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EPIGRAPH

“To copy the truth can be a good thing, but to invent the truth is better, much better.”

-Giuseppe Verdi
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ABSTRACT OF THE DISSERTATION

Interrogating Hippo Pathway Regulation Using Novel Chemical Probes

By

Vivian Wei-Ming Fu

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2020

Professor Kun-Liang Guan, Chair
Professor Alexandra Newton, Co-Chair

We herein describe a PITPa/B-Pl4Kllla-MAP4K signaling axis that modulates the Hippo
pathway in response to plasma membrane PI4P levels. Our study highlights a novel role for PITPa/f in
regulating the Hippo kinase cascade through the identification of VT01454, a small-molecule inhibitor and
Microcolin B analog that induces YAP phosphorylation. We characterize VT01454 as both a potent and
specific YAP inhibitor, use bio-orthogonal methods to identify PITPa/ as the unequivocal targets of
VT01454, and functionally validate the role of PITPa/f in Hippo signaling by genetic deletion in HEK293A
cells. Finally, we demonstrate that VT01454 inhibition of PITPa/p regulates the Hippo pathway by

modulation of a plasma membrane pool of PI4P, and that MAP4K®6/7 are potential Pl4P-interacting proteins.
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Chapter 1: Introduction to the Hippo Pathway

1.1 Overview of the Hippo Pathway

The Hippo pathway is a universal governor of organ size, tissue homeostasis, and regeneration.
Its evolutionary conservation as a fundamental mechanism supporting multicellularity has sparked
considerable interest in understanding its physiological function and molecular regulation. Two decades of
intense research has established the Hippo pathway as a cardinal regulator of organ size and tissue
homeostasis, and expanded the Hippo kinase cascade into a complex signaling network integrating diverse
signals such as cell adhesion and polarity, soluble factors, stress signals, and mechano-transduction (Yu
and Guan, 2013). The same cellular properties both regulating and regulated by the Hippo pathway (e.g.
cell proliferation, survival, competition, among others) also define tumorigenesis upon their dysregulation.
The impact of the deregulated Hippo pathway on cancer development is thus of little surprise, and warrants
continued investigation of the functions and regulatory mechanisms of this pathway to identify new

therapeutic targets.

1.1.1 The Hippo Pathway in Drosophila

Discovery of the Hippo pathway in Drosophila was a pivotal point of entry to understanding the
molecular mechanisms that govern organ growth during development and regeneration. In 1995, two
studies independently observed that deleting the Warts (wts) gene induced a dramatic overgrowth
phenotype in multiple Drosophila tissues (Justice et al., 1995, Xu et al., 1995). A flurry of genetic studies
that followed further identified Salvador (sav), Hippo (hpo), and Mob as tumor suppressor (mats) as equally
consequential mutants that likewise resulted in tissue overgrowth, phenocopying the effects of the wis
mutant clone. This striking organ size phenotype elicited by hpo, wts, sav, and mats mutations was
unprecedented in previously established developmental pathways. Thus, upon elucidating their genetic and
physical interaction, Hpo, Wts, Sav, and Mats were grouped into a new signaling module coined the “Hippo”
pathway, owing to the hippopotamus-like appearance of the hpo mutant organs. Yorkie (yki), the Hippo

pathway’s leading functional effector, was later identified in a screen for Wts-interacting proteins (Huang et



al., 2005). Briefly, the Hpo-Sav complex phosphorylates and activates the Wts-Mats complex, which in turn
phosphorylates and inhibits Yki, a transcriptional coactivator that regulates gene transcription by binding its
key partner and transcription factor Scalloped (Sd) (Goulev et al., 2008, Wu et al., 2008, Zhang et al., 2008,

Zhao et al., 2008), thereby mediating the Hippo pathway’s biological functions.

1.1.2 The Mammalian Hippo Pathway

Mammalian Orthologs of the Hippo pathway

The Hippo pathway is highly conserved in mammals (Figure 1.1). The mammalian orthologs of
Hpo, Sav, Wts, and Mats, and Yki are Mammalian Sterile 20-like kinases 1 and 2 (MST1/2, also called
STK4/3), Salvador homolog 1 (SAV1), large tumor suppressor 1 and 2 (LATS1/2), and MOB kinase
activator 1A and 1B (MOB1A/B), which regulate the downstream effectors Yes-associated protein (YAP)
and transcriptional co-activator with PDZ-binding motif (TAZ, also called WWTR1). Much like Yki, the
transcriptional coactivators YAP/TAZ are unable to directly bind DNA, and instead bind the TEAD family of
transcription factors (TEAD1-4, orthologs of Sd). The transcriptional activity of YAP/TAZ is regulated in the
nucleus by Vestigial-like family member 4 (VGLL4), which directly competes with YAP/TAZ for TEAD

binding and results in inhibition of YAP-regulated transcription (Zhang et al., 2014a).

Transcriptional Regulation by YAP/TAZ

YAP and TAZ drive the transcriptional output of the Hippo pathway by binding to and activating the
TEAD1-4 transcription factors. Mechanistically, YAP/TAZ recruit components of either the SWI/SNF
chromatin remodeling complex or the NCOAG6 histone methyltransferase complex to stimulate TEAD
transcriptional activity (Qing et al., 2014, Skibinski et al., 2014). Of note, the YAP/TAZ-TEAD complex can
also act as transcription co-repressors by recruiting the NuRD histone deacetylate complex, targeting
additional genes such as DDIT4 (Kim et al., 2015) and Trail or ANp63 (Valencia-Sama et al., 2015).

The YAP/TAZ-TEAD complex transcriptionally activates a host of genes reviewed in detail
elsewhere (Zhu et al., 2015). Recent deep sequencing efforts have attempted to elucidate YAP/TAZ

transcriptional activity on a genome-wide scale, leading to unanticipated functions of YAP/TAZ in



transcriptional regulation. Though YAP/TAZ had previously been associated with TEAD binding at promoter
regions of their target genes (Lian et al., 2010), recent ChlP-seq (chromatin immunoprecipitation combined
with deep sequencing) studies in multiple cancer and non-transformed cell lines revealed that the majority
of YAP/TAZ-TEAD complexes in fact bind to distal enhancer regions to activate gene transcription
(Zanconato et al., 2015, Stein et al., 2015, Galli et al., 2015). De novo motif analyses at YAP/TAZ peaks
identified a significant enrichment of the AP-1 transcription factor consensus motif at YAP-binding regions,
suggesting that YAP/TAZ-TEAD and AP-1 cooperate to activate target genes in a synergistic manner (Stein
et al., 2015, Zanconato et al., 2015). Consistent with this notion, AP-1 enhances YAP/TAZ-induced
mammary epithelial cell growth, while YAP/TAZ deletion abrogates AP-1-driven tumorigenesis (Zanconato
et al., 2015). In a separate study using global chromatin occupancy analyses, YAP was found to control
transcriptional pause release by interacting with and recruiting the Mediator complex to enhancers, which
in turn recruits the CDK elongating kinase (Galli et al., 2015). Furthermore, treatment with a CDK9 kinase
inhibitor prevented YAP-driven hepatomegaly, corroborating the global chromatin analysis data.
Collectively, these genome-wide studies delineate a model for YAP/TAZ-regulated gene
expression, where TEAD mediates YAP/YAZ binding to distal enhancers as well as promoters and
YAP/TAZ in turn cooperate with AP-1 and/or additional regulators to stimulate de novo transcription
initiation and enhance transcription elongation, thereby stimulating target gene expression. Given the role
of YAP/YAZ in stem cell development and tissue homeostasis, future ChiP-seq analyses of YAP/TAZ-TEAD
in stem or primary tissue progenitor cells would provide significant insight into the mechanisms by which a
YAP/TAZ-mediated transcriptional program coordinates downstream gene expression to regulate organ

development and homeostasis (Meng et al., 2016).

Regulatory Mechanisms of YAP Activity and the Core Hippo Kinases

LATS1/2 serve as the most direct level of control for YAP activity through inhibitory phosphorylation.
YAP contains 5 phosphorylation sites harboring LATS1/2 target consensus motifs (HXRxxS).
Phosphorylation of YAP on serine-127 (S127) initiates a 14-3-3 binding site, leading to cytoplasmic
sequestration upon 14-3-3 binding. Phosphorylation on serine-381 (S381) induces a second

phosphorylation event by casein kinase (CK16/¢) while stimulating a phosphodegron, leading to the



recruitment of SCF*@TRCP E3 |igase and subsequent ubiquitination and proteasomal degradation of YAP
(Zhao et al., 2010). Thus, LATS1/2 regulates both YAP subcellular localization and protein stability,
enabling fine spatiotemporal control of its transcriptional activity. It is worth noting that YAP/TAZ can also
be phosphorylated by other kinases such as cyclin-dependent kinase 1 (CDK1), Jun N-terminal kinases
(JNK), homeodomain-interacting protein kinases (HIPK), ABL, and Src family tyrosine kinases (Varelas,
2014), suggesting that YAP/TAZ can be regulated by Hippo-pathway-independent mechanisms.

MST1/2 in turn serve as direct activators of LATS1/2, regulating their kinase activity through several
mechanisms. First, MST2 phosphorylates LATS1 at its C-terminus hydrophobic domain on threonine-1079
(T1079), stimulating autophosphorylation of its activation loop to increase its kinase activity (Tamaskovic et
al., 2003, Stegert et al., 2004). Second, MST1/2 phosphorylate MOB1, enhancing MOB1 binding to the
LATS1/2 autoinhibitory domain (Callus et al., 2006, Chan et al., 2005, Praskova et al., 2008).
Phosphorylated MOB1 allosterically promotes LATS1/2 autophosphorylation at serine-909 (S909) of its
activation loop, which is required for LATS1/2 activation following its initial phosphorylation at T1079.
MST1/2 additionally phosphorylate SAV1, which acts as a scaffold for MST1/2 in promoting LATS1/2
recruitment and phosphorylation (Callus et al., 2006, Tapon et al., 2002). Two groups of mitogen-activated
protein kinase kinase kinase kinases (MAP4Ks), MAP4K1/2/3/5 (homologs of Drosophila Happyhour) and
MAP4K4/6/7 (homologs of Drosophila Misshapen), were recently discovered as additional core Hippo
components acting in parallel to MST1/2 to directly phosphorylate and activate LATS1/2 at its hydrophobic
motif (Meng et al., 2015). Finally, neurofibromin 2 (NF2) can directly interact with and recruit LATS1/2 to
the plasma membrane for phosphorylation by the MST1/2-SAV1 complex (Yin et al., 2013). It is worth
noting that there may be additional kinases (particularly STE20 family members) that can activate LATS1/2
in a tissue-specific and upstream signal-specific manner.

While numerous studies have identified various components of the peripheral Hippo network, the
upstream regulation of MST1/2 and the MAP4Ks remains an ongoing area of inquiry. The TAO kinases
(TAOK1/2/3) phosphorylate and activate MST1/2 at their activation loop (T183 for MST1 and T180 for
MST2) (Boggiano et al., 2011, Poon et al., 2011), while other reports have also shown that MST1/2 can
autophosphorylate and dimerize, thereby enhancing activation loop phosphorylation (Praskova et al., 2008,

Glantschnig et al., 2002). The Ras-related GTPase RAP2 was recently reported to bind and activate



MAP4K4/6/7 in response to ECM rigidity (Meng et al., 2018). Most recently, our lab delineated a mechanism
in which the striatin (STRN)-interacting phosphatase and kinase (STRIPAK) complex regulates MST1/2
and MAP4Ks through inactivating binding by protein phosphatase 2A catalytic subunit (PP2AC) (Chen et
al., 2019). Given the Hippo pathway’s extensive implications in tumorigenesis, continuing to decode the

front lines of its molecular regulation is an area of considerable therapeutic potential and interest.

1.2 Upstream Signals Regulating the Mammalian Hippo Pathway

The core Hippo kinases regulate YAP/TAZ in response to a myriad of upstream intra- and
extracellular signals. While peripheral components of the Hippo network generally mediate these signals
by modulating the phosphorylation status of the core Hippo kinases, there are also a number of other
proteins that directly regulate YAP localization or activation independently of LATS kinase activity (Yu and
Guan, 2013). Here we summarize the major upstream signals regulating the Hippo pathway, and the

respective peripheral Hippo components transducing each specific cue to the core kinase cascade.

1.2.1 Soluble factors

GPCR Signaling Regulates YAP/TAZ

Tissue growth requires both nutrient uptake, which is regulated by growth-stimulating cues, as well
as hormonal signals, which are transduced through autocrine, paracrine, and endocrine mechanisms. As
YAP/TAZ primarily serve to promote cell growth, it had long been speculated that mitogenic hormones and
growth factors might regulate the Hippo pathway as a mechanism of controlling tissue growth. G-protein-
coupled-receptors (GPCR) are the largest family of membrane receptors that transduce a host of diverse
physiological and pathological responses. A major breakthrough in the Hippo field came with the discovery
that ligands signaling through GPCRs coupled to Gau12/13 or Gagi1 (€.g9. estrogen, thrombin, angiotensin I,
lysophosphatidic acid [LPA], sphingosine-1-phosphate [S1P]) activate YAP/TAZ, while ligands signaling
through Gas-coupled GPCRs (e.g. epinephrine and glucagon) and protein kinase A (PKA) can repress

YAP/TAZ activity (Yu et al., 2012). Curiously, protein kinase C (PKC) activation by Gaq11can both activate



and inhibit YAP/TAZ via conventional or novel PKC, respectively (Gong et al., 2015), thus explaining cell-
type specific responses to PKC activation. A series of subsequent studies further demonstrated that GPCR
regulation of the Hippo pathway is in fact a universal cellular response to hormonal cues (Miller et al., 2012,
Mo et al., 2012, Yu et al., 2013, Gong et al., 2015, Zhou et al., 2015). It is worth noting that GPCR regulation
of the Hippo pathway not only demonstrated YAP/TAZ modulation by an array of hormonal signals, but also
showcased their capacity to mediate a wide range of physiological regulations and thus their potential for

therapeutic targeting by GPCR agonists or inhibitors.

Wnt/B-catenin Pathway Ligands

Crosstalk between the Hippo and Wnt signaling pathways has been extensively studied and
summarized by recent reviews (Hansen et al., 2015, Piccolo et al., 2014). In particular, Wnt5a/b are among
the GPCR ligands involved in Hippo pathway regulation, and normally activate noncanonical Wnt signaling
by binding to the Frizzled receptors, which are class F GPCRs (Anastas and Moon, 2013). A recent study
demonstrated that Wnt induced YAP activation through the Frizzled receptors, Ga2/13, the Rho GTPases,
and LATS1/2, while another study revealed APC as a scaffold protein for SAV1 and LATS1 with Apc
deletion resulting in YAP activation (Park et al., 2015, Cai et al., 2010). Furthermore, Wnt5a/b regulation of
YAP/TAZ appears to be required for noncanonical Wnt signaling in mediating cell differentiation and

migration, as well as antagonizing canonical Wnt/B-catenin activation (Park et al., 2015).

Epidermal Growth Factor (EGF)

While several reports have shown that EGF and insulin regulate YAP activity through Ras-Raf-
MAPK signaling and phosphoinositide-dependent-kinase (PDK1) (Fan et al., 2013, Reddy and Irvine,
2013), other studies reported no significant effects of EGF and IGF on YAP activity, as well as unaffected
YAP activity in the presence of PI3K/AKT inhibitors and PDK1-null cells (Zhao et al., 2007, Yu et al., 2012).
These inconsistencies could be due to cell-type-dependency or other experimental discrepancies, and

warrant further study for clarification.

1.2.2 Cell Adhesion and Polarity



Physical attachment to the extracellular matrix (ECM) is vital to cell growth and survival. Cell
attachment to the ECM activates the Rho GTPases or the FAK-Src-PI3K pathway, either of which induce
YAP dephosphorylation and nuclear localization (Zhao et al.,, 2012, Kim and Gumbiner, 2015), and
disrupting F-actin antagonizes the effects of cell attachment on both aforementioned phenotypes.
Conversely, cell detachment induces YAP phosphorylation and inhibition, ultimately leading to LATS1/2-
dependent anoikis (Zhao et al., 2012). It is worth noting that cells expressing a constitutively active YAP
exhibited higher levels of survival upon detachment, suggesting that cancer cells with high YAP activity
might metastasize by escaping anoikis.

Another critical attribute to cell growth, particularly in epithelium, is cell polarity. Epithelial cells
adhere to one another through cell-cell junctions, and these junctions divide the plasma membrane into an
apical and basolateral domain with the help of various polarity complexes, thereby establishing apical-basal
polarity. Many of these polarity complexes contain known peripheral regulators of the Hippo network such
as NF2 (Merlin in Drosophila). Furthermore, several adherens and tight junction proteins such as
angiomotin (AMOT), protein tyrosine phosphatase nonreceptor type 14 (PTPN14), and a-catenin, can
regulate the Hippo pathway by sequestering YAP/TAZ at tight junctions (Yu and Guan, 2013) (Figure 1.1).
Consistent with this notion, disrupting adherens and tight junctions in cell culture by extracellular calcium
depletion induces YAP/TAZ nuclear localization (Cordenonsi et al., 2011). Thus, cell adhesion and

intercellular junction formation serve as additional mechanisms regulating YAP/TAZ activity.

1.2.3 Physical Cues: Cell Contact and Mechanical Signals

Cells in solid tissues communicate with both neighboring cells and the ECM to sense and interpret
physical cues from their environment, and cell-cell contact was in fact the first signal discovered to regulate
the Hippo pathway (Zhao et al., 2007). In this study, cells cultured at low density exhibited primarily nuclear
YAP/TAZ, thereby promoting target gene transcription and cell proliferation, while cells cultured at high
density showcased cytoplasmic YAP/TAZ that corresponded to growth inhibition. Mechanistically, cells
grown at or past confluence also produced more tight junctions and adherens junctions, both of which
mediated LATS activation and subsequent YAP phosphorylation. Under basal conditions, healthy cells

cease to proliferate upon physical contact with a neighboring cell. Loss of contact inhibition is a hallmark of



oncogenic transformation; thus, regulation of YAP/TAZ by cell density implicated a critical role for the Hippo
pathway not only in contact inhibition but also in tumorigenesis (Ota and Sasaki, 2008, Zhao et al., 2007).

Mechanical cues such as ECM stiffness and cell geometry potently regulate YAP/TAZ, as do
related mechanical forces like stretching and edge/curvature changes (Aragona et al., 2013). ECM stiffness
controls YAP/TAZ localization through cytoskeletal tension (Dupont, 2016, Driscoll et al., 2015), primarily
mediated by the Rho GTPases as well as F-actin capping and severing proteins. The Rho GTPases and
F-actin may also serve as a physical checkpoint of cell growth and fate determination during mechano-
induced stem cell differentiation (Aragona et al., 2013). Indeed, activating YAP/TAZ by increasing substrate
rigidity significantly enhances differentiation of human pluripotent stem cells into motor neuron cells,
suggesting a potential application of engineered substrates to generate differentiated cell types of interest
(Sun et al., 2014). Interestingly, cell geometry has been posited as a mechanism explaining Hippo pathway
regulation by cell density: at low density, cells are more spread out and therefore flatter, leading to YAP
activation; in contrast, cells at high density must grow into a rounder and more compact geometric

constraint, leading to YAP inactivation (Aragona et al., 2013, Wada et al., 2011).

1.2.4 Cellular Metabolic Status

The transcriptional activity of YAP/TAZ is most widely recognized for promoting cell growth and
proliferation, both of which are energy-consuming processes. YAP/TAZ activity must therefore be restricted
by regulatory checkpoints governed by metabolic status, and such a mechanism is illustrated in AMPK
regulation of Hippo signaling. Under conditions of energy stress, such as glucose deprivation, activated
AMPK directly phosphorylates YAP at serine-61 (S61) and serine-94 (S94), abolishing the YAP-TEAD
interaction and consequently TEAD-mediated gene transcription (Mo et al., 2015, Wang et al., 2015).
Energy stress also induces LATS1/2 kinase activity in both an AMPK-dependent and -independent manner.
Finally, active AMPK phosphorylates AMOTL1 at serine-793, which further promotes YAP phosphorylation
by LATS1/2 (DeRan et al., 2014). Apart from AMPK, glucose itself may also activate YAP/TAZ through
phosphofructokinase, which promotes YAP-TEAD binding (Enzo et al., 2015). In addition to energy stress,

metabolic strain from inhibiting cholesterol synthesis likewise inhibits YAP activity. This is accomplished



indirectly through the Rho GTPases, which require the geranylgeranyl pyrophosphate produced by the
mevalonate pathway for proper activation (Sorrentino et al., 2014).

Oxygen plays a critical role in cell metabolism, and its availability — or lack thereof — likewise
regulates YAP/TAZ activity. Under hypoxic conditions, hypoxia-inducible factor 1 (HIF 1) induces expression
of the E3 ubiquitin ligases SIAH1/2. SIAH1/2 destabilize LATS2 by promoting its ubiquitination and
subsequent degradation, thereby activating YAP (Ma et al., 2015). HIF1 can also directly induce TAZ
transcription (Xiang et al., 2014), and YAP interacts with stabilizes HIF1 to promote HIF1-induced gene

transcription (Ma et al., 2015).

1.3 The Hippo Pathway in Organ Regeneration and Homeostasis

A growing body of work has advanced our understanding of Hippo pathway regulation of cell
proliferation, differentiation, and spatial patterning not only in organ development but also upon injury-
induced regeneration. The pathway’s central role in stem cell biology thus implicates its potential for
therapeutic manipulation in mammalian organ regeneration. Here we review differential roles of the Hippo

pathway in the development and homeostasis of various organs.

1.3.1 Brain/Central Nervous System

Brain development requires a rigorous balance between the expansion of neural progenitors and
the production of post-mitotic neurons and glial cells, and disrupting this equilibrium leads to structural
abnormalities and dysfunction in the nervous system (Lavado et al., 2013). Several lines of evidence have
implicated YAP in the regulation of neural stem cell (NSC) behavior. For instance, YAP is reported to
interact with Smad to mediate bone morphogenetic protein (BMP) suppression of NSC differentiation and
mediate Sonic hedgehog-induced neural progenitor proliferation (Alarcén et al., 2009). During murine brain
development, neurofibromatosis 2 (NF2) suppresses YAP activity to promote differentiation of guidepost
cells in the corpus callosum (Lavado et al., 2013). In the developing central nervous system (CNS),
downregulation of YAP is correlated with neural cell cycle exit, which is required for their terminal

differentiation (Zhang et al., 2012). Furthermore, in Drosophila, yki is critical for maintaining neuroepithelial



cells in an undifferentiated state, while YAP knockdown reduces neuron production in zebrafish embryos
(Zhang et al., 2011, Jiang et al., 2009). Together, these observations support an indispensable role for YAP
in neural progenitor proliferation and differentiation.

Moreover, there is sufficient evidence that YAP plays an important role during brain development,
and dysregulation of YAP can have severe consequences on brain size. One study identified a YAP-positive
subpopulation of early, pre-migratory neural crest mesenchymal cells, and demonstrated that YAP
expression was inversely correlated with human neuronal differentiation (Hindley et al., 2016). Furthermore,
YAP acted synergistically with retinoic acid signaling to regulate neural crest fate and migration. In
Drosophila, yki was recently linked to neuroblast biology downstream of the energy-sensing Lkb1 and
AMPK kinases, where |kb1 restricted yki activity in larval neuronal cells in the central brain and ventral
nerve cord (VNC) independently of wts (Gailite et al., 2015). The Hippo pathway was most recently shown
to restrict Drosophila brain size by modulating larval neuroblasts, where depletion of upstream kinases tao-
1, hpo, or wts by RNAI led to a significant increase in brain volume; deletion of hpo or tao-1, or mutation of
wts, in VNC neuroblasts also significantly increased clonal volume(Poon et al., 2016).

Given the Hippo pathway’s critical role in brain development, its recent association with several
neurodevelopmental diseases is perhaps unsurprising. During brain development, NSCs coordinate cell
cycle entry and exit with developmental timing to ensure that the correct neuron type and number are
specified in a strict temporal sequence. NSC deregulation can thus give rise to either an under-sized or
oversized brain, and microcephaly is one such disorder resulting in an undersized brain along with other
developmental complications. Microcephaly is associated with mutations in Cyclin-dependent kinase 5
regulatory subunit 2 (CDK5RAP2), and MST1 was recently identified as a CDK5RAP?2 interaction partner,
while CDK5RAP2 was also found to regulate YAP/TAZ, suggesting a potential role for the Hippo pathway
in CDK5RAP2-associated microcephaly (Sukumaran et al., 2017). Another neurodevelopmental disease
linked to the Hippo pathway is hydrocephalus, a disease characterized by enlarged cerebrospinal fluid
(CSF)-filled ventricles, severe mental retardation, and motor dysfunction. Hydrocephalus is caused by
abnormal generation and maturation of the ependymal cells that line the ventricular surface, and a recent
study demonstrated that YAP was required for generating ependymal cells and maintaining structural

integrity of the ventricular system. Nervous system-specific deletion of YAP led to severe hydrocephalus
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phenotypes in mice, and Yap overexpression rescued a lysophosphatidic acid-induced model of
hydrocephalus (Park et al., 2016). These results highlight a novel function of YAP in maintaining tissue
junctions during normal development and after fetal brain injury, thereby suggesting its potential as a

therapeutic target for certain neurodevelopmental diseases.

1.3.2 Heart

Organ size is especially critical during heart development: the heart must be sufficiently large to
generate a physiological cardiac output, yet not so large as to inhibit cardiac outflow, as is the case with
cardiomyopathies (Heallen et al., 2011). The Hippo pathway plays a well-established role in the
developmental control of mammalian cardiac size. Deletion of MST1/2 or LATS1/2 increases cardiomyocyte
proliferation during mouse embryogenesis, and overexpression of a constitutively active YAP in either the
embryonic or post-natal mouse heart increases cardiomyocyte proliferation and cardiac size (Heallen et al.,
2011, Xin et al., 2011, von Gise et al., 2012). YAP and TAZ play redundant roles in cardiac growth, and
dual deletion of both proteins leads to dose-dependent cardiomyopathy (Xin et al., 2013). While
cardiomyocytes retain some regenerative capacity at birth, this capacity is largely lost during postnatal
development, during which the Hippo pathway inhibits cardiomyocyte proliferation to limit cardiac
regeneration in the adult heart (Heallen et al., 2011, Heallen et al., 2013).

Though its role in cardiac size control has been well-established, the mechanism by which the
Hippo pathway restricts cardiac growth has yet to be fully elucidated. Recent work has shown that the
murine FAT tumor suppressor homolog 4 (FAT4) restricts cardiomyocyte proliferation through a non-
canonical mechanism involving the scaffold protein Angiomotin-like 1 (AMOTL1), independent of LATS1/2-
mediated YAP phosphorylation (Ragni et al., 2017). AMOTL1 physically interacts with both YAP and FAT4,
and this FAT4 complex sequesters YAP in the cytoplasm, thereby preventing excessive YAP-mediated
cardiac growth.

The Hippo pathway’s regulation of cardiac development has also garnered interest in the potential
roles that the pathway might play in cardiac regeneration following injury. For instance, SAV knockout adult
cardiomyocytes have been shown to increase proliferative capacity and expression levels of YAP target

genes, many of which are normally expressed in the fetal mammalian heart, including components of the
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dystrophin—glycoprotein complex (DGC), a complex critical for cardiac regeneration (Morikawa et al., 2015).
Indeed, it was more recently shown that the DGC inhibits cardiomyocyte proliferation through direct
interaction of one of its components, dystroglycan 1 (DAG1) with YAP. Specifically, Hippo-mediated YAP
phosphorylation promotes the interaction between DAG1 and YAP, and the DGC and Hippo pathway
cooperatively inhibits YAP nuclear localization to prevent its transcriptional activity (Morikawa et al., 2017).
Finally, a recent study by Tian et al. explored the use of microRNAs (miRNAs) in Hippo-mediated cardiac
regeneration. The authors identified the microRNA cluster miR302-367 as a Hippo pathway inhibitor that
mediated cardiomyocyte proliferation during development via repression of MST1, LATS2, and MOB1B.
Importantly, administration of miR302-367 following induced myocardial infarction reactivated the
cardiomyocyte cell cycle and reduced scar formation, thus providing a proof-of-concept for microRNA-
based approaches to transiently induce cardiac regeneration following injury (Tian et al., 2015). These
collective studies hold exciting implications for the therapeutic harnessing of the Hippo pathway in

promoting transient regeneration during cardiac development or upon injury.

1.3.3 Liver

Adult liver cells are normally quiescent, yet the liver possesses a striking capacity for regeneration
following surgical resection or injury, during which fully differentiated adult hepatocytes emerge from
quiescence to divide and proliferate (Ponder, 1996). The Hippo pathway is already a well-established
regulator of liver size: MST1/2 are required for maintaining quiescence in the adult liver and their dual
deletion leads to YAP activation, liver overgrowth, and hepatocellular carcinoma (HCC) (Zhou et al., 2009).
Early studies already established that YAP overexpression in the liver similarly leads to liver overgrowth
and HCC in mice (Camargo et al., 2007, Dong et al., 2007, Yimlamai et al., 2015). Furthermore, YAP is
partly responsible for regulating the transcriptional program associated with the fetal-to-adult switch during
liver maturation, through modulation of transcriptional regulators of hepatocyte specification and function
including hepatocyte nuclear factor 4 (HNF4a) and forkhead box A2 (FOXA2) (Zhang et al., 2010, Alder et
al., 2014).

In addition to its role in restricting YAP/TAZ to prevent overgrowth, the Hippo pathway may also

play a role in liver fibrosis. Hepatic stellate cells (HSCs) are activated in response to liver damage and are
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the major cell type involved in liver fibrosis. Recent work has shown that YAP/TAZ are overexpressed in
fibrotic liver and activated HSCs, suggesting that elevated levels of YAP/TAZ play a role in HSC activation.
Interestingly, omega-3 polyunsaturated fatty acids (w—3 PUFAs) inhibited HSC activation and CCl4-induced
liver fibrosis by promoting YAP/TAZ degradation (Zhang et al., 2016). Another recent study demonstrated
that YAP activation selectively eliminates damaged hepatocytes by switching cell fate from proliferation to
migration/apoptosis in response to cell stresses such as ethanol damage in both liver sinusoidal epithelial
cells and hepatocytes (Miyamura et al., 2017).

During liver development, hepatoblasts arising from the endoderm develop into mature
hepatocytes or biliary epithelial cells. Recent work has shown that LATS1/2 are redundantly required for
differentiation and maturation during mouse liver development in both the biliary epithelial and hepatocyte
lineages (Yi et al., 2016). Deletion of LATS1/2 resulted in perinatal lethality, excess biliary epithelial
proliferation, and a failure of hepatoblast maturation, while YAP overexpression repressed the
transcriptional network associated with normal hepatocyte maturation (Yi et al., 2016). Thus, this study
demonstrates the appreciable fine-tuning of YAP activity required in regulating the balance between organ

growth and differentiation in the liver.

1.3.4 Intestine

The gut epithelium must maintain its integrity and function amidst constant microbial and
environmental threats. Indeed, intestinal epithelial cells (IECs) have evolved the capacity for rapid
regeneration upon insult and harbor an appropriately short half-life to do so: the small intestinal epithelia,
for instance, turn over completely every 4-5 days (Hong et al., 2016). While YAP/TAZ are not required for
normal intestinal turnover (Azzolin et al., 2014), their upstream regulators MST1/2 and SAV1 are
indispensable for intestinal homeostasis. For example, mice harboring conditional knockouts of MST1/2 in
IECs exhibit drastic changes in intestinal architecture, including disorganized villi, epithelial dysplasia, and
adenomas (Zhou et al., 2011). Furthermore, mice with SAV1-deficient small and large intestines display
higher levels of polyp formation and enlarged crypt structures (Cai et al., 2010). In light of the considerable
body of work on Hippo in intestinal homeostasis, a comprehensive survey can be found in a more extensive

recent review (Hong et al., 2016).
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Crosstalk between the Hippo pathway and Wnt/B-catenin signaling is central to the regulation of
intestinal regeneration and homeostasis (Hong et al., 2016). Several studies have demonstrated that the
Hippo and Wnt pathways are intimately tied in regulation and function, yet the exact mechanistic role of
YAP in Wnt signaling is still a subject of debate. Recent work identified the lysine methyltransferase
suppressor of variegation 3-9-Enhancer of zeste-Trithorax domain 7 (SETD7) as an important cross-
regulator between the two pathways in intestinal regeneration (Oudhoff et al., 2016). SETD7 was shown to
be required for Wnt-mediated intestinal regeneration, and its control over Wnt signaling in turn required
YAP (Oudhoff et al., 2016).

In the colon, inflammatory cytokine prostaglandin E2 (PGE2) plays an important role in
regeneration and tumorigenesis (Kim et al., 2017). Recent work has shown that PGE2 positively regulates
YAP expression in the mouse colon and human colon cancer cells, creating a positive feedback loop that

then promoted colon regeneration following colitis in vivo.

1.3.5 Lung

During lung development, temporal coordination of proliferation and differentiation is critical for
proper organization of the complex branch structures comprising the airway epithelia. Loss of YAP in the
lung epithelium is sufficient to cause defective lung development (Mahoney et al., 2014), while deleting
MST1/2 in the developing lung results in alveolar defects independent of YAP localization (Chung et al.,
2013), indicating that the Hippo pathway plays a critical role in regulating lung development. Consistent
with these findings, recent work has shown that loss of MST1/2 in the lung epithelium results in neonatal
lethality from lung defects in mice; analysis of the mutant lungs revealed denser lung architecture, reduced
airway space, and increased proliferation, all reflective of disrupted lung epithelial differentiation (Lin et al.,
2015). Genetic deletion of one allele of YAP, or one allele of both YAP and TAZ, is sufficient to rescue the
lethality seen from loss of MST1/2, thereby supporting a conserved MST1/2-YAP/TAZ axis regulating lung
growth during development (Lin et al., 2015).

Furthermore, the precise regulation of YAP localization is critical for distal-proximal patterning in
the terminal differentiation of both human and mouse lung epithelium. Nuclear YAP is required for

progenitor specification, while cytoplasmic YAP is a marker for proximal airway maturation; thus, YAP
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localization is intricately coordinated with airway epithelial cell fate (Mahoney et al., 2014). Building upon
this notion, Szymaniak et al. recently outlined a polarity-directed mechanism of YAP regulation by Crumbs
protein homolog 3 (CRB3) in airway epithelial cell fate (Szymaniak et al., 2015). In mouse and human
airway epithelia, CRB3 controls apical-basal polarity and promotes interaction between LATS1/2 and YAP
at apical junctions to increase YAP phosphorylation and cytoplasmic retention, thereby initiating airway

progenitor differentiation.

1.3.6 Breast

The mammary epithelium undergoes various developmental phases: ductal elongation in the virgin
mammary gland, proliferation and differentiation during pregnancy, and post-lactation-induced epithelial
cell death (Chen et al., 2014). Though the Hippo pathway has had longstanding associations with breast
cancer, its role in mammary gland development has remained poorly understood until recent years. The
Hippo pathway is dispensable in the virgin gland and is specifically required during pregnancy, when
mammary epithelia undergo rapid proliferation and differentiation (Chen et al., 2014). Surprisingly, Yap
hyper-activation alone is insufficient to drive hyperplasia, only leading to failed terminal differentiation of the
mammary epithelia. These observations parallel the role of the Hippo pathway in the intestine, where YAP
is dispensable for intestinal development but required for injury-induced regeneration. Thus, the temporally
restricted roles of the Hippo pathway suggest it is particularly important during times of robust tissue growth
and morphogenesis (Chen et al., 2014).

Recent work has continued to advance our understanding of the Hippo pathway’s role in mammary
development. Britschgi et al. identified LATS1 and LATS2 as regulators of human breast epithelial cell fate
using a high-content, image-based short hairpin RNA (shRNA) screen (Britschgi et al., 2017). The authors
found that LATS1/2 deletion promoted a luminal phenotype via expansion of bipotent and luminal
progenitors. Interestingly, LATS1/2 deletion stabilized both YAP/TAZ and the estrogen receptor alpha
(ERa), suggesting non-canonical crosstalk between the Hippo pathway and ERa signaling that may have
far-reaching implications in cell fate and development in other tissue types. Another recent study delineated

a mechanism of Hippo-mediated regulation of breast epithelial cell fate, where poly(rC)-binding proteins
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(PCBPs) form a complex with the Hippo pathway components SAV1, MST1/2, and LATS1 to suppress

YAP/TAZ activity (Li et al., 2016).

1.4 Hippo Pathway Deregulation in Cancer

While the Hippo pathway quickly attracted broad attention due to its remarkable potency in
regulating organ size, its dysregulation was just as much an area of fascination, since uncontrolled
proliferation is a hallmark of tumorigenesis. Indeed, an abundance of translational and clinical studies has
established both oncogenic and tumor suppressive roles for YAP/TAZ and the core Hippo components

across various types and stages of tumorigenesis.

1.4.1 Liver Cancer

The Hippo pathway is extensively implicated in liver cancer initiation and progression, owing to its
remarkable role in liver size control. Vanguard studies found that overexpressing YAP in transgenic mice
induced rapid and aberrant tissue expansion in the liver, quickly resulting in hepatomegaly; sustained YAP
overexpression accordingly led to hepatic tumor formation (Dong et al., 2007, Camargo et al., 2007). YAP-
induced liver cancer seems largely dependent on a TEAD-mediated transcription program, as evidenced
by suppression of YAP-induced hepatomegaly and tumorigenesis by a dominant-negative TEAD that
sequesters both YAP/TAZ (Liu-Chittenden et al., 2012).

Consistent with the notion that YAP hyperactivity can drive hepatic transformation, deleting core
Hippo components produces phenotypes akin to YAP overexpression. Conditional knockouts of MST1/2
and SAV1 in mouse liver led to dramatic liver enlargement, accumulation of oval cells, and formation of
lesions characteristic of hepatocellular carcinoma (HCC) (Song et al., 2010, Lee et al., 2010, Lu et al.,
2010). Likewise, Mob1A/1B deletion in the liver led to cholangiocyte and oval cell hyperplasia, and
Mob1A/1B knockout livers not only hyperproliferate but also undergo dedifferentiation and show increasing
EMT potential, all of which collectively metamorphose into liver cancer (Nishio et al., 2016).

The oncogenic role of YAP overexpression in HCC is an area of increasing clinical significance and

therapeutic interest. Yap gene amplification is required for sustained tumor growth and cancer progression
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in mouse liver carcinomas (Zender et al., 2006), and ectopic YAP expression alone is enough to induce
malignant transformation of an immortalized hepatocyte cell line (Xu et al., 2009). In humans, many HCC
specimens frequently harbor YAP gene amplifications, and YAP itself has been identified as an independent
prognostic marker for HCC and other cancer types. Furthermore, YAP and TAZ overexpression in HCC
correlate with poor differentiation, increased tumor aggressiveness, and shortened overall survival (Zhao
et al., 2007, Xu et al., 2009, Xiao et al., 2015, Guo et al., 2015). Finally, TAZ knockdown in HCCs inhibited
proliferation and metastasis both in vitro and in vivo (Xiao et al., 2015). Due to the inefficacy of current
chemotherapeutics, surgical resection and liver transplantation represent the only curative treatments for
HCC thus far. Further elucidating the role of the Hippo pathway in liver cancer may therefore present more

potent and effective therapeutic options in the future.

1.4.2 Colorectal Cancer

Over 80% of human colon cancers and their derived cell lines exhibit YAP overexpression, and a
number of early in vivo and later clinical studies have implicated the Hippo pathway in intestinal overgrowth
and tumorigenesis. YAP overexpression in transgenic mice resulted in loss of differentiation and severe
dysplasia along the intestinal epithelium (Camargo et al., 2007). MST1/2 deletion increased YAP nuclear
accumulation and dephosphorylation in the intestinal epithelium, as well as adenoma growth in the distal
colon by 13 weeks, all of which correlated with Notch and 3-catenin pathway activation (Zhou et al., 2011).
Supporting these observations, YAP silencing in high-YAP-expressing colon cancer cell lines reduced
Notch and B-catenin signaling, thereby inhibiting cell proliferation and survival. A separate study showed
that Sav1 deletions in mice resulted in crypt hyperplasia, which proved reversible upon YAP deletion.
Furthermore, Sav1-knockout mice exhibited colonic polyps and epithelial hyperplasia characteristic of pre-
colorectal cancer (CRC) lesions, all by 13 months of age (Cai et al., 2010).

Crosstalk between the Hippo and Wnt signaling pathways may also regulate different stages of
CRC, though YAP appears to take on either an oncogenic or tumor-suppressive role, depending on the
genomic and cellular context of the tumor. For instance, a recent study suggested that the loss of
adenomatous polyposis coli (APC) in CRC works synergistically with YAP-induced suppression of Paneth

cell differentiation to promote tumorigenesis, as YAP was found in its active, nuclear state in adenomas of
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an Apc-mutant background (Gregorieff et al., 2015). However, a separate study showed that loss of Yap
led to Wnt hyperactivation, hyperplasia, and microadenomas, and that a minor subset of human tumors
exhibiting complete loss of YAP were associated with stage IV disease, suggesting that YAP took on a
tumor suppressive role in this context (Barry et al., 2013).

Clinically, higher YAP or TAZ expression in patients correlates with poorer prognosis (i.e. shortened
overall survival times) (Zhou et al., 2011, Yuen et al., 2013, Wang et al., 2013). A YAP-activated gene
signature was likewise associated with poor prognosis and reduced rates of disease-free survival in a
retrospective study of colorectal cancer (CRC) patient cohorts with stage I-Ill disease (Lee et al., 2015). In
a similar vein, decreased LATS1 expression has also been detected in some cases of CRC (Wierzbicki et

al., 2013).

1.4.3 Pancreatic Cancer

Pancreatic deletion of MST1/2 disrupts pancreatic architecture and produces metaplastic lesions
resembling those of pancreatic cancer (George et al., 2012). Furthermore, TAZ overexpression in
pancreatic cancer cells increase their metastatic potential, while knockdown of YAP abrogated cell
migration and invasion (Yang et al., 2015, Xie et al., 2015). Recent studies using Kras-driven models of
pancreatic ductal adenocarcinoma (PDAC) showed that YAP deletion inhibited proliferation of Kras mutant
cells both in vitro and in vivo, suggesting that YAP is necessary for disease progression (Zhang et al.,
2014b). Furthermore, another study in the same model revealed spontaneous YAP amplification as a
resistance mechanism upon Kras inactivation (Kapoor et al., 2014). Clinically, human pancreatic tumor
specimens also show significantly higher levels of YAP/TAZ expression, especially in metastatic lesions,
relative to the surrounding healthy pancreatic tissue, and expression levels correlate with poor patient

prognosis (Diep et al., 2012, Xie et al., 2015, Yang et al., 2015).

1.4.4 Breast Cancer
Multiple studies have correlated YAP/TAZ expression levels with breast cancer initiation,
progression, and metastasis. Immunohistochemical analysis of breast cancer tissues, particularly in those

with aggressive and invasive phenotypes, demonstrate significant overexpression of YAP/TAZ as well as
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nuclear localization (Chan et al., 2008, Diaz-Martin et al., 2015, Wang et al,, 2012). YAP/TAZ
overexpression elevates the invasive and migratory potential of MCF10A, a nontumorigenic cell line, and
knocking down either YAP or TAZ inhibited the aforementioned phenotypes both in vitro and in vivo (Wang
et al., 2012, Chan et al., 2008, Lei et al., 2008, Overholtzer et al., 2006).

Several lines of evidence suggest that TAZ expression and activity may potentiate cancer stem cell
(CSC) renewal and drive breast cancer development. TAZ knockdown and overexpression respectively
induced luminal cell differentiation in basal cells and basal cell characteristics in luminal cells, suggesting
that TAZ promotes lineage switching in the mammary epithelium (Skibinski et al., 2014). Furthermore, TAZ
expression and activity may drive more aggressive basal-like breast cancers, as TAZ appears to enrich a
CSC population to mediate the formation of high-grade tumors, and is itself required for breast cancer cell
renewal and tumorigenic potential (Cordenonsi et al., 2011). On the other hand, YAP may be required for
tumor formation but is insufficient in and of itself for oncogenic transformation. In vivo YAP hyperactivity in
mammary epithelia induces terminal differentiation but is insufficient for hyperplastic induction.
Furthermore, loss of YAP suppressed polyoma middle T oncogene (PyMT)-mediated tumor induction but
was ineffectual in virgin mammary glands (Chen et al., 2014). Thus, YAP may act cooperatively with other
oncogenic determinants of breast cancer (e.g. BRCA1 and p53) to potentiate cellular transformation
(Overholtzer et al., 2006).

Together, YAP and TAZ also mediate other breast cancer determining factors such as Leukemia
inhibitory factor reception (LIFR) whose expression level directly correlates with improved overall survival
in breast cancer patients. Loss of LIFR in nonmetastatic breast cancer increases metastatic potential, while
restoring LIFR in tumors was found to suppress metastasis by promoting YAP phosphorylation (Chen et
al., 2012). G protein—coupled estrogen receptor (GPER) is highly upregulated in invasive ductal carcinoma,
as compared with adjacent normal tissue, and drives breast cancer cell migration and tumor growth. The
effects of estrogen on breast cancer cells were found to be partly mediated through GPER stimulation and
a TAZ-driven transcriptional program (Zhou et al., 2015). Furthermore, YAP/TAZ interaction with TGF( also
promotes a metastatic transcriptional program in breast cancer cells (Hiemer et al., 2014). Taken together,

while YAP/TAZ appear to be critical towards breast cancer initiation, progression, and metastasis, they
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behave in a context-dependent manner and require additional genetic alterations to cooperatively induce

oncogenic transformation.

1.4.5 Uveal Melanoma

Uveal melanoma (UM) is the most common adult intraocular tumor arising from melanocytes in the
iris, ciliary body, or choroid, with high metastatic rates and poor prognosis thereafter. Over 80% of UM
cases exhibit somatic mutations in either GNAQ or GNA11, and overexpression of active Gg11 is sufficient
to drive transformation of healthy melanocytes, suggesting a critical role for these mutations in disease
development (Van Raamsdonk et al., 2010, Van Raamsdonk et al., 2009). Though ERK signaling was
originally thought to mediate the mechanism of melanocyte transformation, later studies revealed that
hyperactive and constitutively nuclear YAP mediated Ggq/11 transformation and oncogenesis through LATS
inhibition (Yu et al., 2014) or disrupted AMOT-YAP interactions (Feng et al., 2014). Furthermore, functional
studies demonstrated the therapeutic potential of targeting YAP for UM treatment using verteporfin, a
compound that abrogates the YAP-TEAD interface, thereby inhibiting UM tumor growth in vivo (Feng et al.,

2014, Yu et al., 2014).

1.5 Future Inquiries

Several key areas of further inquiry remain in spite of the rapid advancements made in the Hippo
signaling field. First, the molecular mechanisms regulating MST1/2 and MAP4K activity, and whether both
regulatory arms respond to overlapping or different upstream signals, remain an ongoing area of research.
Though many upstream signals regulating LATS1/2 phosphorylation and kinase activity have already been
identified, neither MST1/2 and MAP4K phosphorylation nor their kinase activity appear to be strongly
modulated by any extracellular cues. Recent work from our lab has identified the Ras-related GTPase RAP2
as a key transducer of ECM rigidity signals by binding to and activating MAP4K4/6/7, suggesting that
MST1/2 and the MAP4Ks can be differentially regulated by separate signals (Meng et al., 2018), and

another recent study delineated a mechanism in which the striatin (STRN)-interacting phosphatase and
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kinase (STRIPAK) complex regulates MST1/2 and MAP4Ks through inactivating binding by protein
phosphatase 2A catalytic subunit (PP2AC) (Meng et al., 2018, Chen et al., 2019).

Second, it is still unclear where the Hippo pathway components (excluding YAP) are localized in
mammalian cells. A previous report suggested a working model in which active Merlin/NF2 recruits
Wis/LATS to the plasma membrane (Yin et al., 2013), while another study showed that multiple Drosophila
components are organized into distinct complexes at apical junctions in the wing disc (Sun et al., 2015).
Further work is needed to fully clarify the spatial-functional relationships among mammalian Hippo
components as well as the exact localization of LATS1/2 activation. Third, the mechanism by which YAP
becomes deregulated in cancer is still unclear. Though YAP/TAZ activation has been observed in a wide
spectrum of human cancers, actual mutations in Hippo pathway genes are relatively few compared to other
pathways. Further work is needed to fully address this paradox, which may suggest that the Hippo pathway
is simply regulated by other cancer-driving pathways. Finally, the true mechanism of organ size sensing
has yet to be uncovered. Though a diverse array of signals has now been reported to regulate the Hippo
pathway in vitro, none of them have yet demonstrated a prominent role in organ size control in vivo.

Identifying this signal(s) will unravel a long-sought-after question in developmental biology.
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Figure 1.1: The Hippo pathway integrates various signals to regulate YAP/TAZ activity. The core
Hippo pathway comprises kinase cascade MST1/2 and LATS1/2. MST proteins, activated by upstream
signals, phosphorylate and activate LATS proteins directly, as well as activating their scaffold proteins
MOB1 and SAV1. MAP4Ks also phosphorylate and activate the LATS proteins in parallel to MST1/2.
Activated LATS proteins phosphorylate YAP and TAZ at multiple sites, inducing 14-3-3-mediated
cytoplasmic retention and protein degradation. YAP and TAZ function as transcriptional co-activators of
TEAD proteins to induce expression of genes involved in cell proliferation and apoptosis. Merlin, Willin and
KIBRA form a complex that recruit MSTs and LATS to the apical plasma membrane, thereby activating
LATS proteins. AMOT sequesters YAP and TAZ at tight junctions, while a-catenin sequesters YAP and
TAZ at adherens junctions to prevent their nuclear translocation. Activated AMPK phosphorylates LATS as
well as YAP to disrupts the YAP1-TEAD complex. The Hippo pathway is further regulated by ECM stiffness
and mechanotransduction through Rho GTPases. GPCRs mediate many extracellular signals to either
activate or inhibit LATS via Rho GTPase. AMOT, Angiomotin; AMPK, AMP-activated protein kinase; ECM,
extracellular matrix; GPCRs, G protein-coupled receptors; LATS, large tumour suppressor; LKB1, liver
kinase B1; MAP4K, mitogen-activated protein kinase kinase kinase kinase; MOB1, Mob1 homologue; MST,
mammalian ste20-like kinase; P, phosphorylation of indicated amino acid residue; SAV1, salvador family
WW domain-containing protein 1; TAZ, transcriptional co-activator with PDZ-binding motif; TEAD, TEA
domain family member; TAOK, thousand and one amino acid protein kinase; YAP1, Yes-associated protein
1.
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Chapter 2: Characterization of VT01454 as an inhibitor of YAP-driven cancer

2.1 Introduction

Over two decades of intensive research has established the Hippo pathway as a universal regulator
of organ size and tissue homeostasis, and expanded the Hippo kinase cascade into a complex signaling
network integrating an extensive repertoire of signals: soluble factors, cell polarity, mechanical cues, to
name a few (Yu and Guan, 2013). The same cellular properties — cell proliferation, survival, competition,
among others — that regulate and are regulated by the Hippo pathway also represent hallmarks of
tumorigenesis upon their dysregulation (Harvey et al., 2013). Thus, the impact of the deregulated Hippo
pathway on cancer development has sparked both basic and translational interest, and warrants continued
investigation of the functions and regulatory mechanisms of this pathway to identify new therapeutic targets.

The classical mammalian Hippo pathway comprises the core components mammalian STE20-like
protein kinase 1 and 2 (MST1 and MST2) and large tumor suppressor 1 and 2 (LATS1 and LATS2), their
respective adaptor proteins salvador homologue 1 (SAV1) and MOB kinase activator 1A and 1B (MOB1A
and MOB1B), and Yes-associated protein 1 (YAP1) and its transcriptional co-activator with PDZ-binding
motif (TAZ), both of which serve as the pathway’s major functional output. The mitogen-activated protein
kinase kinase kinase kinases (MAP4Ks) were recently discovered as additional core components acting in
parallel to MST1/2 upon Hippo pathway activation (Meng et al., 2015). Together, the MST1/2-Sav1 complex
and the MAP4Ks phosphorylate and activate Lats1/2-MOB1A1B, which in turn phosphorylate and inhibit
YAP/TAZ.

Hippo pathway deregulation induces tumorigenesis in model organisms and in a wide range of
human carcinomas. A recent study analyzing over 9,000 tumors profiled by The Cancer Genome Atlas
(TCGA) identified the Hippo pathway as among the top 10 somatically altered canonical signaling pathways
in cancer (Sanchez-Vega et al., 2018). Thus, both the Hippo pathway’s core and peripheral components —
and its primary functional effectors YAP/TAZ — have emerged as attractive therapeutic targets. Indeed, a
number of companies and academic institutions have developed small molecular entities targeting

YAP/TAZ (and to a lesser extent its upstream kinases) for biochemical and translational use, but for the
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most part require additional efforts for therapeutic and clinical relevance (Calses et al., 2019). Thus, there
is considerable interest and necessity in advancing the potency, specificity, and clinical viability of small
molecules targeting the Hippo pathway.

Here, we report the identification and characterization of VT01454, a novel small-molecule inhibitor
and Microcolin B (MCB) analog that induces YAP phosphorylation. We describe the structural optimization
of MCB to yield its more potent analog VT01454 and bifunctional probe VT01702, and demonstrate the
potency of VT01454 in Hippo pathway activation at low nanomolar concentrations. Additionally, both MCB
and VT01454 exhibit selective cytotoxicity against YAP-dependent uveal melanoma (UM) cell lines.
Collectively, the data rationalize future use of bio-orthogonal methods to identify the protein target(s) of
VT01454 and to further delineate a mechanism of action, both of which would provide grounds for future

therapeutic targeting as well as a potentially novel mechanism of Hippo pathway regulation.

2.1.1 The Hippo Pathway as a Therapeutic Target

Therapeutically targeting the Hippo pathway presents a unique set of challenges. Generally
speaking, kinases are the most ideal targets for small-molecule therapeutics. Unlike most oncogenic kinase
cancer targets, however, the majority of the Hippo kinases (i.e. MST1/2 and LATS1/2) are bona fide tumor
suppressors (Harvey et al., 2013). This means that inhibiting of any of these components, with the exception
of LATS1/2 under the pretext of immunotherapy, would likely increase cell proliferation and be entirely
counterproductive in the context of cancer. Thus, the conventional approach of small-molecule kinase
inhibition is unlikely to work. While previous studies have identified inhibitors of MST1/2 for the purpose of
regenerative medicine (Fan et al., 2016), the rational design of agonists targeting the core Hippo kinases
(i.e. restoring loss-of-function) is far more challenging. This leaves YAP and TAZ, along with the TEADs, at
the forefront of therapeutic design.

Previous studies have showcased largely indirect methods of targeting the Hippo pathway for YAP
inhibition. Statins, for instance, are routinely used to treat hypercholesterolemia and inhibit the conversion
of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) to mevalonate. Mevalonate is a precursor for

downstream synthesis of geranylgeranyl pyrophosphate, which is in turn required for Rho GTPase
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activation, thereby preventing Rho GTPase inhibition of LATS kinase activity and consequently inhibiting
YAP/TAZ (Sorrentino et al., 2014). Dobutamine, a GPCR B-adrenergic receptor (BAR) antagonist, likewise
indirectly inhibits YAP transcriptional activity (Bao et al., 2011). In a similar vein, lysophosphatidic acid
(LPA) and sphingosine-1-phosphate (S1P), both of which stimulate YAP activity, have also attracted
therapeutic interest (Murph and Mills, 2007), and monoclonal antibodies against LPA and S1P have been

developed with high specificity and affinity (Fleming et al., 2011, Wojciak et al., 2009).

2.1.2 Current Small-Molecule YAP-TEAD Inhibitors

Key potentially druggable sites in the protein—protein interface between YAP/TAZ and TEAD have
recently been identified, as well as a highly conserved TEAD palmitoylation pocket (Noland et al., 2016,
Chan et al., 2016, Mesrouze et al., 2017), providing a platform to screen for small molecules targeting the
Hippo pathway in cancers. One such small molecule is verteporfin, a porphyrin derivative FDA-approved
for the treatment of wet aged-macular degeneration (AMD) (Table 2.1). Verteporfin inhibits YAP activity by
abrogating the YAP-TEAD interface (Liu-Chittenden et al., 2012), and has been prominently featured in the
Hippo pathway literature owing to its ability to inhibit YAP-induced tumor growth and progression (Yu et al.,
2014, Feng et al., 2014).

Despite its known anticancer activities, verteporfin has several drawbacks. First, it is a clinical
photosensitizer used to treat macular degeneration, and as such, has poor solubility and bioavailability
(Brodowska et al., 2014). Second, verteporfin has low affinity for YAP and is difficult to modify for structure-
based optimization. Finally, verteporfin’s low affinity for YAP means higher levels of general toxicity, thereby
making it an unfavorable drug (Dasari et al., 2017). It is also worth noting that verteporfin is known to induce
oligomerization of proteins involved in major cellular processes, including autophagy and cytoskeletal
maintenance, among others (Brodowska et al., 2014, Gibault et al., 2016). Taken together, verteporfin has
generally served as a valuable research tool, but its viability as a foundation for drug discovery efforts is
unclear. Likewise, the compound CA3 was reported as a YAP inhibitor modulating YAP/TEAD
transcriptional activity and decreasing YAP expression (Song et al., 2018); however, its mechanism of YAP

interaction and inhibition remain unknown.
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Several more recent studies from companies and academic institutions alike have also identified
and/or patented direct small-molecule inhibitors of YAP and the YAP-TEAD interaction, reviewed in detail
elsewhere (Crawford et al., 2018). For instance, the French biotechnology company Inventiva has filed
multiple patent applications based on a bis-aryl hydrazine scaffold exhibiting appreciable activity in a
TEAD-GAL4 transactivation assay and antiproliferative effects in the NCI-H2052 mesothelioma cell line
(albeit at high concentrations), while another group at Massachusetts General Hospital focused on a more
defined method of YAP-TEAD inhibition by targeting a palmitoyl binding pocket at the core of all four TEADs
essential for TEAD folding, stability, and YAP binding (Table 2.1) (Mesrouze et al., 2017, Noland et al.,
2016, Chan et al., 2016). A representative compound was shown to inhibit target gene expression and cell
proliferation in the HuH?7 liver cell line; however, activity was reported only at relatively high concentrations
(30 and 10 pM, respectively) (Crawford et al., 2018).

The nonsteroidal anti-inflammatory drug (NSAID) flufenamic acid binds to the central pocket of
TEAD2 but interestingly, does not inhibit YAP-TEAD binding (Table 2.1) (Pobbati et al., 2012). Previous
reports showed that flufenamic acid treatment decreased cell growth, TEAD reporter activity, and several
Hippo pathway responsive genes by an unknown mechanism of action. More recently, an independent
group identified flufenamic acid derivatives containing chloromethyl ketone moieties that bind to the
conserved cysteine in the TEAD palmitoyl-binding pocket, thereby inhibiting YAP—TEAD interaction,
transcriptional activity, and glioblastoma growth in vitro (Table 2.1) (Bum-Erdene et al., 2019).

Finally, cyclic YAP-like peptides represent another emerging class of YAP-TEAD inhibitors. In an
early report, Hu and coworkers at Roche employed structure-based design to identify a cyclic YAP-TEAD
blocking peptide that could compete with endogenous YAP binding to GST-TEAD1 in cell lysate, with an
ICs0 of 25 nM (Table 2.1) (Zhang et al., 2014), though they were unable to leverage this into a cell-active
tool compound. In later studies, Jiao et al. found an approach to targeting YAP—-TEAD by designing a
peptide mimicking Vestigial Like Family Member 4 (VGLL4), known as ‘super-TDU’ (Table 2.1) (Jiao et al.,
2014), based on the premise that the VGLL4 represses YAP activity in the nucleus by competitively binding
to TEAD (Pobbati et al., 2012). Similar to its endogenous counterpart, the ‘super-TDU’ peptide significantly

reduced gastric cell growth in vitro and in vivo by binding to TEAD in a YAP-competitive manner (Jiao et
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al., 2014). While both studies provide proof-of-concept for these types of antagonistic peptides, additional

studies are needed to determine their clinically viability and their applicability across other cancer types.

2.2 Results

2.2.1 Phenotypic screening of small molecules that induce YAP phosphorylation

To identify small molecule inhibitors of YAP, we conducted a chemical library screen comprising
152 naturally derived marine compounds (Figure S2.1A), using YAP phosphorylation by mobility shift on a
Phostag™ gel as a readout. Among the screened molecules, Microcolin B was found to induce YAP
phosphorylation in the micromolar range (Figure 2.1A and 2.1B). Furthermore, overexpression of the YAP-
5S8A mutant antagonized the effects of VT01454 on YAP phosphorylation (Figure 2.1A), confirming that the
inhibitor indeed compromised YAP phosphorylation status.

Microcolin A (Compound 1 of Figure S2.1D) and Microcolin B (Figure 2.1A) are bioactive
lipopeptides first isolated from the cyanobacterium Lyngbya majuscule (Koehn et al., 1992). The Microcolins
possess immunosuppressive, antiproliferative, proapoptotic, and anti-cell adhesion activities (Koehn et al.,
1992, Zhang et al., 1997, Zhang and Longley, 1999, Takamatsu et al., 2004). Syntheses and structure-
activity relationships for the Microcolins have been reported (Koehn et al., 1994, Mattern et al., 1996,
Decicco and Grover, 1996, Mattern et al., 1997, Andrus et al., 1997), as have analogs designed to study
their mechanism of action (Mandal et al., 2005). However, no biological macromolecules with high affinity

for Microcolins have yet been identified.

2.2.2 Structure-based optimization of Microcolins as YAP inhibitors

To improve the potency of Microcolin B towards YAP, structure—activity relationships (SAR) were
explored in a parallel study, and this effort led to various analogs with improved potency and specificity
(analogs prepared by Vivace Therapeutics). The primary goals for the SAR studies were: (1) to design

analogs with enhanced cellular potency; and (2) to design a bifunctional probe that incorporated a linker
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(e.g. an alkyne handle) while retaining its potency, thereby permitting its downstream conversion into
various tools useful in experiments aimed towards target identification, such as affinity-based proteomics.
Subsequent screening of Microcolin analogs determined that des-acetyl Microcolin B (Figure
S2.1D, compound 4) (VT00349) is similarly active, and des-acetyl Microcolin A (Figure S2.1D, compound
3) (VT01454) is 40X more active, but dihydro Microcolin B (Figure S2.1D, compound 5) (VT00356) is
inactive. This structure-activity relationship is similar to that reported for Microcolins using other measures
of bioactivity (Koehn et al., 1992, Koehn et al., 1994). The inactivity of compound 5 suggested that
compounds 2, 3, and 4 may undergo a Michael reaction with a cysteine thiol in a target protein. This in turn
suggested that the doubly reactive probe 6 (VT01702) might undergo the hypothesized Michael reaction,
as well as a subsequent click chemistry reaction with tracers appropriate for the visualization and capture
of a target protein. The probe 6 was prepared and determined to have activity intermediate between
(compound 2 or 4) and compound 3, and the performance of this reactive probe was deemed sufficient to
move forward with additional cellular assays and chemical proteomics for target identification (Figure 3.1).
In all subsequent experiments, the compounds used will be henceforth referred to as MCB (Microcolin
B/VT00321/compound 2), VT01454 (des-acetyl Microcolin A/compound 3), and VT01702 (reactive probe

6).

2.2.3VT01454 induces YAP phosphorylation via the core Hippo kinase cascade

While VT00321 treatment in cells induced YAP phosphorylation and cytoplasmic translocation in
the micromolar range (Figure 2.1B, S2.1B, S2.1C), treatment with its more potent analog VT01454 induced
both aforementioned phenotypes in the low nanomolar range (Figure 2.1C, 2.1D, S2.1B), and their relative
potency was consistent with data generated using a firefly luciferase-based TEAD-Binding Reporter
(8xTBD) assay (Figure 2.1A and 2.1B).

Lats1/2 are the major direct regulators of YAP phosphorylation status; we thus asked whether
VT01454 induced Lats1/2 phosphorylation to inhibit YAP activity. Consistent with this premise, we found
that VT01454 treatment led to increased levels of Lats1 phosphorylation (Figure 2.2B). To determine
whether VT01454 activity was dependent on Lats1/2 and other upstream core Hippo pathway components,

we utilized various Hippo pathway knockout cell lines previously generated in the lab (Plouffe et al., 2016).
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While parental HEK293A, Lats1, and Lats2 KO cells exhibited YAP phosphorylation and cytoplasmic
translocation upon MCB treatment (Figures 2.2E and 2.2F), Lats1/2 double knockout cells (dKO) were
unable to phosphorylate YAP upon both MCB and VT01454 treatment, indicating that these compounds
operated in a Lats1/2-dependent manner (Figure 2.2E and 2.2G).

MST1/2 and the MAP4K family of kinases act in parallel to regulate Lats1/2 phosphorylation (Meng
et al,, 2015). We therefore asked whether either or both regulatory legs were required for VT01454 activity.
While VT01454 did not appear to depend on MST1/2 to induce YAP phosphorylation (data not shown),
MST1/2/MAP4K1/2/3/4/6/7 knockout (MM-8KO) cells were no longer sensitive to VT01454 (Figure 2.2H
and 2.21). Taken together, these data suggest that VT01454 induced YAP phosphorylation through core

Hippo pathway components and warranted further study as a Hippo pathway activator.

2.2.4 VT01454 induces specific and potent cytotoxicity in uveal melanoma cells harboring Gq/11
mutations

To address the specificity of MCB and its analog VT01454 towards YAP, we performed a set of
experiments using several uveal melanoma (UM) cell lines. Previous studies have shown that UM cell lines
harboring Gq11 mutations exhibit YAP hyperactivity, upon which the cancer cells depend for tumorigenesis
(Yu etal., 2014). We hypothesized that UM cell lines harboring Gg/11 mutations (e.g. 92.1, OMM1) would be
more sensitive to YAP inhibition compared to their B-raf-mutated counterparts (e.g. OCM1, OCM8), and
tested this idea by treating 92.1, OMM1, OCM1, and OCM8 cells with MCB or VT01454 for 24 and 48 hours
then imaging the cells for morphological changes. Indeed, we found that both VT01454 and MCB induced
selective cytotoxicity in only the Gg/11-mutant but not the B-raf-mutated cell lines at both the 24 and 48-hour
timepoints, based on cell morphology (Figure 2.3A and Figure S2.3A). Consistently, cell viability via trypan
blue staining also demonstrated higher degrees of cytotoxicity in the 92.1 and OMM1 cell lines compared
to the OCM1 and OCMS8 cell lines (Figure 2.3B and Figure S2.3B).

To check for apoptotic induction, cells were stained with Annexin V following 48h of VT01454
treatment, and flow cytometric analysis demonstrated higher levels of apoptotic induction in the 92.1 and
OMM1 compared to the OCM1 and OCMS8 cell lines (Figure 2.3C and Figure S2.3C). Soft agar colony

formation assay is a well-established method to characterize the capacity of transformed cells for
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anchorage-independent growth in vitro. In alignment with our hypothesis, VT01454 and MCB severely
impaired colony formation in 92.1 but not OCM1 cells (Figure 2.3D and Figure S2.3D). Finally, PARP
cleavage was assessed as additional indicator of apoptotic induction, and, consistent with our previous
observations, 92.1 and OMM1 cells exhibited higher levels of PARP cleavage compared to their OCM1 and

OCMS8 counterparts (Figure 2.3E).

2.3 Discussion

We herein identify Microcolin B (MCB) as a novel molecule targeting the Hippo pathway, using a
phenotypic screen for compounds inducing YAP phosphorylation and inhibition. MCB is a naturally
synthesized, bioactive lipopeptide with known immunosuppressive and antiproliferative effects (Zhang et
al., 1997). Treating cells with MCB led to YAP phosphorylation and cytoplasmic translocation in a Lats1/2-
and MAP4K-dependent manner. Structural optimization was performed on Microcolin B to yield its more
potent analog VT01454 and bifunctional probe VT01702 for downstream bioorthogonal applications.
VT01454 treatment induced an identical if not enhanced phenotypic profile as its parent compound MCB
but at doses in the low nanomolar range, thus demonstrating its improved potency.

Furthermore, MCB and VT01454 induced high levels of cytotoxicity and apoptotic induction in YAP-
dependent Gq/11-mutated but not in B-raf-mutated uveal melanoma cells, demonstrating their high specificity
for targeting YAP. These results collectively demonstrate the specificity of VT01454 and analogs in
targeting YAP, rationalizing further studies to identify their protein target(s) and delineate mechanism of
action. Identifying the putative target(s) of VT01454 and its mechanism of action is not only critical to future
optimization of these compounds for any potential clinical applications, but may also reveal previously

unknown regulators of the Hippo pathway.

2.4 Experimental Procedures
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Synthesis of Microcolin Analogs
Compounds 1-5 were synthesized using previously established methods (Koehn et al., 1994). A
detailed synthesis of Compound 6 (VT01702) is described below and LCMS spectra for Intermediate 4,

Intermediate 5, and Compound 6 can be found in Figure S2.3.

tert-Butyl N-[(1S)-1-[[(1S,2R)-2-hydroxy-1-[[(1S)-1-[(2S,4S)-4-hydroxy-2-[(2S)-2-methyl-5- oxo0-2H-
pyrrole-1-carbonyl]pyrrolidine-1-carbonyl]-2-methyl-propyl]-methylcarbamoyl] propyllcarbamoyl]-

3-methyl-butyl]-N-methyl-carbamate (Intermediate 4)
Me OH
. Me © ﬂe oMe Me y
N e
Me>|\0)]\N No, N
I\Ille o ., l\llle o o
Me ‘OH
(o)

306,

Intermediate 3 Intermediate 2 Intermediate 4

Intermediate 2 was prepared as previously described (Decicco and Grover, 1996). Intermediate 3 was
prepared by basic hydrolysis of the O-acetyl threonine analog, which has been previously described
(Decicco and Grover, 1996). Intermediate 3 (120 mg, 0.261 mmol, 1.0 eq) and Intermediate 2 (64 mg, 0.26
mmol, 1.0 eq) were dissolved in CH2Clz (6 mL). To this solution were added EtN(iPr)2 (101 mg, 0.783 mmol,
3.0 eq) and bromo tris(dimethylamino) phosphonium hexafluorophosphate (101 mg, 0.261 mmol, 1.0 eq).
The reaction mixture was stirred at 25 °C for 2 hours. The reaction mixture was diluted with water (6 mL),
and the resulting mixture was extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were dried
over Na2S04, filtered, and evaporated under vacuum. The residue was purified by preparative HPLC using
a Waters Xbridge BEH C18 OBD, 130 Angstrom, 5 micrometer, 30 mm x 150 mm column, and 35/65 v/v
CH3CN/H20 (0.05% ammonium hydroxide) eluent. The pure fractions were combined and evaporated
under vacuum. The residue was resuspended in water (10 mL), and the resulting mixture was lyophilized.
The title compound (80 mg, 47% yield) was obtained as a white solid. Mass calcd. for Cs2Hs3NsO9 651.38,

m/z found 674.3 [M+Na]+.

41



(2S)-N-[(1S,2R)-2-hydroxy-1-[[(1S)-1-[(2S,4S)-4-hydroxy-2-[(2S)-2-methyl-5-ox0-2H-pyrrole-1-
carbonyl]pyrrolidine-1-carbonyl]-2-methyl-propyl]-methyl-carbamoyl]propyl]-4- methyl-2-
(methylamino)pentanamide (Intermediate 5)

Me OH
Me Me
Me O Me o
el A N N
—>
A G RS
Me O , Me O o Me 0 Me O
Me” ““OH “/0H
o
Intermediate 4 Intermediate 5

Intermediate 4 (30 mg, 46 umol, 1.0 eq) was dissolved in dioxane (1 mL) and treated with 4M HCl in dioxane
(2 mL) at 0 °C. The reaction mixture was stirred at 0 °C for 2 hours. The mixture was diluted with saturated
aqueous NaHCOs (15 mL), and the resulting mixture was extracted with CH2Cl2 (3 x 30 mL). The combined
organic layers were dried over Na2SO;, filtered, and evaporated under vacuum to obtain the title compound

(24 mg, crude) as a yellow oil. Mass calcd. for C27H4sNs07 551.33, m/z found 574.2 [M+Na]+.

N-[(1S)-1-[[(1S,2R)-2-hydroxy-1-[[(1S)-1-[(2S,4S)-4-hydroxy-2-[(2S)-2-methyl-5-ox0-2H-pyrrole-1-
carbonyl]pyrrolidine-1-carbonyl]-2-methyl-propyl]-methylcarbamoyl] propyllcarbamoyl]-3-methyl-
butyl]-N-methyl-undec-10-ynamide (Compound 6)

5 +H§~fﬁ1&ﬁ 5(@1&;&

10-undecynoic acid Intermediate 5 Compound 6

To a solution of Intermediate 5 (24 mg, 43 umol, 1.0 eq) and 10-undecynoic acid (7.9 mg, 44 umol, 1.0 eq)
in CH2Cl2 (1 mL) at 0 °C were added EtN(iPr)2 (17 mg, 0.13 mmol, 3.0 eq) and bis-(2- oxo-3-oxazolidinyl)
phosphinic chloride (11 mg, 44 umol, 1.0 eq). The reaction mixture was warmed to 20 °C, and then stirred
at 20 °C for 1 hour. The reaction mixture was diluted with water (10 mL), and the resulting mixture was
extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were dried over Na2SOs, filtered, and

evaporated under vacuum. The residue was purified by preparative HPLC using a Waters Xbridge BEH
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C18 OBD, 130 Angstrom, 5 micrometer, 30 mm x 150 mm column, and 50/80 v/v CH3CN/Hz20 (0.05%
ammonium hydroxide) eluent. The pure fractions were combined and evaporated under vacuum. The
residue was re-suspended in water (10 mL), and the resulting mixture was lyophilized. The title compound
(5.80 mg, 19% yield) was obtained as a white solid. Mass calcd. for C3sHe1NsOs 715.45, m/z found 738.4
[M+Na]+. '"HNMR (400MHz, CDClz) & 7.21 (dd, J = 2.0, 6.0 Hz, 1H), 6.84 (d, J = 9.0 Hz, 1H), 6.02 (dd, J =
1.6, 6.1 Hz, 1H), 5.59 (d, J = 8.5 Hz, 1H), 5.16 - 5.06 (m, 1H), 4.95 (d, J = 11.0 Hz, 1H), 4.80 - 4.70 (m,
1H), 4.70 - 4.64 (m, 1H), 4.34 (s, 1H), 4.10 - 3.82 (m, 3H), 3.78 - 3.70 (m, 1H), 3.62 - 3.49 (m, 1H), 3.01 (s,
3H), 2.86 (s, 3H), 2.43 - 2.32 (m, 1H), 2.31 - 2.17 (m, 3H), 2.15 - 2.06 (m, 2H), 1.97 (d, J = 14.6 Hz, 1H),
1.87 (t, J = 2.5 Hz, 1H), 1.72 - 1.63 (m, 1H), 1.49 - 1.43 (m, 2H), 1.49 - 1.42 (m, 1H), 1.39 (d, J = 6.8 Hz,
3H), 1.36 - 1.30 (m, 3H), 1.28 - 1.20 (m, 7H), 0.99 (d, J = 6.3 Hz, 3H), 0.93 (d, J = 6.5 Hz, 3H), 0.91 - 0.84

(m, 4H), 0.83 (d, J = 6.5 Hz, 3H), 0.75 (d, J = 6.8 Hz, 3H).

Cell Culture

All cell lines were cultured at 37 °C with 5% CO2. HEK293A cells were cultured in DMEM (GIBCO)
with 10% FBS (GIBCO), 100 U miI~" penicillin and 100 ug ml~" streptomycin, and uveal melanoma cell lines
were cultured in RPMI with 10% FBS (GIBCO), 100 U mi™" penicillin and 100 ug ml™" streptomycin.
HEK293A cells were utilized for all experiments, unless otherwise noted. All knockout cell lines utilized in
this study were previously generated and published in the lab. Cells were transfected with plasmids using
PolyJet DNA In Vitro Transfection Reagent (Signagen Laboratories) according to the manufacturer’s

instructions.

Plasmids and Antibodies

Flag-YAP, Flag-YAP 5SA, GST-YAP were previously generated in the lab. Anti-YAP/TAZ, GAPDH,
and actin antibodies were obtained from Santa Cruz Biotechnology. Anti-phospho-YAP (S127), LATSA1,
phospho-Lats1/2 (Thr 1079/1041), PARP, phospho-Akt (Thr 308), Akt, and HA-HRP antibodies for Western
blot, YAP antibody for phostag, and Flag (DYKDDDDK) tag antibodies for IF were obtained from Cell
Signaling. Flag-HRP and Flag (M2) for IP were obtained from Sigma-Aldrich. Alexa Fluor 488, 555, and

647-conjugated secondary antibodies for IF were obtained from Invitrogen.
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8xTBD assay
YAP reporter assay was performed with a cell line stably engineered to harbor the 8XTBD-driven firefly

luciferase gene and TK-driven Renilla luciferase gene as described (Tang et al. Manuscript in preparation).

Western blots
Western blots were performed following standard methods. 7.5% phos-tag gel was used to resolve

the phospho-YAP proteins.

Immunofluorescence

Coverslips were pretreated with 2ug/mL Fibronectin solution (Sigma, P4957) in 12-well plates at
37°C overnight and washed with culture media prior to seeding cells. Cells were seeded at 0.3e5 cells/well
for transfection or at 0.7e5 cells/well for drug treatments. Cells were fixed in 4% paraformaldehyde for 15
minutes, followed by permeabilization with 0.1% Triton-X for 10 minutes and blocking in 3% BSA for 1 hour.
Primary antibody was incubated in 3% BSA overnight at 4°C. Secondary antibodies were diluted in 3% BSA
and incubated for 1 hour. Slides were mounted with prolong gold anti-fade reagent with DAPI. Most images
were captured with a Nikon Eclipse Ti confocal microscope and then were exported from NIS elements
imaging software. Results were quantified in at least 100 randomly chosen cells. Image J was used to

merge the signals from channels. For Figure 3A, a Nikon Inverted microscope was used.

Annexin V Staining

Cells were analyzed for phosphatidylserine exposure by an annexin-V FITC/propidium iodide
double-staining method using Dead Cell Apoptosis Kit with Annexin V Alexa Fluor™ 488 & Propidium lodide
(PI) obtained from Thermo Fisher. Cells were collected after 48 h of VT01454 treatment and subjected to
flow cytometric analysis. A minimum of 5,000 cells were then analyzed by BD FACSAria™ Fusion with

FlowdJo software for acquisition and analysis.

Soft Agar Colony Assay
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A 12-well plate for cell culture was coated with 0.7 ml bottom agar (RPMI containing 10% FBS and
0.8% Difco agar noble). Uveal melanoma cells (4,000 92.1 and 2,000 OCM1 cells per well) were suspended
in 1.5ml top agar (DMEM containing 10% FBS and 0.3% Difco agar noble) in each well. The cells were
incubated for 3 weeks and replaced with fresh medium every 3 d. The colonies were stained using 0.05%

crystal violet.
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Table 2.1: Structures of Compounds Reported to Modulate Hippo Pathway Activity

No. | Compound Mechanism of Institution References
Action (MoA)
1 + YAP-TEAD Bausch + Liu-
inhibitor Lomb Chittenden
+ Multiple etal, 2012
targets Verteporfin
reported, MoA | (Visudyne) is
unclear a trademark
of Novartis
2 + YAP/TAZ- Inventiva Crawford et
TEAD al., 2018
inhibitor (patent
+ MoA unclear review)
from patent
3 + Targets TEAD | Mass Mesrouze et
palmitoylation | General al., 2017
pocket Hospital Noland et
+  MoA unclear al., 2016
from patent Chan et al.,
2016
4 + Targets TEAD | A'STAR Pobbati et
palmitoylation al., 2015
pocket
+ TEAD2-YAP
binding is
unaffected
5 + Targets TEAD | Indiana Bum-
° Cl palmitoylation | University Erdene at
FiC N pocket al., 2018
\©/ + TEAD4-YAP
binding is
reduced
6 /’Q 7 - + YAP-TEAD Roche Zhang et al.,
NHz HN™ NH )\ C\N o binding 2014
R T Y L he competitor
- N\n/'\u N o,u/%o . T.EA.D1-.YAP
o " Lo ) binding is
o B H S inhibited
o H\? R
N g o . NH,
<:kn/ \_)LNH HNI' g ™ OQ‘(
o Me o
HO— [e] © g\gfo HO
H N
7 SVDDHFAKSLGDTWLQIGGSGNPKTANVPQTVPMRLRKLPDSFFKPPE | « YAP-TEAD Chinese Jiao et al.,
binding Academy of 2014
competitor Sciences
+« VGLL4
peplide binds
to TEADs
+ TEAD4-YAP
binding is
reduced
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Figure 2.1: Microcolin B is a YAP inhibitor. (A) Structures of Microcolin B and VT01454 with luciferase
reporter assays showing their respective effects on TEAD transcriptional activity. An 8xTEAD-Binding
Domain (8xTBD) reporter was used. (B) Microcolin B induces YAP phosphorylation in a dose-dependent
manner. HEK293A cells were treated for 4 hours with the following MCB concentrations: 0, 30, 70, 140,
270nM. (C) VT01454 induces YAP phosphorylation in the low nanomolar range. HEK293A and 92.1 cells
were treated with the indicated concentrations of VT01454 for 1.5 hours. (D) VT01454 induces YAP
cytoplasmic translocation. HEK293A cells were treated with DMSO or 50nM VT01454 for 2 hours before
immunofluorescence staining of endogenous YAP (green) and 4',6-diamidino-2-phenylindole (DAPI) for

DNA (blue). YAP localization was then quantified. Scale bar: 20uM.
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Figure 2.2: VT01454 induces YAP phosphorylation through core Hippo pathway components. (A)
YAP-5SA overexpression antagonizes MCB effects on YAP phosphorylation. HEK 293A cells were
transfected with Flag-YAP wide type or Flag-YAP 5SA plasmids and then treated with 0, 0.15, 0.3 ug/ml
MCB for 4 hours. CTL denotes control. (B) and (C) MCB induces Lats1 phosphorylation at both the T1079
site, and to a lesser extent, the S909 site. In (B) HEK293A cells were treated without or with 0.2 ug/ml MCB
for 2 hours. Immunoprecipitation were performed by Lats1 antibody. Two Lats1 phosphorylated sites
(T1079, S909) were tested. In (C) the kinase assays were performed in HEK293A cells with or without 0.2
ug/ml MCB treatment for 2 hours. GST-YAP was used as the Lats1 substrate. (D) and (E) MCB requires
Lats1/2 to induce YAP phosphorylation and cytoplasmic translocation. 2D HEK293A control (Ctrl), Lats1
knockout (KO), Lats2 knockout (KO) and Lats1/2 double knock out (dKO) cells were treated with 0.15 ug/ml
MCB for 2 hours. 2E HEK293A (Ctrl), Lats1 KO, Lats2 KO, and Lats1/2 dKO cells were treated without or
with 0.2 ug/ml MCB for 4 hours and YAP localization was determined by immunofluorescence staining for
YAP (Green) and 4',6-diamidino-2-phenylindole (DAPI) for DNA (blue). (F) VT01454 requires Lats1/2 to
induce YAP phosphorylation. HEK293A (Ctrl), Lats1 KO, Lats2 knockout KO, and Lats1/2 dKO cells were
treated with the indicated concentrations of VT01454 for 1.5 hours. (G) and (H) VT01454 requires both
MST1/2 and MAP4K1/2/3/4/6/7 to induce YAP phosphorylation and cytoplasmic translocation. 2G Parental
HEK293A and MST1/2/MAP4K1/2/3/4/6/7 knockout (MM-8KO) cells were treated with the indicated
concentrations of VT01454 for 1.5 hours. In (H) cells were treated with 50 nM VT01454 for 2hrs and stained
with YAP antibody (green) for immunofluorescence.
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Figure 2.3: VT01454 exhibits potent and specific cytotoxicity in YAP-dependent uveal melanoma
cell lines. (A) and (B) VT01454 induces apoptosis in uveal melanoma cell lines harboring Gg/11 but not
B-raf mutations. 92.1, OMM1, OCM1, OCM8 cells were treated with 50nM VT01454 or 2uM Verteporfin for
24 or 48 hours before capturing brightfield images and trypan blue staining for cell quantification. (C)
Annexin V staining demonstrates VT01454 induces higher levels of apoptotic induction in Gg/11 but not B-
raf mutated UM cells. 92.1, OMM1, OCM1, OCMS8 cells were treated with 20 or 50 nM VT01454 for 48
hours. Cell apoptosis were analyzed by flow cytometry using Annexin V/7-AAD staining per manufacturer
instructions. (D) VT01454 inhibits colony formation in Gg/11 but not B-raf mutated UM cells. 4,000 92.1 and
2,000 OCM1 cells were seeded without or with 50nM VT01454. After 30 days, cells were stained with
crystal violet and quantified. (E) and (F) MCB induces PARP cleavage in Gg/11 but not B-raf mutated UM
cells. 92.1, OMM1, OCM1 and OCMS8 cells were treated with 0, 0.2, 0.5, 1, 2, or 4 ug/mL of MCB or VP for
48 hours. Cells were harvested and lysates immunoblotted for PARP expression. (G) VT01454 induces
PARP cleavage in Gg/11 but not B-raf mutated UM cells. 92.1, OMM1, OCM1 and OCM83 cells were treated
with 0, 2.5, 4, 10, 20, or 50 nM VT01454 for 48 hours. Cells were harvested and lysates immunoblotted for
PARP expression.
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Figure 2.3: VT01454 exhibits potent and specific cytotoxicity in YAP-dependent uveal melanoma
cell lines (continued)
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Figure S2.1: Chemical library screen for YAP inhibitors. (A) Chemical library screen of marine
compounds. HEK 293A cells were treated with 3 ug/ml of different compounds. YAP phosphorylation status
was analyzed by immunoblotting. A list of compounds and their corresponding numbers can be found in
Table S1 (. (B) MCB and VT01454 induce YAP phosphorylation in a time-dependent manner. HEK293A or
92.1 cells were cultured in DMEM supplemented with 10% fetal bovine serum. Cells were seeded at below
80% confluency. HEK293A cells were treated with 0.2 ug/mL MCB or 50 nM VT01454 for the indicated
times. 92.1 cells were treated with 0.5 ug/ml MCB for the indicated times. (C) Microcolin B induces YAP
cytoplasmic translocation. HEK293A cells were treated without or with MCB for 4 hours.
Immunofluorescence were performed. YAP (Green), 4',6-diamidino-2-phenylindole (DAPI) for DNA (blue).
The localization of YAP was quantified. (D) Structures of Microcolin A (1), Microcolin B (2), and their
respective derivatives des-acetyl Microcolin A (3) and B (4), dihydro Microcolin B (5), and the doubly-
reactive probe (6).
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Figure S2.2: (A) MCB induces apoptosis in uveal melanoma cell lines harboring Gqg/11 but not B-raf
mutations. 92.1, OMM1, OCM1 and OCMS8 cells were treated with 5 ug/ml MCB or 5 ug/ml verteporfin (VP)
for 24 or 48 hours. The growth situation was photographed. SRB assay (ask Guangbo) was also performed
in the indicated cells by MCB (5 ug/ml) or verteporfin (VP) for different times. All four are uveal melanoma
cell lines. 92.1 and OMM1 have activating Gq mutation (so YAP is constitutively active) whereas OCM1
and OCM8 have activating B-Raf mutation (so YAP is not active). (B) Annexin V staining demonstrates
MCB induces higher levels of apoptotic induction in Gg/11 but not B-raf mutated UM cells. 92.1 and OCM1
cells were treated with 0, 0.5, and 1 ug/ml MCB for 24 hours. Cell apoptosis were analyzed by flow
cytometry using Annexin V/7-AAD staining. (C) MCB inhibits colony formation in Gg/11 but not B-raf
mutated UM cells. 0.3 million 92.1 and OCM1 cells without or with 0.3 ug/ml MCB. After 30 days, Cells were
stained by crystal violet and quantified.
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6 (continued)
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5
LCMS REPORT

CompoundID @1
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6 (continued)
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Intermediate 5
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6 (continued)
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Intermediate 6

LCMS REPORT
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6 (continued)
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Compound 6

MS Spectrum Graph
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Figure S2.3: LCMS Reports of Intermediate 4, Intermediate 5, and Compound 6 (continued)
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Chapter 3: Target Identification and Mechanism of Action for the YAP Inhibitor VT01454

3.1 Introduction

The mammalian phosphatidylinositol transfer proteins o and B (PITPa/B) are a highly conserved
pair of StAR-related lipid transfer (START) proteins that bind and transfer phosphatidylinositol (PI) and
phosphatidylcholine (PC) in vitro (Yoder et al., 2001, De Vries et al, 1996), and stimulate
phosphatidylinositol-4-phosphate (P14P) production in vivo (lle et al., 2010). Their physiological significance
is reflected in the Parkinsonian/neurodegenerative phenotypes of the PITPa-deficient vibrator (vb) mouse
(Hamilton et al., 1997), the absent dorsal forebrain in neocortex-conditional Pitpna/Pitpnb double knockout
mice, and the embryonic lethality of Pitona/Pitpnb double null mice (Xie et al., 2018).

Here, we report a novel role for PITPa/B in regulating the Hippo kinase cascade through the
characterization of VT01454, a small-molecule inhibitor and Microcolin B analog which we previously
defined as both a potent and specific YAP inhibitor. In the present study, we use bio-orthogonal methods
to identify and validate PITPa/f as the protein targets of VT01454, and functionally verify the role of PITPa/j
in Hippo signaling by genetic deletion in HEK293A cells. Furthermore, we demonstrate that VT01454
inhibition of PITPa/B regulates the Hippo pathway by modulation of a plasma membrane pool of PI4P, and
identify MAP4K6 and MAP4K7 as potential PI4P-interacting proteins in a BiolD assay using the PI4P

reporter PAM-SidMx2.

3.1.1 Affinity-Based, Bioorthogonal Methods for Small-Molecule Target Deconvolution

Despite the increasing number of target identification techniques developed to date, affinity
purification remains the most direct and widely used approach to finding target proteins that bind small
molecules of interest. Notably, this approach has been used to identify the targets of many important small-
molecule drugs and inhibitors, including FK506 and cyclosporin A (Harding et al., 1989, Takahashi et al.,
1989). A target deconvolution project typically begins with structure-activity relationship (SAR) studies
where different functional groups on the small molecule of interest are modified or removed to determine

their dispensability for drug activity. Sites of negligible impact become points of attachment to an affinity tag
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(e.g. biotin) or a solid matrix (e.g. Affinity-Gel agarose beads). Introducing a functional tag into a compound
is a challenging task, and for some compounds, the addition of any kind of bulky tag significantly reduces
its activity. This problem can be solved through the addition of a small chemical handle (e.g. an alkyne tag)
for bioorthogonal chemistry, such as Copper(l)-catalyzed Huisgen-[3 + 2]-azide-alkyne cycloaddition
(CUAAC or click chemistry) and Staudinger ligation between azides and triarylphosphine reagents
(Prescher and Bertozzi, 2005, Grammel and Hang, 2013). Thus, bioorthogonal approaches minimize
structural perturbation and covalently conjugate a functional tag (e.g. biotin-azide, fluorescent-azide) to the
compound via ‘click’ reaction.

Bioorthogonal reactions like CUAAC can easily be conducted in aqueous media, and are typically
done in whole cell lysate and occasionally live cells for affinity purification. Furthermore, such bioorthogonal
probes (e.g. tag-azides) are often further coupled with a fluorescent or photoreactive group (e.g.
benzophenone, diazirine), so-called trifunctional probes (Lapinsky, 2012)that permit photoaffinity reactions
that induce covalent cross-linking between compound and target protein. Trifunctional probes have been
successfully applied to several drugs including dasatinib, a dual Bcr-Abl and Src family tyrosine kinase
inhibitor approved for use in patients with chronic myelogenous leukemia (CML), where trifunctional probe
labeling identified several previously unknown targets including several serine/threonine kinases (Shi et al.,
2012). Of note, trifunctional probes are widely used for activity-based protein profiling (ABPP), a chemical
proteomic approach that globally characterizes enzyme function in living cells (Cravatt et al., 2008).

Following bioorthogonal conjugation, affinity purification is much like immunoprecipitation of
specific proteins where the covalently conjugated drugs (e.g. drug-biotin) are incubated with antibody and/or
beads (e.g. streptavidin-conjugated beads) in protein extract, followed by extensive washing to remove
nonspecifically bound proteins. Finally, the tightly binding proteins are either eluted with excess free drug
or under highly denaturing conditions. The eluted proteins are then analyzed by SDS—PAGE and protein
bands excised and identified by mass spectrometry (MS). Alternatively, samples are directly processed on
beads for total proteome analysis. Given that there are typically many more nonspecific binders than actual
drug targets, negative controls such as similarly tagged inactive analogs or more potent analogs (to serve
as a ‘competitor’) of the parental compound are used in parallel whenever possible. One caveat to affinity

purification approaches is that most bioactive compounds, especially drugs or drug candidates, bind non-
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covalently to their target proteins, and such complexes may not survive the affinity purification process.
Once potential targets are identified, subsequent studies must not only confirm direct biochemical binding
but demonstrate that the target's modulation leads to the functional effects initially detected in the
phenotypic assay. Target “authenticity” can be determined by a host of functional assays, including but not

limited to protein overexpression and genetic deletion by RNA interference and CRISPR-based strategies.

Combination with quantitative proteomics

Recent advances in MS technologies have enabled more sensitive and quantitative methods for
high-throughput target identification. In particular, studies have effectively coupled affinity purification to
stable isotope labeling-based quantitative MS techniques (Rix and Superti-Furga, 2009), such as metabolic
labeling (e.g. stable isotope labeling by amino acids [SILAC]) (Ong et al., 2002, Raj et al., 2011), and
chemical labeling (e.g. isotope-coded affinity tag [ICAT] (Gygi et al., 1999, Oda et al., 2003) and isobaric
tags for relative and absolute quantification [iTRAQ]) (Ross et al., 2004, Huang et al., 2009, Bantscheff et
al., 2007). Among these methods, reductive dimethylation (ReDi labeling) has grown increasingly popular
as an inexpensive and reliable way of quantifying differences in protein concentration in nearly any sample
type (Tolonen and Haas, 2014). ReDi labeling is based on the respective mono- and dimethylation of proline
and lysine side chains, using formaldehyde and cyanoborohydride harboring hydrogen atoms in either their
natural isotopic distribution (“light”) or in deuterated form (“heavy”). Each dimethylated residue on a peptide
results in a mass difference of 6.0377 Da between light and heavy forms that is then used by MS to
distinguish between the paired samples, and relative peptide abundances are quantified as the ratio of MS1
extracted ion chromatogram areas (i.e. MS1 peak area ratio) of light and heavy versions for each peptide
ion pair (Tolonen and Haas, 2014). All of the described approaches directly compare proteins from active
probe experiments to proteins from control or negative probe experiments in a quantitative manner, making

it possible to cut off nonspecific background signals even under moderate washing conditions.

3.1.2 Introduction to Phosphoinositide Metabolism

Cellular membranes incorporate a diverse repertoire of molecules, including proteins, sterols, and

phospholipids. Together, these constituents orchestrate membrane function and consequently establish
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and shape membrane identity. One such class of membrane lipids, the phosphatidylinositol phosphates
(PIPs), plays a critical role in regulating these processes. Phosphatidylinositol (Pl) is made up of 2 fatty acid
chains that imbed the lipid in the membrane, a glycerol backbone, and an inositol group facing the cytosol.
A highly versatile molecule, Pl undergoes phosphorylation and dephosphorylation at the D-3, D-4, and D-
5 positions of its inositol ring to generate 7 chemically distinct PIPs: Pl 3-phosphate [PI3P], Pl 4-phosphate
[PI4P], PI 5-phosphate [PI5P], PI 3,4-bisphosphate [PI(3,4)P2], Pl 4,5-bisphosphate [PI(4,5)P2], Pl 3,5-
bisphosphate [PI(3,5)P2], and PI 3,4,5-trisphosphate [P1(3,4,5)P3], of which PI4P and PI(4,5)P2 are the most
abundant. PIP interconversion is dynamically driven by various kinases and phosphatases, and the precise
regulation of their catalytic activity and subcellular localization allows exquisite control of PIPs in cellular

space and time (Del Bel and Brill, 2018).

3.1.3 Phosphoinositol-4-Kinase (PI4K) family, the Sac1 phosphatase, and phosphoinositol-4-
phosphate (PI4P) metabolism

The conversion of Pl to PI4P is a crucial step in the PIP pathway. PI4P is one of the most abundant
cellular PIPs and is synthesized by Pl4K phosphorylation of Pl at the D-4 position of its inositol ring (Del
Bel and Brill, 2018, Lemmon, 2008). While PI4P serves as a precursor to PI(4,5)P2 and PI(3,4,5)Ps, it is
also a signaling molecule in its own right, playing diverse roles at various endolysosomal membranes in the
cell (Balla and Balla, 2006, D'Angelo et al., 2008, Delage et al., 2013, Tan and Brill, 2014). Classically, PI14P
regulates Golgi trafficking at the cellular level, a role first evidenced in a yeast study of secretory pathway
defects associated with hypomorphic PI4K mutants with compromised PI14P synthesis (Hama et al., 1999,
Walch-Solimena and Novick, 1999). A number of PI4P effectors have since been elucidated, all of which
function on Golgi membranes to regulate vesicle budding (Wang et al.,, 2003, Godi et al., 2004),
maintenance of Golgi structure (Dippold et al., 2009), and possibly nonvesicular lipid transport (Téth et al.,
2006, D'Angelo et al., 2007). Although canonically enriched at the frans-Golgi network (TGN), appreciable
levels of PI4P are also found at the PM (GR et al., 2009), early endosomal membranes, late endosomal
and lysosomal membranes, and to some extent on most other intracellular membranes (Del Bel and Brill,

2018).
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Mammals produce 4 structurally distinct PI4Ks classified into 2 categories: type Il Pl4Ks (Pl4Klla
and PI4KIIB) and type Il Pl4Ks (Pl4Kllla and PI4KIIIB). Type Il Pl4Ks are largely cytosolic and harbor
catalytic domains similar that of the Pl 3-kinases (PI3Ks), whereas type Il PI4Ks are palmitoylated and
contain distinct catalytic domains. Pl4Kllla plays a conserved role in synthesizing plasma membrane (PM)
PI14P and has been reported to localize to the PM, ER, among other organelles (Nakatsu et al., 2012).
P14KIIIB has a conserved role in synthesizing Golgi PI4P, and has been reported to reside at the Golgi
(Dumaresg-Doiron et al., 2010), nucleus (Kakuk et al., 2008, Kakuk et al., 2006), ER (Wong et al., 1997)
(Balla and Balla, 2006), mitochondria, and lysosomes. Pl4Kllo. and PI4KIIB localize to endosomes, where
they generate PI14P necessary for endosomal trafficking, and at the trans-Golgi network (TGN), where they
facilitate post-Golgi trafficking (Salazar et al., 2005, Clayton et al., 2013). PI4KIIp is also found at the PM
(Wei et al., 2002). Thus, the unique subcellular localization of the PI4Ks generates both spatially and
functionally distinct pools of PI4P (Grabon et al., 2019).

Working antagonistically to these Pl4Ks is a highly conserved Pl 4-phosphatase known as Sacf,
which removes phosphate from the D-4 position of the inositol ring to replenish Pl and restrict PI4P levels.
In vitro, human Sac1 dephosphorylates PI4P and to a lesser extent PI3P, while exhibiting no activity
towards PI(3,5)P2 as well as PIPs with adjacent phosphate groups (e.g. PI(4,5)P2). Likewise, in vivo studies
across yeast, Drosophila, and mammals have shown that Sac1 far prefers PI4P as a substrate (Foti et al.,
2001, Nemoto et al., 2000, Liu et al., 2008, Hughes et al., 2000). Structurally, Sac1 contains 2 conserved
transmembrane domains (TMDs) and a SAC domain harboring PIP phosphatase activity, which in and of
itself comprises 7 highly conserved catalytic and regulatory motifs, including a catalytic core CXsR(T/S).
Furthermore, mammalian Sac1 harbors a leucine zipper (LZ) motif at its N-terminus and a coat protein |
(COPI) binding motif (KEKIDD) at its C-terminus, which are required for Sac1 localization at the Golgi and
ER, respectively (Rohde et al., 2003, Blagoveshchenskaya et al., 2008). Sac1 depletion in cells leads to
aberrant PI4P accumulation and distribution, suggesting that Sac1 functions to prevent random PI4P
dispersal and maintain PI4P pools in specific subcellular locations, thereby preserving the functional identity
of intracellular membranes (Tahirovic et al., 2005, Roy and Levine, 2004).

To ensure PIP homeostasis, cellular regulation of Sac1 activity occurs at the levels of gene

expression, protein structure or conformation, and localization. Sac1 subcellular localization at the ER,
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Golgi and membrane contact sites (MCS) is in turn controlled by its own structural motifs, binding partners,
nutrient availability or growth conditions, and PIP levels. Deleting the short C-terminal hydrophobic
sequence that localizes Sac1 to the ER renders the enzyme cytoplasmic, and this truncated Sac1 has been
effectively harnessed in various ways to acutely deplete different intracellular PI4P pools to study their

function in a spatiotemporal manner (Szentpetery et al., 2010).

Viral replication requires PI4P hijacking

Positive-sense RNA viruses such as hepatitis C virus (HCV) hijack cellular PI4P to drive infectious
capacity (Altan-Bonnet and Balla, 2012, Bishé et al., 2012). Upon infection, HCV establishes PI4P- and
cholesterol-rich “membranous webs” that serve as platforms for viral replication in the host cell; thus, PI4P
is upregulated and essential during HCV infection (Hsu et al., 2010, Berger et al., 2011, Reiss et al., 2011).
Mechanistically, the HCV nonstructural protein 5a (NS5A) recruits and stimulates Pl4Kllla activity at viral
replication sites (Reiss et al., 2011, Berger et al., 2011), while simultaneously removing Sac1 to attenuate
PI4P turnover by recruiting the Arf1 GTPase-activating protein (Arf1-GAP) to displace Sac1 from the Golgi

(Li et al., 2014). This dual mechanism drives increased PI14P synthesis at viral replication sites.

3.1.4 Phosphoinositide Transfer Proteins alpha and beta (PITPa/B)

PITPs are ancient, eukaryotically conserved proteins classified into two distinct families: the Sec14-
PITPs and the StAR-related lipid transfer domain (START)-like PITPs, the latter of which comprise PITPa/3
among other lipid transfer proteins (LTPs). PITPa/B are classically defined as transorganelle lipid carriers
that supply phosphatidylinositol (PI) from the endoplasmic reticulum (i.e. their site of synthesis) to PtdIns-
low membranes involved in phosphoinositide metabolism (Nile et al., 2010). Of note, this inter-membrane
lipid transfer is energy-independent, as PITPo/p bind and exchange Pl and phosphatidylcholine (PC) in a
mutually exclusive manner, showing preference for Pl over PC at a 20-fold higher rate of in vitro transfer
(Wirtz, 1991).

The core START-like PITP consists of four domains: (1) the lipid binding pocket comprising an
eight-stranded B sheet, bound by two a helices; (2) an unstructured region referred to as the “regulatory

loop”; (3) the C-terminal helix G; and (4) the “lipid exchange loop” that gates the entry to the lipid-binding
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pocket (Grabon et al., 2019). It is worth noting that Pl and PC bind in nearly identical orientations in the
START-like PITP lipid pocket. Both headgroups are sequestered within the cavity § sheet floor, coordinated
by four residues (T59, K61, E86, N90 in PITPa) (Tilley et al., 2004, Alb et al., 1995). The G-helix is
conformationally dynamic during PITP association with membranes (Tremblay et al., 2005), and molecular
dynamics simulations show the G-helix undergoing a localized unfolding (E248) upon PI binding, altering
its hydrogen bonding network and therefore its interaction with the A-helix, thus promoting closure of the
gate over the lipid binding pocket (Grabon et al., 2017).

Early insights into PITPa/p function in mammalian systems were exclusively gleaned from cell-free
or permeabilized cell reconstitution and resolution studies, such as dense core vesicular exocytosis in
permeabilized neuroendocrine cells, vesicle budding from the TGN among other Golgi compartments, and
scission of coatomer-coated transport vesicles, to name a few (Hay et al., 1995, Hay and Martin, 1993,
Ohashi et al., 1995). While these pioneering studies accurately reconstituted Pl requirements for each
corresponding reaction, the physiological relevance of their projected roles for the PITPs remains unclear

(Grabon et al., 2019).

In Vivo PITPa/B Functions in Cell Culture and Vertebrate Models

Initial studies of Class | PITP functions in cellular systems largely used siRNA and overexpression
approaches, and quickly made apparent that despite sharing 77% sequence identity, PITPo/p appeared to
have functionally distinct cellular and biological roles. Localization studies reported that PITPa resides at
the nucleus and the cytoplasm, while PITP predominantly resides at the Golgi (lle et al., 2010, De Vries
et al., 1996, Carvou et al., 2010). Overexpression of PITPa appeared to promote the secretion of mitogenic
and survival factors, and NIH3T3 fibroblasts overexpressing PITPa exhibited increased survival upon in
vitro apoptotic induction (Snoek et al., 1999, Bunte et al., 2006). Furthermore, transferring conditioned
medium to naive NIH3T3 cells increased proliferation and conferred protection against UV radiation and
TNFa treatment (Schenning et al., 2004).

In contrast, an siRNA approach demonstrated that PITP is required for cargo transport from the
Golgi to the ER in Hela cells, where transient PITPB knockdown resulted in Golgi compaction, altered

nuclear morphology, reduced intracellular PI4P levels, and strong defects in COPI-mediated Golgi to ER
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retrograde trafficking (Carvou et al., 2010). From this study, a lipid-transfer mechanism was proposed in
which PITP delivers Pl from the ER to cis-Golgi membranes to make substrate available to PI4KIIf, which
produces PI4P and ultimately affects the actin dynamics that mobilize COPI-coated vesicles (Carvou et al.,
2010).

Though PITPs have been traditionally viewed as transmembrane lipid carriers, the first functional
analysis of vertebrate PITP demonstrated its ability to potentiate PI4K activity, thereby enhancing PI4P
production (lle et al., 2010). This ushered in a new model where Pl4Ks are, on their own, biologically
insufficient enzymes incapable of producing enough PI4P to overcome the actions of the PI-4-
phosphatases. In this model, PITPs act in concert with Pl4Ks to produce sufficient levels of PI4P to
overcome this regulatory barrier and execute meaningful intracellular signals.

The dramatic effects of PITPB depletion on the Golgi implicated an important, and perhaps
indispensable, role for PITPs in mammalian development. Indeed, PITPa null mice are born alive but exhibit
spinocerebellar disease, intestinal and hepatic steatosis, and hypoglycemia before neonatal or perinatal
death (Hamilton et al., 1997, Alb et al., 2003). Though Pitpna null mice die of multiple systemic failures
within a few days of postnatal life (Alb et al., 2002), Pitpnb null animals are fertile and exhibit no obvious
pathologies as late as 12 months of age (Xie et al., 2018). However, both PITPa/p are required for dorsal
forebrain development and full-body deletion of both Pitpna and Pitpnb is embryonically lethal, suggesting

that PITPa/p are at least partially redundant in embryonic development (Xie et al., 2018).

3.2 Results

3.2.1 Affinity purification/LC-MS/MS identifies PITPa/B as the putative targets of VT01454

To identify the protein targets of VT01454, we used a bioorthogonal labeling strategy followed by
affinity purification (Fig 3.1C). To this end, we employed bifunctional probe VT01702, which induces YAP
phosphorylation at a lesser potency than VT01454 and harbors an alkyne handle allowing downstream
conversion into various tools geared towards target identification (Figure 3.1A, 3.1B). Briefly, HEK293A

cells were treated with vehicle or reactive probe VT01702, in the presence or absence of VT01454 to

73



compete for binding. VT01702 was then conjugated to a fluorescent 545-azide via Copper(l)-catalyzed
alkyne-azide cycloaddition (CuAAC) in total cell lysate, and lysates were then resolved on an SDS-PAGE
gel and then fluorescently visualized using a Typhoon imager, the idea being that following fluorescent
band detection, VT01702 could then be conjugated to a biotin-azide for affinity purification (Figure 3.1C).

The fluorescent 545-conjugated VT01702 consistently yielded an interacting protein that resolved
around 37kD and this interaction was suppressed by VT01454 competition, confirming its specificity (Figure
3.1D). To our surprise, no other bands of comparable signal strength resolved in any of the samples.
Furthermore, because the samples had been boiled in SDS sample buffer (devoid of f-mercaptoethanol
since cysteine residues were prime suspect for target engagement), this indicated that the compound was
likely engaging covalently (i.e. irreversibly) with its target. It is also worth noting that no bands at 37kD were
resolved upon silver staining (data not shown), a well-established standard for protein abundance prior to
mass spectrometric analysis. Based on these preliminary bio-orthogonal experiments, we concluded that:
(1) VT01702 was irreversibly engaging a major target at appreciably high specificity, and (2) target
identification by total proteome capture could be feasible based on apparently low sample complexity, but
a significant increase in sample abundance would be necessary for success in this endeavor.

In order to successfully capitalize on the 37kD band, we needed to optimize a protocol for affinity
purification at sufficiently large scale for mass spectrometry detection. To this end, VT01702 was
conjugated to a trifunctional 545-biotin-azide (Figure S3.1A) to enable simultaneous streptavidin-biotin
affinity purification and fluorescent visualization of its pulldown efficiency (streptavidin antibody detection
via Western blot was previously attempted to no success). Using a previously established method with
some adaptations (Speers and Cravatt, 2009), affinity purification was conducted at a larger scale and
streptavidin pulldown efficiency was validated through Typhoon imaging and silver staining, both of which
now resolved the 37kD band of interest (Figure 3.1E). Total proteome capture followed by reductive
dimethylation (Tolonen and Haas, 2014) and LC-MS/MS unequivocally revealed Phosphatidylinositol
transfer proteins o and  (PITPa/B) as the major targets of VT01454, with a light : heavy (VT01454 : dmso)
ratio of 20 (Figure S3.3A). Notably, gel excision samples from the silver stain were submitted in parallel for
analysis at an independent facility and PITPo/p were again the most prominently identified proteins, thus

corroborating the total proteome data (Figure S3.3B).
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PITPs are ancient, eukaryotically conserved proteins classified into two distinct families: the Sec14-
PITPs and the StAR-related lipid transfer domain (START)-like PITPs, the latter of which comprise PITPa/3
among other lipid transfer proteins (LTPs). PITPa/B are classically defined as transorganelle lipid carriers
that supply phosphatidylinositol (PI) from the endoplasmic reticulum (i.e. their site of synthesis) to PtdIns-
low membranes involved in phosphoinositide metabolism (Nile et al., 2010). Of note, this inter-membrane
lipid transfer is energy-independent, as PITPo/p bind and exchange Pl and phosphatidylcholine (PC) in a
mutually exclusive manner, showing preference for Pl over PC at a 20-fold higher rate of in vitro transfer
(Wirtz, 1991). Both PITPa/p have a predicted molecular weight of 32 or 35kD — in close alignment with the
37kD band observed in our CUAAC experiments — and share 77% sequence identity while harboring
functionally distinct cellular and biological roles.

We used two approaches to biochemically validate the engagement of PITP by VT01454. First,
we resolved the same affinity purification samples used for MS analysis on an SDS-PAGE gel for
immunoblotting with PITPJ antibody. Indeed, the PITPf antibody detected an enriched signal at 37kD, thus
confirming the identity of the long-observed band of interest (Figure 3.1F). Second, we repeated the
aforementioned CuAAC experiment using parental or CRISPR-generated PITPJ KO cells, treated with
vehicle or with VT01702. Here, we found that the previously resolved 37kD band in the parental cell line
had in fact been a doublet all along (Figure 3.1G). The upper band of the doublet was eliminated upon
PITPB deletion, while a fainter lower band remained, which we interpreted as the remaining gene

corresponding to PITPa (Figure 3.1G).

3.2.2VT01702 covalently binds to Cysteine-94 of PITPf

Subsequent biochemical analysis was conducted to further identify the amino acid residue of target
engagement by VT01702. Given that the compound’s warhead is an o,p-unsaturated ketone, it was likely
acting as a Michael acceptor, making cysteine residues prime candidates for target interaction. PITPJ
contains five cysteine residues, of which cysteine-94 was predicted as the most likely site of covalent
engagement based on docking simulations generated using the previously reported crystal structure of

PITPa (Figure 3.11) (Tilley et al., 2004). Based on these predictions, wildtype or C94A mutant HA-PITPf
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was overexpressed and immunoprecipitated from 293A cells, and the resulting lysate subjected to CUAAC
for fluorescent conjugation and gel imaging, as done previously. Unlike its wildtype counterpart, the C94A
mutant was unable to covalently bind VT01702, indicating that cysteine-94 was indeed the residue

covalently interacting with VT01702 and analogs (Figure 3.1H).

3.2.3 PITPa/B are novel regulators of the Hippo pathway/YAP phosphorylation

We next aimed to functionally validate PITPa/p as the major effectors of VT01454 regulation of
YAP phosphorylation, thereby presenting them as novel regulators of the Hippo pathway. To this end, we
generated PITPo/p knockdown (KD) cells by treating PITPS KO cells with siRNA against PITPa, as previous
attempts at generating PITPa/p KO cells were unsuccessful in our hands. PITPa/p KD cells exhibited higher
levels of basal YAP phosphorylation compared to their parental counterparts, thus phenocopying the effects
of VT01454 and indicating that VT01454 was an inhibitor rather than an agonist (Figure 3.2A). Consistently,
basal levels of cytoplasmic YAP were also significantly higher in the PITPa/B KD cells (Figure 3.2B). To
confirm that this phenomenon was not an artifact of clonal variation, we repeated the experiment in several
other PITPB KO clones and obtained the same result (data not shown).

Since knocking down PITPa/B led to elevated levels of YAP phosphorylation, we asked whether
the converse event of PITPa/B overexpression would inhibit YAP phosphorylation in the presence of
VT01454. Consistent with our hypothesis, PITPo/p overexpression antagonized the effects of VT01454 on
both YAP phosphorylation and cytoplasmic translocation (Figures 3.2C and 3.2D). Taken together, these
experiments suggested that PITPa/p play a previously-unknown role in the Hippo signaling network.

PITPa/B bind and exchange Pl and PC in a mutually exclusive manner, thereby allowing energy-
independent lipid transport between endomembranes (Grabon et al., 2019). Having shown that VT01454
is a PITP inhibitor and not an agonist, we were curious whether VT01454 treatment inhibited the PI, PC, or
both lipid-transfer activities of PITPa/B. To this end, we generated and overexpressed wildtype or PITPf
point mutants K60Q and C94A, which were previously established as PIl- and PC-binding deficient

mutations, respectively (Carvou et al., 2010, Shadan et al., 2008). The premise of this experiment was that
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PITPp overexpression antagonizes the effects of VT01454 on YAP phosphorylation due to an overflow of
PITPB protein in the cell that overwhelmed the stoichiometric capacity of the compound. If either the Pl or
PC activity of PITPB was required to mediate YAP phosphorylation, then its corresponding mutant would
be unable to counteract VT01454 when overexpressed in the cell. We found that the K60Q mutant, but not
the C94A mutant, was unable to suppress the effects of VT01454 on YAP phosphorylation, indicating that
the PI- but not PC-transfer activity of PITPB was responsible for regulating YAP phosphorylation (Figure
3.2E). One potential argument could be made that the K60Q mutant cannot rescue the YAP effect because
it is still capable of binding VT01454, whereas the C94A mutant is by default unable to bind the VT01454
and therefore rescues the YAP effect independently of any actual functional relevance to the Hippo
pathway. However, we would like to emphasize that the C94A mutant is only unable to covalently bind to
VT01702 (Figure 3.1H). Realistically, in vivo VT01454 engagement of PITP requires a slew of hydrophobic
and hydrophilic interactions. Thus, the C94A mutant is necessary but not necessarily sufficient for in vivo
VT01454 binding. It is therefore unlikely that mutating just one site (C94A) would abolish in vivo PITP-

VT01454 binding altogether.

3.2.4 PITP inhibition by VT01454 leads to depletion of a plasma membrane pool of PI4P

Having established PITPo/p as novel regulators of the Hippo pathway, we next wanted to delineate
a mechanism by which PITPa/B inhibition leads to YAP phosphorylation. Since we already established that
the Pl and not PC transfer activity of PITPB was required for Hippo pathway modulation, we hypothesized
that changes in the levels and/or localization of specific phosphoinositide(s) were mediating Hippo pathway
activation and, consequently, YAP phosphorylation.

Mammalian cells synthesize seven chemically distinct phosphatidylinositol phosphates (PIPs): Pl
3-phosphate [PI3P], Pl 4-phosphate [PI4P], Pl 5-phosphate [PI5P], PI 3,4-bisphosphate [PI(3,4)P:], Pl 4,5-
bisphosphate [P1(4,5)P2], Pl 3,5-bisphosphate [PI(3,5)P2], and PI 3,4,5-trisphosphate [PI(3,4,5)Ps], of which
P14P and PI(4,5)P2 are the most abundant. PIP interconversion is dynamically driven by various kinases
and phosphatases, and the precise regulation of their catalytic activity and subcellular localization allows
exquisite control of PIPs in cellular space and time (Del Bel and Brill, 2018). Though PITPs have been

classically viewed as inter-membrane lipid carriers, the first functional analysis of vertebrate PITPj
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demonstrated that PITPp could potentiate Pl 4-kinase (P14K) activity to enhance PI4P synthesis (lle et al.,
2010). This ushered in a new model where Pl4Ks are, on their own, biologically insufficient enzymes
incapable of producing sufficient PI4P to execute meaningful intracellular signals in the face of PIP
phosphatase antagonism, requiring the aid of PITPs to boost PI4P production and overcome this
stoichiometric barrier.

Based on this rationale, we decided to start by asking whether VT01454 treatment affected PI4P
localization in cells transiently expressing the global PI4P reporter GFP-P4M-SidMx2, which has been
shown to detect both Golgi and plasma membrane (PM) pools of PI4P (Hammond et al., 2014). Treatment
with VT01454 significantly depleted PM but not Golgi PI4P (Figure 3.3A). We confirmed that this
phenomenon was indeed due to PITPa/B inhibition by demonstrating that PITPa/p KD cells likewise had
significantly reduced levels of PM PI4P compared to their parental, PITPa siRNA KD, and PITPB KO
counterparts (Figure 3.3B). Both results suggested that VT01454 was depleting PM pools of PI4P through
its inhibition of PITPa/B. It is worth noting that GFP-p40px and GFP-PLC-3PH (PI3P and PI(4,5)P2 reporters,
respectively) were also tested in parallel, but neither reporter showed noticeable localization changes
following VT01454 treatment (Figures S3.2A and S3.2B) and we therefore moved forward with PI4P.
Furthermore, the fact that PI4P exhibited significant changes upon VT01454 treatment while PI(4,5)P2 did
not, was not of concern. This was due to the fact that, although PI1(4,5)P2 is indeed synthesized from PI4P
to a certain degree, both PIPs have been reported to operate as independently functioning pools within the

cell (Hammond et al., 2012).

3.2.5 Plasma membrane PI4P levels regulate YAP phosphorylation through Pl4Kllla

The conversion of Pl to PI4P is a crucial step in the PIP pathway. PI4P is one of the most abundant
cellular PIPs and is synthesized by PI4K phosphorylation of Pl at the D-4 position of its inositol ring (Del
Bel and Brill, 2018, Lemmon, 2008). While PI4P serves as a precursor to Pl(4,5)P2 and PI(3,4,5)Ps, it is
also a signaling molecule in its own right, playing diverse roles at various endolysosomal membranes in the
cell (Balla and Balla, 2006, D'Angelo et al., 2008, Delage et al., 2013, Tan and Brill, 2014). Although
canonically enriched at the trans-Golgi network (TGN), appreciable levels of PI4P are also found at the PM

(GR et al., 2009) and, to some extent, most intracellular membranes (Del Bel and Brill, 2018). Seeing the

78



effects of VT01454 on PI4P localization, we posited that either: (1) PM PI4P depletion was indeed
responsible for inducing YAP phosphorylation, or (2) It was not PI4P depletion, but rather Pl accumulation
at the ER/Golgi that led to increased YAP phosphorylation (with PM PI4P depletion simply being a side
product of this effect). To test the first possibility and account for the second, we needed to acutely deplete
intracellular P14P, ideally from specific subcellular locations.

Sac1 is a highly conserved Pl 4-phosphatase that removes phosphate from the D-4 position of the
inositol ring, thereby curbing P14P levels while restoring PIl. Sac1 localizes primarily to the ER by virtue of
its C-terminal domain, and the replacement of this domain with various molecular modules has rendered
Sac1 a widely used and effective tool for spatially specific PI4P depletion (Zewe et al., 2018, Szentpetery
et al.,, 2010). We found that overexpressing a C-terminally-truncated Sac1 (ubiquitously localized
throughout the cell) elevated levels of YAP phosphorylation and cytoplasmic translocation, while
overexpressing its phosphatase-inactive mutant A442V did not (Figures 3.3C and 3.3D). This suggested
that global intracellular P14P depletion induced Hippo pathway activation.

We next asked whether we could identify a specific PI4P pool (for simplicity, PM versus Golgi P14P)
responsible for inducing YAP phosphorylation. To acutely deplete PI4P from the PM or Golgi, we
overexpressed a Myr-Palm-Sac1 construct that localized to the PM or a Sac1-K2A mutant previously
reported to accumulate in the Golgi (Blagoveshchenskaya et al., 2008). Golgi localization was confirmed
by GM130 staining (Figure S3.2G). Cells overexpressing Myr-Palm-Sac1 but not Sac1-K2A exhibited
increased YAP phosphorylation and cytoplasmic translocation (Figures 3.3E and 3.3F). Another Golgi-
targeted Sac1 construct, consisting of a C-terminally-truncated Sac1 fused to a GRIP domain (Fuchs et al.,
2009), likewise had no effect on YAP phosphorylation (Figure S3.31). This suggested that a PM but not
Golgi pool of PI4P could regulate YAP phosphorylation.

Mammals produce two classes of structurally distinct Pl4Ks: type Il (PI4Klla and P14KIIB) and type
Il (Pl4Kllloe and PI4KIIIB) Pl4Ks, and their unique subcellular localization generates both spatially and
functionally distinct pools of PI4P (Grabon et al., 2019). Of note, Pl4Kllla localizes to and synthesizes PI4P
at the plasma membrane, acting as the most immediate control for PI4P signaling at the PM (Nile et al.,
2010). Just as observed with Sac1 overexpression, we found that treating cells with established PI4Kllla

inhibitor GSK-A1 (Bojjireddy et al., 2014) likewise induced YAP phosphorylation and cytoplasmic
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translocation (Figures 3.3G, 3.3H, and S3.2H). Phenylarsine oxide (PAO) has historically been used as a
P14K inhibitor (Wiedemann et al., 1996), and, as expected, PAO treatment also elevated YAP
phosphorylation and cytoplasmic translocation, albeit with far less potency (Figures S6E and S6F). Genetic
deletion of PI4KA had only a weak effect on YAP phosphorylation (data not shown), which was not entirely
unexpected: since there are four mammalian Pl4Ks, eliminating any one of them could very well leave
significant amounts of PI4P being generated from the remaining Pl4Ks — circumventing this redundancy
issue was, in fact, one of the leading premises for designing the recruitable FKBP-Sac1 (Szentpetery et al.,
2010). Thus, the lack of YAP phosphorylation changes upon PIl4Klllo deletion was attributed to
compensatory mechanisms resulting from sustained rather than acute Pl4K and therefore PI4P depletion.

Since depleting PM PI4P induced YAP phosphorylation, we asked whether an increase in PI4P
production could protect cells against this effect in the presence of VT01454. Hepatitis C virus (HCV) non-
structural protein 5A (NS5A) recruits and activates Pl4Kllla to stimulate local PI4P production during viral
replication in host cells, and increased PI4P synthesis is seen in normal cell culture co-expressing NS5A
and Pl4Kllla as well (Reiss et al., 2013, Reiss et al., 2011, Hammond et al., 2014). We found that cells co-
expressing NS5A and PI4KiIllo indeed exhibited lower levels of YAP phosphorylation and cytoplasmic
translocation upon VT01454 treatment, suggesting that increasing PI4P production protects the cells
against the effects of VT01454 (Figures S3.3C and S3.3D). Collectively, the data support a model in which
VT01454 binds to and inhibits PITPa/B, and the ensuing loss of PI4P at the PM modulates the Hippo

pathway and induces YAP phosphorylation.

3.2.6 PI4P binds to MAP4K6 (TNIK) and MAP4K7 (MINK) and regulate their activity towards Lats1/2

Finally, we wanted to elucidate the mechanism by which PI4P depletion at the PM was mediating
Hippo kinase activation, and decided to start by screening for potential PI4P-interacting or Pl4P-proximal
proteins. Proximity-dependent biotin identification (BiolD) is a recently developed method for identifying
protein—protein interactions, based on proximity-dependent cellular biotinylation by a promiscuous bacterial
biotin ligase (Escherichia coli BirA R118G, hereafter called BirA*) fused to a bait protein. Using this method,

biotinylated proteins can be selectively isolated by biotin capture methods and identified using mass
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spectrometry analysis. The capacity of BiolD to identify transient or weak protein-protein interactions in vivo
provides a major advantage over conventional biochemical analyses (Roux et al., 2012).

Here, we used BiolD to identify proteins in close proximity to PI4P-enriched membranes in the
presence and absence of VT01454. For the bait protein, we used a tandemly connected P4M-SidMx2
domain from Legionella pneumoniae that specifically binds PI4P and predominantly targets the Golgi and
plasma membrane. Cells stably expressing the BirA*P4M-SidMx2 fusion were treated with vehicle or
VT01454 before biotin induction and capture. It should be noted that we took this approach and the
subsequent data interpretation with caution for the following reasons: (1) BiolDs are rarely conducted for
phospholipid-protein interactions, and the only precedent to our knowledge is a recent study identifying
phosphatidylserine-binding proteins using a BirA* fused to a tandemly connected pleckstrin homology
domain of evectin-2 (Matsudaira et al., 2017); (2) Because P4M-SidMx2 is a PI4P reporter, any protein
interactions could potentially be indirect.

Among the most highly ranked candidate proteins from MS analysis, we immediately noted that
TNIK/MAP4K7 and MINK1/MAP4K6 were Pl4P-proximal proteins (data not shown). This was biochemically
confirmed by immunoblotting for MINK1 and TNIK endogenous antibodies (Figure 3.4A), and the interaction
was also found to occur in an NF2-dependent manner (Figure 3.4D). Functionally, MAP4K4/6/7 triple
knockout (tKO) and MST1/2/MAP4K4/6/7 knockout (MM-5KO) cells exhibited lower levels of YAP
phosphorylation in response to VT01454 compared to their parental cells, suggesting that VT01454
inhibited YAP in a MAP4K4/6/7-dependent manner (Figure 3.4B).

Furthermore, total internal reflection fluorescence (TIRF) microscopy was conducted to image the
relative localization of TNIK and PI4P at the plasma membrane. Both biomolecules were shown to occupy
potentially overlapping regions of the cell, indicating proximity at the very least and potential co-localization,
and this overlap was abolished upon PI4P depletion following VT01454 treatment (Figure 3.4C). It is worth
noting that confocal microscopy was unable to resolve co-localization between TNIK and PI4P,
demonstrating the value of super-resolution imaging in resolving highly localized events at the PM. Taken
together, our data delineate a highly speculative model in which VT01454 binds and inhibits PITPa/p,

leading to decreased levels of a PM pool of PI4P. PI4P interacts in an inhibitory manner with the MAP4Ks
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under basal conditions, and so loss of PI4P at the PM releases the MAP4Ks, allowing them to activate the

Hippo pathway, thereby inducing YAP phosphorylation.

3.3 Discussion

We herein describe a novel role for PITPa/p in Hippo pathway regulation through the discovery of
a small molecule probe inducing YAP phosphorylation and inhibition. Using a phenotypic screen for
inhibitors of the Hippo signaling pathway, we previously identified and characterized Microcolin B (MCB), a
naturally synthesized, bioactive lipopeptide with known immunosuppressive and antiproliferative effects
(Chapter 2). Treating cells with MCB and its analog VT01454 led to YAP phosphorylation and cytoplasmic
translocation in a Lats1/2- and MAP4K-dependent manner (Figure 2.2). Furthermore, MCB and VT01454
induced high levels of cytotoxicity and apoptotic induction in YAP-dependent Gy11-mutated but not in B-raf-
mutated uveal melanoma cells, demonstrating their high specificity for targeting YAP (Figure 2.3). Multiple
approaches validated PITPa/B as the unequivocal biochemical targets of VT01454: (1) bioorthogonal
affinity purification using bifunctional probe VT01702, followed by LC-MS/MS analysis of both total
proteomic capture and gel excision samples, (2) immunoblotting affinity purified samples using endogenous
PITPB antibody, and (3) CRISPR-mediated genetic deletion of PITPB. While previous groups have
conducted syntheses, structure-activity relationship, and mechanism-of-action studies of the Microcolins
and analogs (Koehn et al., 1994, Koehn et al., 1992, Takamatsu et al., 2004, Zhang et al., 1997), ours is
the first to not only identify a biological macromolecule with high Microcolin binding affinity, but also a major
cell signaling pathway targeted by Microcolin treatment in a potent and specific manner.

While PITPa/p are classically known as Phosphatidylinositol (PI) carriers from its site of synthesis
(i.e. the endoplasmic reticulum) to Pl-low endomembranes, the last decade of studies proposed a new
model in which PITPs potentiate PI4P production by direct Pl presentation to Pl4Ks. This new system
redefines PITPa/B as nanoreactors rather than carriers, allowing diversification of biological outcomes
based upon a wide repertoire of PITP-PI kinase combinations (Grabon et al., 2019). Supporting this model

include but are not limited to findings that siRNA-knockdown of PITPp reduces intracellular PI4P levels
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(Carvou et al., 2010), and that zebrafish PITPB stimulates PI4P production in yeast (lle et al., 2010). Our
observations that PITPa/p inhibition, through VT01454 treatment or genetic deletion, reduces intracellular
P14P are consistent with these previous findings and current model.

Much has yet to be uncovered regarding the biological functions of PITPa/p. In addition to its first-
identified role in the Vibrator (Vb) mouse, PITPa also mediates netrin-1 induced neurite outgrowth (Xie et
al., 2005, Kauffmann-Zeh et al., 1995), whereas at the cellular level, PITP is essential for COPI-mediated
retrograde transport from the Golgi to the ER (Carvou et al., 2010). Within several days of postnatal life,
Pitpna null mice die of multiple systemic failures (Alb et al., 2002), while Pitpnb null animals are fertile and
exhibit no obvious pathologies as late as 12 months of age (Xie et al., 2018). It is also worth noting that
both PITPa/B are required for dorsal forebrain development and that full-body deletion of both Pitpna and
Pitpnb is embryonically lethal (Xie et al., 2018). Though PITPa and PITPB generally play functionally distinct
cellular and biological roles, genetic deletion of both PITPa/p are needed for us to observe a clean upwards
mobility shift in a Phostag gel indicative of fully phosphorylated YAP (Figure 3.2A), suggesting that, at least

in this context, PITPa/B function similarly in Hippo pathway regulation.

3.4 Future Inquiries

While PI(4,5)P2-dependent recruitment of NF2 has recently been shown to regulate osmotic stress
activation of the Hippo pathway (Hong et al., 2020), the role of PI4P specifically in Hippo pathway regulation
is unprecedented. Our BiolD data utilizing P4M-SidMx2 as ‘bait’ protein, as well as the biochemical
validation following MS analysis, demonstrate that TNIK/MAP4K7 and MINK1/MAP4K®6 are potential PI4P-
interacting or at the very least Pl4P-proximal proteins, and that this interaction or proximity occurs in an
NF2-independent manner. We currently propose a model in which PI(4,5)P2 and PI4P respectively regulate
NF2 and the MAP4Ks in parallel and in response to non-overlapping extracellular signals. To adequately
support this model, several questions must be addressed, including but not limited to the following:

Do MAPA4K4/6/7 bind directly to PI14P? Unlike NF2, which contains a known FERM domain, there

are not yet any known lipid-binding domains on the MAP4Ks. This question will be addressed using PIP
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Strips spotted with PI4P and PI(4,5)P2 at minimum, and any additional PIPs of interest. PIP Strips will be
incubated with either (1) total cell lysate from cells overexpressing Flag-MINK1, HA-TNIK, or Flag-MAP4K4,
or (2) any of the aforementioned constructs overexpressed then purified from mammalian cells (given their
large size, bacterial purification would present additional technical challenges). NF2 binding to Pl(4,5)P2
will be used as a positive control. From this experiment, we anticipate at least 3 possible outcomes: (1) The
MAP4Ks do not bind PI4P directly, suggesting that PI4P is modulating the Hippo pathway in a less direct
manner than we had anticipated; (2) The MAP4Ks exhibit PI4P-specific binding in vitro, suggesting for the
first time that the MAP4Ks are lipid-binding proteins — an exciting and unprecedented finding that would
further support a model in which PI4P directly binds and regulates MAP4K activity; (3) The MAP4Ks bind
P14P along with other PIPs, indicating that MAP4Ks are lipid-binding proteins while necessitating further
studies to differentiate the respective roles of PI(4,5)P2 and PI4P in NF2 and MAP4K regulation.

Does VT01454 treatment modulate the kinase activity of MAP4K4/6/7 towards LATS1/2, and
furthermore, does this occur in a Pl4P-dependent manner? Previous work from our lab has shown that
serum starvation, among other signals, induces MST1/2 and MAP4K kinase activity towards LATS2 (Chen
et al., 2019). Since VT01454 induces LATS1/2 phosphorylation and MAP4K4/6/7 3-KO cells exhibit a
significantly blunted response to VT01454 treatment, it is plausible that VT01454 would induce MAP4K4/6/7
phosphorylation of LATS1/2. This question will be addressed by an in vitro kinase assay, using tagged and
immuno-purified MAP4Ks and purified LATS2 as a substrate, as previously reported (Chen et al., 2019).
From this experiment, we expect at least 2 possible outcomes: (1) VT01454 treatment increases MAP4K
activity towards LATS2; or (2) MAP4K kinase activity remains unchanged upon VT01454 treatment,
indicating that LATS phosphorylation may be occurring through other mechanisms. If VT01454 induces
MAP4K kinase activity, we would further test whether PI4P was involved by repeating the kinase assay in

the presence and absence of GSK-A1, a Pl4Kllla inhibitor.

3.5 Experimental Procedures

Cell Culture
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All cell lines were cultured at 37 °C with 5% CO2. HEK293A cells were cultured in DMEM (GIBCO)
with 10% FBS (GIBCO), 100 U miI~" penicillin and 100 ug ml~" streptomycin, and uveal melanoma cell lines
were cultured in RPMI with 10% FBS (GIBCO), 100 U ml™" penicillin and 100 ug ml~! streptomycin.
HEK293A cells were utilized for all experiments, unless otherwise noted. Cells were transfected with
plasmids using PolyJet DNA In Vitro Transfection Reagent (Signagen Laboratories) according to the
manufacturer’s instructions. All knockout cell lines except the PITPB KO cells were previously generated

and published by the lab.

Plasmids, Chemicals, and Antibodies

RFP-Sac1-FKBP, NS5A-mCherry, GFP-SidM-P4Mx2 were generous gifts from Tamas Balla
and Gerry Hammond. Flag-Sac1-K2A and GFP-p40px were generous gifts from Seth Field. GFP-C1-
PLC-8PH was a gift from T. Meyer (Addgene 21179). Myr-Palm-Sac1 was generated by insertion of a
Myr-Palm sequence at the N-terminus of RFP-Sac1-FKBP, and Sac-GRIP was generated by insertion
of a GRIP domain at the C-terminus of RFP-Sac1. HA-PITPf was cloned into pcDNA3.1 (BamH1 and
Xba1). All Sac1 and PITPB point mutants were generated using Q5® Hot Start High-Fidelity 2X Master
Mix following standard mutagenesis procedures provided by the manufacturer (NEB #M0494). HA-
TNIK, Flag-YAP, and HA-YAP were previously generated and published in the lab. Phenylarsine oxide
was obtained from Santa Cruz Biotechnologies, Pl4KllIbeta-IN-10 (HY-100198) was from MedChem

Express, and GSK-A1 was purchased from Synkinase (SYN-1219).

PITPB, MINK1, and TNIK antibodies was obtained from Bethyl Laboratories. Anti-YAP/TAZ,
GAPDH, and actin antibodies were obtained from Santa Cruz Biotechnology. Anti-phospho-YAP (S127),
LATS1, phospho-Lats1/2 (Thr 1079/1041), and HA-HRP antibodies for Western blot, YAP antibody for
phostag, and Flag (DYKDDDDK) tag antibodies for IF were obtained from Cell Signaling. Flag-HRP and
Flag (M2) for IP were obtained from Sigma-Aldrich. GM130 was obtained from BD Biosciences. Alexa Fluor

488, 555, and 647-conjugated secondary antibodies for IF were obtained from Invitrogen.

Click Chemistry and Typhoon Imaging
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Copper(l)-Catalyzed Alkyne-Azide Cycloaddition (CUAAC) was conducted in total cell lysate using
tris-(benzyltriazolylmethyl)amine (TBTA) (Cayman Chemical #18816), sodium ascorbate (Sigma-Aldrich
#A7631), copper(ll) sulfate pentahydrate (Sigma-Aldrich #209198), and either 545-Azide (Sigma-Aldrich
#760757) or biotin azide (Cayman Chemical #13040) or TAMRA-Biotin-Azide (Click Chemistry Tools
#1048-5), for 1 hour at room temperature in the dark. For Typhoon imaging, the click reaction was
terminated with the addition of 4xSDS sample buffer devoid of beta-mercaptoethanol. TAMRA-BSA
(Thermo Fisher #A23016) was used in lieu of regular BSA standards when checking efficiency of affinity
purification. Typhoon Imaging was done on an Amersham Biosciences Typhoon 9210 with ImageQuant TL

software for image analysis.

Affinity Purification
Cells were treated with 500nM VT01454 (it was recommended the competitor concentration be 10x
the probe concentration) and 50nM VT01702 for an hour, then harvested for streptavidin pulldown based

on previously established methods (Speers and Cravatt, 2009).

Preparation of labeled proteome for MS-based analysis

Cell pellets were resuspended in 500 yL DPBS with protease inhibitors. Pellets were lysed using a
Branson Sonifier probe sonicator (2 x 7 pulses, 40% duty cycle, output setting = 4). Cell lysates were
clarified at 12,000 x g for 4 min. Protein concentration was determined using the DC Protein Assay (Bio-
Rad) and absorbance was measured using a CLARIOstar microplate reader following manufacturer’s

instructions. Protein concentrations were normalized to 2 mg/mL in 0.5 mL.

Preparation of isotopically labeled samples for pairwise MS-based analysis

Alkynylated proteins were conjugated to biotin-PEG-N3 using copper-catalyzed azide-alkyne
cycloaddition (CuAAC). For isotope dimethyl labeled experiments, samples were prepared as previous
reported (Tolonen and Haas, 2014). To 0.5 mL cell lysates in a 1.5 mL Eppendorf tube, 55 pL freshly
prepared ‘click’ mixture (30 pL of 1.7 mM TBTA in 4:1 t-BuOH:DMSO, 10 pL of 50 mM CuSO4 in H20, 5

ML of 10 mM Biotin-PEG4-azide (ChemPep, cat # 271606) in DMSO, 10 uL of freshly prepared 50 mM
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TCEP in H20) was added and the samples were rotated at room temperature for 1 hour. The reaction was
transferred to a 15-mL falcoln tube containing 2.5 mL of 4:1 methanol (MeOH)/chloroform (CHCI3). 1 mL
of HPLC water was added, and the resulting cloudy mixture was centrifuged (5,000 x g, 10 min, 4C) to
fractionate the protein interphase from the organic and aqueous solvent layers. After washing the protein
disc carefully with 4:1 MeOH:CHCI3 (3 mL) followed by sonication in cold 4:1 MeOH:CHCI3 (3 mL) to
ensure click reagents were efficiently removed, the remaining precipitate was pelleted by centrifugation
(5,000 x g, 15 min, 4C). Remaining solvent was aspirated and protein pellets were resuspended in 1.2%
SDS in DPBS by first heating to 95 C for 5 minutes, then probe sonication (10 pulses, 40% duty cycle,
output setting = 4). 5 mL of DPBS was added to each sample, and samples were allowed to cool to room
temperature before incubation with 50 pL of pre-equilibrated streptavidin agarose resin (1:1 slurry, Pierce)
for 3 h at room temperature. Samples were washed 0.2% SDS in DPBS (10 mL, 2x) DPBS (10 mL, 3x),
then water (10 mL, 2x). The resin was transferred to Eppendorf tubes and bound proteins were
resuspended in 6M urea in DPBS. To this was added 10 mM DTT (25 pL of a 200 mM stock in water) and
the beads were incubated at 65°C for 15 min. 20 mM iodoacetamide (25 pL of a 400 mM stock in water)
was then added and allowed to react at 37°C for 30 min with shaking. The bead mixture was diluted with
750 uL PBS, pelleted by centrifugation and was resuspended in 200 yL of 100 mM TEAB in water
containing 1 ug of sequencing-grade trypsin (20 pug, Promega). Samples were incubated at 37°C with
shaking overnight. Peptides were separated from the beads with Micro Bio- Spin columns by centrifugation
(800 x g, 2 min). To each digested sample (200 uL), 8 pL of 4% ‘light’ formaldehyde (Sigma Aldrich, 252549)
or 8 uL of 4% ‘heavy’ formaldehyde-13C, d2 (Sigma Aldrich, 596388) and 8 pL of sodium cyanoborohydride
(0.6 M in H20) were added and the reaction was incubated at room temperature for 1 hour before
quenching with 32 pL of 1% NH4O0H (in H20) followed by 16 pL of formic acid. The corresponding ‘light’

and ‘heavy’ sample were combined and centrifuged (1,400 x g, 2 min).

Liquid chromatography-mass spectrometry (LC-MS) analysis of probe-labeled proteins
Samples were pressure loaded onto a 250 um (inner diameter) fused silica capillary columns
packed with C18 resin (Aqua 5 um, Phenomenex) and analyzed on a Finnigan LTQ Orbitrap (Thermo

Scientific) coupled to an Agilent 1200- series quaternary pump. The peptides were eluted onto a biphasic
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column with a 5um tip (100 ym fused silica, packed with C18 (10 cm) and bulk strong cation
exchange resin (3 cm, SCX, Phenomenex) in a 5-step MudPIT experiment, using 0%, 25%, 50%, 80%, and
100% salt bumps of 500 MM aqueous ammonium acetate and using a gradient of 5%—-100% buffer B in
buffer A (buffer A: 95% water, 5% acetonitrile, 0.1% formic acid; buffer B: 5% water, 95% acetonitrile, 0.1%
formic acid) as has been described in (Weerapana et al., 2007). Data were collected in data-dependent
acquisition mode with dynamic exclusion enabled (20 s, repeat of 2). One full MS (MS1) scan (400-1800

m/z) was followed by 10 MS2 scans (ITMS) of the 10th most abundant ions.

Peptide and protein identification and quantification

The MS2 spectra were extracted from the raw file using RAWconverter (available at
http://fields.scripps.edu/rawconv/) with ‘select monoisotopic m/z in DDA’ enabled. MS2 spectra data were
searched using ProLuCID algorithm against a reverse-concatenated, nonredundant variant of the Human
UniProt database (2016-07) and filtered using DTASelect 2.0 within the Integrated Proteomics Pipeline
(IP2). The precursor ion mass tolerance for a minimum envelop of three isotopic peaks was set to 50 ppm.
All cysteines were specified with a static modification for carbamidomethylation (+57.02146) and up to one
differential modification was allowed per peptide for either methionine oxidation (+15.994915). For stable
isotope dimethyl labeled samples, lysine and N-terminus were also specified with a static modification for
demethylation (+28.0313). In addition, peptides were required to have at least one tryptic terminus. Each
dataset was simultaneously searched for both ‘light’ and ‘heavy’ isotopic labeling by specifying the mass
shifts on selected labeled amino acids, specifically, lysine (+8.0142) and arginine (+10.0083) for SILAC
samples or lysine (+6.03182) and N-terminus (+6.03182) for 16 dimethyl labeled samples. The minimum
peptide length was set to six residues, at least 2 peptides per protein was required and the false-positive
rate was set at 1% at spectrum level. Light/Heavy peptide ratios were quantified based on peak areas on
MS1 chromatogram with the in-house software (CIMAGE) as previously described. Briefly, MS1 ion
chromatograms (+10 ppm) from 'light' and 'heavy' target peptide masses (m/z) were generated using a
retention time window (+10 min) centered at the time the peptide ion was selected for MS/MS fragmentation,
and subsequently identified. The ratio of ‘light’ and ‘heavy’ peptide peak areas are then calculated. To

ensure the correct peak-pair is used for quantification, CIMAGE applies a co-elution correlation score filter
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(R2 = 0.8) for heavy and light peptide peaks to exclude target peptides with bad co-elution profiles.
Furthermore, an 'envelope correlation score' filter is applied to ensure the experimentally observed
highresolution MS1 spectrum matches (R2 > 0.8) the predicted isotopic distribution. Peptides detected as
singletons, where only the heavy or light isotopically labeled peptide was detected and sequenced, but
which passed all other filters described above, were given a standard ratio of 20, which is the maximum

SILAC ratio reported here.

Within individual experiment dataset, peptides from the same protein were grouped together and
the median ratio from at least two peptides were calculated as the protein ratio if its standard deviation was
less than 10; if the standard deviation was greater than 10, the peptide ratio closest to 1 was assigned to
the protein ratio. Protein ratios processed as above were then averaged across replicate experiments if
their standard deviation is less than 60% of the mean; otherwise the ratio closest to 1 was taken as the final

ratio for a protein in certain experiment condition.

Preparation of biotinylated proteome for MS-based analysis

Cell pellets were resuspended in 0.75 mL of lysis buffer (50 mM HEPES pH 7.4, 1% TritonX, 0.2%
SDS, 2.5 mM EDTA, 250 mM NaCl, 0.5 mM DTT, 1x Protease Inhibitor Cocktail (Roche). Pellets were lysed
using a Branson Sonifier probe sonicator (2 x 7 pulses, 40% duty cycle, output setting = 4). Cell lysates
were clarified at 16,000 x g for 10 min at 4 °C. 100 pL of pre-equilibrated streptavidin beads were added to
each cell pellet. Samples were incubated overnight at 4 °C. The next morning, beads were washed 1x with
lysis buffer (1 mL), then 2x with lysis buffer with an additional 500 mM NaCl added (1 mL). Samples were
washed with 2% SDS in DPBS (1 mL), then 5x times with DPBS (1 mL), then 2x with 2M urea in DPBS (1
mL). Samples were resuspended in 200 pL of 2M urea in DPBS containing 2g sequencing-grade trypsin
(20 ug, Promega). To each digested sample (200 pL), 8 uL of 4% ‘light’ formaldehyde (Sigma Aldrich,
252549) or 8 uL of 4% ‘heavy’ formaldehyde-13C, d2 (Sigma Aldrich, 596388) and 8 puL of sodium
cyanoborohydride (0.6 M in H20) were added and the reaction was incubated at room temperature for 1
hour before quenching with 32 pL of 1% NH4OH (in H20) followed by 16 uL of formic acid. The

corresponding ‘light’ and ‘heavy’ sample were combined and centrifuged (1,400 g, 2 min). Samples were
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analyzed by LC-MS/MS as described above in LC-MS analysis of probe labeled proteins. Samples were
pressure loaded onto a 250 pym (inner diameter) fused silica capillary columns packed with C18 resin (Aqua

5 ym, Phenomenex) and analyzed on a Finnigan LTQ Orbitrap (Thermo Scientific).

Docking Simulation

The PITPa receptor model was prepared from available human structures of PITPa (PDB ID: 1uw5,
chain A). The phosphatidylinositol ligand present in the original structure was removed in PyMOL (OpenGL
version 2.1). The VT01454 ligand and restraints were prepared using the eLBOW utility in PHENIX (version
1.14-3260). Docking and binding analysis was performed in UCSF Chimera (candidate version 1.11.2,
build 41320). Receptor and ligand models were prepared for docking using Dock Prep according to default
behavior. The docking was performed in AutoDock Vina according to default behavior. A docking area of
interest was selected to include the entire protein monomer and sufficient surrounding space to
accommodate ligand. Docking returned eight viable solutions all of which localized to the hydrophobic
cavity of the protein. Docks positioning the reactive Michael moiety proximal to cysteine residues were
manually selected leaving two viable solutions. The solution with the most favorable Autodock Vina score

was chosen for further analysis. The final model was visualized in PyMOL.

siRNA and CRISPR sequences

siRNA knockdown was performed using Lipofectamine RNAIMAX Transfection Reagent (Thermo
Fisher #13778030) following manufacturer’s instructions, and siRNA sequences used are as follows: siRNA
PITPa: rUrUrGrGrArArGrCrArArGrArGrCrArArGrArGrCrUrUrGr
siRNA NF2: rArUrGrArGrCrUrUrCrArGrCrUrCrUrCrUrCrArArGrArGGA

CRISPR genomic editing technology was used for the deletion of genes of interest (Cong et al.,
2013). The guide RNA sequences were cloned into the plasmids px459 (Addgene 48319), a gift from Dr.
Feng Zhang (Ran et al., 2013). The constructed plasmids were transfected into HEK293A. 24 h after
transfection, the transfected cells were enriched by 1 ug ml™" puromycin selection for 3 days and then were

sorted onto 96-well plates with only one cell in each well. The clones were screened by Western blot with
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gene-specific antibodies and at least two independent clones for each gene deletion were used for each
experiment described. The sgRNAs used for the PITPB KO cell line are as follows:
PITPp fwd: caccgGCATTCGTGAGGATGATTGC

PITPp rev: aaacGCAATCATCCTCACGAATGCc

Western blots
Western blots were performed following standard methods. 7.5% phos-tag gel was used to resolve
the phosphor-YAP proteins. The detailed information of the antibodies is provided in Supplemental

Methods.

Quantitative real-time PCR

Total RNAs were extracted from cells containing PITPa siRNA knockdown 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
gPCR 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. Primers targeting PITPNA
are as follows: Fwd 5-CAAGGAGTATCGAGTAATCCTGC-3’ and Rev 5-GCCACCACCCGTTTCATTTT-

3

Immunofluorescence

Coverslips were pretreated with 2ug/mL Fibronectin solution (Sigma, P4957) in 12-well plates at
37°C overnight and washed with culture media prior to seeding cells. Cells were seeded at 0.3e5 cells/well
for transfection or at 0.7e5 cells/well for drug treatments. Cells were fixed in 4% paraformaldehyde for 15
minutes, followed by permeabilization with 0.1% Triton-X for 10 minutes and blocking in 3% BSA for 1 hour.
Primary antibody was incubated in 3% BSA overnight at 4°C. Secondary antibodies were diluted in 3% BSA
and incubated for 1 hour. Slides were mounted with prolong gold anti-fade reagent with DAPI. Most images
were captured with a Nikon Eclipse Ti confocal microscope and then were exported from NIS elements

imaging software. Results were quantified in at least 100 randomly chosen cells. Image J was used to
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merge the signals from channels. For TIRF, cells were seeded onto Nunc Lab Tek || Chambered Coverglass

from Thermo Fisher. TIRF images were taken from a NikonA1R confocal STORM microscope.
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Figure 3.1: PITPa/R are the major biochemical targets of VT01454. (A) VT01702 induces YAP
phosphorylation in a dose-dependent manner. Cells were treated with the indicated concentrations of
VT01702 for 1.5 hours. Accompanying luciferase reporter assays showing VT01702 effects on TEAD
transcriptional activity. An 8XTEAD-Binding Domain (8xTBD) reporter was used. (B) Chemical structure of
VT01702. (C) Schematic of target identification workflow. (1) Live cells were treated with 50nM VT01702,
(2) click chemistry was performed in total cell lysate to conjugate the target-bound probe to a fluorophore
and to biotin, which enabled (3) visualization of the gel band via fluorescent gel scanning and/or (4) affinity
purification via streptavidin pulldown. (D) Bioorthogonal labeling using fluorescent azide enables
visualization of 35kD band following VT01702 treatment. HEK293A cells were pretreated with the indicated
concentrations of VT01454 for 30min, then treated with the indicated concentrations of VT01702 for 1 hour
prior to cell lysis in what buffer. To conjugate target-bound-VT01702 to a fluorescent 545-azide, click
chemistry was performed in total cell lysate for 1 hour at room temperature, samples were run on an SDS-
PAGE gel, and the gel was scanned on a Typhoon imager (see Methods section). (E) Affinity purification
sufficiently enriches target for total proteome capture and reductive dimethylation, followed by LC-MS/MS.
Cells were treated for 1 hour with 50nM VT01702 in the presence or absence of 30 min of 500nM VT01454
pre-treatment. Aliquots of affinity-purified lysate were run in parallel on SDS-PAGE gels for Typhoon
imaging (upper) and silver staining (lower). Total proteome samples were analyzed by reductive
dimethylation/LC-MS/MS, and the silver stain gel band was excised for MS analysis. See Methods for more
details on the affinity purification protocol, and LC-MS/MS (IP = immunoprecipitated; SN = supernatant; +
= VT01702-treated; ¢ = competitor-treated) (F) Endogenous PITPR antibody validates PITPR as a major
biochemical target of VT01702. Aliquots of affinity purification samples from 4E were immunoblotted for
PITPR expression levels. (G) Genetic deletion of PITPR validates PITPR as a major biochemical target of
VT01702. HEK293A and PITPa+/-/-/ KO #1.12 cells were treated with the indicated concentrations of
VT01702 for 1.5 hours, VT01702- PITPR adducts were conjugated to 545-azide by click chemistry, and
lysates were analyzed by SDS-PAGE followed by Typhoon imaging and immunoblotting. (H) VT01702
binds to the Cysteine-94 residue of PITPR. Empty vector, HA-tagged Wild-type (WT), or cysteine-94 point-
mutated (C94A) PITPR were transfected into HEK293A cells, and immunoprecipitated (IP) 24 hours
thereafter using HA antibody. IP samples were analyzed by Typhoon imaging, and all lysates were
immunoblotted with the indicated antibodies. (I) Docking simulation of VT01454-PITPa predicts C94 as the
most likely candidate for covalent attachment. VT01454 (yellow) interaction with PITPa (white) is mediated
by three broad structural features:

»  The “Hydrophobic Cage” (numbering in blue). The phosphatidylinositol binding cavity of PITP-alpha
is lined with multiple hydrophobic residues which stabilize the aliphatic portion of the ligand.
VT01454’s peptide like character has multiple aliphatic functional groups which interact via
hydrophobic interactions in docking. If true, these interactions likely mediate the majority of
VT01454/PITPa association.

e The “Polar Triad” (numbering in red). Derivatization of the lead compound introduced a hydroxyl
group to the proline-like residue of VT01454. The hydroxyl interacts with a polar triad (K60, E85,
& Y62) in the docked structure. This interaction would increase the affinity relative to a native
proline-like residue and may partially explain the demonstrable increase in IC50. These residues
also mediate interaction between PITP-alpha and the inositol moiety of physiological ligands, likely
contributing to displacement of the ligand.

* The residues involved in “Catalysis” (humbering in yellow). Cysteine 94 is likely the candidate for
covalent attachment. Residues surrounding it may facilitate catalysis. K194 is in proximity to
interact with the carboxyl group of the reactive moiety via Charge-dipole interaction. This could
exaggerate the electron withdrawing effect of the carboxyl group on the attacked carbons and prime
the warhead for covalent attachment. A nearby N22 may contribute to alignment/binding by
orienting K194 or VT01454. T96 may act as an Acid/Base in the Michael reaction and aid in
covalent attachment.
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Figure 3.2: PITPa/B are the major functional targets of VT01454 that mediate YAP phosphorylation.
(A) PITPa/ knockdown induces YAP phosphorylation. Parental 293A or PITPa+/-/-/ KO #1.12 cells were
transfected with siRNA targeting PITPa. 48 hours post-transfection, cells were treated with the indicated
VT01454 concentrations for 1.5 hours and immunoblotted for the indicated antibodies. (B) PITPa/f
knockdown induces YAP cytoplasmic translocation. Parental 293A or PITPa+/-/-/ KO #1.12 cells were
transfected with siRNA targeting PITPa and reseeded onto fibronectin-coated coverslips the following day.
48 hours post-transfection, cells were treated with 50nM VT01454 for 2 hours, and stained for
immunofluorescence with YAP antibody (green). YAP localization was quantified. (C) PITPR
overexpression antagonizes the effects of VT01454 on YAP phosphorylation. HEK293A cells were
transfected with either Flag-YAP alone or co-transfected with HA- PITPR, treated with the indicated
concentrations of VT01454 and harvested 24 hours post-transfection. Flag antibody was used to
immunoprecipitate Flag-YAP for immunoblotting detection of phospho-YAP S127. (D) PITPR
overexpression antagonizes the effects of VT01454 on YAP cytoplasmic translocation. HEK293A cells
seeded on fibronectin-coated coverslips were transfected with empty vector or HA-PITPR. 24 hours post-
transfection, cells were treated with 50nM VT01454 for 2 hours and stained for immunofluorescence with
YAP antibody (green) or HA antibody (red). YAP localization was quantified. (E) VT01454 inhibits the
phosphotidylinositol (PI) but not phosphotidylcholine (PC) transfer activity of PITPR. HEK293A cells were
transfected with wildtype (WT) or point-mutated HA-PITPR (K60Q, C94A). The K60Q mutant is unable to
bind PI, while the C94A mutant is unable to bind PC. VT01454 was treated 24 hours post-transfection at
the indicated concentrations.
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Figure 3.3: A plasma membrane pool of PI4P regulates YAP phosphorylation. (A) VT01454 depletes
plasma membrane PI4P levels. HEK293A cells seeded on fibronectin-coated coverslips were transfected
with the PI4P reporter GFP-P4M-SidMx2, and treated with 50 nM VT01454 for 2 hours 24 hours post-
transfection. Cells were stained for immunofluorescence with GM130 antibody (red), a Golgi marker. (B)
PITPa/f3 knockdown depletes plasma membrane PI4P levels. Parental 293A or PITPa+/-/-/3 KO #1.12 cells
were transfected with siRNA targeting PITPa, and were reverse-transfected with GFP-P4M-SidMx2 and
reseeded onto fibronectin-coated coverslips the following day. 48 hours following the initial siRNA
transfection, cells were stained for immunofluorescence with GM130 antibody (red). (C) and (D) Sac1
overexpression induces YAP phosphorylation and cytoplasmic translocation. (C) Cells were co-transfected
with Flag-YAP and either RFP-Sac1-FKBP (Sac1) or its phosphatase-inactive mutant (Sac1 A442V) and
lysed 24 hours post-transfection for immunoblotting and phos-tag analysis. Both Sac1 constructs are C-
terminally truncated, resulting in diffuse cytosolic localization rather than at the ER, their normal site of
localization. (D) Cells seeded on coverslips were co-transfected with GFP-P4M-SidMx2 (magenta) and
either RFP-Sac1-FKBP (Sac1, red) or its phosphatase-inactive mutant (Sac1 A442V, red), and stained with
YAP antibody (green) for immunofluorescence 24 hours post-transfection. YAP localization was quantified.
(E) and (F) Myr-Palm-Sac1 but not Sac1-K2A induces YAP phosphorylation and cytoplasmic translocation.
(E) Cells seeded on coverslips were co-transfected with GFP-P4M-SidMx2 (magenta) and either Myr-Palm-
Sac1 or Sac1-K2A (red), and stained with YAP antibody (green) for immunofluorescence 24 hours post-
transfection. YAP localization was quantified. (F) Cells were co-transfected with HA-YAP and either Myr-
Palm-Sac1 (which targets Sac1 to the plasma membrane) or Sac1-K2A, (which accumulates at the Golgi).
Cells were lysed 24 hours post-transfection for immunoblotting and phos-tag analysis. (G) and (H) GSK-
A1 but not PI4KIIIR-IN-10 induces YAP phosphorylation and cytoplasmic translocation. (G) Cells seeded
on coverslips were transfected with GFP-P4M-SidMx2 (magenta). 24 hours post-transfection, cells were
treated with 20nM GSK-A1 for 10min or 25nM PI4KIIIR-IN-10 for 4 hours, then stained for YAP antibody
(green) for immunofluorescence. YAP localization as quantified. (H) Cells were treated with the indicated
concentrations of GSK-A1 for 10 min and lysed for immunoblot and phos-tag analysis.
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Figure 3.4: BiolD using P4M-SidMx2 as bait identifies MAP4K6 and MAP4K7 as PI4P-proximal
proteins regulated by VT01454 treatment. (A) Biochemical confirmation of TNIK/MAP4K7 and
MINK1/MAP4K6 as Pl4P-proximal proteins and abrogation of proximity upon VT01454 treatment. Cells
stably expressing BirA-P4M-SidMx2 (BirA-P4M) or a control BirA vector (BirA-ctrl) were treated with 50nM
VT01454 for one hour, induced with 1uM biotin for 10 min, then harvested for streptavidin pulldown and
subsequent immunoblotting analysis. (B) VT01454 induces YAP phosphorylation in a MAP4K4/6/7-
dependent manner. Wildtype, MAP4K4/6/7 KO, or MAP4K4/6/7-MST1/2 KO cells were treated the
indicated concentrations of VT01454 for one hour, then lysed in sample buffer for immunoblotting analysis.
(C) TIRF microscopy showing potential co-localization between TNIK and PI4P in the presence and
absence of VT01454. Cells were seeded onto 8-well chambered coverglass and treated with 50nM
VT01454 for 2 hours before fixation.
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Figure S3.1: (A) Trifunctional 545-biotin-azide click reaction and streptavidin pulldown. Cells were treated
with 70nM VT01702, clicked to biotin-azide as previously described, and purified overnight by Streptavidin
using the indicated volumes of Streptavidin magnetic beads.
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Figure S3.2: VT01454 has no effect on PI3P and PI(4,5)P2 localization. (A) and (B) Pl(4,5)P2 reporter
GFP-PLC dPH (S6A) and PI3P reporter p40px (S6B) exhibit no significant localization changes upon
VT01454 treatment. Cells seeded on coverslips were transfected with GFP-PLC dPH (green) or p40px
(red), and fixed for immunofluorescence 24 hours post-transfection.

(C) and (D) PI4KA overexpression antagonizes VT01454 effect on YAP cytoplasmic translocation and
phosphorylation. S6C Cells seeded on coverslips were transfected with either Flag-YAP alone or co-
transfected with non-structural viral protein 5A (NS5A-Cherry) and Flag-P14KA. S6D Cells were transfected
with either Flag-YAP alone or co-transfected with non-structural viral protein 5A (NS5A-Cherry) and Flag-
PI4KA. (E) and (F) Phenylarsine oxide (PAO) induces YAP cytoplasmic translocation and phosphorylation.
S6E Cells were treated with the indicated concentrations of PAO for 10min, then lysed for immunoblot and
phos-tag analysis. S6E Cells seeded on coverslips were treated with 10 uM of PAO for 10 min, then stained
for YAP antibody (green) for immunofluorescence. (G) Myr-Palm-Sac1 but not Sac1-K2A induces YAP
phosphorylation and cytoplasmic translocation, with GM130 co-localization. Cells seeded on coverslips
were co-transfected with GFP-P4M-SidMx2 (magenta) and either Myr-Palm-Sac1 or Sac1-K2A (red), and
stained with GM130 antibody (green) for immunofluorescence 24 hours post-transfection. (H) GSK-A1 but
not PI4KIIIBR-IN-10 induces YAP phosphorylation and cytoplasmic translocation, with GM130 co-
localization. Cells seeded on coverslips were transfected with GFP-P4M-SidMx2 (magenta). 24 hours post-
transfection, cells were treated with 20nM GSK-A1 for 10min or 25nM PI4KIIIR-IN-10 for 4 hours, then
stained with YAP (green) and GM130 antibody (red) for immunofluorescence. (I) Sac1-GRIP (which is
targeted to the Golgi) does not induce YAP cytoplasmic translocation. Cells seeded on coverslips were
transfected with RFP-Sac1-GRIP (red) and stained for YAP antibody (green) for immunofluorescence.
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11 10|>sp|P13647|K2C5_HUMAN Keratin, type Il cytoskeletal 5 0S=Homo sapiens GN=KRTS PE=1 31.89 4.80 545.50 862023.8 20 11 3 18.14
12 11 |>sp|P09493 | TPM1_HUMAN Tropomyosin alpha-1 chain OS=Homo sapiens GN=TPM1 PE=1 25.26 5.45 509.50 742810.4 16 9 1 31.34
13 12 >sp|P08590| MYL3_HUMAN Myosin light chain 3 0S=Homo sapiens GN=MYL3 PE=1 SV=3 24.71 5.66 559.20 691060.8 14 6 1 32.31
14 13 >sp| Q99798 | ACON_HUMAN Aconitate hydratase, mitochondrial 0S=Homo sapiens GN=AC' 19.81 5.69 487.60 419058.4 11 7 0 10.77
15 14 >sp|P10916 | MLRV_HUMAN Myosin regulatory light chain 2, ventricular/cardiac muscle isc 18.51 3.71 456.80 459587.4 14 8 2 31.93
16 15 >sp|P12883 | MYH7_HUMAN Myosin-7 OS=Homo sapiens GN=MYH7 PE=1 SV=5 17.97 5.90 573.10 572311.7 12 4 0 3.15
17 16 |>sp| Q00169 | PIPNA_HUMAN Phosphatidylinositol kransfef protein alpha isoform OS=Homt 15.21 4.34 462.30 715827.7 18 10 4 37.41
18 17 |>sp|P40926 | MDHM_HUMAN Mal. ial 0S=Homo sapiens GN: 14.84 5.63 498.40 446155.1 11 6 1 21.01
19 18|>sp|P04406 | G3P_HUMAN 3 ydrogenase OS=Homo sapiens 12.54 4.94 404.90 353591.6 11 8 5 21.49
20 I 19 >sp|P02533|K1C14_HUMAN Keratin, tvpelcymskeletal 14 0S=Homo sapiens GN=KRT14 P 11.32 4.36 451.50 239907.2 8 5 1 16.10
21 20 >sp|P13804 | ETFA_HUMAN Electron transfer flavoprotein subunit alpha, mitochondrial OS: 11.23 4.37 444.10 376237.2 12 8 3 28.23
22 21 |>sp|P21796 | VDAC1_HUMAN Voltage-dependent anion-selective channel protein 1 0S=Hor 10.87 4.02 487.30 110387.6 4 4 1 16.61
23 22|>sp|P22626|ROA2_HUMAN t nuclear A2/B1 0S=Homo si 10.26 4.81 504.10 153432.2 5 4 0 12.46
24 23 |>sp|P16615|AT2A2_HUMAN Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=H« 10.04 3.60 385.30 236201.8 8 7 0 8.93
25 24 |>sp|P48735|IDHP_HUMAN Isocitr ydrog [NADP], ial 0S=Homo sap 9.67 3.37 379.40 243922.5 7 4 1 9.29
26 25|>sp|P06753 | TPM3_HUMAN Tropomyosin alpha-3 chain OS=Homo sapiens GN=TPM3 PE=1 8.00 4.37 481.70 190327.6 3 2 1 3.16
27 26 >sp|P11498|PYC_HUMAN Pyruvate carboxylase, mitochondrial 0S=Homo sapiens GN=PC F 7.20 3.14 479.20 212801.6 5 5 1 5.01
28 27 |>sp|P55084 | ECHB_HUMAN Trifunctional enzyme subunit beta, mitochondrial 0S=Homo s: 6.24 4.09 451.40 135665.9 4 3 0 5.91
29 28 >sp|Q9Y623 | MYH4_HUMAN Myosin-4 OS=Homo sapiens GN=MYH4 PE=1 SV=2 5.90 5.89 569.30 87129.9 2 1 0 0.67
30 29 >sp|P28331|NDUS1_HUMAN NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochor 5.87 3.18 357.30 74850.5 3 3 0 4.81
31 30 |>sp|P38117 |ETFB_HUMAN Electron transfefﬂavaprateln subumtbeta OS-Homo sapiens G 5.87 3.81 428.10 132643.9 3 2 [ 7.84
32 31|>sp| Q16134 | ETFD_HUMAN Electron transfer P mit 5.58 2.72 346.30 69081.5 3 3 0 5.51
33 32|>sp| Q02045 | MYL5_HUMAN Myosin light chain 5 0S=Homo sapiens GN=MYL5 PE=2 SV=1 5.51 3.68 378.10 51185.8 2 2 1 5.78
34 33 >sp|P07195|LDHB_HUMAN L-lactate dehydrogenase B chain OS=Homo sapiens GN=LDHB P 5.49 3.23 401.60 184247.8 5 4 1 13.17
35 34 |>sp|P07477| TRY1_HUMAN Trypsin-1 OS=Homo sapiens GN=PRSS1 PE=1 SV=1 5.07 293 423.60 494726.6 9 5 3 12.15

Not competed
K L
Protein
#AA'sin DB
protein  number
1939 4870
271 6501
644 4015
584 4882
639 6054
529 4153
377 7481
553 5568
623 6013
590 4884
284 4362
195 4296
780 16678
166 4735
1935 4845
270 7678
338 6174
335 4022
472 3905
333 4902
283 5368
353 5421
1042 5076
452 6499
285 4168
1178 4781
474 6983
1939 20876
727 5675
255 6113
617 9109
173 7775
334 4183
247 4215

Figure S3.3: Partial List of Mass Spectrometric Analyses for Target Identification and BiolD. (A)
Partial list of MudPit analysis of total proteome capture. PITPNB and PITPNA are highlighted in green. See
Experimental Procedures for details of analysis methods used. (B) Partial list of gel excision mass
spectrometry analysis. PITPNB and PITPNA are highlighted in yellow as hits of highest abundance.
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Chapter 4: Conclusion

4.1 Conclusion and Future Directions

Two decades of intense research has established the Hippo pathway as a cardinal regulator of
organ size and tissue homeostasis, and expanded its core kinase cascade into a complex signaling network
integrating a diverse repertoire of extracellular inputs (Yu and Guan, 2013). The Hippo pathway is
recognized as among the top ten most somatically altered signaling pathways in cancer (Sanchez-Vega et
al., 2018), and continuing to decode the front lines of its molecular regulation is an area of considerable
basic and translational interest. While several studies have identified various components of the peripheral
Hippo network, the upstream regulation of MST1/2 and the MAP4Ks remains an ongoing area of inquiry.
The work described in this thesis details both the target identification of a small molecule YAP inhibitor and
the discovery of a novel Pl4P-mediated regulatory mechanism modulating Hippo pathway activity.

Our work first identifies Microcolin B (MCB), a bioactive lipopeptide with known immunosuppressive
and antiproliferative effects (Zhang et al., 1997), as a novel molecule targeting the Hippo pathway, through
a phenotypic screen for compounds inducing YAP phosphorylation. We describe the structural optimization
of MCB to vyield its more potent analog VT01454 and demonstrate the specific cytotoxicity of VT01454
towards uveal melanoma cell lines harboring YAP-dependent mutations, as opposed to their YAP-
independent counterparts. We subsequently describe a novel role for PITPa/p in Hippo pathway regulation
resulting from an unbiased target identification, validating PITPa/B as the unequivocal biochemical targets
of VT01454 through a combination of bioorthogonal and molecular biology approaches. Though various
groups have previously conducted syntheses, structure-activity relationship, and mechanism-of-action
studies of the Microcolins and their analogs (Koehn et al., 1994, Koehn et al., 1992, Takamatsu et al., 2004,
Zhang et al., 1997), our study is the first to not only identify a biological macromolecule with high Microcolin
binding affinity, but also a major cell signaling pathway specifically and potently modulated by Microcolin
treatment.

Our observations that depletion of plasma membrane PI4P induces YAP phosphorylation suggests

that PI14P normally regulates the Hippo pathway in an inhibitory manner (Figure 4.1). Modulation of the
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Hippo pathway by intracellular PI4P levels is a previously unknown mechanism, and provides new clues in
decoding the complex regulation of MST1/2 and the MAP4Ks. In light of another recent finding from our lab
that PI(4,5)P2-dependent recruitment of NF2 regulates osmotic stress-induced activation of the Hippo
pathway (Hong et al., 2020), it will be both interesting and imperative to explore how these dual mechanisms
(i.e. Hippo pathway-inhibitory PI4P and Hippo pathway-activating PI(4,5)P2 regulation) act in concert with
one another to jointly modulate Hippo pathway activation. Our BiolD data utilizing P4M-SidMx2 as ‘bait’
protein, as well as the biochemical validation following MS analysis, demonstrate that TNIK/MAP4K7 and
MINK1/MAP4K6 are potential PI4P-interacting or at the very least PI4P-proximal proteins. Given that this
interaction or proximity occurs in an NF2-independent manner, one plausible model would be that PI(4,5)P2
and PI4P respectively regulate NF2 and the MAP4Ks in parallel, and in response to distinct extracellular
signals.

Our collective findings present intriguing new prospects for the Hippo signaling research field. First,
the identification and characterization of MCB provides proof-of-concept of YAP’s druggability in cancers
exhibiting YAP hyperactivity and YAP dependence, and suggests potential clinical implications of future
optimization of the Microcolins as anticancer therapeutic strategies. Second, the successful target
identification of VT01454 reveals an unprecedented PITP-PI4P signaling axis modulating Hippo pathway
activation, providing novel insights into the still-unclear mechanisms of MST1/2 and MAP4K regulation.
Finally, the burgeoning concept of a phospholipid-regulated Hippo pathway opens up a new perspective of
phospholipids in tissue homeostasis, and raises the possibility of YAP as a druggable node in cancers
exhibiting lipid kinase hyperactivity as well as diseases characterized by phospholipid dysregulation; and,

conversely, lipid kinases as novel therapeutic targets in YAP-driven cancers.

113



Merlin Willin PlTPB PI4KA
KIBRA PI4KA
PI plap]]
V4
\ /-
p T181/183 ¥ PI4P
SAV1  MST1/2 MAP4Ks
Merlin /p T1079/1041
LATS1/2
MOB1 l
$127/5381 51,,27 YAP/TAZ
P
14-3-3
YAP/TAZ

.

* 5381

YAP/TAZ
CTGF
TEAD1-4 CYR61

Figure 4.1: Summarizing Model Depicting Mechanism of Action for a Novel YAP Inhibitor. VT01454
inhibits PITPB, inhibiting its presentation of Pl to PI4KA and thereby reducing PI4P at the plasma
membrane. PI4P depletion induces Lats1/2 and YAP phosphorylation, and we currently hypothesize that
PI4P binds to the MAP4Ks in an inhibitory manner, releasing the MAP4Ks upon VT01454 treatment to allow
activation and phosphorylation of Lats1/2.
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