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Abstract

Cell polarity is a vital biological process involved in the building, maintenance and
normal functioning of tissues in invertebrates and vertebrates. Unsurprisingly,
molecular defects affecting polarity organization and functions have a strong impact
on tissue homeostasis, embryonic development and adult life, and may directly or
indirectly lead to diseases. Genetic studies have demonstrated the causative effect of
several polarity genes in diseases, however much remains to be clarified before a
comprehensive view of the molecular organization and regulation of the protein
networks associated with polarity proteins is obtained. This challenge can be
approached head-on using proteomics to identify protein complexes involved in cell
polarity and their modifications in a spatio-temporal manner. We review the
fundamental basics of mass spectrometry techniques and provide an in-depth
analysis of how mass spectrometry has been instrumental in understanding the
complex and dynamic nature of some cell polarity networks at the tissue (apico-basal
and planar cell polarities) and cellular (cell migration, ciliogenesis) levels, with the fine
dissection of the interconnections between prototypic cell polarity proteins and signal
transduction cascades in normal and pathological situations. This review primarily
focuses on epithelial structures which are the fundamental building blocks for most
metazoan tissues, used as the archetypal model to study cellular polarity. This field
offers broad perspectives thanks to the ever-increasing sensitivity of mass
spectrometry and its use in combination with recently developed molecular strategies

able to probe in situ proteomic networks.
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Introduction

Epithelial cells form complex tridimensional structures acting not only as barriers
against external physical, chemical and biological threats but also as filters allowing
the regulated transport of nutriments between the internal and external compartments
of the organism. During tissue and organ morphogenesis, epithelial cells adhere to
neighboring cells and to the supporting substrates, and adopt a highly organized
structure with an apical domain in contact with the external environment. Apico-basal
polarity describes the underlying molecular mechanisms of this lateral axis
organization, and has been studied for several decades from the molecular,
functional and genetic viewpoints, in a plethora of organisms. Epithelial cell
membranes are divided into apical and basolateral compartments which are
segregated by adherens (AJs) and tight (TJs) junctions formed by complex networks
of cell adhesion molecules, intracellular adaptors, enzymes and cytoskeletal proteins
(FIGURE 1A) *. Cell junctions are made of cell surface core components such as E-
cadherin in AJs and claudins and occludin in TJs, which are associated with
intracellular machineries connecting these membrane structures to the cytoskeleton
and signaling networks. This finely tuned apico-basal axis orientation is organized
and maintained by a set of asymmetrically distributed polarity protein complexes
which have mainly been identified by genetic screens % 3. Studies in Drosophila
melanogaster have indeed pinpointed three evolutionarily conserved polarity
complexes, the PAR (partitioning defective)) CRUMBS and SCRIB complexes *
which localize apically (PAR, CRUMBS) or basolaterally (SCRIB) and act
antagonistically to maintain apico-basal polarity in the fly (FIGURE 1B) °. Each
complex is composed of multiple subunits containing PDZ domain containing proteins

acting as scaffolding molecules (PAR-3, PAR-6, SCRIB, Stardust, Discs Large),
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small GTPases (CDC42) and protein kinases (atypical PKC, aPKC). The Par
complex is the best characterized of these complexes at the molecular level; it
contains the PAR-3 and PAR-6 PDZ proteins, and aPKC *. Other PDZ proteins
(PAR-6, MAGUKS) bind to the cell surface molecule Crumbs, the major component of
another cell polarity complex, through a well conserved carboxyl-terminal PDZ
binding motif (PDZBM)®. The SCRIB complex is genetically described as having a
causative role in apico-basal polarity and epithelial homeostasis in Drosophila.
Several components of this complex (i.e. SCRIB, Discs Large (DLG), and Lethal

8 and are

Giant Larvae (LGL)) behave as strong tumor suppressor genes®
evolutionarily conserved, from invertebrates to humans. The exact molecular
composition of the PAR and SCRIB complexes were later studied using proteomic-

based strategies which will be described in this review.

Planar Cell Polarity (PCP) is the second major, though more poorly characterized
process, organizing epithelial sheets and their apical structures perpendicular to the
apico-basal axis (FIGURE 1A). The importance of this cellular program is
demonstrated by mutations in PCP genes which disrupt the stereotyped hair
orientation on Drosophila wings and the alignment of the stereocilia in the mouse
inner ear. Genetic studies initially performed in Drosophila identified a set of core
PCP genes responsible for the establishment of planar cell polarity °. These genes
encode integral membrane molecules such as Frizzled, Van Gogh, Flamingo as well
as cytoplasmic proteins such as Dishevelled, Prickle and Diego. In the Drosophila
epithelial system, core PCP proteins have a strikingly asymmetrical distribution in
cells along a proximal-distal gradient. The protein complex comprising Van Gogh,
Flamingo and Prickle is localized at the proximal sides whereas Frizzled, Flamingo,

Dishevelled and Diego proteins are localized at the distal sides (FIGURE 1C). During
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early gastrulation, a subset of core PCP molecules controls a phenomenon called
convergent-extension which contributes to the formation of the antero-posterior axis
of the embryo *°. In addition to the crucial role of PCP in the correct execution of
developmental events, increasing numbers of studies detail its importance in the
proper organization and function of adult tissues and organs. Likewise, loss-of-
function mutations in PCP genes lead to multiple diseases including neural tube

1 and polycystic kidney disease'®. Recently, downregulation or, more

defects
frequently, upregulation of PCP genes has been associated with cancer progression
either by promoting growth, resistance to cell death and drug treatment, or

metastasis 1°.

Much of the knowledge and understanding of apico-basal and planar cell polarities
has been obtained through genetic screens, mainly in invertebrates (D.
melanogaster, C. elegans). This led to the discovery of master genes devoted to the
establishment and maintenance of epithelial polarities, and has highlighted how cell
polarity defects can have a strong impact in cellular, tissue, and organ and organism
homeostasis. A deeper understanding of these cellular programs has been obtained
using protein-based strategies, especially to identify protein associated networks, but

also the post-translational regulation of cell polarity proteins.

Over the last decade, mass spectrometry has been critical in elucidating new polarity
protein components and complexes, as well as in revealing unexpected modes of
action of these proteins. Various strategies have been used over the years to prepare
samples for mass spectrometry analysis in order to purify high quality protein
complexes amenable to mass spectrometry analysis. Sample preparation methods
are largely dictated by the biological question addressed, which we will detail in the

review. One of the main advantages of mass spectrometry is that the functional

5
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hypothesis is no longer answered by a binary yes/no response, but by a multi-
dimensional response. Unlike genetic methods and yeast two-hybrid assays, which
test the direct interaction between a specific bait with a partner (prey), proteomics

analysis provides more complex information.

This review describes how mass spectrometry has contributed to identify apico-basal
and planar cell polarities networks, as well as other molecular networks involved in
cell polarity processes occurring at the cellular level during cell migration and

ciliogenesis. This review is organized in sections which focus on the following topics:

- Basis of mass spectrometry and techniques used to purify and concentrate
protein complex populations amenable to mass spectrometry analysis.

- Specific examples of how mass spectrometry has allowed the molecular
dissection of cell polarity protein networks involved in cell polarity (including
apico-basal polarity, planar cell polarity, cell migration and ciliogenesis).

- Examples of how mass spectrometry has fueled new fields of research by

connecting different types of cell polarity.

Protein identification by mass spectrometry

The term ‘proteomics’ was created over 25 years ago, with the aim of providing a
complete characterization of all proteins (‘proteome’) expressed by a given genome
1415 The term ‘proteoform’ was then used to define a specific molecular form of a
protein product arising from a specific gene (including products differing due to

genetic variations, alternatively spliced RNA, and post-translational modifications)*®.
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Proteomics aims to elucidate the properties and functions of proteins by defining their
amino acid sequences, post-translations modifications and protein interactions,
amongst other parameters. Ideally, when carried out at a large scale, proteomics
offers an integrated view of a complex biological process or cellular network **. The
human genome contains approximately 20,000 genes, with more than 50% of them
giving rise to alternative splice variants. However the total number of proteins
expressed, including isoforms produced by splice variants, non-pathological and
pathological amino-acid changes and post-translational modifications, is currently
greater than 1 million. In addition, the numbers of copies of each protein in the ~230
human cell types can range from zero to 10,000,000. The proteome catalyzes and
essentially controls all cellular processes and constitutes about 50-60% of the dry
mass of a cell. Further layers of complexity are added by cellular processes which
modify proteins such as phosphorylation, ubiquitination, degradation, protein

localization and protein-protein interactions *2.

Mass spectrometry devices measure the mass-to-charge ratio of gas phase ions.
Mass spectrometers have three main components, which include an ion source, a
mass analyzer, which separates ionized substrates according to their ratio, and a
detector. In proteomics applications, two main types of soft ionisation techniques are
used to generate protein and peptide ions, which include matrix assisted laser
desorption ionization (MALDI) and electro-spray ionization (ESI). Nano-electrospray
(nanoES) is the ionization method of choice to generate additional partial sequence
information to complement the mass information *°. The ions follow a trajectory
established by the Lorentz force in electric or magnetic field. The electrodynamic ion
funnel allows the manipulation and focusing of ions in a pressure regime, which are

then analyzed using mass analyzers. Different mass analyzers can be associated
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with each ionization approach. The mass analyzer is the unit of the mass
spectrometer dedicated to manipulating ionized masses and separating them based
on mass-to-charge ratios, and distributing them to the detector. The main analyzers
used in proteomics are the quadrupole (Q), the time of flight (TOF), the ion-trap (IT)
and the Orbitrap (OB). A technical dissection of the component units of mass

20

spectrometry devices is provided in the following review High-throughput

proteomics rely on two main strategies: bottom-up or top-down approaches.

All bottom-up proteomics approaches require protein digestion by a sequence-
specific enzyme such as trypsin which cleaves after basic amino acids (lysine or
arginine) (FIGURE 2)*'. The peptides thus generated are then separated by reverse
phase chromatography, and ionized directly using ESI or indirectly using MALDI,
after which the ionized peptides are introduced into the vacuum of a mass
spectrometer. The ions are manipulated and analyzed using different mass analyzers
such as Q and OB as a quadrupole-orbitrap mass spectrometer (Q-Exactive; Thermo
Scientific). However, other types of mass spectrometers are also used for data
acquisition. Usually the acquisition method used is automated data dependant
acquisition (DDA) also known as tandem mass spectrometry. DDA involves multiple
steps switching from full scan MS which measures the mass-to-charge ratios of
ionized peptides, to a series of MS/MS acquisition according to data dependent
criteria. MS and MS/MS spectrum are then analyzed by softwares (such as
MaxQuant and Perseus software) which identify the peptides 2% > 24 These search
engines attribute each MS and MS/MS spectrum to the peptide of a given protein,
thereby allowing the protein content of the sample to be identified and/or a particular
post-translational modification (PTM) modification to be precisely mapped within a

protein sequence. In targeted proteomics, the DDA is limited to a list of peptides and
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their fragmented ions. Peptides of known mass-to-charge ratio (m/z) (parents ions)
are selected in the first quadrupole, the peptide is then fragmented and several
fragment ions are monitored over time using a quadrupole (for single reaction
monitoring analysis ; SRM) or a high resolution mass analyzer such as an Orbitrap
(for parallel reaction monitoring ; PRM)®. These transitions (parent ion / fragment
ions) are multiplexed and their specificity is checked against a spectral library using
dedicated software packages such as SkyLine ?°. A third acquisition method called
data-independent acquisition (DIA) is also available for bottom-up proteomics. DIA is
a method in which all ions within a selected m/z range (5-25 m/z) are fragmented and
analyzed all together in MS/MS #2728 This DIA strategy has quickly expanded over
the last few years because of the availability of next-generation mass spectrometers
with high resolution and accurate mass (HR/AM). As for PRM, DIA analysis requires
spectral libraries derived from auxiliary DDA data to provide protein identification and
guantification. New software tools applied to DIA analysis are proposed by different

groups such as Skyline and open SWATH?.

In contrast, top-down proteomics does not require any prior proteolytic digestion.
Top-down proteomics allows the identification and relative quantification of unique
proteoforms by direct analysis of whole proteins®°. Proteins are typically ionized by
electrospray ionization and analyzed using HR/AM mass spectrometry for mass
measurement. These whole proteins are then fragmented by direct ion dissociation in
the gas phase using electron-capture dissociation (ECD) or electron-transfer
dissociation (ETD). The main advantages of the top-down approach include the
ability to detect degradation products, sequence variants, and combinations of post-
translational modifications. Software dedicated to top-down proteomics still need to

be developed, except for the ProsightPC initially described by Kelleher team®'. The
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main disadvantage of top-down proteomics is its limitation to relative simple mixtures
and to small proteins (10-30 kDa). The latter limitation can be overcome using
middle-down proteomics which consists in limiting protein digestion in order to yield
relatively larger peptides (ideally above 3 kDa). Fewer peptides are generated in
comparison to bottom-up proteomics (peptides from 0.7 to 3 kDa); the complexity of
the digested products is thus reduced which allows better proteome coverage for
proteins of higher molecular weight, which cannot be analysed by top-down
proteomics. To date, most of the middle-down proteomics studies have been limited

to very specific applications>?.

Given the importance of dynamic regulation of protein expression and the
modifications of proteins, it is crucial to be able to monitor the dynamics of the
proteomes. Different quantitative proteomics approaches have been developed.
Quantitative proteomics is currently mainly based on bottom-up strategies using
DDA, DIA and targeted acquisition. Numerous methods allowing relative as well as
absolute quantification are available. Quantitative proteomics can be performed by
two major approaches: one using stable isotopes and one named the "label-free"
method. Stable isotope-based quantitative proteomics allows the identification of
equivalent peptides using the specific increase in mass due to the addition of mass
tags with stable isotopes as *°C, *N and *20. Several strategies (ICAT, ICPL, iTRAQ,
TMT, SILAC) involving stable isotopes have been developed using metabolic or
chemical labelling®®. The classical workflow consists of mixing labelled samples
containing the heavy mass tags and the light samples with no tags. The relative
abundance of peptides and proteins is revealed at the MS level (ICAT, ICPL, SILAC,
AQUA) or at the MS/MS level (ITRAQ, TMT). Alternatively, the quantitative

proteomics approach named “label-free” allows the relative abundance of proteins to

10
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be determined between several samples and/or conditions by directly measuring the
difference of abundance of different peptides/proteins by LC-MS/MS. This method is
based on the measurement of the spectral intensities of the precursor ions in MS and
the integration of these intensities through the chromatographic elution profile. This
approach is possible thanks to the remarkable improvements of mass spectrometry
devices over the last few years and to the strong correlation between the intensities
of the ions and their abundance in the process of ionization by electrospray. The
‘label-free’ method requires a good precision of the detected masses, an important
spectral resolution and precise and reproducible times of retention for the eluted
peptides. The relative abundance of peptides and proteins is revealed at the MS level
and the identification at the MS/MS level. A large number of softwares are available
for “label-free” proteomics analysis. The most popular ones are MaxQuant developed
by J. Cox and M. Mann %% ?* and Progenesis QI (Waters). In targeted proteomics,
SRM, PRM and DIA, absolute quantification methods use synthetic AQUA peptides
in which amino acids containing stable isotopes are incorporated into the peptide.
AQUA peptides are used as internal standards allowing the absolute quantification of
proteins®*. FIGURE 2 depicts the main steps of sample preparation for mass
spectrometry analysis. Over the past two decades, several strategies have been
used to purify protein complexes amenable to mass spectrometry analysis. These
strategies each have their specific advantages and limitations, which we will describe

in the following sections and is summarized in (TABLE 1).
Purifying protein complexes using peptide pull down strategies

The peptide pull-down technique is commonly used to identify interactions occurring
on a limited sequence of a protein of interest. Synthetic peptides or recombinant

protein fragments mimicking the sequence of interest used as baits are fused for

11
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example to glutathione S-transferase (GST)) or not and subsequently bound
covalently or non-covalently to agarose beads. Peptide pull-down strategies have

35; 36 th

been extensively used for intracellular sequences of membrane proteins e

purification of which in large quantities is difficult due to low expression levels and

poor solubility ¥.

Peptides can be synthesized with biotin modifications and
subsequently precipitated with streptavidin beads to purify proteins from cell lysates
and identify interacting proteins®. This method allows the rapid identification of
interactors; however it is limited to peptides and relies on limited linear motives.
Peptide pull-down methods have for instance been used for the identification of
protein interactors of the cytosolic regions of membrane proteins such as G protein—
coupled receptors (GPCRs)*. Another advantage of this approach is the possibility
to easily generate a mutant for a specific binding domain. For example, PDZ domains
bind to a three amino acid hydrophobic motif generally found at the C-terminus of
proteins. Mutation of this motif usually leads to a complete loss of interaction with
PDZ domains. Using a peptide encompassing the C-terminus of VANGLZ2, it has

been possible to identify two PDZ domain-containing proteins, SCRIB and SNX27,

the interaction of which is disrupted with the mutant peptide>®.
Tandem Affinity Purification tag (TAP-tag) of Proteins

In 1999, Bertrand Séraphin’s group designed a novel method to purify protein
complexes under native conditions . This protocol has been extensively used in
yeast’’ and later in human cells focusing on TNFa/NF-xB signaling*. The tag
consists of two IgG binding domains followed by a calmodulin binding domain,
separated by a site of recognition for the Tobacco Etch Viruses (TEV) protease. This
two-step purification method allows the rapid purification of proteins complexes under

native conditions with low amount of background proteins. Despite the versatility of

12
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the TAP-tag protocol, the size of the tag (~25kDa) may hinder some interactions. For
this reason, several groups have optimized the original protocol by developing
various combinations of tags to reduce the hindrance of the tag. One example is a
combination of two streptavidin binding domains followed by a calmodulin binding
domain (~10kDa), which has been successfully used to decipher the molecular

mechanisms of Wnt and Sonic Hedgehog signaling pathways #* 3,

Single-step protein purification

Over the last ten years, mass spectrometry has become increasingly sophisticated
and has allowed the development of novel purification methods. For example, several

groups have used Flag-tagged proteins** *°

to identify weakly expressed proteins
and their associated protein complexes and to characterize proteins complexes with
lower affinity. This strategy however yields a high rate of false positive hits, which can
be identified as such and disregarded if appropriate controls are used. A list of the
common “contaminant” proteins (http://crapome.org/) has been generated and can be
used to rapidly discriminate false positives from real partners®. The advantages of
the single-step purification methods are the small size of the tag, which limits steric
hindrance for interacting proteins, as well as the rapidity of the purification compared

to TAP-tag protocol, thus circumventing the use of time-consuming techniques which

may lead to a loss of associated proteins.

Due to the recent emergence of nanobody technology and the availability of GFP-
TRAP affinity reagents, several groups have taken advantage of the fluorescent
properties of GFP to confirm the correct localization of GFP tagged proteins, prior to
purification and mass spectrometry analysis*’. The main advantage of nanobody

purification for protein complexes is the extremely low size of this molecule (~10kDa)

13
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resulting in limited contamination of peptides generated from nanobodies after trypsin
digestion, rending mass spectrometry analysis of the purified protein complex more
efficient “®. However, caveats to tagging proteins with a GFP tag include the possible
mislocalization of the fusion protein, hindering protein-protein interactions, and

possible protein misfolding.
Purifying endogenous protein complexes using antibody immunoprecipitation

The development of high affinity antibodies directed against proteins of interest
allows the purification of large amounts of endogenous proteins and their associated
partners amenable to mass spectrometry identification. The success of this method is
highly dependent on the quality of the antibodies - in terms of affinity and specificity.
The main advantage of this method is that the number of false positives is limited, as
the targeted protein is not artificially overexpressed, and that it is localized in its
natural subcellular compartment. This technique has been successful in describing
the molecular components of the SCRIB complex and their role in cell migration *°,
and in characterizing the role of endogenous binding partners of VANGL2 and their
functional importance in basal breast cancer progression®. One major drawback of
this approach is that when the protein of interest is expressed at very low levels, the
MS identification of co-purified proteins is difficult. These limitations are
counterbalanced by the constant improvement in sensitivity of mass spectrometry

devices and the development of high affinity antibodies.

Proteomics techniques defining the near neighborhood of a given protein of

interest

With the recent development of new technologies based on proximal biotinylation

and of highly sensitive MS devices, it is now possible to go a step further and explore

14
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larger protein complexes, and even to exhaustively characterize a specific cellular
compartment. These methods take advantage of enzymes such as the biotin protein
ligase BirA, the engineered ascorbate peroxidase (APEX), or the horseradish
peroxidase HRP to promote the biotinylation of proteins in the immediate
neighborhood of a protein of interest in living cells. Biotinylated proteins are
subsequently isolated by affinity purification and identified by mass spectrometry

analysis.

Over the last few years, several techniques have been developed. The first technique
exploits the capacity of a bacterial biotin ligase (BirA) to covalently biotinylate
proteins in living cells. A BirA mutant called proximity-dependent biotin identification
(BiolD) was designed and fused to proteins of interest for expression in cells . BiolD
has a significantly lower affinity for biotinoyl-adenylate (bio-AMP), an intermediate of
the biotinylation reaction, which is released from the binding pocket of BirA to the
immediate neighborhood. Recently, a smaller form of BiolD called BiolD2 °? has been
developed. This second generation enzyme is more efficient to label proteins with
lower concentrations of biotin. Yet, one major drawback of this technique is the rate
of the biotinylation reaction which can take up to 24 hours, rendering this technique
unsuitable to decipher the transient activation of signaling pathways. Nevertheless,
this approach has allowed the identification of molecular components of focal
adhesions®. By probing several known components of the focal adhesion complex,
Dong et al. were able to define different layers of neighborhood proteins (proximal to
the membrane, intermediate layer, F-actin layer)>®. The datasets obtained with this
approach correlate closely with cellular imaging data using high resolution
microscopy °*. Other studies fused the biotin ligase to cell polarity components used

as baits (E-cadherin *°, ZO-1 *°, occludin and Claudin-4 °’) and expressed in

15
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polarized MDCK cells allowing the identification of known as well as novel protein

networks *°.

Another recently developed biotinylation approach uses a modified peroxidase,
ascorbate peroxidase (APEX) first developed for electromicroscopy studies® >°. The
labeling radius of biotinylation has been estimated to be less than 20nm and the half-
life of the biotin-phenoxyl radical is shorter than that of bio-AMP rending the labelling
radius narrower. An optimized form of the APEX enzyme (APEX2) has recently been
developed with greater enzymatic stability and activity®®. As for BiolD, the main
advantage of this approach is that labelling of the proximal proteins occurs in living
cells which decreases the rate of false positive as compared to other affinity
purification-based strategies. Several studies have successfully used APEX
biotinylation, notably to describe the protein composition of confined -cellular

58; 62

compartments such as cilia® or mitochondria . In other studies, this approach

was used to determine the spatiotemporal recruitment of proteins during the

activation of signaling pathways such as the GPCR signaling®® .

Optimization of the biotinylation protocol has been recently described using a
common horseradish peroxidase (HRP) available in routine in laboratories. This
method uses the properties of the HRP to proximally label proteins at the cell surface.
In contrast to the APEX system, mature HRP needs to form disulfide bonds in order
to be active, restricting its use to the extracellular environment®. HRP has a higher
intrinsic peroxidase activity than APEX2 and can be used either with the membrane
permeable biotin-phenol or with a membrane non-permeable version of the biotin-
phenol called BxxP which harbors a polar polyamide linker. This approach allows the
proteomics analysis of extracellular environments and it was recently employed to

determine the composition of the proteome within the neuronal synaptic cleft®®.
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Proteomics approaches to analyze PAR functions

In 1983, work pioneered by Ken Kemphues and Jim Priess using a screen for
mutants defective in cell polarity in C. elegans identified the par genes . The mutants
failed to form the endoderm because of defective partitioning of protein components
between anterior and posterior poles of the early embryos® ®’. PAR proteins, with
the exception of PAR-2, are highly conserved in model organisms including C.
elegans, Drosophila and mammals ®8. PAR family proteins are involved in epithelial
morphogenesis and contain two serine-threonine protein kinases, PAR-1 and PAR-4
(also known as STK11 or LKB1), a phospho- protein PAR-5 (a 14-3-3 isoform) and
two scaffold proteins containing PDZ domains, PAR-3 and PAR-6. Atypical PKC
(aPKC) and CDC42 were demonstrated as crucial downstream polarity effector
proteins in this pathway. In vertebrates, multiple copies of the PAR genes have been
identified, three for PAR-6, two for PAR-3 and aPKC, and they are thought to have
different functions. Recently, only PAR-3L, and not PAR-3, has been shown to be
involved in mammary gland stem cell maintenance through binding and suppression
of LKB1 kinase activity®®. At the cellular level, PAR proteins are asymmetrically
localized in polarized epithelial cells®®. The apical domain is enriched in CDC42 and
PAR-6/aPKC, whereas cell-cell junctions are enriched in PAR-3 and PAR-1. During
polarization, PAR-3 acts as a crucial landmark, which localizes at the apical portion of
cell-cell contacts, and then recruits other components of the adherens junctions.
Therefore it acts as a transient docking site for PAR-6/aPKC and Crb/CDC427% 43 ©°

and allows apico-basal polarity to be established.

Mass spectrometry methods have been used to comprehensively analyze the human
PAR protein complexes in 2004™, with the aim to determine whether the PAR

orthologues have common or different protein partners. TAP-tagged fusion proteins
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of the PAR “core members”, including PAR-1, PAR-3, PAR-4, PAR-5, PAR-6A, PAR-
6B, PAR-6C and PKCA*® were independently expressed, resulting in the identification
of a total of 60 proteins, which include partners directly or indirectly linked to cell
polarity such as Hensin and mSpaghetti (also known as MLCK-like protein) "2. More
than 50 novel interactors were identified, some of which, such as the 14-3-3

phospho-protein scaffolds, were present in more than one distinct complex™.

Furthermore, immunoprecipitation of FLAG-tagged PAR-3s, followed by mass
spectrometry analysis, identified the serine-threonine protein phosphatase PP1
(predominantly the alpha isoform) as a binding partner of PAR-3"%. PAR-3 is
phosphorylated by PAR-1 which leads to dissociation from aPKC and association
with 14-3-3 and PAR-3 at the basolateral membrane’® . Dephosphorylation of PAR-
3 by PPla frees 14-3-3, which in turn restores the association of PAR-3 with aPKC,
and therefore the relocalization of a functional complex to tight junctions’. Mass
spectrometry analysis allowed the identification of Serine 144 and Serine 885 of
PAR-3 as residues that are dephosphorylated by PP1. This data confirmed
previously published work, highlighting the critical role of PAR-3 phosphorylation.
Accordingly, expression of a mutant of PAR-3 deficient in Serine 144 phosphorylation
results in epithelial cell polarity defects”. Together these data provide a clear
understanding of the molecular mechanism controlling PAR-3 localization and

maintenance at the tight junctions of epithelial cells (FIGURE 3).

The LKB1 homologue, PAR-4, was originally ascribed a role in asymmetric cell
division in C. elegans®’. LKBL1 is described as a “master” kinase of epithelial polarity
establishment’® through its association with the STRAD-a. or -B pseudo-kinases and
the adaptor MO25. LKB1 is able to phosphorylate up to 14 downstream kinases,

including AMPK or PAR-1, which in turn phosphorylate various downstream
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components such as RAPTOR or PAR-3. LKB1 and its regulatory subunits STRAD
localize at the adherens junctions in an E-cadherin dependent manner’’, controlling
local AMPK activation and MLC phosphorylation, which in turn leads to constriction of
the apical cytoskeleton’®. In mammals, LKB1 acts as a tumor suppressor and is
responsible for the Peutz-Jegher syndrome, an autosomal dominant inherited
disorder causing gastrointestinal hamartomatous polyposis and increased
predisposition to cancer in colon, breast, ovarian, pancreatic and lung tissues. LKB1
is also somatically mutated in lung or cervical carcinoma and synergizes with human
papilloma viruses as its loss promotes disease progression ’°. Yeast two hybrid
screens have allowed the first identification of the pseudo-kinases STRADs as
interacting partners of LKB1%°. Upon binding to STRADs, LKB1 becomes active and
autophosphorylates: mass spectrometry confirmed the existence of two previously
identified phosphorylation sites (Threonines 336 and 363) and detected two novel
autophosphorylation sites on Threonines 185 and 402, which correlate with
increased LKB1 catalytic activity (FIGURE 3)%°. A year later, an immunopurification
procedure followed by mass spectrometry analysis led to the identification of LKB1-
associated proteins, including MO25, which stabilizes LKB1 in a LKB1-STRADs-
MO25 tripartite complex®’. To further understand the molecular components
associated with LKB1, two independent studies used mass spectrometry analysis of
the purified LKB1 protein complex, and identified HSP90 as a chaperone protein
protecting LKB1 from proteasomal degradation % #. In a later study, Hans Clevers’s
team showed that the full activation of the kinase activity of LKB1 by STRADSs results
in the remodeling of the actin cytoskeleton, leading to the formation of an apical
brush border in isolated epithelial cells. These data suggest that LKB1 behaves as a

master regulator of apico-basal polarity in epithelial cells’®. Although downstream
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signaling of LKB1 is well defined, the mechanisms of regulation and activation of this

serine/threonine kinase remains elusive and deserve further investigation.
Proteomics applied to study the Crumbs complex

The second conserved polarity complex is the Crumbs complex. The crumbs (crb)

gene, originally identified in Drosophila

, was first shown to be important in the
establishment of epithelial polarity in 1990s®. Four proteins are considered to be the
core components of the Drosophila Crumbs complex: CRB, Stardust (SDT), PATJ
(protein associated with tight junctions or Palsl-associated tight junction protein) and
Lin-7 %. CRB is a type-l transmembrane protein containing two highly conserved
regions in its 37-amino-acid cytoplasmic domain which are crucial for its polarity
functions: the C-terminal PDZ-binding motif and the FERM-binding domain %. The
PDZ-binding motif is responsible for its interaction with PAR-6 and its partner aPKC,
as well as MAGUKs and SDT 87 88 899019192 The juxtamembrane Four-point-one,
Ezrin, Radixin, Moesin (FERM)-binding motif (FBM) has been reported to bind the
FERM domain proteins Yurt and Moesin (Moe)®® ®*. CRB was shown to be linked to
Hippo signaling as FLAG-tagged YAP and TAZ bind to Crumbs polarity partners
identified by mass spectrometry analysis, including PALS1, PATJ (or INADL),
MUPP1, LIN7C, and AMOT®®. The WW-domain and PDZ-binding motifs of YAP/TAZ
are required for binding to the multiple members of the Crumbs complex®. YAP/TAZ
interaction with Crumbs is required to suppress TGF-B signaling, and consequently
important for TGFB-mediated epithelial-to-mesenchymal transition®®. At the molecular
level, YAP/TAZ retains phospho-SMAD in the cytosol, thus suppressing TGF-f3
signaling. In Drosophila, the Crumbs complex is linked to the Hippo pathway by
binding to the FERM protein, Expanded, leading to its recruitment at the apical

membrane of the peripodial epithelium of imaginal discs®®. Recently, a siRNA screen
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identified RNF146 and Tankyrases (TNKS1 and TNKS2) as regulators of PALS1
subcellular localization. A proteomics approach using the BiolD methodology has
contributed to revealing the underlying molecular mechanism whereby RNF146 and
TNSK2 target AMOTL2 for ubiquitin-dependent degradation and therefore blocking
the inhibition of AMOTL2 over PALS1, which then relocates apically and stabilizes
the Crumbs complex”’. This finding is consistent with a previously published study
which used single-step purification followed by mass spectrometry, and determined
that YAP is associated with AMOTL2 and promotes inhibition of Hippo signaling®.
The link between the Crumbs complex and Hippo or TGF- signaling to maintain
apico-basal polarity is well characterized, however a more in-depth understanding of

the role of each member of the Crumbs complex is still needed.

Dissecting the molecular components of the SCRIB complex

Scribble was initially identified at the septate junctions of Drosophila epithelial cells
where it controls the distribution of apical proteins such as Crumbs®. Scribble
behaves as a tumour suppressor by regulating cell polarity and growth, together with
Lgl and DIg®. The Scribble complex comprising these three gene products acts by
antagonizing the spread of the apical domain promoted by the PAR complex*®.
Conversely, aPKC, bound to PAR6 and CDC42, acts downstream of Crumbs and
PALS1, and phosphorylates LGL. This event leads to the exclusion of the Scribble
complex from the apical membrane and to its relocalization to the basolateral one.
The Scribble complex has also been shown to play a role in Drosophila neuroblast
cell size and mitotic spindle asymmetry*®*. Human Scribble (or SCRIB) is composed

of 16 amino-terminal leucine rich repeat (LRRs) and 4 carboxy-terminal PDZ protein
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domains, as is the case for Drosophila Scribble, and is involved in the regulation of
cell adhesion, cell shape and cell polarity®>. SCRIB was first identified through its
interaction with E6, an oncoprotein encoded by human papillomaviruse-16 (HPV-16).
Infection of epithelial cells by HPV-16 results in lesions of cutaneous and mucosal
epithelia, genital tissues and upper respiratory tracts. As E6 associates with an
ubiquitin ligase (E6AP) in infected cells, it promotes ubiquitination and proteosomal
degradation of its associated proteins. To identify E6 targets, a GST-E6AP has been
used as bait and affinity-purified SCRIB was identified by mass spectrometry %
Mechanistically, E6 harbors a PDZ-binding motif allowing its interaction with the PDZ
domain-3 of SCRIB and its recruitment close to E6AP, which promotes SCRIB
degradation. Expression of E6 in epithelial cells results in reduced SCRIB levels (as
well as the level of other PDZ proteins able to interact with the E6 PDZ-binding motif),
subsequently altering the integrity of cell-cell junctions'®. The first attempt to identify
the proteins endogenously associated to SCRIB was performed using
immunoprecipitation of proteins extracted from non-transformed mammary epithelial
MCF10A cells followed by mass spectrometry. SCRIB was very efficiently co-purified
with ARGHEF7, also known as B-PIX, a RhoGEF which directly interacts with the first
and third SCRIB PDZ domains through its PDZ binding motif*® '**. The SCRIB/B-PIX
complex is associated with the serine-threonine kinase PAK, and it was shown to be
essential for cell survival when localized within the adherens junctions'®. In neuronal
cells, SCRIB anchors ARGHEF7/B-PIX at the plasma membrane, controlling calcium
dependent exocytosis*®. SCRIB also interacts via its PDZ domains with the C-
terminal of Thyrotropin Stimulating Hormone Receptor, a GPCR, and controls its
trafficking to the plasma membrane via the ARGHEF7/B-PIX-GIT-ARF6 pathway*°®.

Other studies have shown that SCRIB localizes adenomatous polyposis coli (APC) at
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the adherens junctions and regulates cell cycle'”’, and the phosphatase PHLPP1 at
the plasma membrane, which negatively regulates AKT signaling'®. SCRIB is a
potent inhibitor of other signaling pathways in polarized epithelial cells (FIGURE 4).
For example, SCRIB recruits members of the Hippo pathway to adherens junctions
and targets TAZ for degradation through ubiquitination by B-TRCP'®. A single step
purification of SCRIB followed by mass spectrometry showed its interaction with
SHOC2 and M-RAS and its inhibitory role on ERK activation'’®. Conversely, in
migrating astrocytes, SCRIB promotes CDC42 activity at the leading edge and
controls Golgi apparatus orientation and directed cell migration'*'. SCRIB is also
involved in the orientation of lamellipodia and directs cell migration of endothelial
cells through the control of the RAB7-dependent endocytic machinery responsible for
a5-integrin internalization and degradation''?. We have also shown that the SCRIB/B-
PIX complex controls PAK subcellular localization at the leading edge of breast
cancer cells to promote cell migration'**. More recently, a report has demonstrated
that the subtle subcellular localization of SCRIB at the plasma membrane is required
for its activity in animals™*. Indeed, transgenic mice overexpressing a mutant form of
SCRIB (mutation P305L within LRR13) previously shown to be unable to reach the
plasma membrane *** ° display multifocal hyperplasia of mammary glands and
develop mammary tumors following the mislocalization of PTEN in the cytosol and
activation of the AKT/mTOR/S6K signaling pathway*'’. In other mouse models, as is
the case in Drosophila **%, downregulation of SCRIB synergizes with oncogenes (Myc
or Ras) in the promotion of tumorigenic transformation of epithelial cells % 1%,
However, the analysis of public datasets shows that SCRIB overexpression is also
correlated with an increased risk of patient relapse’®. Indeed, SCRIB can also

behave as an oncogenic protein in certain circumstances'®. Since its first
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identification in 2000%°, several attempts have been made to identify the SCRIB-
associated protein network. Yeast two-hybrid screens have mostly resulted in the
identification of direct interactors of the SCRIB PDZ domains %% 1% 11 The TAP-tag
approach identified protein complexes associated with SCRIB and showed that it
forms a ternary complex with a member of the PCP pathway (VANGL1) and
NOS1AP distinctly from the ARGHEF7/B-PIX-GIT-PAK complex previously
characterized by our group®. Clinical data showed that, in breast cancer, increased
expression of VANGL1 and SCRIB is correlated with poor patient prognosis,
suggesting that SCRIB may have protumoral functions. Accordingly, targeting
VANGL1, NOS1AP or SCRIB expression by siRNAs decreased breast cancer cell

migration*®®

. In summary, several methods, including endogenous IP, TAP-tag or
single-step purification methods, have been used to decipher the network of proteins
associated to SCRIB in different cellular models, yielding similar and conflicting
results % 108 110 (FIGURE 5). Recently, two independent groups used proteomics to
define the composition of the multi-molecular structures that connect integrins and
the actin cytoskeleton in focal adhesions. The first group, led by Ed Manser, used a
BiolD strategy using as baits PAXILLIN, a cytoplasmic focal adhesion protein, and
KIDLIN2 which directly binds to B1-integrin. Mass spectrometry analysis of purified
proteins reveals the molecular composition of focal adhesions and identified several
previously uncharacterized proteins®. The second group, led by Martin Humphries,
assembled and compared all available datasets generated by multiple mass
spectrometry-based proteomics reports 7 122 123 124125 i grder to identify the
composition of the multi-molecular structures linking integrins to the actin

cytoskeleton. In both studies, several known SCRIB interactors, including

ARGHEF7/B-PIX and GIT1, previously known to participate with SCRIB in cell
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motility, have been identified®® ** '3, However, SCRIB was absent from the list of
focal adhesion proteins, confirming our previous data obtained by

immunofluorescence and confocal analysis™®

raising the important issue of the
spatio-temporal association between SCRIB and the GIT-ARGHEF7/B-PIX during

cell migration.

Mass spectrometry-based determination of planar cell polarity networks

Since the first description of PCP in 1982 *?°, most studies have used a combination
of genetic approaches to determine the organization of the PCP pathway and only a
few have attempted to do this at the proteomics level. Here, we will mostly focus on
two components of PCP signaling which we recently investigated using proteomics:
the cytoplasmic PRICKLE1 ** %" 12 gnd the four transmembrane protein VANGL2 3%
0 These core PCP components have been also recently involved in cancer, where
their high expression correlates with poor prognosis *°. In order to understand their
involvement in cancer, we and others have used proteomics to identify partners
regulating their functions. Single-step purification of Flag-tagged forms of PRICKLE
followed by mass spectrometry has identified several previously unknown interactors
of PRICKLEL and 2 **. One of them was the serine-threonine kinase, MINK1. MINK1

129 and to

was previously shown to be required for PCP signaling in Drosophila
regulate convergent-extension in Xenopus **. However, the underlying mechanism
of action was not known. We showed that PRICKLEL1 is phosphorylated by MINK1,
which leads to its relocalization to the plasma membrane via the endocytic pathway

and contributes to its asymmetrical distribution during convergent-extension in

Xenopus and PCP signaling in Drosophila ommatidia®**. Mass spectrometry analysis
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of PRICKLEL1 also identified the MINK1 phosphorylation site which was functionally
characterized. Indeed, expression of a PRICKLEl1 mutant unable to be
phosphorylated by MINK1 phenocopied PRICKLE1 loss in Xenopus*. The
PRICKLE-MINK1 interaction is evolutionary conserved and, in breast cancer cells,
promotes cancer cell migration*®'. In addition to its binding to MINK1, PRICKLE1 also
interacts with ARGHAP21/24 2 mTORC2 ¥, and PHLDB2 *** which contribute to
basal breast and gastric cancer cell dissemination (FIGURE 6). At the signaling level,
PRICKLEL1 controls the spatio-temporal activation of downstream events by inhibiting
Rho signaling and restricting Racl activation at the edge of cancer cells *?. It also
contributes to local activation of AKT and promotes remodeling of the actin
cytoskeleton'?’. Finally, through its interaction with PHLDBZ2, it regulates CLASP2
localization at the plus-end of microtubules to promote focal adhesion turnover and
B1-integrin internalization'?’ 2. Together these data demonstrate the importance of
PRICKLE1 as a molecular platform able to spatially control downstream signaling
cascades™® 13 Other components of PCP signaling have also been studied by
proteomics. SCRIB, a known interactor of VANGL1 and VANGL2, was genetically
characterized for its involvement in the PCP pathway during mouse embryonic
development'®. As seen before, the SCRIB interactome was extensively and mostly
characterized in epithelial and breast cancer cells® % 198 119 Although SCRIB acts
as regulator of apico-basal polarity and PCP, little is known about the subset of
SCRIB partners involved in the two processes and their potential interactions. In the
study by Anastas et al., two distinct SCRIB complexes (VANGL/SCRIB/NOS1AP and
SCRIB/ARGHEF7/GIT/PAK) were found to control cell motility'%% 11 112 113: 136 gnq

108

cancer progression (FIGURE 6). More recently, attempts have been made to

identify and characterize the interactome of VANGL2. Genetic studied showed that

26



©CO~NOOOTA~AWNPE

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

137138 and Xenopus™*. We used

Vangl/Strabismus interacts with Prickle in Drosophila
yeast-two hybrid to identify proteins bound to the mammalian VANGL2 PDZ binding
sequence®. Among the positive clones, we identified SCRIB and SNX27 . SNX27 is
known to control the retrograde route of GPCR trafficking at the plasma membrane'*°
and we found that, indeed, it is responsible for plasma membrane localization of
VANGL2 38, Thanks to the generation of a high affinity and specific antibody targeting
VANGL2", we were able to immunoprecipitate endogenous VANGL2 from breast
cancer cells at levels amenable to MS identification. This led to the first identification
of the endogenous interaction between VANGL2 and VANGL1, which requires the
four transmembrane domains of these partners. Surprisingly, no PDZ proteins were
found in the VANGL2 complex, which might be due to the IP procedure and/or to the
low affinity of PDZ interactions. Instead, we identified a novel VANGL?2 interactor,
p62/SQSTM1 (Sequestosome-1) which acts synergistically with VANGL2 in
regulating convergent-extension in Xenopus®. p62/SQSTM1 was shown to bind
directly to the VANGL2 C-terminal region independently from the PDZ-binding
sequence. VANGL2 and p62/SQSTML1 genes are upregulated in basal breast cancer
and are markers of poor prognosis. The specific interaction between VANGL2 and
p62/SQSTML1 occurs in endocytic vesicles of breast cancer cells and results in the
recruitment of JNK, leading to its activation and to JNK-dependent cell proliferation®
(FIGURE 6). PTK7 is a PCP tyrosine kinase receptor functionally linked to VANGL2
in the mouse **% 3 However, no interaction has so far been observed between the
two receptors. Using a myc-tagged version of PTK7 expressed into the animal pole of
Xenopus embryos, the Borchers lab was able to identify by mass spectrometry
RACK1 (receptor of activated protein kinase C 1) as a cytosolic binding partner of

PTK7. RACKL1 is involved in the membrane localization of Dishevelled, a PDZ protein
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involved in PCP ***. The authors subsequently showed that RACK1, like PTK7, is
required for Xenopus neural tube closure. Interestingly, RACK1 also directly interacts
with VANGL2 in Zebrafish and regulates PCP-related functions by localizing VANGL2
at the plasma membrane **°. Much work is still needed to clarify the organization and

regulation of protein networks associated with the numerous PCP components.

Proteomics of the primary cilia

Primary cilia are non-motile microtubule-based structures that are protruding from the
cell body of almost all vertebrate cells. They develop from the mother centriole of the
centrosome and have an antenna-like organization at the apical membrane of
polarized epithelial cells (FIGURE 3). These structures concentrate membrane
receptors able to respond to diverse stimuli including soluble ligands, mechanical and

thermal stress, and act as sensors to fluid flow 4.

Identification of protein
components of primary cilia is important to understand their organization, signal
transduction properties and their involvement in diseases called ciliopathies. Over the
past 10 years, several groups have tempted to identify ciliary proteins by using a
combined procedure of primary cilia isolation through successive steps of sucrose
gradient centrifugation and detergent solubilization, followed by mass spectrometry
analysis. This strategy led to the identification of ~200 putative cilia-related proteins

in human bronchial epithelial cells'*’

, then of more than 2,000 proteins in rod and
cone photoreceptor sensory cilia **®. The mouse kidney collecting duct cell line
(IMCD3) which behaves as a polarized epithelial cell was also used as a model
system to identify more than 2,900 ciliary proteins. However, known non-ciliary

proteins were also identified in this study, questioning the specificity of the

experimental procedure. Nevertheless, using a subtractive procedure combined with
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protein correlation profiling, the authors were able to generate a refined list of 195
confirmed primary cilia proteins’®®. Another study based on protein correlation
profiling coupled to a semi-quantitative technique based mass spectrometry (SILAC :
stable isotope labelling by amino acids in cell culture) identified SCRIB in
centrosomes™°, which confirmed previous findings''*. However, SCRIB has not been
identified as a cilia resident protein so far. Interestingly, VANGL2, a partner of
SCRIB, plays a role in the localization and orientation of primary cilia, and directional

151

fluid flow involved in embryonic development™". In the mouse, VANGL2 interacts

with the Bbs8 and Ift20 ciliary proteins in a complex required for PCP signaling in the

cochlea 2

. TAP-tag strategy has been used to identify interactions between
intraflagellar transport proteins and endocytic components in cilia in zebrafish **3. The
group of M. Nachury used a TAP-tag strategy to connect Arf-like GTPases to cargo
entry into primary cilia'>*. More recently the same group used the APEX technique to
characterize the proteins composition of primary cilia using a domain of NPHP3 as

bait, which specifically localized in cilia. This approach generated a list of 622

putative ciliary proteins, including LKB1 and its partner STRADB®"..

Future directions

The rapidly increasing number of studies using mass spectrometry has resulted in
the discovery of protein complexes associated with major polarity proteins and has
been instrumental in deciphering some of their functions, which is expected to further
continue thanks to novel protein purification methods such as proximity biotinylation
(BiolD, APEX) and access to more sensitive mass spectrometers. One of the best
characterized polarity complexes which is centered on SCRIB has benefited from a

combination of several purification and mass spectrometry improvements over the
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last 15 years, leading to a comprehensive picture of the network at the steady state
(FIGURE 5)% 198 10 However, there is currently no information about the
composition, compartmentalization and spatio-temporal regulation of this protein
complex during the different steps of epithelial morphogenesis and transformation.
This issue is, in our opinion, of particular importance considering the multiple cellular
localizations (adherens junctions, leading edge, centrosomes) of SCRIB and their
now well established functional importance. This also applies to other cell polarity
proteins (PAR, LKB1,...) in normal and pathological situations. We believe that the
combination of proximity biotinylation techniques with CRISPR/Cas9 gene editing

and proximity ligation assay (PLA)™®

may be key in deciphering and validating the
composition of cell polarity interactomes in cells or tissues. PLA is an oligonucleotide-
conjugated antibodies-based technique of particular interest to confirm low affinity
direct interactions (for example PDZ interactions) which are not amenable to regular

co-immunoprecipitations. Furthermore, PLA is suitable for the exploration of direct

protein-protein interactions in tissues™®.

Recently, Norbert Perrimon’s group used APEX labeling in live Drosophila tissues to
map the sub-proteomes of mitochondria in different physiological conditions ®2.This
study demonstrates the feasibility of identifying proteomes (and surely, in the future,
protein networks) in vivo in a more comprehensive manner than other procedures

relying on TAP-tag techniques *’ .

Recent improvements of proximity biotinylation techniques may also help to assess
the organization of polarity complexes, especially at the plasma membrane. A
derivative of the APEX strategy based on the more sensitive HRP was recently
developed to identify protein complexes present in the neuronal synaptic cleft®. By

taking advantage of the inactivity of HRP in reducing intracellular compartments, it is
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possible to specifically biotinylate proteins in secretory and extracellular
compartments. Furthermore, the use of a biotin-phenol derived substrate unable to
cross the plasma membrane will specifically target the extracellular domains of
membrane proteins. This approach should be able to address yet answered issues
such as the organization of membrane cell polarity receptors and co-receptors upon
ligand stimulation in different physiological and pathological situations 3. A recent
alternative to this method relies on high affinity HRP-coupled antibodies, avoiding the
need to ectopically express HRP-fused proteins in cells, and allowing the direct
identification of endogenous protein complexes including in fixed patient tissues

samples 8,

Two independent groups have recently optimized the APEX technology using anti-
biotin antibodies instead of streptavidin to purify trypsin-digested biotinylated proteins
and have shown that this variant technique provides additional information,
guantitatively and qualitatively (spatial and topological organization of protein

complexes) compared to the original method. *°% 1%,

Mass spectrometry can also provide important information about post-translational
modifications the identification and function of which are poorly understood in cell

polarity complexes, with a few exceptions** "3 0% 162

,. Notably, it has recently been
published that ciliary proteins contained high levels of non-canonical
phosphopeptides of unknown function'®. Obviously, many questions remain to be
answered before obtaining a comprehensive picture of the cell polarity processes but

the development of novel sensitive mass spectrometry techniques should allow us

tackle this exciting challenge.
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Figure legends

Figure 1: Key features of the epithelial polarity program

A) Schematic representation of the Apico-Basal Polarity (ABP) and Planar Cell

Polarity (PCP) processes. B) Subcellular localization of prototypic ABP proteins,

Crumb, PAR and SCRIB protein complexes, indicating their reciprocal inhibition. C)

Subcellular localization of PCP proteins in the Drosophila wing epithelium showing

their asymmetric localization at either the proximal or distal cell membranes.

Figure 2: Main steps of MS sample preparation and analysis
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Complex protein samples derived from tissues or cultured cell lines are fractionated
and purified for mass spectrometry analysis. Proteins can be subjected to separation
with acrylamide gels or processed directly (shotgun proteomics). Enzymatic digestion
can be used to generate peptides, which can be separated and individually analyzed
using the mass spectrometer. Search engines are used to analyze the generated
data for each peptide and compared to information available from different protein

databases, which allows the identification of proteins.

Figure 3: Key findings from MS-based studies revealing the underlying cellular

mechanisms of action of the PAR protein complex

Subcellular localization of PAR-4/LKB1 and PAR-3, members of the PAR protein
complex. MO25 is needed to fully activate LKB1 and for its interaction with either
STRAD-a or STRAD-B and consequent signaling activity. PAR-4/LKB1 activity is
stabilized following interaction with CDC37 and HSP90. Proteomic approaches have
identified the PAR-4/LKB1 complex in the primary cilia of epithelial cells. The PAR-3
complex is localized at the apical side of epithelial cells and is phosphorylated by
PAR-1 which in turn liberates aPKC and promotes 14-3-3 binding. PP1

dephosphorylates PAR-3 and restores PAR-3 association with aPKC.

Figure 4: Role of the SCRIB complex in epithelial polarity and cell migration

Basolaterally-localized SCRIB is associated with the highlighted proteins and acts to

decrease AKT, HIPPO and ERK signaling. In migrating cells, SCRIB is localized at
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the leading edge of migrating cells and promotes activation of small G-proteins

(RAC1, CDCA42 or ARF®6) in order to enhance cell motility.

Figure 5: Mass spectrometry-based analysis of the SCRIB protein complex

Schematic representation of the result of successive proteomics approaches used to
identify protein complexes associated with SCRIB. Each dashed circle encompasses
proteins identified by different experimental approaches. Cross-validation of known
SCRIB-associated proteins has been possible as well as the elucidation of novel

components of the SCRIB protein complex.

Figure 6: Mechanistic insights into the roles of VANGL and PRICKLEZ1 during cancer

cell progression

VANGL-1/-2 and PRICKLE1 are localized at the leading edge of migratory cancer
cells. Their association with various downstream associated proteins allows them to
contribute to cell migration by decreasing RhoA activation, increasing AKT signaling
and remodeling focal adhesions. VANGL2 associates with p62/SQSTM1 in

endosomes to activate JNK signaling.
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Table

Table 1:

Experimental Approach

Main features

Major limitations

Peptide Pull-down

Based on chemically synthesized peptides; allows the
purification of protein complexes from diverse origins
(cultured cells or tissues); current method of choice for
determining protein-protein interactions; different
immobilization techniques are applicable (covalent
interactions using biotinylation and non-covalent interactions
employing 6x His or GST-tags).

Solubility and size render certain synthetic peptides
incompatible with this experimental procedure.

Tandem Affinity Purification

Successfully applied in the purification of membrane protein
complexes; associated with low levels of non-specific protein
binding.

Potential spatial interference or non-specific protein binding
with protein tags (false positives may be detected); lengthy
two-step purification protocol may lead to the loss of low
affinity proteins.

Single-Step purification

Successfully applied in the purification of membrane and
cytosolic protein complexes; straight-forward one-step
purification protocol.

Potential spatial interference or non-specific binding with
protein tag (false positives may be detected); high rate of
background protein binding.

Endogenous Immunoprecipitation

Purification of endogenous complexes is possible; associated
with a low rate of false positives.

Reliance on high-affinity antibodies and good expression
levels of endogenous proteins.

Applied to purify proteins in the neighbourhood of a protein

Protein identification may include proteins in the close
spatial neighbourhood of the given protein of interest and not

BiolD of interest; successfully used to identify low-affinity protein- | necessarily strongly associated with the protein of interest;
protein interactions. protein labelling can occur during all stages of protein
turnover of the given protein of interest.
Used to purify proteins in the neighbourhood of a protein of
interest; used to identify low affinity protein-protein Protein identification may include proteins in the close
APEX interactions; purification of proteins deriving from a specific | spatial neighbourhood of the given protein of interest and not

subcellular compartment is possible; spatiotemporal
identification of protein complexes is possible.

necessarily associated with the protein of interest.
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FIGURE 2: Pipeline of mass spectrometry sample preparation
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FIGURE 3: Key findings from MS-based studies revealing the underlying cellular
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FIGURE 4: Role of the SCRIB complex in epithelial polarity and cell migration
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FIGURE 5: Mass spectrometry-based analysis of the SCRIB protein complex
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FIGURE 6: Mechanistic insights into the roles of VANGL and PRICKLE1 during cancer cell progression
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