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To study the mechanisms controlling front-rear polarity in migrat-
ing cells, we used zebrafish primordial germ cells (PGCs) as an
in vivo model. We find that polarity of bleb-driven migrating cells
can be initiated at the cell front, as manifested by actin accumu-
lation at the future leading edge and myosin-dependent retro-
grade actin flow toward the other side of the cell. In such cases,
the definition of the cell front, from which bleb-inhibiting proteins
such as Ezrin are depleted, precedes the establishment of the cell
rear, where those proteins accumulate. Conversely, following cell
division, the accumulation of Ezrin at the cleavage plane is the first
sign for cell polarity and this aspect of the cell becomes the cell
back. Together, the antagonistic interactions between the cell
front and back lead to a robust polarization of the cell. Further-
more, we show that chemokine signaling can bias the establish-
ment of the front-rear axis of the cell, thereby guiding the
migrating cells toward sites of higher levels of the attractant.
We compare these results to a theoretical model according to
which a critical value of actin treadmilling flow can initiate a pos-
itive feedback loop that leads to the generation of the front-rear
axis and to stable cell polarization. Together, our in vivo findings
and the mathematical model, provide an explanation for the ob-
served nonoriented migration of primordial germ cells in the ab-
sence of the guidance cue, as well as for the directed migration
toward the region where the gonad develops.

amoeboid migration | bleb | cell polarity | chemotaxis | ezrin

stablishing and maintaining polarity is essential for a range of
different cellular functions (1). This requirement is particu-
larly critical for single-cell migration, a process that depends on
the definition of a front-rear axis, which, in turn, dictates the di-
rection of movement. This important issue has previously been
investigated primarily in cells such as Dictyostelium discoideum,
leukocytes, fibroblasts, and neural crest cells (2-7), cell types that
employ actin polymerization to generate physical force to advance
their leading edge in a form of lamellipodia. These studies suggest
that polarity is generated and stabilized by processes of local
positive feedback control loops, long-range negative feedback
loops, and by control of protrusion formation through membrane
tension, thereby facilitating forward movement of the cells (8-11).
In contrast to actin-powered lamellipodia-based migration, a
different cell migration strategy exhibited by diverse cell types in
physiological contexts, as well as in pathological conditions is
characterized by the generation of bleb-type protrusions at the
cell front (12-14). Blebs are spherical in shape and are powered
by hydrostatic pressure and cytoplasmic flow (15-17). Here, a net
forward movement is achieved via polarized bleb formation
driven by inflow of cytoplasm and concomitant retraction of the
opposite side of the cell. Several molecular processes have been
found to contribute to the generation of blebs. Most notably,
actomyosin contractility is required to generate the intracellular
hydrostatic pressure and to induce breaks in the cell cortex that
promote the separation of the plasma membrane from the
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underlying actin filaments (18). This process is therefore con-
trolled by the balance between contractility, membrane tension,
and membrane-cortex attachment (15-17, 19). Nevertheless,
little is known about the mechanisms responsible for defining the
front of blebbing cells and establishing the rear. Similarly, the
nature of the interactions between the front and the rear is not
well understood in this context. A theoretical model that de-
scribes these interactions is the universal coupling of speed and
cell persistence (UCSP) model (20). An important component in
this model for establishing cell polarization is the net actin ret-
rograde flow away from the side of the cell that becomes the cell
front. According to this model, the front can be maintained at
this location by a positive feedback between the actin flow and
the flow of inhibitors of actin polymerization away from it (21).
Experimentally, in the context of cell migration, actin retrograde
flow was first shown to be important in processes of focal-
adhesion-dependent motility. The flow results from a combina-
tion of actin polymerization against the cell membrane at the
leading edge and nonmuscle myosin II activity (22-24).

An important model for studying bleb-driven motility in an
in vivo context is that of zebrafish primordial germ cells (PGCs)
(25). Zebrafish PGCs migrate within the embryo employing
blebs and are directed by the chemokine Cxcl12a and its receptor
Cxcrdb (26). When guided by the chemokine as well as when
migrating in random directions in its absence, PGCs alternate
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between two distinct modes of behavior namely “run” and
“tumbling” (27). During run phases, PGCs extend blebs in the
direction of movement and actively migrate, while during the
tumbling phases the cells are morphologically apolar, form blebs
in all directions, and are immotile (27). This periodic sequence
of events where PGCs lose and regain polarity makes these cells
an excellent model for studying the establishment and mainte-
nance of cell polarity of blebbing cells and for determining the
role of chemokine signaling in this process.

Determining the precise course of events leading to cell mo-
tility and the interdependency of different events that contribute
to the polarization of migrating cells in vivo is challenging.
Nevertheless, by studying PGC migration within early zebrafish
embryos we could describe the molecular cascade leading to cell
polarization. We found that polarization is initiated by a biased
actin polymerization at one aspect of the cell. This initial
symmetry-breaking event determines and orients the front-rear
axis of the cell by directing streaming of specific proteins to the
future back. Proteins such as Ezrin and extended synaptotagmin-
like 2a that are transported to the cell back can inhibit the for-
mation of blebs, thereby specifying the rear of the cell. At the
same time, the transport of these proteins away from the putative
cell front makes blebbing more likely to occur there. In addition,
we provide evidence suggesting that blebbing enhances actin po-
lymerization at the front, thereby establishing a positive feedback
with the retrograde actin flow. The combination of the positive
and negative feedback reinforces the initial cell polarization event
to establish a persistent polarity. Furthermore, while this cascade
can be initiated at random positions around the cell perimeter, the
primary polarization event can be biased by chemokine signals,
thereby directing cell migration toward specific regions in the
embryo where the attractant is expressed. Last, our experimental
observations could be described by the set of equations based on
the UCSP theoretical model. This model predicts that persistent
cell polarization can be established above a critical level of actin
polymerization-induced treadmilling, which breaks the cell sym-
metry by advection of bleb-inhibiting proteins to the other aspect
of the cell, thereby maintaining the polarized actin flow.

Results

A Polarized Distribution of Molecules and Structures along the
Front-Rear Axis of Migrating PGCs. To elucidate the events and
cross-interactions among cellular elements that facilitate cell
polarization, we first set out to identify proteins and structures
that are asymmetrically distributed within migrating PGCs. The
front of migrating PGCs exhibits blebs and contains a dense
F-actin structure (termed actin brushes) (Fig. 14; see also ref.
28). These actin structures are similar to those found in pseu-
dopods and in some cases, they appear to be capable of pushing
the membrane forward. However, during PGC migration, they
mainly serve as a platform from which blebs emerge at the cell
front. Specifically, we observed that 16% of the front protrusions
are pseudopod-like structures while 84% are clear blebs (SI
Appendix, Fig. S1 A and B). A detailed analysis of the distribu-
tion of blebs around the cell perimeter revealed that they pref-
erentially form in the direction of migration, with fewer and
smaller blebs at the cell rear (SI Appendix, Fig. S1 C and D).
Next, to identify additional elements that are distributed unevenly
along the front-rear axis of the polarized cell, we determined the
relative position of organelles and selected molecules. Interestingly,
while the endoplasmic reticulum (ER) is distributed throughout
the cell body, it is absent from expanding blebs at the cell front
(Fig. 1B). Two other structures, the microtubule organizing center
(MTOC, visualized by labeling the MTs) and the Golgi apparatus
(Fig. 1 C and D, respectively) reside at the rear of the cell, behind
the nucleus. Importantly, Ezrin, a member of the ERM family that
links the plasma membrane to the actin cortex, is strongly enriched
at the rear of the cell (Fig. 1E), similar to findings in certain other
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Fig. 1. Polarized distribution of proteins and subcellular structures within
wild-type migrating PGCs and steps of self-organized ligand-independent
polarized bleb formation. (A-G) The localization fluorescent protein fu-
sions (green) labeling (A) actin (Lifeact), (B) the ER (calreticulin signal pep-
tide), (C) the MTs (Clip-170H protein), (D) the Golgi (N terminus of beta 1,4-
galactosyltransferase fusion), (E) Ezrin, (F) extended synaptotagmin-like 2a
(Esyt2a) and (G) Septin9a, relative to the plasma membrane (labeled by a
farnesylation signal from c-Ha-Ras fused to fluorescent protein [magental)
and the nucleus (magenta in C and D). White arrows indicate the direction of
migration. (Scale bars, 10 pm.) (H) The formation of membrane invaginations
labeled with the N-BAR domain (human Amphiphysin fused to YFP [green]),
at the new front where Lifeact-labeled actin accumulates (magenta). Times
are in minutes and seconds. (Scale bar, 10 um.) (/) The formation of actin
brushes at the new front and inflation of the first bleb. Times are in minutes
and seconds. (Scale bar, 5 pm.) (J) The time of bleb formation relative to the
time of establishment of actin brushes at the cell front (median, 5 and 95
percentiles are indicated. n = number of cells, time is in seconds).

cell types (29, 30). Interestingly, extended synaptotagmin-like 2a
(Esyt2a), which belongs to a family of proteins that connect the ER
to the plasma membrane (31, 32) is also localized to the rear of the
cell (Fig. 1F). Last, we found that Septin9a is enriched at the cell
rear (Fig. 1G), where it could act in a complex controlling cortical
rigidity (reviewed in ref. 33). Taken together, we detected actin
accumulation at the cell front where blebs form and determined
the localization of several molecules that could potentially limit the
formation of blebs at the rear of the cell.

The Definition of the Cell Front and the Formation of the Rear during
Exit from Tumbling in Ligand-Independent PGC Polarization. While
the precise role of actin brushes at the cell front in bleb formation
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is not completely understood, we made two observations relevant
to this issue. First, consistent with the fact that myosin light chain
kinase (MLCK) is enriched at the front of migrating PGCs (28),
we found it localized within the actin brushes (SI Appendix, Fig.
S2A4). This distribution is independent of myosin contractility as
observed upon expression of dominant negative Rho kinase
(DN-ROCK) (SI Appendix, Fig. S2B). It is conceivable therefore,
that actin brushes could bias blebbing to the front by the re-
cruitment of MLCK, thereby enhancing contractility at this part of
the cell. Conversely, blebbing activity is not essential for the initial
formation of actin brushes, as brushes can form in cells in which
contractility is reduced by DN-ROCK expression. Similarly, actin
polymerization is observed in cells in which membrane release for
bleb formation is inhibited by overexpression of the N-BAR do-
main of Amphiphysin (SI Appendix, Fig. S2C). A second potential
mechanism by which the brushes could increase blebbing concerns
their influence on the structure of the membrane around the cell
perimeter which can affect bleb formation (34). While membrane
invaginations were previously shown to be enriched at the leading
edge of migrating PGCs (35), here we show that these invagina-
tions develop as soon as actin brushes form (Fig. 1H). Importantly,
while blebbing is not required for the initial formation of actin
brushes (S Appendix, Fig. S2C), blebbing is important for main-
taining actin polymerization. This is because the persistence of the
actin brushes in nonblebbing cells is lower (SI Appendix, Fig. S2D),
indicating that the retrograde flow is repressed in cells in which
blebbing is reduced.

As a first step in exploring the mechanisms responsible for the
establishment of polarity in the migrating cells, we determined
the temporal course of events during polarity acquisition in the
absence of the Cxcl12 guidance cue. Toward this end, we took
advantage of the fact that cells establish new polarity upon
exiting the tumbling phase and entering the run phase.

Blebs differ from actin-powered lamellipodia regarding their
dynamics, molecular composition, and morphology. Interest-
ingly, however, we found that similar to findings in mesenchymal
cells (36), polymerized actin at the future cell front is the earliest
(defined as “time 0”) polarized structure in PGCs that are about
to exit tumbling (Figs. 1 I and J and 2 A-D). This event is fol-
lowed by the formation of a bleb within a minute after accu-
mulation of actin at the front (Fig. 1 I and J), with Ezrin, Esyt2a,
and Septin9a becoming localized to the cell back about 2 min
after the appearance of the actin brushes (Fig. 2 4, B, and D, SI
Appendix, Fig. S3D and Movie S1). We quantified the polariza-
tion of these proteins as performed in a recent study (37), using
an approach considering angular distribution of the fluorescent
signal with respect to the center of mass of the cell and the center
of mass of the fluorescent signal (Materials and Methods). This
quantification shows that following the initial formation of actin
brushes at the new front (time 0) an increase in the polarity index
of the back markers is observed (Fig. 2 A'-B’ and SI Appendix,
Fig. S3 A4, B, D', and D", arrows point at the center of the
fluorescent signal). Interestingly, the time of positioning of the
MTOOC at the cell rear is highly variable and often represents a
late event in ligand-independent PGC polarization (Fig. 2 C and
C’ and SI Appendix, Fig. S3C). Thus, while in migrating cells the
MTOC is found at the rear of the cell (Fig. 1C), its positioning is
unlikely to be instructive during the initial establishment of the
front-rear axis. Together, these observations are consistent with
the idea that the site at which the front forms, determines the
position of the cell rear that is characterized by localization of
proteins such as Ezrin, Esyt2a, and Septin9a.

Collectively, these results show a temporal connection be-
tween actin brushes formation and polarized blebbing. The for-
mation of brushes is subsequently followed by the establishment
of the full front-rear axis as specific proteins become localized to
the cell back.

Olguin-Olguin et al.
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The Rear of the Cell Is Defined Prior to the Cell Front following Cell
Division in Ligand-Independent PGC Polarization. Another key stage
at which PGCs become polarized is at the end of cell division.
During mitosis, the cells assume a round morphology and as
judged by the distribution of the different molecular markers, the
cells are apolar (Fig. 2 E-G, time point 00:00). Interestingly, the
cleavage furrow that develops during the last stages of mitosis
harbors proteins that we found to reside at the cell rear (e.g.,
Ezrin) (38). Accordingly, Ezrin and Esyt2a are the first proteins
to become localized along the front-rear axis upon repolarization
(Fig. 2 E and F). Under these conditions, in the absence of the
chemokine, actin brushes and the future cell front form away
from the part of the cell marked by Ezrin and Esyt2a (Fig. 2 E
and F and Movie S2). As mitosis progresses, the MTOC that is
located initially at the future cell front gradually translocates
toward the cell back (Fig. 2G time point 23:44, Movie S2). These
results suggest that while the cell front initiates polarization
when PGCs exit from tumbling (Fig. 2 A-C), in the particular
case of cell division in the absence of chemokine signaling, the
rear of the cell can also direct cell polarization and thereby de-
termine the location of the front (Fig. 2 E and F).

The Role of Rac1 in Orienting the Front-Rear Axis in Blebbing Cells.
Since we found that as PGCs exit from tumbling the front is
established before the rear, we sought to directly assess the effect
of actin polymerization on the process. To this end, we first
studied the dynamics of Racl activation in the absence of the
chemoattractant. To follow active Racl protein distribution, we
monitored the distribution of an active Racl-associated protein,
PAK-1 (39). Specifically, we examined the localization of the
GTPase binding domain (GBD) of PAK-1 in PGCs as they ac-
quire polarity. Interestingly, we observed the formation of a
PAK-1 crescent (Fig. 34, time point —00:16) prior to the po-
larized formation of the actin brushes at that location (Fig. 34,
time point 00:00), which as presented above (Fig. 2 A-D), pre-
cedes the accumulation of Ezrin, Esyt2a, and Septin9a at the cell
back. Importantly, the PAK-1 GBD recruitment to the mem-
brane of newly formed blebs (Fig. 34, time point 00:16 PAK-1
GBD) and the subsequent formation of actin brushes at the new
leading edge help to maintain the front-biased actin accumula-
tion (Fig. 34, time point 00:24 Lifeact). To examine whether
formation of the actin-rich structures at the front by Racl acti-
vation is instructive and sufficient for the definition of the cell
rear, we employed a photoactivatable version of Racl (40)
(Fig. 3B and Movie S3). We found that indeed, activation of
Racl in tumbling cells directed the formation of the front to the
site of activation (Fig. 3B). Remarkably, activating Racl at the
rear of already-polarized cells led to the formation of two actin-
rich areas at the same time (Fig. 3B’). Subsequently, the area
that exhibited a stronger actin signal was further maintained,
followed by a newly forming rear at the opposite side of the cell,
as reflected by Ezrin enrichment at that position (Fig. 3B’).
These results thus show that the formation of the cell front is
sufficient for dictating where the rear will form, and that the
front arises from a global competition through the actin flow that
transports linker proteins across the cell length.

To further investigate the role of Racl in the polarization of
PGCs, we inhibited its activity by expressing a dominant negative
(DN) form of the protein (RaclT17N) (41). As a result, the
formation of the actin brushes at the cell front was inhibited.
Additionally, as we have previously shown, DN-Racl expressing
cells are not elongated, do not migrate, and exhibit apolar
blebbing activity [Fig. 3C and Movie S4 (42)]. This phenotype
could result from the weakening of the actomyosin cortex cou-
pled with residual contractility, which leads to more frequent
separation of the plasma membrane from the cortex and to bleb
formation. Indeed, a lower density of cortex-membrane binding
should result in a lower nucleation barrier for bleb initiation,
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Ligand-independent cell polarization after tumbling
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Fig. 2. Steps of ligand independent self-organizing
cell polarization. (A-C) The establishment of the cell

leading to more frequent blebs (19). Under these conditions, two
of the examined molecular markers for the rear of the polarized
cell (Ezrin, MTOC) were not localized to a specific location
within the cell (Fig. 3C and Movie S4). The polarity of Ezrin and
MTOC was quantified using the same software as in Fig. 24'-C’,
revealing a low and fluctuating polarity index (Fig. 3C). To-
gether, these results show that Rac activity is essential for
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rear in the absence of receptor signaling as determined
by the distribution of (A) Ezrin, (B) Esyt2a, and (C) MTs
(Clip170H) in green. The cell front is marked by Lifeact
(magenta). Apolar tumbling cells (Left), the appearance
of actin within the new cell front (time 00:00, Middle),
and the localization of the proteins at the rear of the
cell (Right) is presented. Times indicate minutes and
seconds, before and after the establishment of the
front and the white arrows point at the direction of
migration. The arrowheads indicate the actin brushes.
(Scale bar, 10 pm.) (A’-C’) Time course of the polarity
index establishment of the polarization of Ezrin (A’),
Esyt2a (B’), or MTs (C') within the cells presented in A-C.
In A’ and B’ the signal was measured only at the level of
the membrane; time appears in seconds. (D) Time of
ligand-independent polarization of the rear markers
relative to the time of actin accumulation at the cell
front (time 0) (median, 5 and 95 percentiles are pre-
sented, n = number of cells, time is in seconds). (E-G)
Establishment of polarity following cell division. Lifeact
presented in magenta and the rear markers in green:
(E) Ezrin, (F) Esyt2a, and (G) MTs. Apolar cells prior to
cytokinesis (Left) and subsequent panels present the
progression through cell division, with the polarized
daughter cell (Right). (Scale bar, 10 um.)

generation of a cell front and as such, it is subsequently needed
for the establishment of the rear.

In addition to the role of Racl activation in establishing the
cell front, we found that the formation of the actin brushes plays
an additional role in the polarization of the cell. Since the ER is
excluded from blebs at the cell front (Figs. 1B and 3D’), it is
possible that the actin brushes found ahead of the ER constitute
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a physical barrier blocking the entry of ER into the forming bleb
(Fig. 3D’). Consistent with this idea is the finding that the ER did
enter the blebs at the cell rear (in 91% of the cases), while only
3% did so at the leading edge of the cell (Fig. 3 D-D""). The
smaller size of the blebs at the back of the cell (SI Appendix, Fig.
S1D) could, in part, be the result of the more viscous ER (43)
that resists inflation. This scenario is avoided at the cell front by
the presence of actin brushes that prevents organelles from
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T T
front back
blebs blebs

is sufficient for directing polarization in tumbling
PGCs (B) and for reversing polarity in already po-
larized cells (B’). Lifeact is presented in magenta
and Esyt2a and Ezrin fusion proteins are in green.
Blue circles indicate the area where the light-
activated Rac1 was activated. (C) Rac1 activity is
required for polarity establishment as judged by
lack of stable focused accumulation of Lifeact
(Left, magenta), Ezrin (Middle, green), and MTs
(Right, green, CLIP-170) in cells expressing domi-
nant negative Rac1 (DN-Rac1). Graphs show the
polarity index of Ezrin (Left graph) and the MTs
(Right graph). (D) Invasion of ER into front and
back blebs. n = 140 front blebs and 29 back blebs
in 16 cells. (D', D”) Wild-type PGCs labeled with
Lifeact (blue), ER (green), and cytoplasm (red). The
blebs are marked by the dashed line. The asterisk
indicates the front bleb and the arrowhead points
at a bleb formed at the back. (Scale bars, 10 pm.)
Time is in minutes and seconds and white arrows
indicate the direction of migration.

entering the front blebs, thereby controlling their biophysical
properties.

Actomyosin-Based Contractility Is Essential for the Establishment of
the Cell Rear. To determine the mechanisms that direct the pro-
teins listed above to the cell rear, we investigated their dynamics
at the cell periphery. To this end, we made use of the Bioflow
software (44). Briefly, Bioflow is a computational tool that allows
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estimating material flow velocities by extracting the motion of
fluorescent signals. For this analysis, we followed the dynamics of
Esyt2a, benefiting from its more heterogeneous distribution,
which is advantageous to tracking. We compared the dynamics of
Esyt2a to the movement of a cytoplasmic fluorescent protein that
we measured simultaneously. Interestingly, contrary to the cy-
toplasmic flow to the cell front, Esyt2a flow toward the rear was
clearly observed (Fig. 44 and Movie S5). The average flow ve-
locity of the cytoplasmic protein toward the cell front is 0.26 +
0.10 pm per second and the average flow velocity of Esyt2a to-
ward the back of the cell is —0.16 + 0.08 pm per second (the
minus sign signifies flow in the direction of the rear, five polar-
ized cells, 65 time points). Interestingly, the velocity of both the
cytoplasmic flow and that of Esyt2a are increased during bleb
expansion (S Appendix, Fig. S4). This finding can potentially be
explained by a front-to-rear actomyosin-dependent retrograde
flow (20, 42, 45, 46). To examine whether such a flow could be
responsible for the formation of the cell rear in ligand-
independent cell polarization, we expressed DN-ROCK, which
is known to inhibit actomyosin contraction (28, 47). DN-ROCK-
expressing PGCs are round and immotile and show no polari-
zation of the back markers (Ezrin, Esyt2a, and MTOC) (Fig. 4B
and Movie S6). As judged by the Lifeact signal, the actin brushes,
characteristic of the cell front, did form at one side of the cell.
When we increased the contractility level, we observed an in-
verse phenotype; expression of a constitutively active (CA) form
of RhoA (RhoAG14V) resulted in a strong retrograde flow and
formation of a large stable protrusion at the cell front [Fig. 4C,
similar to findings in another cell type (48, 49)]. The strong
retrograde flow away from the stable protrusion at the cell front
results in very effective transport of Ezrin, Esyt2a, and the
MTOC that become homogeneously distributed at the back (Fig.
4C and Movie S7).

Next we sought to elucidate the functional relevance of Ezrin
localization to the rear of the cell and specifically tested the
possibility that as a membrane-to-cortex linker (29), it prevents
blebbing at that region. In agreement with this notion, expression
of a hyperactive version of Ezrin (Ezrin 1 to 583) (50) strongly
reduced blebbing activity around the cell perimeter (Fig. 4D).
This finding is in line with findings in mesenchymal cells, where
the distance between the cell membrane and the actin cortex is
reduced at the back, as compared with that at the protruding side
of the cell (51).

These results show that an appropriate level of contractility is
compatible with cell polarization as reflected in the formation of
succession of blebs at the cell front and the definition of the cell
rear by Ezrin. The latter stabilizes the cell rear by preventing
blebbing at this location.

Orientation of Front-Rear Cell Polarity by Chemokine Signaling. As
presented above, polarity of PGCs is established through a self-
organizing mechanism that is independent of a guidance cue.
Next we sought to determine the mechanism by which a guidance
cue orients the front-rear axis with respect to the position of the
migration target. To this end, we first introduced a chemokine
source next to tumbling apolar PGCs (Fig. 54) and examined the
course of polarity establishment. Interestingly, the order of the
polarization events in cells responding to the chemokine was not
different from that observed in self-organizing ligand-independent
polarization (Fig. 5 B-E and B'-D’ and SI Appendix, Fig. S5 A-C
and Fig. 2 A-D and A'-C"). Specifically, we found that the actin
brushes formed first, followed by the establishment of the rear as
shown by the accumulation of Ezrin, Esyt2a, and MTOC
(Fig. 5 B-E and Movie S8). Similar to the observation regarding
the ligand-independent polarization, the positioning of the MTOC
to the rear of the cell represented a late and temporally, highly
variable event (ranging between 2.5 and 42 min, Fig. 5E). It is
plausible, therefore, that MTOC localization could in principle be
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important for persistent migration but not for the initial polari-
zation. These observations are consistent with the idea that the
chemokine dictates the positioning of the cell front and the di-
rection of migration simply by biasing an underlying ligand-
independent self-organizing polarity cascade. This conclusion
was further supported by the findings obtained upon examination
of the polarization of dividing PGCs positioned within a chemo-
kine gradient. While the rear markers first accumulated at the
cleavage plane as in the ligand independent case, the front formed
at the side of the cell facing the higher level of the signal (S/
Appendix, Fig. S5 D-F and Movie S9). Under these conditions the
formation of the cell front is observed during the last stages of
the division before the two daughter cells are fully disconnected.
The position of the cell rear was then gradually adjusted according
to the position of the new cell front.

To determine the mechanisms by which the activation of
Cxcrdb, the Cxcll2a receptor, biases the self-organizing polarity
cascade, we monitored the response of manipulated cells to a
source of the guidance cue. Considering that Cxcrdb activation
leads to an increase in actin polymerization by controlling the
Racl activation level (52, 53), germ cells in which Racl activity
was inhibited did not polarize at the morphological level, nor did
they polarize at the molecular level in response to the chemokine
(Fig. 64 and Movie S10). Additionally, when contractility was
inhibited by DN-ROCK, cells positioned within a chemokine
gradient did not form a cell rear as judged by the apolar distri-
bution of Ezrin and Esyt2a and the positioning of the MTOC
(Fig. 6B, SI Appendix, Fig. S6 A—C’, and Movie S11). Intriguingly
however, the majority of cells in which contractility was inhibited
(39 out of 49) formed a clear actin-containing front in the di-
rection of the source of the chemoattractant, indicating that they
could sense and respond to the chemoattractant (SI Appendix,
Fig. S6D). These results show that receptor activation instructs
the generation of the cell front, but in order to define a stable
front-rear axis with a clear cell back, myosin-dependent retro-
grade flow is necessary to transport proteins such as Ezrin and
Esyt2a. As was the case in the absence of the ligand, increasing
the contractility by expressing a constitutively active form of the
RhoA protein (RhoAG14V, CA-RhoA) created a stable front
protrusion and pushed all the back markers and organelles to the
rear (Fig. 6C and Movie S12). In this case, the PGCs did not
respond to the chemokine by extending blebs toward the source
(Fig. 6D), which reflects the dominance of the strong retrograde
flow-induced polarity and depletion of the receptor from the
front protrusion (Fig. 6 E and E').

Cellular Self-Polarization Model. Given the findings presented
above, we propose the following: The first step in the polariza-
tion cascade is the formation of actin brushes, which can be
established at any location around the cell perimeter (Fig. 7 A4,
ii). In the absence of chemokine signaling, this position is de-
termined stochastically. According to our model, the only role of
the chemokine is to bias the formation of the actin brushes to a
specific site. In this way the actin brushes are more likely to form
in the part of the cell facing the higher level of the attractant
source. The resulting increase in actomyosin contractility at the
site where brushes form could promote breaks in the actin cor-
tex, or push the membrane locally outwards, which would induce
weak points of membrane-cortex interaction and favor bleb
formation at this aspect of the cell (Fig. 7 A4, iii). In addition, the
increased actin retrograde flow at the front, transports mem-
brane linker proteins, such as Ezrin and Esyt2a, away from this
region, which increases the likelihood of bleb formation at the
forming front. The resulting self-organizing polarization cascade
thus defines the rear of the cell by actomyosin-dependent ad-
vection of the polarity cues (linker proteins such as Ezrin and
Esyt2a) to the opposite side of the cell, where blebbing is
therefore inhibited (Fig. 7 A4, iv). The final part of the feedback
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mechanism can be the increased activation of actin polymeriza-
tion at the sites of blebbing, thereby enhancing the actin flow
from the front region. The result of this feedback loop is a stable
and robust (persistent) polarization of the cell (Fig. 7B).

To further explain the model for polarization presented above
we developed a theoretical model, based on the UCSP model
(20). In this model the cell is considered as a one-dimensional
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Fig. 4. The role of contractility and of Ezrin function in ligand-
independent self-organized polarization of PGCs. (A) Intracellular flow
fields of cytoplasm and Esyt2a during PGC migration in wild-type embryos,
measured using Bioflow software. White arrow indicates the direction of
migration. (B) ROCK activity is required for the establishment of the rear.
Lifeact is in magenta and Ezrin (Left), Esyt2a (Middle), and MTs (Clip170H,
Right) are in green in cells expressing a DN-ROCK. (C) Enhanced contrac-
tility induced by expression of a constitutively active RhoA (CA-RhoA) re-
sults in hyperpolarization of the cell. Lifeact is in magenta and Ezrin (Left),
Esyt2a, (Middle), and MTs (Clip170H, Right) are in green. Dashed line
marks the contours of the cell front. (D) Hyperactive version of Ezrin
(amino acids 1 to 583) is distributed over a larger portion of the cell pe-
rimeter (Left, Lifeact in magenta and Ezrin in green) and inhibits blebbing
activity (graph on the Right, Ezrin (1 to 583) n is the number of cells, two-
tailed t test with Welch’s correction, P = <0.0001). (Scale bars, 10 pm.)

object of fixed length, with two opposing ends where treadmilling
actin originates. The net actin treadmilling in the cell is due to
the difference between the flow that originates at either end and
causes the advection of various proteins that bind actin (ST Ap-
pendix, Fig. S7TA). When these proteins affect the process that
initiates actin treadmilling flow at the cell ends, positive feedback
loops can drive the cell to spontaneously self-polarize. Myosin 11
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is a protein that is advected by the actin flow to the cell rear,
while its contractile force further enhances the flow in the di-
rection of the rear end. Here we present another mechanism for
the self-polarization, namely the advection and enrichment of
proteins such as Ezrin and Esyt2a, which inhibit the blebbing
activity at the cell edge. By advecting these proteins away from
the dominant leading edge, this aspect of the cell becomes more
bleb prone, while blebbing at the opposing part of the cell is
inhibited. If blebbing supports the maintenance of enhanced
actin polymerization (SI Appendix, Fig. S2D), the linker proteins
effectively suppress maintenance of actin polymerization at the
rear end of the cell by inhibiting blebbing. This positive feedback
can be described by the same set of equations previously pro-
posed in refs. 20, 21, and naturally explains many of the
observations reported above.

According to this model, when the positive feedback reaches a
critical threshold, the uniform system becomes unstable, and
small spontaneous fluctuations in actin polymerization are en-
hanced until a polarized state is established. In the polarized
state the actin flow is asymmetric, strong at the front and weak at
the back, together with an exponential distribution of the in-
hibitory proteins that accumulate at the back (SI Appendix, Fig.
S7A4). The model predicts a phase diagram (SI Appendix, Fig.
S7B), relating the polarization state of the cell to the total level
of inhibitory proteins and strength of the actin retrograde flow.
In particular, there is a range of parameters where the model
predicts an “intermittent” phase, where cells exhibit run-and-
tumble migration due to stochastically losing (and regaining)
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Fig. 5. Chemokine-directed polarity establishment.
(A) A scheme presenting the generation of local
chemokine source within the live embryo. (B-D)
400 Apolar cells (Left), the emergence of the polarized
front (time 00:00) (Middle), and the subsequent po-
larized localization of the rear markers (Right). Life-
act is labeled with magenta and rear markers (B)
Ezrin, (C) Esyt2a, and (D) MTs (Clip170H) are in green.
White arrows indicate the direction of migration
toward the chemokine source. Time is in minutes and
seconds. (Scale bar, 10 um.) (B'-D’) Time course of
polarity index establishment during cell polarization;
time is in seconds. For B and C' the signal was
measured only at the level of the membrane. In B-D
the distribution of the chemokine (Cxcl12a) is illus-
trated by the red gradient below the panels. (E)
Timing of the chemokine induced polarization steps
relative to the time of actin localization at the cell
front (time 0) (median, 5 and 95 percentiles are
presented, n = number of cells, time in seconds).
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polarization. This behavior arises when the model solutions are
bistable, with the possibility for the development of polarized
and unpolarized states as observed in PGCs.

The model we propose predicts the dependency of cell po-
larization on several key components. First, below a critical value
of the treadmilling actin flow, there is no self-polarization, as the
positive feedback mechanism is too weak. Indeed, when DN-
ROCK is expressed, the contractile forces are weaker, and so is
the treadmilling flow, such that the cell remains unpolarized
(Figs. 4B and 6B). Second, high levels of Ezrin activity compro-
mise cell polarity (Fig. 4D). In this theoretical model, it is when
the total amount of inhibitor (of Ezrin in this case) is too high, cell
polarity is globally inhibited. These transitions from the motile
(polarized) to the nonmotile (unpolarized) cell conditions are
presented qualitatively in ST Appendix, Fig. S7TB. The model also
explains the formation of a polarized cell when two competing
fronts exit initially (21) (Fig. 3B and SI Appendix, Fig. S7A4).

Finally, our model predicts a relation between the value of the
polarity (P) of the protein that is advected by the actin flow and
its effective diffusion coefficient (D) such that P is proportional
to 1/D (SI Appendix, Fig. STC). The time scale for reaching the
steady-state distribution of the protein following the beginning of
the advection is also expected to depend inversely on the ef-
fective diffusion coefficient. Therefore, we expect that proteins
that diffuse faster will reach their steady-state distribution more
quickly and have lower polarity index, compared to proteins that
have lower effective diffusion coefficients. This relation indeed
appears qualitatively in Fig. 2.4’ and B’ and 5 B" and C’ for Ezrin
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and MTs (green, Right) in DN-ROCK-expressing PGCs in the presence of a chemokine gradient. Lifeact is marked in magenta. Inhibition of contractility by DN-
ROCK affects the definition of the cell rear in these cells. (C) Enhancement of contractility by expression of a constitutively active RhoA (CA-RhoA) in the
presence of the chemokine gradient with Lifeact (magenta) and Ezrin (Left), Esyt2a (Middle), and MTs (Right) in green. (D) The angle of protrusions relative to
the position of the attractant source in wild-type cells (Left, n = 72), and in PGCs with increased contractility (Right, n = 50). In the rose plot, 0° indicates the
source of the chemokine. (E and E’) Cxcrdb expression in control (E) and CA-RhoA-expressing cells (E'). The plasma membrane is labeled with a farnesylation
signal and Cxcrdb is an in-frame fusion with GFP (z-projection). In A-D the distribution of the chemokine (Cxcl12a) is illustrated by the gradient in the red

rectangle. (Scale bars, 10 um.)

and Esyt2a, where the proteins that take a longer time to reach
steady-state reach higher values of the polarity P. The effective
diffusion coefficient of Esyt2a may be small due to transient
binding of the protein to the ER that pervades the cytoplasm.
Together, the theoretical model presented above explains the
observed experimental results and can provide predictions re-
garding the robustness and the behavior of the cell under
different conditions.

Discussion

Studies describing the polarization of migrating cells primarily
reveal the role of biochemical signaling pathways involving small
GTPases, GEFs and PIP3 signaling that control actin polymeri-
zation and define the cell front (52, 54, 55). The cell front was
suggested to direct the formation of the rear at the other aspect
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of the cell, for example by activating contractility away from it or
by inducing flow of actin polymerization inhibitors away toward
the forming rear (8, 56). Here, we investigated the establishment
of a front-rear axis in bleb-driven migration in vivo in the context
of the developing embryo. At the exit from tumbling, filamentous
actin is the first structure to appear in the polarization cascade
whether the attractant Cxcl12 is present or not, similar to find-
ings in Dictyostelium cells that rapidly respond to graded distri-
bution of the attractant by actin polymerization (57). While the
role of actin in pseudopod formation is to push the membrane
forward, based on studies in Dictyostelium, its role in bleb for-
mation is to introduce negative curvature to the membrane that
favors bleb formation (34). Our analysis of migrating PGCs
suggests that actin brushes have additional functions. They serve
as a scaffold for the accumulation of proteins such as MLCK
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(81 Appendix, Fig. S2 A and B), whose activation could introduce
breaks in the cortex, thereby facilitating inflation of the bleb that
occurs by unfolding of membrane invaginations (35). Second, the
location of the brushes marks the position from which retrograde
flow toward the other side of the cell is initiated to establish the
cell back. Last, the brushes serve as a barrier for organelles and
structures such as the ER, which could affect the biophysical
properties of protrusions and their size (Fig. 3D and SI Appendix,
Fig. S1 C and D). An interesting possibility concerning the
maintenance of the cell front is that the formation of blebs
positively influences actin polymerization. Such a positive feed-
back scenario is consistent with our finding that the stability of
actin brushes is reduced in cells in which blebbing is inhibited (S
Appendix, Fig. S2D). According to this hypothesis, unfolding of
membrane invaginations during bleb formation (35) could re-
lease factors that in turn promote actin polymerization (58).
Our work underscores the importance of the transport of
molecules that change biophysical parameters in the course of
polarity establishment, in particular the advection of linker
molecules that inhibit blebbing at the cell rear. Ezrin inhibits
blebbing by directly increasing the attachment of the plasma
membrane to the cell cortex (Fig. 4D). Extended synaptotagmin-
like 2a on the other hand, could inhibit blebbing indirectly by
linking the plasma membrane to the membrane of the endo-
plasmic reticulum, which would limit bleb expansion at the cell
rear (Fig. 3D and SI Appendix, Fig. S1D). Additionally, these
linker proteins could also play a role in polarization of the cells
by increasing membrane tension at the rear (e.g., Ezrin) (59), a
biophysical feature that was shown to play a role in maintenance
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of the front of migrating neutrophils (8, 60). Our analysis sug-
gests that the transport of these molecules to the cell rear is
driven by retrograde flow generated by actomyosin contractility.
The advection of these linker molecules could depend on direct
interaction with actin that flows toward the cells back (e.g., for
Ezrin) (30), or other yet to be identified mechanisms (e.g., for
Esyt2a and Septins).

Our data reveal that during the establishment of cell polarity
at the exit from the apolar tumbling phases the front is defined
first, with the rear forming at the other side of the cell a few minutes
later, in a process that depends on actomyosin contractility. Con-
sistent with the reciprocal inhibition between the front and the rear
of the cell, when the rear forms first, as is the case following cell
division, the front is defined at the opposite side of the cell in a
process of self-organizing polarity establishment. Interestingly, we
observed that the time required for PGCs to polarize is remarkably
similar whether the cells polarize spontaneously or in response to a
chemokine gradient. The results we present are therefore consistent
with the idea that the role of the graded distribution of the che-
mokine is merely to bias the initial definition of the actin poly-
merization site that is followed by the development of the rear.

Retrograde flow positions linker molecules at one aspect of
the cell where they inhibit blebbing, to establish the rear of the
cell. At the same time, the low abundance of these linkers at the
opposite side of the cell defines a region that is more permissive
to blebbing, the cell front. These events lead to the development
of self-enhancing polarization that can be initiated by small
fluctuations in actin polymerization leading to nondirectional
migration, or by biased actin polymerization in response to
chemotactic cues resulting in directed migration. The ensuing
robust polarization of the cell (Fig. 7B) raises a problem con-
cerning the introduction of corrections to the migration path. In
the case of germ cells, such changes in migration direction are
made possible following tumbling phases, which are periodic
events of loss of cell polarity (27). We showed that such a
run-and-tumble behavior can arise naturally in our theoretical
model (SI Appendix, Fig. S7B) (21), in a regime when both po-
larized and unpolarized states can develop.

During their normal and ligand-independent migration, PGCs
can reach almost any part of the embryo, which consists of a wide
variety of cell and tissue types that exhibit different biophysical
properties (26, 61, 62). This scenario is similar to that observed
for other cell types that form blebs and migrate through complex
environments within the body (e.g., cancer cells and neutrophils)
(13, 14). It would be interesting to examine to what degree the
model we propose here and the role of specific molecules are rel-
evant for other cell types that use blebs to propel their migration.

Materials and Methods

Zebrafish Strains and Maintenance. Zebrafish (Danio rerio) embryos of the AB
and AB/TL backgrounds and embryos from other transgenic fish lines were used
as wild-type embryos. Zebrafish were maintained according to the recom-
mendations in 2007/526/EC and Article 33 of European Union Directive 2010/63
(63). For a list of the fish lines used in this work, see S/ Appendix, Table S1.

Generation of Transgenic Fish Lines. Transgenic fish lines expressing Ezrin,
Esyt2a, Clip170H, or Septin9a in PGCs, alone or in combination with Lifeact or
a farnesylated fluorescent protein, were generated (S/ Appendix, Table S2).
Plasmids containing the askopos (kop) promoter (64), the protein of interest
fused to a fluorophore, the nanos3 3’ UTR and a dominant marker were generated
using Gateway Technology (Invitrogen). The plasmid was injected with RNA for
Tol2.3 transposase into the cell of one-cell-stage embryos, and adult fish were
screened for the dominant marker transmission in their progeny. Fish carrying the
kop:lifeact. nCherry.nos3' UTR-cry:DsRed were crossed to fish carrying the kop:Y-
PET.Ezrin.nos3' UTR-<mIc:GFP and fish carrying kop:mTFP1.Septin9a.nos3 UTR-
cmic:EGFP to generate the fish lines carrying both transgenes.

RNA and Morpholino Antisense Oligonucleotides Microinjection. One-cell-stage
zebrafish embryos were microinjected into the yolk with 1 nL of either sense
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mRNA and/or a translation blocking morpholino antisense oligonucleotide (MO;
GeneTools). mRNA was synthetized using the mMessageMachine kit (Ambion).
A list of constructs used in this study and the mRNA concentration are provided
in SI Appendix, Tables S3 and S4. To express proteins in germ cells, the corre-
sponding sequence was cloned upstream of the nanos3 3’ UTR (65). For global
protein expression the sequence was cloned upstream of a Xenopus globin 3’
UTR. Embryos were kept in 0.3x Danieau’s solution and incubated at 25°.

Image Acquisition. Fluorescence microscopy was performed using a Carl Zeiss
Axio Imager Z1 equipped with a Retiga R6 camera or a Carl Zeiss Axio Imager
Z1 equipped with a Spot Pursuit 23.0 1.4 MP monochrome camera. Spinning
disk microscopy was performed using a Carl Zeis Axio Imager Z1 coupled to a
Yokogawa CSUX1FW-06P-01 spinning disk unit and a Hamamatsu Orca-
Flash4.0LT C11440 camera. Time-lapse movies were acquired using Visi-
View software. The confocal microscopy images were generated using a Carl
Zeiss LSM 710 microscope and Zen software. PGC imaging was performed
between 60% and 90% epiboly stages. Frames were captured at 8-s intervals
for experiments performed without the chemokine and 10-s intervals were
used for the experiments with the chemokine, with the exception of ex-
periments in Figs. 3 B and D and 4A in which frames were captured at 7.75, 2,
and 0.5 s, respectively. Embryos were kept at 28° during image acquisition.

Quantification of Bleb Location and Size. The location of blebs was determined
based on the position of the bleb center relative to the cell center. The center
of mass (COM) of the cell was determined using FlJI software (NIH). The center
of cell front was defined based on the COM of the actin brushes (labeled by
Lifeact-GFP). The bleb perimeter was drawn based on the membrane signal
(labeled with farnesylated mCherry) and the COM was calculated in FlJI. The
angle between the line connecting the COM of the bleb to the COM of the
cell and the line connecting the COM of the cell front to the COM of the cell
was measured in FlJI. Front blebs were defined as having angles smaller than
45° with respect to the COM of the actin brushes and rear blebs as showing
angles larger than 135°. All other angles were referred to as side blebs.

Imaging of Self-Organizing Polarity in PGCs. PGCs were imaged between 60%
and 90% epiboly using epifluorescence or spinning disk microscopy. One-cell-
stage embryos were injected with RNA encoding for the specific polarity
markers and/or MO oligonucleotides directed against Cxcl12a (21) (GeneTools)
(SI Appendix, Table S5). Images were processed using FlJI. For quantification of
the polarization times, time 0 was considered to be when the actin brushes
were first detected. The cascade of generation of blebs and polarization of
other proteins and structures (Ezrin, Esyt2a, Septin9a, and MTOC) was followed.

Imaging of Chemokine-Dependent Polarization of PGCs. These experiments
were performed by transplantation of somatic cells expressing Cxcl12a into
host embryos depleted of the chemokine using a morpholino against cxc/12a.
PGCs of host embryos were labeled for the different polarity markers. Cells
from donor embryos (between 30% epiboly and shield stages) were trans-
planted into host embryos (between shield and 75% epiboly stages) on a
Carl Zeiss Axio Imager Z1 microscope with a 5x objective and immediately
followed by the acquisition of time-lapse movies using either a 40x or 63x
objective. Image processing and quantification were performed as described
above for the ligand-independent self-organizing polarity.

Protein Polarization and Polarity Difference Angle Calculation. To determine
the angular polarity index, we generated an intensity-based Matlab
(Mathworks) program that follows the approach described in a recent study
(35) (for details see SI Appendix, Extended Methods, Protein Polarization
and Polarity Difference Quantification).

Photoactivatable Rac1-Based Experiments. MO directed against cxcl/12a, Ezrin-
YPet.nos3’UTR RNA, or Ypetesyt2al.nos RNA and either the photo-
activatable version of Rac1 fused to the 3’ UTR of nanos3 or control RNA,
were injected in one-cell-stage kop:lifeact. mCherry.nos3'UTR-cry:DsRed
embryos. The 63x movies were acquired using a Carl Zeiss LSM 710 confocal
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microscope and the photoactivation was performed using the bleaching
module in the Zen software. Photoactivation was initiated after five frames
with a 456-nm laser using a circular region of interest (ROI) with a diameter
of 5 um (120 to 240 iterations, 100% laser power) and was repeated every
four frames. The ROl was located at the edge of the cell opposite to existing
actin brushes or at a random location in apolar cells.

Overexpression of N-BAR Domain, DN-Rac1l, DN-ROCK, CA-RhoA, and
Hyperactive Ezrin Proteins. Embryos of transgenic fish expressing polarity
markers or AB fish were injected with RNA encoding for polarity markers, the
dominant-negative or constitutively active proteins fused to the nanos3'UTR
and MO directed against cxc/72a. PGCs were imaged between shield and
90% epiboly stages, either in the absence of Cxcl12a or in the presence of
transplanted cells producing the chemokine. For overexpression of N-BAR
domain, imaging was conducted at 17 to 19 hours post fertilization (hpf).
Only non-blebbing cells (16 of 35 cells) were selected for the analysis.

Quantification of Extended Synaptotagmin-Like 2a Flow Field. To analyze the
flow of extended synaptotagmin 2a (Esyt2a), we expressed the YPet-Esyt2a
and mTomato, as a cytoplasmic control, in migrating PGCs. Imaging was
performed using spinning disk microscopy and frames were captured every
500 ms. The two channels corresponding to Esyt2a and the cytoplasm were
analyzed using an adaptation of BioFlow (44) in the Icy platform (66) to
derive velocity fields within the segmented cells from consecutive pairs of
images over a time period (for details see S/ Appendix, Extended Methods,
Flow Field Quantification).

Direction of the Front in PGCs Expressing CA-RhoA Relative to the Chemokine
Gradient. Cell transplantation was used to generate a local source of the
chemokine Cxcl12a. Donor embryos were injected with RNA encoding for
Cxcl12a. The host embryos were injected MO directed against cxc/712a and
either control RNA or RNA encoding for CA-RhoA targeted to the PGCs by
the nanos3 3'UTR. Embryos were imaged starting from 30 min after trans-
plantation. The direction of the front relative to the chemokine source was
determined by measuring the angle between the line connecting the posi-
tion of the chemokine source to the center of the cell and the line con-
necting the center of the cell to the cell front. An angle of 0° indicated
perfect alignment of the front toward the chemokine source. The angles
were plotted into a rose plot generated in Python.

Deconvolution. The time lapse movies from Figs. 1 Fand G, and 2 A and B, and
3A and SI Appendix, Fig. S3D were deconvolved using the software Huygens
Professional.

Statistics and Reproducibility. Statistical analysis was conducted using
GraphPad Prism 6.0d software. The statistical test used, the n and the Pvalues
are indicated in the figure legends. All experiments were repeated at least
three times, except for the analysis of the persistence of actin brushes pre-
sented in S/ Appendix, Fig. S2D, which was performed twice.

Data Availability. All study data are included in the article and/or supporting
information.
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