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Abstract

Mechanical forces affect all the tissues of our bodies. Experiments conducted mainly on cultured
cells have established that altering these forces influences cell behaviors, including migration,
differentiation, apoptosis, and proliferation [1, 2]. The transcriptional co-activator YAP has been
identified as a nuclear relay of mechanical signals, but the molecular mechanisms that lead to

Y AP activation were not identified [3]. YAP is the main transcriptional effector of the Hippo
signaling pathway, a major growth regulatory pathway within metazoa [4], but at least in some
instances the influence of mechanical strain on YAP were reported to be independent of Hippo
signaling [5, 6]. Here we identify a molecular pathway that can promote the proliferation of
cultured mammary epithelial cells in response to cyclic or static stretch. These mechanical stimuli
are associated with increased activity of the transcriptional co-activator YAP, which is due at least
in part to inhibition of Hippo pathway activity. Much of this influence on Hippo signaling can be
accounted for by the activation of c-Jun N-terminal kinase (JNK) activity by mechanical strain,
and subsequent inhibition of Hippo signaling by JNK. LATS1 is a key negative regulator of YAP
within the Hippo pathway, and we further show that cyclic stretch is associated with a JINK-
dependent increase in binding of a LATS inhibitor, LIMD1, to the LATS1 kinase, and that
reduction of LIMD1 expression suppresses the activation of YAP by cyclic stretch. Together,
these observations establish a pathway for mechanical regulation of cell proliferation via JINK-
mediated inhibition of Hippo signaling.
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Y AP activity has been examined after varied means of altering cellular mechanics, including
altering F-actin accumulation, plating cells on stiff versus soft substrates, modulating the
extent of cellular attachment to the extracellular matrix (ECM), and altering cell shape
through varied ECM attachments or stretching [5-10]. We examined the cellular response to
a direct application of mechanical strain, achieved through a regime of cyclic stretch by
attaching cells of the human mammary epithelial cell line MCF10A to a flexible substrate,
and subjecting this substrate to 20% of uniaxial cyclic stretch at 1 Hz over a period of
several hours. This frequency of mechanical strain is similar to that experienced by many
cells in vivo, and can stimulate the proliferation of cultured cells in vitro [11, 12] (Fig 1A-
B).
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To assess whether YAP could be activated by cyclic stretch, we first analyzed its sub-
cellular localization. YAP functions as transcriptional activator within the nucleus, and
Hippo signaling decreases its activity both by decreasing its stability and by promoting its
cytoplasmic localization [13]. Six hours of cyclic stretch caused an increase in the nuclear
localization of YAP (Fig. 1D), implying that YAP is activated by cyclic stretch. This was
confirmed by using a reporter plasmid with multiple copies of a consensus binding sequence
for the YAP DNA-binding partner TEAD, cloned upstream of mCherry (TBS-mCherry)
[14]. Cyclic stretch increased the fraction of cells with visible TBS-mCherry expression (Fig
1E). Moreover, mRNA levels of two transcriptional targets of YAP, BIRC3 and CTGF [15],
were also increased by cyclic stretch (Fig. 1C). A direct correlation between increased cell
proliferation and activation of YAP induced by cyclic stretch was revealed by co-staining
for YAP and, via EdU labeling, proliferating cells (Supplementary Figure S1).

To determine whether this increased activity of YAP is associated with decreased Hippo
pathway activity, we examined the phosphorylation status of Y AP, together with upstream
kinases within the Hippo pathway. The key negative regulators of YAP within the Hippo
pathway are the LATS protein kinases. YAP is phosphorylated by LATS on multiple sites,
including Ser127, which promotes cytoplasmic retention of YAP, and Ser381, which
promotes Y AP degradation. Six hours of cyclic stretch significantly decreased
phosphorylation of YAP on Ser127, while at the same time increasing total YAP levels (Fig
1F). These observations imply that cyclic stretch is associated with Hippo pathway-
dependent YAP regulation, though we note that this doesn't exclude the possibility of
additional, Hippo pathway-independent effects. Modulation of Hippo signaling was also
indicated by examination of LATS1 phosphorylation, as LATS activation is associated with
phosphorylation of Thr1079. Cyclic stretch decreased LATS1 phosphorylation at this site
(Fig 1F). In some cases, LATS activation is associated with activation of the LATS kinase
MST. However, we did not detect any influence of cyclic stretch on MST phosphorylation
(Fig 1F), and therefore, infer that cyclic stretch decreases LATS activity without altering
MST activity.

Stretch-induced actin stress, including that induced by cyclic stretch, can lead to activation
of c-jun N-terminal kinase (JNK)[16, 17]. JNK is a stress-activated kinase, which promotes
varied responses including cytoskeletal modulation, apoptosis or cell proliferation [18-20].
JNK is also activated by tissue damage, and was found in the context of regenerative
responses to damage in Drosophila to be associated with activation of the YAP homologue
Yorkie [21-25]. Moreover, INK was found to be required for activation of CTGF expression
by cyclic stretch in osteoblasts [26]. Using antibodies that recognizes the activated
(phosphorylated) form of JNK, and its substrate cJun, we found that JNK is activated under
our cyclical stretching regime (Fig. 2A). These observations led us to hypothesize that the
activation of YAP under cyclical strain might be caused by JNK activation. This was
evaluated by using a well-characterized JNK-specific inhibitor, SP600125 [27]. SP600125
treatment was effective since it was able to prevent the phosphorylation of c-Jun (Fig. 2B).
This inhibition of INK suppressed the influence of cyclic stretch on Hippo signaling, as
evidenced by the reversal of the decreased YAP Ser127 phosphorylation by cyclic stretch in
the presence of SP600125 (Fig. 2B). Moreover, inhibition of JNK also reduced the fraction
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of cells exhibiting nuclear YAP (Fig. 2C), reduced YAP activity as assayed by TBS-
mCherry and BIRC3 expression (Fig. 2E,F), and decreased cell proliferation (Fig. 2D). To
further confirm the role of INK, we also transfected an shRNA against JNK1 and 2
(shJNK1/2)[28] and observed a decrease in nuclear YAP and increase in cytoplasmic YAP
among transfected cells (Supplementary Figure S2). Thus, JNK contributes to YAP
activation and cell proliferation induced by cyclic stretch.

To investigate whether JNK activation might contribute to other modes of mechanical
regulation of YAP and TAZ, we examined MCF10A cells cultured on substrates of different
stiffness. Cells adjust their cytoskeletal tension to match their mechanical environment, and
consequently cells grown on stiff substrates experience higher tension than those cultured on
soft substrates [1, 29]. Cells grown on stiff substrates adopt a flat, spread morphology and
have higher proliferation rates, whereas cells grown on soft substrates have a round
morphology and lower proliferation rates [6, 29, 30]. Culturing on stiff substrates has been
reported to increase YAP nuclear localization through an as yet unidentified, but Hippo
pathway-independent, mechanism [6]. In accordance with these previous studies, we found
that in MCF10A cells grown on stiff substrates, cell proliferation was increased
(Supplementary Figure S3A). Moreover, in cells grown on soft substrates YAP was
predominantly cytoplasmic, whereas in cells cultured on stiff substrates YAP was
predominantly nuclear (Fig 3A), YAP protein levels were elevated, and YAP transcriptional
activity was higher (Figs 3A,B, S3B,C). However, we also observed a reduction in the levels
of YAP phosphorylation on Ser127 in cells cultured on stiff substrates (Fig. 3B). This
observation suggests that part of the influence of substrate stiffness on YAP activity could
be mediated through an effect on the Hippo pathway. This does not contradict evidence for
Hippo-independent effects of substrate stiffness [6], as there could be multiple
biomechanical pathways that impinge on YAP activity. Indeed, other studies have reported
that substrate attachment and cell shape can influence LATS activity in some contexts [7, 8].

As we had observed that the influence of cyclic stretch on Hippo signaling is dependent
upon JNK signaling, we investigated whether JINK activation contributes to YAP activation
promoted by substrate stiffness. Indeed, JNK activity is higher on stiff substrates (Fig. 3B)
and treatment of cells on stiff substrates with the JINK inhibitor SP600125 shifted YAP from
a predominantly nuclear to predominantly cytoplasmic localization (Fig. 3F), and consistent
with this shift, reduced both YAP transcriptional activity (Fig. 3D,E) and cell proliferation
(Fig 3C). However, while we detected a consistent decrease in total YAP levels upon JNK
inhibitor treatment, the increase in YAP phosphorylation was more variable and was not
statistically significant (Fig. 3G). These observations identify JNK activation as a process
that contributes in YAP activation induced by substrate stiffness. However, the lack of
consistent effects on YAP phosphorylation suggests that the mechanism by which JINK
influences YAP activity on stiff substrates might be distinct from its influence on cells
subject to cyclic stretch. Alternatively, it could be that the activation of JNK, and its
consequent effects on Hippo signaling are simply more robust under cyclic stretch than
under increased substrate stiffness.

To elucidate the mechanism of YAP activation by reduced Hippo signaling under cyclic
stretch, we took advantage of recent observations on Ajuba family proteins. Ajuba family
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proteins (mammalian members include Ajuba, LIMD1, and WTIP) are characterized by
three C-terminal LIM domains, can exhibit cytoskeletal-associated localization, and have
been implicated in diverse forms of gene regulation [31, 32]. Studies in Drosophila, which
have only a single Ajuba family member (Jub), have established that genetically they act as
negative regulators of Hippo signaling [31, 33], and experiments in cultured cells have
established that each of the three mammalian Ajuba family proteins can bind to LATS
proteins, and that they inhibit LATS activity [31]. Moreover, phosphorylation of WTIP or
LIMD1 by ERK or JNK can increase their binding to LATS and consequent inhibition of
LATS activity [22, 34]. We observed that under conditions of cyclic stretch, binding
between endogenous LIMD1 and LATS1 proteins was increased, as detected by co-
immunoprecipitation experiments (Fig. 4A). Moreover, pharmacological inhibition of INK
activity decreased LATS1-LIMD1 binding under conditions of cyclic stretch (Fig. 4B).
These observations suggest that cyclic stretch increases Y AP activity through the ability of
JNK to phosphorylate and thereby promote binding of the LATS-inhibitor LIMD1 to LATS.
Consistent with this, Phos-tag gels revealed that cyclic stretch stimulated phosphorylation of
LIMD1, and this effect was reversed when cells were treated with a INK inhibitor (Fig. 4C).
We also examined the requirement for LIMD1 in activation of YAP under cyclic stretch.
Co-transfection of an sShRNA against LIMD1 eliminated the elevated Y AP activity
(observed using the TBS-mCherry reporter) normally induced by cyclic stretch (Fig. 4D),
implying that the activation of YAP caused by this mechanical strain requires LIMD1.

In conclusion, our observations have provided new insights into mechanisms that cells use
to respond to their mechanical environment by defining a molecular pathway for mechanical
regulation of cell proliferation, in which cyclic stretch promotes LIMD1-LATS1 binding
through activation of JNK, leading to reduced LATS activity and consequently elevated

Y AP activity (Fig. 4E). We have also identified JNK activation as a contributor to a
biomechanical pathway in which YAP is activated by increased substrate stiffness. Beyond
the insights gained into the mechanism of biomechanical signal transduction, this
identification of JNK and LIMD1 as key players in biomechanical signaling establishes
them as key targets of future investigation for further studies of how cells respond to their
mechanical environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cyclic stretch increases Y AP activity through down-regulation of Hippo signaling
Comparisons of MCF10A cells subject to cyclic stretch (CS) and non-stretched controls

(NS) are shown. A) Cell proliferation, visualized by Edu labeling (red) after 6 h CS, with
nuclei labeled by Hoechst (blue). Histogram at right shows quantitation of the mean percent
labeled cells, from three biological replicates. B) Quantitation of cell numbers after 6 h CS
compared to NS controls, from three biological replicates. C) Histogram shows result of
quantitative RT-PCR on BIRC3 and CTGF mRNA level in cells after 6 h CS compared to
NS controls, from three biological replicates. The mRNA over GAPDH ratio in all samples
were normalized to the ratio in NS control cells. D) Immunolocalization of YAP (green)
after 6 h CS compared to NS controls. Histogram at right shows quantitation of the mean
percent cells with predominantly nuclear YAP, from three biological replicates. E) Cells co-
transfected with TBS-mCherry (red) and GFP (green) after 6 h CS compared to NS controls.
Graph indicates the percentage of GFP-expressing cells that are positive for TBS-mCherry,
from three biological replicates. F) Western blot on lysates of cells after 2h, 4h, and 6 h CS,
compared to NS controls, blotted with anti-YAP, anti-pYAP, anti-pLATS, anti-LATS, anti-
pMST, anti-MST and anti-GAPDH, as indicated. Histogram shows average (from three
biological replicates) of relative levels of YAP normalized to GAPDH (loading control),
together with ratio of pYAP/YAP. In all panels, error bars indicate standard error. See also
Fig. S1.
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Figure 2. Activation of YAP by cyclic stretch is INK -dependent
Influence of JNK inhibition on the response of MCF10A cells to cyclic stretch (CS). A)

Western blot on lysates of cells after 2h, 4h, and 6 h CS, compared to non-stretched (NS)
controls, blotted with anti-JNK, anti-pJNK, anti-pcJun, anti-cJun and anti-GAPDH.
Histogram shows average ratio of pJNK/INK from three biological replicates. B) Western
Blot on lysates of cells treated with 50 uM SP600125 (JNK inhibitor) and subject to CS for
6 hours, blotted with anti- YAP, pYAP, LATS1, pLATS1, pcJun, cJun and GAPDH.
Histogram shows average ratio of pYAP/YAP, and total YAP normalized to GAPDH from
four biological replicates. C) Immunolocalization of YAP (green) and nuclei (DNA, blue) in
cells treated with 50 uM SP600125 and subject to 6 h CS. Histogram at right shows
guantitation of the mean percent cells (from three biological replicates) of cells with
predominantly nuclear YAP (green), similar cytoplasm and nuclear staining (purple) and
predominantly cytoplasmatic YAP (pink). D) Cell proliferation, visualized by Edu labeling
of cells treated with 50 pM SP600125 or vehicle control, and then subject to 6 h CS.
Histogram shows quantitation of the mean percent labeled cells, from three biological
replicates. E) Mean percentage of transfected (GFP-expressing) cells that are positive for
TBS-mCherry, treated with 50 uM SP600125 or vehicle control, and then subject to 6 h CS,
from three biological replicates. F) Histogram shows result of quantitative RTPCR on
BIRC3 mRNA level in cells after 6 h CS compared to NS controls three biological
replicates. The BIRC3 over GAPDH ratio in all samples were normalized to the ratio in CS
non-treated cells. In all panels, error bars indicate standard error of the mean. See also Fig.
S2.
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Figure 3. Hippo and JNK signaling contributeto YAP activation by ECM stiffness
Comparisons of MCF10A cells plated on soft (0.2 kPa) versus stiff (35 kPa) substrates. A)

Immunolocalization of YAP (green) and nuclei (Hoechst, blue). Histogram at right shows
guantitation of the mean percent cells (from three biological replicates) with predominantly
nuclear YAP (green), similar cytoplasm and nuclear staining (purple) and predominantly
cytoplasmic YAP (pink). B) Western Blot on lysates of cells plated on soft and stiff
substrates. Cells were lysed 24 h after of plating and then blotted with anti-YAP, pYAP,
pINK, JNK and GAPDH. Histogram shows normalized ratios of pYAP/YAP and YAP/
GAPDH, from three biological replicates. C) Cell proliferation, visualized by Edu labeling
of cells grown on stiff substrates and treated with 50 uM SP600125 or vehicle control for 4
h. Histogram shows quantitation of the mean percent labeled cells, from three biological
replicates. D) Mean percentage of transfected (GFP-positive) cells that are positive for TBS-
mCherry, among cells grown on stiff substrates and treated with 50 uM SP600125 or vehicle
control for 4 h, from three biological replicates. E) Quantitation of BIRC3 and CTGF
mRNA levels by RT-PCR in cells plated on stiff substrates treated with 50 uM SP600125 or
vehicle control, from three biological replicates. The mMRNA over GAPDH ratio in all
samples was normalized to the ratio in stiff vehicle-treated cells F) Immunolocalization of
YAP (green) and nuclei (Hoechst, blue) in cells plated on stiff substrates and treated with 50
UM SP600125 or vehicle control for 4 h. Histogram at right shows quantitation of the mean
percent cells (from three biological replicates) of cells with predominantly nuclear YAP
(green), similar cytoplasmic and nuclear staining (purple) and predominantly cytoplasmic
YAP (pink). G) Western Blot on lysates of cells plated on stiff substrates and treated with 50
UM SP600125 or vehicle control for 4 h, blotted with anti- YAP, pYAP, pLATS, LATS and
GAPDH. Histogram shows mean YAP levels (normalized to GAPDH) and ratio of pYAP/
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YAP, from three biological replicates. In all panels, error bars indicate standard error. See
also Fig. S3.
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Figure4. Cyclic Stretch increases LIMD1-LATS1 binding to activate YAP
Comparisons of MCF10A cells subject to 6h cyclic stretch (CS) and non-stretched controls

(NS) or cells treated with SP600125 or shRNAs, as indicated. A) Western blots showing the
results of co-immunoprecipitation experiments on cells subject to CS or NS controls. Upper
two blots (input) show relative amounts of endogenous LATS1 and LIMD1 in cell lysates,
lower two panels show relative amounts immunoprecipitated using anti-LATS1 sera.
Histogram shows average ratio of LIMD1/LATS1 from four biological replicates. B)
Western blots showing the results of co-immunoprecipitation experiments on cells subject to
CS and treated with SP600125 or vehicle control. Upper two blots (input) show relative
amounts of endogenous LATS1 and LIMDLX in cell lysates, lower two panels show relative
amounts immunoprecipitated using anti-LATS1 sera. Histogram shows average ratio of
LIMD1/LATS1 from four biological replicates, normalized to levels in lysates. C) Western
blots on lysates of MCF10A cells treated with DMSO or SP600125, and with or without CS,
as indicated. The lower two blots show a standard 4-15% gradient gel, and the upper blot
shows a Phos-tag gel. The arrow indicates a band of slow mobility (highly phosphorylated)
LIMD?1 induced by CS, and suppressed by SP600125. D) YAP activity, visualized by mean
percentage of transfected (Flag-expressing) cells that are positive for TBS-mCherry, among
cells subject to 6h CS or NS controls, and treated either with a shRNA specific for LIMD1
or a negative control ShRNA (scramble), from three biological replicates. Cells expressing
shRNAs are marked by expression of a FLAG-epitope from the same plasmid. Inset (upper
left), western blot showing the effectiveness of shLIMD1. Lysate of total levels of HEK
cells transfected with shLIMD1 for 24 hours and blotted for LIMD1 and GAPDH. E) Model
illustrating the proposed mechanism in which cyclical stretch promotes the binding of
LIMD1 to LATS1 by activating JNK. This inhibits LATS, and therefore increases YAP
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activity, which increases cell proliferation. In all panels, error bars indicate standard error.
See also Fig. S4.
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