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Abstract

YAP is the major downstream effector of the Hippo pathway,
which controls cell growth, tissue homeostasis, and organ size.
Aberrant YAP activation, resulting from dysregulation of the Hippo
pathway, is frequently observed in human cancers. YAP is a tran-
scription co-activator, and the key mechanism of YAP regulation is
its nuclear and cytoplasmic translocation. The Hippo pathway
component, LATS, inhibits YAP by phosphorylating YAP at Serl27,
leading to 14-3-3 binding and cytoplasmic retention of YAP. Here,
we report that osmotic stress stimulates transient YAP nuclear
localization and increases YAP activity even when YAP Serl27 is
phosphorylated. Osmotic stress acts via the NLK kinase to induce
YAP Serl28 phosphorylation. Phosphorylation of YAP at Ser128
interferes with its ability to bind to 14-3-3, resulting in YAP nuclear
accumulation and induction of downstream target gene
expression. This osmotic stress-induced YAP activation enhances
cellular stress adaptation. Our findings reveal a critical role for
NLK-mediated Ser128 phosphorylation in YAP regulation and a
crosstalk between osmotic stress and the Hippo pathway.
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Introduction

The Hippo pathway is a highly conserved signaling cascade that
plays an important role in organ growth and tissue homeostasis
through regulation of cell proliferation, death, and differentiation
[1-3]. Dysregulation of the Hippo pathway is an important mecha-
nism in tumorigenesis and other diseases [4-6]. For instance, high
YAP activities have been reported in many human cancers.

However, genetic mutations of Hippo pathway components are
relatively rare in cancer [7]. Therefore, identification of upstream
regulators has become an extensively studied subject in the field.

The mammalian Hippo pathway core kinase cascade consists of
Mammalian Ste20-like kinases 1/2 (MST1/2), MAP Kkinase Kinase
kinase kinase (MAP4Ks), large tumor suppressor 1/2 (LATS1/2)
and the downstream effectors Yes-associated protein (YAP) and
transcriptional co-activator with PDZ-binding motif (TAZ) [7-9].
MST1/2 or MAP4Ks activate LATS1/2 by phosphorylating the
hydrophobic motif residues in LATS1/2 [8-14]. Activated LATS1/2
then phosphorylate YAP and TAZ, leading to 14-3-3 binding and
cytoplasmic retention [15]. Because YAP and TAZ do not contain
DNA-binding domains, they bind to transcription factors, primarily
the TEA domain family members 1-4 (TEADI1-4), to induce tran-
scription of downstream target genes, including CTGF, c-Myc, and
BIRCS, which have been shown to promote cell proliferation and
inhibit cell death [16-18]. Cytoplasmic YAP and YAZ are physically
prevented from interaction with TEADs, and are therefore inactive.
Extensive studies have established that the LATS-dependent YAP
phosphorylation of Ser127 and resulting cytoplasmic localization is
one of the most important mechanisms in physiological regulation of
YAP activity. Phosphorylation of YAP Ser127 results in YAP-14-3-3
binding and therefore cytoplasmic retention. This phosphorylation-
dependent cytoplasmic localization is highly conserved in Droso-
phila (Yki Ser 168) and mice (Yap S112) [17,19]. Furthermore,
phosphorylation on Ser397 (Ser381 in mice) by LATS leads to
phosphodegron-mediated YAP degradation [20].

The physiological effects of the Hippo pathway are mainly
exerted through YAP and TAZ. Many upstream signals of YAP and
TAZ have been identified [21]. Most notably, cell contact inhibition,
mechanotransduction, cellular energy status, and mitogens in serum
can potently regulate YAP activity [15,22-27]. For example, serum
deprivation induces YAP Ser127 phosphorylation through activation
of LATS, resulting in increased YAP binding with 14-3-3 and cyto-
plasmic retention [27]. Most upstream signals regulate YAP activity
by influencing YAP Ser127 phosphorylation. Inhibition of Ser127
phosphorylation, by mutating YAP serine 127 to alanine (S127A),
was shown to abolish 14-3-3 binding and increase nuclear localiza-
tion [15]. Consistently, in vivo study also supports the notion that
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S127 (S112 in mouse YAP) phosphorylation is critical for YAP cyto-
plasmic localization as a more prominent nuclear YAP is found in
the liver and the colon of YAP S112A knock-in mice [19]. Therefore,
YAP Ser127 phosphorylation has been widely used as an indicator
of YAP inactivation.

In this study, we discovered that osmotic stress regulates YAP
activity. Surprisingly, mild osmotic stress induces YAP nuclear local-
ization and target gene expression despite the high level of Ser127
phosphorylation. We further show that the osmotic stress-induced
YAP nuclear translocation is mediated through a mitogen-activated
protein (MAP) kinase family member nemo-like kinase (NLK),
which phosphorylates YAP at the Ser128 residue. Ser128 phosphory-
lation disrupts YAP binding with 14-3-3 even when Ser127 is phos-
phorylated, leading to YAP nuclear translocation. This report
identifies osmotic stress and NLK as new upstream regulators of
YAP, and reveals a mechanism that can override canonical YAP
regulation by Hippo pathway-induced Ser127 phosphorylation. Our
study also uncovers a functional interplay between osmotic stress
response and the Hippo pathway.

Results
Osmotic stress activates LATS and induces YAP phosphorylation

A wide range of extracellular and intracellular signals, including
stress signals, have been shown to regulate YAP and TAZ [28].
For example, energy stress activates AMPK to inhibit YAP via both
LATS-dependent and LATS-independent mechanisms [24-26], and
oxidative stress inhibits YAP activity by activating the Hippo path-
way [29]. Here, we investigated whether osmotic stress was able
to affect YAP phosphorylation, and whether the Hippo pathway
was involved. Our previous studies have shown that YAP phos-
phorylation is strongly regulated by serum [27]. As expected, YAP
was dephosphorylated in the presence of serum whereas it was
highly phosphorylated in the absence of serum, as determined by
mobility shift on phos-tag gel (Fig 1A). Treatment of HEK293A
cells with 0.2 M sorbitol induced rapid and robust YAP phosphory-
lation in the presence of serum. In the absence of serum, YAP was
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already highly phosphorylated and sorbitol treatment had no obvi-
ous effect on YAP phosphorylation. The effect of YAP phosphory-
lation by sorbitol was dose-dependent. We found that sorbitol
concentrations lower than 100 mM sorbitol had little effect on YAP
phosphorylation (Fig EV1A). Only when sorbitol concentrations
reached 200 mM or higher was YAP phosphorylation induced, in
addition to LATS phosphorylation. YAP Ser127 is an important site
phosphorylated by LATS, and its phosphorylation inhibits YAP
activity by inducing 14-3-3-mediated cytoplasmic retention.
Western blot analysis showed that osmotic stress induced YAP
Ser127 phosphorylation (Fig 1A). TAZ is a YAP homolog similarly
regulated by LATS. As expected, sorbitol induced a mobility shift
of TAZ, suggesting an increased phosphorylation (Fig 1A). TAZ is
known to be strongly destabilized upon phosphorylation by LATS
[30]. Consistently, TAZ protein levels were decreased upon
prolonged sorbitol treatment. In addition to HEK293A cells,
osmotic stress induced YAP phosphorylation in MCF10A cells
(Fig EV1B), indicating that osmotic stress induces YAP/TAZ phos-
phorylation in a cell type-independent manner.

To investigate whether the Hippo pathway is involved, we
checked for LATS kinase activity in response to osmotic stress. We
found that osmotic stress increased LATS1/2 phosphorylation in
their hydrophobic motif (HM, Thr1079 for LATS1 and Thr1041 for
LATS2) (Fig 1B), which is known to promote LATS kinase activity
[12-14,31,32]. LATS activation was further confirmed by LATS
in vitro kinase assay using immunoprecipitated LATS1 from cells
treated with or without sorbitol. Purified recombinant YAP was used
as a substrate for LATS kinase assay. The result showed a signifi-
cant increase of LATS1 activity by 0.2 M sorbitol treatment as
measured by YAP Ser127 phosphorylation (Fig 1C). As expected,
serum starvation strongly activated LATS1. In addition to sorbitol,
NaCl was also used to test the effects of osmotic stress on YAP.
Similar to sorbitol treatment, 0.1 M NaCl induced YAP
phosphorylation at Ser127 and LATS phosphorylation at HM, indi-
cating that the Hippo pathway activation by osmotic stress is not
restricted to organic osmolyte-induced hyperosmolarity (Fig EV1C).
In summary, these observations demonstrate that osmotic stress
activates the Hippo pathway component LATS and increases YAP
phosphorylation.

Figure 1. Osmotic stress induces YAP phosphorylation and LATS activation but does not inhibit YAP.

A Sorbitol stimulates YAP phosphorylation. HEK293A cells were cultured in the presence or absence of serum, and treated with 0.2 M sorbitol for the indicated time
points. Phos-tag gel was used to assess total YAP phosphorylation based on mobility shift. Note that YAP and TAZ are recognized by the same antibody. l.e. denotes

long exposure of YAP and TAZ.

B Osmotic stress induces LATS phosphorylation. HEK293A cells were treated with 0.2 M sorbitol for 30 or 60 min in the presence or absence of serum. LATS
phosphorylation at the hydrophobic motif (HM) was detected with the phosphospecific pLATS antibody.

C Osmotic stress increases LATS kinase activity. HEK293A cells were treated with 0.2 M sorbitol for 30 min. Lats1 was immunoprecipitated, and an in vitro kinase assay
was performed using recombinant GST-YAP as a substrate. Phosphorylation of YAP was determined by immunoblotting with phospho-YAP (S127) antibody. Data are

presented as mean + SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

D Osmotic stress does not lead to YAP cytoplasmic localization. HEK293A cells were treated with 0.2 M sorbitol for 1 h in the presence of serum. YAP subcellular
localization was determined by immunofluorescence staining (red). DAPI (blue) was used to stain for DNA. Scale bars: 20 um. Quantification of more nuclear (N > C)
or more cytosolic (N < C) YAP signal was determined with randomly chosen fields, each with approximately 100 cells.

E  Osmotic stress does not reduce YAP target gene expression. HEK293A cells were treated with 0.2 M sorbitol for 4 h. mRNA levels of CTGF and CYR61 were measured
by quantitative RT-PCR and normalized to GAPDH control. Data are presented as mean £ SEM. n.s. means P > 0.05 (two-tailed Student’s t-test, n = 3).

F  Osmotic stress does not disrupt the interaction between YAP and TEAD1. HEK293A cells were treated with 0.2 M sorbitol for 1 h. Endogenous YAP was
immunoprecipitated with YAP antibody, and TEAD1 and YAP were detected by Western blot. Cells were serum starved for 1 h as indicated (- serum).

G Osmotic stress does not increase the interaction between YAP and 14-3-3. HEK293A cells were transiently transfected with Flag-YAP and Myc-14-3-3, then treated
with 0.2 M sorbitol for the indicated time points. Myc-14-3-3 was immunoprecipitated, and the co-precipitated Flag-YAP was detected.

Source data are available online for this figure.
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YAP/TAZ are transcription co-activators and function by binding
to transcription factors in the nucleus, such as TEAD, to induce gene
expression. In order to determine YAP activity, we first checked its
subcellular localization under sorbitol treatment. Immunofluores-
cence staining showed that YAP and TAZ remained in the nucleus
1 h after sorbitol treatment in the presence of serum although YAP
Ser127 was highly phosphorylated (Fig 1D). Similar results were
observed when cells were treated with NaCl (Fig EV1D). Notably,
some YAP proteins eventually accumulated in the cytoplasm after
prolonged osmotic stress (Fig EV1E). In our immunofluorescence
staining experiments, an antibody recognizing both YAP and TAZ
was used. Our later result showed that TAZ behaved similarly to
YAP in terms of localization, whereas in this study, we mainly
focused on YAP. The above results are surprising and perplexing
because it has been well established that YAP Ser127 phosphoryla-
tion promotes 14-3-3 binding and cytoplasmic localization. Here,
the coupling between YAP Ser127 phosphorylation and cytoplasmic
localization is obviously disrupted under osmotic stress condition;
YAP Ser127 phosphorylation and nuclear localization are simultane-
ously induced. These observations are not consistent with the
current dogma of YAP regulation.

To further test whether YAP is inhibited by osmotic stress, we
measured expression of YAP target gene CTGF and CYR61. We
found that expression of these two genes was not decreased 4 h
after sorbitol treatment (Fig 1E). We then checked whether this
sorbitol-induced YAP phosphorylation could disrupt its binding with
TEAD. Co-immunoprecipitation (co-IP) results of endogenous
proteins showed that YAP-TEAD interaction was not disrupted by
1 h of sorbitol treatment (Fig 1F). As a positive control, serum
starvation reduced YAP-TEAD interaction. Furthermore, co-IP
experiments showed that YAP-14-3-3 binding was not increased
upon sorbitol treatment (Fig 1G). These data suggest that YAP is
neither associated with 14-3-3 nor inhibited upon osmotic stress,
despite activation of the Hippo pathway and high levels of YAP
phosphorylation.

Osmotic stress induces YAP nuclear localization and activation
Phosphorylation of YAP Ser127 is widely used as a marker of YAP
inactivation. However, YAP Ser127 phosphorylation induced by

osmotic stress does not appear to inhibit YAP, as its nuclear local-
ization is not affected by sorbitol. We then tested whether osmotic

Figure 2. Osmotic stress induces YAP nuclear translocation and activation.
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stress might activate YAP. To this end, we determined YAP local-
ization upon sorbitol treatment in HEK293A cells under serum-free
condition in which YAP is cytoplasmic. Immunofluorescence stain-
ing, using either an antibody recognizing both YAP and TAZ or a
YAP-specific antibody, showed YAP was translocated into the
nucleus upon sorbitol or NaCl treatment (Figs 2A and EV2A). We
also wanted to know whether TAZ was similarly regulated by
osmotic stress. Since we did not have TAZ antibody suitable for
immunofluorescence staining, we used the YAP/TAZ antibody in
YAP KO cells; YAP/TAZ signals detected in YAP KO cells should
reflect only endogenous TAZ localization. We found that sorbitol
also induced TAZ nuclear translocation (Figs 2B and EV2B).
Western blot analysis showed that YAP was completely deleted in
YAP KO cells (Fig EV2C). The nuclear translocation of YAP by
osmotic stress occurred at a short time point (peaking at 1 h upon
osmotic stress), whereas at later time points YAP started to move
to the cytoplasm (Fig 2C). Therefore, osmotic stress induces a
transient YAP nuclear localization. In addition to subcellular local-
ization of YAP, we queried whether osmotic stress activates YAP-
mediated gene transcription in the absence of serum. We
measured the YAP downstream target gene CTGF and CYR61
expression and found a significant increase 4 h after sorbitol treat-
ment (Fig 2D). This effect was abolished in YAP/TAZ knockout
cells, suggesting that sorbitol-induced expression of CTGF and
CYR61 was YAP/TAZ-dependent. Consistent with YAP nuclear
localization and activation, we found that sorbitol treatment signif-
icantly reduced the interaction between YAP and 14-3-3 (Fig 2E).
Collectively, our data show that osmotic stress induces a transient
activation of YAP in the absence of serum, while osmotic stress
had a minor effect on YAP in the presence of serum. This osmotic
stress-induced YAP regulation is uncoupled with YAP Ser127 phos-
phorylation.

NLK mediates osmotic regulation of YAP

To understand the mechanism of YAP regulation by osmotic stress,
we searched for signaling molecules that may be responsible for
YAP nuclear translocation induced by osmotic stress. p38 and JNK
are members of the MAP kinase family, and they are activated by
various cellular stresses, including osmotic stress [33-35]. To test
whether p38 and JNK are involved in osmotic stress-induced YAP
activation, we pretreated cells with the p38 inhibitor SB203580

A Osmotic stress induces YAP nuclear translocation. HEK293A cells were serum starved for 1 h followed by 0.2 M sorbitol treatment for 1 h. YAP/TAZ (red, upper panels)
or YAP (red, lower panels) were stained with two specific antibodies. DAPI (blue) was used to visualize cell nuclei. Scale bars: 20 um. Quantification of more nuclear
(N > C) or more cytosolic (N < C) YAP signal is determined with randomly chosen fields.

B Osmotic stress induces TAZ nuclear translocation. YAP knockout (KO) HEK293A cells were serum starved for 1 h followed by 0.2 M sorbitol treatment for 1 h. TAZ
localization was determined by immunofluorescence staining with the YAP/TAZ antibody (red). Scale bars: 20 pum.

C Osmotic stress induces a transient YAP nuclear translocation. HEK293A cells were serum starved for 1 h followed by 0.2 M sorbitol treatment for the indicated time

points. Scale bars: 20 um.

D Osmotic stress induces YAP target gene expression. Wild-type (WT) or YAP/TAZ double knockout (Y/T KO) HEK293A cells were serum starved for 1 h and treated with
0.2 M sorbitol for 4 h. mRNA levels of CTGF and CYR61 were measured by quantitative RT-PCR and normalized to GAPDH control. Data are presented as

mean + SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

E Osmotic stress decreases YAP and 14-3-3 interaction. HEK293A cells were transiently transfected with Flag-YAP and Myc-14-3-3, and were serum starved for 16 h.
Cells were then treated with 0.2 M sorbitol for the indicated time points. Myc-14-3-3 was immunoprecipitated, and the associated Flag-YAP was detected by Western
blot. Data are presented as mean + SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

Source data are available online for this figure.
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(2 uM) or JNK inhibitor SP600125 (20 uM) followed by sorbitol
treatment, and YAP localization was determined. In both cases,
inhibition of p38 or JNK did not abolish osmotic stress-induced
YAP nuclear translocation (Fig 3A). Furthermore, a combined inhi-
bition of both p38 and JNK did not block the osmotic stress-
induced YAP nuclear localization (Fig EV3A). The efficiency of
these inhibitors was confirmed by checking the phosphorylation
level of downstream substrates MK-2 at Thr334 for p38, and
c-Jun at Ser63 for JNK (Fig 3A). Collectively, the above observa-
tions show that p38 and JNK are not required for YAP nuclear
translocation in response to osmotic stress, indicating that other
signaling molecules are involved in regulation of YAP upon
osmotic stress.

Recently, we have discovered that nemo-like kinase (NLK), an
atypical MAP kinase, can be activated by osmotic stress and plays
a role in cellular response to osmotic stress [36]. In order to test
the role of NLK, we used CRISPR/Cas9 system to knock out NLK
by transfecting Cas9 and a guide RNA targeting NLK into HEK293A
cells. Two NLK guide RNA sequences were used, and both
resulted in an efficient deletion of NLK in transiently transfected
cells (Fig EV3B). YAP nuclear translocation by osmotic stress was
blocked in the majority of these KO cell pools, which presumably
had no NLK (Fig 3B). Similar results were observed in cells with
two independent NLK guide sequences (Figs 3B and EV3C). Quan-
tification of the staining results showed a dramatic decrease of
nuclear YAP in the NLK KO cell pool after sorbitol treatment
(Figs 3B and EV3C). We do not have a high-quality NLK antibody
suitable for immunofluorescence staining to verify NLK KO in indi-
vidual cells. However, Western blotting with a NLK antibody did
confirm a strong reduction in NLK protein in the pooled cells
transfected with the NLK CRISPR/Cas9 guide sequences
(Fig EV3B). Subcellular fractionation was performed to confirm the
localization of YAP. Consistent with the immunofluorescence data,
osmotic stress increased nuclear YAP in WT cells under serum
starvation, and this effect was diminished in NLK KO cells
(Fig EV3D). These results suggest that NLK serves as a mediator
between osmotic stress and YAP. In addition, overexpression of
wild-type NLK (NLK-WT) but not the kinase-negative mutant
(NLK-KN) induced nuclear localization of YAP in the absence of
serum (Fig 3C), supporting the notion that NLK induces YAP
nuclear localization. To further investigate the role of NLK in YAP
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regulation, NLK-WT and NLK-KN were overexpressed in HEK293A
cells. We observed that only wild-type NLK induced YAP mobility
shift on a phos-tag gel, indicating that NLK could promote YAP
phosphorylation (Fig 3D). This notion was further confirmed by
in vitro Kkinase assays, which showed that immunoprecipitated
NLK-WT, but not NLK-KN, was able to phosphorylate purified
GST-YAP (Fig 3E).

Osmotic stress disrupts YAP and 14-3-3 binding by inducing
Ser128 phosphorylation

YAP phosphorylation at Ser127 site increases its binding with 14-
3-3 and results in cytoplasmic retention [15,20]. Here, we observed
that although osmotic stress increased YAP S127 phosphorylation
(Fig 1A), YAP-14-3-3 binding was actually decreased (Fig 2E).
There is an apparent uncoupling between YAP S127 phosphoryla-
tion and its interaction with 14-3-3 under osmotic stress. Further-
more, this osmotic stress-induced uncoupling between YAP S127
phosphorylation and cytoplasmic localization requires NLK. In
order to understand how NLK regulates YAP localization under
osmotic stress, it is critical to identify the NLK-induced YAP
phosphorylation site that may be responsible for the disruption of
14-3-3 binding. As a MAP kinase family member, NLK is a proline-
directed kinase that phosphorylates serines/threonines that are
followed by a proline. We searched YAP amino acid sequence and
identified ten putative NLK phosphorylation sites. Notably, the
NLK consensus site Ser128 in YAP is adjacent to the Ser127 site
and is within the 14-3-3 binding pocket. Previous phosphopro-
teomic studies also showed that YAP Ser128 is a phosphorylation
site [25,37,38]. Thus, we hypothesized that NLK phosphorylates
YAP Ser128 to disrupt YAP-14-3-3 binding, leading to the uncou-
pling event between S127 phosphorylation and cytoplasmic
localization.

To test the above hypothesis, we obtained YAP Ser128 phos-
phospecific antibody, which is described in the accompanying
paper by Moon et al [41]. To confirm the specificity of the pYAP
Ser128 antibody, we mutated this serine to alanine (S128A) to
prevent phosphorylation. Flag-YAP wild-type (WT) and Flag-YAP
S128A were expressed in HEK293A cells. YAP proteins were
then immunoprecipitated, and samples were subjected to
Western blot analysis. The result showed that this antibody

Figure 3. NLK mediates osmotic stress signal to induce YAP nuclear localization.

A Inhibition of p38 or INK does not block osmotic stress-induced YAP nuclear localization. HEK293A cells were pretreated with 2 uM p38 inhibitor (SB203580) or 20 pM
JNK inhibitor (SP600125) before treatment followed by 0.2 M sorbitol for 1 h in the absence of serum. Quantification of YAP/TAZ subcellular staining is shown. Scale
bars: 20 um. Cell lysates from identically treated samples were examined for phosphorylation of p38 substrate MK-2 and JNK substrate c-Jun.

B NLK knockout blocks osmotic stress-induced YAP nuclear localization. HEK293A cells were transiently transfected with CRISPR/Cas9 to knock out NLK. Wild-type (WT)
cells and the NLK KO cell pool were treated with 0.2 M sorbitol for 1 h in the absence of serum. YAP/TAZ subcellular localization was determined by

immunofluorescence staining. Scale bars: 20 um.

C NLK induces YAP nuclear translocation. HEK293A cells were co-transfected with Flag-YAP together with vector control, Myc-NLK-WT (wild-type NLK), or NLK-KN
(kinase-negative mutant). Cells were serum starved for 6 h, and YAP localization and NLK expression were determined by Flag (green) and Myc (red) antibodies,

respectively. Scale bars: 20 um.

D NLK induces YAP phosphorylation. HA-YAP was co-transfected with NLK-WT or NLK-KN in HEK293A cells. The phos-tag gel showed NLK-WT but not NLK-KN caused a

significant mobility shift of YAP.

E NLK phosphorylates YAP in vitro. NLK-WT and NLK-KN were immunoprecipitated from HEK293A cells, and an in vitro kinase assay was performed using recombinant
GST-YAP as a substrate in the presence of ATP-y-S. Total phosphorylation of YAP was detected by immunoblotting with thiophosphate ester antibody, which

identifies the alkylated thiophosphorylation on YAP.

Source data are available online for this figure.
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recognizes Ser128 phosphorylated YAP, as there was no signal
detected in the YAP S128A mutant (Fig EV4A). To determine
whether YAP Ser128 could be phosphorylated by NLK, NLK and
YAP were ectopically co-expressed in HEK293A cells. Results
showed that NLK expression indeed induced Ser128 phosphoryla-
tion of WT YAP, and this phosphorylation was abolished in YAP
S128A mutant (Fig 4A). In addition, immunoprecipitated NLK, but
not the kinase-inactive mutant NLK-KN, phosphorylated YAP
Ser128 in vitro (Fig 4B). The low level of signal detected in the
pcDNA control or NLK-KN by the YAP S128 phosphoantibody
might be due to a weak recognition of the unphosphorylated YAP
protein by the antibody. Next, we tested whether sorbitol could
induce YAP Ser128 phosphorylation. We found that sorbitol
increased Ser128 phosphorylation of the endogenous YAP in both
HEK293A cells and MCF10A cells (Figs 4C and EV4B). Consis-
tently, sorbitol also induced Ser128 phosphorylation of the
transfected YAP (right panel, Fig 4C). Furthermore, this sorbitol-
induced YAP Ser128 phosphorylation was diminished in the NLK
knockout cell pool (Fig 4D). Collectively, these results suggest that
osmotic stress induces YAP Ser128 phosphorylation and this phos-
phorylation is mediated by NLK.

To examine the effect of Ser128 phosphorylation on YAP and
14-3-3 binding, YAP Ser128 was mutated to nonphosphorylatable
alanine (S128A) or phosphomimetic aspartate (S128D). Myc-
tagged 14-3-3 was co-transfected with WT or mutant YAP. Co-
immunoprecipitation showed that the phosphomimetic YAP
S128D mutant abolished its interaction with 14-3-3 (Fig 4E),
supporting that Ser128 phosphorylation interferes with YAP and
14-3-3 interaction. In contrast, YAP S128A showed stronger inter-
action with 14-3-3, further supporting the notion that phosphory-
lation on YAP Ser128 disrupts YAP-14-3-3 interaction (Fig 4E). As
expected, YAP S127A showed a weak 14-3-3 interaction because
its phosphorylation is required for this interaction [15]. We next
tested the effect of sorbitol on the interaction between 14-3-3 and
wild-type YAP or YAP S128A mutant. Osmotic stress reduced the
interaction between 14-3-3 and wild-type YAP, but not the S128A
mutant (Fig 4F). These results indicate a model in which sorbitol
induces YAP S128 phosphorylation to disrupt YAP and 14-3-3
association.

EMBO reports

YAP Ser128 phosphorylation is required for sorbitol-induced YAP
nuclear localization

We then tested whether YAP Ser128 mutation would affect YAP
subcellular localization by NLK and osmotic stress. By co-transfec-
tion, NLK induced nuclear accumulation of WT YAP, but failed to
do so in the YAP S128A mutant (Fig 5A), suggesting that phospho-
rylation on the Serl128 site is required for NLK to induce YAP
nuclear translocation. Furthermore, YAP WT and mutant stable cell
lines were generated. WT, S128A mutant, and S128D mutant YAP
were stably expressed in the YAP KO HEK293A cells (Fig EV4C).
The stably expressing Flag-tagged YAP WT behaved similarly as
endogenous YAP. For instance, serum starvation induced YAP cyto-
plasmic localization, and sorbitol treatment induced its nuclear
translocation in the absence of serum (Fig 5B). YAP S128D mutant
was constitutively nuclear even in the absence of serum, consistent
with the result that the YAP S128D mutant is defective in 14-3-3
binding. Of note, sorbitol treatment had a minor effect on the
subcellular localization of YAP S128D mutant compared with WT
YAP. To test whether YAP Ser128 phosphorylation is required for its
osmotic stress-induced nuclear translocation, localization of YAP
S128A was examined. We observed that YAP S128A mutant
retained a normal serum response; that is, serum starvation induced
its cytoplasmic localization (Fig 5B). Actually, upon serum starva-
tion, YAP S128A mutant showed an even more cytoplasmic localiza-
tion than the wild-type YAP. Importantly, YAP nuclear localization
by sorbitol treatment was strongly diminished in YAP S128A mutant
cells. Subcellular fractionation experiments showed a consistent
result with the immunofluorescence observations (Fig EV4D).
Notably, sorbitol induces YAP Ser127 phosphorylation in both YAP
S128A and YAP S128D mutants in the presence of serum, while in
the absence of serum, Serl27 phosphorylation remained high
(Fig EV4E). These results show that YAP Ser127 phosphorylation
does not correlate with its localization in the presence of osmotic
stress, which is consistent with our model that S128 phosphoryla-
tion (mimicked by S128D mutation) overrides the S127 regulation
on YAP. Collectively, we show that Ser128 plays a critical role in
YAP subcellular localization and its phosphorylation is required for
sorbitol to induce YAP nuclear localization, consistent with the

Figure 4. Osmotic stress induces YAP Ser128 phosphorylation and inhibits its 14-3-3 binding.

A NLK induces YAP Ser128 phosphorylation. Flag-YAP WT or S128A mutant was co-transfected with or without Myc-NLK. Phosphorylation was determined by Western

blot using YAP S128 phosphospecific antibody.

B NLK phosphorylates YAP Ser128 in vitro. NLK-WT or NLK-KN was transfected into HEK293A cells and immunoprecipitated. An in vitro NLK kinase assay was performed
using recombinant GST-YAP as a substrate. Phosphorylation of YAP Ser128 was determined by immunoblotting with phospho-YAP (S128) antibody.

C Osmotic stress induces YAP phosphorylation at Ser128. In the left panel, HEK293A cells were treated with sorbitol and endogenous YAP was immunoprecipitated. In
the right panel, Flag-YAP was transfected into HEK293A cells, and Flag-YAP was immunoprecipitated. YAP Ser128 phosphorylation was detected by a phosphospecific
antibody. Data are presented as mean + SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

D NLK deficiency reduces YAP S128 phosphorylation. Two CRISPR/Cas9 gRNA plasmids targeting different sites of NLK were transfected into HEK293A. WT cells and two
pools of NLK CRISPR/Cas9-transfected cells were treated with 0.2 M sorbitol for the indicated time points. Data are presented as mean + SEM. *P < 0.05 (two-tailed

Student’s t-test, n = 4).

E The S128D phosphomimetic mutant abolishes YAP interaction with 14-3-3. Flag-YAP WT and mutant constructs were co-transfected with Myc-14-3-3 into HEK293A
cells. Cells were serum starved for 16 h. 14-3-3 was immunoprecipitated with Myc antibody, and the associated YAP was detected with Flag antibody.

F  YAP Ser128 phosphorylation is required for disruption of YAP-14-3-3 interaction by osmotic stress. Flag-YAP WT or Flag-YAP S128A constructs were co-transfected
with Myc-14-3-3 into HEK293A cells. Cells were serum starved for 16 h, and treated with 0.2 M sorbitol for the indicated time points or refreshed with serum
containing medium for 1 h. Refreshing medium served as a control to disrupt YAP and 14-3-3 binding. 14-3-3 was immunoprecipitated with Myc antibody, and the
associated YAP was detected with Flag antibody. Data are presented as mean + SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

Source data are available online for this figure.
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notion that NLK-induced YAP nuclear translocation requires phos-
phorylation of YAP on Ser128 (Fig 5A). In summary, when S128 is
dephosphorylated, as mimicked by the S128A mutant, sorbitol could

not induce YAP nuclear localization. When YAP S128 is phosphory-
lated, as mimicked by the S128D mutant, it is constitutively nuclear
and serum starvation could not efficiently induce YAP cytoplasmic
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A NLK does not induce nuclear translocation of the S128A mutant YAP. HEK293A cells were co-transfected with Myc-NLK and Flag-YAP WT or S128A mutant. Cells were
serum starved for 6 h, and YAP localization and NLK expression were determined by Flag (green) and Myc (red) antibodies, respectively. Scale bars: 20 pm.

B YAP Serl28 phosphorylation is required for osmotic stress-induced YAP nuclear localization. HEK293A YAP KO cells reconstituted with Flag-YAP WT, YAP S128D, or YAP
S128A mutant were treated with 0.2 M sorbitol for 1 h. YAP subcellular localization was determined by Flag immunofluorescence staining (green). Scale bars: 20 pm.
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localization. Our data suggest a critical role of S128 in YAP regula-
tion and that osmotic stress induces YAP nuclear localization by
phosphorylating Ser128 and disrupting 14-3-3 binding.

YAP Ser128 phosphorylation is important for cell survival in
hyperosmotic environment

Osmotic stress causes a wide spectrum of signaling events leading
to alteration of gene expression in order for cells to adapt to the
hyperosmotic environment. Cells may undergo apoptosis if adaptive
mechanisms fail to balance the biochemical homeostasis, such as
osmolyte concentrations [39]. YAP activation has been implicated in
inducing gene expression for cell survival. To investigate the func-
tion of YAP activation in cellular osmotic adaptation, we generated
cells with re-expression of WT YAP, YAP S128A, and YAP S128D in
the YAP/TAZ dKO HEK293A cells (Fig EV4C). Cell growth was
determined in the presence or absence of osmotic stress. Under
normal osmotic conditions, these three cell pools showed similar
growth rates (Fig 6A). However, in the presence of osmotic stress,
YAP S128D cells were able to resume growth whereas the YAP WT
or the S128A mutant expressing cells were more sensitive to osmotic
stress (Fig 6A). Next, we performed cell cycle distribution by FACS
analysis and observed that WT YAP and YAP S128A mutant cells
showed more severe cell cycle arrest and displayed much high
levels of cell death as indicated by the sub-G1 phase (Figs 6B and
EVS). Annexin V staining indicated that the YAP S128D expressing
cells were more resistant to apoptosis induced by hyperosmotic
stress (Fig 6C). The above data indicate that the transient YAP acti-
vation may be advantageous for cell adaptation and survival under
osmotic stress.

Discussion

The Hippo pathway is an exciting young field with great importance
in both normal physiological regulations and pathological condi-
tions such as tumorigenesis. YAP and TAZ are the major
downstream effectors of the Hippo pathway, and their increased
expression and activity are frequently associated with human
cancers [6]. Elucidating upstream regulators of the Hippo pathway
remains an important research direction. Many studies have
revealed that the Hippo-YAP pathway can integrate various
upstream extracellular and intracellular signals. This report adds a
new dimension to YAP/TAZ regulation. We show that NLK medi-
ates osmotic signals to activate YAP, revealing an intricate interplay
between osmotic stress via phosphorylation of YAP Ser128 and the
Hippo pathway via phosphorylation of YAP Ser127.

As a transcription co-activator, YAP nuclear localization determi-
nes its activity. The current dogma of Hippo pathway regulation is
that LATS inhibits YAP by phosphorylating Ser127, leading to
increased YAP binding with 14-3-3 and cytoplasmic retention [15].
Our results show that osmotic stress induces transient YAP nuclear
localization and activation despite activation of LATS and YAP
Ser127 phosphorylation. These observations demonstrate a LATS-
independent mechanism utilized by osmotic stress to override the
inhibitory effect of LATS on YAP. We show that YAP nuclear
translocation induced by sorbitol treatment is mediated, at least in
part, by NLK. Mechanistically, NLK phosphorylates YAP on Ser128,

EMBO reports Vol 18 | No 1| 2017
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which is located in the 14-3-3 binding region of YAP. We propose
that YAP Ser128 phosphorylation is not compatible with 14-3-3
binding, therefore, inhibiting YAP association with 14-3-3 and
inducing its accumulation in nucleus (Fig 6D). Consistent with this
model, osmotic stress cannot influence YAP subcellular localization
when YAP Serl28 is mutated to alanine. Furthermore, the YAP
S$128D mutant appears to mimic the effect of phosphorylation as this
mutant shows constitutively nuclear localization even under serum
starvation, which normally induces Ser127 phosphorylation and
cytoplasmic localization of YAP. Yorkie (Yki) is the Drosophila
homolog of YAP. Consistent with the mammalian YAP protein, the
phosphorylation of Yki Ser169, which is the analogous residue of
YAP Ser128, has also been shown to promote Yki activity in vivo
[40]. In the accompanying paper by Moon et al, these authors
suggest a model that YAP S128 phosphorylation inhibits S127 phos-
phorylation [41]. However, we would like to propose that YAP S128
phosphorylation mainly interferes 14-3-3 binding to promote its
nuclear accumulation. Nevertheless, our data could not exclude the
possibility that S128 phosphorylation may interfere with S127 phos-
phorylation in YAP.

In addition to the regulation of YAP by NLK, it is possible that
YAP is regulated by osmotic stress-induced cytoskeleton remodel-
ing. One immediate osmotic stress response in mammalian cells is
the rapid reorganization of the actin cytoskeleton. The pattern of
actin remodeling varies between cell types, but typically, an
increase in F-actin level is observed [42-44]. Various studies have
shown that YAP activity is associated with actin remodeling in
response to different mechanical cues. For example, F-actin is
known to be important for YAP regulation by cell shape and cell
attachment/detachment [23,45,46]. It will be interesting to explore
the relationship between actin regulation and YAP activity under
osmotic stress, and whether it is mediated by NLK.

It has also been reported that Ser127 may not be the only site
regulating YAP localization although the mechanistic insights for
this observation have not been provided [45,47]. For example, YAP
S127A protein is not restricted to the nucleus in the intestine of
transgenic mice [47]. It is possible that YAP Ser128 phosphorylation
may regulate YAP localization under such conditions. It is worth
noting that YAP Ser128 phosphorylation has been observed in many
phosphoproteomic studies [25,37,38]. We speculate that YAP
Ser128 may be a common regulatory phosphorylation site for
proline-directed kinases, such as CDK family and MAP kinase
family. Notably, YAP Ser128 has been implicated as a phosphoryla-
tion target site of cyclin-dependent kinase 1 (CDK1) [37]. Future
study is needed to determine the role of CDK1 in regulation of
YAP activity and its involvement in Ser128 phosphorylation. Phos-
phorylation of Ser128 in YAP would suppress the effect of the LATS-
dependent Ser127 phosphorylation and therefore, provides a mecha-
nism for the integration of numerous signaling pathways with
Hippo.

A major function of YAP is to promote cell survival and prolifera-
tion. YAP activation by osmotic stress might serve as an immediate
stress response for cells to adapt to the stressful environment.
Consistently, cells expressing the more active YAP S128D mutant
show increased cell viability and proliferation under the osmotic
stress. The phosphorylation of Ser127 has been widely recognized
as the indicator of YAP cellular localization. Here, we report that
YAP Ser128 phosphorylation can override the inhibitory regulation

© 2016 The Authors
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Figure 6. YAP Ser128 phosphorylation protects cells from hyperosmotic stress.

A YAP S128D-reconstituted cells show growth advantage under hyperosmotic conditions. YAP/TAZ dKO HEK293A cells with stable expression of YAP WT, S128A, or S128D
were cultured in the absence (left panel) or presence of 0.2 M sorbitol (right panel) for the indicated amount of time. Cell numbers were counted and normalized to
day 0. Data are presented as mean + SEM, n = 3.

B YAP S128D-reconstituted cells have lower cell death in a hyperosmotic environment. Cell cycle analyses of YAP/TAZ dKO HEK293A cells with stable expression of YAP
WT, S128A, or $128D after 0.2 M sorbitol treatment were determined using flow cytometry. Propidium iodine (PI) was used for DNA staining (Fig EV5). Quantification
of sub-G1 phase cells is shown. Data are presented as mean £ SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

C YAP S128D-reconstituted cells show reduced apoptosis under hyperosmotic conditions. Annexin V analyses of YAP/TAZ dKO HEK293A cells with stable expression of
YAP WT, S128A, or S128D after 0.2 M sorbitol treatment were determined using flow cytometry. PE-Annexin V and 7-AAD stained for phospholipid phosphatidylserine
(PS) and DNA, respectively. Data are presented as mean £ SEM. *P < 0.05 (two-tailed Student’s t-test, n = 3).

D A proposed model for osmotic stress regulation of YAP via NLK kinase. See Discussion for details.
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of the canonical Hippo pathway and Ser127 phosphorylation, lead-
ing to YAP nuclear localization and activation. Our study not only
identifies osmotic stress and NLK as novel regulators of YAP, but
suggests that the current dogma of YAP regulation needs to be modi-
fied. YAP Ser127 phosphorylation does not necessarily equal to YAP
cytoplasmic localization and inhibition. Additional layers of regula-
tion, such as Ser128 phosphorylation, can influence the outcome of
Ser127 phosphorylation on YAP activity.

Materials and Methods

Cell culture and transfection

HEK293A cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) (Gibco) and 100
units/ml penicillin and streptomycin (Invitrogen). Cells were
incubated in a humidified incubator with 5% CO,. MCF10A cells
were cultured in DMEM/F12 supplemented with 5% horse serum,
20 ng/ml EGF, 0.5 pg/ml hydrocortisone, 10 pg/ml insulin, 100 ng/ml
cholera toxin, and 100 units/ml penicillin and streptomycin.
Cells were harvested 24 h post-transfection for protein analysis.
PolyJet In Vitro DNA Transfection Reagent (SignaGen Lab) was used
for transfection.

Antibodies and chemicals

Anti-YAP/TAZ, GAPDH, and Myc-HRP antibodies were obtained from
Santa Cruz Biotechnology. Anti-phospho-YAP (S127), LATSI,
phospho-Lats1/2 (Thr 1079/1041), phospho-MK2 (T334), phospho-c-
Jun (863), and HA-HRP antibodies for Western blot, and Myc and Flag
(DYKDDDDK) tag antibodies for IF were obtained from Cell Signaling.
Anti-YAP antibody for IP was obtained from Bethyl Laboratory. Anti-
TEAD1 (TEF-1) and HSP90 antibodies were obtained from BD
Biosciences. Anti-GST, Flag-HRP, and Flag (M2) for IP were obtained
from Sigma-Aldrich. Anti-thioesterphosphate antibody was obtained
from Abcam. Anti-Myc (9E10) antibody for IP was a homemade
reagent. Anti-phospho-YAP (Ser128) was a kind gift from Professor
Eek-hoon Jho. All pYAP S128 blotting were done with immunoprecipi-
tated YAP. Alexa Fluor 488 and 546-conjugated secondary antibody
for IF were obtained from Invitrogen. Chemicals SB203580 (p38 inhi-
bitor) and SP600125 (JNK inhibitor) were from Tocris.

Immunofluorescence staining

HEK293A cells were plated on fibronectin-coated coverslips. After
sorbitol or NaCl treatment, cells were fixed with 4% paraformalde-
hyde for 15 min and permeabilized with 0.1% Triton X-100 for
5 min. After blocking in 3% BSA in PBS for 30 min, cells were incu-
bated with primary antibodies diluted in 3% BSA overnight at 4°C.
After three washes with PBS, cells were incubated with Alexa Fluor
secondary antibodies (Invitrogen, 1:1,000 dilution) for 1 h in the
dark at room temperature. Coverslips were mounted with ProLong
Gold antifade mountant with DAPI (Life Technologies). Slides were
detected using Olympus FV1000 confocal microscopy. The final
images were obtained and analyzed by using confocal microscopy
with FLUOVIEW viewer software.
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Co-immunoprecipitation

Cells were lysed with mild lysis buffer (20 mM Tris—HCI pH 7.5,
100 mM NaCl, 50 mM NaF, 2 mM EDTA, 1% NP-40 substitute)
supplemented with protease inhibitor (Roche), phosphatase inhi-
bitor (Thermo Scientific), and 1 mM PMSF for 10 min on ice and
centrifuged at 12,000 g for 15 min at 4°C. The supernatants were
incubated with the appropriate antibodies overnight at 4°C, and
protein A/G magnetic beads (Thermo Scientific) were added for 1 h.
Proteins were washed with lysis buffer three times and were eluted
with SDS-PAGE sample buffer. Samples were followed by Western
blot analysis.

In vitro kinase assay

For the LATS1 kinase assay, HEK293A cells were treated with
sorbitol and were lysed with mild lysis buffer. For NLK kinase
assay, cells were transfected with Flag-NLK-WT or Flag-NLK-KN
constructs. Twenty-four hours after transfection, cells were lysed
with mild lysis buffer. Proteins were immunoprecipitated using
LATS1 antibody or FLAG antibody. The immunoprecipitates were
washed three times with lysis buffer, followed by a single wash
with TBS. Immunoprecipitated kinases were subjected to kinase
assay in the kinase buffer (NEBuffer for Protein Kinases) in the
presence of 500 uM cold ATP or ATP-y-S and 1 pg GST-YAP. The
reaction mixtures were incubated for 30 min at 30°C. For ATP-y-S
reaction, p-Nitrobenzyl mesylate (PNBM) was added after the
kinase reaction for 1 h to alkylate the thiophosphorylation site on
the substrates. The reactions were terminated with SDS sample
buffer, and subjected to SDS-PAGE. Phosphorylation of YAP was
determined by phospho-YAP Ser127 or Ser128, and thiophosphate
ester antibodies were used to detect total substrate phosphoryla-
tion.

RNA isolation and real-time PCR

Total RNAs were extracted using a RNeasy kit (Qiagen). cDNAs
were synthesized by reverse transcription using iScript reverse
transcriptase (Bio-Rad). cDNAs were then used for quantitative
real-time PCR with gene-specific primers and KAPA SYBR FAST
qPCR master mix (Kapa Biosystems) using the 7300 Real-time
PCR system (Applied biosystems). The relative abundance of
mRNAs was calculated by normalizing to GAPDH mRNA.

CRISPR

CRISPR genomic editing technology was used for the deletion of
NLK. The guide RNA sequences were cloned into the px459 plas-
mid (Addgene 48319, a gift from Dr. Feng Zhang.). The
constructed plasmids were transfected into HEK293A. 24 h after
transfection, the transfected cells were enriched by 1 pg/ml puro-
mycin selection for 2-3 days and then were used for experiments.
Two guide RNA sequences were used, #1: 5-AAAATGA
TGGCGGCTTACAA-3’ and 5-TTGTAAGCCGCCATCATTTT-3/, #2:
5'-ACACCATCTTCATCCGGGGT-3' and 5-ACCCCGGATGAAGAT
GGTGT-3'. Knockout efficiency of the cell pool was assayed with
Western blot.

© 2016 The Authors
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Stable cell lines

To generate YAP mutant expressing stable cells, retrovirus infection
was performed by transfecting 293T cells with Retroviral gene
(pQCXIH-Flag-YAP-WT/S128A/S128D), pCGP (pCMV-Gag-Pol), and
pCMV-VSVG (envelop) constructs. Retroviral supernatant was
collected at 12, 24 and 48 h, and filtered through 0.45-um syringe
filter. Filtered viral supernatant was used to infect HEK293A YAP
KO or YAP/TAZ dKO cells with 10 pg/ml polybrene (Sigma-
Aldrich). Infected cells were selected with 200 pg/ml hygromycin
(Invitrogen).

Cell cycle analysis

After HEK293A cells were treated with sorbitol for indicated time
points, cells were collected and fixed with cold 70% ethanol in PBS,
incubated with 50 pg/ml propidium iodide (PI) and 0.5 pg/ml
RNase A at 37°C for 30 min, and processed with the BD FACSCanto
Flow Cytometer (BD Biosciences). The results were analyzed with
FlowJo 7.6 software.

Annexin V staining

HEK293A cells were collected by trypsinization after sorbitol treat-
ment for indicated time points. The PE Annexin V Apoptosis Detection
Kit (BD Biosciences) was used as per manufacturer protocol. Samples
were then processed by the FASCanto Flow Cytometer (BD Bio-
sciences), and the results were analyzed with FlowJo 7.6 software.

Subcellular fractionation

Cells were lysed in hypotonic buffer A (10 mM HEPES pH 7.6,
1.5 mM MgCl,, 10 mM KCI, 1 mM DTT, 1x protease inhibitor cock-
tail (Roche), 1x phosphatase inhibitor cocktail (Thermo Fisher
Scientific), 2 mM PMSF). Nuclei were pelleted at 800 g for 5 min
and washed with hypotonic buffer A twice, then incubated in buffer
B (20 mM HEPES pH 7.6, 5% glycerol, 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 1x protease inhibitor cocktail, 1x phos-
phatase inhibitor cocktail, 2 mM PMSF) with vigorous rotation for
30 min. Samples were then spun down at 18,000 g for 5 min, and
supernatant was collected for nuclear proteins. Samples were
handled at 4°C.

Statistical analysis

Each experiment was repeated at least three times. Data are
presented as mean + SEM. All statistical tests were performed using
a Student’s t-test (unpaired, two-tailed), *P < 0.05. No statistical
method was used to predetermine sample size.

Expanded View for this article is available online.
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