
secondary to the defect in tissue motility. They further indicate

Figure 4. Fat2 Non-Cell-Autonomously Stabilizes Lar in Neigh-
boring Cells
(A–C) Fat2-3xGFP and Lar puncta colocalize along cell-cell interfaces at the

basal surface. Boxed regions in (A) and (A0) are blown up in (B) and (B0 ). (C) and

(C0) Line-scan analysis on image data in (B). (C0) Fluorescence intensities and

corresponding Pearson’s coefficient for Fat2-3xGFP and Lar along the yellow

line in (C). Scale bars, 10 mm (A), and 5 mm (B) and (C).

(D) Fat2 stabilizes Lar’s localization in neighboring cells. Lar is absent from the

leading edge of wild-type cells directly behind fat2N103!2 cells (open triangles),

but localizes normally in fat2N103!2 cells directly behind wild-type cells (solid

triangles). Scale bar, 10 mm.

See also Figure S3.
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lose their planar polarization (Figures 5A–5D). The two proteins
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localize normally in clones lacking WRC function that can be car-
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• Coordination of cell polarization at the tissue scale by cell signaling

• The adhesion protein Fat2 and the 
cytoplasmic protein Lar are localized 
at cell contacts at the base of follicle 
epithelial cells

• Fat2 and Lar both required for 
collective cell motility and tissue 
rotation

K. Barlan et al., and S. Horne-Badovinac. Developmental Cell 40, 467–477 (2017)
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0.067 mm/min), as fat2 epithelia have been established to never
migrate (Cetera et al., 2014; Chen et al., 2016). Using this metric,
48% of Lar null epithelia are non-migratory, whereas the rest
migrate slower than controls. We then used mosaic analysis to
map Lar’s sub-cellular localization (Figure S1D). Analyzing Lar
localization around clones of cells expressing Lar-RNAi revealed
that Lar primarily localizes to each cell’s leading edge (Figure 2E).
Together, these data show that Lar promotes epithelial migration
and that it likely does so by acting at the leading edge of
each cell.

Fat2 and Lar Show a Planar Polarized Distribution
throughout the Migratory Period
When combined with previous work on Fat2 (Viktorinová and
Dahmann, 2013), the data above establish a framework wherein
Fat2 and Lar act as pro-migratory proteins that localize to juxta-
posing membrane domains, with Fat2 at the trailing edge of one
cell and Lar at the leading edge of the cell behind. If this comple-
mentary localization pattern is important for epithelial motility,
Fat2 and Lar should exhibit planar polarized distributions

Figure 2. Lar and Fat2 Promote Follicle Cell
Migration and Localize to Juxtaposing Cell
Edges at the Basal Epithelial Surface
(A–C) Still images from time-lapse movies of

control (A), Larbola1/Larbola2 (B), and (C) stage 6

epithelia. Dotted lines mark the same three cells

across each time series. Some Larbola1/Larbola2

epithelia migrate slowly (B) while some do not

migrate (C). Scale bars, 10 mm.

(D) Migration rates for control, Larbola1/Larbola2,

and fat2N103!2 epithelia. Individual data points,

mean ± SD. See Table S1 for sample sizes and p

values.

(E and E0 ) Mosaic expression of Lar-RNAi. Wild-

type cells are pseudocolored cyan. Lar is enriched

at the leading edge of wild-type cells behind the

clone (solid triangles), compared with the trailing

edge of wild-type cells ahead of the clone (open

triangles). Scale bar, 10 mm.

(F and F0) Mosaic epithelium showing Fat2-

3xGFP’s sub-cellular localization. Cells not ex-

pressing fat2-3xGFP are pseudocolored cyan.

Asterisk marks one cell. Fat2-3xGFP is present at

the cell’s trailing edge (solid triangle) but not at the

leading edge (open triangle). Scale bar, 10 mm.

(E and F) Stage 7 epithelia and the direction of

migration is down.

(E00 and F00) These illustrations depict Lar and Fat2

distributions at the basal surface.

See also Figures S1, S2, Table S1, and Movie S1.

throughout the migratory period. It has
been reported, however, that Fat2 and
Lar exclusively localize to tricellular junc-
tions during early migratory stages, and
do not become planar polarized along
cell membranes until stage 6 (Bateman
et al., 2001; Viktorinova et al., 2009).

To visualize Fat2’s and Lar’s localiza-
tions in young egg chambers with more
clarity, we used the CRISPR-Cas9 sys-

tem to insert three copies of GFP into the fat2 locus (fat2-
3xGFP), creating a bright, functional protein fusion (Figures
S2A–S2C), and confirmed that the Fat2-3xGFP protein localizes
to each cell’s trailing edge (Figure 2F). We also developed better
immunostaining conditions for Lar (see STAR Methods). With
these improved methods, we see Fat2 and Lar planar polarized
along cell membranes from the very earliest stages of epithelial
migration (Figures S2D and S2E). These data suggest that
Fat2’s and Lar’s planar polarized localizations are likely to be
integral to the migration process.

Fat2 and Lar Play Complementary Roles in the
Formation of Leading Edge Protrusions
Fat2 and Lar have been proposed to promote epithelial migra-
tion by stimulating the formation of leading edge protrusions
on a cell-autonomous basis (Squarr et al., 2016). This model
fits well with Lar’s localization along leading plasma mem-
branes, but it is at odds with Fat2’s localization along trailing
plasma membranes. To explore this paradox, we analyzed
leading edge protrusion formation in Lar and fat2 mosaic
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Fat2 and Lar Show a Planar Polarized Distribution
throughout the Migratory Period
When combined with previous work on Fat2 (Viktorinová and
Dahmann, 2013), the data above establish a framework wherein
Fat2 and Lar act as pro-migratory proteins that localize to juxta-
posing membrane domains, with Fat2 at the trailing edge of one
cell and Lar at the leading edge of the cell behind. If this comple-
mentary localization pattern is important for epithelial motility,
Fat2 and Lar should exhibit planar polarized distributions

Figure 2. Lar and Fat2 Promote Follicle Cell
Migration and Localize to Juxtaposing Cell
Edges at the Basal Epithelial Surface
(A–C) Still images from time-lapse movies of

control (A), Larbola1/Larbola2 (B), and (C) stage 6

epithelia. Dotted lines mark the same three cells

across each time series. Some Larbola1/Larbola2

epithelia migrate slowly (B) while some do not

migrate (C). Scale bars, 10 mm.

(D) Migration rates for control, Larbola1/Larbola2,

and fat2N103!2 epithelia. Individual data points,

mean ± SD. See Table S1 for sample sizes and p

values.

(E and E0 ) Mosaic expression of Lar-RNAi. Wild-

type cells are pseudocolored cyan. Lar is enriched

at the leading edge of wild-type cells behind the

clone (solid triangles), compared with the trailing

edge of wild-type cells ahead of the clone (open

triangles). Scale bar, 10 mm.

(F and F0) Mosaic epithelium showing Fat2-

3xGFP’s sub-cellular localization. Cells not ex-

pressing fat2-3xGFP are pseudocolored cyan.

Asterisk marks one cell. Fat2-3xGFP is present at

the cell’s trailing edge (solid triangle) but not at the

leading edge (open triangle). Scale bar, 10 mm.

(E and F) Stage 7 epithelia and the direction of

migration is down.

(E00 and F00) These illustrations depict Lar and Fat2

distributions at the basal surface.

See also Figures S1, S2, Table S1, and Movie S1.
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been reported, however, that Fat2 and
Lar exclusively localize to tricellular junc-
tions during early migratory stages, and
do not become planar polarized along
cell membranes until stage 6 (Bateman
et al., 2001; Viktorinova et al., 2009).

To visualize Fat2’s and Lar’s localiza-
tions in young egg chambers with more
clarity, we used the CRISPR-Cas9 sys-

tem to insert three copies of GFP into the fat2 locus (fat2-
3xGFP), creating a bright, functional protein fusion (Figures
S2A–S2C), and confirmed that the Fat2-3xGFP protein localizes
to each cell’s trailing edge (Figure 2F). We also developed better
immunostaining conditions for Lar (see STAR Methods). With
these improved methods, we see Fat2 and Lar planar polarized
along cell membranes from the very earliest stages of epithelial
migration (Figures S2D and S2E). These data suggest that
Fat2’s and Lar’s planar polarized localizations are likely to be
integral to the migration process.

Fat2 and Lar Play Complementary Roles in the
Formation of Leading Edge Protrusions
Fat2 and Lar have been proposed to promote epithelial migra-
tion by stimulating the formation of leading edge protrusions
on a cell-autonomous basis (Squarr et al., 2016). This model
fits well with Lar’s localization along leading plasma mem-
branes, but it is at odds with Fat2’s localization along trailing
plasma membranes. To explore this paradox, we analyzed
leading edge protrusion formation in Lar and fat2 mosaic
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• Coordination of cell polarization at the tissue scale by cell signaling

• Mosaic experiments reveal that Lar 
localizes at the leading edge and Fat2 at 
the trailing edge of follicle epithelial cells

Wildtype cells are marked in blue
Mutant cells are black

epithelia (Figures 3A–3G and S1E), as this is the only definitive
way to determine the cell-autonomous versus non-cell-autono-
mous function of a pro-migratory signaling protein. These ex-
periments confirmed Lar’s cell-autonomous role in this process
(Figures 3B and 3G), although protrusions are not entirely
absent in Lar null clones. By contrast, we found that Fat2’s
role in protrusion formation is both strong and non-cell-

Figure 3. Fat2 and Lar Play Complementary
Roles in Leading Edge Protrusion Forma-
tion
(A–C) Representative images of protrusion for-

mation at the basal surface of control (A), Lar13.2

(B), and fat2N103!2 (C) mosaic epithelia. Pro-

trusions are reduced within Lar13.2 clones (B), (B0 ),

while Fat2 functions non-cell-autonomously in

protrusion formation (C), (C0 ). Wild-type cells

directly behind fat2N103!2 cells lack protrusions

(open triangles); fat2N103!2 cells directly behind

wild-type cells form protrusions (solid triangles).

Scale bars, 10 mm. Illustrations (A00), (B00), and

(C00) depict results shown in boxed regions in

micrographs.

(D–F) Basal surface of a fat2G58!2 mosaic epithe-

lium. (E) and (E0) Zoom of green boxed region in

(D). The asterisk marks a fat2G58!2 cell the leading

edge of which contacts both a wild-type cell and a

fat2G58!2 cell. The portion of the leading edge that

contacts the wild-type cell forms protrusions (solid

triangle), whereas the portion that contacts the

fat2G58!2 cell does not (open triangle). (F) and (F0)

Zoom of magenta boxed region in (D) showing that

the same property holds true for a wild-type cell

(asterisk). Scale bars, 5 mm (E0) and (F0).

(G) Quantification of protrusion formation in

mosaic epithelia. Protrusions were scored by eye

as either normal, weak, or absent (none). For Lar

and fat2 mosaic epithelia, this analysis was per-

formed on the first row of cells just inside the clone

and on the first row of cells just outside the clone,

at both the leading and trailing boundaries of the

clone.

Experiments performed at stage 7. Images ori-

ented with direction of migration down.

See also Figure S1.

autonomous (Figures 3C–3G). Specif-
ically, wild-type cells positioned directly
behind fat2 null cells lack protrusions,
whereas fat2 cells positioned directly
behind wild-type cells form protru-
sions normally. This non-cell-autono-
mous phenotype extends across only
one cell-cell boundary. Further, when a
cell’s leading edge contacts both a fat2
null cell and a wild-type cell, protrusions
are lost only from the region contacting
the fat2 cell (Figures 3D–3F), which indi-
cates that Fat2 signaling controls protru-
sion formation on a sub-cellular level.
Thus, Fat2 signals from each cell’s trail-
ing edge to induce leading edge protru-
sions in the cells directly behind in a

highly localized manner, whereas Lar plays a cell-autonomous
role in this process.

Fat2 Stabilizes Lar in the Leading Plasma Membrane of
Neighboring Cells
Given their complementary localization patterns and comple-
mentary roles in protrusion formation, we reasoned that Fat2
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as either normal, weak, or absent (none). For Lar

and fat2 mosaic epithelia, this analysis was per-

formed on the first row of cells just inside the clone

and on the first row of cells just outside the clone,

at both the leading and trailing boundaries of the

clone.

Experiments performed at stage 7. Images ori-

ented with direction of migration down.

See also Figure S1.

autonomous (Figures 3C–3G). Specif-
ically, wild-type cells positioned directly
behind fat2 null cells lack protrusions,
whereas fat2 cells positioned directly
behind wild-type cells form protru-
sions normally. This non-cell-autono-
mous phenotype extends across only
one cell-cell boundary. Further, when a
cell’s leading edge contacts both a fat2
null cell and a wild-type cell, protrusions
are lost only from the region contacting
the fat2 cell (Figures 3D–3F), which indi-
cates that Fat2 signaling controls protru-
sion formation on a sub-cellular level.
Thus, Fat2 signals from each cell’s trail-
ing edge to induce leading edge protru-
sions in the cells directly behind in a

highly localized manner, whereas Lar plays a cell-autonomous
role in this process.
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Given their complementary localization patterns and comple-
mentary roles in protrusion formation, we reasoned that Fat2
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trusions are reduced within Lar13.2 clones (B), (B0 ),

while Fat2 functions non-cell-autonomously in

protrusion formation (C), (C0 ). Wild-type cells

directly behind fat2N103!2 cells lack protrusions

(open triangles); fat2N103!2 cells directly behind

wild-type cells form protrusions (solid triangles).
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autonomous (Figures 3C–3G). Specif-
ically, wild-type cells positioned directly
behind fat2 null cells lack protrusions,
whereas fat2 cells positioned directly
behind wild-type cells form protru-
sions normally. This non-cell-autono-
mous phenotype extends across only
one cell-cell boundary. Further, when a
cell’s leading edge contacts both a fat2
null cell and a wild-type cell, protrusions
are lost only from the region contacting
the fat2 cell (Figures 3D–3F), which indi-
cates that Fat2 signaling controls protru-
sion formation on a sub-cellular level.
Thus, Fat2 signals from each cell’s trail-
ing edge to induce leading edge protru-
sions in the cells directly behind in a

highly localized manner, whereas Lar plays a cell-autonomous
role in this process.

Fat2 Stabilizes Lar in the Leading Plasma Membrane of
Neighboring Cells
Given their complementary localization patterns and comple-
mentary roles in protrusion formation, we reasoned that Fat2

470 Developmental Cell 40, 467–477, March 13, 2017

• Lar is required for cell protrusions at the leading 
edge cell autonomously

• Fat2 is required non-cell autonomously: it 
promotes protrusions in cell behind from the 
contacting, trailing edge. 
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Fat2-Lar: K. Barlan et al., and S. Horne-Badovinac. Developmental Cell 40, 467–477 (2017)

• Coordination of cell polarization at the tissue scale by cell signaling

• Fat2 is required for proper 
polarization of Lar. But Lar is only 
weakly required for Fat2 polarization. 

• Parallel Semaphorin-5c Plexin A 
signaling has the same function.

and is required cell-autonomously for trailing edge retraction
(Lewellyn et al., 2013). We found that Msn localizes normally in
fat2 null cells (Figures S7A and S7B). Moreover, Msn appears
to be active in these cells, as small fat2 clones are carried along
the migration path by their wild-type neighbors (Viktorinová and
Dahmann, 2013); by contrast, small msn clones remain stuck to
the ECM due to increased integrin-based adhesion (Lewellyn
et al., 2013).

Second, we investigated whether Fat2 works through the
microtubule-binding protein CLASP. CLASP targets microtubule
plus ends to focal adhesions to promote their disassembly in
some cell types (Lim et al., 2016; Stehbens et al., 2014), and
CLASP genetically interacts with fat2 (Chen et al., 2016). We
found, however, that follicle cells expressing CLASP-RNAi do
not show defects in trailing edge retraction (Figures S7C and
S7D). The RNAi appears to be depleting the CLASP protein,

Figure 7. Cell-Cell Signaling and Protru-
sions Both Contribute to Trailing Edge
Retraction
(A and A0) Fat2 functions cell-autonomously in

trailing edge retraction, as fat2-RNAi cells have

elongated basal surfaces (arrows). The image in

(A) is a three-part overlay of actin, fluorescent

clone marker, and a cyan pseudocolored mask.

Scale bar, 10 mm.

(B and B0) Lar promotes trailing edge retraction

non-cell-autonomously. Wild-type cells (cyan)

directly ahead of Lar13.2 cells have elongated basal

surfaces (arrows). Scale bar, 10 mm. Illustrations in

(A00) and (B00) depict results shown in micrographs.

(C and D) Quantification of trailing edge retraction

defects. The method used to generate data in (D)

is depicted in (C). The yellow dot marks the center

of the nucleus. (D) In elongated cells, the nu-

clear distance to the trailing edge increases

compared with controls (blue asterisks). In Lar13.2

and SCARk13811 mosaics, measurements were

made on wild-type cells directly ahead of mutant

cells. Individual data points, mean ± SD; one-way

ANOVA.

(E) Model for Fat2/Lar signaling during epithelial

migration. Arrows indicate the direction of infor-

mation flow for protrusion formation (black arrows)

and trailing edge retraction (white arrows).

Experiments performed at stage 7. Images ori-

ented with direction of migration down.

See also Figures S6 and S7.

as microtubules are highly reduced in
CLASP-RNAi cells. However, it is still
possible that this is a partial knockdown
that is insufficient to elicit a trailing edge
phenotype.

Third, we explored whether Fat2 pro-
motes acto-myosin contractility to pull
the cell’s trailing edge forward, a process
that is likely mediated by contractile
stress fibers at the basal surface of each
cell. We found that myosin levels are
normal on the stress fibers in fat2 null
cells (Figures S7E–S7G). These data sug-

gest that active myosin is recruited to the stress fibers normally in
the absence of Fat2; however, myosin dynamics could still be
affected. Thus, future work will be required to determine how
Fat2 and Lar promote trailing edge retraction.

DISCUSSION

Epithelial migration plays essential roles in embryogenesis,
wound repair, and the spread of some cancers, yet little is known
about how individual cell migratory behaviors are coordinated
within an epithelial sheet. In particular, epithelial cells need to co-
ordinate the formation of protrusions at the leading edge of one
cell with the retraction of the trailing edge of the cell directly
ahead. Through mosaic analyses of a migratory epithelium in
Drosophila, we have discovered that Fat2 and Lar function in
a planar signaling system that coordinates these leading and
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Third, we explored whether Fat2 pro-
motes acto-myosin contractility to pull
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that is likely mediated by contractile
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normal on the stress fibers in fat2 null
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• Lar promotes non cell autonomously 
cell retraction at trailing edge of 
anterior cell

Sema5c-PlexA: C. Steven et al and S. Horne-Badovinac. Current Biology 29, 908–920 (2019)
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In Brief
Chen et al. identify the earliest symmetry-

breaking event in Drosophila follicle

elongation, a model of planar cell polarity

(PCP) organization in tubular organs.

Polarized orientation of microtubules in

the germarium, dependent upon the Fat2

atypical cadherin, predicts the

subsequent direction of chiral PCP

manifest during rotation.

Chen et al., 2016, Cell Reports 15, 1125–1133
May 10, 2016 ª 2016 The Authors
http://dx.doi.org/10.1016/j.celrep.2016.04.014

Figure 2. Germarial PCP Revealed by ‘‘Unrolling’’ Algorithm
(A) A phalloidin-stained stage 6 follicle, shown in (A) a single confocal section at the basal surface, (A0 ) a maximum-intensity projection of confocal stack, and (A00)

3D opacity projections.

(legend continued on next page)
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Figure 2. Germarial PCP Revealed by ‘‘Unrolling’’ Algorithm
(A) A phalloidin-stained stage 6 follicle, shown in (A) a single confocal section at the basal surface, (A0 ) a maximum-intensity projection of confocal stack, and (A00)

3D opacity projections.

(legend continued on next page)
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microtubule alignment or polarity in the germarium prevents all
subsequent aspects of follicle PCP, including the coordinated
cell motility that initiates follicle rotation. These requirements
for microtubules are not due to secondary effects on actin, which
retains its organization in germaria with disrupted microtu-

bules. Importantly, unlike actin, which is required acutely and
constantly for collective cell migration, microtubules are not
strictly required for follicle cell motility once rotation has initiated.
We therefore propose that microtubules provide the initial
source of PCP information in the early follicle and that actin,

Figure 3. PCP MTs in the Germarium Direct Rotation
(A) ImSAnE unrolling of basal surface of CLASP-depleted ovariole, showing regions 2b through stage 3 stained with phalloidin and anti-acTub.

(B) Nematic order shows intact actin alignment when MTs are disrupted (n R 5 for each stage; **p < 0.01).

(C and D) Control stage 9 follicle (C) and mature eggs (C0 ) are elongated, while CLASP-RNAi stage 9 follicles (D) and mature eggs (D0) are round.

(E) Rotation speeds of stage 6–7 follicles, depleted at specified times using tj > CLASP RNAi tubGAL80ts, or treated with the MT polymerization inhibitor

colchicine or the Arp2/3 inhibitor CK-666.

(F) Quantitation of tj > CLASP RNAi tubGAL80ts egg shape.

st., stages.

1130 Cell Reports 15, 1125–1133, May 10, 2016

• Symmetry breaking in the egg chamber involves microtubule biased growth

• Fat2 is required for microtubule biased growth

DY. Chen et al., and D. Bilder. Cell Reports 15, 1125–1133 (2016)

Collective motility and Tissue rotation in vivo



54
Thomas LECUIT   2022-2023

• Conclusions: 

— Developmental context:

• Collective motility of epithelial sheet drives tissue rotation (periodic boundary condition)

• Tissue rotation patterns the assembly of a molecular corset in the surrounding ECM layer consisting of 
Collagen IV.

• This molecular corset is required for elongation of the growing egg chamber.

— Mechanisms:

• Cells are intrinsically polarized with a leading edge and a trailing edge.

• Cells are also collectively organized to yield a nematic order within the tissue.

• Global polarization involves first microtubule alignment via biased +end growth mediated by the 
adhesion protein Fat2.

• This is followed by local cell coordination via two planar polarity systems: Fat2-Lar and Sema5c-PlexA.

atypical cadherin Fat2 and the receptor tyrosine phosphatase
leukocyte antigen related (Lar) (Bateman et al., 2001; Frydman
and Spradling, 2001; Gutzeit et al., 1991; Viktorinova et al.,
2009). Fat2 (also known as Kugelei) shows a planar polarized
distribution at the basal surface, such that it is present on cell-
cell interfaces roughly perpendicular to the direction of tissue
motility, and is absent from the lateral cell-cell interfaces (Viktor-
inova et al., 2009) (Figure 1H). It was later shown that this local-
ization corresponds to each cell’s trailing edge and that Fat2 is
required for collective follicle cell migration (Cetera et al., 2014;
Chen et al., 2016; Viktorinová and Dahmann, 2013). A recent
model proposed that Fat2 promotes epithelial motility by stimu-
lating the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016); however, how this model fits
with Fat2’s trailing edge localization is unclear. Lar is planar
polarized at the basal epithelial surface similar to Fat2 (Bateman
et al., 2001) (Figure 1I), and Lar has also been proposed to stim-
ulate the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016). However, Lar’s sub-cellular
localization (i.e., leading edge versus trailing edge) and role in
epithelial motility are less well defined. Whether Fat2 and Lar
work together to control the formation of leading edge protru-
sions is also unknown.

Here we show that Fat2 and Lar participate in a planar signaling
system that coordinates leading and trailing edge dynamics be-
tween migrating epithelial cells. First we show that Lar’s planar
polarized distribution corresponds to each cell’s leading edge
and that Lar is required for epithelial migration. We then show
that, contrary to the current model, Fat2’s role in protrusion for-
mation is non-cell-autonomous. Specifically, Fat2 signals from
the trailing edge of each cell to induce the formation of leading
edge protrusions in the cell directly behind, in part by stabilizing
Lar at the leading edge of this cell. Finally, we introduce a role
for Fat2 and Lar in the control of trailing edge retraction by
showing that Lar signals from the leading edge of each cell to
stimulate the retraction in the cell directly ahead and that Fat2
plays a cell-autonomous role in this process. Altogether, this
work defines a key mechanism driving epithelial migration and
establishes a new paradigm for planar cell-cell signaling.

RESULTS

Lar Promotes Epithelial Migration and Localizes to Each
Cell’s Leading Edge
To investigate whether Fat2 and Lar participate in a planar
signaling system controlling epithelial migration, we first needed
to better define Lar’s role in this process. Live imaging revealed
that Lar null epithelia show a fully penetrant yet variable defect in
their motility (Figures 2A–2D and S1A–S1C, Table S1, and Movie
S1). We defined a Lar epithelium as being ‘‘non-migratory’’ if it
had a migration rate that was less than that of the fastest rate
obtained for a fat2 null epithelium in the same experiment (i.e.,

Figure 1. The Developmental Context for the Migration of the Follic-
ular Epithelium
(A and B) Illustrations showing a migrating epithelium from basal (A) and side

(B) views. Protrusion size has been exaggerated in (B) to increase visibility.

(C) Micrograph of a developmental array of egg chambers, highlighting the

period when rotation (arrows) occurs.

(D) Illustration of a central sagittal section through an egg chamber.

(E) Illustration of a central transverse section through an egg chamber. During

their migration (arrow), the follicular epithelial cells crawl along the basement

membrane, which remains stationary.

(F) Illustration of the basal surfaceof the follicularepithelium. Duringmigration, the

actincytoskeleton isplanar polarized, withstressfibers oriented in thedirectionof

movement and leading edge protrusions oriented orthogonally (arrows).

(G) Micrograph of actin-based structures at the basal surface of the follicular

epithelium at stage 7. A single cell is highlighted. The direction of migration is

down, as determined by the orientation of leading edge protrusions.

(H and I) Micrographs showing planar polarization of Fat2-3xGFP (H) and Lar (I)

at the basal surface at stage 7.

Scale bars, 10 mm.
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cell interfaces roughly perpendicular to the direction of tissue
motility, and is absent from the lateral cell-cell interfaces (Viktor-
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ization corresponds to each cell’s trailing edge and that Fat2 is
required for collective follicle cell migration (Cetera et al., 2014;
Chen et al., 2016; Viktorinová and Dahmann, 2013). A recent
model proposed that Fat2 promotes epithelial motility by stimu-
lating the formation of leading edge protrusions on a cell-auton-
omous basis (Squarr et al., 2016); however, how this model fits
with Fat2’s trailing edge localization is unclear. Lar is planar
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ulate the formation of leading edge protrusions on a cell-auton-
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work together to control the formation of leading edge protru-
sions is also unknown.
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system that coordinates leading and trailing edge dynamics be-
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that, contrary to the current model, Fat2’s role in protrusion for-
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S1). We defined a Lar epithelium as being ‘‘non-migratory’’ if it
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Collective motility and Tissue rotation in vivo
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Collective motility without leaders

• Conclusions

• Intrinsic capacity to break symmetry at cellular scale

• Cell interactions reorganize local polarities and lead to local ordering

• This involves coupling between curvature, velocity and polarity (the mechanisms are not 
understood, phenomenological model) 

• Role of local polarity coupling mechanisms using PCP signaling systems

• There is no need for long range ordering (by mechanochemical gradients, eg, 
chemotactic. Cues or durotactic signals).  

• Yet such long range cues could potentially increase robustness or velocity alignments (ie. 
Increase the velocity and polarity correlation lengths).

Purely self-organized Biased & self-organized
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Conclusions

• Collective migration with leaders:

• Collective migration without leaders:

~


