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Critical roles of phosphoinositides
and NF2 in Hippo pathway regulation
Audrey W. Hong,1 Zhipeng Meng,1 Steven W. Plouffe,1 Zhijie Lin,2 Mingjie Zhang,2,3

and Kun-Liang Guan1

1Department of Pharmacology and Moores Cancer Center, University of California at San Diego, La Jolla, California 92093, USA;
2Division of Life Science, State Key Laboratory of Molecular Neuroscience, Hong Kong University of Science and Technology,
Hong Kong, China; 3Center of Systems Biology and Human Health, Hong Kong University of Science and Technology,
Kowloon, China

The Hippo pathway is a master regulator of tissue homeostasis and organ size. NF2 is a well-established tumor
suppressor, and loss of NF2 severely compromises Hippo pathway activity. However, the precise mechanism of how
NF2mediates upstream signals to regulate the Hippo pathway is not clear. Herewe report that, in mammalian cells,
NF2’s lipid-binding ability is critical for its function in activating the Hippo pathway in response to osmotic stress.
Mechanistically, osmotic stress induces PI(4,5)P2 plasma membrane enrichment by activating the PIP5K family,
allowing for NF2 plasma membrane recruitment and subsequent downstream Hippo pathway activation. An NF2
mutant deficient in lipid binding is unable to activate the Hippo pathway in response to osmotic stress, as measured
by LATS and YAP phosphorylation. Our findings identify the PIP5K family as novel regulators upstream of Hippo
signaling, and uncover the importance of phosphoinositide dynamics, specifically PI(4,5)P2, in Hippo pathway
regulation.
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The Hippo pathway plays an essential role in maintaining
tissue homeostasis and organ size through regulating cell
proliferation, migration, and differentiation (Pan 2010;
Piccolo et al. 2014; Yu et al. 2015). ThemammalianHippo
pathway consists of a kinase cascade that negatively regu-
lates the downstream effectors Yes-associated protein
(YAP) and WW domain-containing transcription factor
(TAZ). The core components of this kinase cascade in-
clude mammalian STE20-like protein kinase (MST1/2),
which act in parallel with the mitogen-activated protein
kinase kinase kinase kinase (MAP4K) family to phosphor-
ylate and activate the large tumor suppressor (LATS1/2).
The activated LATS kinases then phosphorylate YAP
and TAZ, resulting in YAP and TAZ binding to 14-3-3
and subsequent sequestration in the cytoplasm, where
they are eventually targeted for further phosphorylation,
ubiquitination, and degradation. Conversely, when the
Hippo pathway kinase cascade is inactive, YAP and TAZ
are dephosphorylated and translocate into the nucleus,
where they act as transcriptional coactivators to induce
expression of downstream target genes CTGF, CYR61,
and other prosurvival genes by interacting with transcrip-

tion factors such as the TEA domain (TEAD) familymem-
bers (Zhao et al. 2008).
Genetically disrupting components of this Hippo path-

way kinase cascade results in uncontrolled tissue over-
growth in both Drosophila and mice (Halder and
Johnson 2011). Similarly, dysregulation of the Hippo path-
way has also been implicated in several human diseases
and cancer (Harvey et al. 2013; Moroishi et al. 2015;
Plouffe et al. 2015). For example, elevated YAP protein
levels and increased nuclear localization are frequently
observed in many types of tumors, suggesting a critical
role for YAP in tumor progression (Pan 2010; Plouffe
et al. 2015). However, few somatic or germline mutations
in any Hippo pathway core components have been identi-
fied in human patients (Harvey et al. 2013). As a result,
many research efforts have been devoted to identifying
novel upstream regulators of the Hippo pathway and to
elucidating the Hippo pathway interactome in hopes of
better understanding of howYAP and TAZ become dysre-
gulated in disease.
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Many Hippo pathway upstream regulators, including
neurofibromin 2 (NF2), were shown to localize at the plas-
ma membrane (Yin et al. 2013). The plasma membrane
plays an important role in transmitting messages by inte-
grating extracellular environment to induce spatiotempo-
ral organization of signaling proteins (Groves and Kuriyan
2010). How these membrane-associated inputs spatially
regulate the Hippo pathway components is unclear.
NF2, also known as merlin, is a well-established tumor
suppressor and regulator of the Hippo pathway (Hamara-
toglu et al. 2006; Zhao et al. 2007; Harvey et al. 2013).
In humans, genetic loss-of-function mutations in NF2
have been linked to increased incidence of schwannomas,
meningiomas, ependymomas (Xiao et al. 2003), andmeso-
thelioma (Sekido 2011). Mice deficient in NF2 develop
cancers such as osteosarcomas, fibrosarcomas, and hepa-
tocellular carcinomas (McClatchey et al. 1998). In the
mouse liver, deleting YAP completely blocks tumorigen-
esis induced by NF2 knockout, suggesting that the Hippo
pathway is the major signaling pathway mediating the tu-
morigenic potential of NF2 inactivation (Zhang et al.
2010). In cell culture, deletingNF2 is sufficient to severely
compromise LATS andYAP activity in response to several
stimuli known to activate the Hippo pathway (Plouffe
et al. 2016). These studies highlight the critical and phys-
iologically relevant connection betweenNF2 and theHip-
po pathway in tumorigenesis. However, the upstream
regulators of NF2 and the underlying mechanisms by
which NF2 regulates Hippo pathway activity has not yet
been fully understood.

Osmotic stress triggers an alteration in membrane cur-
vature and membrane tension (Pedersen et al. 2011). Pre-
viously, we observed that osmotic stress induces YAP
phosphorylation through both LATS-dependent and
LATS-independent mechanisms (Hong et al. 2017). Cells
respond to osmotic stress through triggering a series of sig-
nal transduction events to maintain cellular homeostasis.
These events include the activation of theHippo pathway,
leading to YAP phosphorylation at Ser127 site and thus in-
hibition, as well as the activation of the Nemo-like kinase
(NLK), leading to YAP Ser128 phosphorylation and activa-
tion (Hong et al. 2017). The dynamic balance between
YAP activation and inhibition is tightly regulated as a cel-
lular adaptive response to stress. The mechanisms by
which osmotic stress activates the Hippo pathway re-
mained unknown.

In this study, we focus on the underlining mechanisms
of howNF2 relays upstream signals to the Hippo pathway
regulation in response to osmotic stress. We discovered
that NF2 lipid binding at the plasma membrane is
essential for osmotic stress-induced activation of the
Hippo pathway. Furthermore, we show that osmotic
stress induces ADP-ribosylation factor 6 (ARF6) and type
I phosphatidylinositol 4-phosphate 5-kinase (PIP5K)
interaction, leading to PIP5K activation and enhanced
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] plasma
membrane distribution. Membrane-associated PI(4,5)P2

interacts with NF2 to induce downstreamHippo pathway
activation. Our study identifies ARF6 as an osmotic sen-
sor in mammalian cells, and defines a signaling cascade

involving ARF6, PIP5K, and PI(4,5)P2 dynamics as
upstream regulators of the Hippo pathway.

Results

Osmotic stress activates the Hippo pathway kinase
cascade through NF2, but independent of NF2 Ser518
phosphorylation

NF2 is a well-established regulator of the Hippo pathway,
both through genetic experiments in Drosophila and
mice, which have demonstrated that NF2 acts through
the Hippo pathway to control tissue growth (Hamaratoglu
et al. 2006; Zhang et al. 2010), as well as in vitro, where
deletion of NF2 in human cell lines was sufficient to abol-
ish the Hippo pathway response to serum deprivation, ac-
tin disruption, and glucose starvation (Plouffe et al. 2016).
However, despite its obvious importance, the precise
mechanism of how NF2 is activated under these circum-
stances is unknown.

We examined whether NF2 phosphorylation was al-
tered in response to several stimuli known to activate
the Hippo pathway. Among the various stimuli tested, in-
cluding serum deprivation, osmotic stress (sorbitol treat-
ment), energy starvation (2-DG treatment), and actin
disruption (Latrunculin B treatment), only osmotic stress
induced NF2 dephosphorylation based on the phos-tag gel
analysis (Fig. 1A). Hippo pathway activation was assessed
by phosphorylation of the LATS hydrophobic motif (HM)
and YAP.

There are many studies suggesting a critical role of ser-
ine 518 phosphorylation in NF2 activity regulation (Shaw
et al. 2001; Alfthan et al. 2004; Rong et al. 2004; Surace
et al. 2004; Okada et al. 2005; Thurneysen et al. 2009;
Sher et al. 2012). The Ser518 dephosphorylated NF2 is
postulated to be more active in its growth suppressive
function. Therefore, we speculated that Ser518 dephos-
phorylation may play a role in NF2 activation by osmotic
stress. We used a phospho-specific antibody to check NF2
Ser518 phosphorylation status and found that hyperos-
motic stress led to a dramatic decrease in NF2 Ser518
phosphorylation (Fig. 1B). This NF2 dephosphorylation
occurred very rapidly, as it was detected after only 2 min
of sorbitol treatment, while YAP was not phosphorylated
until 15 min after sorbitol treatment (Supplemental Fig.
S1A). These observations prompted us to examine the
functional significance of NF2 Ser518 phosphorylation
in regulating the Hippo pathway in osmotic stress
response.

Hyperosmotic stress, induced by different sorbitol con-
centrations and assessed at multiple time points, activat-
ed the Hippo pathway as indicated by increased LATS and
YAP phosphorylation in HEK293A cells and other cell
lines (Fig. 1C; Supplemental Fig. S1B,C). To determine
whether osmotic stress acts through either the Hippo
pathway kinase cascade or NF2, we tested the sorbitol re-
sponse in LATS, MST, and NF2 knockout (KO) cell lines,
which were characterized in our previous studies (Meng
et al. 2015; Plouffe et al. 2016). LATS and YAP phosphor-
ylation in the MST and NF2 KO cells were completely
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abolished in response to low dose sorbitol treatment (Sup-
plemental Fig. S1D) andwere strongly compromised in re-
sponse to high-dose sorbitol treatment (Fig. 1D). Notably,
theMST regulatory subunit Salvador 1 (SAV1) was also re-
quired for YAP phosphorylation induced by sorbitol,
whereas other upstream regulators MAP4K4/6/7 and
Angiomotin (AMOT) were not required (Supplemental
Fig. S1E). Our result indicates that osmotic stress acts spe-
cifically through NF2 andMST-SAV1 complex in mediat-
ing LATS and YAP phosphorylation.We further examined
the role of NF2 in osmotic stress-induced Hippo pathway
activation in two other cell linesMCF7 and HeLa. Similar
to HEK293A, osmotic stress activated the Hippo pathway
in both MCF7 and HeLa WT cells, while LATS and YAP
phosphorylation were completely abolished in NF2 KO
MCF7 cells (Supplemental Fig. S1F), and greatly compro-

mised in NF2 KO HeLa cell pools (Supplemental Fig.
S1G,H). These results demonstrate that osmotic stress
acts through NF2 to regulate the Hippo pathway in a
cell-type independent manner.
Next, we tested whether NF2 is generally involved in

osmotic stress response or specifically required for Hippo
pathway activation.We found that phosphorylation of the
p38MAP kinase, a well-characterized osmotic stress acti-
vated kinase, and its substrate MK2, were unaffected by
NF2 deletion in HEK293A cells (Supplemental Fig. S1I),
indicating a specific role of NF2 in Hippo pathway regula-
tion but not general stress response. Since NF2 Ser518
phosphorylation is known to be inhibitory and is dephos-
phorylated by osmotic stress, we postulated that osmotic
stress may induce NF2 Ser518 dephosphorylation to acti-
vate NF2 and the Hippo pathway. To test this hypothesis,
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Figure 1. Osmotic stress activates the Hippo pathway through NF2, independent of Ser518 phosphorylation. (A) Osmotic stress specif-
ically induces NF2 dephosphorylation. HEK293A cells were treated with serum starvation, 0.4 M sorbitol, 25 mM 2-DG, or 250 ng/mL
Latrunculin B (Lat B) for 30 min. Phos-tag gel was used to assess total phosphorylation of NF2 and YAP based on mobility shift.
(B) NF2 is dephosphorylated at Ser518 site in response to increasing osmotic stress. HEK293A cells were treated with either 0.2 or 0.4
M sorbitol for 30 min. Hippo pathway activation is assessed by YAP phosphorylation, based on mobility shift on the phos-tag gel and
YAP S127 phospho-specific antibody, and LATS phosphorylation at its hydrophobic motif (HM). NF2 S518 phosphorylation is detected
by phospho-specific antibody. (C ) Osmotic stress induces LATS and YAP phosphorylation in HEK293A cells. Cells were treated with
0.2 or 0.4 M sorbitol for the indicated times (in minutes). LATS and YAP phosphorylation levels were detected by Western blot.
(D) NF2 andMST are important for Hippo pathway activation by osmotic stress. Western blot results for LATS and YAP phosphorylation
in wild-type HEK293A, LATS KO,MSTKO, andNF2 KO cells treated with 0.4M sorbitol. (E) NF2 S518mutants behave similarly as wild
type. NF2 WT, S518E, and S518A mutants were transiently expressed in NF2 KO cells, and were then treated with 0.4 M sorbitol. LATS
and YAP phosphorylation levels weremonitored byWestern blot. (F ) NF2 S518 phosphorylation status does not determine its function in
Hippo pathway regulation. HEK293AWT, S518E knock-in, and S518A knock-in cell lines were treated with 0.4 M sorbitol for 30 min.
LATS and YAP phosphorylation levels were monitored by Western blot.
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we generated constructs containing either wild-type
NF2, an NF2 phosphorylation-mimicking S518E mutant,
or phosphorylation-deficient S518A mutant. When ex-
pressed in the NF2 KO cells, the wild-type NF2 rescued
the osmotic stress-induced LATS and YAP phosphoryla-
tion (Fig. 1E). Surprisingly, both NF2 S518E and S518A
mutant were also able to rescue LATS and YAP phosphor-
ylation in response to sorbitol treatment. This was an un-
expected finding as the previous reports showing that
Ser518 phosphorylation inhibits NF2 (Shaw et al. 2001;
Rong et al. 2004; Surace et al. 2004; Sher et al. 2012).

To avoid potential artifact due to ectopic expression of
the NF2 phosphorylation mutants, we performed
CRISPR-Cas9 gene editing to knock-in both the NF2
S518E and S518A mutations. HEK293A cells have three
alleles for NF2. The NF2 S518E KI cell line is homozy-
gous, with all three alleles containing the S518Emutation
(Supplemental Fig. S1J). The S518A KI cell line contains
the S518A mutation in two alleles, while the third allele
is an out-of-frame deletion (Supplemental Fig. S1K); there-
fore, the NF2 total protein expression in the S518A KI
cells is slightly lower (Supplemental Fig. S1L). Similar to
results from the rescue experiments, neither the S518E
KI nor S518A KI cells showed observable difference in
the phosphorylation of LATS or YAP in response to os-
motic stress when compared with the wild-type control
cells (Fig. 1F). These results demonstrate that under
osmotic stress, Ser518 phosphorylation is unlikely to be
involved in mediating NF2 regulation of the Hippo path-
way, although Ser518 phosphorylation was reduced. As
the Hippo pathway is the major effector of NF2 function,
our data question the widely perceived notion that Ser518
phosphorylation plays a critical role in NF2 regulation.

Phospholipid binding is essential for NF2 activity toward
the Hippo pathway

NF2 function may be determined by its posttranslational
modifications, localization, or interactions with binding
partners (Cooper and Giancotti 2014). Based on phosphor-
ylation data from published literatures and high-through-
put mass spectrometry cultivated on PhosphoSitePlus,
NF2 has several major phosphorylation sites in addition
to S518 (Hornbeck et al. 2019). We generated these NF2
phosphorylation mutations; however, an NF2 mutant
mimicking phosphorylation of these sites (NF2 6E:
S10E, S13E, T230E, S315E, S518E, and S581E) did not pre-
clude LATS and YAP phosphorylation either at the basal
or in response to osmotic stress when expressed in the
NF2 KO cells (Supplemental Fig. S2). Therefore, NF2 reg-
ulation of the Hippo pathway by osmotic stress is most
likely independent of NF2 phosphorylation status.

The NF2 protein structure consists of a FERM domain
with three subdomains (F1, F2, and F3), followed by a
coiled-coil domain (CC) and a C-terminal domain (CTD)
(Fig. 2A). It has been shown that the F2 subdomain inter-
acts with the LATS kinases (Li et al. 2015). To determine
which domains are essential for NF2 regulation of the
Hippo pathway, we generated several truncated NF2 mu-
tants, expressed them in theNF2 KO cells, andmonitored

LATS and YAP phosphorylation status following sorbitol
treatment. Deleting the entire CTD (NF2 1-381) largely
blunted the LATS and YAP phosphorylation response,
while deleting the N-terminal FERM domain (NF2 382-
595) completely blocked any LATS or YAP phosphoryla-
tion (Fig. 2B). To determine which FERM subdomains
are most critical, we individually deleted each of the F1,
F2, and F3 subdomains. Interestingly, we found that all
three subdomains were equally important, as deleting
any of the subdomains was sufficient to compromise
NF2 function as indicated by LATS and YAP phosphory-
lation (Fig. 2C). That the entire FERM domain is required
for NF2 function raises the possibility that NF2 func-
tion in relation to the Hippo pathway is primarily deter-
mined not by individual posttranslational modifications
but rather by the NF2 protein conformation and interac-
tions with its binding partners mediated by the FERM
domain.

In addition to binding to LATS, the NF2 FERM domain
has also been shown to interact with the phospholipid
PI(4,5)P2 (Shimizu et al. 2002; Stickney et al. 2004).
PI(4,5)P2 binding has been shown to be important for
Ezrin function (Nakamura et al. 1999; Barret et al. 2000;
Fievet et al. 2004), which is a member of the ezrin–radi-
xin–moesin (ERM) protein family and has a high degree
of sequence similarity with NF2 (Rouleau et al. 1993;
Trofatter et al. 1993). Two independent sets of mutations
in the NF2 FERM domain have been shown to decrease
the NF2-binding affinity to PI(4,5)P2 (Mani et al. 2011;
Chinthalapudi et al. 2018). In accordance with previous
reports and incorporating these mutations, we generated
two NF2 mutants: LBD (T59V, W60E, R309Q, and
R310Q) and 6N (K79N, K80N, K269N, E270N, K278N,
and K279N). We expressed each of these mutants in the
NF2 KO cells and evaluated Hippo pathway activity in re-
sponse to osmotic stress. Each of the mutants were par-
tially defective, as there was a slight decrease in LATS
phosphorylation and activity in each (Fig. 2D); however,
this reduced LATS activity was still sufficient to phos-
phorylate YAP.

Since the NF2 LBD and 6N mutants were unable to
completely abolish NF2 function on their own, we gener-
ated a third mutant, the NF2 10m, which combined the
LBD and 6N mutations. We performed a protein–lipid-
binding assay to test the binding affinity of the NF2
10m mutant with an array of phospholipids. In brief,
NF2 WT and 10m proteins were expressed, purified,
and incubated with a membrane strip spotted with dif-
ferent types of phospholipids. The NF2 10m mutant ex-
hibited decreased binding affinity toward all of the
phosphatidylinositol groups, especially toward PI(3,4)P2,
PI(4,5)P2, and PI(3,4,5)P3 (Fig. 2E). Finally, to determine
the functional activity of the NF2 10m mutant, we trans-
fected both NF2 WT and the NF2 10m mutant into the
NF2 KO cells. The NF2 10m mutant completely abol-
ished LATS phosphorylation (Fig. 2F), and similar to
NF2 KO cells, YAP phosphorylation remained minimal.
These data strongly indicate that NF2 requires its lipid-
binding ability to regulate the Hippo pathway in response
to sorbitol treatment.
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Osmotic stress induces PI(4,5)P2 membrane enrichment
and NF2 colocalization

The phospholipids that showed the greatest difference in
binding between the NF2 WT and NF2 10m mutant

were the phosphoinositides, while other phospholipids
such as PS showed less difference (Fig. 2E). Because the
spatiotemporal organization of phosphoinositides plays a
critical role in their regulation and activity (Di Paolo
and De Camilli 2006), we used immunofluorescence

E
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Figure 2. Phospholipid binding is essential for NF2 activity toward the Hippo pathway. (A) Schematic diagram of the NF2 protein struc-
ture. NF2 consists of a FERM domain containing three subdomains (F1, F2, and F3), a coiled-coil (CC) domain, and a C-terminal domain
(CTD). NF2 interacting partner and region are listed in the diagram. (B) The FERM domain is essential for NF2 activity. NF2 truncated
constructs were transfected into NF2 KO cells. Flag-NF2 1-381 is missing the entire C-terminal domain (CTD), and Flag-NF2 382-595
is missing the entire FERM domain. Cells were treated with 0.4M sorbitol for the indicated times (in minutes), and LATS and YAP phos-
phorylation was detected by Western blot. (C ) Each of the F1, F2, and F3 subdomains is required for NF2 function. NF2 constructs with
deletion of either the F1, F2, or F3 subdomain were transfected into the NF2 KO cells. Cells were treated with 0.4 M sorbitol for the in-
dicated times (in minutes), and LATS and YAP phosphorylation was detected byWestern blot. (D) NF2 LBD and 6Nmutants show slight
decrease in their activities. TheNF2 LBDmutant contains the T59V, W60E, R309Q, and R310Qmutations, and the NF2 6Nmutant con-
tains theK79N,K80N,K269N, E270N,K278N, andK279Nmutations.NF2wild-type, LBD, and 6Nwere transiently expressed inNF2KO
cells and treatedwith 0.4M sorbitol for the indicated times (inminutes). LATS and YAP phosphorylation levels were detected byWestern
blot. (E) NF2 10m mutant has defect in binding with phosphoinositides. Flag NF2 WT and 10m proteins were purified and subjected to
lipid-binding assay. A strip of phospholipids was used to test for NF2 lipid-binding ability. (F ) Lipid binding is essential for NF2 function
under osmotic stress. NF2WTand the 10mmutantswere transiently expressed inNF2KO cells. Cells were treatedwith 0.4M sorbitol for
the indicated times (in minutes), and LATS and YAP phosphorylation levels were detected by Western blot.
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staining (IF) to determine whether phosphoinositides are
responsive to osmotic stress. PI(4,5)P2 and PI(4)P are the
two most abundant phosphoinositides in mammalian
cells (Di Paolo and De Camilli 2006). To visualize, GFP
PLCδ-PH and GFP P4M-SidM were used as reporters for
PI(4,5)P2 and PI(4)P, respectively (Stauffer et al. 1998;
Hammond et al. 2014). Distribution of PI(4,5)P2 was
strongly enriched in the plasma membrane compartment
following sorbitol treatment (Fig. 3A), while the distribu-
tions of PI(4)P and the GFP-only control were largely unaf-
fected (Supplemental Fig. S3A). Thus, it seems that
hyperosmotic stress selectively induces PI(4,5)P2 mem-
brane localization. A PI(4,5)P2-specific antibody was also
tested to further confirm the PI(4,5)P2 enrichment in the
plasma membrane compartment after sorbitol treatment
(Fig. 3B).

It is reported that phosphatidic acid (PA) inhibits the
Hippo pathway by directly binding to NF2 (Han et al.
2018). We performed liposome-binding assay that mimics
the lipid-bilayermembrane environment in the cell (Putta
et al. 2016) to test for NF2-binding ability with PA. We
found that NF2 association with liposome was enhanced
by the presence of PI(4,5)P2 but not PA (Supplemental
Fig. S3B), indicating that NF2 has low binding affinity to-
ward PA. We further used IF to determine PA localization
using a PA-specific reporter RFP-PASS (Zhang et al. 2014).
No significance difference in PA levels or distribution
was observed upon sorbitol treatment (Supplemental
Fig. S3C). These data suggest that PA is not regulated by
osmotic stress and unlikely to contribute to Hippo path-
way activation induced by osmotic stress.

Regulation of membrane dynamic through reversible
recruitment of cytosolic proteins to specific membranes
is crucial for cellular functions (Schink et al. 2016). We
speculate that PI(4,5)P2 enrichment at the membrane
compartment in response to sorbitol treatment may re-
cruit NF2 to the plasma membrane, where NF2 stimu-
lates the Hippo pathway. To test this hypothesis, we
performed subcellular fractionation to separate cytosol
and membrane compartments and assayed NF2 localiza-
tion byWestern blot.We found thatNF2 cytosolic portion
decreased under both 0.4 M and 0.2 M sorbitol treatment
(Fig. 3C), suggesting that osmotic stress induces NF2
membrane translocation.We then transfected and stained
for Flag-NF2 and found that osmotic stress not only led to
increased PI(4,5)P2 membrane localization, but also in-
creased PI(4,5)P2 colocalization with NF2 (Fig. 3D). Con-
sistent with the protein–lipid-binding assay in which the
NF2 10m mutant showed greatly reduced binding to PI
(4,5)P2, we found that the Flag-NF2 10m mutant failed
to colocalizewith PI(4,5)P2 or localize to the plasmamem-
brane following sorbitol treatment (Fig. 3E). To further
test whether the NF2 plasma membrane localization
recruited by PI(4,5)P2 plays a role inHippo pathway activa-
tion, we targeted the lipid-binding-deficientNF2 10mmu-
tant to the plasma membrane by inserting an N-terminal
myristoylation tag (Myr-10m), or to the Golgi compart-
ment with a C-terminal GRIP domain (10m-GRIP). Our
data show that onlyNF2Myr-10m regained its activity to-
ward Hippo pathway activation upon sorbitol treatment

(Fig. 3F; Supplemental Fig. S3D). This result adds strong
support to our model that NF2 plasmamembrane recruit-
ment by PI(4,5)P2 contributes to Hippo pathway activa-
tion. On the other hand, both the NF2 6N and LBD
mutants managed to partially localize to the plasma
membrane, albeit to a lesser degree than the NF2 WT
(Supplemental Fig. S3E); this may account for why the
NF2 6N and LBD mutants retain some activity to induce
LATS and YAP phosphorylation (Fig. 2D). Note that plas-
mamembrane targetedNF2 is not constitutively active as
overexpression of Myr-NF2 did not show higher basal
LATS and YAP phosphorylation than NF2 WT, and it
was able to restore osmotic stress response in NF2 KO
cells (Supplemental Fig. S3F). We speculate that in addi-
tion to plasma membrane distribution, NF2 needs to be
localized to specific plasmamembrane subdomain to acti-
vate the Hippo pathway.

PIP5K is an upstream regulator of the Hippo pathway
in response to osmotic stress

Hyperosmotic stress can be induced by a variety of meth-
ods, such as using inorganic salts or organic osmolytes.
However, these methods can trigger distinct downstream
mechanisms. It has been reported that NaCl-induced, but
not urea-induced, osmotic stress activates PIP5Ks, which
are the primary kinases that synthesize PI(4,5)P2 by phos-
phorylating PI(4)P (Yamamoto et al. 2006). If osmotic
stress indeed relies specifically on PI(4,5)P2 to activate
the Hippo pathway, then we might expect that urea treat-
ment would not activate the Hippo pathway. This predic-
tion is supported by our observation that urea failed to
increase LATS or YAP phosphorylation (Fig. 4A). By treat-
ing the cells with p38 inhibitor SB203580 together with
JNK inhibitor SP600125, we ruled out the possibility
that p38 and JNK, another MAP kinase that is known
to be activated by osmotic stress, are responsible
for Hippo pathway activation by osmotic stress (Supple-
mental Fig. S4A). Together, our results suggest a key
role of PIP5Ks in osmotic stress-induced Hippo pathway
activation.

There are three major isoforms of PIP5Ks: PIP5K1A,
PIP5K1B, and PIP5K1C (Ishihara et al. 1996, 1998; Loijens
and Anderson 1996). To determine which members of
the PIP5K family could regulate the Hippo pathway,
Flag-tagged PIP5Ks were transiently transfected into
HEK293A cells. Ectopic expression of PIP5K1A, PIP5K1C
γ87, or PIP5K1C γ90, but not PIP5K1B, increased LATS
and YAP phosphorylation (Fig. 4B) and YAP cytoplasmic
translocation (Fig. 4C). The reduced YAP staining in the
PIP5K transfected cells is consistent with our previous
study that phosphorylation can induce YAP ubiquitina-
tion and degradation (Zhao et al. 2010). Next, we exam-
ined the effect of osmotic stress on PIP5K subcellular
localization, as PIP5Ks are activated upon membrane as-
sociation to produce PI(4,5)P2 (van den Bout and Divecha
2009; Liu et al. 2016). We found that the GFP-tagged
PIP5K1C γ87 was enriched in the plasmamembrane com-
partment, especially at the cell–cell junctions, following
sorbitol treatment (Fig. 4D). As expected, overexpression
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Figure 3. Osmotic stress induces PI(4,5)P2 plasma membrane enrichment and NF2 colocalization. (A) Osmotic stress induces PI(4,5)P2

membrane localization assayed by PI(4,5)P2 reporter. HEK293A cells were transiently transfected with the PI(4,5)P2 reporter GFP-PLCδ-
PH and is shown in green. Plasma membrane marker WGA is shown in red, and the nuclei (DAPI) are shown in blue. Cells were treated
with 0.4 M sorbitol for 30 min. Scale bar, 20 µm (for this and other panels in this figure). (B) Osmotic stress induces PI(4,5)P2 membrane
localization assayed by PI(4,5)P2 antibody. HEK293A cells were treated with 0.4M sorbitol for 30min. PI(4,5)P2 is shown in green, Plasma
membrane marker (WGA) is shown in red, and the nuclei (DAPI) are shown in blue. Higher-magnification images of the boxed area are
shown at the right. (C ) Osmotic stress induces NF2 redistribution to membrane compartment. HEK293A cells were treated with 0.4
or 0.2 M sorbitol for 30 min. Cytosolic and membrane fractions were collected by differential fractionation. GAPDH and N-Cadherin
were used as cytosolic and membrane markers, respectively. (l.e.) Long exposure. (D) Osmotic stress induces PI(4,5)P2 and NF2 colocal-
ization. Flag-NF2was transiently transfected into HEK293A cells for 24 h, and then cells were treated with 0.4M sorbitol for 30min. NF2
was stained with an anti-Flag antibody and is shown in red. PI(4,5)P2 is shown in green, and the nuclei (DAPI) are shown in blue. (E) NF2
10m mutant does not colocalize with PI(4,5)P2 upon sorbitol treatment. Flag-NF2 WT and the 10m mutant were transiently transfected
into cells for 24 h, and then cells were treated with 0.4 M sorbitol for 30 min. NF2 was stained with an anti-Flag antibody and is shown in
red. PI(4,5)P2 is shown in green, and the nuclei (DAPI) are shown in blue. Higher-magnification images of the boxed area are shown at the
right. (F ) Plasmamembrane localization ofNF2 10mmutant restores its ability in regulating theHippo pathway.NF2WT, 10m,Myr-10m,
and 10m-GRIP mutants were transiently expressed in NF2 KO cells. Cells were treated with 0.4 M sorbitol for the indicated times (in
minutes), and LATS and YAP phosphorylation were detected by Western blot.
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Figure 4. PIP5Ks act as upstream regulators of the Hippo pathway in response to osmotic stress. (A) Hyperosmotic stress induced by urea
does not activate the Hippo pathway. HEK293A cells were treated with different dosage of sorbitol, NaCl, or urea for 30 min. LATS and
YAP phosphorylation was detected byWestern blot. (B) PIP5K1A and PIP5K1C activate the Hippo pathway. PIP5K1A, PIP5K1B, PIP5K1C
γ87, and PIP5K1C γ90were overexpressed in HEK293A cells. Expression levels of PIP5Kswere detected using an anti-Flag antibody. LATS
and YAP phosphorylation levels were detected by Western blot. (C ) PIP5K1A and PIP5K1C induce YAP cytoplasmic localization. Flag-
PIP5K1A, Flag-PIP5K1C γ87, and Flag-PIP5K1C γ90 were transiently transfected into HEK293A cells. PIP5Ks were stained using an
anti-Flag antibody and are shown in green, YAP is shown in red, and nuclei (DAPI) are shown in blue. Scale bar, 20 µm (for this and other
panels in this figure). (D) Osmotic stress induces PIP5K1C γ87 plasma membrane localization. GFP-PIP5K1C γ87 was transiently trans-
fected into the cells and is shown in green. Cells were treated with 0.4 M sorbitol for 30 min. Nuclei (DAPI) are shown in blue. (E) PIP5K
expression induces PI(4,5)P2 levels and plasma membrane localization. Flag-PIP5K1C γ87 was transiently transfected into the cells.
PIP5K1C γ87 was stained using an anti-Flag antibody and is shown in red, PI(4,5)P2 is shown in green, and the nuclei (DAPI) are shown
in blue. (F ) NF2 lipid binding is required for PIP5K1C to activate the Hippo pathway. NF2 WT, NF2 10m mutant, and PIP5K1C γ87
were transiently transfected into NF2 KO cells in different combinations. LATS and YAP phosphorylation was determined by Western
blot. (G) PIP5K1A/B/C tKO shows impaired Hippo pathway activation in response to osmotic stress. PIP5Ks KO cells with deletion of
PIP5K1A, PIP5K1B, and PIP5K1C were generated by CRISPR-Cas9 gene editing. LATS and YAP phosphorylation in wild-type, PIP5Ks
KO clone #B1-4, and clone #B1-8 were detected by Western blot following treatment with 0.4 M or 0.2 M of sorbitol at indicated times
(in minutes).
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of PIP5K1C γ87 resulted in increased PI(4,5)P2 levels (Fig.
4E). These data support the notion that PIP5K is activated
and increases plasma membrane PI(4,5)P2 levels in re-
sponse to hyperosmotic stress.
In order to further support that PIP5K activity is

upstream of PI(4,5)P2 and NF2, we tested whether the lip-
id-binding ability of NF2 is required for PIP5Ks to activate
the Hippo pathway. Indeed, overexpressing PIP5K1A or
PIP5K1C γ87 dramatically increased LATS and YAP phos-
phorylation in NF2 KO cells that were rescued with wild-
type NF2, while NF2 10m mutant rescued cells only
exhibited a blunted response (Fig. 4F; Supplemental Fig.
S4B). Together, these data support the model that PIP5Ks
act through PI(4,5)P2 and NF2 to regulate the Hippo
pathway.
Additionally, we generated PIP5K1A/B/C tKO cell lines

usingCRISPR–Cas9 (Supplemental Fig. S4C [clone #B1-4],
Supplemental Fig. S4D [clone #B1-8]). Both of these cell
lines exhibited a marked decrease in LATS phosphoryla-
tion in response to sorbitol treatment compared with
the wild-type cells (Fig. 4G), supporting an important
role for PIP5K in mediating the osmotic stress response
to activate the Hippo pathway. Notably, the effect on
YAP phosphorylation in these KO cell lines was relatively
modest (Fig. 4G). A possible explanation is that a low level
of LATS kinase activity can induce substantial YAP phos-
phorylation. In addition, although PI(4,5)P2 is primarily
synthesized by the PIP5K family, there are other pathways
that can lead to increased PI(4,5)P2 levels, such as phos-
phatidylinositol 5-phosphate 4-kinase (PIP4K) phosphory-
lating PI(5)P, or phosphatase and tensin homolog (PTEN)
dephosphorylating PI(3,4,5)P3 (van den Bout and Divecha
2009). These compensatory pathways may contribute to
PI(4,5)P2 production in PIP5K KO cells.

ARF6 acts in coordination with PIP5K to stimulate
the Hippo pathway

The small GTPase ARF6 has been reported to regulate PI
(4,5)P2 synthesis through direct activation of PIP5K
(Honda et al. 1999; Jones et al. 2000; Funakoshi et al.
2011). Interestingly, ARF6 also responds to membrane
curvature and is involved in cytoskeleton rearrangements
(Boshans et al. 2000; Lundmark et al. 2008). Since cell vol-
ume change and cytoskeleton remodeling are key hall-
marks of the osmotic stress response, we speculated that
ARF6maymediate the osmotic stress response to regulate
PIP5K, hence the Hippo pathway. Similar to PIP5K, we
found that ARF6 translocated to the plasma membrane
following sorbitol treatment (Fig. 5A). Increased ARF6
and PIP5K interaction has also been reported to induce
PIP5K activation (Aikawa and Martin 2003). By coimmu-
noprecipitation, we found that osmotic stress rapidly in-
duced ARF6 and PIP5K association (Fig. 5B), suggesting a
possible mechanism that osmotic stress promotes ARF6
interaction and thus activation of PIP5K.
To determine whether ARF6 is involved in Hippo path-

way regulation, we used CRISPR-Cas9 gene editing to
delete ARF6 and ARF1, which is the closest homolog of
ARF6 and also known to activate PIP5K (Jones et al.

2000; Skippen et al. 2002). Complete ARF1/6 double KO
cells could not be maintained (Supplemental Fig. S5A,B).
However, we were able to obtain a complete ARF6 KO
clone (clone #1-1: ARF6−/−, ARF1+/+) (Supplemental Fig.
S5C) and a complete ARF6 KO clone with a heterozygous
KO of ARF1 (clone #2-3: ARF6−/−, ARF1−/+) (Supplemen-
tal Fig. S5D). Both cell lines, especially clone #2-3, showed
compromised Hippo pathway activation in response to
low-dose sorbitol treatment (Fig. 5C), while only the
ARF6−/−, ARF1−/+ cell line (clone #2-3) showed dimin-
ished Hippo pathway activation in response to the high-
dose sorbitol treatment (Supplemental Fig. S5E). These re-
sults suggest that both ARF1 and ARF6 play a role in Hip-
po pathway regulation by osmotic stress, and that there
exists some functional redundancy between ARF1 and
ARF6. Finally, to further support the role of ARF6, we
overexpressed the ARF6 constitutive-active Q67L mu-
tant. ARF6 Q67L induced both LATS and YAP phosphor-
ylation (Fig. 5D). Collectively, our data indicate thatARF6
serves as an upstream regulator and activator of the Hippo
pathway.
Next, we tested the function of NF2 for Hippo pathway

activation by ARF6. ARF6 overexpression induced a
weak phosphorylation of LATS and YAP in NF2 KO cells.
This increased LATS and YAP phosphorylation by ARF6
can be potentiated by re-expression of wild-type NF2, but
not the NF2 10m mutant (Fig. 5E). These data suggest
that NF2 lipid binding is important for the Hippo path-
way activation by ARF6, which is consistent with our
model that ARF6 activates the Hippo pathway through
regulating PI(4,5)P2. Notably, overexpression of ARF6
was still able to induce some YAP phosphorylation in
NF2 KO cells (Fig. 5E), indicating that ARF6 may have
additional mechanisms to induce YAP phosphoryla-
tion. In summary, we propose that ARF6 and PIP5K act
together to generate plasmamembrane domains enriched
in PI(4,5)P2, which then recruits NF2 to activate the
Hippo pathway under hyperosmotic stress conditions
(Fig. 5F).
Last, we wanted to know whether this ARF6–PIP5K–

PI(4,5)P2–NF2 signaling axis is specific to osmotic stress.
Two other stimuli that are known to activate the Hippo
pathway, serum starvation, and energy stress (2-DG treat-
ment), were treated to wild-type HEK293A, NF2 KO,
PIP5K1A/B/C tKO, and ARF1/6 KO (clone #2-3) cells,
and Hippo pathway activity was assayed by Western
blot. Our results show that both stimuli require NF2
and PIP5Ks to stimulate the Hippo pathway, as NF2 KO
cells completely abolished LATS and YAP phosphoryla-
tion, and PIP5K tKO cells exhibited a reduced LATS phos-
phorylation (Supplemental Fig. S5F,G). Similar to osmotic
stress, energy stress acts through ARF1 and ARF6 to acti-
vate the Hippo pathway, indicated by the decreased LATS
phosphorylation in ARF1/6 KO (clone #2-3) cells. In con-
trast, serum starvation activates the Hippo pathway inde-
pendent of ARF1 and ARF6. From these observations, we
conclude that NF2 and PIP5K are more broadly involved
in Hippo pathway regulation, whereas ARF6 is required
for Hippo pathway activation induced by a subset of stim-
uli, such as energy stress and osmotic stress.
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Discussion

The Hippo pathway plays an essential role in maintaining
tissue homeostasis by balancing cell proliferation and dif-
ferentiation. Exploring the upstream regulatory network
of the Hippo pathway is critical for understanding its
role in cellular signaling and how it becomes dysregulated
in disease. NF2 is awell-established tumor suppressor and
key component upstream of the Hippo pathway, and mu-
tations in NF2 have been frequently observed in human
cancer. Previous studies have demonstrated that NF2 is
necessary for Hippo pathway activation, and that loss of
NF2 significantly disrupts LATS and YAP phosphoryla-
tion. However, despite extensive research on NF2 regula-
tion, the precise mechanism of how NF2 activates the
Hippo pathway remain poorly understood. This report re-
veals the critical function and mechanism of NF2 in me-
diating osmotic stress signal to Hippo pathway activation.

It is widely reported that NF2 phosphorylation at
Ser518 determines its activity and tumor suppressor func-
tion; however, few of these studies have examinedNF2 ac-
tivity in the context of Hippo pathway regulation. To
investigate whether NF2 S518 phosphorylation is critical
in regulating the Hippo pathway, we generated NF2 phos-
pho-mimetic (S518E) and NF2 phospho-deficient (S518A)
knock-in cell lines. Ultimately, neither of these NF2
knock-in cell lines showed any difference in Hippo path-
way activity in response to various conditions, including
serum starvation, cell detachment (data not shown), or os-
motic stress. These observations suggest that NF2 S518
dephosphorylation alone does not regulate NF2 activity
toward the Hippo pathway. Activation of the Hippo path-
way represents amajormechanism for the tumor suppres-
sor function of NF2. Our data raise concerns about the
essentiality of S518 phosphorylation status in determin-
ing NF2 function in the context of cell growth regulation.
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Figure 5. ARF6 acts in coordination with PIP5K to activate the Hippo pathway. (A) Osmotic stress induces ARF6 plasma membrane lo-
calization. ARF6-HAwas transiently transfected intoHEK293A cells. Cells were treatedwith 0.4M sorbitol for 30min. ARF6was stained
with an anti-HAantibody and is shown in green.Higher-magnification images of the boxed area are shown at thebottom. Scale bar, 20 µm.
(B) Osmotic stress induces ARF6 and PIP5K1C interaction. HEK293A cells were transiently transfected with HA-tagged ARF6 and Flag-
tagged PIP5K1C γ87, and were treated with 0.4 M sorbitol at different time points (in minutes). PIP5K1C γ87 was immunoprecipitated
with the Flag antibody, and ARF6 and PIP5K1C were detected using the anti-HA and anti-Flag antibodies, respectively, by Western
blot. (C ) ARF6 deletion compromises Hippo pathway activation under sorbitol treatment. ARF1/6 KO clone #1-1 cells have complete
loss of ARF6, and clone #2-3 has complete loss of ARF6 and partial deletion of ARF1. LATS and YAP phosphorylation in wild-type
HEK293A, ARF1/6 KO clone #1-1, and clone #2-3 was detected byWestern blot following treatment with 0.2M sorbitol for the indicated
times (in minutes). (D) ARF6 induces LATS and YAP phosphorylation. Constitutively active ARF6 (ARF6 QL) was overexpressed in
HEK293A cells. LATS and YAP phosphorylation was detected by Western blot. (E) NF2 lipid binding is important for Hippo pathway ac-
tivation by ARF6. NF2 WT, NF2 10m mutant, and ARF6 QL were transiently transfected into NF2 KO cells in different combinations.
LATS and YAP phosphorylation was detected by Western blot. (F ) A proposed model linking osmotic stress to the Hippo pathway.
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Through domain mapping, we identified that the NF2
FERMdomain is essential for NF2 regulation of the Hippo
pathway, as osmotic stress fails to induce LATS or YAP
phosphorylation if NF2 is missing any of its three FERM
subdomains. Also, consistent with previous reports that
NF2 is localized to lipid rafts by binding to phospholipids
(Stickney et al. 2004; Mani et al. 2011), we found that NF2
recruitment to the plasma membrane through lipid bind-
ing is required for Hippo pathway activation, and that an
NF2 mutant deficient in phosphoinositide binding fails
to activate the Hippo pathway in response to osmotic
stress. Introduction of 10 point mutations to NF2 might
alter its conformation. However, our data suggest that
NF2 10m mutant is unlikely to be drastically misfolded,
as it can still interact with Kibra (data not shown), and tar-
geting thismutant to the plasmamembrane by inserting a
myristoylation tag (Myr-10m) can rescue its activity in
Hippo pathway activation (Fig. 3D; Supplemental Fig.
S3D). Nonetheless, we could not rule out the possibility
of a partial conformational alteration. Although NF2 has
been previously shown to interact with PI(4,5)P2 and
that this interaction may modulate NF2 function (Mani
et al. 2011; Chinthalapudi et al. 2018), to our knowledge,
no physiological signals have been identified that relay
NF2 and PI(4,5)P2 interaction to Hippo pathway activa-
tion. Our study emphasizes the spatial regulation of NF2
in coordination with phospholipid dynamics as a key
mechanism in Hippo pathway regulation. We posit that
NF2 plasma membrane association through binding to
PI(4,5)P2 potentiates NF2 in Hippo pathway activation.
PI(4,5)P2 levels are dynamically maintained through

regulated synthesis and degradation. PI(4,5)P2 is primarily
synthesized by PIP5K phosphorylation of PI(4)P. In this re-
port, we present evidence that the PIP5K family, along
with its activator ARF6, also serve as upstream regulators
of the Hippo pathway. We propose a model that osmotic
stress induces a series of signaling cascades, including
ARF6 and PIP5K activation, which in turn enhances plas-
ma membrane localization of PI(4,5)P2 and increases PI
(4,5)P2 interactionwithNF2. ARF6may function as a sen-
sor by detecting alteration in membrane curvature that is
caused by osmotic stress to initiate the osmosignaling and
Hippo pathway activation (Lundmark et al. 2008). NF2
binding to PI(4,5)P2 then induces downstreamHippo path-
way activation. This report uncovers a novel pathway in
which osmotic stress activates the Hippo pathway
through phospholipids, which highlights the complexity
of Hippo pathway regulation and opens new doors for fu-
ture inquiries.
Although we identified PI(4,5)P2 as an important con-

tributor to NF2 activity and signaling, clearly there are
other phospholipids capable of interacting with NF2. It
will be interesting to explore how other phospholipids
may regulate the Hippo pathway in other contexts. We
found that NF2 also interacts with phosphatidylserine
(PS), which is a major structural phospholipid component
for membrane bilayer. We speculate that the interaction
with PSmay provide a nonselective and low-affinity bind-
ing for NF2 association with membrane bilayer, while the
interaction with PI(4,5)P2 provides specificity for NF2 to

be recruited to PI(4,5)P2-enriched subdomains on the plas-
ma membrane, where NF2 recruits and activates Hippo
pathway components such as LATS (Yin et al. 2013).
In addition to NF2, we also observed a critical role of

MST in Hippo pathway activation by osmotic stress.
Loss ofMST1 andMST2 abolished osmotic stress-induced
Hippo pathway activation even in the presence of
MAP4Ks. This is a rather interesting observation because
for many other stimuli, including serum deprivation, glu-
cose starvation, or actin disruption,MST1/2 andMAP4Ks
show functional redundancy as deletion of both MST1/2
andMAP4K4/6/7 is required to completely abolish Hippo
pathway activation (Meng et al. 2015). Therefore, osmotic
stress may serve as a useful tool for future mechanistic
and regulatory studies of the MST kinases.

Materials and methods

Cell culture and transfection

Most cell lines (HEK293A, including KI and KO cells, MEF,
HaCaT, HeLa, and MCF7) were cultured in Dulbecco’s modified
Eagle’s mediumDMEM (Gibco 11965-092) with 10% FBS (Gibco
A31606-02) and 100 U/mL penicillin–streptomycin (Gibco
15140-122). Cells were incubated in a humidified incubator at
37°C with 5% CO2. MCF10A cells were cultured in DMEM-
F12 (Gibco11330-032) supplemented with 5% horse serum
(Gibco 26050088), 20 ng/mL EGF (Peprotech AF-100-15), 0.5 μg/
mL hydrocortisone (Sigma H4001), 10 μg/mL insulin (Sigma
I1882), 100 ng/mL cholera toxin (Sigma C8052), and 100 U/mL
penicillin–streptomycin. MCF10A cells were also maintained at
37°C with 5% CO2.

Transfection

Cells were transfected with plasmid DNA using PolyJet reagent
(SignaGen Laboratories 50-478-8) according to the manufactur-
er’s instructions. Cells were harvested 24 h after transfection
for protein analysis.

Antibodies and chemicals

The following antibodies were purchased fromCell Signaling and
used at the indicated dilution for Western blot analysis: Merlin
(NF2) (1:1000; 6995), phospho-Merlin Ser518 (1:1000; 9163),
YAP (1:1000; 14074), pYAP-Ser127 (1:1000; 4911), LATS1
(1:1000; 3477), phospho-LATS HM (1:1000; 8654), phospho-
MK2 Thr334 (1:1000; 3007), phospho-p38 Thr180/Tyr182
(1:1000; 4511), andHAHRP-conjugated (1:10,000; 2999). GAPDH
(1:2000) and YAP/TAZ (1:500) were obtained from Santa Cruz
Biotechnology (sc-25778 and sc-101199, respectively). Vinculin
(1:5000) and Flag HRP conjugated (1:10,000) were from Sigma
(V9131 and A8592, respectively. N-Cadherin (1:1000) was from
BD Biosciences (610920).
The following antibodieswere used for immunofluorescentmi-

croscopy experiments at the indicated dilutions: GFP (1:200) was
from Abcam (ab6673), PI(4,5)P2 (1:200) was from Echelon Biosci-
ences (Z-G045), Flag (1:500) andHA (1:500) were fromCell Signal-
ing (14793 and 3724, respectively), and YAP (1:200) was from
Santa Cruz Biotechnology (sc-101199).
Secondary antibodies Alexa fluor 488 and 555 and phalloidin

were from Invitrogen and used in 1:1000 dilution.
Chemicals sorbitol was from Fisher Scientific (S459-500),

latrunculin B (Lat B) was from Abcam (ab144291), 2-deoxy-D-
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glucose (2-DG) was from Sigma (D8375), and p38 inhibitor
SB203580 (1202) and JNK inhibitor SP600125 (1496) were from
Tocris.

CRISPR knockout

CRISPR genomic editing technology was used for generating
knockout (KO) cell lines. The gene-specific guide sequences
were designed at https://benchling.com. Single-guide RNA
(sgRNA) sequences were cloned into expression vector pSpCas9
(BB)-2A-Puro (PX459) (Addgene 48139) or lentiCRISPR v2 (Addg-
ene 52961). The constructed plasmids were transfected into
HEK293AandHeLa cells, and transduced intoMCF7 cells. Twen-
ty-four hours after transfection or transduction, cells were en-
riched by 1 μg/mL puromycin (Gibco, #A11138-03) selection for
2–3 d and single-cell-sorted by FACS into 96-well plate format.
Single clones were expanded for HEK293A and MCF7 cells, and
genomicDNAwere extracted using Purelink genomicDNAmin-
ikit (Invitrogen K182002). Genomic DNA were PCR amplified
and sent out for sequencing. sgRNA sequences for each KO cell
line are as follows: PIP5K1A (5′-TCCCTTACCATGTAGTAT
CC-3′), PIP5K1B (5′-TGCATAAGAACATCTCGTTC-3′), PIP5K
1C (5′-CGGATGCGTCCACACCTCGA-3′), ARF1 for clone #1-
3 (5′-CTTAAGCTTGTAGAGGATCG-3′), ARF1 for clone #2-3
(5′-AGAACATCAGCTTCACTGTG-3′), ARF6 for clone #1-1
and #1-3 (5′-GTGTAGTAATGCCGCCAGAG-3′), and ARF6 for
clone #2-3 (5′-GAAACCCACAGTGGGAATGG-3′).

CRISPR knock-in

CRISPR genomic editing technology was used for generating
knock-in (KI) cell lines. Gene-specific sgRNA and homologous
recombination (HR) templates were designed using Benchling
at https://benchling.com. Single-guide RNA (sgRNA) sequence
was cloned into expression vector pSpCas9(BB)-2A-Puro
(PX459). sgRNA sequence for both NF2 S518E and S518A KI
was 5′- TGACATGAAGCGGCTTTCCA-3′. The template se-
quence for S518E KI was 5′-AACCCAATTCCAGCACCGTTG
CCTCCTGACATACCAAGCTTCAACCTCATTGGTGACAG
CCTGTCTTTCGACTTCAAAGATACAGACATGAAGAGAT
TGGAAATGGAGATAGAGAAAGAAAAGTATGTAGCCCC
CTGTGCCCTGCTGTGGGCAGCTGTGAACTAGACTGAGT
GATTGGGGCCTTGGGAAGCTGGGGCAGA-3′. The tem-
plate sequence for S518A KI was 5′-AACCCAATTCCAGCAC
CGTTGCCTCCTGACATACCAAGCTTCAACCTCATTGGT
GACAGCCTGTCTTTCGACTTCAAAGATACAGATATGAA
GAGGTTGGCTATGGAGATAGAGAAAGAAAAGTATGTAG
CCCCCTGTGCCCTGCTGTGGGCAGCTGTGAACTAGACT
GAGTGATTGGGGCCTTGGGAAGCTGGGGCAGA-3′.
HEK293A cells were transfected with sgRNA and HR tem-

plate, selected with puromycin for 2–3 d, and single-cell-sorted
by FACS into 96-well plate format. Single clones were expanded
and genomic DNA were extracted using Purelink Genomic
DNA Mini Kit. Genomic DNA were PCR amplified and sent
out for sequencing.

Lipid-binding assay

PIP strips membrane (Echelon Biosciences P-6001) was blocked
in blocking solution (3% BSA in TBST) for 1 h at room tempera-
ture. Protein (0.5 µg/mL) in blocking solutionwas incubatedwith
the membrane for 2 h at room temperature with gentle mixing.
Membrane was then washed with TBST three times and subject-
ed to primary antibody incubation in blocking solution with
gentle mixing. Membrane was washed again as above and

lipid-associated proteins were detected by ECL according to the
manufacturer’s instructions.

Immunofluorescence staining and confocal microscopy

HEK293A cells were plated on fibronectin-coated (Sigma F1141)
coverslips 1 d prior to experimentation. Cells were fixed with
4% paraformaldehyde (Electron Microscopy Sciences 15710) for
15 min and permeabilized with 0.1% saponin (Sigma 47036) for
5 min. Note that in Figure 3, A and B, 2 μg/mLwheat germ agglu-
tinin (WGA) (Biotium 29076) was added before permeablization
for 10 min, and in Figure 4C, samples were permeabilized with
0.1% Triton X-100 for visualizing YAP localization. After block-
ing in 3%BSA in PBS for 30min, cellswere incubatedwith prima-
ry antibodies diluted in 3% BSA overnight at 4°C. After three
washes with PBS, cells were incubated with Alexa fluor second-
ary antibodies at 1:1000 dilution (Invitrogen) for 1 h in the dark
at room temperature. Actin is stained with phalloidin conjugated
with fluorescent dye (Invitrogen). Phalloidin was added at 1:1000
dilution together with the secondary antibodies. Coverslips were
mounted with ProLong Gold antifademountant with DAPI (Invi-
trogen P36931). Imageswere capturedwithNikon Eclipse Ti con-
focal microscope using a 60× oil-immersion objective. Each
image is a single Z section at the same cellular level. Fields
with moderate cell confluence were randomly selected for imag-
ing. Figures were made and analyzed with ImageJ software.

Liposome-binding assay and protein purification

TRX-taggedMerlin (human, full-length) was expressed in Escher-
ichia coli with induction of expression by 0.1 mM IPTG over-
night at 16°C. Proteins were purified using Ni2+-nitrilotriacetic
acid agarose (Ni-NTA) column followed by size-exclusion chro-
matography (Superdex 200 column fromGEHealthcare) in a sam-
ple buffer containing 50 mM Tris-HCl (pH 7.8), 250 mM NaCl,
1 mM DTT, and 1 mM EDTA.
Defined liposomes were reconstituted from synthetic PC

(Avanti Polar Lipid 850375) and PS (Avanti Polar Lipid 840029)
with or without certain concentrations of PI(4,5)P2 (Avanti Polar
Lipid 850155) or PA (Avanti Polar Lipid 840875). Lipids dissolved
in chloroform were mixed in a glass tube at an appropriate ratio
defined in each experiment, and the solvent was evaporated un-
der a stream of N2 gas at 4°C. The sample buffer was added to
bring the final lipid concentration to 2.5 mg/mL. The lipid solu-
tion was rigorously vortexed for 5 min, and then the mixture
was hydrated by 10 cycles of freeze and thaw with liquid N2.
Ten micromolar defined liposomes and protein samples were
mixed and incubated for 1 h at 4°C followed by centrifugation
at 100,000g for 30 min at 4°C in a Beckman TLA100.1 rotor.
The supernatant fractionswere removed for determination of pro-
teins not bound to liposomes. The pellet fractions were washed
twice with the same buffer and brought up to the same volume
as the supernatant. The proteins in the supernatant and pellet
were analyzed by SDS-PAGE with Coomassie blue staining.

Subcellular fractionation

To separate cytosolic and membrane-associated proteins, cells
were subjected to S100/P100 fractionation. Cells were treated
with 0.4 or 0.2 M sorbitol for 30 min, then washed with PBS and
incubated in S100/P100 buffer (20 mM Tris at pH 7.5, 150 mM
NaCl, 2.5 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM DTT)
supplemented with protease inhibitor (Roche 11873580001) for
20min at 4°C. After homogenization using tissue grinder homog-
enizer (Kontes), nuclei were removed by centrifugation at 1000g
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for 2 min at 4°C. The supernatant was then centrifuged at
100,000g for 60 min at 4°C in a Beckman TLA100.3 rotor. Equal
amounts of supernatant (cytoplasmic fraction) and pellet (mem-
brane fraction) were analyzed by Western blot.

Coimmunoprecipitation

Cells were lysed with buffer (25 mMTris-HCl at pH 7.5, 150 mM
NaCl, 1mMEDTA, 5mMMgCl2, 10mMKCl, 1%Triton X-100)
supplemented with 0.25% sodium deoxycholate, protease inhib-
itor (Roche 11873580001), phosphatase inhibitor (Thermo Scien-
tific 88667), and 1mMPMSF (Sigma P7626) for 10min on ice and
centrifuged at 12,000g for 15 min at 4°C. The supernatants were
incubated with the Flag antibody (Sigma F1804) overnight at 4°C
and protein A/G magnetic beads (Thermo Scientific 88802) were
added for 1 h. Proteins were washed with lysis buffer without
sodium deoxycholate three times and were eluted with SDS-
PAGE sample buffer. Samples were followed by Western blot
analysis.
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