






3910 RESEARCH REPORT Development 138 (18)

Fig. 2. Stress fiber promotes nuclear Yap downstream of cell morphology. (A)F-actin distribution in NIH3T3 cells. The panel labeled
Suspension (right) shows cells detached from culture dishes for 10 minutes. (B)F-actin distribution in NIH3T3 cells cultured on different sized
microdomains. Stress fibers increase in proportion to the cell area increase. Note that the punctate signals and the signals at the cell edges are not
from stress fibers. The graph shows the relationship between domain sizes and stress fiber lengths per unit area. Values are means ± s.d. (C-E)F-
actin is required for nuclear Yap accumulation. (C)Images showing the effect of actin and microtubule inhibiting drugs on the cytoskeleton and
nuclear Yap localization. CytoD, cytocalasin D; LatA, latrunculin A; Noco, nocodazole. Merged images of Yap and nuclear staining are shown in Fig.
S2 in the supplementary material. (D)Graph summarizing the effects of various drugs on nuclear Yap localization. Percentage of cells with nuclear
Yap (Yap-Nuc) are shown. Blebb, blebbistatin. The concentrations of the reagents are indicated in parentheses. The duration of reagent treatment is
indicated by the color of the bars (see key). Values are means ± s.d. from three independent experiments with ≥20 cells in each experiment. n.a.,
not analyzed. (E)Effects of CytoD on NIH3T3 cells cultured on 50�50m domains. Yap distribution was altered by treatment with CytoD without
changing the cell area. The graph summarizes the distribution of Yap patterns in control (DMSO) and CytoD-treated cells. The abbreviations for Yap
distribution patterns are as in Fig. 1. (F)Reduction of transcriptional activity of endogenous Tead proteins by CytoD treatment. Schematic
presentation of the Tead-reporter and the control plasmids used in this study is shown in the upper panel. GTIIC is a Tead-binding motif. Results of
the luciferase assay are shown in the lower panel. Values are means ± s.d. from two independent experiments. D
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(Fig. 2D and see Fig. S3 in the supplementary material). These
results suggest that stress fibers consisting of F-actin are required
for nuclear Yap localization. Importantly, cells with disrupted F-
actin had normal microtubules, suggesting that the required
cytoskeleton protein is specifically F-actin (Fig. 2C). Indeed,
microtubule disruption with nocodazole (Noco) did not alter stress
fibers, and nuclear Yap was clearly observed (Fig. 2C,D and see
Fig. S2 in the supplementary material).

To elucidate the relationship between cell morphology and stress
fibers in Yap localization, we performed drug treatments using cells
that were cultured on microdomains. The majority of cells showed
clear nuclear Yap on 50�50 m domains. CytoD treatment
disrupted stress fibers, while cells maintained their original area
and lost nuclear Yap localization (Fig. 2E). This result suggests that
stress fibers function downstream of cell morphology.

Because Yap regulates cell proliferation by modulation of Tead
expression, we examined endogenous Tead activity using a reporter
containing Tead binding sites (8�GT-IIC-Luc) (Ota and Sasaki,
2008). Consistent with reduced nuclear Yap, Tead activity was also
reduced by CytoD treatment (Fig. 2F). These results suggest that
F-actin promotes nuclear Yap accumulation downstream of cell
morphology and that stress fibers consisting of F-actin are the
prime candidate for correlating morphology to Yap regulation.

Stress fibers regulate Yap through the Hippo
pathway upstream of, or at, Lats
To examine whether stress fibers function through the Hippo
pathway, we manipulated the activity of Lats protein kinase by
overexpression of Lats2 or a kinase-defective form of Lats2 (Lats2-
KD) that is dominant negative for Lats1/2 (Nishioka et al., 2009).
Lats phosphorylates five serine residues including S112 in mouse

Yap and inhibits nuclear localization (Zhao et al., 2007). We found
that Lats2-KD reduced phosphorylation of YapS112 (p-Yap; Fig.
3A,C) and Lats2 reduced nuclear Yap (Fig. 3A,B).

To examine the relationship between stress fibers and Hippo
signaling, we treated the transfected cells with CytoD. In control
EGFP-transfected cells, stress fiber disruption by CytoD treatment
reduced nuclear Yap (Fig. 3A,B). Lats2 also reduced nuclear Yap
and was not significantly affected by CytoD (Fig. 3A,B).
Conversely, in Lats2-KD-expressing cells, nuclear Yap was
maintained following CytoD treatment (Fig. 3A,B). Therefore, Lats
is epistatic to stress fibers. The most probable explanation of these
results is that stress fibers regulate Yap through Hippo signaling,
which acts upstream or on Lats, although the possibility that actin
acts in parallel to Lats cannot be excluded.

To further investigate the hypothesis that Lats is epistatic to F-
actin, we studied the role of S112 phosphorylation by analyzing the
distribution of a phosphorylation-defective form of Yap
(YapS112A). At low cell densities, exogenously expressed HA-
tagged Yap showed a similar distribution to endogenous Yap. HA-
Yap was mostly localized in nuclei and CytoD treatment
suppressed nuclear localization (Fig. 3D,E). By contrast, HA-
YapS112A showed strong nuclear localization in all transfected
cells and the pattern was not affected by CytoD (Fig. 3D,E).
Therefore, YapS112 phosphorylation by Lats is required for stress
fiber-dependent Yap localization.

Phosphorylation of S112 is not sufficient to
exclude Yap from nuclei
Phosphorylation of S112 is important for suppression of nuclear
Yap because p-S112 binds to the scaffolding protein 14-3-3, which
promotes cytoplasmic retention of bound proteins (Zhao et al.,
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Fig. 3. F-actin regulates Yap through the
Hippo pathway. (A-C)Lats is epistatic to F-
actin. (A)Representative cells showing the
effects of dominant-negative Lats2 (Lats2-KD)
and Lats2 on Yap in CytoD-treated cells. p-Yap
is Yap phosphorylated at S112. The
abbreviations for Yap distribution patterns are
as in Fig. 1. and are shown in the corner of the
panels. (B)Graph summarizing the effects on
Yap distribution. The Yap distribution pattern
was classified and abbreviated as shown in Fig.
1A. (C)Graph showing the relative changes in
p-Yap signal levels expressed as the ratio of the
p-Yap signal to total Yap signal. The average
value of non-transfected cells was set at 1.0.
Values are means ± s.d. from >18 cells for each
cell type. *P<0.05; **P<0.01; ***P<0.001.
(D,E)Requirement for pS112 in actin-
dependent Yap regulation. (D)Representative
cells showing the effects of F-actin disruption
on Yap-S112A regulation. The Yap distribution
pattern is given in the corner of the panels.
(E)Graph summarizing the distribution of
exogenously expressed Yap and Yap-S112A in
CytoD-treated cells.
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2007). We also observed that phosphorylation of this site is
required for Yap exclusion from the nucleus (Fig. 3D,E).
Unexpectedly, we also observed a small number of normal cells
that express phosphorylated YapS112 (p-Yap) in the nucleus (Fig.
3A, top). Therefore, we further studied the role of phosphorylation
of S112 in Yap localization.

We found that at low cell densities, Yap was localized to the
nucleus and its level in the cytoplasm was low. In these cells, p-
Yap also had a strong signal in the nucleus but the
nuclear/cytoplasmic ratio was lower than that of Yap (Fig. 4A,B,
left), indicating that not all the nuclear Yap protein is
phosphorylated at S112. Clear nuclear p-Yap was also observed in
an epithelial cell line, MTD-1A (Fig. 4A). At high cell densities,
Yap was localized to the cytoplasm and its level in the nucleus was
low. In these cells, p-Yap was also mostly observed in the
cytoplasm (Fig. 4A,B, left). CytoD treatment of low-density cells
resulted in both Yap and p-Yap becoming diffusible (Fig. 4A,B,
right). Therefore, the distribution pattern of p-Yap is similar to that
of Yap, although the nuclear/cytoplasmic ratio of p-Yap tended to
be lower than that of Yap. The specificity of an anti-p-Yap antibody

was confirmed by western blotting and immunohistochemistry.
Using western blotting, the anti-p-Yap antibody produced a single
band corresponding to the size of Yap (see Fig. S4 in the
supplementary material), which was not present in lysates pre-
treated with lambda protein phosphatase (Fig. 4C). Similarly, the
anti-p-Yap antibody did not produce immunohistochemical signals
from cells pre-treated with protein phosphatase after fixation (Fig.
4A). These results suggest that S112-phosphorylated Yap proteins
are present in the nuclei of normal low-density cells.

Cell morphology and F-actin regulate the
phosphorylation level of Yap
Our results suggest that phosphorylation of S112 is not sufficient,
but is still required, for Yap exclusion from the nucleus. Because
Yap possesses many phosphorylation sites for Lats (Dong et al.,
2007; Zhao et al., 2007), we hypothesized that Yap phosphorylation
at sites other than S112 is important for Yap exclusion from the
nucleus. If this hypothesis was correct, a correlation would exist
between subcellular Yap localization and Yap phosphorylation
levels. Yap phosphorylation levels were analyzed with phos-tag-
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Fig. 4. Phosphorylation at positions other
than S112 in Yap is required for Yap exclusion
from the nucleus. (A,B)p-Yap (phosphorylated at
S112) is localized in the nucleus. (A)Distribution
patterns of Yap and p-Yap in NIH3T3 cells and
low-density MTD-1A cells under various
conditions. Signals for p-Yap were not detected in
cells pre-treated with lambda protein phosphatase
(PPase +) before antibody reaction, demonstrating
the specificity of the antibody. Arrowheads
indicate nuclear p-Yap localization. (B)Graphs
summarizing distribution patterns of Yap and p-
Yap at low and high cell densities (left) and in
CytoD-treated cells (right). To simultaneously show
the distribution of Yap and p-Yap in a single
graph, the following criteria were applied. Cells
were first classified according to the Yap
distribution pattern as described in Fig. 1A, and
the percentage of each class was shown in a bar
graph. Cells showing each class of Yap distribution
pattern (i.e. each bar) were further classified
according to the p-Yap distribution pattern. Based
on the p-Yap classification, each bar, representing
each Yap class, was subdivided according to the p-
Yap class shown in the right panel (see key).
(C)Cell morphology and F-actin regulate the
phosphorylation level of Yap. Phos-tag-PAGE
showing the phosphorylation level of Yap. PPase,
samples pre-treated with lambda protein
phosphatase; Low, low-density cells; High, high-
density cells; DMSO, low-density cells treated with
0.05% DMSO for 1 hour; CytoD, low-density cells
treated with 1M CytoD for 1 hour; Sus, low-
density cells in suspension culture for 10 minutes.
Conventional SDS-PAGE is also shown (AAm).
Arrowheads indicate the position of non-
phosphorylated Yap. (D)Model of density-
dependent Yap regulation (see text for details).
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PAGE, in which the mobilities of phosphorylated proteins are
reduced relative to the degree of phosphorylation. We observed that
at low cell densities, and consistent with nuclear p-Yap localization,
the majority of the Yap protein was phosphorylated at various
levels and the non-phosphorylated protein was insignificant (Fig.
4C, Low). At high cell densities, Yap protein was highly
phosphorylated (Fig. 4C, High). Consistent with the reduction of
nuclear Yap, stress fiber disruption by CytoD treatment or by cell
detachment, resulting in a rounded cell morphology and increased
phosphorylation of Yap (Fig. 4C, CytoD, Sus). Total p-Yap signal
intensities observed by normal SDS-PAGE were not significantly
different (Fig. 4C, AAm), which supports the hypothesis that p-
S112 by itself does not regulate subcellular localization of Yap, and
that additional phosphorylation promotes nuclear exclusion. These
results, from dissociated cells, demonstrate that cell-cell adhesion
is not involved in activation of the Hippo pathway. Therefore, cell
density, stress fibers/F-actin and cell morphology regulate Yap
phosphorylation, and there is a correlation between increased
phosphorylation and a reduction in nuclear Yap.

Hippo pathway regulation by cell morphology
and stress fibers
Based on these and other findings, we propose a model of the
regulation of the Hippo pathway by cell morphology (Fig. 4D). In
cell culture, cell proliferation is regulated by cell density, which is
known as ‘cell contact inhibition of proliferation’, and it is
regulated by Hippo signaling. Cell density alters morphology and
cell-cell contact, and we demonstrated the importance of cell
morphology in the regulation of Hippo signaling. At low cell
densities, cells are flat and spread, and this morphology promotes
the formation of stress fibers (F-actin). Stress fibers inhibit the
Hippo pathway upstream of or at Lats, thereby reducing Yap
phosphorylation and promoting nuclear Yap accumulation. In the
nucleus, Yap binds to the Tead family of transcription factors and
promotes cell proliferation. By contrast, at high cell densities, cells
are compact and tall (or round), which reduces stress fibers and
activates Hippo and Lats. Active Lats promotes phosphorylation of
Yap. The presence of p-Yap is a prerequisite, but is not sufficient,
to exclude Yap from nuclei; a higher level of phosphorylation does
exclude Yap from nuclei.

Although in the current study we did not address the role of cell-
cell contact and adhesion in Hippo signaling regulation, the
involvement of merlin/NF2 in the regulation of Yap and contact
inhibition of proliferation (Striedinger et al., 2008; Zhang et al.,
2008; Zhao et al., 2007), and the association of merlin with the
junction protein angiomotin (Amot) (Yi et al., 2011) suggest that cell-
cell adhesion is important. It is probable that both cell morphology
and cell-cell contact-mediated mechanisms operate in parallel and
converge for Lats activation to regulate Yap. Alternatively, cell
morphology and cell-cell contact information might converge to
activate stress fiber (F-actin) formation that then regulates Hippo
signaling. In support of this hypothesis, junction proteins, e.g.
cadherins, are linked to actin fibers by adaptor proteins (for a review,
see Meng and Takeichi, 2009). Recent studies of Drosophila also
suggest Hippo pathway suppression by F-actin (Fernandez et al.,
2011; Sansores-Garcia et al., 2011). F-actin probably functions as a
scaffold for Hippo pathway components, and interactions with F-
actin regulate signaling. Indeed, several Hippo pathway components,
including Mst1/2 (Densham et al., 2009), merlin/NF2 (McCartney et
al., 2000) and Amot (Ernkvist et al., 2006; Gagne et al., 2009), bind
to actin, and Mst1/2 is activated upon F-actin depolymerization
(Densham et al., 2009).

During the preparation of this paper, other group also reported
that cell morphology and F-actin regulate Yap (Dupont et al.,
2011). Interestingly, however, their results show that this
mechanism is independent of the Hippo pathway, which is different
from our results. We showed that Lats is epistatic to F-actin, and
that one of the Lats phosphorylation sites of Yap, S112, is required
for regulation of Yap by F-actin. Our results are also consistent
with the results of a Drosophila study showing that the Lats
homolog Warts is epistatic to F-actin (Sansores-Garcia et al., 2011).
The reason for such differences between studies remains elusive.

Changes in cell morphology and stress fiber quantity are
accompanied by changes in physical forces or the tension that cells
receive and generate. Without external forces, cells are spherical.
Cells become flat and spread because of external stretching forces
or the forces generated at the cell periphery, with stress fibers being
produced to counterbalance the external and/or internal forces.
Therefore, physical forces and/or tensions that cells receive or
generate might also regulate the Hippo pathway. In support of this
hypothesis, myocardial cells in E8.5-10.5 mouse embryos actively
beat and show stronger nuclear Yap signals as well as Tead1
accumulation compared with cells of other tissues (Ota and Sasaki,
2008). In addition, mutation of Tead1 is embryonic lethal because
of severe defects in myocardium cell proliferation (Chen et al.,
1994; Sawada et al., 2008). Considering the correlation between
physical force and Hippo signaling, the Hippo signaling pathway
may be involved in load-induced myofiber hypertrophy, whereby
physical forces induce muscle protein synthesis. Indeed, Tead
proteins bind to M-CAT sequence motifs and regulate numerous
cardiac and skeletal muscle-specific genes such as cardiac troponin
C, T and I as well as myosins (for a review, see Yoshida, 2008),
suggesting their involvement in muscle plasticity.

In conclusion, we identified cell morphology as an important
factor in the regulation of Hippo signaling. In embryonic and adult
tissues, cells have a diverse morphology and there appears to be a
correlation between cell morphology and Hippo signaling. In
pregastrulation embryos, epiblast cells are columnar and the
surrounding primitive endodermal cells are flat and thin. Hippo is
active in epiblast cells and inactive in primitive endoderm (Varelas
et al., 2010). In preimplantation embryos, Hippo signaling is
inactive in the outer flat trophectodermal cells and active in the
inner compact cells (Nishioka et al., 2009). The mechanism by
which cell morphology regulates Hippo signaling in vivo, and the
mechanisms of cell morphology and tension and/or force signal
integration with cell-cell contact and adhesion are unknown and are
areas of research to be addressed in the future.
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