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ABSTRACT Epithelial folding is a fundamental morphogenetic process that shapes planar epithelial sheets into complex three-
dimensional structures. Multiple mechanisms can generate epithelial folds, including apical constriction, which acts locally at the
cellular level, differential growth on the tissue scale, or buckling because of compression from neighboring tissues. Here, we
investigate the formation of dorsally located epithelial folds at segment boundaries during the late stages of Drosophila embryo-
genesis. We found that the fold formation at the segment boundaries occurs through the juxtaposition of two key morphogenetic
processes: local apical constriction and tissue-level compressive forces from posterior segments. Further, we found that
epidermal spreading and fold formation are accompanied by spatiotemporal pulses of Hedgehog (Hh) signaling. A computa-
tional model that incorporates the local forces generated from the differential tensions of the apical, basal, and lateral sides
of the cell and active forces generated within the whole tissue recapitulates the overall fold formation process in wild-type
and Hh overexpression conditions. In sum, this work demonstrates how epithelial folding depends on multiple, separable phys-
ical mechanisms to generate the final morphology of the dorsal epidermis. This work illustrates the modularity of morphogenetic
unit operations that occur during epithelial morphogenesis.

INTRODUCTION

The morphogenesis of animal organs depends on intricate
and dynamic cellular processes driven by genetic pro-
grams, guided by microenvironmental cues, and coordi-
nated through intercellular communication (1,2). During
development, gene expression patterns regulate cell me-
chanics and cell shape to build tissues. Examples of
morphogenetic modules include epithelial spreading and
folding (1,3,4). Both processes are used to transform
two-dimensional epithelial sheets into three-dimensional
structures. Controlled epithelial spreading and folding
occur throughout development from gastrulation to organ-

ogenesis. Their dysregulation leads to diseases such as
congenital disabilities and cancer. However, how these co-
ordinated cell shape changes are regulated by global
patterning information during epithelial morphogenesis re-
mains poorly understood. A better understanding of how
the biophysical properties of cells are regulated is needed
to more effectively repair defects during embryonic devel-
opment (5), wound healing (6), and the diagnosis and treat-
ment of metastatic tumors (7).

In particular, epithelial folding is ubiquitous throughout
development and essential for the formation of different or-
gans, such as neural tubes (8), villi (9), crypts (10), etc. The
robustness of these shapes is achieved through simple bio-
physical mechanisms (4). Forces behind these mechanisms
can occur within few cells or throughout the whole tissue.
One widely studied mechanism is apical constriction, in
which cells apically reduce their area while maintaining
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SIGNIFICANCE Head involution occurs in two phases, with epithelial folds forming at the segment boundaries after the
dorsal epidermis reaches the anteriormost region of the embryo during the final stages of Drosophila embryogenesis.
Spatiotemporal pulses of Hh signaling are observed during head involution and fold formation. Fold formation at segment
boundaries occurs because of a combination of two morphogenetic operations: apical constriction and contractile forces
driving the tissue movement. Disruption of patterned Hh activity inhibits apical constriction but not tissue movement,
leading to incomplete folding. A computational model recapitulates tissue folding phenotypes observed in wild-type and Hh
signaling perturbation cases.
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constant volumes (11–13). Besides apical constriction, other
mechanisms such as the basal shift of adherens junctions
(14) and increase in lateral tension (15) act as a driver of
epithelial folding. In the above-mentioned scenarios, the
folding cells generate the forces, which act locally to drive
the fold formation. In addition to local active forces, forces
from the tissue neighboring to the folding cells can also
contribute to folding (3). For example, salivary gland invag-
ination in Drosophila embryos occurs even after the loss of
apical constriction (16). In this case, the tissue-level myosin
cable generates compressive force, which drives the salivary

gland invagination. Hence, the forces driving the fold for-
mation can vary from a few cells to a whole tissue, depend-
ing upon the developmental context. Here, we investigate a
similar phenomenon in a poorly characterized stage of
development, in which the forces within a segment of the
Drosophila epidermis drive fold formation at the segment
boundaries at the end of head involution (Fig. 1, A and B).

During the later stages of embryogenesis, the dorsal
epidermis moves over the head tissue in the anterior direc-
tion, whereas the head tissue slides under the epithelia in
the posterior direction (18). This process, known as head
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FIGURE 1 The late stages of epidermal morpho-
genesis include epithelial spreading during head
involution and fold formation. (A) Schematic of
head involution; top (dorsal view); bottom (lateral
view). (B) Time-lapse images of epithelial
spreading and fold formation in a Drosophila em-
bryo expressing E-cadherin: GFP. (B’) Cross-
sectional view. Here, the time t ¼ 0 is taken as the
time when the leading edge (LE) is 50 mm from
the micropyle, following the nomenclature of (17).
(B’) Cross-sectional view of the embryo during
spreading and fold formation. (B’’) Enlarged view
of the folds (scale bars, 50 microns). (C) Graph
showing the distance of the LE from the micropyle
with respect to time. (D) Graph showing the veloc-
ity of the LE with respect to time during Drosophila
head involution. Based on the velocity profile,
epithelial spreading can be divided into two phases
(n¼ 5 embryos). In phase 1, the velocity is constant
and higher than the phase 2 velocity. To see the
figure in color, go online.
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involution, is required for internalizing the head tissue.
Once the LE of the dorsal epithelium reaches the anterior
end of the embryo, the whole epithelium starts to form folds
at precise locations known as segment boundaries, such as at
the T1-T2 boundary (Fig 1, A and B) . These folds act as a
boundary between the segments of the epithelia and are
important for segmenting the epidermis. After the initial
patterning early in embryogenesis, the segment polarity
genes maintain their expression pattern in each segment
and divide each segment into anterior and posterior com-
partments. Expression of these segment polarity genes are
known to provide the precise spatial information for the for-
mation of grooves at parasegment and segment boundaries
during stages 10 and 12–13 of embryogenesis (19–21).
For example, a recent study shows that Wingless signaling
acts downstream to suppress folding at the parasegment
boundaries (20), whereas Hh is necessary for inducing
groove cell fate at the segment boundaries (19). Hence,
the maintenance and expression of these segment polarity
genes are essential for cells to form grooves or folds at pre-
cise locations.

Hh signaling is one of the key biochemical pathways that
regulate several fundamental processes (22), including cell
growth, differentiation, polarity (23), and apoptosis (24).
Hh signaling is vital for key developmental aspects in
both fruit flies and vertebrates (25). Aberrations in Hh
signaling leads to a diverse range of human cancers, such
as brain, lung, pancreas, and prostate cancers (26). Hence,
the activity of Hh signaling is required to be precisely
controlled to avoid morphogenetic defects (27). Some ques-
tions regarding Hh signaling include how the gradients of
Hh signaling are generated and maintained during epithelial
morphogenesis (28). Also, questions about how the develop-
mental outcome depends on the duration and strength of
signaling remain incompletely answered (29), and whether
these gradients are static or dynamic later in development
needs to be investigated.

In Drosophila, Hh protein is released by the posterior
cells of each segment, and it diffuses to the adjacent anterior
compartments. In the anterior compartment, Hh binds to its
receptor Patched (Ptc) and activates the downstream tran-
scription factor Cubitus interruptus (Ci) (22). Once Hh binds
to Ptc, the transducer Smoothened is released from Ptc inhi-
bition and gets localized to the cell surface (30,31). When
Smoothened is localized to the cell surface, it stabilizes
the downstream transcription factor Ci by converting it
into transcriptional active CiA form to replace the
transcriptional repressor CiR (31–33). The transcriptional
activator further activates the downstream target genes. In
the posterior compartment, Ci transcription is repressed by
Engrailed. Therefore, even though the posterior compart-
ment cells express Hh, they cannot transduce Hh signaling
(34). In summary, Hh is secreted in the posterior compart-
ment, and signaling is activated in the adjacent anterior
compartments.

Here, our study uncovers new facets in the late stages of
Drosophila embryogenesis, when much less is known about
morphogenesis. We discovered that there are spatiotemporal
pulses of Hh signaling during head involution and fold for-
mation at segment boundaries. Our study shows that the for-
mation of folds at the segment boundaries is initiated by cells
undergoing apical constriction at the segment boundaries
(35), followed by contractile forces from the posterior seg-
ments driving the T2 segment over constricted cells. Further,
this study shows that the Hh signal is temporally patterned
during this process and that disruption of the pattern by uni-
form overexpression in the dorsal epidermis prevents apical
constriction at the segment boundaries. However, the forces
from the actomyosin contractile rings, which form because
of the relative alignment of cell bonds along the dorsal-
ventral (D-V) axis (Fig. S2) within the T2 segment, drive
the tissue movement, exerting compressive stress on the cells
in the T1 and T2 segments, leading to the formation of
ectopic boundaries. Computational models describing the
biophysics of morphogenesis combined with experimental
results are necessary for uncovering the mechanisms behind
morphogenesis and often provide new insights (36–41). So
we implemented a mechanical model representing the cross
section of the T1-T2 segment. This computational model re-
capitulates the final tissue morphology as seen experimen-
tally when both constriction and contractile forces are
incorporated. The model shows that the apical constriction
is necessary for proper fold formation, in which tangential
forces alone are only sufficient to form ectopic boundaries
characterized by local wrinkling. Altogether, these results
suggest a mechanism for the formation of the fold at the
T1-T2 segment boundary, where both cellular-level forces
and tissue-level forces drive the folding process.

MATERIALS AND METHODS

Embryo collection and live imaging

All crosses were set up at 25"C in a fly cage attached to a grape juice agar
plate. Embryos were collected on agar plates after 12 h. Embryos collected
from the agar plates were dechorionated using 50% bleach and washed
thoroughly. After washing, embryos were mounted on the dorsal side in a
circular well of a petri dish. Halocarbon oil (catalog number (#) H8898;
Sigma-Aldrich, St. Louis, MO) was used as the mounting medium to mount
the embryos. Mounted embryos were imaged using Nikon Eclipse Ti
confocal microscope with a Yokogawa spinning disk (Tokyo, Japan) at
40# (air objective, NA 0.60), 40# (oil objective, NA 1.30), 60# (oil objec-
tive, NA 1.49), and 100# (oil objective, NA 1.49), depending upon the
experiment. Images were collected at 5- or 15-min time intervals.

Drosophila genetics and strains

Drosophila stocks were grown on standard laboratory cornmeal food. The
following stocks were used for the experiment: pannier-GAL4 driver (pnr-
Gal4), moesin: GFP (Bloomington (BL) #58788), UAS-hh (Kornberg lab-
oratory), cholesterol-free Hh UAS-hh.N.GFP (42) (BL #81023), Hh::GFP
(43) (BL #86271), Ptc::mcherry (43) (BL #86272), E-cadherin::GFP;
pnr-Gal4 squash::mcherry (44) (Yanlan Mao’s laboratory).
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observed that the segment moves at a velocity of around
0.5 mm/min (Fig. 2 D). As the T2 segment moves over the
segmental groove, the anterior end of the T2 segment over-
laps the T1 segment, resulting in a fold. As the fold pro-
gresses, we observe a similar mechanism in which the
groove begins to form at the T2-T3 segment boundary, fol-
lowed by the movement of the T3 segment over the T2
segment. Together, our results propose that groove forma-
tion at the segment boundaries initiates the fold formation,
whereas the forces within the T2 and T3 segment drive
the motion of the segment over the groove (Video S2).

Larsen et al. (21) showed that the Hh signaling is required
for the groove formation, and the most posterior cell of the
preceding segment (T1) apically constricts and also lies at
the bottom of the groove. To confirm whether we observe a
similar behavior during late stages of embryogenesis, we
studied the dynamics of Hh receptor Ptc along with a cell
membrane marker. Our study confirms that the cells express-
ing Ptc are located adjacent to the posterior cells, resulting in
two stripes of Ptc-expressing cells in each segment (Video
S3). Quantification of the intensity profiles reveals that the
anterior stripe has a steeper gradient when compared to the
posterior stripe (Fig. 3 B). When we looked at the cross-
sectional views of the dorsal epithelia along with the Ptc
receptor during folding, we observed that the cell that un-
dergoes constriction and is located at the bottom of the
groove does not express Ptc. However, the cell located just
adjacent to posterior side of the groove cell does have Ptc
expression, confirming that the most posterior cell of the pre-
ceding segment forms the bottom of the groove (Fig. 3, A
and A’). This result confirms that the cells from both the T1
and T2 segments participate in the groove formation,
whereas the forces within the T2 segment drive the move-
ment of the T2 over the groove and groove founder cells.

Pulses of Hh signaling precedes head involution
and epithelial spreading

Previously, Hh signaling was shown to regulate groove cell
specification (19). Therefore, we asked whether the gradient
is relatively static or if the dynamics of Hh signaling play
any role during head involution and fold formation. To
monitor Hh activity, we used the Hh: GFP fly line, which is
expressed at physiological levels using a bacterial artificial
chromosome transgene construct (43) (Fig. 4A). As expected,
we observed that Hh expression dynamics are confined to the
posterior compartments. Surprisingly, we observed a broader
band of Hh expression posterior to the LE during the initial
stages of epithelial spreading. This Hh expression that is
juxtaposed to the LE decreases as the epidermis continues
to spread during phase 2 (Fig. 4 B; Video S4). Of interest,
the decline in Hh expression coincides with the velocity
decrease that occurs during phase 2 (Fig. 4 C). Moreover,
we observed that the intensity ofHh signaling in each segment
increases to amaximum and then decreases during head invo-

lution and fold formation (Video S4). Further, we also
observed that there is a short-range activity of Hh signaling
in the head tissue during the head involution. However, we
did not observe any interesting changes in the signaling activ-
ity during fold formation. In addition, light-sheet imaging of
the embryo revealed that the movement of the ventral
epidermis initiates the head involution (Video S4). Moreover,
we observed that the Hh signaling is active in a stripe of cells
located in the center of the head tissue during head involution
(Fig. S4). Together, these results suggest that the Hh signaling
dynamics are spatiotemporally patterned during Drosophila
head involution and fold formation.

Uniform activation of Hh signaling inhibits fold
formation but not tissue compression

Next, we investigated the significance of patterned Hh
signaling during fold formation. To do so, we uniformly over-
expressed Hh in the dorsal epidermis. Previous studies show
that Hh overexpression in the dorsal epidermis resulted in a
slower movement of epithelia and altered segment posi-
tioning by homogenizing the patterned contractile forces
(17). Mulinari et al. showed that Hh signaling induces groove
fate to cells at the segment boundary in the dorso-lateral
epidermis, and uniform activation of Hh induces groove fate
to all cells (19). Thus, we asked whether the uniform expres-
sion of Hh signaling influences fold formation.We uniformly
expressedHh in the dorsal epidermis using the pnr-Gal4 (55),
as pannier is expressed only in the dorsal epidermis and ex-
pressed only during later stages of embryonic development.
Interestingly, overexpression ofHh in the dorsal epidermis ar-
rested the movement of the LE (Fig. 4 D; Video S5; (17)). In
contrast to a previous report, which shows that uniform over-
expression of Hh completes the head involution, we found
cases in which the epithelial movement halted, leading to
incomplete head involution. Next, we tested whether uniform
overexpression of Hh signaling has any effect on the fold for-
mation at segment boundaries (Fig. 2B).We observed that the
groove formation was not observed at the segment bound-
aries. We found a similar phenomenon with the expression
of a cholesterol-free Hh (Fig. 2 B’), which can diffuse at
much longer distances compared with normal Hh (56). With
cholesterol-free Hh, we observed the formation of ectopic
boundaries within the segment. Studies show that groove for-
mation requires the presence of an interface between groove
cells and nongroove cells (19). Groove cells are marked by
the expression of Odd. Sowe propose that Hh overexpression
in the dorsal epidermis induces groove fate to all cells, and the
absence of groove and nongroove cell interface leads to the
loss of grooves at segment boundaries during the late stage
of embryogenesis. However, as the contractile forces in the
segment still exist, themovement of theT2 segment continues
independently of the groove formation. This movement is in-
hibited by the cells located at the T1-T2 segment boundary,
which must move inward to allow the movement of the T2
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segment. As the cells located at the T1-T2 segment boundary
could not move inward, forces from the T2 segment exerts a
compressive force within the segment. Because of the
compressive forces, the cells start forming boundaries within
the segment (Video S6). Together, these results suggest that
the groove formation is required and essential for initiating
the fold formation at the T1-T2 and T2-T3 segment bound-
aries. Without apical constriction, the forces within the T2
segment are not enough for generating folds. In summary,
these results suggest that the overexpression of Hh in the dor-
sal epidermis during the late stage of embryogenesis leads to
severalmorphogenetic defects, varying from incomplete head
involution to incomplete fold formation.

Defects in cell shapes accompanies folding
phenotypes when Hh is overexpressed

Previous investigations reported a gradient in contractile
forces across each segment (17) responsible for the move-
ment of the segments. Uniform overexpression of Hh

homogenizes this gradient and thus disrupts the forces
necessary for the positioning of the segments. Thus, we
asked whether the presence of these gradients drives the
folding process. We measured the cell shapes in the T2
segment as it begins to fold as an indicator of the balance
of cell tension. As reported earlier (17), cells are more elon-
gated in the D-V direction at the anterior end of the T2
segment and more circular at the posterior end (Fig. 5 A;
Fig. S2 A). Additionally, we observed that the apical widths
along the anterior-posterior axis are lower at the anterior of
the segment when compared to the posterior (Fig. S2 A). In
addition to previous observations (17), we observed that
there exists a gradient in the cell area across the T2 segment.
Also, we measured the shapes for the cells outside the folds
across the segment during the folding process. We observed
the cell shape profile across the segment remained similar
during the fold formation (Fig. 5, A and B).

Next, we analyzed the cell shapes for embryos with uni-
form overexpression ofHh.We observed that the cells located
at the anterior endof theT2 segmentweremore tightly packed
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FIGURE 4 Head involution and epidermal spreading occur during spatiotemporal pulses of Hh signaling. (A) Time-lapse images showing the Hh pattern
during the epithelial spreading. Hh is expressed in a stripe of cells in the head tissue during the initial stages of spreading (white arrow). Cross-sectional view
shows that the Hh expression is initiated in the head tissue (white arrow) as the head involution begins to start (n ¼ 4 embryos). Moreover, Hh is clearly
expressed posterior to the LE (red arrow) during the initial stages of spreading (n ¼ 4 embryos). Here, t ¼ 0 is the time when the LE is %50 microns
from the micropyle. (B) Time-lapse images showing the Hh pattern during the later stages of head involution. Hh activity at the LE gradually declines as
the spreading progresses (red arrow). (C) Graph quantifying the Hh intensity at the leading edge and velocity of the LE. The Hh intensity at the LE drops
as time progresses. Similarly, we observe a decrease in the velocity of the LE as time progresses (n ¼ 3). (D) Time-lapse images comparing the epithelial
spreading of a Drosophila embryo expressing pnr-Gal4, moesin: GFP (wild-type) and pnr-Gal4, moesin: GFP # UAS-hh. Uniform overexpression of Hh
impairs the spreading, and head involution does not complete. (E) Graphs comparing the leading-edge progression with respect to time for wild-type and
UAS-hh. The progress of the LE is very slow when compared to wild-type. All scale bars represent 25 microns. To see the figure in color, go online.

Velagala and Zartman

4208 Biophysical Journal 120, 4202–4213, October 5, 2021



A B C

A’ B’ C’

FIGURE 5 Comparison of cell shapes before and during folding. (A) Figure showing the T2 segment before the fold formation in both wild-type and Hh over-
expression embryos. (B) A gradient in the cell areas across the segment for both wild-type and Hh overexpression embryos is observed. (C) Similar to past ob-
servations, cell circularity was patterned during folding inwild-type embryos. However, the cells have higher circularity at the anterior end of the T2 segment for
Hh overexpression embryos. (A’,B’, andC’) Figure comparing the shapes of cells outside the folds and during the fold formation across the T2 segment. The cell
shape profile did not change qualitatively during the folding process. All scale bars represent 10 microns. To see the figure in color, go online.
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Here, we identified that both apical constriction and forces
within the segment contribute to fold formation. Further, we
identified that Hh signaling is both spatially and temporally
patterned during this complex process. Hh signaling is a
conserved mode of intercellular communication necessary
for embryogenesis (22). Hh proteins travel over multiple
cell rows within a developing tissue to regulate diverse
cellular responses in a concentration- and time-dependent
manner (57,58). Dysregulation of the production of these
Hh ligands during development produces debilitating
congenital disorders (59). Several questions regarding Hh,
such as how the developmental outcomes depend on the
strength and duration of Hh signaling and how it regulates
cytoskeletal dynamics, remain poorly understood (60–63).
For example, Corrigall et al. (29) showed that the level of tis-
sue invagination inDrosophila epithelia varies with the expo-
sure timeofHh.A recent study shows that the activation ofHh
in the dorsal epidermis of a Drosophila embryo slows down
the epithelial spreading and disrupts segment positioning by
disturbing the spatial patterning of the contractile activity in
the segments (17).However, open questions remain regarding
the precise molecular mechanisms through which Hh regu-
lates the cytoskeletal activity during head involution and
segment positioning. Further investigations into this mecha-
nismwill help us in understanding howcoordinated cell shape
changes are linked to global patterning information during
epithelial morphogenesis.

Additionally, we observed that the Hh signaling appears as
a stripe along the dorsalmidline of the cells in the head tissue,
at the beginning of head involution (Fig. S4). Further study is
needed to investigate the roles of these Hh pulses in the head
tissue. Also, the temporal regulators of Hh signaling in the
head tissue is unknown. One possibility is that these Hh
pulses might initiate the head involution process in the
head tissue. Further, we identified that Hh signaling dy-
namics at the LE correlates with the relative velocity profile.
Overexpression of Hh arrested the movement of the LE, re-
sulting in head involution defects. Additional future work
is needed to investigate the correlation between the pulse
of the Hh signal at the LE and the movement of the LE. We
identified that fold formation occurs at the segment bound-
aries after completion of head involution, and Hh is spatio-
temporally patterned during this process. Disruption of this
pattern by uniform overexpression leads to the formation of
ectopic boundaries. Previous studies have shown that Hh in-
duces groove cell fate (21) and is responsible for groove for-
mation during stages 13–15 of embryogenesis (19). Here, we
show that patternedHh signal is also necessary for the forma-
tion of intersegmental grooves in the dorsal epidermis during
later stages of embryogenesis. These grooves initiate the fold
formation at the T1-T2 andT2-T3 segment boundaries. Czer-
niak et al. (17) showed that grooves are less indented in the
Hh overexpression embryos when compared to the wild-
type. Our study shows that Hh overexpression in the dorsal
epidermis inhibits the groove formation. Forces behind the

groove invagination can be majorly due to global tissue rear-
rangement or autonomous action of the epidermal cells
located at the segment boundaries (21,35). Here, we identi-
fied that the movement of the T2 segment was unable to
rescue the loss of groove observed with Hh overexpression
embryos. Instead, it exerted compressive stress on the cells,
leading to the formation of ectopic boundaries within the
segment. Our study identifies a specific mechanism in which
forces from both the cellular and tissue level operate in par-
allel to drive the fold formation at the segment boundaries.
The computational model recapitulates the fold morphology
when forces are incorporated at both the cellular and tissue
level. Future studies are needed to investigate the interplay
between the local and global forces and quantitatively
analyze their respective contributions in driving the fold for-
mation at the segment boundaries. In sum, epithelial folding
in the late stages of embryogenesis depends on the joint ac-
tion of multiple mechanistic ‘‘folding’’ modules.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.08.028.
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