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Mechanical forces play a central role in shaping tissues during development and maintaining epithelial integrity
in homeostasis. In this review, we discuss the roles of mechanical forces in Drosophila development and ho-
meostasis, starting from the interplay of mechanics with cell growth and division. We then discuss several ex-
amples of morphogenetic processes where complex 3D structures are shaped by mechanical forces, followed by a
closer look at patterning processes. We also review the role of forces in homeostatic processes, including cell

elimination and wound healing. Finally, we look at the interplay of mechanics and developmental robustness and
discuss open questions in the field, as well as novel approaches that will help tackle them in the future.

1. Introduction

Decades of research have shaped our understanding of how genetic
and biochemical programs guide morphogenesis of tissues with specific
patterns [1]. However, we do not fully understand the interplay of these
genetic programs with intrinsic and extrinsic mechanical forces to give
rise to functional three-dimensional tissue shapes with distinct physical
properties. Recent efforts that leverage on interdisciplinary approaches
combining developmental biology, physics and engineering are starting
to shed light on the links between mechanical forces, gene expression
and signaling in morphogenesis and homeostasis of tissues.

In this article, we aim to provide a broad overview to highlight the
multiple roles of mechanical forces in Drosophila development and ho-
meostasis [2], looking at how they can create and maintain tissue shapes
while also enabling tissues to respond to environmental stimuli and keep
their integrity. The overall review and the individual sections are
organized to follow developmental timing. Firstly, we will discuss the
interplay between mechanics and tissue growth during development,
both in terms of division rate and division orientation. We will then
cover key examples of morphogenetic processes where mechanical
forces play a key role in sculpting 3D tissue shapes, including tissue
elongation, folding and tubulogenesis. We will further summarize the
role forces play in the patterning and refinement of tissue organization,
as well as homeostatic processes including cell competition and wound
healing. Finally, we will discuss recent examples of processes where

tissue mechanical properties have been found to play a role in conferring
developmental robustness. We will conclude with an outlook on future
directions, both in terms of unexplored research directions and novel
methods and technologies that will be crucial to further our under-
standing of developmental forces in vivo.

2. Mechanics of growth control during Drosophila development
2.1. Mechanical feedbacks in cell growth and division rate

In Drosophila, the most studied system for organ growth is the wing
imaginal disc, which grows from approximately 50 cells to 50,000
during the larval stages of development and has been shown to scale in
size with animal body size under starvation conditions [3]. Growth
factors, including Decapentaplegic (Dpp), control wing growth: Dpp is
produced locally by a stripe of cells and gradually spreads out, forming a
morphogen gradient [4,5]. Despite this sustained morphogen gradient,
however, proliferation of cells occurs roughly uniformly throughout the
entire tissue, especially towards the end of wing disc growth. Theoretical
models have suggested that mechanical feedback could act as a regulator
of growth in such a scenario, with local growth rates modulated by
mechanical stress [6]. In this way, a patch of cells growing faster than
the surrounding tissue would experience compression and as a response
would downregulate its growth rate to reduce mechanical stress
(Fig. 1A). This model is consistent with several observations that
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mechanical forces can indeed regulate cell proliferation in cell culture,
with compression inhibiting growth and stretch promoting it [7-9].
Mechanical feedback of growth has also been suggested to act as a
size-control mechanism [10,11], whereby a growing tissue would
experience an increasing compressive stress due to external constraints
(e.g. due to the extracellular matrix [ECM] or neighboring tissues) that
would, in turn, slow down growth to reach the final tissue target size.
What are the molecular mechanisms behind this mechanical feed-
back of growth? The Hippo pathway is a key regulator of physiological
and oncogenic growth in several species [12,13] and has emerged in
recent years as the potential connection between mechanical stress and
growth [14]. A core element of the pathway is the kinase Warts (Wts),
that phosphorylates and negatively regulates the transcriptional
co-activator Yorkie (Yki, named YAP or TAZ in mammals), leading to
transcriptional downregulation of genes involved in growth and
apoptosis, including Cyclin E and DIAP1 [15,16]. Several models have
been proposed for how Yki responds to mechanical forces in Drosophila.
In wing discs, Yki activity has been shown to respond to changes in
cytoskeletal tension, through the co-recruitment of the Ajuba LIM pro-
tein (Jub) and Wts to adherens junctions under conditions of high ten-
sion [17]. Changes in Yki activity and corresponding Jub pathway
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components have also recently been reported during the normal devel-
opment of wing discs [18]. It has also been shown that cytoskeletal
regulators Zyxin and Enabled can regulate Yki-dependent organ growth
via regulation of Hippo pathway component Expanded [19].

Finally, it is important to note that different mechanisms can enable
developing tissues to control their growth rate and final size, even
within the same organism. For instance, a recent study focusing on the
Drosophila abdominal epidermis found that growth arrest was inde-
pendent of changes in apical area and tension [20]. In this tissue, growth
termination appears to occur by the rapid stochastic switching of cell
populations to proliferation arrest, and may also require remodeling of
the basal ECM [20]. Therefore, different mechanical cues in the form of
cell crowding, tension and interactions with the ECM can provide
alternative growth termination strategies that enable tissues to robustly
achieve their target size.

2.2. Mechanics and cell division orientation
During development, the orientation of cell division in the plane of

the epithelium (X-Y, Fig. 1B) is another factor that can dramatically
impact the final tissue shape. In the wing disc, cells have been shown to
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Fig. 1. Mechanics and cell division. (A) A gradient of proliferation rates in early Drosophila wing disc pouch contributes to a global tension pattern that promotes
proliferation at the periphery and suppresses it at the center. (B) Epithelial cells can divide in the plane of the tissue (X-Y) or in the apico-basal direction (X-Z), giving
rise to additional cell layers. (C) Several factors influence the orientation of cell divisions, including cell shape, molecular machinery enriched at cellular junctions
and mechanical tension. (D) In pseudo-stratified epithelia, crowding caused by mechanical compression can impair nuclear migration and prevent a correct mitotic

nuclear positioning.
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divide preferentially along the proximal-distal (PD) axis, giving rise to
an elongated tissue [21]. Control of this process depends on the Fat/-
Dachsous polarity pathway, through the polarization of the unconven-
tional myosin Dachs that induces a polarized apical constriction and
thus orients cell divisions along the elongated PD axis [21-23]. Cells
located in proximal regions of the wing pouch, on the other hand, divide
tangentially [24,25], despite the same radial (PD) polarized pattern of
Dachs expression. The reason for this orientation is a global pattern of
mechanical stress present in the wing disc, whereby cells in the proximal
regions of the pouch are stretched tangentially and have a higher
junctional tension compared to cells located in the center of the pouch
[24,25].

What is the source of this global mechanical stress pattern? A po-
tential explanation is growth inhomogeneity: quantification of prolif-
eration rates in the wing disc revealed that, at early stages of larval
development (48-72 h AEL), proliferation is faster in the center of the
pouch compared to proximal regions [25]. This transient growth rate
differential has been shown to be sufficient for the generation of the
observed global tension pattern, thus driving tissue shaping and growth
via tension-dependent oriented cell divisions [25] (Fig. 1A). A further
supporting evidence of this self-regulated growth mechanism is that
genetically perturbing the feedback between growth and mechanics
results in aberrant patterns of mechanical strain and proliferation [26].
More recently, cell intercalations (neighbor exchanges) have also been
implicated in the formation and maintenance of the global stress pattern
[27,28]. While previous observations had reported few or unoriented
intercalations in the wing pouch [29,30], quantification of cell move-
ments in wing disc cultured using improved conditions found frequent
radially patterned T1 transitions [27,28]. This explains an apparent
conundrum of how tangential cell elongation is maintained in the wing
disc, despite homogenizing of growth differentials after the mid-third
instar stage (~80 h AEL onwards). It is proposed that these radial cell
neighbor exchanges are active processes, and account for the patterns of
cell elongation independently of sustained differential growth and PCP
pathways. Instead, it is suggested that cell shape and tissue tension
patterns are sustained through self-organization via a mechanosensitive
feedback that requires Myosin IV activity [28].

The molecular mechanisms controlling division orientation have
been investigated since early observation in the late 1800 s that cells
preferentially divide along their longest axis (the so-called “Hertwig’s
rule”), see [31,32] for recent reviews on the topic. The canonical mo-
lecular machinery involved in shape sensing and spindle orientation
comprises the dynein-associated protein Mud, which is enriched at tri-
cellular junctions (TCJs) and retains its interphase cortical distribution
during mitosis [33,34]. Despite it being highly conserved, however, this
molecular machinery is not universal, and different tissues employ
different mechanisms to control division orientation (Fig. 1C). For
example, spindle orientation in the Drosophila follicular epithelium and
early embryonic ectoderm has been shown to be independent of cell
shape [35,36] and rather depend on tissue-level tension. Finally, a
recent study in the fly notum, where cells from different regions have
similar shape but different levels of tension, found that isotropic tissue
tension is important to enable the spindle to orient with the long cell axis
[371.

The above mechanisms orienting divisions can only function
correctly if the cells are able to accurately divide in the X-Y plane of the
epithelium (as opposed to in the X-Z apical/basal axis, Fig. 1B). If
alignment of the spindle to the epithelial plane is defective, cells can
delaminate and undergo apoptosis, potentially compromising epithelial
integrity [38]. Several molecular factors have been shown to control this
[39], and even within the same epithelium, division orientation in X-Y
and X-Z can be controlled by different mechanisms [35]. The mechanical
properties of tissues can also influence the accuracy of planar cell di-
visions, especially in pseudo-stratified epithelia, where mitotic nuclei
need to translocate to the apical side in order for rounding and
planar-oriented divisions to occur [40]. A recent study in Drosophila

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

wing discs, for example, found that nuclear movement strongly depends
on nuclear density: if density is increased through mechanical
compression, nuclear migration is perturbed, preventing a correct
mitotic nuclear positioning [41], Fig. 1D. Consistently, mitotic nuclear
dynamics change during development as cell density increases, corre-
sponding to an increasing requirement for the formin Diaphanous to
achieve correct apical nuclear positioning [41] and planar cell division.

In summary, oriented cell divisions can shape developing tissues
both in the epithelial plane and in 3D, and mechanical forces, together
with cell shape and cell-cell adhesions, play an important role in con-
trolling the orientation direction.

3. Mechanical forces shaping tissues during Drosophila
morphogenesis

Throughout Drosophila development, mechanical forces play an
essential role in sculpting tissues into their functional 2D and 3D shapes.
Cell autonomous and tissue-level forces have to be integrated in order to
achieve the correct timing and execution of key morphogenetic move-
ments, such as tissue elongation, folding and tube formation (Fig. 2).

3.1. Tissue elongation in the plane of the epithelium

Drosophila egg chambers are formed by a cluster of germline cells
surrounded by an epithelial layer of follicle cells, which contacts a
basement membrane (BM) on its basal surface. Egg chambers are
initially round in shape but undergo a striking elongation along their
anterior-posterior (AP) axis during maturation. Elongation is promoted
by a global rotation of the egg chamber around the AP axis and coincides
with the formation of a “molecular corset” of basal actin bundles in the
cells and fibrils-like structures in the BM, which constrains growth of the
egg chamber along the dorso-ventral axis [42,43]. Recent work has
shown that BM fibrils are generated de novo by secretion of newly syn-
thetized proteins into the basal pericellular space, which are then
inserted into the BM with a preferential orientation due to the tissue
rotation [44].

Two classical examples of tissue elongation during Drosophila
development are embryonic germ-band extension and pupal wing blade
elongation. During germ-band extension, the posterior pole of the em-
bryo undergoes invagination driven by Myosin II (Myoll) dependent
apical constriction and the endoderm then moves towards the anterior.
Polarized cell intercalations, driven by actomyosin planar polarization
[45,46] and by polarized basolateral protrusions [47], induce tissue
elongation, as junctions in the anterior-posterior axis shrink selectively
and new ones are formed between dorsal-ventral neighbors [45,48],
Fig. 2A. Recent work has revealed that the movement of the morpho-
genetic wave is guided by a tissue-scale wave of Myoll activation and
subsequent cell invagination that establishes a mechano-chemical relay
[49]. Extrinsic forces generated by concomitant morphogenetic move-
ments also play a role in the process. Cell shape changes (ante-
ro-posterior elongation) have been shown to contribute to germ-band
extension and arise from a global AP tensile force [50], which is in turn
generated by apical constriction of the posterior endoderm primordium
prior to endoderm invagination [51]. Finally, oriented cell divisions
have also been shown to contribute to tissue elongation in the embryo
[52].

Another striking example of tissue elongation that shared many
similarities to germ-band extension occurs during pupal wing morpho-
genesis, when the wing blade is shaped by anisotropic tissue flows that
induce its elongation in the PD axis and narrowing in the AP axis. These
tissue flows are induced by a global tension pattern generated by hinge
contraction and the anchoring of the wing margin to the pupal cuticle by
the apical ECM protein Dumpy [53,54]. Tissue shaping under this global
tension pattern occurs through the concomitant action of cell shape
changes, cell intercalations and oriented cell divisions [53,54].

Overall, we see different mechanisms involved in the global
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Planar polarity
Extrinsic tension
Intercalations
Cell elongation
Oriented divisions

Patterned anchorage
Global tension
Intercalations

Cell elongation
Oriented divisions
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Fig. 2. Morphogenetic processes in development. The figure shows key example of global tissue-sculpting processes driven by mechanical forces, with examples of
their roles in the development of Drosophila organs. (A) Tissue elongation is a ubiquitous process that is driven by both intrinsic and extrinsic factors that coop-
eratively give rise to preferential elongation of the tissue along one axis. (B) Folding of epithelia is an essential process of 3D tissue shaping and it can be driven by
different processes depending on the context (cell shape changes including apical constriction and basal relaxation, interactions with the ECM and the action of
apoptotic forces). Note that while several mechanisms are shown on the figure these do not all occur in the same tissue. (C) Tube morphogenesis is key to the
formation of several organs and it often initiates through a budding process, followed by elongation which can be achieved through different processes as illustrated.
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elongation of tissues during development, often combining extrinsic
constraints and intrinsic polarized intercalations, cell shape changes and
oriented divisions (Fig. 2A).

3.2. Folding

Folding of epithelial sheets is a ubiquitous tissue shaping process in
development, and folds of similar appearance can be generated by
different mechanisms, with multiple force-generating elements often
acting in parallel [55], Fig. 2B.

Cell-autonomous and tissue-level forces are often integrated to ach-
ieve folding at the tissue or even whole-embryo level. One famous
example of such a process is gastrulation, where a uniform single-layer
blastoderm undergoes a series of cell shape changes and movement to
give rise to three distinct germ layers (the ectoderm, mesoderm and
endoderm). The first step of gastrulation is ventral furrow formation,
which is initiated by the expression of mesoderm transcription factors
Twist and Snail, inducing accumulation of a MyolI network in the apical
region [56-58]. Apical constriction of ventral furrow cells is generated
by pulsatile contractions of the sarcomere-like actomyosin network,
alternated to pauses in which the constricted state is stabilized, giving
rise to an incremental constriction via a ratchet-like mechanism [59,60].
Apical constriction induces a cell shape change from columnar to
wedge-like, which also requires basal relaxation [61]. Due to global
tissue tension being mostly directed along the furrow (AP axis), apical
constriction is anisotropic, resulting in a long, narrow ventral furrow
[62]. This polarized tension and its underlying actomyosin fibers
orientation are organized by mechanical constraints imposed by global
tissue shape and geometry, namely the rectangular shape of the ventral
furrow region [63]. Despite the forces being locally generated in the
prospective mesoderm, other parts of the embryo also participate in
gastrulation and are required for mesoderm invagination. Cell pop-
ulations along the dorso-ventral (DV) axis have been shown to respond
differently to invagination of the ventral furrow, reflecting differences in
cytoskeletal organization [64]. These mechanical heterogeneities con-
trol the transmission and coordination of forces to give rise to correctly
timed dorsal widening, lateral cell displacement and furrow depth.

Folding of imaginal discs during the larval stage is often important to
organize tissues in different domains. The Drosophila wing disc, for
example, develops initially as a flat epithelium but acquires three ste-
reotypic (major) folds within the prospective hinge region. These
include the H/N fold (separating the prospective hinge and notum ter-
ritories), the H/P fold (separating the prospective hinge and pouch
territories), and a central H/H fold. This system is a great example of
how, at the cellular level, different mechanisms can contribute to folding
even within the same tissue. In fact, folding of the H/H fold was shown
to occur through relaxation of the basal area of cells in the fold region,
which requires ECM remodeling [65]. Formation of the H/P fold, on the
other hand, occurs through a different mechanism involving increased
lateral tension and subsequent pulsatile cell contractions that induce
shortening of the cells on their apical sides [65]. Thus, cell shape
changes into a wedge-like shape and the corresponding tissue sculpting
are not exclusively driven by apical constriction.

These cell-autonomous forces also interact with tissue-wide forces,
which can arise due to differential growth: in the developing wing disc,
growth rates vary across the tissue, generating a tension pattern that is
essential to ensure precise positioning of folds [66]. Finite element
simulations incorporating experimentally-measured growth rates could
correctly predict fold number and position, both in wild-type (WT) and
mutant wing discs, and highlighted the importance of the BM con-
straining the tissue on the basal side to achieve fold initiation [66].

Another example of patterned folding occurs during the morpho-
genesis of the leg imaginal disc, where folds are formed at the location of
presumptive joints between leg segments. This process has been shown
to depend on local apoptosis, which is triggered by the activation of the
pro-apoptotic gene reaper in a pattern of precisely located concentric
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rings [67]. Apoptotic cells undergo apical constriction and exert a
pulling force on the apical side of the epithelium through a dynamic
apico-basal actomyosin cable, deforming the surrounding tissue and
inducing formation of folds [68]. Transmission of the apico-basal pulling
force is enabled by the formation of a Myoll cable that connects the
apical surface to the apoptotic nucleus, which is relocalized basally and
anchored by F-actin to the basal side [69]. Contraction of the cable
deforms the apical surface, transmitting force to the neighbors.

3.3. Complex 3D tissue sculpting

The fundamental processes that are involved in the elongation and
folding of tissues can also shape tissues into more complex 3D structures.
For example, epithelial tubes are a key component of several vertebrate
and invertebrate organs (e.g. lung, vascular system, kidney) and un-
dergo complex morphogenesis in order to form, elongate and branch
into 3D structures [70], Fig. 2C. In Drosophila, two of the most
well-characterized systems for tube morphogenesis are the salivary
gland and trachea, which form from a polarized epithelium and are
specified by patterning genes [71]. The first step of salivary gland
tubulogenesis shares many similarities to tissue folding and occurs
through apical constriction and internalization of the salivary primordia
cells [72,73], which no longer divide or undergo cell death after speci-
fication. Recent work has also highlighted the importance of oriented
cell intercalations in the area surrounding the invaginating pit to ach-
ieve circumferential convergence and extension of the tissue towards the
invagination center [74]. Similarly to salivary glands, tracheal invagi-
nation initiates through apical constriction of a small group of cells [75].
Throughout the internalization process, cell rearrangements and ori-
ented mitotic divisions are also required to achieve the final tissue shape
[76,77]. Morphogenesis of the heart tube occurs through a different
mechanism: the cardiac precursor cells migrate as two rows of cells to-
wards the midline and they undergo shape changes, eventually joining
with each other dorsally and then ventrally to close the tube and form
the lumen [78]. Finally, the dorsal appendages of the Drosophila eggshell
form through a “wrapping” tubulogenesis, where part of the epithelial
sheet curls until its edges meet, sealing itself off and forming a tube
parallel to the original epithelium [79].

Once they are formed, epithelial tubes elongate through different
mechanisms, including changes in cell shape, cell rearrangements, cell
division, and cell recruitment. In the salivary glands and trachea, tube
growth is achieved through cell migration and cell shape changes [72,
80,81]. In primary tracheal branches, cell rearrangements also
contribute to elongation through a process that has been dubbed “stalk
cell intercalation™ [82]. As cells on the branch tip migrate, they induce a
tensile stress in the tracheal branch which induces cell intercalations and
further promotes tube elongation [82]. The Drosophila hindgut elongates
in absence of cell division and apoptosis, through changes in cell shape
(from columnar to cuboidal), an increase in cell size and cell rear-
rangements [83]. Cell intercalations are oriented circumferentially due
to a gradient of JAK/STAT pathway activation [84], which is essential to
achieve proper elongation. The elongation of renal (Malpighian) tubules
exploits a combination of all these mechanisms to give rise to an
extended U-shape morphology [85]. In this system, additionally, cell
recruitment occurs during elongation: mesenchymal cells are recruited
to the tubules from the caudal visceral mesoderm and integrate into the
epithelial tubules, where they differentiate into stellate cells [86,87].

Another example of a global 3D remodeling process is the eversion of
larval imaginal discs, which can be considered as an extreme case of
tissue folding/unfolding, involving both the columnar disc proper and
the squamous peripodial epithelia. Understanding of the coordinated
movements that occur during eversion have been greatly aided by the
development of long-term ex-vivo culturing and imaging of wing discs
[88]. During eversion, the wing pouch protrudes and bends, bringing the
dorsal and ventral compartments in apposition, while the peripodial
epithelium initially expands to cover the larger surface created. The
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peripodial layer then retracts, ultimately forming a mass of rounded
cells which are in large part eliminated through apoptosis [88,89]. The
global tissue remodeling that occurs during eversion also requires
degradation of the wing disc BM by matrix metalloproteinases [90].
Eversion of the leg disc proceeds through similar steps of peripodial
layer elongation, opening and removal;, however, the BM contributes
differently to the process [91]. During elongation of the peripodial layer,
the BM and the cell layer become progressively uncoupled and the
cellular monolayer later opens and withdraws independently of BM
degradation, driven by myosin II-dependent contraction [91].

4. Mechanical pattern formation and refinement

In addition to global changes in size and shape, tissues also undergo
patterning and pattern refinement during development, which may
involve changes in cell arrangement, shape and size.

4.1. Complex 2D cell shape patterns

The morphogenesis of highly specialized organs often requires
different cells to undergo distinct but coordinated developmental pro-
grams to achieve a functional tissue. A classic example is the Drosophila
retina, which is composed of 750 units called ommatidia, each one
comprising different cell types: cone cells, primary pigment cells and a
ring of interommatidial cells [92]. These different cells are arranged in a
complex yet precise pattern, with distinct packing and cell shapes, and
this is essential for the function of the visual apparatus. Early observa-
tions that the arrangement of cone cells is reminiscent of soap bubbles
[93] suggested that their overall shape might be optimized to minimize
their contact surface, and differential expression of E- and N-cadherins
was proposed to control pattern formation [93]. Subsequent work has
shown that MyollI-dependent contractility is the main driver of cone cell
shape [94] and that Myoll accumulation is in turn regulated by N-cad-
herin. More recent work has shown that a slow intercalation process that
occurs between the four cone cells is largely independent of local Myoll
activity, but instead relies of Neph/Nephrin-like adhesion and pulling
forces external to the intercalating cone cells [95], highlighting the
complex interplay between contractility and adhesion in pattern for-
mation. Additionally, the specific mechanical properties of the different
cells types have also been shown to be essential in the regulation of
retinal morphogenesis [96]. All cell types have contractile medial Myoll
meshworks that regulate their area and shape and enable mechanical
coupling with each other; however, despite this mechanical coupling,
cone cells are not deformed in response to forces because they are
intrinsically stiffer than their neighbors [96]. Complex tissues as the fly
retina might exploit differential cell stiffnesses to avoid averaging out of
forces across cells during morphogenesis, which would normally pre-
vent the acquisition of distinct apical geometries.

4.2. Compartment boundaries

The establishment of compartment boundaries during development
ensures that cells with different fates remain segregated in order to
achieve a correct tissue organization. The Drosophila wing disc is one of
the most well-characterized tissues, organized in anterior/posterior (A/
P) and dorsal/ventral (D/V) compartments which are established by the
action of selector genes and signaling pathways [97]. Several studies
have shown that the straight and smooth morphology of the D/V
boundary is due to an increase in F-actin and MyollI during development
[98,99], which requires Apterous and Notch activity [100] and creates
mechanical tension at the boundary that prevents mixing of adjacent cell
populations. Similar evidence of F-actin/Myoll enrichment and
increased mechanical tension has also been found at the wing disc A/P
boundary [101], as well as embryonic parasegments boundaries [102].
Overall, these studies show that local increases in actomyosin-based
mechanical tension on cell bonds are an essential mechanism to
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maintain compartment integrity during development. This can act in
parallel to additional mechanisms, for example the differential expres-
sion of adhesion molecules between different compartments. One such
example is the A/P boundary of pupal histoblasts, where a sharp
expression boundary of the transmembrane receptor protein Toll-1 re-
inforces adhesion of homotypic cells, straightening the compartment
boundary [103].

4.3. Epithelial packing and refinement

Planar cell polarity (PCP) plays a key role in the achievement of well-
ordered cell packing during development, for example in the formation
of hexagonally packed hairs on Drosophila wings, which have been
suggested to affect airflow during flight [104]. PCP is established and
regulated by the anisotropic distribution of key PCP proteins, including
Frizzled and Disheveled (for a review see [105,106]). Larval wing discs
already display a global PCP pattern, but cell packing is irregular
throughout larval and prepupal development [107]. In order to achieve
the final global alignment of PCP domains with the proximal-distal (PD)
axis of the wing, PCP and global tissue mechanics cooperate during the
pupal stage [108]. More specifically, hinge contraction induces aniso-
tropic tension in the PD axis and results in precise patterns of oriented
cell elongation, cell rearrangement and cell division that elongate the
blade proximo-distally and realign planar polarity with the PD axis
[108].

Another example of packing refinement that is influenced by tissue
mechanics is junction remodeling of the Drosophila pupal notum, which
occurs in absence of global tissue deformations. In this system, sto-
chastic fluctuations in junction length have been shown to give rise to
numerous randomly oriented intercalations [109]. Over the course of
development, the rate of intercalations gradually slows down as junc-
tional MyolI levels increase isotropically, causing the tissue to become
more ordered [109]. Overall this shows how global tissue mechanics,
together with PCP, allow refinement of epithelial packing during
development in order to achieve highly reproducible patterns of cellular
organization.

5. Forces in homeostasis

Once a tissue has acquired its target size and shape, it will still retain
a degree of plasticity that enables it to remodel and adapt in response to
changes in the environment, while maintaining its overall size and
shape. Several mechanisms contribute to this plasticity, which is
essential for homeostasis and for the tissue to cope with internal and
external mechanical insults, including wound healing.

5.1. Cellular processes driving plasticity of epithelia

Active cellular processes important in tissue homeostasis include cell
divisions, intercalations and extrusions, all of which can contribute to
stress dissipation. As we have previously discussed in the context of
tissue growth during development, cell divisions can orient in response
to tension [24,25] and this could help restore the epithelium homeo-
static state [110,111]. In addition, we have seen that mechanical forces
can influence local growth rates to help tissues achieve and maintain
their final size, promoting local growth to relieve tension and inhibiting
growth in crowded conditions [7-9].

In conditions of overcrowding, however, an additional mechanism
can support stress dissipation: cells can be eliminated from the epithe-
lium by extrusion (at the apical surface) or delamination (at the basal
surface) [112,113]. Basal delamination is by far the most common
process in Drosophila, and it typically results in apoptosis or clearing of
the cell by haemocytes, Fig. 3A. Examples of apical extrusion are found
in the elimination of apoptotic enterocytes in the adult midgut [114]
and in some tumor models [115], where the extruded cells can form
luminal masses [116], Fig. 3B. In the Drosophila notum, cell
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Fig. 3. Cell elimination from epithelia during development and homeostasis. The figure illustrates the two main processes by which cells can be eliminated from an
epithelium: basal delamination (A) and apical extrusion (B). In Drosophila, basal delamination is the most common process and it results in apoptosis of the
delaminated or clearing by haemocytes. A few examples of apical extrusions have also been reported in apoptotic or transformed cells, a process which can cause the

accumulation of luminal masses.

delamination was shown to occur randomly in areas experiencing cell
crowding, a potential mechanism to ensure the formation and mainte-
nance of a regular cell packing and relieve mechanical stresses in the
tissue [117]. Recent studies found that caspase activation is involved in
crowding-induced delamination in the notum [118] and that it is trig-
gered by transient changes in EGFR/ERK signaling following tissue
stretching or compaction [119].

These local interactions can be put into the broader context of cell
competition, a process whereby “loser” cells characterized by a lower
fitness are gradually eliminated from a tissue [120]. On the other hand,
even WT cells can be outcompeted by mutations that increase the fitness
of cells and turn them into “winners”, in a process often termed
“super-competition” [121]. Cell competition has been found to occur
through several processes including the competition for survival factors,
the display of fitness markers identify less fit cells and, more recently,
mechanical competition between neighboring cells, in which winner
cells compress their neighbors, increasing the local cell density and
promoting the elimination of loser cells (see [122] for a review). The
compression-driven cell extrusions found in the Drosophila notum and
described earlier represents a perfect example of the latter type
[117-119]. Importantly, mechanical competition is likely involved in
tumorigenesis: clones of cells with active oncogenic Ras’'2, for example,
are more resistant to compaction than neighboring cells, giving rise to
clone expansion [118].

Overall, by responding to mechanical cues such as tension and
crowding, developed epithelia can maintain a level of plasticity which
enables them to adapt to changes in the environment and achieve
homeostasis.

5.2. Tissue-level response to mechanical forces

The cellular-level processes enabling tissues to adapt to mechanical
forces described in the previous section can only act over relatively long
periods of time, on a timescale of minutes to hours [111]. How do tissues
respond to and buffer forces on shorter timescales? The most immediate
response to an applied force will depend on the material properties of
the tissue (e.g. its elasticity). In addition to this, recent work on
Drosophila wing discs has shown that epithelia can also rapidly remodel
to adapt to sudden mechanical perturbations [123]. Stretching wing
discs induces the rapid formation of supracellular actomyosin cables
that globally stiffen the epithelium, constraining cell shape changes and
preventing the propagation of fractures. Cable formation upon stretch is
dependent on the actin nucleator Diaphanous, which is also responsible
for F-actin remodeling that allows the tissue to gradually dissipate ten-
sion over time [123]. Overall, this shows how epithelia can buffer me-
chanical stresses across different timescales by exploiting both cellular
and tissue-scale processes.

5.3. Wound healing

Another key homeostatic process in epithelia is their ability to heal
wounds and maintain integrity after a tissue damage. The importance of
mechanical factors in wound healing has been highlighted by several
studies both in vitro and in vivo [124], with Drosophila representing a
widely employed model system [125].

When Drosophila embryos are wounded (either mechanically or with
laser ablations), an actin cable forms at the wound edge, operating as a
purse-string to close the wound, similar to the machinery involved in
dorsal closure [126,127]. Dynamic filopodia also form in leading edge
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cells, which make contact with each other in the final stages enabling
wound sealing. In the absence of an actin cable, neighboring lamelli-
podia can tug on each other and still enable a complete (albeit slower)
wound closure [126]. Cell shape changes also play a role in wound
closure: cells spanning several rows away from the wound edge, in fact,
have been observed to elongate towards the wound [128]. Additionally,
cells positioned anterior-posterior to the wound extend in width to
contribute to wound closure and exhibit ratchet-like junction shrinking
that gives rise to cell intercalations, reminiscent of the process occurring
during germband extension [128]. The interplay of all these mecha-
nisms confers flexibility to the wound repair machinery and enables
wounds of different topology to be closed effectively (e.g. narrow inci-
sional wounds can be rapidly closed by lamellipodia zippering only,
whereas larger round wounds also require a purse-string mechanism
[126]).

The mechanism of wound closure not only depends on wound
morphology, but it can also differ in different tissues. In wounded larval
wing discs, a purse string similar to the one found in embryos forms but
no protrusion-based migration of the wound edge is observed. Two
phases of wound healing are observed: an initial fast phase mostly
driven by the purse string where wound area reduces by 50%, followed
by a slow one that progressively leads to complete wound closure. The
slow phase was found to depend on numerous intercalations of wound
edge cells, that help preserve cell shape after an initial transient elon-
gation of cells towards the wound [129]. Simulations confirmed that an
increased tissue fluidity can compensate for a reduced purse string,
however the wound cannot be completely closed by intercalations only
[129]. This study highlights how the mechanical properties of the sur-
rounding tissue can play a role in wound closure in addition to local
wound-closure machinery.

Additional mechanisms that help alleviate the mechanical stress
induced by wounding are polyploidization and cell-cell fusion
[130-132]: these processes result in the formation of very large cells
near the wound edge, which might allow the establishment of robust
cytoskeletal structures and mechanically stabilize wounds. Compensa-
tory proliferation is another response to injury that can enable impres-
sive regeneration of damaged tissues [133]. Proliferation is often
induced locally around the wound site and requires the action of several
signaling pathways including Wingless, JAK/STAT and Hippo (see [134]
for a review). Importantly, increased proliferation coordinates with
changes in cell division orientation and cell fate re-specification to
achieve regeneration of tissues with the correct size and shape [135].

In summary, tissues employ several mechanisms to heal wounds and
maintain their integrity, including an actomyosin purse string, cell shape
changes, cell migration, and tuning tissue fluidity (rate of in-
tercalations). Often multiple mechanisms act in parallel, to guarantee
robust and seamless wound closure.

6. Developmental robustness

Developmental patterns are strikingly reproducible and robust
[136]. In recent years, several studies have looked into the role of tissue
mechanical properties in developmental robustness.

In the Drosophila leg disc, a precise pattern of four parallel folds
forms during development and perturbations of Arp2/3 complex
component were found to induce deviated folds [137]. Planar polari-
zation of Myoll was shown to be necessary to render the folds insensitive
to mechanical perturbation: without it, folds initiate properly but
propagate with low precision due to local mechanical noise (e.g. they
deviate towards regions of high tension) [137]. The polarization of
Myoll ensures that force transmission is biased in the direction of future
fold formation, “buffering” the effect of additional forces in the tissue.

Supracellular structures were also found to be important to confer
robustness to cephalic furrow (CF) formation in Drosophila embryos
[138]. The CF is positioned with a very high precision (on the order of
one cell diameter) in WT embryos [139]. Initiating cells are specified
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with single-cell resolution by the expression patterns of btd and eve,
however this positional code was found to account only for 80% of the
initiation events. Despite these inaccuracies in specification, CF initia-
tion displays a precise spatial alignment which is ensured by tissue-scale
mechanical coupling by supracellular myosin “ribbons” [138]. This is
another example of how mechanical coupling can function as a noise
correcting mechanism to ensure robust morphogenesis.

The structure and function of supracellular actomyosin networks
during morphogenesis was recently investigated using a novel tracing
method to monitor the network structure during Drosophila ventral
furrow folding [140]. Interestingly, many more connections are found in
WT actomyosin networks than are minimally required to fold the tissue:
this redundancy thus provides one layer of robustness to the system in
the face of potential disruptions. Furthermore, stiffening of network
connections along the A-P axis promotes robust folding of the furrow
along the correct axis.

As we have discussed in the previous sections, mechanosensitive
polarization of Myoll can act as a rapid response to external forces to
limit cell shape changes [123]. Such mechanosensitive response also
plays a role during development, for example in the polarization of
Myoll in response to forces caused by proliferation anisotropy in the
wing disc [24,25]. Supracellular cables circumferential around the wing
pouch act as mechanical feedback to limit tissue deformation in
response to global forces, conferring robustness to tissue shape [24,25].

In addition to the above examples illustrating the importance of
tissue-level mechanical organization in morphogenetic robustness,
further proofreading mechanisms can act during development. For
example, during the formation of the Drosophila cardiac vessel, two
opposing rows of cardioblasts migrate to the central midline and have to
precisely match with their contralateral partner cells, binding through
filopodia [141]. Proofreading of these connections is achieved through
Myoll oscillations, which periodically forms foci at the leading edge of
the migrating cells, inducing the retraction of weakly connected filo-
podia and reinforcing strongly connecting filopodia to ensure robust
matching between contralateral cardioblasts [141].

7. Conclusions and future perspectives

The different processes described above illustrate the central role of
mechanical forces in Drosophila tissue morphogenesis and homeostasis.
Despite the striking advancements in the last few years, our under-
standing of the physiological forces acting in vivo during processes such
as morphogenesis or wound healing is still lacking as in vivo biophysical
experiments remain challenging. It will be crucial to further develop
imaging techniques capable of probing the mechanical properties of
tissues in vivo without perturbing them, such as the newly emerging
Brillouin microscopy [142]. These could be combined with methods that
enable the local perturbation of forces in situ, such as the ever-growing
optogenetic toolbox [143], as well as the use of injected ferrofluid
droplets to both apply and monitor local forces in vivo [144-146]. The
development of methods such as correlative light-sheet and AFM [147]
that enable simultaneous imaging and force measurement is also very
promising, together with continuous improvements of genetically
encoded sensors to measure piconewton-range forces across individual
molecules [148]. As exemplified by many studies discussed in this re-
view, mathematical and computational models have also become
powerful approaches in developmental mechanobiology [149,150].
There is increasing interest in models integrating mechanical and
signaling aspects [151,152], extended up to three dimensions [153], as
well as models incorporating stochastic elements [154-157] which
could help better understand the role of genetic and mechanical noise
[158] in morphogenesis.

Looking ahead, these new technologies will be essential to address
open questions in the field, and to integrate mechanical information in
3D. Through many examples discussed in this review, we have seen that
tissues respond differently to mechanical forces at different
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developmental stages, and morphogenetic processes that ultimately give
rise to a similar shape (e.g. fold, tube) can proceed through dramatically
different steps. It will be important to further dissect the reasons behind
these differences, both in terms of the molecular signals upstream and
downstream of the tissue response and correlate these closely to the
unique properties of the mechanical strains involved (magnitude,
timing). Furthermore, it will be important to better understand how
force buffering acts during homeostasis and repair to confer robustness
to tissues against varying intrinsic and extrinsic patterns of mechanical
forces. This might eventually shed light on how organisms evolved tis-
sues of distinct shape and size to perform specific function in a
mechanically-active and noisy environment.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

Funding: G.P. was supported by a CRUK Project Award (A23335) and
an EMBO Long-Term Fellowship (ALTF 786-2020). Y.M. was funded by
MRC awards MR/L009056,/1 and MR/T031646/1, a Lister Institute
Research Prize and EMBO Young Investigator Programme. This work
was also supported by MRC funding to the MRC LMCB University Unit at
UCL, award code MC_U12266B.

References

[1] P.A. Lawrence, G. Struhl, Morphogens, compartments, and pattern: lessons from
drosophila? Cell 85 (7) (1996) 951-961.

[2] K.G. Hales, C.A. Korey, A.M. Larracuente, D.M. Roberts, Genetics on the fly: a
primer on the drosophila model system, Genetics 201 (3) (2015) 815-842.

[3] E. Hafen, H. Stocker, How are the sizes of cells, organs, and bodies controlled?
PLoS Biol. 1 (3) (2003) 86.

[4] K.W. Rogers, A.F. Schier, Morphogen gradients: from generation to
interpretation, Annu. Rev. Cell Dev. Biol. 27 (2011) 377-407.

[5] D. Gilmour, M. Rembold, M. Leptin, From morphogen to morphogenesis and
back, Nature 541 (7637) (2017) 311-320.

[6] B.L Shraiman, Mechanical feedback as a possible regulator of tissue growth, Proc.
Natl. Acad. Sci. USA 102 (9) (2005) 3318-3323.

[7]1 C.S. Chen, M. Mrksich, S. Huang, G.M. Whitesides, D.E. Ingber, Geometric control
of cell life and death, Science 276 (5317) (1997) 1425-1428.

[8] C.M. Nelson, R.P. Jean, J.L. Tan, W.F. Liu, N.J. Sniadecki, A.A. Spector, C.
S. Chen, Emergent patterns of growth controlled by multicellular form and
mechanics, Proc. Natl. Acad. Sci. USA 102 (33) (2005) 11594-11599.

[9] S.A. Gudipaty, J. Lindblom, P.D. Loftus, M.J. Redd, K. Edes, C.F. Davey,
V. Krishnegowda, J. Rosenblatt, Mechanical stretch triggers rapid epithelial cell
division through Piezol, Nature 543 (7643) (2017) 118-121.

[10] L. Hufnagel, A.A. Teleman, H. Rouault, S.M. Cohen, B.I. Shraiman, On the
mechanism of wing size determination in fly development, Proc. Natl. Acad. Sci.
USA 104 (10) (2007) 3835-3840.

[11] T. Aegerter-Wilmsen, C.M. Aegerter, E. Hafen, K. Basler, Model for the regulation
of size in the wing imaginal disc of Drosophila, Mech. Dev. 124 (4) (2007)
318-326.

[12] C. Badouel, A. Garg, H. McNeill, Herding Hippos: regulating growth in flies and
man, Curr. Opin. Cell Biol. 21 (6) (2009) 837-843.

[13] J.R. Misra, K.D. Irvine, The hippo signaling network and its biological functions,
Annu. Rev. Genet. 52 (2018) 65-87.

[14] S. Dupont, L. Morsut, M. Aragona, E. Enzo, S. Giulitti, M. Cordenonsi,

F. Zanconato, J. Le Digabel, M. Forcato, S. Bicciato, N. Elvassore, S. Piccolo, Role
of YAP/TAZ in mechanotransduction, Nature 474 (7350) (2011) 179-183.

[15] J. Huang, S. Wu, J. Barrera, K. Matthews, D. Pan, The Hippo signaling pathway
coordinately regulates cell proliferation and apoptosis by inactivating Yorkie, the
Drosophila Homolog of YAP, Cell 122 (3) (2005) 421-434.

[16] H. Oh, K.D. Irvine, In vivo regulation of Yorkie phosphorylation and localization,
Development 135 (6) (2008) 1081-1088.

[17] C. Rauskolb, S. Sun, G. Sun, Y. Pan, K.D. Irvine, Cytoskeletal tension inhibits
Hippo signaling through an Ajuba-Warts complex, Cell 158 (1) (2014) 143-156.

[18] Y. Pan, H. Alegot, C. Rauskolb, K.D. Irvine, The dynamics of Hippo signaling
during Drosophila wing development, Development 145 (20) (2018).

[19] P. Gaspar, M.V. Holder, B.L. Aerne, F. Janody, N. Tapon, Zyxin antagonizes the
FERM protein expanded to couple F-actin and Yorkie-dependent organ growth,
Curr. Biol. 25 (6) (2015) 679-689.

[20] A.P. Ainslie, J.R. Davis, J.J. Williamson, A. Ferreira, A. Torres-Sanchez, A. Hoppe,
F. Mangione, M.B. Smith, E. Martin-Blanco, G. Salbreux, N. Tapon, ECM
remodeling and spatial cell cycle coordination determine tissue growth kinetics,
bioRxiv, 2020, 2020.11.10.376129.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

Seminars in Cell and Developmental Biology xxx (xxxx) xxx

L.A. Baena-Lopez, A. Baonza, A. Garcia-Bellido, The orientation of cell divisions
determines the shape of Drosophila organs, Curr. Biol. 15 (18) (2005)
1640-1644.

Y. Mao, A.L. Tournier, P.A. Bates, J.E. Gale, N. Tapon, B.J. Thompson, Planar
polarization of the atypical myosin Dachs orients cell divisions in Drosophila,
Genes Dev. 25 (2) (2011) 131-136.

Y. Mao, C. Rauskolb, E. Cho, W.L. Hu, H. Hayter, G. Minihan, F.N. Katz, K.

D. Irvine, Dachs: an unconventional myosin that functions downstream of Fat to
regulate growth, affinity and gene expression in Drosophila, Development 133
(13) (2006) 2539-2551.

L. Legoff, H. Rouault, T. Lecuit, A global pattern of mechanical stress polarizes
cell divisions and cell shape in the growing Drosophila wing disc, Development
140 (19) (2013) 4051-4059.

Y. Mao, A.L. Tournier, A. Hoppe, L. Kester, B.J. Thompson, N. Tapon, Differential
proliferation rates generate patterns of mechanical tension that orient tissue
growth, EMBO J. 32 (21) (2013) 2790-2803.

Y. Pan, I. Heemskerk, C. Ibar, B.I. Shraiman, K.D. Irvine, Differential growth
triggers mechanical feedback that elevates Hippo signaling, Proc. Natl. Acad. Sci.
USA 113 (45) (2016) E6974-E6983.

N.A. Dye, M. Popovic, S. Spannl, R. Etournay, D. Kainmuller, S. Ghosh, E.

W. Myers, F. Julicher, S. Eaton, Cell dynamics underlying oriented growth of the
Drosophila wing imaginal disc, Development 144 (23) (2017) 4406-4421.

N.A. Dye, M. Popovic, K.V. Iyer, J. Fuhrmann, R. Piscitello-Gomez, S. Eaton,

F. Julicher, Self-organized patterning of cell morphology via mechanosensitive
feedback, Elife 10 (2021).

M.C. Gibson, A.B. Patel, R. Nagpal, N. Perrimon, The emergence of geometric
order in proliferating metazoan epithelia, Nature 442 (7106) (2006) 1038-1041.
D. Heller, A. Hoppe, S. Restrepo, L. Gatti, A.L. Tournier, N. Tapon, K. Basler,

Y. Mao, EpiTools: an open-source image analysis toolkit for quantifying epithelial
growth dynamics, Dev. Cell 36 (1) (2016) 103-116.

E.V. van Leen, F. di Pietro, Y. Bellaiche, Oriented cell divisions in epithelia: from
force generation to force anisotropy by tension, shape and vertices, Curr. Opin.
Cell Biol. 62 (2020) 9-16.

T.M. Finegan, D.T. Bergstralh, Division orientation: disentangling shape and
mechanical forces, Cell Cycle 18 (11) (2019) 1187-1198.

D.T. Bergstralh, H.E. Lovegrove, I. Kujawiak, N.S. Dawney, J. Zhu, S. Cooper,
R. Zhang, D. Johnston St, Pins is not required for spindle orientation in the
Drosophila wing disc, Development 143 (14) (2016) 2573-2581.

F. Bosveld, O. Markova, B. Guirao, C. Martin, Z. Wang, A. Pierre, M. Balakireva,
I. Gaugue, A. Ainslie, N. Christophorou, D.K. Lubensky, N. Minc, Y. Bellaiche,
Epithelial tricellular junctions act as interphase cell shape sensors to orient
mitosis, Nature 530 (7591) (2016) 495-498.

T.M. Finegan, D. Na, C. Cammarota, A.V. Skeeters, T.J. Nadasi, N.S. Dawney, A.
G. Fletcher, P.W. Oakes, D.T. Bergstralh, Tissue tension and not interphase cell
shape determines cell division orientation in the Drosophila follicular epithelium,
EMBO J. 38 (3) (2019).

E. Scarpa, C. Finet, G.B. Blanchard, B. Sanson, Actomyosin-driven tension at
compartmental boundaries orients cell division independently of cell geometry in
vivo, Dev. Cell 47 (6) (2018) 727-740 e6.

M.S.Y. Lam, A. Lisica, N. Ramkumar, G. Hunter, Y. Mao, G. Charras, B. Baum,
Isotropic myosin-generated tissue tension is required for the dynamic orientation
of the mitotic spindle, Mol. Biol. Cell 31 (13) (2020) 1370-1379.

Y. Nakajima, E.J. Meyer, A. Kroesen, S.A. McKinney, M.C. Gibson, Epithelial
junctions maintain tissue architecture by directing planar spindle orientation,
Nature 500 (7462) (2013) 359-362.

Y.I. Nakajima, Mitotic spindle orientation in epithelial homeostasis and plasticity,
J. Biochem. 164 (4) (2018) 277-284.

S. Chanet, R. Sharan, Z. Khan, A.C. Martin, Myosin 2-induced mitotic rounding
enables columnar epithelial cells to interpret cortical spindle positioning cues,
Curr. Biol. 27 (21) (2017) 3350-3358 e3.

N.J. Kirkland, A.C. Yuen, M. Tozluoglu, N. Hui, E.K. Paluch, Y. Mao, Tissue
mechanics regulate mitotic nuclear dynamics during epithelial development,
Curr. Biol. 30 (13) (2020) 2419-2432 e4.

S.L. Haigo, D. Bilder, Global tissue revolutions in a morphogenetic movement
controlling elongation, Science 331 (6020) (2011) 1071-1074.

M. Cetera, G.R. Ramirez-San Juan, P.W. Oakes, L. Lewellyn, M.J. Fairchild,

G. Tanentzapf, M.L. Gardel, S. Horne-Badovinac, Epithelial rotation promotes the
global alignment of contractile actin bundles during Drosophila egg chamber
elongation, Nat. Commun. 5 (2014) 5511.

A.J. Isabella, S. Horne-Badovinac, Rab10-mediated secretion synergizes with
tissue movement to build a polarized basement membrane architecture for organ
morphogenesis, Dev. Cell 38 (1) (2016) 47-60.

C. Bertet, L. Sulak, T. Lecuit, Myosin-dependent junction remodelling controls
planar cell intercalation and axis elongation, Nature 429 (6992) (2004) 667-671.
J.A. Zallen, E. Wieschaus, Patterned gene expression directs bipolar planar
polarity in Drosophila, Dev. Cell 6 (3) (2004) 343-355.

Z. Sun, C. Amourda, M. Shagirov, Y. Hara, T.E. Saunders, Y. Toyama, Basolateral
protrusion and apical contraction cooperatively drive Drosophila germ-band
extension, Nat. Cell Biol. 19 (4) (2017) 375-383.

J.T. Blankenship, S.T. Backovic, J.S. Sanny, O. Weitz, J.A. Zallen, Multicellular
rosette formation links planar cell polarity to tissue morphogenesis, Dev. Cell 11
(4) (2006) 459-470.

A. Bailles, C. Collinet, J.M. Philippe, P.F. Lenne, E. Munro, T. Lecuit, Genetic
induction and mechanochemical propagation of a morphogenetic wave, Nature
572 (7770) (2019) 467-473.


http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref1
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref1
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref2
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref2
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref3
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref3
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref4
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref4
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref5
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref5
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref6
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref6
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref7
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref7
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref8
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref8
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref8
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref9
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref9
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref9
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref10
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref10
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref10
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref11
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref11
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref11
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref12
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref12
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref13
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref13
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref14
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref14
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref14
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref15
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref15
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref15
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref16
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref16
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref17
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref17
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref18
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref18
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref19
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref19
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref19
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref20
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref20
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref20
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref21
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref21
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref21
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref22
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref22
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref22
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref22
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref23
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref23
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref23
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref24
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref24
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref24
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref25
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref25
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref25
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref26
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref26
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref26
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref27
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref27
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref27
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref28
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref28
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref29
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref29
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref29
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref30
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref30
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref30
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref31
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref31
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref32
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref32
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref32
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref33
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref33
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref33
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref33
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref34
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref34
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref34
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref34
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref35
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref35
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref35
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref36
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref36
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref36
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref37
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref37
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref37
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref38
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref38
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref39
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref39
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref39
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref40
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref40
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref40
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref41
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref41
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref42
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref42
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref42
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref42
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref43
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref43
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref43
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref44
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref44
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref45
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref45
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref46
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref46
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref46
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref47
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref47
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref47
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref48
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref48
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref48

G. Paci and Y. Mao

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

L.C. Butler, G.B. Blanchard, A.J. Kabla, N.J. Lawrence, D.P. Welchman,

L. Mahadevan, R.J. Adams, B. Sanson, Cell shape changes indicate a role for
extrinsic tensile forces in Drosophila germ-band extension, Nat. Cell Biol. 11 (7)
(2009) 859-864.

C.M. Lye, G.B. Blanchard, H.W. Naylor, L. Muresan, J. Huisken, R.J. Adams,

B. Sanson, Mechanical coupling between endoderm invagination and axis
extension in Drosophila, PLoS Biol. 13 (11) (2015), 1002292.

S.M. da Silva, J.P. Vincent, Oriented cell divisions in the extending germband of
Drosophila, Development 134 (17) (2007) 3049-3054.

R. Etournay, M. Popovic, M. Merkel, A. Nandi, C. Blasse, B. Aigouy, H. Brandl,
G. Myers, G. Salbreux, F. Julicher, S. Eaton, Interplay of cell dynamics and
epithelial tension during morphogenesis of the Drosophila pupal wing, Elife 4
(2015) 07090.

R.P. Ray, A. Matamoro-Vidal, P.S. Ribeiro, N. Tapon, D. Houle, I. Salazar-Ciudad,
B.J. Thompson, Patterned anchorage to the apical extracellular matrix defines
tissue shape in the developing appendages of Drosophila, Dev. Cell 34 (3) (2015)
310-322.

M. Denk-Lobnig, A.C. Martin, Divergent and combinatorial mechanical strategies
that promote epithelial folding during morphogenesis, Curr. Opin. Genet. Dev. 63
(2020) 24-29.

T.C. Seher, M. Narasimha, E. Vogelsang, M. Leptin, Analysis and reconstitution of
the genetic cascade controlling early mesoderm morphogenesis in the Drosophila
embryo, Mech. Dev. 124 (3) (2007) 167-179.

M. Leptin, twist and snail as positive and negative regulators during Drosophila
mesoderm development, Genes Dev. 5 (9) (1991) 1568-1576.

P.E. Young, T.C. Pesacreta, D.P. Kiehart, Dynamic changes in the distribution of
cytoplasmic myosin during Drosophila embryogenesis, Development 111 (1)
(1991) 1-14.

A.C. Martin, M. Kaschube, E.F. Wieschaus, Pulsed contractions of an actin-myosin
network drive apical constriction, Nature 457 (7228) (2009) 495-499.

J.S. Coravos, A.C. Martin, Apical sarcomere-like actomyosin contracts nonmuscle
drosophila epithelial cells, Dev. Cell 39 (3) (2016) 346-358.

D. Krueger, P. Tardivo, C. Nguyen, S. De Renzis, Downregulation of basal myosin-
11 is required for cell shape changes and tissue invagination, EMBO J. 37 (23)
(2018).

A.C. Martin, M. Gelbart, R. Fernandez-Gonzalez, M. Kaschube, E.F. Wieschaus,
Integration of contractile forces during tissue invagination, J. Cell Biol. 188 (5)
(2010) 735-749.

S. Chanet, C.J. Miller, E.D. Vaishnav, B. Ermentrout, L.A. Davidson, A.C. Martin,
Actomyosin meshwork mechanosensing enables tissue shape to orient cell force,
Nat. Commun. 8 (2017) 15014.

M. Rauzi, U. Krzic, T.E. Saunders, M. Krajnc, P. Ziherl, L. Hufnagel, M. Leptin,
Embryo-scale tissue mechanics during Drosophila gastrulation movements, Nat.
Commun. 6 (2015) 8677.

L. Sui, S. Alt, M. Weigert, N. Dye, S. Eaton, F. Jug, E.W. Myers, F. Julicher,

G. Salbreux, C. Dahmann, Differential lateral and basal tension drive folding of
Drosophila wing discs through two distinct mechanisms, Nat. Commun. 9 (1)
(2018) 4620.

M. Tozluoglu, M. Duda, N.J. Kirkland, R. Barrientos, J.J. Burden, J.J. Munoz,
Y. Mao, Planar differential growth rates initiate precise fold positions in complex
epithelia, Dev. Cell 51 (3) (2019) 299-312 e4.

C. Manjon, E. Sanchez-Herrero, M. Suzanne, Sharp boundaries of Dpp signalling
trigger local cell death required for Drosophila leg morphogenesis, Nat. Cell Biol.
9 (1) (2007) 57-63.

B. Monier, M. Gettings, G. Gay, T. Mangeat, S. Schott, A. Guarner, M. Suzanne,
Apico-basal forces exerted by apoptotic cells drive epithelium folding, Nature 518
(7538) (2015) 245-248.

A. Ambrosini, M. Rayer, B. Monier, M. Suzanne, Mechanical function of the
nucleus in force generation during epithelial morphogenesis, Dev. Cell 50 (2)
(2019) 197-211 e5.

B. Lubarsky, M.A. Krasnow, Tube morphogenesis: making and shaping biological
tubes, Cell 112 (1) (2003) 19-28.

B.E. Kerman, A.M. Cheshire, D.J. Andrew, From fate to function: the Drosophila
trachea and salivary gland as models for tubulogenesis, Differentiation 74 (7)
(2006) 326-348.

M.M. Myat, D.J. Andrew, Organ shape in the Drosophila salivary gland is
controlled by regulated, sequential internalization of the primordia, Development
127 (4) (2000) 679-691.

A.J.R. Booth, G.B. Blanchard, R.J. Adams, K. Roper, A dynamic microtubule
cytoskeleton directs medial actomyosin function during tube formation, Dev. Cell
29 (5) (2014) 562-576.

Y.E. Sanchez-Corrales, G.B. Blanchard, K. Roper, Radially patterned cell
behaviours during tube budding from an epithelium, Elife 7 (2018).

V. Brodu, J. Casanova, The RhoGAP crossveinless-c links trachealess and EGFR
signaling to cell shape remodeling in Drosophila tracheal invagination, Genes
Dev. 20 (13) (2006) 1817-1828.

M. Nishimura, Y. Inoue, S. Hayashi, A wave of EGFR signaling determines cell
alignment and intercalation in the Drosophila tracheal placode, Development 134
(23) (2007) 4273-4282.

T. Kondo, S. Hayashi, Mitotic cell rounding accelerates epithelial invagination,
Nature 494 (7435) (2013) 125-129.

C. Medioni, M. Astier, M. Zmojdzian, K. Jagla, M. Semeriva, Genetic control of
cell morphogenesis during Drosophila melanogaster cardiac tube formation,

J. Cell Biol. 182 (2) (2008) 249-261.

10

[791]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]

[90]

[91]
[92]
[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]
[105]
[106]

[107]

[108]

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

M. Osterfield, X. Du, T. Schupbach, E. Wieschaus, S.Y. Shvartsman, Three-
dimensional epithelial morphogenesis in the developing Drosophila egg, Dev. Cell
24 (4) (2013) 400-410.

B.E. Kerman, A.M. Cheshire, M.M. Myat, D.J. Andrew, Ribbon modulates apical
membrane during tube elongation through Crumbs and Moesin, Dev. Biol. 320
(1) (2008) 278-288.

C. Pirraglia, J. Walters, N. Ahn, M.M. Myat, Racl GTPase acts downstream of
alphaPS1betaPS integrin to control collective migration and lumen size in the
Drosophila salivary gland, Dev. Biol. 377 (1) (2013) 21-32.

E. Caussinus, J. Colombelli, M. Affolter, Tip-cell migration controls stalk-cell
intercalation during Drosophila tracheal tube elongation, Curr. Biol. 18 (22)
(2008) 1727-1734.

D.D. Iwaki, K.A. Johansen, J.B. Singer, J.A. Lengyel, drumstick, bowl, and lines
are required for patterning and cell rearrangement in the Drosophila embryonic
hindgut, Dev. Biol. 240 (2) (2001) 611-626.

K.A. Johansen, D.D. Iwaki, J.A. Lengyel, Localized JAK/STAT signaling is
required for oriented cell rearrangement in a tubular epithelium, Development
130 (1) (2003) 135-145.

A.C. Jung, B. Denholm, H. Skaer, M. Affolter, Renal tubule development in
Drosophila: a closer look at the cellular level, J. Am. Soc. Nephrol. 16 (2) (2005)
322-328.

B. Denholm, V. Sudarsan, S. Pasalodos-Sanchez, R. Artero, P. Lawrence,

S. Maddrell, M. Baylies, H. Skaer, Dual origin of the renal tubules in Drosophila:
mesodermal cells integrate and polarize to establish secretory function, Curr.
Biol. 13 (12) (2003) 1052-1057.

K. Campbell, J. Casanova, H. Skaer, Mesenchymal-to-epithelial transition of
intercalating cells in Drosophila renal tubules depends on polarity cues from
epithelial neighbours, Mech. Dev. 127 (7-8) (2010) 345-357.

S. Aldaz, L.M. Escudero, M. Freeman, Live imaging of Drosophila imaginal disc
development, Proc. Natl. Acad. Sci. USA 107 (32) (2010) 14217-14222.

S. Aldaz, L.M. Escudero, M. Freeman, Dual role of myosin II during Drosophila
imaginal disc metamorphosis, Nat. Commun. 4 (2013) 1761.

A. Srivastava, J.C. Pastor-Pareja, T. Igaki, R. Pagliarini, T. Xu, Basement
membrane remodeling is essential for Drosophila disc eversion and tumor
invasion, Proc. Natl. Acad. Sci. USA 104 (8) (2007) 2721-2726.

A. Proag, B. Monier, M. Suzanne, Physical and functional cell-matrix uncoupling
in a developing tissue under tension, Development 146 (11) (2019).

D.F. Ready, T.E. Hanson, S. Benzer, Development of the Drosophila retina, a
neurocrystalline lattice, Dev. Biol. 53 (2) (1976) 217-240.

T. Hayashi, R.W. Carthew, Surface mechanics mediate pattern formation in the
developing retina, Nature 431 (7009) (2004) 647-652.

E.H. Chan, P. Chavadimane Shivakumar, R. Clement, E. Laugier, P.F. Lenne,
Patterned cortical tension mediated by N-cadherin controls cell geometric order
in the Drosophila eye, Elife 6 (2017).

L. Blackie, M. Tozluoglu, M. Trylinski, R.F. Walther, F. Schweisguth, Y. Mao,

F. Pichaud, A combination of Notch signaling, preferential adhesion and
endocytosis induces a slow mode of cell intercalation in the Drosophila retina,
Development 148 (10) (2021).

L. Blackie, R.F. Walther, M.F. Staddon, S. Banerjee, F. Pichaud, Cell-type-specific
mechanical response and myosin dynamics during retinal lens development in
Drosophila, Mol. Biol. Cell 31 (13) (2020) 1355-1369.

A. Garcia-Bellido, P. Ripoll, G. Morata, Developmental compartmentalisation of
the wing disk of Drosophila, Nat. New Biol. 245 (147) (1973) 251-253.

M. Aliee, J.C. Roper, K.P. Landsberg, C. Pentzold, T.J. Widmann, F. Julicher,

C. Dahmann, Physical mechanisms shaping the Drosophila dorsoventral
compartment boundary, Curr. Biol. 22 (11) (2012) 967-976.

R.J. Major, K.D. Irvine, Localization and requirement for Myosin II at the dorsal-
ventral compartment boundary of the Drosophila wing, Dev. Dyn. 235 (11)
(2006) 3051-3058.

M. Michel, M. Aliee, K. Rudolf, L. Bialas, F. Julicher, C. Dahmann, The selector
gene apterous and notch are required to locally increase mechanical cell bond
tension at the drosophila dorsoventral compartment boundary, PLoS One 11 (8)
(2016), 0161668.

K.P. Landsberg, R. Farhadifar, J. Ranft, D. Umetsu, T.J. Widmann, T. Bittig,

A. Said, F. Julicher, C. Dahmann, Increased cell bond tension governs cell sorting
at the Drosophila anteroposterior compartment boundary, Curr. Biol. 19 (22)
(2009) 1950-1955.

B. Monier, A. Pelissier-Monier, A.H. Brand, B. Sanson, An actomyosin-based
barrier inhibits cell mixing at compartmental boundaries in Drosophila embryos,
Nat. Cell Biol. 12 (1) (2010) 60-69.

N. lijima, K. Sato, E. Kuranaga, D. Umetsu, Differential cell adhesion implemented
by Drosophila Toll corrects local distortions of the anterior-posterior
compartment boundary, Nat. Commun. 11 (1) (2020) 6320.

R.J. Wootton, Functional-morphology of insect wings, Annu. Rev. Entomol. 37
(1992) 113-140.

P.N. Adler, Planar signaling and morphogenesis in Drosophila, Dev. Cell 2 (5)
(2002) 525-535.

S. Eaton, Cell biology of planar polarity transmission in the Drosophila wing,
Mech. Dev. 120 (11) (2003) 1257-1264.

A.K. Classen, K.I. Anderson, E. Marois, S. Eaton, Hexagonal packing of Drosophila
wing epithelial cells by the planar cell polarity pathway, Dev. Cell 9 (6) (2005)
805-817.

B. Aigouy, R. Farhadifar, D.B. Staple, A. Sagner, J.C. Roper, F. Julicher, S. Eaton,
Cell flow reorients the axis of planar polarity in the wing epithelium of
Drosophila, Cell 142 (5) (2010) 773-786.


http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref49
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref49
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref49
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref49
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref50
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref50
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref50
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref51
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref51
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref52
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref52
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref52
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref52
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref53
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref53
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref53
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref53
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref54
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref54
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref54
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref55
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref55
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref55
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref56
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref56
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref57
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref57
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref57
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref58
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref58
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref59
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref59
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref60
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref60
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref60
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref61
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref61
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref61
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref62
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref62
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref62
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref63
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref63
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref63
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref64
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref64
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref64
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref64
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref65
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref65
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref65
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref66
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref66
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref66
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref67
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref67
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref67
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref68
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref68
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref68
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref69
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref69
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref70
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref70
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref70
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref71
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref71
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref71
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref72
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref72
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref72
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref73
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref73
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref74
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref74
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref74
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref75
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref75
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref75
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref76
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref76
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref77
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref77
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref77
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref78
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref78
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref78
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref79
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref79
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref79
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref80
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref80
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref80
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref81
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref81
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref81
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref82
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref82
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref82
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref83
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref83
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref83
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref84
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref84
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref84
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref85
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref85
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref85
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref85
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref86
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref86
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref86
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref87
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref87
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref88
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref88
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref89
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref89
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref89
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref90
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref90
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref91
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref91
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref92
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref92
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref93
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref93
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref93
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref94
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref94
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref94
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref94
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref95
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref95
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref95
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref96
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref96
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref97
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref97
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref97
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref98
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref98
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref98
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref99
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref99
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref99
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref99
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref100
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref100
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref100
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref100
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref101
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref101
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref101
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref102
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref102
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref102
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref103
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref103
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref104
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref104
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref105
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref105
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref106
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref106
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref106
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref107
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref107
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref107

G. Paci and Y. Mao

[109]

[110]

[111]
[112]
[113]

[114]

[115]
[116]

[117]

[118]

[119]

[120]
[121]
[122]

[123]

[124]
[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

S. Curran, C. Strandkvist, J. Bathmann, M. de Gennes, A. Kabla, G. Salbreux,

B. Baum, Myosin II controls junction fluctuations to guide epithelial tissue
ordering, Dev. Cell 43 (4) (2017) 480-492 e6.

T.P. Wyatt, A.R. Harris, M. Lam, Q. Cheng, J. Bellis, A. Dimitracopoulos, A.

J. Kabla, G.T. Charras, B. Baum, Emergence of homeostatic epithelial packing and
stress dissipation through divisions oriented along the long cell axis, Proc. Natl.
Acad. Sci. USA 112 (18) (2015) 5726-5731.

T. Wyatt, B. Baum, G. Charras, A question of time: tissue adaptation to
mechanical forces, Curr. Opin. Cell Biol. 38 (2016) 68-73.

S. Ohsawa, J. Vaughen, T. Igaki, Cell extrusion: a stress-responsive force for good
or evil in epithelial homeostasis, Dev. Cell 44 (3) (2018) 284-296.

B.N. Nanavati, A.S. Yap, J.L. Teo, Symmetry breaking and epithelial cell
extrusion, Cells 9 (6) (2020).

J.L. Martin, E.N. Sanders, P. Moreno-Roman, L.A. Jaramillo Koyama,

S. Balachandra, X. Du, L.E. O’Brien, Long-term live imaging of the Drosophila
adult midgut reveals real-time dynamics of division, differentiation and loss, Elife
7 (2018).

J. Vaughen, T. Igaki, Slit-robo repulsive signaling extrudes tumorigenic cells from
epithelia, Dev. Cell 39 (6) (2016) 683-695.

Y. Tamori, E. Suzuki, W.M. Deng, Epithelial tumors originate in tumor hotspots, a
tissue-intrinsic microenvironment, PLoS Biol. 14 (9) (2016), e1002537.

E. Marinari, A. Mehonic, S. Curran, J. Gale, T. Duke, B. Baum, Live-cell
delamination counterbalances epithelial growth to limit tissue overcrowding,
Nature 484 (7395) (2012) 542-545.

R. Levayer, C. Dupont, E. Moreno, Tissue crowding induces caspase-dependent
competition for space, Curr. Biol. 26 (5) (2016) 670-677.

E. Moreno, L. Valon, F. Levillayer, R. Levayer, Competition for space induces cell
elimination through compaction-driven ERK downregulation, Curr. Biol. 29 (1)
(2019) 23-34 €8.

G. Morata, P. Ripoll, Minutes: mutants of drosophila autonomously affecting cell
division rate, Dev. Biol. 42 (2) (1975) 211-221.

E. Moreno, K. Basler, dMyc transforms cells into super-competitors, Cell 117 (1)
(2004) 117-129.

J.P. Vincent, A.G. Fletcher, L.A. Baena-Lopez, Mechanisms and mechanics of cell
competition in epithelia, Nat. Rev. Mol. Cell Biol. 14 (9) (2013) 581-591.

M. Duda, N.J. Kirkland, N. Khalilgharibi, M. Tozluoglu, A.C. Yuen, N. Carpi,

A. Bove, M. Piel, G. Charras, B. Baum, Y. Mao, Polarization of myosin II refines
tissue material properties to buffer mechanical stress, Dev. Cell 48 (2) (2019)
245-260 e7.

S. Begnaud, T. Chen, D. Delacour, R.M. Mege, B. Ladoux, Mechanics of epithelial
tissues during gap closure, Curr. Opin. Cell Biol. 42 (2016) 52-62.

W. Razzell, W. Wood, P. Martin, Swatting flies: modelling wound healing and
inflammation in Drosophila, Dis. Model Mech. 4 (5) (2011) 569-574.

W. Wood, A. Jacinto, R. Grose, S. Woolner, J. Gale, C. Wilson, P. Martin, Wound
healing recapitulates morphogenesis in Drosophila embryos, Nat. Cell Biol. 4 (11)
(2002) 907-912.

A. Jacinto, W. Wood, S. Woolner, C. Hiley, L. Turner, C. Wilson, A. Martinez-
Arias, P. Martin, Dynamic analysis of actin cable function during Drosophila
dorsal closure, Curr. Biol. 12 (14) (2002) 1245-1250.

W. Razzell, W. Wood, P. Martin, Recapitulation of morphogenetic cell shape
changes enables wound re-epithelialisation, Development 141 (9) (2014)
1814-1820.

R.J. Tetley, M.F. Staddon, D. Heller, A. Hoppe, S. Banerjee, Y. Mao, Tissue fluidity
promotes epithelial wound healing, Nat. Phys. 15 (11) (2019) 1195-1203.

V.P. Losick, D.T. Fox, A.C. Spradling, Polyploidization and cell fusion contribute
to wound healing in the adult Drosophila epithelium, Curr. Biol. 23 (22) (2013)
2224-2232.

M.J. Galko, M.A. Krasnow, Cellular and genetic analysis of wound healing in
Drosophila larvae, PLoS Biol. 2 (8) (2004), e239.

Y. Wang, M. Antunes, A.E. Anderson, J.L. Kadrmas, A. Jacinto, M.J. Galko,
Integrin adhesions suppress syncytium formation in the drosophila larval
epidermis, Curr. Biol. 25 (17) (2015) 2215-2227.

J.L. Haynie, P.J. Bryant, The effects of X-rays on the proliferation dynamics of
cells in the imaginal wing disc ofDrosophila melanogaster, Wilehm Roux Arch.
Dev. Biol. 183 (2) (1977) 85-100.

LK. Hariharan, F. Serras, Imaginal disc regeneration takes flight, Curr. Opin. Cell
Biol. 48 (2017) 10-16.

11

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]
[149]
[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

A. Repiso, C. Bergantinos, F. Serras, Cell fate respecification and cell division
orientation drive intercalary regeneration in Drosophila wing discs, Development
140 (17) (2013) 3541-3551.

M.A. Felix, M. Barkoulas, Pervasive robustness in biological systems, Nat. Rev.
Genet. 16 (8) (2015) 483-496.

E. Martin, S. Theis, G. Gay, B. Monier, C. Rouviere, Arp2/3-dependent mechanical
control of morphogenetic robustness in an inherently challenging environment,
Dev. Cell 56 (2021) 687-701.€7.

A.S. Eritano, C.L. Bromley, A. Bolea Albero, L. Schutz, F.L. Wen, M. Takeda,

T. Fukaya, M.M. Sami, T. Shibata, S. Lemke, Y.C. Wang, Tissue-scale mechanical
coupling reduces morphogenetic noise to ensure precision during epithelial
folding, Dev. Cell 53 (2) (2020) 212-228 el2.

F. Liu, A.H. Morrison, T. Gregor, Dynamic interpretation of maternal inputs by the
Drosophila segmentation gene network, Proc. Natl. Acad. Sci. USA 110 (17)
(2013) 6724-6729.

H.G. Yevick, P.W. Miller, J. Dunkel, A.C. Martin, Structural redundancy in
supracellular actomyosin networks enables robust tissue folding, Dev. Cell 50 (5)
(2019) 586-598 e3.

S. Zhang, X. Teng, Y. Toyama, T.E. Saunders, Periodic oscillations of myosin-II
mechanically proofread cell-cell connections to ensure robust formation of the
cardiac vessel, Curr. Biol. 30 (17) (2020) 3364-3377 e4.

R. Prevedel, A. Diz-Munoz, G. Ruocco, G. Antonacci, Brillouin microscopy: an
emerging tool for mechanobiology, Nat. Methods 16 (10) (2019) 969-977.

D. Krueger, E. Izquierdo, R. Viswanathan, J. Hartmann, C. Pallares Cartes, S. De,
Principles and applications of optogenetics in developmental biology! ABSTRACT,
Development 146 (20) (2019).

F. Serwane, A. Mongera, P. Rowghanian, D.A. Kealhofer, A.A. Lucio, Z.

M. Hockenbery, O. Campas, In vivo quantification of spatially varying mechanical
properties in developing tissues, Nat. Methods 14 (2) (2017) 181-186.

K. Doubrovinski, M. Swan, O. Polyakov, E.F. Wieschaus, Measurement of cortical
elasticity in Drosophila melanogaster embryos using ferrofluids, Proc Natl Acad
Sci USA 114 (5) (2017) 1051-1056.

A. D’Angelo, K. Dierkes, C. Carolis, G. Salbreux, J. Solon, In vivo force application
reveals a fast tissue softening and external friction increase during early
embryogenesis, Curr. Biol. 29 (9) (2019) 1564-1571 e6.

E. Nelsen, C.M. Hobson, M.E. Kern, J.P. Hsiao, E.T. O’Brien lii, T. Watanabe, B.
M. Condon, M. Boyce, S. Grinstein, K.M. Hahn, M.R. Falvo, R. Superfine,
Combined atomic force microscope and volumetric light sheet system for
correlative force and fluorescence mechanobiology studies, Sci. Rep. 10 (1)
(2020) 8133.

A.L. Cost, S. Khalaji, C. Grashoff, Genetically encoded FRET-based tension
sensors, Curr. Protoc. Cell Biol. 83 (1) (2019) 85.

J. Sharpe, Computer modeling in developmental biology: growing today, essential
tomorrow, Development 144 (23) (2017) 4214-4225.

A.G. Fletcher, F. Cooper, R.E. Baker, Mechanocellular models of epithelial
morphogenesis, Philos. Trans. R. Soc. Lond. B Biol. Sci. 372 (1720) 2017.

H. Lan, Q. Wang, R. Fernandez-Gonzalez, J.J. Feng, A biomechanical model for
cell polarization and intercalation during Drosophila germband extension, Phys.
Biol. 12 (5) (2015), 056011.

A. Mietke, F. Julicher, LF. Sbalzarini, Self-organized shape dynamics of active
surfaces, Proc. Natl. Acad. Sci. USA 116 (1) (2019) 29-34.

S. Okuda, T. Miura, Y. Inoue, T. Adachi, M. Eiraku, Combining Turing and 3D
vertex models reproduces autonomous multicellular morphogenesis with
undulation, tubulation, and branching, Sci. Rep. 8 (1) (2018) 2386.

C. Copos, A. Mogilner, A hybrid stochastic-deterministic mechanochemical model
of cell polarization, Mol. Biol. Cell 31 (15) (2020) 1637-1649.

H. Perfahl, B.D. Hughes, T. Alarcon, P.K. Maini, M.C. Lloyd, M. Reuss, H.

M. Byrne, 3D hybrid modelling of vascular network formation, J. Theor. Biol. 414
(2017) 254-268.

F. Kaiser, Z. Lv, D. Marques Rodrigues, J. Rosenbaum, T. Aspelmeier,

J. Grosshans, K. Alim, Mechanical model of nuclei ordering in drosophila embryos
reveals dilution of stochastic forces, Biophys. J. 114 (7) (2018) 1730-1740.

A. Palavalli, N. Tizon-Escamilla, J.F. Rupprecht, T. Lecuit, Deterministic and
stochastic rules of branching govern dendrite morphogenesis of sensory neurons,
Curr. Biol. 31 (3) (2021) 459-472 e4.

M. Cohen, B. Baum, M. Miodownik, The importance of structured noise in the
generation of self-organizing tissue patterns through contact-mediated cell-cell
signalling, J. R. Soc. Interface 8 (59) (2011) 787-798.


http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref108
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref108
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref108
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref109
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref109
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref109
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref109
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref110
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref110
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref111
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref111
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref112
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref112
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref113
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref113
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref113
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref113
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref114
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref114
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref115
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref115
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref116
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref116
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref116
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref117
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref117
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref118
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref118
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref118
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref119
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref119
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref120
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref120
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref121
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref121
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref122
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref122
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref122
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref122
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref123
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref123
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref124
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref124
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref125
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref125
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref125
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref126
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref126
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref126
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref127
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref127
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref127
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref128
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref128
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref129
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref129
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref129
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref130
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref130
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref131
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref131
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref131
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref132
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref132
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref132
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref133
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref133
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref134
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref134
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref134
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref135
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref135
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref136
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref136
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref136
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref137
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref137
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref137
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref137
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref138
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref138
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref138
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref139
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref139
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref139
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref140
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref140
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref140
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref141
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref141
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref142
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref142
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref142
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref143
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref143
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref143
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref144
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref144
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref144
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref145
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref145
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref145
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref146
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref146
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref146
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref146
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref146
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref147
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref147
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref148
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref148
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref149
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref149
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref150
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref150
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref150
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref151
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref151
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref152
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref152
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref152
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref153
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref153
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref154
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref154
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref154
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref155
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref155
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref155
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref156
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref156
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref156
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref157
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref157
http://refhub.elsevier.com/S1084-9521(21)00135-X/sbref157

	Forced into shape: Mechanical forces in Drosophila development and homeostasis
	1 Introduction
	2 Mechanics of growth control during Drosophila development
	2.1 Mechanical feedbacks in cell growth and division rate
	2.2 Mechanics and cell division orientation

	3 Mechanical forces shaping tissues during Drosophila morphogenesis
	3.1 Tissue elongation in the plane of the epithelium
	3.2 Folding
	3.3 Complex 3D tissue sculpting

	4 Mechanical pattern formation and refinement
	4.1 Complex 2D cell shape patterns
	4.2 Compartment boundaries
	4.3 Epithelial packing and refinement

	5 Forces in homeostasis
	5.1 Cellular processes driving plasticity of epithelia
	5.2 Tissue-level response to mechanical forces
	5.3 Wound healing

	6 Developmental robustness
	7 Conclusions and future perspectives
	Conflict of interest
	Acknowledgments
	References


