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Abstract

The reorganization of multicellular populations to produce an elongated tissue structure is a
conserved mechanism for shaping the body axis and several organ systems. In the Drosophila
germband epithelium, this process is accompanied by the formation of a planar polarized network
of junctional and cytoskeletal proteins in response to striped patterns of gene expression. Actomyosin
cables and adherens junctions are dynamically remodeled during intercalation, providing the basis
for polarized cell behavior. Quantitative analysis of cell behavior in living embryos reveals
unexpected cell population dynamics that include the formation of multicellular rosette structures as
well as local neighbor exchange.

Introduction

A basic mechanism for generating three-dimensional structure during development is the
elongation of multicellular tissues by intercalation, the polarized movements of cells
perpendicular to the direction of elongation. Cell intercalation in mesenchymal tissues plays a
major role in shaping the body axis in Xenopus and zebrafish [1-4], and intercalation in
epithelial tissues drives the elongation of the Drosophila germband [5], the ascidian notochord
[6], the chick primitive streak [7] and organ systems such as the gut, lung, spinal cord and inner
ear [8-12]. The outcome of intercalation is similar in mesenchymal and epithelial tissues, but
the underlying cell behaviors appear to be different. Intercalating mesenchymal cells in
zebrafish and Xenopus elongate in the direction of cell movement and extend polarized
protrusions that support short- and long-range cell migrations [13-15]. By contrast, epithelial
cells in the Drosophila germband are proposed to intercalate through the spatially regulated
assembly and disassembly of intercellular adherens junctions [16]. Consistent with this
possibility, several proteins required for intercalation are associated with the adherens
junctions, including cytoskeletal and junctional components that may directly influence the
tenacity or transience of cell contacts within the sheet [16-18]. This review will focus on
epithelial intercalation in the Drosophila germband, with an emphasis on the mechanisms that
establish polarity within cells and the cell behaviors that translate these polarities into tissue
elongation.
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Two models for axis elongation in Drosophila: differential adhesion and
planar polarity
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During body axis formation in the Drosophila embryo, the germband epithelium increases 2.5-
fold in length along the head-to-tail (anterior-posterior) axis and narrows in width along the
back-to-front (dorsal-ventral) axis to create the basic layout of the body plan [5,19]. This
morphogenetic process is completed in less than two hours, with most of the elongation taking
place in the first 30-40 minutes through cell rearrangements that occur largely in the absence
of cell division [5]. During intercalation, germband epithelial cells interpose themselves
between their dorsal or ventral neighbors, resulting in a decrease in the number of cells along
the dorsal-ventral (DV) axis and an increase in the number of cells along the anterior-posterior
(AP) axis (Figure 1A,B). These oriented movements —perpendicular to the direction of tissue
elongation — allow relatively short-range changes in cell position to produce a major change
in tissue shape.

The spatial information that guides cell behavior during axis elongation in Drosophila is
provided locally by interactions between neighboring cells, rather than by a distant polarizing
signal. The local nature of these cues was first suggested by experiments demonstrating that
interfering with tissue specification dorsal, ventral, or posterior to the germband does not
disrupt intercalation [5]. Instead, patterning information within the germband epithelium itself
is required for its elongation. The Even-skipped (Eve) and Runt transcription factors are
initially expressed in seven stripes along the AP axis through the action of a global patterning
system that subdivides the embryo into segments [20,21]. In addition to their intrinsic role in
cell fate, the Eve and Runt stripes also influence interactions between cells that bias the
direction of cell movement. Disruption of these stripes in embryos in which Eve or Runt are
absent or uniformly misexpressed causes a substantial reduction in elongation [5,17], and an
ectopic source of either protein is sufficient to reorient the axis of cell polarity [17]. A related
mechanism operates in Xenopus, in which cells from the developing notochord intercalate
when explants from anterior and posterior regions are combined in culture, but not when the
explants are from the same region [22]. These results suggest that intercalary behavior is guided
locally by signaling events at boundaries between cells with different identities. The molecular
nature of these signals is unknown.

How do striped patterns of spatial information determine the direction of cell movement? In
one model, Eve and Runt expression could confer differential adhesion between adjacent
stripes of cells [5,23]. Quantitative or qualitative differences in adhesion can account for the
tissue-specific aggregation of dissociated cells [24] and patterns of cell sorting in culture
[25]. In addition, in vivo evidence supports a role for differential adhesion in a range of
developmental processes including oocyte positioning, tissue separation, and compartmental
boundary formation [26-28]. In the Drosophila germband, adhesive differences present in a
striped configuration could trigger tissue elongation if cells rearrange to maximize contact with
cells of the same stripe and minimize contact between stripes (Figure 1C) [5,23]. While blocks
of similarly adhesive cells the width of a typical Eve or Runt stripe are in principle sufficient
for elongation [5], a finer pattern of adhesive differences created by the combinatorial action
of multiple striped genes is more compatible with the observation that intercalary behavior
occurs throughout the germband, not just near stripe boundaries [23].

An alternative model postulates that different domains within a single cell —rather than absolute
differences between cells — provides the driving force for intercalation. In this planar
polarization model, each cell could acquire a polarized architecture that is asymmetric with
respect to the AP and DV axes of the embryo (Figure 1D). Intercalating cells in this model rely
on striped spatial cues not to determine their adhesive properties, but to generate and orient
intrinsic cellular asymmetries. For example, specific proteins may be targeted to interfaces
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between neighboring cells along the AP axis (AP interfaces) that encounter recognizable
differences in Eve and Runt expression. Several epithelial tissues display molecular planar
polarity, including the Drosophila wing, eye, and notum and the mammalian cochlear
epithelium. In these cases, polarized proteins are components of a conserved planar cell polarity
(PCP) signaling pathway mediated by the Frizzled receptor [29-31]. Some components of this
pathway are dispensable for germband extension [17], but a distinct set of cytoskeletal and
adherens junction proteins is planar polarized in the Drosophila embryo [16-18]. These
findings support a role for a planar polarization mechanism in elongation of the Drosophila
body axis.

Establishing cellular asymmetry along planar axes

To distinguish between different mechanisms for intercalary behavior, it is necessary to
identify proteins essential for this process that have spatially specific patterns of expression or
subcellular localization. In particular, intercalating cells in the Drosophila germband display
a planar polarized distribution of cytoskeletal and adherens junction proteins (Figure 2). The
homophilic adhesion molecule E-cadherin, its associated cytoplasmic protein Armadillo/B-
catenin, and the Bazooka/PAR-3 PDZ-domain protein are concentrated in interfaces between
dorsal and ventral neighbors (DV interfaces) [17,18]. Conversely, filamentous actin (F-actin)
and the actin-based myosin Il motor protein are enriched in the reciprocal AP interfaces [16—
18]. These polarities are specific to intercalating cells, appear just before the onset of cell
movement, and require the AP patterning system that is essential for axis elongation [17,18].
Consistent with a functional role for these planar polarized proteins, axis elongation is reduced
in embryos that are defective for the myosin 11 heavy or regulatory light chain subunits and
embryos injected with an inhibitor of the Rho kinase myosin activator [16], as well as embryos
that are defective for Bazooka or its binding partners, the Par6 PDZ-domain protein or atypical
protein kinase C (aPKC) [17,18]. A related system of planar polarity may extend to other
organisms, as Xenopus homologs of Par6 and aPKC are enriched in a planar polarized fashion
in intercalating notochord cells [32].

Planar polarized junctional and cytoskeletal structures in the Drosophila embryo precedes
intercalation and are likely to drive the separation of anterior and posterior cells and the
formation of contacts between dorsal and ventral cells (Figure 3A-C) [16-18]. The functional
relationships between different aspects of polarity are not clear, although F-actin is the first
protein to localize asymmetrically in the plane of the tissue and adherens junction polarity is
not detected until a later stage (Figure 2C) [18]. Bazooka is required for the apical localization
of adherens junction proteins [33, 34] and can bind to Armadillo/B-catenin [35], suggesting
that Bazooka may directly stabilize junctions at DV interfaces. Actomyosin contractility can
also influence adhesion, although evidence from the literature is contradictory on this point.
In some cell types myosin Il promotes the disassembly of adherens junctions [36, 37],
consistent with the reciprocal distributions of myosin Il and E-cadherin in the Drosophila
germband [18]. However, in other cell types myosin Il enhances adhesion through the lateral
clustering of E-cadherin molecules [38] or spatially localized contractility at the periphery of
growing contacts [39]. Cells from myosin heavy chain 11-A knockout mice display reduced
adhesion and less surface E-cadherin [40], indicating that some myosin Il activity is necessary
for adhesion. However, higher levels of myosin 11 or the spatial distribution of contractile forces
in the cell may determine whether myosin 11 supports or opposes the stabilization of junctional
contacts.

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 June 22.



Zallen and Blankenship Page 4

Cell polarization through extracellular signals and intracellular self-
organization
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The polarized architecture of intercalating cells could be generated by the self-organization of
distinct cellular domains in response to a single polarizing cue or landmark. Alternatively,
different regions of the cell could be specified independently in response to multiple
extracellular inputs. The establishment of planar polarity in the Drosophila embryo is not yet
understood, but other systems provide instructive examples of intrinsic and extrinsic cellular
mechanisms that could contribute to this process.

Cellular self-organization can be achieved through a variety of molecular mechanisms,
including inhibitory phosphorylation events displacing kinase from substrate [41-43],
competitive interactions between mutually exclusive protein complexes [29-31], and
actomyosin-dependent transport of proteins within the cell [44-46]. A well-characterized
example of cellular self-organization is anterior-posterior axis formation in the C. elegans
embryo, which occurs at the one-cell stage. A single polarizing event mediated by sperm entry
determines the posterior pole of the cell [47] and leads to the anterior accumulation of PAR-3
(Bazooka), PAR-6, and PKC-3 (aPKC) and the posterior accumulation of the PAR-1 serine/
threonine kinase and the PAR-2 RING domain protein [44-46]. These molecularly distinct
cortical domains are generated by an actomyosin-dependent flow that initiates at the site of
sperm entry and reorganizes the entire cell cortex and cytoplasm [48]. The signals that trigger
this directional flow emanate from the sperm centrosome [49] as well as the localized
deposition of CYK-4 RhoGAP and downregulation of ECT-2 RhoGEF at the posterior pole
of the embryo [50-52]. These events lead to inactivation of the RHO-1 GTPase at the posterior
pole and a displacement of the cortical actomyosin network toward the anterior of the embryo.
Actomyosin-dependent cortical flow colocalizes with and is required for the delivery of PAR-3,
PAR-6, and PKC-3 to the anterior cortex [48,53-56]. Conversely, feedback from the anterior
PAR-3 protein is required to sustain this cortical flow [48,57,58]. Therefore, a network of
molecular interactions leads to the autonomous organization of both anterior and posterior
cellular domains in the C. elegans embryo.

An alternative mechanism for polarization is available to cells in multicellular tissues, which
are exposed to a range of environmental inputs that could specify distinct aspects of planar
polarity. Consistent with this possibility, intercalating cells in the Xenopus embryo integrate
signals from multiple sources. Polarized protrusions in the developing notochord are restricted
to a two-dimensional plane by the extracellular matrix [59] and these protrusions are locally
inhibited at the notochord boundary [60]. Moreover, Xenopus neural plate cells convert from
bipolar to a directional unipolar motility in response to contact with the underlying mesoderm
[15] and exposure to a diffusible signal from the midline [61]. In support of a multi-signal
polarization mechanism in Drosophila, some properties of planar polarity appear to be
separable in the germband epithelium. An actomyosin network is still enriched at AP interfaces
in Par6 and aPKC mutants, despite the fact that large areas of DV interfaces are vacated by
Bazooka [18]. Mislocalized Bazooka aggregates also retain their affinity for DV interfaces in
basolateral regions, whereas myosin 1l remains concentrated apically [18,62]. These findings
suggest that different properties of planar polarity can be regulated independently in Par6 and
aPKC mutant backgrounds.

The independent modulation of distinct aspects of cell polarity by extracellular signals could
provide a flexible mechanism for maintaining planar polarity in a dynamic and disordered
cellular environment. Germband cells display a wide range of topologies [18,63], and the
organization of a four-sided cell is likely to be very different from that of a six- or seven-sided
cell, presenting a challenge to self-organizing strategies in which polarity is organized around
a single landmark. Moreover, intercalating cells have to continually remodel their polarity
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through multiple rounds of cell rearrangement. An externally-driven cell polarization could
provide a mechanism to regenerate asymmetry in moving cells that transition between different
structural states.

Cytoskeletal and junctional dynamics during intercalation

The planar polarized distribution of junctional and cytoskeletal proteins in the Drosophila
embryo is consistent with a model in which increased contractility and decreased adhesion at
AP interfaces leads to the disassembly of contact between anterior and posterior cells during
intercalation [16,18]. Little is known, however, about how these lost contacts are replaced by
new contacts between dorsal and ventral cells to produce directional cell rearrangement. One
possibility is that a rapid reloading of myosin Il could cause AP interfaces to shrink whenever
they attempt to reform [16]. Alternatively, increased adhesion at DV interfaces could facilitate
cell rearrangement by favoring new contacts between dorsal and ventral cells [17,18].
However, the association of Bazooka, which is thought to stabilize adherens junctions, is not
detected until several minutes after the establishment of contact between cells [18], suggesting
that Bazooka may not affect the formation of cell contacts but may instead act to stabilize them
once they form.

The actin cytoskeleton can act as a positive or negative regulator of junctional stability and
could therefore influence the formation and elimination of cell contacts during intercalation.
Actin filaments in the Drosophila germband not only assemble a contractile actomyosin
network at shrinking interfaces, but are also present as a transient burst at growing interfaces
[18]. The establishment of contact between epithelial cells in culture is also accompanied by
cytoskeletal reorganization, including the formation of actin-rich lamellipodia and the localized
recruitment of the Racl GTPase, the actin-nucleating formin-1 and Arp2/3 complex proteins,
the Arp2/3 activators N-WASP and cortactin, and VASP [64—-66]. Sites of actin polymerization
dynamically redistribute to the expanding periphery of growing interfaces and are replaced by
a central zone of adherens junctions [39]. By analogy, a noncontractile, polymerizing actin
structure could drive the formation and growth of new contacts between cells in the
Drosophila germband. Mutually exclusive contractile and polymerization-driven cytoskeletal
structures could provide a mechanism to ensure the directionality of cell rearrangement. For
example, the disassembly of actomyosin cables could render adjacent anterior and posterior
cells temporarily refractory to actin polymerization, favoring the actin-dependent stabilization
new junctions between dorsal and ventral cells.

Local interactions and global cell population dynamics during intercalation

An understanding of the global patterns of behavior that arise from local interactions between
cells requires the quantitative analysis of cell population dynamics. The number of neighbors
that a cell is in contact with, via a shared interface, is a useful measure of cell topology [63,
67-69]. The distribution of polygon classes provides a statistical measurement of cell
interactions. Epithelial sheets are often presumed to consist predominantly of hexagonal cells,
but it is becoming apparent that many tissues diverge significantly from this pattern [18,63,
68,69]. The germband epithelium contains a substantial fraction of nonhexagonal cells before
intercalation (~35%), and this fraction nearly doubles during intercalation [18,63]. Topological
diversity (or disorder) is a signature of intercalating populations that increases as the germband
elongates [18,63]. Therefore, rather than describing intercalating populations in terms of
uniform behaviors, may be more appropriate to view them as a collection of cells with similar
tendencies that behave differently under different topological and geometric constraints.

The germband epithelium maintains its integrity throughout axis elongation and the
disassembly of contacts between some neighboring cells is balanced by the acquisition of
contacts between new neighbors. Elementary neighbor exchange events are overwhelmingly
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directional: adjacent cells along the AP axis tend to separate while dorsal and ventral cells
come together (Figure 3A-C). A requisite intermediate during neighbor exchange, also known
as a T1 process, is a transient structure in which four cells come into contact at a single point
or vertex [67]. T1 processes are a topological necessity during cell rearrangement in two
dimensions and have been reported in several instances of intercalation [6, 16, 18, 63, 70]. The
existence of these structures does not, by itself, yield information about the underlying
molecular mechanisms. An important insight into the mechanism of intercalation in
Drosophila came from the finding that myosin 11 localizes to the interfaces that disappear
during intercalation [16]. Therefore, in contrast to intercalation in mesenchymal tissues in
which motile protrusions allow two cells to “push” their way into contact [1, 71], intercalation
in Drosophila instead appears to be driven by a contractile “pulling” force in the cells that
become separated [16-18].

In addition to elementary neighbor exchange, axis elongation in the Drosophila embryo
involves the formation of higher-order structures that are topologically distinct from T1
processes and may reflect coordination within the sheet. Live imaging studies reveal that
intercalating populations form multicellular rosette structures in which 5 or more cells meet at
asingle point in clusters containing up to 11 cells [18]. During rosette formation, two columns
of cells constrict their shared interfaces to bring a group of cells into contact at a common
vertex (Figure 3D-F). These multicellular assemblies resolve in a directional fashion to
produce two rows of cells, elongating the cellular array along the AP axis. Rosette formation
amplifies the effects of neighbor exchange, producing a 5.5-fold average change in the AP:DV
aspect ratio, compared to a 2.5-fold average change for T1 processes (Figure 3). Rosettes occur
at a consistent frequency during axis elongation, but with a variable spatial distribution, and
expand the range of cell interactions beyond what is possible in a system dominated by local
neighbor exchange. Neighbor exchange and rosette formation represent local and higher-order
behaviors, respectively, that link the dynamics of individual cell interfaces to the global
restructuring of a multicellular tissue.

Rosette formation can account for the increase in disorder in the germband, but rosettes are
not a necessary consequence of disorder. This is evident from a comparison with two-
dimensional soap films, which are highly disordered but contain only three-fold vertices due
to the constraints of surface tension [67]. Instead, rosettes occur when shrinking edges are
interconnected within the epithelial sheet. It is not known if these linkages are actively
generated by chemical or mechanical signals between cells, or if they can occur randomly
through the stochastic collision of T1 processes. During rosette formation, actomyosin
structures align across multiple cells to form cables of linked interfaces that contract together
to form a rosette [18]. These actomyosin structures may be functionally associated among
multiple pairs of cells, analogous to the supracellular contractile networks that drive epithelial
advance and embryonic wound healing [72—74]. Higher-order actomyosin structures in line,
arc and ring-like configurations have been implicated in compartmental boundary formation,
tracheal placode invagination and ommatidial precluster morphogenesis downstream of Notch,
EGF receptor and Hedgehog signaling [75-78].

Open questions: axis elongation through regulated adhesion and polarity

Whether differences between cells or differences across the surface of a single cell direct
polarized cell behavior during intercalation remains to be determined. These mechanisms are
not mutually exclusive. Differences in adhesion between cells could provide the spatial cue
that creates planar polarity, and a planar polarization mechanism could influence multiple
processes including adhesion. A differential adhesion mechanism is appealing in that it can
successfully predict the outcome of various striped configurations in the Drosophila embryo
[5]. Moreover, cell sorting events triggered by differences in adhesion resemble the sorting
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patterns of intercalating Xenopus cells when randomly mixed in culture [22,25]. However,
some aspects of intercalary behavior in the Drosophila embryo appear to be inconsistent with
a differential adhesion model. First, AP interfaces decrease in length during intercalation, but
this is not accompanied by a systematic increase in the length of DV interfaces, arguing against
a tendency to maximize certain cell contacts. Second, the differential adhesion model predicts
that cell movements should be random, followed by the stabilization of favored interfaces,
whereas cell movement in the germband is highly directional [5,16,18]. Finally, computer
simulations of cell sorting by differential adhesion are not able to reproduce higher-order
rosette behaviors [79], whereas rosette structures are in principle compatible with the formation
of actomyosin cables in a planar polarization model [18]. Ultimately, identification of the
signals provided by striped patterns of gene expression will be necessary to understand how
cells send and receive spatial information and translate this information into polarized cell
behavior.

In the future, realistic models of epithelial intercalation must account not only for the outcome
of elongation, but also for the dynamic trajectories of cells that engage in a range of local and
higher-order interactions. Of particular interest are features of cell populations that do not arise
through mathematical necessity but may reflect active biological regulation. The ability to
distinguish these properties through the judicious application of mathematical and physical
approaches to biological systems was articulated by British botanist K. J. Dormer in 1980:

So long as a system is mathematically determinate there is no room for any biological
phenomenon to show itself. Biology begins specifically at the point where there are
two or more mathematically admissible results, between which the organism must
choose upon some basis other than that of geometrical necessity. We have: (a) to
recognize, and as soon as possible to eliminate from further discussion, aspects of
tissue structure deriving from pure mathematical necessity; (b) to estimate, once the
available principles of mathematical causation have been exhausted, just how much
remains undecided, and how much freedom of choice is consequently left to the cells;
and (c) within the limits fixed by (b), to devise practical schemes of laboratory
observation for extracting information about biological decisions taken by cells in
specified plant and animal tissues [80].

Thanks to modern imaging techniques for time-lapse microscopy and quantitative analysis of
cell behavior in living embryos, Dormer’s practical schemes are now within reach.
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Figure 1. Axis elongation in the Drosophila embryo

(A,B) Living embryos expressing a cell-surface GFP marker showing six rows of cells before
(A) and during (B) axis elongation. Anterior left, dorsal up. Cells become separated from their
anterior and posterior neighbors by intervening cells from dorsal and ventral rows. (C) In a
differential adhesion model, stripes of cells with similar adhesive preferences rearrange to
maximize contact with cells of the same stripe and minimize contact between adjacent stripes.
(D) Inaplanar polarization model, adherens junction proteins (green) accumulate at interfaces
between dorsal and ventral cells and actomyosin cables (purple) accumulate at interfaces
between anterior and posterior cells. The contraction of these cables is likely to drive neighbor
exchange and multicellular rosette formation. Panels A and B provided by Ori Weitz.
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A

Figure 2. Establishment of planar polarity in intercalating cells

(A-C) Schematics of planar polarity in the Drosophila germband at early (A), middle (B), and
late (C) stages of polarization. Anterior left, dorsal up. Planar polarity is indicated for the central
cell in an apical plane at the level of the adherens junctions. The transition from a symmetric
to a planar polarized subcellular organization occurs in a 15-minute time window. (A) The
earliest known planar symmetry-breaking event is an accumulation of F-actin (purple) at AP
interfaces. (B) Bazooka (green) and myosin 1l (red) are initially uniform at the apical cortex
and subsequently become restricted to complementary domains. (C) E-cadherin and Armadillo/
B-catenin (blue) become enriched at DV interfaces by the onset of intercalation. Bazooka and
myosin 11 are largely mutually exclusive. Adherens junctions and F-actin are present
throughout the apical cortex. (D) Confocal image of the Drosophila germband showing myosin
I (magenta) enrichment at AP interfaces and Bazooka (green) enrichement at DV interfaces.
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Figure 3. Polarized cell behaviors during intercalation

(A-F) Living embryos expressing a cell-surface GFP marker at sequential time points during
neighbor exchange (A-C) or rosette formation (D—F). Anterior left, dorsal up. (A-C) In
neighbor exchange, a single interface between anterior and posterior cells contracts to produce
a 4-cell vertex (B) that resolves directionally (C), creating contact between the dorsal and
ventral cells. This is described as a T1 process [67] or type 1 (A), type 2 (B), and type 3 (C)
junctions [16]. The geometric center of each cell is indicated by a yellow circle; a box
circumscribing the cellular geometric centers was used to calculate the aspect ratio (the ratio
of the length of the cellular assembly along the AP axis relative to its height along the DV
axis). (D-F) In rosette formation, several AP interfaces contract together to bring two columns
of cells into contact at a high-order vertex (E) that resolves directionally (F), producing
elongation along the AP axis.
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