
Differential growth triggers mechanical feedback that
elevates Hippo signaling
Yuanwang Pana, Idse Heemskerkb, Consuelo Ibara, Boris I. Shraimanb,1, and Kenneth D. Irvinea,1

aHoward Hughes Medical Institute, Waksman Institute and Department of Molecular Biology and Biochemistry, Rutgers University, Piscataway, NJ 08854;
and bKavli Institute of Theoretical Physics, University of California, Santa Barbara, CA 93101

Contributed by Boris I. Shraiman, September 27, 2016 (sent for review May 24, 2016; reviewed by Jacques Prost and Eric F. Wieschaus)

Mechanical stress can influence cell proliferation in vitro, but
whether it makes a significant contribution to growth control in
vivo, and how it is modulated and experienced by cells within
developing tissues, has remained unclear. Here we report that
differential growth reduces cytoskeletal tension along cell junctions
within faster-growing cells. We propose a theoretical model to
explain the observed reduction of tension within faster-growing
clones, supporting it by computer simulations based on a general-
ized vertex model. This reduced tension modulates a biomechanical
Hippo pathway, decreasing recruitment of Ajuba LIM protein and
the Hippo pathway kinase Warts, and decreasing the activity of the
growth-promoting transcription factor Yorkie. These observations
provide a specific mechanism for a mechanical feedback that con-
tributes to evenly distributed growth, and we show that genet-
ically suppressing mechanical feedback alters patterns of cell
proliferation in the developing Drosophila wing. By providing ex-
perimental support for the induction of mechanical stress by dif-
ferential growth, and a molecular mechanism linking this stress to
the regulation of growth in developing organs, our results confirm
and extend the mechanical feedback hypothesis.
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Growth regulation is needed to form organs of correct size
and proportion, but the mechanisms that define organ and

organism size remain poorly understood (1). Cells in a developing
organ are exposed to multiple growth factors, at concentrations
that can vary depending upon cellular location, developmental
stage, and nutrition. Signaling pathways that conduct these bio-
chemical signals have been extensively studied, and in many cases
their contributions to growth control are well characterized.
However, in addition to the biochemical environment, cells in a
developing organ also experience a mechanical environment in
which they are subject to forces through their contact with
neighboring cells and the extracellular matrix. The mechanical
environment has also been proposed to modulate organ growth,
yet how this occurs and what it contributes to in vivo growth
regulation remains unclear.
The Hippo signaling pathway plays an essential role in regu-

lating organ growth from arthropods through vertebrates (2, 3).
One remarkable feature of Hippo signaling is its role as an in-
tegrator of growth control signals (Fig. 1A). Indeed Hippo sig-
naling is influenced by or cross-talks with multiple biochemical
pathways that can act as general growth regulators, or promote
growth linked to positional information, nutritional status, or
developmental stage. Hippo signaling is also affected by contacts
with neighboring cells and the extracellular matrix, and by me-
chanical stress (4). However, most prior studies of Hippo path-
way regulation by mechanical cues have examined it either in the
context of in vitro models or used nonphysiological manipula-
tions such as drugs or mutations that disrupt the cytoskeleton,
leaving unanswered the question of how Hippo signaling might
modulate growth in response to mechanical stresses that cells
experience during developmental or physiological processes.
Hippo signaling regulates growth by controlling a transcrip-

tional coactivator protein, Yorkie (Yki) (5, 6) (Fig. 1A). Yki
activity is down-regulated through phosphorylation by the Warts

(Wts) kinase, which promotes cytoplasmic localization of Yki.
Wts is regulated in several ways, including phosphorylation by
Hippo (7), regulation of Wts abundance (8), regulation of Wts
localization (9, 10), and regulation of Wts interaction with co-
factors and inhibitors (11–15). We recently defined a mechanism
for biomechanical regulation of Hippo signaling in which cyto-
skeletal tension induces recruitment of Ajuba LIM protein (Jub)
to α-catenin, and thence recruitment of Wts to Jub (11). Jub is an
inhibitor of Wts (12, 13), and this tension-dependent corecruit-
ment of Jub and Wts to adherens junctions is associated with
reduced Wts activity, and hence increased Yki activity (11), at
least in part because it prevents Wts from moving to sites where
Wts gets activated (9). Conversely, under conditions of lower
cytoskeletal tension, recruitment of Wts and Jub to adherens
junctions is decreased, Wts activity is increased, and conse-
quently Yki activity is decreased.
A consideration of the mechanical stresses cells might expe-

rience in a growing organ and their influence on growth was
provided by the mechanical feedback model (16). This model
argued that differential growth could lead to local tissue com-
pression as faster-growing cells push against surrounding slower-
growing cells, and proposed that this compression might then
decrease growth, thereby restoring even growth rates and reducing
further compression. Mechanical feedback is thus a negative
feedback that limits the extent to which a population of cells can
overgrow, potentially providing a homeostatic mechanism that
ensures cells proliferate at similar rates to minimize tissue dis-
tortion. In this context, it has been suggested that it might explain
how cell proliferation in organs like the Drosophila wing can be
homogeneous despite inhomogeneous distributions of growth
factors. The hypothesis that growth-induced compression inhibits
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further growth, along with the observation that cells are more
tightly packed at later stages of development, has also been
suggested as an explanation for why organs stop growing when
they reach their final size (16–19).
Although mechanical feedback provides an attractive hy-

pothesis for contributions of mechanics to organ size control, it
has lacked direct experimental support or a molecular mecha-
nism. Here, we use the wing imaginal discs of Drosophila (Fig.
1B) to perform experimental tests of mechanical feedback. Wing
disc cells form a pseudostratified epithelial monolayer, con-
nected to each other at apical adherens junctions, which are
attached to an actin–myosin network that is under tension (20).
Our analysis takes advantage of recent progress in characterizing
Jub-mediated biomechanical Hippo signaling to define three
critical stages of mechanical feedback (Fig. 1C). We first test the
prediction that differential growth can lead to mechanical stress,
and observe that accumulation of stress is most pronounced

under conditions where mechanical feedback has been bypassed. We
then show that mechanical stress induced by differential growth is
associated with reduced cytoskeletal tension within faster-growing
cells, and explain this using a theoretical model of epithelial me-
chanics that incorporates adaptive tension. We next show that the
Jub biomechanical Hippo pathway is influenced by differential
growth through these associated reductions in cytoskeletal tension.
Finally, we use this understanding of mechanical feedback to dem-
onstrate its role in modulating cell proliferation during wing devel-
opment. These studies confirm the mechanical feedback hypothesis,
provide a mechanistic basis for mechanical feedback, and argue that
mechanical feedback contributes to growth regulation in vivo.

Results
Reduced Cytoskeletal Tension Within Faster-Growing Clones. One
prediction of mechanical feedback is that a coherent population
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Fig. 1. Overview, and tissue distortion induced by ban-expressing clones. (A) Simplified schematic of the Hippo pathway. (B) Schematic of the wing imaginal
disc. (C) Schematic illustrating the key elements of the mechanical feedback loop: 1, growth can compress cells; 2, compression of cells can decrease cyto-
skeletal tension; and 3, resulting decrease in cytoskeletal tension is sufficient to trigger changes in the localization of Jub and Wts, and in Yki activity. (D) Cell
anisotropy analysis of ban-expressing clones. Green lines indicate long axis, which just outside the clone tends to align parallel to the clone boundary.
(E) Vertical section through a wing disc with ban-expressing clones, marked by BFP (blue). These clones typically induce distortions of the epithelium that include
apical invaginations and lateral bulging. (F) Vertical section through a wing disc with control clones (BFP expressing). (G–I) Influence of ban-expressing clones
on cell orientation. (G) Example of segmentation (Left, color scale shows anisotropy). (H) Average alignment of cell elongation axis relative to clone boundary
as a function of the distance to clone boundary (Center, n = 29). (I) Summary analysis of clones, plotting average level of alignment at the clone edge versus
15 μm away for each clone. Color indicates relative clone area (as a heat map, red is bigger, blue is smaller), filled circles identify clones closer to the center of
the wing pouch, and open circles identify clones farther from the center of the wing pouch. The analysis shows cells tend to align parallel to the clone
boundary at the clone edge but not 15 μm away, and this effect is more pronounced for clones closer to the center of the wing.
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of cells growing at a faster rate than surrounding cells will be-
come compressed (16). We tested this prediction by using UAS-
Gal4–driven expression to create clones of faster-growing cells.
The microRNA gene bantam (ban) promotes growth in Dro-
sophila (21) (SI Appendix, Fig. S1A). Moreover, ban is a key
downstream target of Yki, and ban can promote growth even in
the absence of Yki (22, 23). Thus, if mechanical feedback acts
through Yki, forced expression of ban under UAS-Gal4 control
could bypass mechanical feedback, enabling growth to continue
and tissue compression to accumulate. Indeed, ban-expressing
clones in the wing disc deform surrounding cells, visible as an-
isotropic distortions with elongation aligned parallel to the edges
of ban-expressing clones (Fig. 1 D and G–I). Radial compression
and azimuthal elongation of cells is exactly the pattern of de-
formation expected outside of overgrowing regions, as follows
from continuum elasticity considerations elaborated in SI Appen-
dix, SI Text. Tissue distortion is also evident through a widening of
clones between the apical and basal surfaces and invagination of
the apical and basal surfaces (Fig. 1 E and F). All of these dis-
tortions are most evident near the center of the disc, where cells
are already more compressed (24, 25). Similar distortions have
been reported for clones of cells expressing activated Yki or mu-
tant for wts (24–26), which should also bypass any mechanical
feedback that depends upon regulation of Yki activity.
Overexpression of ban, or expression of an activated form of Ras

(RasV12) that promotes growth (27), also result in a consistent
reduction in apical accumulation of Non-Muscle Myosin II
(myosin, visualized using GFP fusions to myosin regulatory light
chain, Sqh, or to myosin heavy chain, Zip) (Fig. 2 A, F, and G
and SI Appendix, Fig. S2B). Reduced myosin activity can also
lead to reduced F-actin accumulation in wing discs (11), and
consistent with this finding, we observed modest reductions in
F-actin levels within faster-growing clones (SI Appendix, Fig. S2
B, E, and F). As myosin both creates and responds to tension
(28), the reduction in its levels implies that cytoskeletal tension is
lower within these fast-growing clones.
Expression of ban or RasV12 in clones results in faster-growing

cells surrounded by wild-type cells. Differential growth can also be
introduced by creating a mosaic between wild-type cells and slow-
growing cells. This can be done in Drosophila using Minute muta-
tions, which are mutations in genes required for ribosome function
that cause a dominant slow-growth phenotype (29). Moreover, be-
cause Minute mutations simply reduce the capacity for protein
synthesis, they are not expected to directly increase myosin levels.
Nonetheless, wild-type cells surrounded by cells heterozygous for
Minute mutations exhibit lower apical and junctional myosin accu-
mulation than their Minute/+ neighbors (Fig. 2 B and G and SI
Appendix, Fig. S2B). Thus, cells growing at a faster rate than their
neighbors consistently have reduced levels of myosin. Wild-type
clones within Minute/+ discs are not, however, associated with an-
isotropy of neighboring cells or invaginations of the disc epithelium
(SI Appendix, Fig. S1 B and C), which might reflect a sensitivity to
mechanical feedback that reduces growth rates to prevent extreme
tissue compression.
To confirm that the reduced myosin accumulation observed

within faster-growing clones is associated with decreased junc-
tional tension, we used a junction cutting assay in which a laser is
used to sever cell–cell junctions (20). The retraction velocities of
vertices neighboring the cut were lower within ban-expressing
clones than in comparable regions of the wing disc without
clones, and lower within wild-type clones than in comparable
regions with Minute/+ cells (Fig. 2E and Movies S1 and S2).
Thus, differences in growth rates between neighboring cell
populations can lead to decreased tension along cell junctions
within the faster-growing cells.
To further confirm that altered myosin levels occur as a con-

sequence of differential growth, we suppressed the overgrowth of
ban-expressing clones by using RNAi to decrease the expression of
either of two different genes that are required for normal clone
growth: E2f1 and Myc (30, 31). In both cases, the reduction of
myosin in ban-expressing clones was suppressed (Fig. 2 C, D, and

G and SI Appendix, Fig. S2B), as was distortion of the disc epi-
thelium (SI Appendix, Fig. S1D). Conversely, RNAi of E2f1 orMyc
in otherwise wild-type cells did not significantly affect myosin (SI
Appendix, Fig. S2 B–D). Thus, reduced levels of myosin in ban-
expressing clones can be attributed to their elevated growth rates.

A Model of Epithelial Mechanics That Produces Decreased Tension
in Compressed Cells. Our observations raised the question of
whether compression of faster-growing cells could reduce their
cytoskeletal tension. For an isolated cell, cell shape reflects a
balance between (myosin-generated) cortical tension and in-
tracellular pressure (reflecting compression of cellular compo-
nents) (Fig. 2H). Within an epithelium, cells also experience
external forces arising from interaction with neighboring cells in
the tissue. If these external forces are compressive, then one
would expect cell areas to become smaller than their intrinsic
size (as defined by the balance between cortical tension and in-
tracellular pressure in the absence of external forces). However,
live tissue does not behave as a simple elastic medium as cells
also adapt their mechanical properties to external forces. For
example, when an external force pulls on cells, they increase
actin–myosin contractility (28). Conversely, when subject to com-
pressive forces, as is the case for faster-growing clones constrained
by surrounding slower-growing cells, then we expect that the same
cellular response would cause cells to reduce their cytoskeletal
tension. In both cases, the compensating response reduces cell
deformation; we demonstrate this explicitly by formulating and
analyzing a physical model of cell area with adaptive response to
external mechanical stress (SI Appendix, SI Text).
To illustrate the sufficiency of this model to explain the reduced

tension within faster-growing clones, we developed a simulation of a
2D epithelial sheet containing a clone growing more rapidly than
the surrounding cells. The simulation is based on a vertex model
representing epithelial tissue as a polygonal array of cells, with cell
geometry determined by minimization of mechanical energy (rep-
resenting intracellular pressure, cortical tension, and mechanical
interaction between adjacent cells). Cell growth and proliferation is
represented by continuously increasing the intrinsic area of each cell
followed, stochastically, by cell division. In contrast with earlier
vertex models (20), we allow for an adaptive cytoskeletal response,
decreasing cortical tension proportionally with increasing pressure
acting on a cell. The model of adaptive cytoskeletal response used
here is consistent with the recently proposed “active tension net-
work” theory (32), which postulated that the rate of myosin re-
cruitment (or release) into the actin–myosin cortex and concomitant
changes in cortical tension is modulated by changes in mechanical
stress. Model simulations considering cell growth and resulting
heterogeneity of pressure confirm that differential clone growth
leads to higher cellular pressure, and lower cortical tension, within
faster-growing cells (Fig. 2I and Movies S3 and S4). This theoretical
description of epithelial mechanics thus reproduces the lower ten-
sion observed within faster-growing clones. The model also illus-
trates the characteristic pattern of cellular deformation surrounding
faster growing clones: cells close to the clone are strongly elongated
parallel to the clone boundary. (In SI Appendix, SI Text we also
provide an explicit mathematical description of elastic deformation
surrounding an expanding disc, which helps to understand the ob-
served pattern of cell anisotropy that surrounds clones.)
In the model simulations, tension along clone boundaries is

intermediate between the lower tension in the interior of clones
and higher tension outside of clones, and it is also influenced by
clone and cell shapes (Fig. 2I). This relatively higher tension at
clone edges compared with the clone interior is consistent with
experimental observations that the area of reduced myosin
sometimes (9/30 clones scored) appears smaller than the area of
the clone (Fig. 2A).

Faster-Growing Cells Reduce Wts and Jub Localization to Adherens
Junctions. Changes in cytoskeletal tension induced by genetic
manipulations can modulate Hippo signaling through the ten-
sion-dependent recruitment of Jub to adherens junctions (11).
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To determine whether the reduced tension observed within
faster-growing clones is sufficient to alter Jub recruitment, we
assayed Jub localization using a genomic Jub:GFP line (33).
Indeed, Jub levels at adherens junctions were lower within clones
of faster-growing cells compared with their neighbors. Reduction
in Jub was most obvious within ban-expressing clones (Fig. 3 A
and J and SI Appendix, Fig. S3J), but was also visible within
Rasv12-expressing clones and wild-type clones surrounded by
Minute/+ cells (Fig. 3 B, C, and J and SI Appendix, Fig. S3J).
Thus, differences in growth rates between neighboring pop-
ulations of disc cells are sufficient to reduce cytoskeletal tension
within faster-growing clones in a manner and to a degree that
decreases the recruitment of Jub to adherens junctions. As with
the reduction in myosin, the area of lower Jub levels sometimes
(7/28 clones scored) appeared slightly smaller than the clone
(Fig. 3A). This finding is generally consistent with our modeling
of tension in response to changes in pressure, which results in
intermediate levels of tension along clone borders (Fig. 2I).
We confirmed that this influence of ban-expressing clones on

Jub is largely due to their elevated growth rates by suppressing
their overgrowth through knockdown of Myc or E2f1. This

manipulation largely reversed the lower levels of junctional Jub
(Fig. 3 D, E, and J and SI Appendix, Fig. S3J), whereas knock-
down of Myc or E2f1 on their own did not visibly influence Jub
(SI Appendix, Fig. S3 E, F, and J). Similarly, suppressing the
growth differential between wild-type clones and Minute/+
neighbors by replacing wild-type clones with banΔ1 mutant (slow
growing) clones (21) suppressed the decrease in Jub levels as-
sociated with non-Minute clones in Minute/+ discs (Fig. 3 F and J
and SI Appendix, Fig. S3J), whereas banΔ1 mutant clones in a wild-
type background did not visibly affect Jub levels (SI Appendix, Fig.
S3 D and J). These observations confirm that elevated growth
rates in clones are sufficient to lower Jub recruitment to adherens
junctions within the faster-growing cells.
To confirm that the reductions in junctional levels of Jub

within faster-growing cells were also associated with a reduction
in corecruitment of Wts, we monitored Wts localization using a
genomic Wts:GFP line (11). Wts levels at adherens junctions
were lower within ban-expressing clones, Rasv12-expressing
clones, and wild-type clones surrounded by Minute/+ cells (Fig. 3
G–I and K and SI Appendix, Fig. S3J). Thus, a variety of ma-
nipulations that alter growth rates through distinct biochemical
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Fig. 2. Reduced tension within faster-growing clones.
(A) Wing disc with clones of ban-expressing cells grown
for 2.5 d, labeled by coexpression of 2xBFP, with cell
junctions labeled by Arm (red) and myosin labeled by
Sqh:GFP (green/white), showing reduced junctional
myosin within clones. (Right) Higher magnification of
the boxed regions. (B) Minute heterozygous (Rps174)
wing disc with clones of wild-type cells grown for 2.5 d,
labeled by absence of β-gal marker (blue), with cell
junctions labeled by E-cad (red) and myosin labeled by
Zip:GFP (green/white). (C and D) Wing discs with clones
coexpressing ban and RNAi-E2f1 (C) or RNAi-Myc (D)
grown for 2.5 d, labeled by coexpression of 2xBFP, with
cell junctions labeled by Arm (red) and myosin labeled
by Sqh:GFP (green/white); reduction in junctional my-
osin is suppressed. (E) Assessment of junctional tension
by laser cutting. Junctions were cut within live discs
with clones labeled by mCD8:RFP and junctions labeled
by E-cad:GFP, examples of regions of discs inside and
outside of ban-expressing clones 0.2 s before and 0.8 s
after cutting are shown (Movies S1 and S2); histogram
shows mean retraction velocities measured from 46
(Left pair, UAS-ban clones in wild type) or 42 (Right
pair, wild-type clones in Minute/+) pairs of cuts; error
bars indicate 95% confidence interval. (F) Wing disc
with clones of Rasv12-expressing cells grown for 2 d,
labeled by coexpression of 2xBFP, with cell junctions
labeled by Arm (red) and myosin labeled by Sqh:GFP
(green/white). (G) Histogram showing relative levels of
Myo:GFP in cells within clones of the indicated geno-
types, compared with cells outside of the clones at
similar proximal–distal locations within the same wing
disc. Values and numbers of clones analyzed are tab-
ulated in SI Appendix, Fig. S2B. Comparisons of the
significance (by one-way ANOVA) of differences be-
tween some of these mean ratios is indicated by the
gray lines; ****P < 0.0001, ***P < 0.001. (H) Cartoon
illustrating balancing forces that maintain cell shape.
Internal cell pressure reflecting compression of nuclei
and other cytoplasmic components generates an
expanding force (blue arrows) that is balanced by
myosin-generated cortical tension (red arrows). Exter-
nal forces provided by interaction with neighboring
cells could compress (green arrows) cells, altering cell
shapes, pressures, and tensions. (I) Snapshots of the
modified vertex model-based simulation (Movies S3
and S4) showing altered cellular pressures and tensions
that result from differences in growth rates. In this
simulation (SI Appendix provides details), intrinsic cell
area is larger for a clone of faster growing cells (identified by black line above and gray shading below). Pressure is increased and tension is reduced as cells are
constrained within an area smaller than their intrinsic size. Relative pressures and tensions are indicated by color scale (red, high; blue, low).
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mechanisms all trigger a similar biomechanical response, which
includes reduced junctional accumulation of both Jub and Wts.
To confirm that this decreased Jub and Wts accumulation

within faster-growing clones is due to the decreased cytoskeletal
tension that we detected, as opposed to other potential effects of
these genotypes, we increased cytoskeletal tension within faster-
growing clones by expressing an activated form of the myosin
regulatory light chain (Sqh.EE) (34). Indeed, coexpression of
Sqh.EE suppressed the reduction of junctional Jub within ban-
or RasV12-expressing clones, as well as within wild-type clones in
Minute/+ discs (Fig. 4 A–D and E). For wild-type clones in
Minute/+ discs, we also confirmed that the reduction of junc-
tional Wts is suppressed by expression of Sqh.EE (SI Appendix,
Fig. S3 H–J).

Spatial and Temporal Pattern of Jub Regulation. The tension-
dependent recruitment of Jub and its inhibition of Wts position
Jub as a key link connecting cytoskeletal tension to Hippo sig-
naling (11). Thus, we focused on Jub localization as a marker for
evaluation of how faster-growing clones, exemplified by ban-

expressing clones, influence cytoskeletal tension relevant to
Hippo signaling. ban-expressing clones tend to have a stronger
reduction of Jub in more distal regions of the wing disc (i.e.,
nearer the center of the disc, Fig. 1B) than in more proximal
regions (SI Appendix, Fig. S3B). Cells nearer the center of the
wing disc are more compressed and have lower junctional ten-
sion than cells in more proximal regions (24, 25, 35). These
observations suggest that mechanical feedback is more evident
where surrounding cells are already more compressed. The in-
fluence of ban-expressing clones also increased with the duration
of clone growth, being barely detectable after 1 d, clearly visible
after 2 d, and pronounced after 3 d (Fig. 4G and SI Appendix,
Fig. S4). For comparison, a GFP-ban sensor that is a direct target
of ban (21) was affected similarly between distal and proximal
regions of the wing, and at 2 or 3 d after clone induction (SI
Appendix, Fig. S4). These observations are consistent with the
inference that the reductions in Jub localization at junctions
associated with faster-growing clones result from growth-induced
compression, as compression is expected to continually increase
within ban-expressing clones.
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Fig. 3. Reduced junctional Jub and Wts within
faster-growing clones. (A) Wing disc with clones of
ban-expressing cells grown for 2.5 d, labeled by
coexpression of 2xBFP, with cell junctions labeled by
Arm (red) and Jub labeled by Jub:GFP (green/white).
(Right) Higher magnification of the boxed regions.
(B) Minute heterozygous (Rps174) wing disc with
clones of wild-type cells grown for 2.5 d, labeled by
absence of β-gal marker (blue), with cell junctions
labeled by E-cad (red) and Jub labeled by Jub:GFP (green/
white). (C) Wing disc with clones of RasV12-expressing
cells grown for 2 d, labeled by coexpression of
2xBFP, with cell junctions labeled by E-cad (red) and
Jub labeled by Jub:GFP (green/white). (D and E)
Wing disc with clones coexpressing ban and RNAi-
Myc (D) or RNAi-E2f1 (E) grown for 2.5 d, labeled by
coexpression of 2xBFP, with cell junctions labeled by
Arm (red) and Jub labeled by Jub:GFP (green/white).
(F) Minute heterozygous (Rps174) wing disc with
clones of banΔ1 mutant cells grown for 2.5 d, labeled
by absence of β-gal marker (blue), with cell junctions
labeled by E-cad (red) and Jub labeled by Jub:GFP
(green/white). (G) Wing disc with clones of ban-
expressing cells grown for 2.5 d, labeled by coex-
pression of 2xBFP, with cell junctions labeled by Arm
(red) and Wts labeled by Wts:GFP (green/white). (H)
Minute heterozygous (Rps174) wing disc with clones
of wild-type cells grown for 2.5 d, labeled by absence
of β-gal marker (blue), with cell junctions labeled by
E-cad (red) and Wts labeled by Wts:GFP (green/white).
(I) Wing disc with clones of RasV12-expressing cells
grown for 2 d, labeled by coexpression of 2xBFP,
with cell junctions labeled by E-cad (red) and Wts
labeled by GFP:Wts (green/white). (J and K) Histo-
grams showing relative levels of Jub:GFP (J) and
GFP:Wts (K) in cells within clones of the indicated
genotypes, compared with cells outside of the clones
at similar proximal–distal locations within the same
wing disc. Values and numbers of clones analyzed
are tabulated in SI Appendix, Fig. S3J. Comparisons
of the significance (by one-way ANOVA) of differ-
ences between some of these mean ratios is in-
dicated by the gray lines; ****P < 0.0001.
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Faster-Growing Clones Reduce Yki Activity. Decreased recruitment
of Wts and Jub to adherens junctions induced by genetic in-
hibition of myosin activity is associated with increased Wts ac-
tivity, and consequently decreased Yki activity (11). To confirm
that Yki activity is lower within faster-growing clones, we ex-
amined both Yki localization and the expression of Yki target
genes. We were unable to examine the influence of mechanical
feedback on Yki within RasV12-expressing clones because RasV12

acts upstream of Yki and promotes growth at least in part through
Yki activation (36–38).
Nuclear localization of Yki was clearly lower within ban-

expressing clones (Fig. 5 A and G and SI Appendix, Fig. S6E).
Consistent with this finding, two different reporters of Yki’s
transcriptional activity, ban-lacZ and Diap1, were also decreased
within ban-expressing clones in the developing wing (Fig. 5 C, E,
H, and I). We note that ban was previously reported not to in-
fluence Yki activity (22, 23), based mostly on analysis of a distinct
reporter, ex-lacZ. In our hands the influence of ban-expressing
clones on ex-lacZ was complex, as ex-lacZ was increased in prox-
imal regions of the wing, but not in distal regions (SI Appendix,
Fig. S5K). The observation that the influence of ban on ex-lacZ
does not match its influence on Yki localization suggests that ex is
also regulated by specific targets of the ban microRNA, and based
on the consistent reductions in nuclear Yki, and in two out of
three downstream target genes examined, we infer that Yki ac-
tivity is lower within ban-expressing clones, consistent with the
changes in Jub and Wts localization.
We also observed a reduction in Yki activity within wild-type

clones in Minute/+ mosaic discs, visible both through decreased
nuclear Yki and decreased expression of Yki target genes, in-
cluding both ban-lacZ and ex-lacZ (Fig. 6 A–C and E–G and SI
Appendix, Fig. S6E). Thus, two very different means of creating
differential growth rates, ban-expressing clones in a wild-type
disc and wild-type clones in a Minute/+ disc, both reduce Yki
activity within the faster-growing cells. Together with the ob-
servations described above, this implies that faster-growing
clones trigger a mechanical feedback that down-regulates Yki
activity. Consistent with this conclusion, coexpression of Sqh.EE
suppressed the decrease in Yki activity both within ban-expressing

clones and within wild-type clones inMinute/+ discs (Fig. 5 J and K
and SI Appendix, Fig. S6 A–C and E).
To further confirm this relationship between differential

growth and regulation of Yki, we suppressed the overgrowth of
ban-expressing clones compared with their wild-type neighbors,
or the growth of wild-type clones compared with their Minute/+
neighbors. Within ban-expressing clones, RNAi of E2f1 or Myc
suppressed the influence of ban-expressing clones on Yki activity
(Fig. 5 B, D, F, and G–I and SI Appendix, Fig. S6E), whereas
RNAi of these genes in otherwise wild-type cells does not sig-
nificantly influence Yki activity (SI Appendix, Fig. S5). Similarly,
reduction of the growth differential between Minute/+ cells and
non-Minute cells using a ban mutation suppressed the reduced
Yki activity within non-Minute cells (Fig. 6 D and G and SI
Appendix, Fig. S6E), whereas ban mutant clones in a wild-type
background do not increase Yki activity (SI Appendix, Fig. S6 D
and E) (22, 23). These observations indicate that down-regula-
tion of Yki activity is occurring within faster-growing clones as a
consequence of their elevated growth rates.

Blocking Mechanical Feedback Alters Patterns of Cell Proliferation. The
results described above establish that mechanical feedback can be
induced in vivo by creating clones of cells that grow at different
rates. We next considered the question of how mechanical feed-
back might contribute to growth control during normal develop-
ment, by genetically preventing mechanical feedback (Fig. 7A). As
mechanical feedback acts on Yki, and ban promotes growth de-
spite the absence of Yki (22, 23), forced expression of ban under
UAS-Gal4 control effectively bypasses mechanical feedback. Be-
cause mechanical feedback acts through Jub-mediated regulation
of Wts, knockdown of Wts should also block mechanical feedback.
Forced activation of myosin could also suppress mechanical
feedback, because it suppresses the down-regulation of myosin
activity that would otherwise be introduced by tissue compression.
Indeed, genetic activation of myosin suppressed the down-regulation
of Jub and Yki that would otherwise occur within ban-expressing
clones (Figs. 4 and 5).
Thus, to assess the consequences of suppressing mechanical

feedback, we expressed ban, a transgene directing RNAi against
wts, or Sqh.EE. They were expressed under nub-Gal4 control,

A B

DC
E F G

Fig. 4. Increasing myosin activity suppresses re-
ductions of Jub in faster-growing clones. (A) Wing
disc with clones coexpressing ban and Sqh.EE
grown for 2.5 d, labeled by coexpression of 2xBFP,
with cell junctions labeled by Arm (red) and Jub
labeled by Jub:GFP (green/white). (B) Wing disc
with clones coexpressing RasV12 and Sqh.EE
grown for 2 d, labeled by coexpression of 2xBFP,
with cell junctions labeled by E-cad (red) and Jub
labeled by Jub:GFP (green/white). (C ) Minute
heterozygous (Rps174) wing disc with clones of
wild-type cells grown for 2.5 d, labeled by pres-
ence of BFP marker (blue) using MARCM, with cell
junctions labeled by E-cad (red) and Jub labeled
by Jub:GFP (green/white). (D) Minute heterozy-
gous (Rps174) wing disc with clones of cells
expressing Sqh.EE grown for 2.5 d, labeled by
presence of BFP marker (blue) using MARCM, with
cell junctions labeled by E-cad (red) and Jub la-
beled by Jub:GFP (green/white). (E and F ) Histo-
grams showing relative levels of Jub:GFP (E ) and
GFP:Wts (F ) in cells within clones of the indicated
genotypes, compared with cells outside of the
clones at similar proximal–distal locations within
the same wing disc. Values and numbers of clones
analyzed are tabulated in SI Appendix, Fig. S3J.
Comparisons of the significance (by one-way
ANOVA) of differences between some of these
mean ratios is indicated by the gray lines; ****P <
0.0001. (G) Quantitation of relative Jub levels over time (SI Appendix, Fig. S4), based on paired measurements inside and outside of ban-expressing
clones, 1 (n = 14), 2 (n = 13), or 3 (n = 13) d after clone induction; error bars indicate confidence intervals.
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which drives expression throughout the developing wing (Fig.
7B). Normally, cell proliferation is relatively evenly distributed in
wing discs, as can be visualized by EdU labeling (Fig. 7 C and D).
In contrast, when mechanical feedback was blocked, cell pro-
liferation at later larval stages was relatively higher in the medial
region of the developing wing (Fig. 7 F, H, and J). Increasing
growth induced through an alternate method not expected to
block mechanical feedback, knockdown of the tumor-suppressor
Pten did not result in the same spatial bias in disc cell pro-
liferation (Fig. 7L). These observations imply that the mechan-
ical feedback mechanism that we identified modulates patterns
of cell proliferation during normal wing development. The pat-
tern that emerged is relevant to a long-standing question in the

field: How is it that cells near the center of the disc experience
higher levels of the key growth factor Decapentaplegic (Dpp),
yet proliferate at similar rates as cells far from the Dpp source
(39)? A variety of models have been proposed to explain this
observation, including one class of models that essentially invoke
the mechanical feedback hypothesis (16–19). According to these
models, uniform growth rates arise because higher mitogenic
signaling in the center of the disc is counterbalanced by higher
compression as cell numbers increase. Our observation that
three distinct manipulations that suppress mechanical feedback
lead to higher cell proliferation in the medial region of the wing
disc, where Dpp signaling is higher, is consistent with this class
of models.
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Fig. 5. Influence of ban-expressing clones on Yki activity. (A) Wing disc with clones of ban-expressing cells grown for 2.5 d, labeled by coexpression of UAS-
mRFP (blue), and stained for DNA (Hoechst, red) and Yki (green/white), showing reduced nuclear Yki in clones. Thin panels above show vertical sections.
(B) Wing disc with clones of cells coexpressing ban and a UAS-RNAi construct targeting E2f1, grown for 2.5 d, labeled by coexpression of 2xBFP (blue), stained for
DNA (red) and Yki (green/white). Thin panels above show vertical sections. (C) Wing disc with clones of ban-expressing cells grown for 2.5 d, labeled by
coexpression of 2xBFP (blue), stained for DNA (red) and ban-lacZ (green). (D) Wing disc with clones of cells coexpressing ban and a UAS-RNAi construct
targeting Myc, grown for 2.5 d, labeled by coexpression of 2xBFP (blue), stained for DNA (red) and ban-lacZ (green). (E) Wing disc with clones of ban-
expressing cells grown for 2.5 d, labeled by coexpression of 2xBFP, and stained for expression of Diap1 (green). (F) Wing disc with clones of cells coexpressing
ban and a UAS-RNAi construct targeting E2f1, grown for 2.5 d, labeled by coexpression of 2xBFP (blue), stained for DNA (red) and Diap1 (green). (G–J)
Histograms showing relative levels of nuclear Yki (G), ban-lacZ (H and J), and Diap1 (I) in cells within clones of the indicated genotypes, compared with wild-
type cells outside of the clones at similar proximal–distal locations within the same wing disc. Values and numbers of clones analyzed are tabulated in SI
Appendix, Fig. S6E. Comparisons of the significance (by one-way ANOVA) of differences between some of these mean ratios is indicated by the gray lines;
****P < 0.0001. (K) Wing disc with clones coexpressing ban and Sqh.EE grown for 2.5 d, labeled by coexpression of 2xBFP (blue), and stained for DNA (red)
and ban-lacZ (green); the reduction of ban-lacZ is suppressed.
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Discussion
The hypothesis that organ growth is modulated by tissue me-
chanics in vivo has been popular, but untested. A key obstacle
precluding attempts to investigate the role of mechanics in
growth control has been the difficulty of distinguishing me-
chanical effects from influences on genetic or biochemical reg-
ulatory pathways. We have overcome this by identifying and
characterizing biomechanical pathways that regulate growth, by
analyzing combinations of genotypes whose only common fea-
ture is their influence on growth rates and by characterizing in-
fluences of differential growth rates on tissue mechanics.
To establish that mechanical stresses within the range of what

cells normally experience in vivo can influence growth, we took
advantage of the insight, predicted by the mechanical feedback
hypothesis, that local differences in growth rates should lead to
mechanical strain. Indeed we found that this mechanical strain is
particularly evident under conditions where mechanical feedback
is blocked, as, for example, when ban is overexpressed. More-
over, we observed reduced myosin accumulation and consequent
effects on Hippo signaling components within wild-type cells,
simply because surrounding cells have a reduced ribosome
function, and hence reduced growth. This observation cannot be
attributed to any direct, genetic regulation of myosin within
clones. We assayed overgrowth clones induced using two in-
dependent genotypes (ban expressing and RasV12 expressing),
each of which has a distinct relationship to Hippo signaling, yet
found they share this same reduction in myosin, Jub, and Wts
accumulation. It was recently reported that RasV12-expressing
clones did not autonomously reduce myosin levels in the pupal
notum under conditions where RasV12 expression was induced
after clone growth was essentially completed (40); this observa-
tion further supports our conclusion that the reduction in myosin
we observed is not due to RasV12 expression per se, but rather
the promotion of clone growth. Moreover, we observed that the
influence of ban-expressing clones (or wild-type clones in a slow-
growth disc) could be suppressed by knocking down the expres-
sion of single genes that reduce growth, but do not themselves
directly regulate myosin. Together, these observations (SI Ap-
pendix, Fig. S7A) indicate that Hippo signaling is activated within
faster growing clones as a consequence of cellular compression,
rather than through biochemical pathways dependent upon the
various genotypes analyzed.
Quite generally, mechanical feedback regulation of growth is a

homeostatic mechanism: by suppressing local overgrowth, it re-
duces tissue distortion. Indeed, genotypes that we now know
could block mechanical feedback (expression of ban or activated
Yki, or knockdown of Wts) produce an evident strain within the
disc epithelium, presumably because they allow growth-induced
compression to accumulate. Conversely, wild-type clones within
Minute/+ discs, which are presumably susceptible to mechanical
feedback, are not associated with equivalent distortions of the
epithelium and also have weaker effects on myosin, Jub, Wts,
and Yki than ban-expressing clones. Additional processes could
also contribute to minimizing distortions of epithelial tissues in
response to differential growth. For example, differential growth
is sometimes associated with a process of cell competition, in
which slower-growing “loser” cells become eliminated by apo-
ptosis. This removal of neighboring cells effectively creates space
for faster-growing cells to occupy and thus presumably reduces
the compression, and ultimately mechanical feedback, that
would otherwise be exerted on the faster-growing clones. The
adaptive, mechanical stress-dependent recruitment of myosin
into the cortical cytoskeleton that we invoke to explain reduced
myosin within compressed cells serves as another, cell-level,
homeostatic mechanism that reduces deformation in response
to stress.
In addition to confirming the existence of mechanical feed-

back, our observations have identified a mechanism by which it
occurs. This mechanism is initiated by a reduction in cytoskeletal
tension within faster-growing clones, which we suggest stems
from the responsiveness of myosin recruitment to stress exerted

A
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Fig. 6. Influence of wild-type clones in Minute heterozygotes on Yki ac-
tivity. (A) Minute heterozygous (Rps174) wing disc with clones of wild-type
cells grown for 2.5 d, labeled by absence of β-gal marker (blue), and stained
for DNA (Hoechst, red) and Yki (green/white), showing reduced nuclear Yki.
Thin panels above show vertical sections. (B)Minute heterozygous (M(2)25A)
wing disc with clones of wild-type cells grown for 2.5 d, labeled by absence
of GFP marker (blue), and stained for DNA (red) and ban-lacZ (green).
(C) Minute heterozygous (Rps174) wing disc with clones of wild-type cells
grown for 2.5 d, labeled by presence of GFP marker (blue) using MARCM,
and stained for DNA (green) and ex-lacZ (red). (D) Minute heterozygous
(Rps174) wing disc with clones of banΔ1 mutant cells grown for 2.5 d, labeled
by presence of GFP marker (blue) using MARCM, and stained for DNA
(green) and ex-lacZ (red). (E–G) Histograms showing relative levels of nuclear
Yki (E), ban-lacZ (F), and ex-lacZ (G) in cells within clones of the indicated
genotypes, compared with nonclone cells outside of the clones at similar
proximal–distal locations within the same wing disc. Values and numbers of
clones analyzed are tabulated in SI Appendix, Fig. S6E. Comparisons of the
significance (by one-way ANOVA) of differences between some of these
mean ratios is indicated by the gray lines; ****P < 0.0001.
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on actin–myosin networks (28). The decreased tension that results
from cellular compression then triggers a biomechanical response that
includes decreased recruitment of Jub andWts to adherens junctions,

and consequently decreased activity of Yki. Given the crucial role of
Yki in promoting organ growth, this down-regulation of Yki
should be sufficient to reduce growth rates, and thus altogether
our observations establish a mechanism for compression-induced
growth inhibition. The Jub-dependent biomechanical pathway that
is modulated by mechanical feedback was discovered in the con-
text of direct manipulations of myosin activity using transgenes or
drugs (11). The present study extends our understanding of the
regulation of this pathway by establishing that stress experienced by
cells in vivo as a simple consequence of differential growth is both
qualitatively and quantitatively sufficient to modulate the Jub
biomechanical pathway (SI Appendix, Fig. S7B).
Mechanical feedback is a homeostatic mechanism, and to the

extent that the growth of clones expressing an oncogene like
RasV12 is suppressed, mechanical feedback could provide a tu-
mor suppressor function. However, mechanical feedback is not
limited to situations where cells have genetically determined
differences in growth rates. It could also occur under any con-
ditions of growth-induced compression and is an attractive mecha-
nism to compensate for naturally occurring variation in growth
rates. Indeed, by blocking mechanical feedback, we identified an
influence on the normal patterning of cell proliferation within the
developing wing. The elevated cell proliferation observed in the
center of the wing disc, near the anterior–posterior compartment
boundary, is consistent with the hypothesis that higher mitogenic
signaling in the center of the disc is normally balanced by higher
mechanical compression, which triggers mechanical feedback. Thus,
when compression-induced growth suppression is bypassed by ge-
netic manipulations that suppress mechanical feedback, higher cell
proliferation is observed in the center of the wing disc. Thus, our
observations also implicate mechanical feedback in the normal
patterning of growth within developing organs.

Materials and Methods
Drosophila Culture. Unless otherwise indicated, crosses were performed at
25 °C. For clone induction, larvae were grown on standard medium at 25 °C.
In most cases, larvae at 108 ± 6 h after egg laying (AEL) were fixed and used
in the study. Heat shocks were performed at 37 °C for 5–10 min, 2–3 d before
dissection. For ban overexpressing clones grown for 1, 2, or 3 d, larvae at 108 ±
6 h AEL were dissected and heat shocked at 37 °C for 5–10 min. For wild-
type, Sqh.EE-expressing, or banΔ1 clones in Minute/+ backgrounds, larvae of
120 ± 6 h AEL were used because of their developmental delay; and heat
shocks were performed at 37 °C for 10 min, 2.5 d before dissection.

To induce ectopic expression clones, act > y+> Gal4 with UAS-2xBFP
(described below) or UAS-mCD8:RFP (gift of G. Morata, Universidad Autónoma
de Madrid, Madrid), or act > Cd2 > Gal4 UAS-nRFP (Bloomington 30558) were
crossed to the following UAS transgenes with hs-Flp: UAS-bantam (21),
Gs-Bantam (41), UAS-Myc (30), UAS-p35 [3-W] (gift of B. Hay, Caltech, Pasa-
dena, CA), UAS-Yki:V5 (42), UAS- Rasv12 (27), UAS-sqh.E20E21 (34), UAS-Myc-
RNAi [Vienna Drosophila RNAi Center (VDRC) 2948], UAS-E2F1-RNAi (VDRC
15886), and UAS-Dcr2. The UAS-2xBFP transgene was made by inserting two
inframe copies of tagBFP into pUAST.

Protein or gene localization and expression was monitored using pre-
viously characterized transgenes: ex-lacZ, ban-lacZ, Jub:GFP (33), Wts:GFP
(11), zip:GFP, sqh:GFP (43), and Ubi-Ecad:GFP (44).

For inducing wild-type clones in Minute/+ backgrounds, FLP–FRT-medi-
ated recombination was performed using: y w hs-Flp; FRT80B, y w hs-Flp;
FRT40A, y w hs-Flp; FRT80B Wts:GFP, y w hs-Flp; FRT80B Jub:GFP, y w hs-Flp;
tub-Gal4 UAS-mCD8:RFP; Rps174 tub-Gal80 FRT80B/TM6B, w; Rps174 arm-
lacZ FRT80B/TM6B (Bloomington 6358), hs-Flp tub-Gal4 UAS-GFP y w; Rps174

tub-Gal80 FRT80B/TM6B (Bloomington 42732), M(2)25A Ubi-GFP FRT40A/
CyO, w hs-FLP; and arm-lacZ M(2)z FRT40A/CyO (FBst1001673). For making
ban mutant clones, banΔ1 FRT80B/TM6B (45) was crossed to either hs-Flp;
Rps174 arm-lacZ FRT80B/TM6B or y w hs-Flp; arm-lacZ FRT80B (Bloomington
6341). To increase myosin activity within wild-type clones surrounded by
Minute/+ neighbors, mosaic analysis with a repressible cell marker (MARCM)
clones were made using y w hs-Flp; tub-Gal4 UAS-mCD8:RFP; Rps174 tub-
Gal80 FRT80B/TM6B, hs-Flp tub-Gal4 UAS-GFP y w; Rps174 tub-Gal80 FRT80B/
TM6B and UAS-Sqh.EE; FRT80B.

Formaking bantamoverexpressing andwild-type clones in the same disc, a
TIE-DYE stock (46) was crossed to hs-Flp; UAS-bantam flies.

For the EdU labeling experiments, nub-Gal4 UAS-dcr2 was crossed to UAS-
ban, UAS-wts-RNAi[vdrc101475], UAS-sqh.EE, or UAS-Pten-RNAi[vdrc9928].
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Fig. 7. Influence of mechanical feedback on cell proliferation. (A) Schematic
illustration of mechanical feedback loop, with points of experimental
blockage or bypass in red. (B) Wing disc expressing UAS-Dcr2 under nub-Gal4
control, stained for Dcr2 (red), to illustrate the nub-Gal4 expression domain.
(C–L) Wing discs subject to EdU labeling (red) for proliferating cells, and
stained for Wingless (Wg, green), which is expressed along the dorsal/ventral
boundary and also encircles the developing wing. Wild-type (C and D), nub-
Gal4 UAS-ban (E and F), nub-Gal4 UAS-RNAi-wts (G and H), nub-Gal4 UAS-
Sqh.EE (I and J), and nub-Gal4 UAS-Pten RNAi (K and L) are shown. (Left) (C,
E, G, I, and K) Discs from midthird instar larvae; (Right) (D, F, H, J, and L) Discs
from late third instar larvae. Cell proliferation is normally evenly distributed
at these stages, but is relatively higher in the middle of the developing wing
when mechanical feedback is bypassed (F, H, and J).
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Histology and Imaging. For most experiments, discs were fixed in 4% (wt/vol)
paraformaldehyde for 15 min at room temperature. Wts:GFP discs were
fixed for 8 min, and Sqh:GFP or Zip:GFP discs were fixed for 12 min. Primary
antibodies used were rabbit anti-Yki (1:400) (47), mouse anti–β-galacotsidase
[1:200, Developmental Studies Hybridoma Bank (DSHB)], mouse anti-Wg
(1:400 DSHB), mouse anti-Diap1 (1:200, B. Hay), rat anti–E-cad (1:400 DCAD2;
DSHB), mouse anti-Armadillo (1:200, DSHB), rabbit anti-cleaved Caspase
(1:400 Dcp-1; Cell Signaling Technology). Secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories and Invitrogen.
F-actin was stained using Alexa Fluor 488-phalloidin (Life Technologies),
and DNA was stained using Hoechst (Invitrogen) or TO-PRO-3 (Life Tech-
nologies). Confocal images were captured on a Leica SP5 or a PerkinElmer
Ultraview.

For EdU labeling, larvae were dissected in Ringer’s solution and anterior
halves were immediately placed in 250 μL WM1 (48). An equal volume of
20 μM EdU (Click-iT EdU Alexa Fluor 594 Imaging Kit; Life Technologies) in

WM1 was added for a final concentration of 10 μM EdU and samples were
incubated for 10 min. Tissue was then fixed for 20 min with 4% para-
formaldehyde in PBS. Subsequent standard antibody staining protocol using
mouse anti-WG (1:400 DSHB) was then followed by 30 min of EdU detection
using 0.6 μL Alexa Fluor azide 594 per 500 μL Click-iT reaction mixture. After-
ward, tissues were treated with Hoechst. Wing discs were removed and
mounted on a slide in Vectashield.
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