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AUTHOR’S VIEW

Phosphatidic acid: a lipid regulator of the Hippo pathway
Han Han , Rebecca Vargas , Gayoung Seo, and Wenqi Wang

Department of Developmental and Cell Biology, University of California, Irvine, CA, USA

ABSTRACT
The Hippo pathway, a signaling pathway highly conserved across species, plays a crucial role in organ
size control and cancer suppression. Our recent study shows that phosphatidic acid can regulate the
Hippo pathway through a physical lipid-protein interaction, providing additional insights into the Hippo-
related tissue homeostasis and cancer development.
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Main text

Multicellular organisms have an unknown mechanism for pre-
cisely controlling their organ size and tissue shape and the Hippo
pathway has shed light on this mystery. The Hippo pathway was
first identified in Drosophila, where the deletion of Hippo path-
way components resulted in overgrowth ofmultiple tissues.1 The
mammalian Hippo pathway is composed of a kinase cascade,
which includes serine/threonine kinases Mammalian sterile 20-
like 1/2 (MST1/2) and Large tumor suppressor homolog 1/2
(LATS1/2), adaptor proteins Salvador (SAV1) and MOB kinase
activator 1 (MOB1), and downstream effectors Yes-associated
protein (YAP) and WW domain-containing transcription reg-
ulator protein 1 (WWTR1, also called TAZ). MST1/2 phosphor-
ylate and activate LATS1/2, which then phosphorylate YAP/
TAZ to allow the 14–3-3 proteins to bind. This binding seques-
ters YAP/TAZ in the cytoplasm and inhibits their transactiva-
tion properties in the nucleus. However, the physiological
regulations of the Hippo pathway are largely unknown.

Phosphatidic acid (PA) can serve as a lipid second mes-
senger to directly associate with cellular proteins and regulate
their intracellular signaling pathways affecting cell adhesion,
migration, membrane remodeling and cell polarization.2 Since
the concentration of PA in cellular membranes is less than 5%
of the most abundant membrane phospholipid phosphatidyl-
choline (PC), the enzymes that control PA production play
a key role in the PA-mediated signaling transduction.3 One of
such metabolic pathways to generate PA is the hydrolysis of
PC as catalyzed by phospholipase D (PLD). In mammals, two
isoforms of PLD, PLD1 and PLD2, who are ubiquitously
expressed throughout different cell types and tissues, are
known involved in this process. These two PLD enzymes
have been implicated in numerous human diseases such as
neurodegenerative diseases, blood disorders, and cancer.
Elevated activity and expression of PLD1/2 have been found
in various cancer types. In addition, PLD1/2 are downstream
of protein kinase C, small GTPases and receptor tyrosine
kinases.4 Intriguingly, many of these known PLD-activators
have also been identified as Hippo pathway regulators.1

Pieces of evidence have shown that PA supplement can
decrease phosphorylation level of YAP;5 however, there is no
direct evidence linking PLD-PA lipid signaling to the Hippo
pathway. In our recent work,6 we uncovered an unexpected
mechanism by which PA regulates the Hippo pathway. PA
physically interacts with LATS and one Hippo upstream
component Neurofibromin 2 (NF2, also called Merlin),
respectively disrupting the formation of LATS-MOB1 com-
plex and the NF2-mediated LATS membrane translocation
and activation, eventually inhibiting the LATS activity.
Moreover, cellular PA level was significantly decreased
under Hippo-activating conditions, and inhibition of PA pro-
duction by PLD inhibitors suppressed YAP’s oncogenic func-
tions. These findings are highly relevant to YAP activation in
breast cancer, a cancer type with rare mutation rate in Hippo
pathway components. The analyses of PLD1 and YAP via
breast cancer sample tissue array and The Cancer Genome
Atlas database revealed a significant positive correlation
between PLD1 expression and YAP activation, suggesting
the PLD1-PA-YAP axis as a therapeutic target in breast cancer
treatment.6

PA can be produced with different fatty acid chain number,
length and saturation status, which result in numerous PA
species and distinct cellular functions. In our unpublished
study, we investigated the binding affinities of several PA species
with LATS and NF2, where LATS and NF2 primarily interacted
with saturated PA with C16:0 acyl chains (1,2-Dipalmitoyl-sn-
glycero-3-phosphate, DPPA). Other PA species such as saturated
PA with long acyl chain (1,2-Distearoyl-sn-glycero-3-phosphate,
DSPA), unsaturated PA (1,2-dioleoyl-sn-glycero-3-phosphate,
DOPA), saturated lysoPA (1-stearoyl-2-hydroxy-sn-glycero
-3-phosphate, SLPA), and saturated PA with short acyl chains
(1,2-dihexanoyl-sn-glycero-3-phosphate, DCPA) could reduce
YAP phosphorylation, while DPPA showed the most dramatic
effect, correlating with the binding affinities with LATS andNF2.
Interestingly, we also found that unsaturated acyl chain PA
species, but not DPPA, can activate the mammalian target of
rapamycin (mTOR) pathway and result in an increase of
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ribosomal protein S6 kinase phosphorylation, which is consis-
tent with a previous study.7 These findings provide an opportu-
nity to link the PA-related lipid signaling to organ size control
through two well-established size-related pathways, mTOR and
the Hippo, through generation of different PA species (Figure 1).
Indeed, PLD-PA signaling is known to regulate the muscle size
through activating mTOR and promoting mitogenesis and ske-
letal muscle growth;8 loss of YAP prior to denervation leads to
muscle atrophy, while overexpression of YAP in the mouse
tibialis anterior results in hypertrophy.9 These evidences suggest
that the PLD-PA pathway can control skeletal muscle home-
ostasis by modulating these two pathways. The interplay
between the Hippo pathway and mTOR signaling in controlling
the size of other tissues/organs deserves further investigation.

The increasing studies show that the Hippo pathway effectors
YAP/TAZ play an essential role in mechanotransduction.
Interestingly, Meng et al. recently reports that under a soft matrix
stiffness (1KPa), accumulation of membrane-associated phospha-
tidylinositol 4,5-bisphosphate (PtdIns[4,5]P2) can increase PLD
activity to generate PA and activate Ras-related protein Rap-2
(RAP2) GTPase, which consequently activates LATS and inhibits
YAP/TAZ.10 Given the fact that most of our PA-related studies
were performed in the cells that were cultured on plastic dishes,
a relative stiff condition, these findings further highlighted
a complex role of PLD-PA signaling in regulation of the Hippo
pathway under different physiological conditions.

In summary, our study not only identified the PA-related
lipid signaling as a key regulator of the Hippo pathway, but
also proposed a potential therapeutic strategy for cancer treat-
ment by targeting the PLD-PA-YAP axis.
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Figure 1. PLD-PA regulates Hippo and mTOR signaling.
The phospholipase D (PLD)-mediated phosphatidic acid (PA) production can regulate both the mammalian target of rapamycin (mTOR) and the Hippo pathway
through the PA-mediated lipid-protein interactions. PA directly binds the FK506-binding protein (FKBP)-rapamycin-binding (FRB) domain of mTOR and displaces
Dishevelled, Egl-10 and Pleckstrin (DEP) domain-containing mTOR-interacting protein (DEPTOR) to activate the mTOR (left). In the meantime, PA directly binds to the
Hippo pathway components Neurofibromin 2 (NF2) and Large tumor suppressor homolog 1/2 (LATS1/2) to inhibit the NF2-mediated LATS membrane translocation
and activation, and the association between LATS1/2 and their adaptor protein MOB kinase activator 1 (MOB1), which eventually targets LATS and activates Yes-
associated protein (YAP) and WW domain-containing transcription regulator protein 1(WWTR1, also called TAZ) (right). PC, phosphatidylcholine.
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