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ABSTRACT During embryonic development, epithelial sheets fold into complex structures required for tissue and organ func-
tions. Although substantial efforts have been devoted to identifying molecular mechanisms underlying epithelial folding, far less
is understood about how forces deform individual cells to sculpt the overall sheet morphology. Here we describe a simple and
general theoretical model for the autonomous folding of monolayered epithelial sheets. We show that active modulation of intra-
cellular mechanics along the basal-lateral as well as the apical surfaces is capable of inducing fold formation in the absence of
buckling instability. Apical modulation sculpts epithelia into shallow and V-shaped folds, whereas basal-lateral modulation
generates deep and U-shaped folds. These characteristic tissue shapes remain unchanged when subject to mechanical pertur-
bations from the surroundings, illustrating that the autonomous folding is robust against environmental variabilities. At the
cellular scale, how cells change shape depends on their initial aspect ratios and the modulation mechanisms. Such cell defor-
mation characteristics are verified via experimental measurements for a canonical folding process driven by apical modulation,
indicating that our theory could be used to infer the underlying folding mechanisms based on experimental data. The mechanical

principles revealed in our model could potentially guide future studies on epithelial folding in diverse systems.

INTRODUCTION

The epithelial cells cover outer body surfaces and line inter-
nal organs, vessels, and cavities, representing the most com-
mon type of animal cells (1). The epithelial cells are
typically polarized along their apical-basal axis and adhere
to one another to form a physically contiguous sheet that
serves as a barrier to protect underlying tissues and regulate
material exchange between internal and external environ-
ments. During embryonic development and organ forma-
tion, simple epithelia fold into complex structures, leading
to the formation of neural tubes, guts, optic cups, branches
of lungs, etc. (2). These folding events require highly coor-
dinated processes of cell shape changes, contact rearrange-
ments, and cell divisions, producing exquisite morphology
necessary for the normal functions of tissues and organs.
The folding of epithelial tissues could in principle involve
two types of mechanical processes: 1) active deformation
caused by intrinsic forces generated within the tissues, and
2) passive buckling due to stresses exerted from the sur-
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rounding cellular and acellular environments (3). Although
much of the experimental work on the mechanisms underly-
ing epithelial folding focuses primarily on the generation of
intrinsic forces and their effect on tissue deformation, math-
ematical models that aimed at recapitulating the folding pro-
cesses often included boundary conditions that could imply
mechanical influences external to the tissues (4-8). Based
on these theoretical frameworks, it is not possible to eval-
uate whether or to what extent intrinsic forces acting within
the tissues are capable of inducing folding via a nonbuckling
process. For example, fold formation in cylindrical or spher-
ical tissues (5,6,8,9) may result from buckling instability
induced by an increase in the relative compressive stresses
due to tissue expansion in a localized area. Such a folded
area will not maintain its shape when isolated from the
epithelia because the necessary mechanical support from
the surrounding tissue no longer exists (see Fig. S1 for a
pictorial illustration). To address the issue of whether
epithelial tissues can fold via nonbuckling mechanisms,
we seek to build a simple and generalizable theoretical
framework for epithelial folding without boundary con-
straints. Our objectives are to systematically explore poten-
tial tissue-autonomous mechanisms for epithelial folding
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that are not caused by buckling instability, evaluate the
robustness of these mechanisms, and examine the effect of
boundary conditions on the morphology of epithelial folds
from a theoretical point of view.

In a variety of the epithelial folding events that have been
examined thus far, myosin-dependent contraction at the api-
cal cell cortex has been thought of as the predominant mode
of an active, autonomous process that bends a tissue
(10,11). During a typical myosin-dependent folding event,
shrinkage of the apical surface of a cell causes the cell to
adopt a wedgelike shape. The forces and the resulting defor-
mation propagate via interconnected cell-cell adhesion to
generate tissue-scale deformation. Although myosin-depen-
dent apical constriction represents a powerful paradigm of
tissue folding, it is conceivable that there could be other
ways to bend a tissue. For example, recent work (12)
showed that intercalation-driven contraction of an overlying
cell layer causes bending of the underlying epithelium in
the invaginating ectodermal placodes, a process that is topo-
logically analogous to apical constriction of cells in an
epithelial monolayer, but involves mechanical coupling
between cell layers. Furthermore, mounting experimental
evidence suggests that epithelial folds can be generated
via remodeling of basal or lateral surfaces (13—17). How-
ever, how basal-lateral modulation induces fold formation
remains less understood compared to apical modulation.
Moreover, a systematic comparison of epithelial fold for-
mation driven by apical and basal-lateral modulations has
not been examined.

Measuring mechanical forces that act within a cell or tis-
sue during a morphogenetic process could be challenging.
As such, theoretical methods can provide crucial insights
into mechanical mechanisms responsible for the shaping
of epithelial sheets. The framework of vertex modeling, in
particular, has been used to bridge the gap between experi-
mentally observed cellular behaviors and the mechanical
understanding of tissue-scale deformation. In such models,
individual cells within a sheet are represented by polygons
or polyhedral prisms with vertices and edges in two
(5-7,18-21) or three dimensions (8,9,22). Each vertex
changes its position in response to forces resulting from
growth, interfacial tension, and pressure within the cell. In
this study, we construct a simple vertex model to examine
whether alteration of mechanical properties at apical, basal,
or lateral surfaces of individual cells is sufficient to induce
folding. We show that without imposing constraints at the
sheet boundaries, an epithelial sheet can autonomously
fold via a nonbuckling process upon mechanical modulation
at the apical surface, as well as the basal and lateral surfaces.
The characteristics of the folded tissue shapes depend on the
modes of modulation, and the correspondence between the
modes of modulation and the resultant folded shape is
robust against changes in the boundary conditions. The
theoretical insights thus revealed allow us to develop a
method that could be used to infer the mechanical modula-
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tions underlying tissue deformation based on measurements
of cell geometry.

MATERIALS AND METHODS
Mathematical modeling

We consider the cross section along the apical-basal axis of a monolayered
epithelial sheet as depicted in Fig. 1 A. The sheet consists of N cells, which
are represented by polygons with vertices as well as edges corresponding to
apical, basal, and lateral sides. The forces acting on the vertices are derived
from the derivative of a potential function, which describes the mechanical
properties of the entire sheet (19) and is given by the following:

U = XN:KA,.(AI- — Aoi)z + XN:Ka[(ai - ao[)z

i=1 i=1

N
) dbi+ Y Al

i=1 k

6]

The first term defines the area elasticity of the cell with the cross-sectional
cell area A;, the elastic modulus Ky,, and the preferred area A,, for the ith
cell. The area elasticity likely arises from contribution of the hydrostatic
pressure of cytoplasm and the intracellular cytoskeleton. The second term
is the elasticity of the apical surface with the elastic modulus K, the length
of apical surface a;, and the preferred apical length a,,. The apical surface
elasticity is contributed from the actin cables along the cell junctions and
the cytoskeletal meshwork beneath the apical membrane (1). The third
and fourth terms correspond to the lowest-order contribution from the ten-
sion at the basal and the lateral surfaces with the line tension A, and the
length b; for the basal surface, and the line tension A, and the length ¢
for the lateral surface. The index k runs across all lateral surfaces. This
model setting deliberately breaks the symmetry between the apical and
basal sides of the tissue using qualitatively distinct mechanical terms.
Such a setting reflects the general feature of epithelial apical-basal polari-
zation and takes into account the contribution from the elasticity of the actin
cytoskeleton that is specifically enriched in the apical area (1) (see the
Results below, however, for specific and detailed comparisons between
this and an alternative setting where the tension term is used to model
both the apical and basal mechanics). Hereafter, we choose the units of
length and force such that the elastic modulus Ky, and the preferred cell
area A,, are unity, i.e., K4, = 1 and A,, = 1.

The relaxation time to reach mechanical equilibrium is typically less than
a few tens of seconds (18), which is generally faster than the remodeling of
cell mechanics that requires alterations such as the reorganization of the
cytoskeleton and cell-cell adhesion complexes. Thus, the temporal evolu-
tion of fold formation can be described as a series of changes in the mechan-
ical parameters (K, do,, Ay, A¢), during which the sheet is under stable
force balance with a minimal value of U.

RESULTS

Nonbuckling epithelial folding without boundary
constraints

We first studied the morphological changes of a homoge-
neous sheet that comprises cells with identical shape. To
explore cell-autonomous mechanisms that can shape the
sheet, we considered a freely deformable sheet without me-
chanical constraints. According to Eq. 1, the mechanical
condition of a flat sheet is A;, = 24, for all lateral surfaces
except the ones at the boundaries where A, = A,. The
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Morphogenesis of epithelial tissues in the absence of boundary constraints. (A) Model of an epithelial cell sheet. Each cell is represented by a

polygon with four vertices denoted by solid circles. The shape of the cells is defined by the lengths of apical a; (red), basal b; (blue), and lateral ¢,
(green) surfaces. A; is the cross-sectional cell area. (B and C) Tissue shape changes under global modulation of the apical (B) or basal-lateral (C) mechanics.
The epithelial sheet at the center (red box) is a flat sheet of columnar cells (N = 6) with an aspect ratio g = a/¢ = 0.25 and an area A = 0.89. The green
and blue boxes highlight the morphological transitions resulting from changes of a given mechanical parameter. (D-G) Quantification of two morphological
features of epithelial sheets. The curvature of the midplane (D and F) (see Appendix B for details) and the sheet thickness (E and G) are shown. The
values a,p,, K, Apn, and Ay, are the mechanical parameters of the flat sheet, whereas Ag = g — ¢;, with ¢ = a,, K,, A, and 4,. To see this figure in color,

go online.

other mechanical parameters K, a,, and A, are uniform
across the sheet. A flat sheet is mechanically stable when
the intracellular pressure p = —(0U/0A) =2(1 —A) is
positive, which corresponds to a compressed sheet (see
Appendix A for details).

For a typical choice of parameter values, we numerically
minimized Eq. | using Mathematica (Wolfram Research,
Champaign, IL). The resulting morphology of a homoge-
neous sheet is shown in Fig. 1, B and C. For sufficiently
large apical elasticity K, a reduction in the preferred apical
length a, induces apical constriction, as cells adopt an uptra-
pezoidal shape, resulting in the formation of concave sheets.
In contrast, the apical surface undergoes expansion as a,, in-
creases, deforming cells into downtrapezoids and producing
convex sheets (Fig. 1 B). Such shape changes can be
observed quantitatively by measuring the sheet curvature
(Fig. 1 D), where concavity is characterized by positive cur-
vature (red), whereas convexity displays negative curvature
(blue).

The tension modulation at the basal (4,) and the lateral
(Ay) surfaces can also generate concave and convex sheet
structures (Fig. 1 C). A decrease in A, induces expansion
of the basal surface, whereas an increase in A, causes
shrinkage of the lateral surface, resulting in epithelial sheets

of concave shapes with uptrapezoidal cells. Conversely,
convex morphology with downtrapezoidal cells is formed
when 4, increases or A, decreases. The resulting changes
of sheet curvature are presented in Fig. 1 F. Note that the
change of A, alone is sufficient to induce folding in our
model. This is due to the contribution of the elastic term pre-
scribed for the apical surface (the second term in Eq. 1), re-
flecting the apical-basal polarity of epithelial cells (see also
the Materials and Methods). When the apical mechanics is
described by a linear tension term instead of a quadratic
elastic term (i.e., when the contribution from the elasticity
of apical cytoskeleton can be negligible), lateral modulation
alone cannot induce fold formation. These results illustrate
that folding due to lateral modulation is an emergent prop-
erty that arises from mechanical symmetry breaking, owing
to the apical-basal polarization of epithelial cells. From this
point of view, the effect is similar to the generation of
nonzero curvature of bilayered materials, where the me-
chanical differential between the two layers induces the
fold formation (see, for example, (23)).

The sheet thickness exhibits distinct behaviors in
response to the different modes of modulation. Under apical
modulation, the sheet thickness appears constant (Fig. 1 E).
In contrast, a significant change in the sheet thickness was
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observed for basal-lateral modulation (Fig. 1 G). Thinning
occurs as the sheets become concave, whereas thickening
is associated with the formation of convex sheets. Because
cells in a homogeneous sheet have identical shape, below
we systematically analyzed these tissue shape changes at
the level of individual cells.

Cell deformation pattern depends on initial cell
aspect ratio

Epithelial cells are conventionally categorized into three
types: columnar (/), cuboidal (/I), and squamous cells (II])
(Fig. 2), based on the cell aspect ratio g = a/{. We examined
the characteristic pattern of cell deformation for these three
types of epithelial cells in a scattergram for the lengths of
any two sides of a cell (e.g., apical versus basal).

We first considered the apical modulation that changes a,,
and K, (depicted as cross and circle symbols in Fig. 2). In
the columnar and cuboidal epithelia, the changes in the api-
cal and basal lengths, a and b, are negatively correlated
(I and II in Fig. 2 A). This negative correlation is due to
the cell area elasticity, as the basal surface expands in
response to the constriction of apical surface, and vice versa.
In contrast, in the squamous epithelia (/] in Fig. 2 A), the
correlation between the changes in the apical and basal
lengths becomes positive, indicating that both surfaces
show expansion or contraction as the apical surface un-
dergoes modulation. Note also that the lateral length ¢ varies
only slightly in all cases (Fig. 2 A, bottom).

We next considered the modulation of basal and lateral
properties (depicted as triangle and square symbols in
Fig. 2, respectively). The changes in the length of basal
and lateral surfaces, b and ¢, are much larger than the
changes in the apical length a, and the changes in b and /¢
are always negatively correlated.

In both apical and basal modulation, the positive or nega-
tive correlations for a given pair of lengths depend on the
initial cell shape. In the apical modulation, the sign of the
correlation between changes of a and b are different be-
tween the squamous epithelia (I/II) and the others (I and
1) (Fig. 2 A). Similarly, when the basal mechanics is modu-
lated, the a—b and a—/ correlations in the squamous epithelia
are opposite to those of the other (1 and II) types of epithelial
cells (Fig. 2 B). We then analyzed the effect of the cell
aspect ratio g on the cell shape changes (see Appendix A
for details) and found that the sign inflection point occurs
when g satisfies g = g., as given by the following:

3p—4
p—2

g = (@)

The boundary according to Eq. 2 is plotted in Fig. 3. In the
regime above the boundary, the cell is more squamous with
g > 1, and the apical length increases with an increase in the
basal length. Below the boundary, in contrast, the cell
shapes are columnar (g < 1) or cuboidal (g = 1), and the api-
cal length increases as the basal length decreases. As such,
near the boundary where the inflection occurs, the basal
length is nearly constant under apical modulation, and
vice versa. These results illustrate a previously unknown
effect of cell aspect ratio on changes of cell shape in
response to mechanical modulations.

Theoretical prediction of mechanical modulation
underlying epithelial folding

Besides the distinct pattern of cell deformation with respect
to cell geometry, Fig. 2 also indicates that epithelial cells
change their shape in a distinct manner in response to the
modulation at different surfaces. For the columnar cells
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figure in color, go online.
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FIGURE 3 Threshold values of cell aspect ratio g, as a function of pres-
sure p, for changes in the correlation pattern between variations of different
surfaces. As demonstrated by the shapes in the insets, below the boundary
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relation; above the boundary, the changes of apical and basal lengths
display a positive correlation. The ® symbols denote the g and p values
for the cells analyzed in Fig. 2. The sheets are unstable in the hatched
region. To see this figure in color, go online.

(Fig. 2; I), for example, apical constriction induced by apical
modulation is accompanied by basal and lateral expansion
(cross and circle). For basal modulation, the basal expansion
and lateral shrinkage are observed (triangle), whereas for
lateral modulation, the opposite behaviors occur (basal
shrinkage and lateral expansion) (square). Such distinct
pattern of cell deformation suggests that experimental mea-
surements of cell shape changes could be used to infer the
underlying mechanical mechanisms for an epithelial folding
event.

To examine this idea, we performed time-lapse imaging
and measured cell shape changes for ventral furrow forma-
tion in the Drosophila embryo. The initial stage of this pro-
cess is considered to be driven by myosin-dependent apical
modulation (24). We traced the cell shape at the center of the
ventral furrow formation (Fig. 4; left) and plotted the
measured lengths b and ¢ versus a in Fig. 4, B and C, respec-
tively. Whereas the apical length reduces with time, both
basal and lateral lengths increase during the fold formation,
showing the negative correlations between the changes in
the basal-lateral and the apical lengths. In our theoretical
analyses on the columnar cells, such a correlation pattern
was found only in the case of apical modulation (see
Fig. 2; I). Thus, our theoretical prediction of cell deforma-
tion pattern could serve as a guide for inferring the mechan-
ical modulations that shape epithelia. Note that during
furrow formation, the increment in the lateral length ¢ ap-
pears to be larger than prediction (Fig. 2 A, bottom, and
Fig. 4 C). The difference could be due to the physical con-
straints present in the in vivo system, such as the vitelline
membrane that surrounds the embryo, the yolk sac internal
to the cell layer, and the presence of neighboring cells.

Nonbuckling Epithelial Folding

Alternatively, the concurrent cell lengthening process called
“cellularization” may contribute to the difference (Fig. S2).
The agreement of the general trend of cell shape changes,
however, indicates that the forces resulting from modulation
of intracellular mechanics can robustly shape cell geometry
against the influence of surrounding environments.

Our theoretical framework can also aid in the quantitative
estimation of mechanical parameters in experimental sys-
tems. As documented in Appendix A, for a given set of
values of cell shape (a, b, ¢), intracellular pressure p, and
preferred apical length a,, one can calculate the values of
mechanical parameters (K,, A5, A¢) according to Eq. A3.
To estimate the changes in parameter values associated
with Drosophila ventral furrow formation, we considered
the normalized mechanical parameters Q = g¢/g; with
q = kg, Ay, Agrelative to the mechanics ¢, of some reference
point (which we choose as the initial point of observation
t = 0). Because the cell volume during ventral furrow for-
mation has been shown to be conserved despite shape
changes (6,25), in our cross-sectional model we thus
assumed that the cell area A undergoes negligible fluctua-
tions such that p = 2(1—A) is near constant. We validated
such approximation in Fig. S3, which has been obtained
by analyzing the cross-sectional cell area from the time-
lapse images, where the cell area exhibits <10% fluctua-
tions during the initial stage of furrow formation. Further-
more, we found that the qualitative behaviors of the
mechanical parameter prediction appear insensitive to the
choice of a, (data not shown), so we simply used a constant
ratio o, = a,/a for the estimation. We then calculated the
temporal evolution of Q from the time-lapse measurements
of cell shapes. As shown in Fig. 5, estimated apical elasticity
K, increases over time, whereas the basal and the lateral
mechanics, 4, and A,, remain relatively constant, thus sup-
porting this view (6,24) that the initial phase of ventral
furrow formation is driven primarily by the forces resulting
from the remodeling of apical mechanics.

Basal-lateral modulation induces deep U-shaped
folds, whereas apical modulation leads to shallow
V-shaped folds

A typical folding process is initiated by mechanical modu-
lation in a localized area within a tissue. As a result, the
folded structure exhibits nonuniform curvature, reflecting
the heterogeneities of cell shape. We further investigated
the effect that distinct modes of local mechanical modula-
tion have on the morphology of epithelial folds. We first
simulated apical constriction via alteration of the apical
elasticity K, and the preferred apical length a,, in the N, cells
at the center of the columnar sheet comprising N cells, while
keeping the original mechanical properties constant for the
surrounding cells (Fig. 6). As shown in Fig. 6 A, apical
constriction caused either by the decrement of a, or by the
increment of K, in the central cells deforms the cells into
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trapezoidal shapes or triangles, as is the case for the sheets
with global mechanical manipulation described above. Due
to the shared lateral boundaries, the active deformation of
central cells alters the shapes of their neighbors. The relax-
ation of the resulting stresses causes the surrounding cells to
passively adapt to a folded morphology. Because cells at the
peripheries are not constrained physically by the surround-
ing environment, the stresses induced by apical constriction
in the central area dissipate toward the peripheries, produc-
ing straight arms at the ends of the sheets. These analyses
thus indicate that apical modulation in a localized area is
sufficient to fold an epithelial sheet.

We next examined the effect of local modulation of the
basal and the lateral surface mechanics. As shown in
Fig. 6 B, a decrease in the basal line tension 4, allows expan-
sion of the basal surface of the central cells, whereas an in-
crease in the lateral line tension A, shrinks the lateral surface
at the sheet center. Each of these changes causes the central
cells to deform into trapezoidal shapes, thereby initiating the
folding of the epithelial sheet. Thus, basal-lateral modula-
tion in a localized area is also sufficient to induce epithelial
folding.

2688 Biophysical Journal 172, 2683—2695, June 20, 2017

The modulation of apical and basal-lateral surfaces
appears to produce distinct fold morphologies (Fig. 6,
A and B). To quantify these differences, we introduce two
morphological descriptors: 1) the curvature « = (1/R,),
given by the inverse of the radius of curvature R, at the api-
cal surface formed by the deforming central cells; and 2) the
aspect ratio of the folded area v = (D,/W,), given by the
depth D, and the width W, of the folds (Fig. 6 C). Of these
two descriptors, the curvature « characterizes the local prop-
erty of the actively deforming central area. In particular, the
folded shape resembles the letter “V” (V-shape), when the
value of « is high, whereas the shape resembles the letter
“U” (U-shape) for low values of k. The measurement of
v, on the other hand, reflects the global feature of the sheet
morphology. In a flat epithelium, v = 0, whereas a deep fold
is characterized by a large value of .

As shown in Fig. 6, D and F, strong apical constriction
(top-left corner of Fig. 6 D) produces a sharp V-shape at
the apical surface of the deforming central cells. In contrast,
basal expansion and lateral shrinkage produce U-shaped
folds with moderate values of « (Fig. 6 F). With regard to
the overall depth of the folded sheets, apical constriction
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induces only shallow folds with low values of vy (Fig. 6 E).
In contrast, basal expansion and lateral shrinkage result
in the formation of folds that have high values of 7y
(Fig. 6 G), indicating deep folds.

Taken together, local apical constriction tends to induce
shallow and V-shaped folds, whereas basal expansion and
lateral shrinkage in a restricted area preferentially generate
deep and U-shaped folds. When the apical mechanics is
modeled with a line tension term rather than an elastic
term, the distinct fold morphology associated with either api-
cal or basal-lateral modulation is still observed (Fig. S4). In
addition to these numerical analyses, the morphological dif-
ferences can be understood analytically, for which the
detailed analyses are provided in the Appendix C.

For the cuboidal and squamous cell sheets, both local api-
cal constriction and basal-lateral remodeling can induce
autonomous folding (Fig. S5). The V- and U-shaped distinc-
tion, however, is less pronounced, as compared to the
folding of the columnar cell sheets.

Autonomous folding is robust against boundary
constraints

So far we have shown that epithelial folding induced by cell
mechanical remodeling does not require external forces. We
also showed that, at least in the case of columnar epithelia,
the folded morphology contrasts sharply between different
modes of mechanical modulation. These conclusions raise
the question whether boundary constraints, such as the pres-
ence of neighboring tissues or acellular spatial confine-
ments, could alter the folding characteristics that were
shown above. To address this question, we considered the
presence of neighboring tissues at the edges of the folding
sheet. Such scenarios were simulated by supplementing

Eq. 1 with the following potential function resulting from
the interaction at the sheet boundaries,

4
Up = K.Y A} + Fx, — xp), 3)

i=1

where Ax; = x; — xp,; With x;1 = Xp0 = x7 and xp3 = Xp4 = Xg.
The variables x;, x, and x5, x4 are the horizontal position of
the vertices at the left and the right boundaries, respectively
(Fig. 7 A). K, is the elastic modulus that characterizes the
interaction between the sheet and the neighboring tissues
located at the positions x; and xz. The neighboring tissues
can be passively attached to the sheet, comoving with it as
it folds when F = 0. Alternatively, they can actively exert
either compression (F < 0) or stretching forces (F > 0)
for xz > xz.

Fig. 7, B and C, shows that epithelial sheets compressed by
adjacent tissues undergo foldings that do not qualitatively
differ from those without boundary constraints. Specifically,
the resulting folds are shallow and V-shaped when apical
constriction occurs in a localized region (Fig. 7 B), whereas
deep and U-shaped if local basal expansion and lateral
shrinkage drive the fold formation (Fig. 7 C). Similar results
were obtained in the case where a stretching force from the
adjacent tissues was applied (F > 0) or when the adjacent tis-
sues were passively attached to the folding sheet (F = 0)
(data not shown). These results suggest that the autonomous
folding mechanisms are robust against varying mechanical
conditions at the tissue surroundings.

DISCUSSION

In this study, we showed unequivocally that both global and
local changes of either the apical or basal-lateral mechanics
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FIGURE 6 Localized mechanical modulations at distinct surfaces induce characteristic folds of shallow V-shape or deep U-shape. The cells at the center
(N. = 5, orange) of the sheet (N = 13) are modulated at the apical (A) or basal-lateral (B) surfaces. The flat sheet at the lower-right corner is generated
with same parameter values as those in Fig. 1. (C) Quantification of epithelial fold morphology (gray) by the geometry of apical surface (red).
(D and F) The local geometry, such as the V- and U-shapes, is characterized by the curvature k = 1/R... (E and G) The deep (D) and shallow (S) global
fold morphology is quantified by the aspect ratio v = D,/W,. The value Ag with ¢ = a,, K,,, Ap, and A, measures the mechanical differential between the
central and the surrounding cells. Results for the cuboidal and squamous sheets are provided in Fig. S5. To see this figure in color, go online.

can cause nonbuckling, active folding of epithelial sheets
(Figs. 1 and 6). The distinct features of the resulting folds,
namely the U- and V-like shapes, are also found in the
presence of external forces (Fig. 7), suggesting that these
nonbuckling, autonomous folding mechanisms can work
robustly under various boundary conditions. Such an auton-
omous folding process has been observed previously in the
mammalian optic-cup organoids (26). The folded structure
in the optic cup was maintained even when it was excised
from the surrounding tissues, suggesting that the structure
is maintained by an intrinsic mechanism, independent of
external forces.

We also found that cell shape changes reveal distinct
characteristics depending on the initial cell aspect ratios
and the surfaces at which the mechanical modulations
take place (Figs. 2 and 3). Cell shape measurements for
the initial stage of Drosophila ventral furrow formation
are in agreement with our theoretical prediction (Fig. 4).
The evolution of mechanical parameters estimated from
the time-lapse experimental data supports the current
understanding of apically driven Drosophila ventral furrow
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formation (Fig. 5), where accumulation of nonmuscle
Myosin II at the medial apical cortex induces contraction
of apical actin networks that initiates the furrow formation
(27). The resulting furrow shape in this initial phase is a
shallow fold (6), which is also consistent with our theory.
We accounted for the apical-basal polarity of epithelial
cells by breaking the symmetry between apical and basal
mechanics in Eq. 1. Such intrinsic polarity gives epithelial
tissues the ability to change their apical and basal surfaces
differently in response to modulation at lateral surfaces
such as the redistribution of cell-adhesion molecules (14).
When the epithelial polarity is impaired, the tissues fail to
establish folds under lateral modulation. Thus, the efficacy
and versatility of epithelial fold formation are related to
the polarization of apical-basal axis within individual cells,
which endows the cells with distinct cell surface mechanics.
Given that apical modulation makes shallower folds than
basal-lateral modulation, to reach the same degree of
fold depth, a higher number of cells would be required
if the fold is induced by apical remodeling, as shown in
the upper-left regime of Fig. I, B and C. This is because a
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reduction in the apical length is limited, whereas the basal
side can expand without the length restriction. Note also
that apical constriction produces a smaller extracellular
luminal space (Fig. | B, upper-left), implying a need to con-
trol the lateral (cell height) and basal sides to produce an
apical lumen of appropriate size (28).

In the case of ventral furrow formation in Drosophila,
after the initial shallow fold formation, a subsequent expan-
sion at the basal surface, presumably due to myosin disas-
sembly, allows the furrow to undergo deep folding (6).
A recent study showed that interference of the initial apical
constriction via a perturbation of myosin pulsatile contrac-
tion resulted in the formation of a U-shaped ventral furrow,
presumably because the basal expansion at the later stage
was intact (29). Our model lends a theoretical support to
this interpretation.

We envision that our model could aid in the formulation
and assessment of mechanical hypotheses for folding pro-
cesses for which mechanical mechanisms remain elusive,
such as dorsal fold formation in the Drosophila gastrula, pro-
posed to be induced by basal shifts of the cell-cell junctions
along the lateral side (14). Other events involving changes of
multiple sides of cells for which the canonical apical modu-
lation alone cannot account, would also be of particular inter-
est. For example, the neural tube formation in Xenopus laevis
was suggested to be driven by a combination of cell height
change, basal remodeling, and apical constriction (30,31),

whereas the inner ear development in chick was reported to
involve basal expansion of the otic epithelium, followed by
contraction of the apical surface (32). Using the approach
demonstrated in Figs. 2 and 4, one may first measure the
time-dependent changes of the length of each cell surface
and subsequently perform estimation of mechanical parame-
ters using Eq. A3 to infer the cell surface mechanics (see
Fig. 5). The evolution of parameter values thus derived could
suggest which membrane surface(s) undergo active mechan-
ical modulation. These endeavors could provide mechanical
insights into epithelial folding events for which performing
mechanical manipulations is challenging and attest the
generalizability of our model.

APPENDIX A: MECHANICAL ANALYSIS OF A
SINGLE CELL

Because cells in a homogeneous sheet possess identical shape, the overall
sheet morphology can be derived from the geometric features of the individ-
ual cells. The behavior of a homogeneous sheet can be understood from the
single cell properties (9). Here we perform a series of analyses to probe the
mechanical properties of a single cell.

Force and Torque Balance

We considered the mechanical balance of a cell with a trapezoidal shape.
Based on the potential function of Eq. 1, the forces acting on each cell
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surface can be depicted as in Fig. 8, from which it is straightforward to
derive the condition of force balance as follows:

p X a = 2A,5in 0 — pl cos 0,
p X b = 2Asin 6 4 pl cos 6,

1
p x = [2K,(a—a,) + A]sin § — i(a —b)p cos 6,
(AD)

where p = 2(1 — A) is the pressure pushing outward against the surface
when p > 0, or inward compression from outside when p < 0. To prevent
cell rotation, we further consider the condition of torque balance as the
following:

1

[2K,(a — a,) — Asin = 3 (a+b)p cos 0.

(A2)

According to Eqs. Al and A2, the mechanical parameters that give rise
to a balanced cell shape read as

[— (a—b)a+20]p

5 - Ma=bp+ 20%p | )
5 - lath)p

24/ —(a—b)* + 40

fap=pxa
fa=2Ka(a—ao)

FIGURE 8 Schematic illustration of forces acting on a cell according to
the potential function given by Eq. 1. The force on each cell surface has two
components: one parallel and the other perpendicular to the surface. The
angle 6 defines the rectangular, up-, or downtrapezoidal shape. The mathe-
matical expression of the parallel and the perpendicular components of
forces are explicitly shown and illustrated in the text. To see this figure in
color, go online.
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For a rectangular cell (¢ = b), the above formula simplifies to the
following:

(1 —A)
Ka= 2(a —a,)
by = (1 - A), A9
/V = d(l —A).

In agreement with our intuition, Eq. A4 shows that the apical surface a
relaxes to its preferred length a, when K, increases. Furthermore, the ratio
between the lateral line tension A, and the basal line tension 2, is equal to
the aspect ratio a/¢. This indicates that 4, is greater than A, for a columnar
cell, whereas 4, < 4, for a squamous cell.

Stability Analysis

It is worthwhile analyzing the stability of a rectangular cell, which displays
the same shape as those within a flat cell sheet. For simplicity, we assume
that the cell area is conserved so that the lateral surface is related to the api-
cal and the basal surfaces as follows:

4A2 b—a)’
LY

E =
(a+b) 4

(A5)

Substituting Eq. AS into Eq. | for a single cell N = 1, the stability of a
rectangular shape can be determined straightforwardly from the Hessian
matrix M of U, as follows:

0*U A
M = — = 2K, + (_+—2>Ag7

da’ 2l a
0*U 14
My = W = (2—&+a_f)h’ (A6)

R 14
My = My = 3adb <_2_&+?>M7

where a; and /¢ are the apical and the lateral surfaces of a rectangular
cell under force and torque balance, respectively. By analyzing the
Hessian matrix, the cell is mechanically stable when the determinant
and the trace of M are positive, which gives the stable conditions as
follows:

2K2{x[2 4 ¢’ (1 +4x)] } >0, (A7)

and

2K, [1+ (2+¢%)x] >0, (A8)
where x = 1 — o, with o, = a,/a; and g = a/{. Note that 4, is replaced by
K, according to Eq. A4. Because the elastic constant of the apical surface
K, should be positive for the stability, according to Eqs. A7 and A8, the
cell is stable when x > 0, which corresponds to a cell under compression.
When x becomes negative for a stretched cell, the cell shape is mechanically
unstable. Such an instability can be understood from the fact that the
expansion (shrinkage) of a cell surface (e.g. the lateral surface ¢), resulting
from environmental perturbations, will enhance (reduce) the inward force
produced by the pressure (i.e., fj, = p x {). The increasing (decreasing)
inward force further expands (shrinks) the cell surface (¢) because of the
conservation of cell area (or cell area elasticity in a weak constraint),



forming a positive feedback that drives the cell to deform away from its
original shape.

Linear Response of Cell Deformation to
Mechanical Modulation

For a mechanically stable cell, the cell shape is robust against environ-
mental perturbations. A cell can change its shape, however, by modulating
the mechanical properties of its surfaces. Here, we further study how a cell
is deformed when the mechanics of each cell surface is changed. Taking
into account a small deformation around a rectangular shape, the parame-
ters of surface mechanics can be calculated by expanding Eq. A3 around
(a,b,0) = (ay, a, L) to linear order. From the ensuing equations, the varia-
tion of each mechanical parameter (K,, A, A,) gives rise to the following
conditions:

db = Chy % da, dl = C;, X da, (A9)
da = C,, x db, dl = Cyy, x db, (A10)
da = Ca_’[,‘ X dﬂ, db = C;,yg‘ X dé, (All)
where
c,, — /0K,y _ A+ —2) —3p
“ (aa/aKa)x,,,A[ -4+ gz(P -2)+ 3p’
C, = O, _ 23(1-p)
“ (9afiK.),,, —4+g(p—2)+3p
(0a/d2)k, 5,
Ca,h _ A
(0b/02)k, 5,
_ (4+2°(p—2) = 3p) (e — 1)
8 + gZ(p - 2)(“(1 - 1) - 4au +p(3aa - 5)’
(00/02)k, 5,
Cip = o
' (ab/akb)l(a,l[
_ 2(1 = p)(g*(aa — 1) = 1)
g(S +g2(p - 2)(“0 - 1) - 4aa +p(3aa - 5))’
c., = 04/ _ 4¢’(1 - p)(aw — 1)
“ (0N, 2—p+ A —p+2(p—2),)
o 060k, 4s(1-p)g (e —1)—1)
YT 0Nk, 2-p+g@E—pt+2p-2)a,)
(A12)

Equations A9—A11 indicate the relation between the active deformation of
apical, basal, and lateral surfaces due to the modulation of K, A, and A,
respectively, and the passive response of the other surfaces.

Because for a mechanically stable shape p > 0 and «, < 1 according to
the previous section, from Eqs. A9-A11 it is straightforward to derive that
the correlation between each surface deformation changes qualitatively
when:
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(A13)

APPENDIX B: CURVATURE OF A HOMOGENEOUS
SHEET

The sheet consists of interconnected cells. When cells deform into trape-
zoids, the sheet becomes curved. Here we discuss the relation between
the individual cell shape and the overall sheet morphology. Specifically,
we consider a homogeneous sheet comprising cells with identical shape.
Without loss of generality, the sheet can be parameterized, as shown in
Fig. 9, where 6 follows that

b—a
6 = cos™! .
20
The radius of curvature of the apical surface (R,) and the basal surface
(R,) read as follows:

(BD)

R, = ——
(B2)
Ry = ——

According to Eq. B2, the curvature C at the midplane of a sheet can be
calculated as the following:

R, +R,)\ ™" 2
- - —20).
C ( 7 > a+b><(7r )

As a result, the shape of cells gives rise to the midplane curvature of a
homogeneous sheet according to Eq. B3. When the cell deformation around
a rectangular shape is small (f = 7/2), Eq. B3 approximately equals the
following:

(B3)

2(b—a)
g ——— B4
= latb) ®4)
/, RN
P ~
P (N
N
, \
, \
, \
] \
’ ‘
' l
1 |
\ I
\ 1
\ /
\ /
\ /

Cg——

FIGURE 9 Schematic of a homogeneous curved sheet. For clarity, only
three cells are shown. See text for details. To see this figure in color,
go online.
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APPENDIX C: FORMATION OF U-/V-SHAPED AND
SHALLOW/DEEP FOLDS

The distinct morphology of folds generated by local apical and basal-lateral
modulation can be understood by noting that because of cell area elasticity,
the apical constriction deforms cells into longer lateral surfaces, whereas
the basal expansion and lateral shrinkage shorten lateral surfaces. As a
result, a thin and tall cell is formed by apical constriction, whereas a
wide and short cell is generated by basal expansion and lateral shrinkage
(see upper-left corner of Fig. 6, A and B). An epithelial sheet is folded
deeply when the change of angle of vectors perpendicular to the lateral sur-
face along central cells is large. Specifically, this angular variation can be
calculated as follows:

A@z(g—ﬁ) x (N, +1), (1)

where

bc - Uc
§ = cos”! (T“) (C2)

is the angle that characterizes rectangular, up- and downtrapezoidal cell
shapes (see Fig. 9). The quantities a., b., and /. are the apical, basal, and
lateral surfaces averaged over central cells, respectively. As folding pro-
ceeds via deforming cells into uptrapezoids, (b. — a..) increases for both api-
cal and basal-lateral modulation. In the region of strong cell deformation
(the upper-left corner of Fig. 6, A and B), (b. — a.)/l. = b/, which is small
for the apical constriction, but is large for the basal expansion and lateral
shrinkage. Therefore, the apical constriction preferentially develops an
epithelial sheet into a shallow fold with smaller A®, whereas a deep fold
with larger A® is generated by the basal expansion and lateral shrinkage.

On the other hand, the sharpness of folds is described by the curvature at
the center of the sheet, which approximately equals the following:

_m—20

ac

C (C3)

Because the apical surface of central cells substantially reduces during api-
cal modulation, but is restricted by its elasticity for basal-lateral modula-
tion, the apical constriction has much smaller a. than that of basal
expansion and lateral shrinkage in the region of strong cell deformation.
Consequently, a V-shaped fold with larger C is generated by the apical
constriction, whereas a U-shaped fold with smaller C is formed by the basal
expansion and lateral shrinkage.

The above analyses suggest that the local apical constriction tends to
sculpt a sheet into a shallow and V-shaped fold. In contrast, a deep and
U-shaped fold is generated by the local basal expansion and lateral
shrinkage.

APPENDIX D: IMAGING AND MEASUREMENTS
FOR DROSOPHILA VENTRAL FURROW
FORMATION

Embryos expressing both a membrane marker Resille-GFP (33) and a
marker for myosin (Sqh-GFP) were used in imaging experiments that
measured the cell shape changes during Drosophila ventral furrow forma-
tion (34). The localization of Sqh-GFP at the base of the cellularizing cells
improves the visualization of basal surfaces, whereas the accumulation of
Sqh-GFP at the apical surface marks the onset of ventral furrow formation.
A two-photon excitation scanning system, a Fluoview FVMPE-RS
(Olympus, Melville, NY) equipped with an InSight DeepSee pulsed IR
Dual-Line laser system (Spectra-Physics, Santa Clara, CA) tuned at
930 nm, was used for the time-lapse imaging. Embryos were first dechor-
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ionated in bleach and then mounted vertically with the posterior pole point-
ing up in the glass-bottom dish using double-sided tapes. The mounted
embryos were immersed in water for imaging with a 25x water immersion
objective (numerical aperture = 1.05). A single focal plane, ~200-250 um
from the posterior pole, was scanned at a frame rate of 10 s/frame. The
resultant image datasets were processed in the software ImageJ (National
Institutes of Health, Bethesda, MD). Measurements of cell geometry
were performed as the following: based on the fluorescent signals of mem-
brane and myosin markers, the shapes of individual cells were traced manu-
ally for every three to five frames with the total observation period at
~5 min (a longer period is used for the analyses in Fig. S2). The initial
time frame was chosen arbitrarily before the onset of apical constriction
of ventral furrow cells. The length of each cell surface was measured using
a straight line with image-processing package of ImageJ. Due to the small
deformation around a rectangular shape, the lateral length was simply
derived as the distance between the apical and the basal surfaces.

SUPPORTING MATERIAL

Five figures are available at
supplemental/S0006-3495(17)30519-2.
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