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SUMMARY

Neuron development follows a multifaceted sequence otell migration, polaisation neurite
elongation, branching, tilingand pruning The implementation of this sequence differs between
neuronalcelltypesand evenn individualneuronsbetween subcompartments such agendrites and
axons.Membrane proteins areat a prime positionin neuronsto couple extrinsianorphogenetic
signalswith their intrinsic responses to orchestratihis defined morphological progressiomhe
Phospholipid phosphataselated/ Plasticityrelated gene (PLPPR/PR&hnily comprises five neuron
enriched and developmentally regulated membrane protewits functionsin cellularmorphogenesis.
At the start of this projectho publication hd characteised the function of PLPPRBRG2during
neuron development

The presented wdk describes PLPPR3 as an agariched protein locaingto the plasma membrane
and internal membrane compartmentsf neurons Mutagenesis studiem cell linesestablish the
plasmamembrane locasationof PLPPR3 as a regulator of its functiorincrease filopodia density
(Chapter 2)Furthermore, thegeneration of éPlppr3- mouse line using CRISPR/Cgsflome editing
techniques(Chapter 3)enabled characteising endogenous phenotypes of PLPPR3 in neur¢ms.
primary neuronal cultures, PLPPR3 was tbtm specifically control branch formation in a pathway
with the phosphatas@TEN, without alterinthe overall growth capacity of neuro{€hapter 4)Loss
of PLPPR3pecifically redued branches forming fronfilopodia without affecting the stability of
branches. Thigrecise charactersation of PLPPR3 functioonravelled the existence gparallel,
independentprogramsfor branching morphogenesithat are utiised and implemented differentially
in developingaxons and dedrites (Chapter 5) Furthermore, thighesisestablishe multiple tools to
study PLPPR&)e membrane lipigohosphatidylinositotrisphosphate and neuron morphogenesisy
providing molecular tools, protocols, arsmiautomated and automatedmage analyss pipelines
(AppendixChapter 7)and discusses experimentstest, refine and extenanodelsof PLPPR3 function
(Chapter 6)

In summarythis thesigenerated and utited several tools and Plppr3-mouse model to charactese
PLPPR3 as gpecificregulator of neuron branching morphogenesigis precise charactésation
refined and expandd the understanding oaxonspecificbranchingmorphogenesis.



ZUSAMMENFASSUNG

Nervenzellen entwickeln ihre komplexe Morpholog@urch das Zusammenwirkerdiverser
molekularer EntwicklungBrogramme der Zellkérpévligration, der Polarisierung und der
Morphogenese durch Wachstum, Verzweigu8tabilisierungind Koordinierunghrer Neuriten.Dabei
unterscheidet sich die exakte Implementierung zwischidgrvenzelTypenund selbst innerhalb
einzelner Zellen zwischefixonen und DendriterDiese unterschiedliche Morphogeneseird dabei
spezieldurchMembranproteine stark beeinflusstlie durch ihréePrdsenz an der Plasmamembran-Zell
extrinsische Signale mitden Zelintrinsischen Morphogeneseprogrammen verbimdeund
beeinflussenDie Familie der Phospholipid phosphataetated / Plasticityrelated gene (PLPPR/PRG)
Proteineumfasst finf Nervenzefipezifsche Membranproteinenit Effekten auf die Morphologieon
Zellen. Zu Beginn dieses Projektes hatte noch keine Studie die Funktion des Familienmitglieds
PLPPR3/PRG2 in Nervenzellatersucht

DieseDissertationbeschreibtdie Lokalisatiorvon PLPPR&h der Plasmamembran und in Ziellernen
Membranstrukturenvon Nervenzellen. Experimente in Zellkultur zeigen eine erhdhte Filopodien
Dichte nach Uberexpression von PLPPR3, MutageBtstien deuten eine strikte Kontrolle der
Plasmamembraibokalisation a (KapiteR). Die Generierung einePlppr3Knockout Mauslinie mittels
CRISPR/Cas9 Gendfodifizierung (Kapitel3) erlaubte eine Chara&tisierung der endogenen
Funktion von PLPPR3 in NervenzellerfPrimarzellkultur von Nervenzellen des murinen Hippocampus
zeigte sich, dass PLPPR3 im Zusammenspiel mit der Phosphatasp&zfiddidie Verzweigung von
Nervenzellen kontrolliert, ohne den Wachstumspotential global zu veranddkapitel4). Dadurch
kann PLPPR3 als ein Schalter zwischen Verzweigung und VerlangerungeeuseeelFortsatzes
agieren Der Verlust von PLPPR3 verursaageuziertespezifischdie Anzahln Verzweigungen, die
aus Filopodiemntstandenohne dabei die Stabilitatidser Verzweigungen zu beeinfluss&ie prazise
Charakterisierung dieser Funktion von PLPBER&kte auf, dass Verzweigungewn NervenzeH
Fortsatzendurch voneinander unabh&ngigEntwicklungsprogrammeusgebildetund stabilisiert
werden kénnen (Kapitdd). Diese Programmeerdenvon Axonen und Dendriten imterschiedlicher
Weise eingesetzt Zusatzlich etabliert diesérbeit sowohl diverse molekulare Werkzeuge und
Visualisierung®rotokolle zur Analyse von PLPPR3 und déembranlipid Phosphatidylinositol
Trisphosphatals aucrautomatisierte Quantifizierungssoftwaeir Studie der Nervenzellmorphologie
(AppendixKapitel 7). AbschlieRend entwickelind verfeinertdie Dissertationmégliche Modelle zur
PLPPRE&unktion und zeigt experimentelle Strategien auf, diese Modelle bessercharakterisieren

zu kdénnen(Kaptel 6).

Zusammenfassendurden indiese Promotionsarbeitdiverse Experimentalind AnalyseStrategien

und einePlppr3- Mauslinieentwickelt und genutztum PLPPR3 aen spezifischen Regulator der
NervenzelMorphogenese zu etablieren. Diese prazise Charakterisierung des PLPPR3 Phanotyps
erlaubte zusatzlich eine Verfeinerung und Erweiterungr derkenntnissezur Axonspezifischen
Entwicklungron Verzwegungen.
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1.1 BRAIN FUNCTION DEPERIN PROPER DEVEIEDAMDF NEURON MOREBIBY

Neurons differ from most other ceypesby being postmitotic, electrically activand by adopting a
highly polaised, characteristiccomplex morphology. Theconcerted actionenables autonomous
behaviourof animalsallowing them toact, to seng andrememberthe effects of their actions, ando
subsequentlyplan and execw modified actions?

Preciseand plasticonnectivity isvital in these processe®sychology and cognitive science sthdw
short-and longrange connections cdpeciailsed brain regiongjive rise to specific behaviourghereas
electrophysiology aims to understand theecisefunctionalconnectiviy between celtypes inspecific
brain regionsand its consequences on sigpabcessingNetworks such as the hippocampal or cortical
microcircuits can generate modules capable of information processing operationsrihased in
parallel or seriallyo enable a vastange of possible functions.

It is very apparent in the brain thahe morphology ofneurons shapes this connectivity Lateral
arrangement of cell typewith similar morphologwllows forestablishingspeciaised input and output
regionsin cortical layersThe sizedensity, and shapeof dendriticinput regions of individual neurons
define the size, sensitivitand speciasationof receptive fieldg.Even theexactlocationsof synaptic
contactson dendritescan profourlly afect the computationin individual cell$ On top of these
preformedconfigurations neuronscanplastically strengtheior weaken connectionsd modulatethe
functional connectivityupon experience

Interestingly, asartificial neuronal networksimpressively have shown over the last decadegen

solely experiencelependentremodelling ofrandomconnections can generate specific connectivity

patterns and enablepowerful computation However, the brain does not start as a randomly
connected networkBrains areremarkablysimilar between individuals and even between species

thereby conservingadvantageous signal processing and behaviour during evolugorthermore,

recent models envisiothe brainasOl LI 6t S 2 F LINE RdzOA isdiorsihibst af fhe Sy 2 dz3 K
time that can be refineéh specific situations Currentartificial neuronal networkare only capable of
generatingcontextdependent connectionby reducing goften fully-connected network. Therefore

to generaterobust generaiser network<in the brain most connectionsre likely alreadyprevented

from formingduring development®

Unsurprisinglydevelopment and disease of the central nervous system are tightly coupled. Alterations
of the implementation or orchestration of neuron morphogenesis are associated with
neurodevelopmental disordersuch as autism spectrum disorder, intellectual disabilities, attention
deficit hyperactivity disorder, and epilep&yathological reinitiation of stem cell capacities underlies
the formation of tumous in the brain’ However,the restart of developmental programs is also
discussed aa treatment strategy after traumatic brain injufy.

Therefore, baracteising neuron morphogenesis and developmermrovides complementary
information to the electrophysiological description aflaptive changes in existent connecticsnsd
will likely deepenour understandingof cognitive procesag and disease.



1.1.1 Neurons find their place migration

The precise arrangement of neurons and connectimtisws a sequenceof cell division, migration
and polaisation before celttype-specific morphogenesiand refinement programs establishthe
network thatlets us thinkand act

During early embryogenesis, ectodermal structures undergo stereotypic proliferation and folding
patterns resulting in the generation of a neural tull#e inside of the tube further matusdo the
ventricular systenof the brain, while symmetric divisions of neuroepithelial precursor cells in the
ventricular and subventricular zone enlarge the pool of precursdise remarkable speed of adding
approximately 3.6 million cells per hoduringhumanbrain development partially explains the high
energy demand of early developing brains compared to other orfaSsarting dready during
proliferation phases oprecursor cells, asymmetrical divisioinem these precursorsreate neurons

and macroglian the central nervous systefh

Excitatory cells of the neocortexriginate either directly from radial glia cells ofrom radiatglia-
derivedneural stem cedl® These newly born neurons migrate along radial glt@cessesowards the
cortical surfaceThe timepoint ofcell birthcorrelaeswith the final layeiof the neuron®°Lower layers
form before upper layers in all cortical areas even though the thickiésndividual layers differs
depending on the brain region (e.gensory cortex shows a very prominent layer IV which is less
apparent in motor cortexj! The specific area patterning occurs via signalling gradiants is
modulatedby differential gene expressiandareaspecific axonal input from the thalamds!?

GABAergic interneurons divide in the ganglionic eminences of basal ganglia precursors and migrate
tangentially to theitargetarea and layeand then populatét by radial migratiort? Themedial and
caudalregiors of the ganglionic eminencereate distinct pools of interneurons with some evidence

for a temporal code of cell type formaticand migration patternst>!®* The timepoints of birth are
comparable for GABAergic and glutamatergic neurdlosvever, GABAergic neuron morphogenesis
seems tdbe affected bycircuit features of glutamatergic neurons and therefore occurrléte

Interestingly, for both excitatorand inhibitory neurons, longange connecting neuronseem tobe

born before shorrange connecting neurons: GABAergic projection neurons in the striatal globus
pallidus form earliest, while more sherange acting cortical GABAergic interneuroleseloplater.

Also lower layer and corticofugal projecting excitatory neuremzrgebefore intracortical projection
neurons®® Rather than having to grow extensive lengths, projecting neurons might establish
connections as long as distances stit comparably shortio thenincrease theiaxonlengthby scaling

and stretching mechanisnis.

1.1.2 Speciakinginput and output regiong polalisation

After finding the position of the cell body the neuronal processes develop, spestgtnd refine their
morphology Early developing neurons form many short and dynamic protrusions, their nedititese
neurites initiallyhave an equalgrowth capacity until one of the neurites accelerates growth rapidly
and matures into the future output region of the neuron, the axam a process termed polaation
After the axon and its brancheslaborated the remaining neurites mature into the future input
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regions, the dendrites. Synaptic contaatdmately connect axons and dendrites of individual neurons
to enable signal tnasduction. This stereotypic morphogenesis program has been described by Banker
et al. in 1988 andiividesthese processesnto five sequentialstagest’18

While localsed activity of variousfactors ha been described to trigger polsation deletion of many
of these factors does not abolish poliaation, and neurons in culture polae without localsed
extrinsic signal$® Interestingly, intracellularlyonly few factors are sufficient, necessary, and
specifically enrichect the site before axon formatiorthe signalling related moleculeRas,cyclic
adenosine monophosphate cAMP and protein kinase A RKA, phosphatdylinositol3,4,5
trisphosphate PIP3 and phosphatidylinositol 3 kinaseP(3K, and phosphorylatediver kinase Bl
(LKB1 the mammalian homolog ofhe Parcomplex memberPar4.’® The bcaised activation or
production of these signalling moleculds thought to initially break the symmetryin absence of
extrinsic input stochasticactivity fluctuationsof these polaisingfactorsare thought toinitially break
symmetry

Mechanistically, polasation is executed by intrinsic feedback and feedforward activation of
polaiisationmediating signalling pathways in the future axas well as inhibition of tleeevents in
other neurites'®° A powerful localpositive feedback loop has been described for Ri8#ity, which
directly activatesitself through feedback ofdownstream RhoGTPase® and induces autocrine
secretion of PI3¥activating neurotrophic factors: The signalling of PI3K and phosphoinositides will
be further discussed in subsequent sections. However, this example illustvatedow an initially
small PI3ksignalcan set of a selfamplifying cascade of events capable of majorly reosjagia
neurite to become the future axonSuch selbrgarisingprocesseghat are triggered by local signals
appear to be common in neuron morphogenesis and will be discussed further ingsigngesections.

To ensure proper pol@ationof only one axon, developing neurons also havpreventthis process
in the remaining neuritesthe exact mechanisms of how an axon sigttagolarisationof an axorto
other neurites are still under invagation!® However, asa consequencef this signal the other
neurites dowmegulate abundance or activation of the pakng factors discussed abovegs
exemplified by docalreduction of cAMP level$or proteolytic degradation of downstream effectors
of the PI3K pathwa$?

How these axon and neuite-specific signals initiate distinct remodelling mechanisms in the
developing axons and neurites is at the core of this thesis and will be discussed in detail in the following
section.The close interdependence of morphogenesis and jdion, howevercomplicates studying

both events separatel$f Furthermore, many of these data have been studied in primary hippocampal
and cortical neuron cultures. In vivo, cortical neurons have been described taspalaring migration

along radial glia cells where they form a leading process guiding them tomthext layer This earliest
processsubsequentlymatures intothe apical dendrite. Aecond, so callettailing process during this
migration is stabised to form the future axori® Thereforethe LINB @ A 2 dza f axonfRstnaidra & S R
of polaiisation might be masked in viyar it might not be the only mechanism in whickeurons

initiate their morphogenesis®



1.2 PROGRAMS OF NEURONRMIBOGENESIS

No ndividual neuron has the exact same morphology as another neuron. Nonetheless, cell types share
a general shape as illustratbg @rtical pyramidal cells orecebellar Purkinje cells that have a random
branching pattern in their dendritic compartment thaéverthelesoccupiesa stereotypicarea* It is
therefore highly unlikely that the exact positisiof branches let alone synapsesre genetically
predeterminedA y | W3 Sy SAimcontrast] ela®nsINidly réDon a genetically determined

set of morphogenetic progems thatexploitsstochasticmodification to ensure robust generation of
non-identical but similar morphologie’d:2

On the molecular level, such programs could be conceived asrgalfised intrinsic growth programs
that aretriggered by external inputand stochastic activitffluctuations of the triggering pathways.
The previous section on poliaation already discussed aexample of such a programand similar
higherlevel programsare prgposed to exist foother steps ofneuron morphogenesiéThis section
will focuson programs mediating thentrinsic capacity to grow, the optimal coverage of area via
branching and tiling, and the subsequent refinement of connectionsruiaipg mechanisms.

While these programs are very powerful in describgmgcificoutcomes of morphogenesis, they
neverthelessare likelyan incomplete sethat includes artificialy broad categories.It is unclear
whether the molecular implementationf the programss entirely separable as nanystudies do not
distinguish effects on specifiprograms or find effectsat multiple levels of morphogenesis.
Furthermore, the morphological outcomes of some specified programs such as branching
morphogenesis canltarnatively emerge from a combination of other morphogenetic programs such
as elongation and tiling. Thereforenot every program might be necessary for every cell type,
developmental stageor even compartment of a neuron.

Nevertheless, the spatial artdmporal induction okimilarprogramsis capable of reproducingjverse
dendritic morphologiesin modelling studis?® Furthermore,the discussednorphogenetic programs
could reduce theO2 YLI SEA (& A ¢ & Qehdiafd@li-tyrS lai) compartmentspecific
morphology?* Lastly, theyprovide an intuitive framework tomore precisely definghe function of
specific proteins imeuron morphogenesjsas applied in this thesiesr PLPPR3.

1.2.1 Growing the tree; Elongation

Growth is at the base of all other morphogengtimgrams;it determines the receptivity of neurons

at the dendritic level and the number or distance of neurons connected with the &wmvth is both
essential for establishing the initial connections of neurons as well as for scaling the established
networks andheuron morphologies with theizeof the body?

Cell growth is mediated by the overall supply of eneagy by synthesis, transporaind diffusion of
building blocksuch as proteins and lipidsterestingly, the synthesis ratgas visilte from the size of
neuronal somag, correlates strongly with the length and thickness of neuronal arbduMeuron
growth is regulated by major anabolic pathways treso control growth in other cell type¥ The
PIBK/AKT/mTOpRathwayis a crucialregulator, as illustrated by the increased soma and arbour size of
neuronsdeficient for theinhibitor of the pathway, phosphatase and tensinrholog (PTENY.
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Due to the complexity of their arbours, neurons have a huge membiawgtosol ratiowhichcreates

an extraordinarily high demand for lipid uptake, synthesis, and transp&tiring initial elongation,

this membrane is mainly delivered to the growing ends of the axon and dendrites by exocytic®vents.
The exact location and mechanism for lipid delivery during stretching phases of n€thanslready
haveconnected to their target region is still under investigat®n.

Synthesis and producticsurface materiatan, howevernot fully explain the complex morphology of
neurons. To strature ther surface neuronsrequire a stablecytoskeléon with microtubuks and
neurofilamentsproviding core stability of neurites and actiimking andstabiising more delicate
membrane structures such akendritic spinesNeuritesare further stabiised and arrangedhrough
neuronspecific tubulin subunits, microtubule-associated proteins and microtubulemodifying
enzymes233

To elongate thsestablestructures in specific directions, developing dendritdsranchesand axons

form dynamicgrowth conesat their tip.2* Growth conescomprise a stereotypical arrangement of F
actin structures consisting of crosslinked lamellipodia and parallel fibered filopodia at their tip. These
distal Factin networks both increase sensitivity to external cues and dteegrowth cone® At the

base of growth cones, a tightd€tin arc presents a border for parallel microtubule bundles to push
against. Both dynamic microtubule polyngation and invasion of microtubules intfilopodia are
required for elongation of the neurit&:3” While invitro, elongationclearlydepends on adhesioaf
growth conesto the substrateg by a $holecular clutcmechanismto pull growth forward® ¢ the
relevance of adhesion for elongati rather than steering in threglimensional cultures and in vivo is

still debated®

In summary, neuromgrowth is a global phenomenodependent onsynthesisand supply, while the
elongationof neuronal arboursadditionallyrequires locaremodellingand globalstabiisation of the
newly formed cytoskeleton.

1.2.2 Covering and reaching multiple aregsrboiisationand branching

Neurons are however,not just linear cables with one long dendrite and one long axon imwgsand
bending to reach their target&§uch asrees, riversor even fungi, neurons branch heavily to efficiently
cover their preferred input and output regionat the same time branchingoptimally minimses the
distance of eaclpoint on the arbour tothe soma, whicHacilitatessupplying energy and proteins as
well as condudhg of electrical signal®’

Inadditionto this area filling function, often referred to as terminal branching or adadion, neurons
have to branch interstitially to form specific axon tracts connecting multiple target reidhs.
Migration of excitatory and inhibitory neans has been described to require branching for sensing
and growing towards cue$:* Thalamicaxonspause at the subplate angranch to enter the cortical
plate indicating a role in axon guidanteEven to formeventually unbranchedonnections, axons
often overshoot into a distant region before entering their specific target by branching and
subsequent degeneration of the overextending projectesdescribed for parts of the pyramidal
tract*® and the retinocollicular projection in the visual systém
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Branching can be conceptigdd as a locaded growth mechanism and therefore shares many
mechanismswith growth as described abovelt requires locasation of energy supplying
mitochondria?®“°as well as local translation of actin isoforffi€° Lipids and membrane proteins are
delivered by local accumulation of endoplasmic reticuttiand local exocytosi®:>253 Even local
amplification of signalling by exocytosis of neurotrophins has been descrilfadilitate branching>

However, gnilar to elongation, local growth alone does not fully explain hbgvstable cytoskeleton

of a neuron idocally remodelled to form a branclA natural site for branch induction is the dynamic
growth cone; indeed, attraction to multiplguidance cues has been described to cause splitting of the
growth cone and subsequent elongation of two branche$Splitting to induce branches is, however,
rarely otserved’ and even the simple bifurcation of dorsal root ganglia axons in the spinal cord seems
to be formed by branch induction off the axon shether than splitting?®

Overcoming the membrane tension and microtubule stability at a shaft region of axons or dendrites
to form a collateral branch begingith a local accumulation and reorgaation of the actin
cytoskeletont:5’ Such actin patché&%serve as precursors for bundleehEtin flopodia®%tor branched
FActin lamellipodig?® The microtubule cytoskeleton is destakitl by the activity of severing
enzymes45to facilitate new polymeisation transport, and crosslinking of microtubules to the actin

rich branch precursor&s®® Most branches elongate Bstablishinggrowth cones at their tipsrinally

the dynamically reorgased microtubule cytoskeleton of the new branch is stisledl by recruiing
associated protein€x’t

In summary, branching shares concepts and mediators with global growth and elongation: it requires
induction of anabolic pathways and delivery processes and dynamic cytoskeletal rearrangements,
however in a more locally restricted mannérherefore,severa growth mediators present with
additionalbranching phenotypes igloballoss of function experimentsnd branchspecific functions
have been described mainly for regulators of specific steps in the collateral branching prégtam.

1.2.3 Limiting growth for specificityTiling and pruning

Interestingly, local induction of growth is not the only program to ghomanches local contact
mediated inhibition of growth at the elongating process can passively redirect a global supply of
growth material to sidewise brancheSuch aontactmediated#linglnechanisnof avoiding self and
others during continuous elongaton, furthermore, provides optimal filing of space without
overlappinginput or output fieldsof neurons™ It is discussed to underly the formation of layand
columnspecificneuronal arborg-?4"Finally,constraining neuron growtko specificareascombined

with avariablepropensity of sidewise branctgnwassufficientto computationally generate dendritic
trees of a vast range of different cell typ®s.

Mechanistically, tiling and sedfvoidancerequire mechanismsfor individual neuritesto detect
whether a contacted neurite is part of the same or of another cell that should be avoided and to
subsequently stop elongatiorselfavoidance requires connectivity of cytoplasmnd expression of
neuronspecific surface markers such as Dscam1 (drosophila) or clugtered¢adherirs (mouse)>’®
Thegenes of thesesurface markers contaimultiple cassettes of similar but nadentical exons that
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are probabilistically splicetb generate celspecific but intercellularly differing codes for each cell.
While it has been demonstrated that binding occurs between identical surface markers, how this
binding causes homotypand heterotypic repulsion in specific casesstill debagd 2

Alreadywhile establishing th& morphology neuronsestablish andtrengthen relevant connections

by forming dendritic spines and remodelling them in various synaptic plasticity processes. Even later,
superfluoussynapses, processem evenwhole cellsare removedn a pruning proces® Pruning can

initiate either by neuronal activity oremowe specific processein I Wa i SNBE2 G @ LISRQ
determinedprogram as already described aboirethe overshootbranchdegradaton model?’

Mechanistically, pruning can depend on stoppprgdetermineddegradative processes by electrical
activity of aneuron, as exemplified by the extraordinary number of GABAergic interneurons that die
twelve days after their birth if not integrated into functional networksSuch degradative pruning by
fragmentation of specific parts of axons or dendrites shares similarities to Wallerian degradation
processes and leaves behind debris to be removed by gliaftklla. separate mechanisnmdividual
processes can retract bipcalsed proteasome activity or cytoskeletal destaddition’® Pruning is
initiated or prevented by growth signalling, electrical activity, and glial cells, but critically, it is an active,
energyconsuming process rather than just passive retraction.

In summary, neurons limit their growth capacity locally and redigrowth to efficiently fill target
areas without overlap. They also actively remove connections to refine the morphology of the final
network in experiencalependent and genetically predetermined ways.

1.2.4 Axon morphogenesis requires specific programs

Earlyquantifications of Golgstained individual neurons in vivo show a dramatically skewed length
distribution towards the axon, even though their elongated morphology makeams especially
difficult to study in brain slice¥. The overall neurite length ofotally projecting GABAergic
interneuronsisto roughly 9@oaxon, and the morphology of their axonal arbours can be used to classify
them into cell typed? Alsothe neurites ofglutamatergic cells of the cagk comprise70-90% axon in
these data, depending on whether they are loaal longrange projecting. Recent reconstructions of
over 1000 individual neurons in mouse cortex using negolution imaging and imageassification
techniques even show a mordramatic size difference of axons and dendritédNeurons are
predominantly axon

Growing such a long axon requires efficiendon-specificdransport and synthesis mechanispasidan
extraordinary stabisationof the axonalcytoskeletonPolaisationinitiates the reorgaisationof the
microtubule cytoskeleton towards paralelind plus end outwargriented microtubule bundles in the
axon®! Consequentially, pol&ation of microtubulesin axons mainly occurs anterogradéyand
microtubulebasedaxonal transport can be efficiently targeted by pkrsd directed kinesin motor
proteins® Axonal microtubules are preferentially stabéd by posttranslational modifications and
microtubule-binding proteinsand their interaction withthe endoplasmic reticulun?3384
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Maintaining thisenormouslength of the axoncannot be achieved only by diffusion adirected
transport from the soma but requires supply from external cells and local anabolic agikitgal
production of energy by mitochondrf§local translatiorf’ local lipid synthesi& and glial suppoff
are critical toelongate andkeepthe axonalive.As a consequence of the specific need for sisihil
axons, the morphogenetic programs shapingraxand dendrites are unlikely to be identical.

While the collateral brancinducing cytoskeletal program discussed in secfich2has been mainly
studied for axos, it is not clear its parts are fully axosspecific or if they are modifications of dendrite
patterns.Both axons andehdrites branch predominantly collaterally by formingdtin-rich filopodia
and lamellipodia on their shafts that are subsequentbbgised by microtubules? However, de to
the minimised distanceof each pointto the origin of materigl branching patterns are energetically
more favourable compared to elongated structures like the axonTherefore, undisturbed
unidirectionalelongationof an axonrequires active inhibition of branching and stéation of the
cytoskeleton?®®°To form branches in suamfavourableconditions, neurons have to destab#éthe
microtubule cytoskeleton locallyy recruitingsevering protein®r removing microtubule staldersas
described irsection1.2.2 Dendrite branchesn comparisonhave a loweiintrinsic barrier to initiate
branches due to theimore dynamicmicrotubule network which contains more polymésing
microtubule ends in various directiorf§,and theér mixedpolarity arrangementwhich slows down
transport mechanismsand locally enriches material However, it is not clear, whether these
modifications are sufficient to explaall differences of axon and dendrite branching.

A similar question arises for theplementationof terminal arboisationand interstitial branching.
While tiling and arbdsationcouldoperateindependen of precisely locéded branchinducing signals
by probabilistic initiation of branchesstablishing longangecollateralpathways likely requires more
WRS { SNXNAY A aAreiti@se miciahisnis imiplangeyted independentlydoes the formation
of an axontract only require a very locé#ded signal to the axon shaft® axonalarborisation more
closely relatedo dendritic arboiisationthan to WueQinterstitial axon shaftbranching?How can in
vitro models of branch morphogenesis distinguish terminal adadion from genuineinterstitial
branchingn this respecitit is also interesting to note that due the technial challenges of analysing
individual axons rather thathe connections of neurorgroupsin vivo, even the extent to which
individual neurongstablishsuch interstitial branches has been uncleatil recently°

In summary,axons are by far the largest structure of neuronkeil growth, maintenanceand
morphogenesis requirenodificationsof morphogenetic growth programs @ven fully axorspecific
implementations However, many studies of neteg morphogenesis focus on axons or dendrites in
isolation By design, thethereby already assueindependent programs between the neurite types
or complete transferability of findings from one neurite type to the oth&herefore, assessing
differentialeffects of treatments on both neurite types in future studies will likely refinekti@wvledge
aboutexactdifferences and commonalities between axon and dendritephogeness.
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1.3 ORCHESTRATING MORMEHNESIS

In addition to their highly polased axordendrite morphology, neurons also differ dramatically in size
and shapeboth between and within cell types. Neurons seem to scale their oscillatory activity, firing
rate, and synaptic strengths, their axon diametandthe length and spread of their connections by
orders of magnitude (logormal) rather than linearly>®*While these differences in part depend on
modified implementations on the moletar level, @ additionallevel of temporal, celttype- or even
compartmentspecific regulation of thdiscussegrograms orchestrates morphogenesis.

1.3.1 External guidance of growth is modified intrinsically

Developing brains express at least 86% of all knoretein-coding genesvith the largestvariability in
gene expressiorand splicingduring early developmen?f In transcriptome analyseghe largest
concurrent clusters are earlgxpressed genes that downregulate during maturatiand genesthat
increase expression in mature neurofiskarly-expressing genes arpredominantly involved in
modifyingthe execution or initiation of morphogenetic programs to create-tghle-specific and even
axon®* or dendrite-specifi€® expression profilesSimilarly, studies have found céfpe-specific gene
expression profiles that also differentially express mediators of the morphogenetic pro§trams.

In addition to temporal and cetiype-specific expression, morphogenetic mediators differentially
distribute subcellularly to modify axerfrom dendritemorphogenesis. This is influenced by local
translation in the axo%®’ but also differential transport to the axdfi.For the latter the axon initial
segment plays aentralrole as a gatekeeper of axon identity, by limiting diffusion of cytosolic and
membrane proteins and by sorting transport to the aXéMoreover,posttranslational modifications
regulate axon enrichment: palmitoylation enriches key growth mediators such as Cdc42r Mag6

in developing axon%:%°

These intrinsic mechanisms mainly modify tlyeneral efficiency and implementation of the
morphogenetic programslin addition, nmany morphogenetic programs are, as illustrated for
polarisation, initiated locallyby specific extrinsic cues. This process has been studied best for growth
cone guidance, bugeveralcritical playe's also regulate later stages of morphogenesis.

Growth cones utitethe dynamic instability properties of the actin and microtubule cytoskeleton to
elongate neurites Both freezing and strong destatsi&tion of the cytoskeleton prevent proper
elongation!® Because this dynamic structure is the primary site for iteugrowth, it is alsathe
primary site of regulation téacilitate elongationturning, or growth cone collapse and repulsigictin

and microtubule dynamics are regulated Bjho GTPase3he mos studied Rho GTPases are the
growth-promoting Cdc42, Rac1, and the growth cone collapseiating RhoA%1°Rho GTPasext

as molecular switches by hydrolysing guanodimhosphate (GP) to guansine diphosphate (GDP)

to modulate differential regulators of the cytoskeleton depending on their nucleotide status. Their
activity isregulatedby guarosne exchange factor&GEFsand GTPasactivatingproteins (GAP}¥ that

are direct targets of manguidance cues®

Many guidance cuesxist assoluble versionsto provide a general direction via gradienesnd
membrane attached versi@nto provide local contactmediated patterning®® The most studied
12



guidance cueare semaphorins with their plexin and neuropilin receptors, netrins with their-BQL
UNC5receptors, slit with robereceptors and ephrins with Eph receptoté! Recently morphogens
such as Shh, Wnand BMR and cell adhesion proteins such as FLR&i®e additionally discussed as
mediators of growth cone guidance. Evainactive signalling lipids such as lysophosphatidic acid (LPA)
or sphingosinel-phosphate affect elongation by inducing growth cone collapsepégific Gprotein
coupled receptors signalling to Rho GTPa%es.

Further layers of complexityand thereforefurther options to differentially regulatgrowth between

cells and compartmentg are added by crosstalk mechanisms of the various guidance cues. As an
illustrative example, FLRT3 has been described to regulate Netrin guidance by interacting with Robo
receptors1°®Moreover, the extracellular matrixieavily modifiegocal concentrations of guidance cues

and the mechanical stiffnesurroundingthe growth conet?” 1% Even electrical activity of neurons
alters growth cone migration by coupling calcium influx from the plasma membrane and local
endoplasmigtores to calmodulirdependent kinases (CaMK) and phosphatases (calcineurin), calcium
sensitive proteases (Calpaiand RhoGTPase activify.

Interestingly these samextrinsiccuesalsoregulate otherprogramsof morphogenesisRepulsion by
Semaphorins and Ephrins regulates prunfhgetrin, Semaphorins, Ephrins, Wnémd neurotrophins
regulate various branching patterns (sumisad in Gibson & Ma, 201%}.Downstream Rho GTPases
influence growth and branching in a célpe and timepointspecific mannet® Hectrical activity
seems tomodulate all programs of development, by speeding up axon growth,by activity
dependent axon branching®!® by synaptotrophic growth of dendriteand their spines!® and by
activity-dependentpruning of synapses or spin&s-!’

In summary, neuronsanmodify the molecular components of morphogenetic programs intrinsically
They furthermorespatially and temporallprchestratethe initiation of morphogenetic program$gy
integrating input from celextrinsic cuesThe molecular mechanisms afogvth cone guidance cues
have been studied extensively and several factors also cauitnel parts of neuron morphogenesis.

1.3.2 Plasma membrane proteins anddiprelay and modify morphogenetic signals

Plasma membrane proteinand lipids are at the direct interfact integrate and transferextrinsic
input towards thecell intrinsic growth programsAbout 30 percent of all proteins are membrane
proteins, many mag bind the membrane or membrane proteins transierThe majority otellular
activity, therefore, occuis at membrane compartments, even more so in neurons with their large
surface to cytosol ratio.

In this line, thecellular responsdnitiated by morphogenetic cues more often depends on the
membrane receptor composition of a céflan the exact cué'® As an example, Netrin signalling via
DCC presents an attractive cue for growth cones, while combined signalld@@iand Unc5 mediates
repulsion!?® In this way, boad environmental inputscan be refined to €ll-, compartment and
timepoint-specific effectsby regulating the membrane abundance of receptoby trafficking or
endocytosisand proteolytic pracessingeceptors to modulate their activitlf*
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Furthermore, severaldy signalling pathways downstream of morphogenetic signals operate at the
plasma membraneln many cases, activation of membrabased Ras G&Bes downstream of
guidance and neurotrophin receptors initiasggnalling by phosphatidylinosit8tkinases (PI13K§*

The PI3Kpathway promiscuouty affects cell growth and polarisation and locdly induces cell
remodelling*?* Its negative regulator, phosphatase and tensin homolog on chromosome 10 (PTEN), is
a welkdescribed tumour suppressor with diseasdated functions in the braif¢>123Activity of the
PI3Kkpathway causesocalsed changes in cell morpholog$<?® and accumulation of ctin and
formation of protrusions in neuron¥:'?’ Its regulation of microtubule stabilit}?® transport!?° and

local as well as global transiam,*®?1are likely involved in its influence on axon elongatiohjchis

most prominently illustrated by the hypegrowth phenotypes iduced by neurosspecific loss of
PTEN®130Even survival and pruning of nerve cells is prevented by-Sdgidlling activity>! Being

such major orchestrators of morphogenesis, many have describi®K Rind PTEN as targets for
exerting spatial and temporal contréi*14!

To irtiate these events,PI3K phosphorylaes a membrane lipid¢ phosphatidylinositoé,5
bisphosphate (PI(4,5P¢ at position 3 of the inositol ring to generate PI(3,450P PIB. PTEN
catalyses the reverse reaction from PIP3 to PI(4,B)e totheir limited capability for diffusion in only
two dimensionsthe precisemodification of membrane lipi&lcan locally concentratesignas and
initiate signal amplifying cascades even Wit activity of kinases?

The phosphorylation of P1(4,5)® PIR, therefore, is only oneg although arguably the most influential

¢ signalling function of phosphoinositide lipids (PIPs). All seven combinations of phosphate residues
on the inositol head group of PIPs (three monophosphéied; 5) three bisphosphate3,4; 3,5; 45)

and PIB) have exclusive functions, often restricted to different membrane compartméhiBhese
functions include the regulation of cytoskeletal dynamics, sorting of organelles, endocyndis
autophagosomal degradatior{?42

The intracellular effectors of such lipgignallinghubs are often cytosolic proteins recruited to the
membrane by protein domains capablédistinguishing the phosphateonfiguration on the inositol
head group of phosphoinositides. As an exampteymstream of PI3factivity, Rho GTPases regulate
many cytoskeletal alterations, while the AKT/mTS& mediates general growth and survivsi
recruitment to the plasma membrane by direct PIP3 binding or BiRd@ing of Rho GEF%.

Phosphoinositids, however, alsoaffectand are affected bynembrane proteinsBinding of PI(4,5)P
has been described to alter the function and lagation of KCNQ, TRBNd Kir channels, potentially
as a means to prevent activity in PI(4 &Parse internal membrane compartmerité:#¢On the other
hand, poteins clustering Pl(4,5)Buch as MARCKs GAP43 are suspected to modify tRvnstream
signalling by enriching local concentrations and shielding of'#1P8.

In summarythe signalling orchestrating morphogenesis acts predominantly at the plasma membrane.
Membrane proteins and lipids initiate and regulate the downstream morphogenesis but are also
targeted by regulatoy mechanismsEspecially phosphoinositides and their interactors and regulators
emerge as interesting candidates for understandimg orchestration oheuron morphogenesis.
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1.4 PLPPRARE PLASTIERELATED GENES WIDMELOGY TO LIPID BABATASES
Phosphoipid phosphataseelated (PLPPRjroteins comprise aneuron enrichedinjury- and disease
related, and developmentally regulated family of membrane protegasd are therefore prime
candidatedor regulatingor participating in specifiprograms oheuronmorphogenesis

They share homology to phospholipid phosphatases (PL&Rs)ily of membrane proteins with six
transmembrane spanning domainBLPPdephosphorylate bioactive signalling lipids like LPA or S1P
to counteracttheir effects ongrowth cone gudance (as described in secti@r8.1)*>% While the first
report on a PLPPRamily membersuspected similar enzymatic activity for PLPPRdubsequent
studies could not measure any adty against LPA by PLPP&4PLPPR®*5 Although some
functions of PLPPRs seem to be linked to-igaalling, the exact mechanismediating this crosstalk

are still actively researched.

1.4.1 PLPPRs are neurenrichedanddevelopmentally regulated

Expression oPlpprgenesis highly enriched in neurot&%%8althoughPLPPRHas also been observed
in smooth muscle celf$® PLPPRdeems enrich in glutamatergic neurons of the hippocariSand

of cortical layer I\¥% and ts gene issuspected teshare regulatory features witRIppr5due totheir
closeproximity on the same chromosom¥? Interestingly,Plpprgenes seem to express differentially
during neuron developmerdf rodents Plpprlexpression continuously decreases during development
when guantifying whole brain lysaté® Plppr4expression seesito peak during adolescence in the
hippocampal regiod® where Plpprs5seems to peak around birth®

The early expresing PLPPR1 and PLPPRS5 have been detected in shafts and growth cones of developing
neurites®31% During later stages, PLPPR1 and PLPPR3séopatdominantly to the axonal
region;¢3166.167glthough PLPPR1 also has been detected in dendritic spines. PLPPR4 and PLPPR5 seem
to enrich predominantly at dendritic processes and even-looalise with postsynaptic
densities!60:165.168

Thiscelttype-specific and developmentally regulated expression graldifferential locaisationto
different compartments of individual neurons suggesitatdifferent family members initiate similar
functions at different places and timeshis couldotentially generag a transcriptionally regulated
PlpprO 2 Rdniddify morphogenesis iacelk, time- and compartmenispecific manner.

1.4.2 PLPPREaeconnected to diseases of cellular morphology

Plpprswere first described as genes upregulated in the hippocampus after injury to adjacent cortical
areas and therefore initially named plasticiglated genes (PR&<52 This upregulation has been
observed folPlppr4transiently inthe hippocampus, one to five days after injdffandappearedmore

aThis parallel nomenclature has led to an unfortunate situation where PLPPR1 = PRG3, PLPPR2 = PRG4,
PLPPR3 = PRG2, PLPPR4 = BRfzdnly PLPPR5 sha the same numbering with its PRG5 name. In

this thesis| willadoptthe PLPPRomenclatureapproved bythe HUGO gene nomenclature committee

to avoid further confusion.
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sustained forPpprlin corticospinal motor neurons, four weeks after injuring the pyramidal t+ct.
Other studies reporting an upregulation Bfppr4after injury to facial nervE® or Plppr4and Plpprl
after developmental*1’2or kainiteinduced’® epileptic seizuresunfortunately, are not conclusive
due to their use (or reporting) of noisy methodology without robust statistical tdojsiry related
upregulation ofPlppr2 Plppr3 or Plppr5expression has not been described yet.

Functional studies have reported improved regrowtiPaPPR&xpressingneurons after injury to the
pyramidal tract®® or the spinal cord®® and loss oflpprsexpressiorseems to correlate th worse
outcomes after cerebral palsy in micé? In addition to potential roles in regenerative processes,
PLPPR also might particiate in the pathophysiology of awantibody-caused paraneoplastic
cerebellar degeneratioff® Plppr4loss has been shown to cause epileptic activitgeonatal mice by
hyperexcitability of cortical and hippocampal regidffs'é*

In addition to these functional studies, transcriptomic studies Hankeed altered expressiomf Plppr
family membergo the progression of/ariouscancersPlpprlexpressiorseems to be upregulated in
breast cancet/® downregulated in glioblastom&® and both up or downregulated expression seem
to correlate with worse outcomes in gliom&.Plppr2expressiorseems to be differentially regulated
in colorectal*’® breast!’® and pancreatic cancé# and to be generally linked to tumorigenic
transformation8! Altered expression oPlpprl, Plppr3 and Plppr5was linked to severapaediatric
cancerst®?altered expression dPlpprato the formation of metastases of gastric cancé¥s.

1.4.3 PLPPRs changecitability, guidance, andorphology of neurons

Electrophysiological studiesf Plppr4 knockout mice have detected hypexcitability of sensory
cortical neurons two weeks after birth but hypexkcitability three weeks after birth in both sensory
cortext® and hippocampug® indicating a developmeally regulated role of PLPPR4 in synapse
function. Furthermore, PLPPR1 seems to increase axon elongation potentially by counteracting RhoA
mediated growth cone collaps€®%° Interestingly, both effects seem to reverse described LPA
mediated functions, indicating some form of L-P&diated functioreven thougiPLPPRack evidence

for catalytic activity.

Ampleevidence points to a role of sevéRLPPRg the formation or stabisationof filopodia.PLPPR1

and PLPPRBverexpression induces filopodia in multiple cell types, interestingly not via known Rho
GTPase¥>185186p| PPRIPLPPR4Nd PLPPRinduce these filopodia also when overexpressed in
neuronst®185187 Reductionof PLPPR1 reduces filopodia densityéurons®® and Plppr4knockout

mice havefewer spines and branches on their dendritésPLPPRé&xpression furthermore,induced
increasedranching in neuron&®Interestingly, these effects do not seem to depend on-bitliated
functions at least in the case BEPPR4%’

In summary,PLPPRemerge as a family oflevelopmentally regulatednembrane proteinswith
evidence for recoveryelated functions thattilise morphogenetic programs$PLPPRs furtheeem to

affect cellular morphology in developing neurons. These effects involve elongation and guidance of
axons, formation of filopodia and branches, and electrophysiologically measurable changes at the
synapse.
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1.5 OBJETIVES OF THIS THESI

The norphogenesis of neurons is regulated by multiple interdependent aneregalated
developmental programdn axons, morphogenesis faces specific challenges due to ¢lwigated
shapeand extraordinary lengthWhether axon morphogenesis comprises a set of separate growth
programs or whetheit differs fromdendrite growthprimarily byspecificmediators,isin the focus of
numerousstudies.In neurons, membrane proteins and lipids anea key position to mediat and
orchestrate these programs and therefore are of increasing interest for understanding neuron
morphogenesisPLPPRare developmentally regulated, neuron enriched membrane proteins that
have been shown to alter morphogenesis. At the start of thisqmtojno study hd addressed the
specific roles oPLPPR neurors.

Therefore, in a explorative study®® | set outto elucidate the function ofPLPPR3n neuron
morphogenesisspecifically focusing on roles in regulating membrane lipid composimthis end, |
overexpressed and performed structufenction analyses witiPLPPR3 cell Ines and neurons
(chapter?2). To study the functiorof endogenous®LPPR3J set out to create a condition&hockout
mouse of Plppr3using the CRISPR/Cas9 technique (chaBtelSubsequently, tharactersed the
development and morphogenesig Plppr3- neuronsin comparison to wildypes. Tanvestigate the
cellular mechanisms dPLPPR3unction, | quantified the ekcts on membrane phosphoinositide
compositionin neuronsinvolvingthe growth orchestrating PI3gathway (chapted). To this end, |
optimised visuaisation techniques for phosphoinositide membrane lipids, and developed -semi
automated analysis techniques to facilitatee quantificationof neuronal morphogeesis(chapter?,
appendix). In a fingart of this work | set out to use th@lppr3- neurons to furthercharacteisethe
differential regulationof branching maphogenesisn axons and dendrites (chaptéy.
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2 MAPPINGUNCTION TBLPPRSOMAINS

Given thesparsity of information on PLPPR3 in the literatureet out to describe expression and
localsationin both cultured primary neurons and in vivo. To dirther insight intothe function of
PLPPRa&nd tolocatethe domains of PLPPR3at governcellula functions, | expressed wildype and
mutant constructs in cultured cell;es

2.1 PLPPRS A NEURGSPECIFJBXONENRICHED TRANSMENIERRROTEIN

The screening of existing protein and mMRNA expression datés€fsuggests PLPPR3 as a neuron
specificprotein expressed primarily during developmehtowever, relatively litéh information on ceH
type-specific expressiofis currently availableWith the recent publication of multiple singtell
transcriptomic analyseson mouse brain cells by the Allen Brain institdfe such information has
becore availableat leasffor adult stagesThese studies include two datasets from adult mouse cortex
obtained usingeither SMART or 10xRNAsequencing technology. 10x allows for the screening of
many cells It enriches for mRNAarts close to thepoly-A-tail and therefore is often less sensitive
compared to the SMART technology that does not enrich for nsRMtthasa broadercoverageand
therefore sensitivity (but also a higher chance for false positit®€ompamng bothdatasetsusing a
custommade R/ShinyApp fttps://github.com/jo-fuchs/GeneexpressiorAllenBrainAtlas revealsa

low to mediumexpressiorof Plppr3in adult cortical neurns and increasedaxpression in GABAergic
interneurons FigurelA&D).

/ 2YLI NAy3 SELINBaarzy f S@&ionswith Sinilar§ede/ predsip Sproflléso 2 dzNK 2
rather than anatomically defined brain regidfs¢ revealscaudal ganglionic eminenceerived

GABAergic cells as the highP#ppr3expressers in adult micéh comparison, ippocampal and lower

order cortical glutamatergic neurons express lgsgurelE)or no Plppr3(FigurelB). Subcategoising

these neighbourhoods into clustof cell types with similar gene expression profitesealsthe
highestPIppr3expression in Synuclegamma (Sncg)ositive interneurons FigurelC&F) The only

paper discussing Snagterneuronsplaces themas a type of basket cell countplaying hippocampal
Parvalbumirinterneurons in CA%%! Expressiomf Plppr3seems to be absent in hippocampal dentate

gyrus and low in CA3 and adjacent regions, while expression in layer IEBhss to be highest across

cortical glutamatergic neurons.

2.1.1 PLPPRS3 enriches in axons and internal organelles and plasma membrane protrusions
These datasets suggest adult expressioPlppr3 primarily in GABAergic cell typd® gain further
insight into the developmental expression and lasakionof PLPPR3 obtained coronal sections of
embryonic day 17 murine cortex from the Institute of Neuroanatomy (Nikolaus Griberatory of
Prof. VictorTarabykin) at Charité and immunofluoresdgniabelied PLPR3 and the axon marker
L1CAM. Interestinglyin these experiment?LPPR3vas found most abundant ih1CAMpositive
axonal tracts(Figure 2A&B) which comprise axons oflgtamatergic neurong®'°2 This locadbation
matchesthe localsationof PLPPR3 iembryonic dayl6 murine cortex as described by Cheical.
2016 (supplementary figure #¥.
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Plppr3 expression in two single-cell RNA sequencing datasets from adult mouse cortex
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Figurel: PLPPR3 &neuronspecific protein and expresses preferentially in GABAergic neurons in aduffA&ibgCustom
visualisationof two singlecell RNAsequencinglatases from the Allen Brain Institut€ reveals mRNA levels Bfppr3in
individual neuronal cell types (individual dots, size is prapmatito number of cells of the respective cell type) and absence
of MRNA in nomeuronal brain cell® adult mouse braingB&E) SubcategoisationA y (i 2
expression levels in GABAergic interneurons derived frooatidalganglionic eminence and low expression in hippocampal

glutamatergic neurons(@F) Further sukcategoisation A y (i 2

wostt GeLis

Wy SAIKO2dzNK22RaQ Ay

O f-gaminin Shpkessingd dz33 S a i

interneurons as the maj®Ippr3expressing cell in adulthooBanels AC:10xdataset, panels BF: SMARTataset.Data from
Allen Brain Institute visuigkd with a custom R scrittps://github.com/jo-fuchs/GeneexpressiorAllenBrainAtlak
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However, not alLICAMpositive axonal tracts1 embryonic mouse brainseenedto contain PLPPR3.
Axon tractspassing through the medial septuappeaed PLPPR8egative(Figure2C) Axonsin the
medial septumconnect medial septal heurons withe hippocampus and adjacent regions and the
hippocampus with olfactory bulb and supramammilary body and have also been described to contain
longrange GABAergic projecting axéti8%, These locasation patterns of PLPPR&t an embryonic
timepoint suggesexpression and locahtionof PLPPR3 predominantly in axons of glutamatergic cells
during earlydevebpment.

Figure 2. PLPPR3locaises to
specific axonal tractsin vivo.
Immunofluorescent visuightion of
PLPPR3, the axon marker LICAM
and nuclei (DNA) in E17 murine
coronal brain sections. (A) Cortical

axon tracts (corticofuga and
thalamocortical axons at E17
passing through striatum are
PLPPRBositive. (B) Cortical axon
tracts anterior tocorpus callosum

contain PLPPR3. Previously
published in Brosig & Fuchs et, al
2019197 (C) L1CAMNpositive axon
tracts passing through medial

" eeeRs

septum are not PLPPR3sitie,
E17 mouse coronal sectis.

Tonarrow downthe exact locasationof PLPPR3 in developing neuronxeéd andimmunolabeled

hippocampal neurons after one day in culture (DI¥d)gain insight into locadation in newly

developing neurons (stage 1, definition of stages from Ralk & Snider, 20%6), at DIV3 for
predominantly unpolased neurons(stage 2), at DIV5 for predominantly poised (stage 3) and at
DIV9 for fully poldsed neurons(stage 4).

At stage 1PLPPR3 loga&d to internal membrane structures and in a subsetelironsalso to the
plasma membraneHigure3A). Asperinuclearparts of the membrane structurewere also weakly
DAPIpositive, thePLPPRBositiveorganelle is likely connected to tlieugh and smoottendoplasmic
reticulum. In norpolarised neurons(Figure3B), PLPPR3 lodsdd equallyto internal membranes and
growth cones of all neurites, while in poisad cells, thePLPPR3 immunoreactivity wasriched on a
newly formed axon and its growth cone membrarégure3C&D. In fully polaised stage 4 neurons,
PLPPR®&as highly enriched in axons and the growth cardotably, the abundance of PLPPR3 sedm
to be highest in concave regions of the growth cone rather than atntlest distalprotrusions
(Figure3C&D. Focusing on axonal shaft regions at DIV9 rexbalgranular patterrof PLPPR3 signal
throughout the axorshaftwith no apparent enrichment at the plasma membréfigure3E).

23



Figure 3: PLPPR3 loés¢s to axonal
plasma membrane and internal

Stage 1
DIV3

G )ms structures in cultured hippocampal
neurons of various ageqA) Confocal

20pym

. —— | sections obtage 1lhippocampal neurons
plated on polyornithine reveal PLPPR3
on plasma membrane and in internal

Stage 2
DIV3

P - ) membrane compartmentyB) PLPPR3
] : . signal in $fge 2 neurons equally

20 pm

distributes to all neurites(C)Abundance
of PLPPR3 highest in axons and growth

conesat later developmental timepoints

Stage 3
DIVS

(D) PLPPR3 signal is strongest in proximal
regions of the growth condE) PLPPR3
M~ - signal in DIV9 axongs detectedas a
, g granular pattern ininternal structures
v e ‘ _/’ ;,/ . and at the membrane All images

stage 4 J " | represent confocal sections.

DIV9

20pm

Axon
DIVo

. “ ’ N Sum|
RLPPR3 PLPPR3 . Tau DNA —_

To obtaina better signalto-noise ratio and to avoid unspecific antibody binding, | overexpressed
mouse PLPPRFlag in cultured NXE15 neuroblastoma cellsSimilar to endogenous PLPPRS3 in
hippocampal neuron®verexpressed®LPPR3 logaéd both to internal membrane compartments and
the plasma membranérigure4A). Interestingly,PLPPR3 signal the plasma membrane seemed to
enrichin filopodial protrusions Furthermore as described for PLP#&nily memberg5166.188187 g|5o
PLPPRB8xpressing cellappeaedto have more filopodia compared to nexpressing cells

To further resohe PLPPRB®calsation | collaborated withDr. Niclas Gimbe(AMBIO, Charité)o
employ superresolution structured illumination microscopy (SIM} Overexpressed PLPPR3
appeaedin a punctate patterrthat locaised to the tip and shaft of filopodial protrusions or tobular
internalmembranestructures blue and yellow arrows respectivelyfigure4B). ThePLPPRSignalin
filopodial protrusions often reaclitbeyondthe Factinrich core, as described for other members of
the PLPP#family!®®. Furthermore, PLPPRI& not seem to specifically enrich in protrusions positive
for both Factin and microtubules, suggesting no function in higkthe two cytoskeletal structures.
The internal tubular signal oftdocatedparallel to microtubule¢Figure4B), further strengthening the
hypothesis that itmay demacate tubules of the endoplasmic reticulurithe punctate pattern of
PLPPR3 in SIM is not entirely conclusive, as sindlt guncta are also found in some of the-R3
Tubulin signalgink arrow inFigure4B), andthe Wienerbasedreconstruction algorithms used in this
SIMexperiment havebeen described to produce artefactual punctate patterns with -laensity

labelso%201
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& Figure 4: Oveexpressed
PLPPR3 localizes to plasma
membrane protrusions and
tubular internal membrane
structures in N1#15 cells. (A)
Confocal section through N41E
o 115 cellshowing PLPPRdag

R Z e 3 B3-Tubulin . .

S " - . B o ) &w locaisation at internal

DNA —
10 pm

organelles  and plasma
}"c“{ ' membrane. (B) Maximum
intensity projection of
structured illumination
microscopy (SIM) images of
N1E115 cell reveals PLPRR3
locaisationat tip and shaft of
Factin-rich filopodial
protrusions(blue arrows)and
internal tubular membrane
structures (yellow arrows)
Pink arrows indicate punctate
SIMartifacts  in  tubulin
channel. Modified version
previously published in Brosig
& Fuchset al.2019197

2.2 PLPPRBCREASES FILOP@DIN1E115CELLS

PLPPR3 enrichesprotrusions and internal membrareompartmentsand family membersf PLPPR3
have been described to ¢reasefilopodia density in multiple cell type&®>166.188187 However, he
precisemechanism and thepecificdomains of PLPRBRhat executethis filopodiarelated function
have not been conclusively describédl PLPPRs consist of atekminal transmembrane domain with
six membranespanning helices and a cytosolige@minal region with varying length. Whilemse
studies indicagd that the Gterminal region of PLPPRs isitical for filopodia effectd%:1¢ others
required the full-length protein rather than onlfransmembrane orGterminal regions®-187

Given that the filopodidorming capacityof PLPPRs conserved aoss thefamily, the structural
regions mediating this function ailé&ely alsoconservedamongst all family member&urthermore,
there is no evidencthat members othe closely related PLHBmilyalter filopodiadensity. Therefore,
filopodiadomainsare expected tdoe PLPPRpecificrather than conserved in PLRFsnarrow down
putative filopodiarelated domains | therefore performed sequence alignments of the PLA&Rily
using two algorithms with differergcoring systems of gaps in the alignmef{tg°3

PLPPRs share the highest homology in their transmembrane region, makingréuises good
candidates for mediatingthe filopodiarelated functions (Figure5). This region, however, also aligns
closely to norilopodia forming PLPPs, so further refinem&nof transmembranalignments

(including PLRPFRamily member¥will be shown in subsequesectiors.
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PLPPRS  DVIAGFLVGISIAVFLVVCVMNNEKGRQPENGHI-——HRDNVARMPMTNIPRVESPLEKNHV-——————————- TAFAEVT.

PLPPR2  DVLAGFLTGAATATFLVTCVMHNEQSRPHSGRRL-——SPWE-——--DLSQAPTMDSPLEKNPRPAGR———————— TRHRHGSPHPSRR
PLPPR1  DVIAGFILGTAVALFLGMCVMHNERGTQGSPSKP--—KPEDPRGVPLMAFPRIESPLETLSAQNHS———-———- -ASMTEVT.
PLPPR4  DVYCGFLIGGGTALYLGLYAVGNELPSEDSMLQ----HRDALRS--LTD--LNQDPSRVLSAKNGS-SGDG—--TAHTEGILNRNHR

T PLPPR3  DVVAGFLIGAGTAAYLACHAVGNEQAPPAEKVPTPAPAKDALRA-—LTQ-~RGHES——MYQQNKSVSTDELGPPGRLEGVPRPVAR
Clustal Omega
PLPPR2  DVLAGFLTGAATATFEVTCVUHNEQSRPHSG--  —---SQAPTMDSPLEKNP
PLPPRL  DVIAGFILGTAVALFLGMCVVMHNERGTQGSP—  ————RGVPLMAFPRIESPLE-———— ———SAQNHSASMTEVT.
PLPPRS  DVTAGFLVGTSTAVFLVVCVUNNEKGRQPEN--  ————ARMPMTNTPRVESPLE--——— ————- KNHVTAFAEVT .
PLPPR4  DVVCGFLIGGGIALYLGLYAVGNELPSED--SM  VTFSNTLPRANTPSVEDPVRRNASI LQSSPKNAEGSTVTCTG-SI
~&— PLPPR3  DVYAGFLIGAGTAAYLACHAVGNEQAPPAEKVP  VTFSNTLPRVSTPSLDDPARRHMTI ———GPKAETASSSSASSDSS

MAFFT

Figure5: PLPPfRamily is highly conserved in transmembrane regMnltiple sequence alignment usir@gustal Omega
reveals close similarity of the transmembrane redieql)of all PLPPRs with little to no similarity between all members in the
Gterminal domain(blue) Alignment using the MAFFT software version 7 additionally relieaislogougegions(yellow)in

the Gterminal domain, which in the case of PLPPR3 and 4itisnép two conserved regions spaced out in thee@n and
connected for the other PLPPRke open box in theLPPR8cheme indicates the position of the p&fox, the closed box
the position of a putative Calmodwbinding domain.

The Gterminal domains of PLPPR3 amlL.PPRare closely related and longer compared to other
PLPPRs. Theté&minal domains ofPLPPR1 anBLPPRalso share homology but are considerably
shorter, and°PLPPR2ppears as amtermediatebetweenboth PLPPRIusters When aligniig these €
terminal domainswith the CLUSTAL omega tdbittps://www.ebi.ac.uk/Tools/msa/clustalg/ no
domains in the @erminal regions of PLPPR3/4 and PLPPR1/5 seem to be closely (Elgted5 top
panel) However, the MAFFT softwaftettps://www.ebi.ac.uk/Tools/msa/mafft) detects most othe
PLPPR1/5-@rminusas subdomains in the other PLPP{gure5 bottom panel) All PLPPRsarbour

a proline motif (Pxxx¥Pxxx¥) at varying distancesto the transmembrane region. The prolines
regularly space out negatively charged or phosphorylatable amino acids, suggestongeaved
structureof negative charge the Gterminal region

The very last amino acids of PLPPR1/5 slwrse homology to regions in the distakt€rminus of
PLPPR3/{Figure5 bottom panel) This regions not foundin PLPPR2vhich has remained the most

elusve PLPPR to studhyt shows the weakest propensity to filopodia formation in NI cells (see

Figure7B). The PLPPR3t&minus additionally contains a region closedyated to the Calmodulin

binding region described in PLRFP® FurthermoreaWLIED B EQ 2F wn 3f dziito YAO | O
the PLPPR3-@rminus However, gzen their presence only in subsets of PLPBRE) Calmodulin

binding and polEboxregions are likely mediating regulatory rather than filopodia fornfurgctions

2.2.1 Deletion mutants oPLPPRSIter plasma membranedalsation

Tocharacterisehe role of thePLPPRGterminal domain in regulating filopodia abundance, | created

(npE, nCc) and usednCa) deletion mutantof Flagtagged PLPPR3 and overexpressed them in
neuroblastoma N1#15 cells. The exact mutatiofSigure6A) comprise a deletion of the polEbox

(n LJanaino acids 43958), a deletion of the distal-@rminuswith the second homologous region

described abové n /amifio acidgl08-716) and a deletion of thentireGi SNXY A Y [ f aBAA 2y 6 n
acids 284716). All versions of PLPPR3 lasad to internal membrane compartmentsome tothe

plasma membrangncluding its protrusions
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Figure6: Deletion of @erminal regions of PLPPR3 afiptasma membrane locahtion (A) Confocal maximum projections

of N1E115 cells expressing membranerecruited GFRGFF) and Flagtagged deletion mutantsof PLPPR3 or an empty
control plasmid Note the warying locaisation patterns between PLPPR®nstructsfrom plasmamembrane enriched to
internal organelleenriched. (B)Semiautomated qiantification of plasma membraneprotrusions per length of cell
circumferenceFulf Sy 3G K |y R pLJ9 Ay ONiRhofydes oOBEnindHefetiodsyare Rriglyas Skrdi >
automated qiantification of plasma membrane abundance of PLPRR@nts. PLPPRB LJ9 ife® ddref Qerminal
deletions less to the plasma membras@mpared to fulength PLPPRSmall opaque dots indicate individual cédisge dots
indicate means of individual experimentslour code indicates individual experimerisfect sizes iTable5. Eror bars
represent the SEM between experiments, statistical tests were performed between experiments as described 8xlfection
using mixed effects modelling followed by Halamrected poshoc comparison of individual groups=6 experiments (Flag,
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To quantify filopodia forming capacisndmembrane locasation | overexpressed PLPRR8tantsin
N1E115 cellsin combination with a membrantargeted GFP® and imaged immunolabelled cells
using confocal microscopy. Teemiautomatedanalysis (described in detail in sectio2.]) included
detecting membrane protrusions atensity maxima outside of the cell and measuringPPR3
membrane abundancasthe ratio ofmembraneand intracellularintensity.

Overexpressed PtPvo | Y R ndpébtrusioh Geddiy oa ISHELS cells The Gterminal deletion
mutants requirefurther experiments but tend to inducéewer protrusionscompared to wiletype
PLPPR®igure6B, effect sizes imMable5). However, filopodia-density alterationswere difficult to
detect in these experimentslue to the high baseline density of protrusiomsN1EL115 cells.The
deletion mutantsdiffered mostin their membrane abundancevith the polyEbox deletion locasing
more to the plasma membrane andt€minal deletion mutants locaingnearly exclusively to internal
membrane structuresKigure6C, effect sizes iTable5). Similar phenotypes have been descrilied
PLPPR1-terminal deletions®®.

2.3 PLASMA MEMBRANE LAGATLIONS REGULATEDEWSERVEIDMAIN®FPLPPR

The deletion experiments suggest a correlation fiddpodia density with  PLPPR3nembrane
abundance A minimal level of PLPPR the plasma membrane might be required to mediate the
filopodia effects However, such a correlation complicates the interpretation of experiments testing
filopodia density with PLPPR#&wutants altering membrane lodahtion To distinguish membrane
locaisationfrom filopodia formation defectsl first focused on mechanisms anelgions regulating
membrane abundance of PLPPR3.

2.3.1 Expression level and-expression alter plasma membrane abundandeléfPR3

In the previous experiments,lgsma membrandocalsed PLPPR3 variants tended to have higher
expression levels (data not shownjo further assesghe connection of expression strength and
membrane locasation, | subcloned wiletype PLPPRBlagfrom the CAGromoter containing pCAX
backbone into the pNplasmidthat expresses with a slightly weaker Clidiwmoter. In subsequent
overexpression experimenisthis promoter strength also correlated well with plasma membrane
abundance of PLPPRAdure7A).

However, @erexpression of @rminally GFRagged PLPPR3 did not ldsalas efficiently to the
plasma membrane as Fli@gged PLPPR3. Interestingly;e@ression of PLPPRE&g with PLAR3
GFP or any other GE&yged PLPRRmily member Figure7B) increased membrane locsdtion of
both PLPPRonstructs Therefore, bmo- or heterologous complex formain between PLPPRs might
regulatemembrane locasation This link of expression level and membrane lszion for PLPPRs
was strengthenedn a separate studywhere co-expression of PLPHEMily members (with PLPPR1)
increased membrane abundance and esgmion levels of both eexpressed PLPPRS
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A pN1-PLPPR3-Flag pCA-PLPPR3-Flag

PLPPR3 DNA PLPPR3 PLPPR3 DNA PLPPR3

20 pm

GFP-f PLPPR3-GFP PLPPR4-GFP PLPPR1-GFP PLPPR2-GFP PLPPRS-GFP

Figure7: Expression level and-eapression alter localtionof PLPPR3. (A) Expression of PLFRIgIrom CM\promotor

PLPPR3

single
transfection

PLPPR3-Flag
co-transfection

40 pm

(pN1)causes mainly internal lodsétion, expression fror€AGpromotor (pCAXnore plasma membrane abundance. (B) Co
expression of GRAagged versions of PLPfd&nily members with PLPP{RE&g increases membrane abundance of both
PLPPR8&oth panels show confocal sections of N1B cells overexpressi@f-FPtaggedPLPPR family members or membrane
targeted GFP (GHPwith PLPPRBIlag PanelB waspreviously published in Brosig & Fuehsal.,, 2019197

2.3.2 Moaodifications oPLPPR3 in the transmembrane regidorm about locasation

Previous experiments in the Igby Dr. Annika Brosigfand studies on PLPPR family membér§3165
have suggested the existence of a modified PLRRR3on which shows decreased mobilitySDS
PAGEThis segregation into two pools was reminiscerthefsegregation of PLPPR&riants into pools
of internal ard plasma membrane compartmentEhereforewith the help of two rotation students,
Lars Landgraf (20189) and Leandre Ravatt (2021)assessed the contribution of potential pest
translational modifications to the doubleand in SDSPAGE We furthermore baracteised the
connection ofsuch potentiallymodified PLPPR&pecieso membrane abundance of PLPPR3

N-linked glycosylatiolis anong themost discussedhodificatiorsin the context of membrane protein
trafficking. This glycosylation of asparagine ras&l occurs ctranslationally in the endoplasmic
reticulum and is elaborated to glycan treés the golgi apparatu®’’ Glycosylationis required for
proper folding of some membrane proteins or acts as a quality control signal for forward traffitking
Also some PLPPR protefiis® and their closely related PLR&MIly?°82° have been described to
depend on glycosylatioof an extracellular arginini®r plasma membrane lodahtion As thisarginine

is conserved throughout the PLPPR and PLPP fdfigiyré8A blue) we created a poirimutant of
PLPPRB8I167Q to study the role dhis glycosylatioreventin PLPPR3 membrane abundance.
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Slinked mlmitoylation of cysteinesacts as a regulatable membrane re¢nuent signal for cytosolic
proteins2%21 Membrane proteinscan bepalmitoylated, even in themiddle of their membrane
spanning domaingo alter activity, trafficking to the plasma membrara movementto signalling
domains?'2 A prediction of sequence motifs for putati@palmitoylation sites using the GB3LM 2.0
algorithn?**revealedasite in the first transmembrane domaai PLPPR3 (C2)d another sitdefore

the third TMDin an intracellular cytosolic loof©119). These cysteinase conserved throughout the
PLPPRamily but absent in the PLPAEdure8A yellow).Given thatPLPPRamily-specific motifs likely
contain information about PLPPHRecific functions such as filopodia formation, we also designed
mutants for both putative palmitoylation site@€20 and C119nd cloned and tested the PLPPR3
C119A mutantThis work was executed hgandre Ravatt under my supervision.

Finally, directly adjacent to the third TMD, we foundagininemotif conservedn all PLPPRbat is
absent in PLPPgFigure 8A red). Arginine motifs have been discusse control trafficking of
(clustering) membrane proteird* Many of these motifs retain proteins in the endoplasmic reticulum
and often are binding sites or subject to regulation via phosphorylation (via nesingthe positive
charge)?#215 Therefore, we neutraiised the charge of this PLPRPBecific domain in PLPPR3 by
replacing the arginines with glycinde study membrane abundance, filopodia formatjoand
presence of the double band iWestern blots.

Expression of wiklype PLPPR3, thautant of the putative palmitoylation site C11@Adthe poly-E
box deletion mutant in N1&#15 cel$ reveadd the doublebandin SDSPAGE experiments visualised
via Western bloting (Figure8B&C). In contrast, he glycosylatiordeficient (N167Q)PLPPRand the
neutralised juxtamembrane regiomutant (R>G) shoed only the lower bandKigure8B&C). The ratio

of lower to upper bandappearedincreased in thePLPPRA LJ9 @ [Fiydkd8), éffect sies in
Tableb), whichpresented with higher membrane abundance in secda 1, indicating a correlation
of membrane abundance and presence of the double bémikted, when visuaingthe localsation

of the other mutants in N1EL15 cells Figure8E), the doubleband containing versions (wilgpe,
C119A) partially locisled to the plasma membrane, while the singdand versions (N167Q, R>G)
locaised internally (Figure8G, effect sizes iffableb).

These resultssuggest that glycosylation is required for PLPPR3 presence at the plasma membrane.
Howeverenzymaticallyemoving glycosylations or phosphorylatiobg Or.Annika Brosig and Cristina
Kroon, not shown) shiéd both bands rather than specifically targeting only the modified species.
Therefore, he exact modificatiof PLPPR3 resultingtime differential migation on SD®AGE istill
unclear However, the reduced membrane loisaltion of the singleband mutants (N167Q, R>G)
suggestghat the doubleisacquired at the plasma membrane.

Theinternal locaisationof the polybasic juxtamembrane mutant was unexieel; asarginine motifs
were mainly describetb counteractrather than promoteplasma membrane recruitmenit*However,
in particular argininemotifs close to the plasma membranappear to mediate exit fromthe
endoplasmic reticulum and gol§f Furthermore, delta opioid receptors require a similar motif to
regulate PI3Klependent trafficking to the plasma membra#éThe positive charge directly adjacent

to the plasma membrane artthe putative link to PI3K activituggests binding to negatively charged
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lipids by the PLPPR&tamembrane region. | therefordested the binding of PLPPR3 to
phosphoinositide lipidsusing an overlay assay (FSRips). Indeed, purified fulength PLPPR3

(providedby Fatih Ipek) showed binding @ariousPIPdipids in a pilot experimentigure8H).

A
glycosylation PLPP1 FDKTRLPYVAL LHSNSFVGNPYIATIYKAVGAFLFG PHFLAICNPDWSKINCS
PLPP3 GGSKRVLLICL EKSRSTTQNPYVAALYKQVGCFLFG PHFLSVCDPDFSQINCS
!l PLPPR5 ALISSMLYFQM LTGDCCYINPL TVRFLGIYAFG PHFLALCKPNYTALGCP
’ PLPPR2 SIIPCFVFVES VSGACCRFSPP LVRFLGVYSFG PHFLSVCRPNYTSTDCR
polybasic PLPPR1 SIIPCFIFVEL LTGDCCYLSPL IIRFIGVFAFG PYFLTVCQPNYTALGCP
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Figure8 (previous pagePresence of a modififLPPR§pecies correlates with plasma membrane abundance. (A) Alignments
of putative regulatory motifs in the PLRRInily compared to related regions in PLPWsllow: predicted palmitoylation s&e
(CSSPALM 2.0%3 red: polybasic juxtamembrane region, blue: conservedinked glycosylation. @C) Representative
Western blots of lyates from N1HE 15 expressing mutants of thmitative regulatory motifsC199A: palmitoylation mutant,
N167Q: glycosylation mutant, R>G: polybasic mut@htcosylationand R>@nutant lack the double bandD) Quantification

of upper / lower band intensjt Colour code indicates the person and year of execution, error bars represent SEM. n=4
(mutants tested by Leandre Ravatt) or n=7 (mutants tested additionally by Lars Lan&rstximal projections oN1E

115 cellsexpressing indicated mutants with méranetargeted GFP (GHR. Control: empty plasmidF) Quantification of
membrane abundance. N167Q and R>G mugtappear less membrane abundantG) Quantification of membrane
protrusion density R>G mutant inducetewer filopodia, other mutants are notonclusive. Small opaque dots indicate
individual cells, large dots indicate means of individual experiments, colour code indicates individual exp&ffaensizes

in Tableb. Error bars represent the SEM between experiments, n = 6 experiments (ctrl, PLPPR3 & R>G), n = 3 (C119A, N167Q).
Statistical test: rixed model between experiments, pésic comparisons Hohtorrected. * p < 0.05, ** p < 0.01, *** p <
0.001. H) Lipidbinding overlay assay (PSrip, Echelon) using purified PLPfR®1D4 (provided by Fatih Ipek) shows
strong binding to negatively charged lipiolsone experiment(l) PIRstrip with Biotirlabelled peptides spanning polybasic
juxtamembrane region indicates chargependent binding of this region to negatively charged lipiodgges show an
intensity-adjusted averagerojection of all replicatedNone of thewild-type specific bindings wersatistically detectable

with n=4 (wildtype) and n=2 (mutant).

To circumvent the need for a compl®&_.PPRB3urification, | optinised the lipidbinding assay with
synthessed, biotinlabelled peptides of the polybasic juxtamembrane region. Although at a much
lower signalto-noise, also the wildype peptidetends to bind negatively charged lipids (potentially
preferringmonophosphatghosphoinositides). Replacing the conserved arginines with glycines seems
to abolish PIbinding Figure8l). However, the low intensity of binding prevesstrong conclusions

and makes this experiment a pilot study to test the R>G mudaiht purified full-length protein.

Nevertheless, PLPPR8ems to bind specific membrane lipids, potentially with a region mediating
trafficking to the plasma membran®etecting different lipid compositionsn different organelles
could therefore also be an additional regulatory mechanism for PLPPR3 trafficking

2.3.3 Catalytic center mutants reduce plasma membrane abundzfrieePPR3

Due to thehigh homology to lipid phosphatase$ the PLPHamily, some PLPPRnctions are likely
mediated byPLPFsubstratesindeed, vhile PLPPR1 and PLPPR4 have ioleerified to lack hydrolytic

activity against lysophosphatidic acid (LPAYS, severalexperimentscharacterisedrosstalk between
PLPP&and LPAmediatedfunctiong®%61.218.219 Haowever it remains elusivevhether these effects are
mediated by shared downstream signallibyg direct Ipid binding or by lipidtransport mechanisms

Recently, two structuresfa bacteriallipid phosphatase (Phosphatidylglycerophosphatase B, PgpB)
have been publishetf’??'These structureprovide insightinto the catalyticcentreof the homologous
PLPPs.dpB dephosphorylates lipids using a catalytic triad of H163, H2@7D211 Figure9A red).
All PLPPRs lack histidine 20the C3 domainPLPPR2 arfLPPR even lackistidine163in the C2
domain In addition to thee catalyticresidues PgpB contains conserved positive charges at positions
K97, R104and R201 to bind the phosphate groofthe phospholipidTwo of thesgphosphatebinding
residues are missing in alembers of thePLPPRamily; PLPPR3 even lacks all of théng(redA blue).
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PgpB binds its lipid substrates specifically at its head group using a specific arrangemeatalled
PSGHoop, in its C2 domain of the catalytic cent@or visuaisationsee Figure 5, Tong et al., 20#8)
The glycine between serine 161 and histidine 163 allfw theentrance ofspecific lipid headjyroups

that is blocked by replacement with bulky amino acili§PLPPRs contain charged bulky aanids

at this position suggesting alocked gate befor¢éhe mutated catalyticcentre. Additional to ths head
group filter, PgpB contains a binding pocket for lipid tadstween the second and third
transmembrane loopsA small amino acid at positior88glycine) has been describedraguiredfor
distinguishing lipids of different lengsii?! Lysine 93 is mutated to a smaller amino acid in eukaryotic
PLPPs and has been described to distinguish lipid species between eukaryotic PLPPs and prokaryotic
PgpB??! Interestingly, compared to other functional domains of PgpB and PL#®potential lipic
binding pocket seesless diturbed in PLPPRBigure9A yellow).
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Figure9: Mutantsto the putative catalyticcentreof PLPPR2duce plasma membrane abundan®) Alignments of catalytic

domains of E.coli PgpB and murine PLPP1, PLPP3 as well as PLPPRs. Colour coded are regions of specific relevance for PgpB
and PLPPsB] Confocal maximum intensity projections of NIIE5 cells expressingdicated PLPPR&lag constrats with
membranetargeted GFP (GHR. (C) Quantification of plasma membrane abundance of mutants compared totyylel

PLPPR3. (uantification of protrusion density of mutants. Small opaque dots indicate individual cells, large dots indicate

means ofndividual experiments, colour code indicates individual experimeffect sizes ifable5. Error bars represent the

SEM between experiments, n = 6 experiments (RRPF203A, H205A), n = 4 (C2mut). Mixed model between experiments,

posthoc comparisons Hoktorrected. *** p < 0.001.
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Given these mutations of criticalcatalytic and phospholipidinding residuesin PLPPRghe lack of
hydrolytic activityof PLPPR1 and PRPR4 is not surprisidg®'®>> As these PLPPRs have least
disturbed catalytic centref the family,the other PLPPRs are even less likely todialytially active
against LPANevertheless, mutationsf the remainingcatalytic histidine in the C2 domain abolish
some LPAnediated functions of PLPPR4and causesPLPPRietention to the endoplasmic
reticulum®® Furthermore reconstitution of this histidine in PLPPR5 rescues membrane abuné&nce.

To test forthe role of the CZlomainin PLPPR3, | mutated serine 203 and histidine 205 and measured
membrane abundance and filopodia forming capacity in-l1%& cells Figure9B). Interestingly, also
these PLPPR3 mutants constrict the protein to internal membrane compartmé&igsire9C effect
sizes inTableb). Filopodia forming capacity was too variable to allow conclusibiggie9D, effect

sizes inTable5). Therefore, even though catalytic activity against lipids is highly uniikdéN.PPRs,
their former catalyticcentre might mediate plasma membrane lostion Thissuggess a potential
sensing role of the inactivated liplanding region.

2.4 SUMMARYAND OUTLOOKOMAIN MAPPING PRCEBIDOOLSO PRECISEBEMWUDYPLPPR3

FUNCTION
In summary, these experimenizresentPLPPR3 as a neurspecific, axon enriched membrane protein
locaisingto internal and plasma membrane structures. PLPPR3 overexpressing cells contain more
filopodia, and membrane abundance of PLPPR3 is tightly regulayeéxpression leveland by
functional domainsn its membranespanning regionf-urthermore, a potentially modified species of
PLPPR3 visible Wiestern blots correlates well with plasma membrane abundance of PLPPRS3.

The region mediating the filopodia effis is likely shared across members of the PLBRiRy. My
experiments rule out the possibility that the peybox mediatesthe effects onfilopodia density.
However,the deletionmutant experiments are not conclusive becaufiepodia readoutsare highy
confounded byhigh baseline filopodia density of NIE5 cellsaltered expression levaind, critically,
membrane trafficking of mutant versions of PLPPR3. Siefflectshave prevented the description of
the exact site for PLPPR4and PLPPR#However, membrane targeting of thet€minal domain of
PLPPR1 seems to effectiviglgreaseilopodiadensity'*® makingregions in theGterminal domain the
best candidate for filopodia functions of PLPPRs.

Furthermore, he high homologyf PLPPRi® their transmembrane regiomwith conserved PLPPR
specific mutations, indicates thalomains in the membrane regigplay critical roles to distinguish
PLPPRfrom PLPRunctions If the Gterminal regionsof PLPPRs indedthrbour filopodiarelated
domains the transmembrane regionsotild localse PLPPRsr activak this function. To test this
hypothesis,ideally, one would find a mutant of PLPPR3 that traffics normally but fails to induce
filopodia. An interesting candidate mutation could be a mutant of the pratiraif in the Gterminal
domain replacing either the negative charges betw#enprolines or the prolines directly to altethe
secondanstructure of the domain. In caseichmutants fail to induce the increased filopodia density,
they could serve as tools specificallyscreen forbinding partnerghat mediate the filopodia effects
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Regarding the regulation of PLPHRBction, membrane trafficking emergesa fruitful field of study.
The promoterexperiments suggeshat the expression level drives membrane ldsationrather than
the reverse Thispotentially enabés a strategy tale-confoundfunctional studiesfrom localsation
phenotypesby adjusting expression levelstbk internally locabed mutants. The experiments using
the mutant of a putative palmitoylationtsi suggest no role of C119 in plasma membrane isatbn
However, the other predicted palmitoylation sit€20androles of palmitoylation ifilopodia formation
still pend testingThe glycosylationleficient mutant N167Q fald to traffic to the plasma membrane
In contrast, the polEbox deletion mutant locéded more to the plasma membrane. Therefore, these
two mutants could serve as tools to differentiate plasma membraregliated effectsfrom internal
organellemediated funtions of PLPPRS3.

The phosphoinositide binding of PLPPR3, potentially mediated by a polybasic region close to the third
transmembrane loopcould be an interesting mechanigmregulaie PLPPR3 lodshtionto the plasma
membrane or everto microdomains othe plasma membrane. The trafficking defects of mutants to

the catalyticcentrefurther suggest regulation of PLPPR3 function by interaction bwgactive lipids

These studies, howevestill lack direct evidence for binding of lipids to PLPPR3 and teuturther
elucidated by information about the structure of the membrane region of PLPPRs.

In summary, thee mutagenesis experiments establigeveralinteresting hypothesesfor future
experiments andhighlightthe need for controlling membrane trafficlg of PLPPRo studyfunctional
readoutsreliably. The analysis tooknd themutants of PLPPR3 generated here can hopefadijitate
such experimentsand themeasuredeffect sizegTable5) can inform sample size estimations for
subsequentonfirmatory experiments
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3 GENERATINGRAPPR’- MOUSE USINGRISARA®D

The experiments of the previous section have suggesatfahctionof PLPPR3 as a neurspecific,
axonrenriched plasma membrane protein thdgllowing overexpression, increases filopodia density
on cells. To study the function of PLPPR& more physiological settingve decided to generate a
knockoutmouse for PLPPR&ing the CRISPRas9 techniqueThis was undertakeim collaboration
with Thorsten TrimbuchL@boratory of Prof. ChristidRosenmund, Viral core facility Charité) ahd
TransgeniclechnologyCore Facility Prof. GeertMichel) of the Centrefor ExperimentalMedicine at
Charité (FEMResults of this section have been partially published in Brosig & Eti@hf0191%

The CRISPR/Cadglustered regularly interspaced short palindromic repeat/ CRE3REciate 9)
system usesn RNAdirectednuclease to alter a given genome at precise sites #aR#>Short RNAs
guide the nuclease (Cas9) to the genomic target reddlpending on the specific versighasIleaves
both or only one strand of the hof2NA. Tk resulting DNAepair mechanisms can be used to
introduce frameshift mutations in coding regionsy hon-homologous engoining). Alternatively by
providing an external templatéor endogenoushomologydirected repair mechanismghey can
facilitate the insertion or excison of genomidNA regionsThe induction of these repair mechanisms
at specific genomic target regions vastly impretee efficiency of gene editing when compared to
conventional genediting methods??422°In this way CRISPR/Cas@s tremendouslyncrease the
number ofgenetically modified organisms or cell lines over the last years.

3.1 HRST EXON GEPPBIS A SUITABLE TAREER PREVENTIRBPR EXPRESS

We decided to generate a conditionhockoutby introducing LoxP sites at the genomic locus of
Plppr3 To determine a suitabl@rget exonessential folPLPPR8xpression, | inspeetl the genomic
region and transcri as listed ilNCBI and Ensembl databases. Both databases provide evidence for
multiple splice variants of PLPPR&urel0A) that differ in theiintracellularGterminal domain.

3.1.1 PLPPR&xpression is likely regulated by alternative splicing

To study the relevance of these splice variants in developing neurdesjgned primers to amplify

the alternative variant containing exons 8 and a®d purified RNA from developing mouse
hippocampus (embryonic day 15). | created complementary DNA using pplymers to specifically
enrich mRNAs and coutttectfull transcipts containing exons 8 and 9 via PERurel0B). To study

these transcripts in more detail, | subcloned them into pJET plasmids and sequenced multiple clones.

The deected transcripts contained the exact alternative splice eveanhfecting themiddle of exon

7 with exon 8) as listed in the genomic databadeéigirel0C,Var2a).The amino acidurroundingthe
alternative splicing site in exon 7 caler G4 before the polyEbox in the @erminal domain of
PLPPR3vhich demarcates the last amino acid of the previously discusSedmutantin additionto
the listed splice eventmany clones alsdliffered by a alternative acceptor site for exon 8 that
introduces a frameshift mutation to remaining exons 8 and 9 (Vail2ii¥. suggests the existence of at
least three versions of PLPPR3, differing in the exact ends of titermiha regian with the pCa
mutant (aa 2407)asthe common denominatoamongall versions.
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CTCTGGCCACGATACCCATGCCATCCTGTCAGCAAGGAAGACCTTCCCGTCCCAGCACGCCA SRSF3

Figurel10: PLPPR3 splice variants differ ite@ninal region and are likely regulated by intron retenti@f) Splicing scheme

of convention&(poly-E-box containing) as well as alternative PLPPRS3 variants with experimental evidence from transcriptomic
and proteomic studies listed in Ensembl and NCBI genome dataBases. and introns are not drawn at scale to foons
specificalternative splicing event&rrows indicate primer binding sites for verifying alternative variants in newrsed in

panel B (B) PCR products from cDgély-dT)from RNAof E15 mouse cortex. Two speciethefalternativePlppr3transcript

are detectdle (Var2a and Var2b). (C) Subcloning and sequencing of Var2a and Var2b transcripts provides evidence for two
major alternative splice eventél)Var2a and Var2b differ in an alternative splice acceptor at eXpui®le) which introduces

a frameshift ofconsecutive @rm and therefore three PLPRR&iants differing in their @rminal domain. (2 most
transcriptscontain a retained intron between exons 3 an@range)that would not introduce a frameshift but harbours two

stop codons. (D) Visusétion of binding motifs for RNAinding proteins inntron 3-4 with similar expression profile and p
values for prediction below 0.001. Intron retention between exons 3 arttidréforelikely a mechanisrto regulatePLPPR3

levels in presence of high mRNyels.

Additionally, nost alternativdy splicedtranscripts comprised ahort, retained intron between exons

3 and 4(Figurel0C) Interestingly, this retained intron does not introducdrameshiftin PLPPR3 but
does contain two stop codonghereby likely preventingtranslation of the alternatively spliced
transcripts All detected Var2a transcripts sequenced so ifacludedthe retained intronand are
therefore unlikely to exist athe protein level. However, some Var2b transcripts did not contain the
retained intron and would therefore be expected to expreBis opens interesting questions about
the role of the @erminal domainof PLPPR3vhich would be drastically modified in Var2b.
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Furthermore, asearch for motifs of regulatory RNAnding proteins performedh collaboration with

Dr. Sebastian Rademacheyielded an exceptionally high density of potential binding motifthen

intron 3-4 region. Figure10 panel D shows the highest confidence (p < 0.001) predictions for RNA
binding proteins that share the neureenriched and developmentally ratated expression ofile in

the Allen Brain RNAseq aBdainspan database¥:22622"Therefore, theretained intron 34 is a likely
candidate for regulating PLPPR3 levels (and potentially splice variants) after transcriptional regulation.

3.1.2 Knockout strategy: insert LoxP sites around first exon using €RISPR

Inspection of the genomic locus Bfppr3(Figurel1A) in Ensembl and NCBI genome browsers shows
partial overlap of thé’lppr3gene with (the splingregulator)Ptbpl, especially in regions around exons
7-9. Any genomic modification of these exons would risk modiffitigpl expression The block of
exon 2 to exon 6 contains the potentially regulatory intrea 8nd all introns are shorter than 200 bp,
making insertion oany additional sequence potentially harmful. Furthermore, complete excision of
the exon 26 block would not result in a frameshift mutation, thereby only truncating PLPPR3 protein
from its membrane domain instead of yielding@mpletelack of expression.

The first exon oPlppr3comprises the start of transcription as well as translation for all splice variants.
It does not overlap with regulatory features or parts of other geswed is separated from other exons
by large introns. Furthermorexon 1codes for parts of the first membrane heliRotential internal
start codonsn later exongFigurellA inset) are predicted tbe veryunlikely and would generate a
protein devoid of the proper transmembrane region of PLPER3.Id translation nevertheless ocgur
the generated truncated proteins would be expectedniislocalse or be degraced. We therefore
decided to target exon 1 to alishPlppr3expression.

We pursued the strategy timsert LoxP sites (locus ofoXerP1) around exon (Figurel1B)to enable

using the Cre/LoxP systenga(isesrecombimation) for potential cell type or treatmerinduced
knockous in addition to fullknockoutof Plppr3??® To facilitate the screening for correct genomic
modification, we additionally planned to introduce restriction sites for Nhel and EcoRI adjacent to the
LoxP sitesTo facilitate genome editing around exon 1, | designed and testecefficiency otthree
CRISPR/Cagfiiide RNAs for each insertion site respectively during my master fii¢3ike exact
binding sitesf these guide RNAsere used to design donor templates for homojedjrected repair
insertion of the genomic modification (LoxP, restriction site).

Following reports of highly efficient (up to 50%) insertion of LoxP sites using shortsnagiéed
oligonucleotides as repair templaté¥;*°we designed and ordered highly pure long oligonucleotides
containing the desired modification and 60 bp homology to either side of the cut ffeigurel11B
strategy 1) However, in pilot experimentssing these oligonucleotides with our guide RN&dy
about 20% ofCRISPR/Cas9 modifibthstocysts contained insertisrat he target site (not shown).
Furthermore, afunctional conditionaknockoutline requiresthe independentinsertion of two LoxP
siteson the same chromosomé& hereforethe expected success rate generate such a floxed allele
using this strategywould drop to about 2% (20% site 1 * 20% site 2 * 50% not on the sister
chromosome).
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We therefore decided t@exploitthe less efficient strategy of using a plasmid template containing the
entire genomic target region (including exon 1 and the Lmdgerions) with 1 kb homology arms to
either sice (FigurellB strategy 2)While the efficiency per insertioim this strategyis usuallylower
(about 109, a correct insertion would already include both LoxP sites on the same chromosome,
thereby increasing the chances for successful genome editing in our case.

A Mus musculus chromosome 10
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Figurell: Strategy for generating conditionkhockoutof murinePlppr3using CRISPR/Cas9.

(A)genomic target region on chromosome 10 indicating shared exons between splice variants and overlap with a neighbouring
gene (Ptbpl) in later exons. Intron and exes at correct scalinset indicates position of exons in PLRPR&iIn, splice

variants, antibody epitope and potentiaHrame start codons that could replace the exon 1 start. (B) exact location of genome
editing sites around exon 1 and two strateg followed to induce LoxP insertion via homoldggcted repair. (C)Vorkflow

of genome editing: preparation of donor template, Cas9 mRNA and sgRNAs as well as quality control on agarose gels. Injection
of zygotes, in vitro culture and fersition were performed by Adrian Landsberger and Charlotte Schudkaaisgenic
Technologies Core Utiaboratory of ProfGeert Michelpf Charité.
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Having decidedn the tools, | cloned and purified the donor plasmid and amplified and purified Cas9
MRNA as well aguide RNAsHigurel1C).A mix of 10 ng/ul guide RNA, 20 ng/ul Cas9 mRiINé 20
ng/ul donor plasmid was injected into pronucleus and cytosataifine zygotes by AdriaLandsberger

and Charlotte Schick at the Transgenic Technology Core unit of Charité. After in vitro cuttuge to
two-cell stage, the remaining zygotes were transferred to psepr@gnant foster mice. The offspring

of these micevas genotyped according the strategy described irfFigurel2A).

3.2 EXCISION OF EXDRESULTS IN FULL @KOUT OR_PPR@ EXPRESSION

In four rounds, spread over one year, 401 zygotes were injected by two experienced technicians at the
TransgenicTechnologiesCore Unit.Of those, 275 (69%) survived the in vitro culture and were
transferred to foster mice. Unfortunately, those gave biotiily to 30 mice, none of which showed the
desired insertion of LoxP siteseaton 1

3.2.1 Validation oPlppr3knockouton DNA and proteitevel

While none of the mice had the desired genetic modification of inserted LoxP sites, in the third
injection round one mouse presented with a large deletion in one genotyping F@Rré12B&C).
Further sequencing confirmed the lower band in mouse 7 to lack exon 1 byoranlogous ad-
22AYAy3 2F GKS 0oQ YR pQ ariGSo

Crossing this mouse allowed for the analysis of PLPPR3 protein levels in brains of postnatal day 2
(Figurel2D) as well as in cultured neuronBigurel2E) of all genotypesBoth analyses verified the
absence of FRPR3 protein in homozygous animals lacking exon 1 and demonstrate the lack in
expression of truncated PLPPR3 spedtasthermore, it suggests binding of the antibody to a protein

of 60kDa(Figure12D, remaining band ifPlppr3- condition). & the most likely downstream start
codons of Plppr3would predict sizes of 70 or 35 kDthis 60 kDa protein is likely recaged
unspecifically by the antibody.

This custommade anibody detects the very last amino acids of the canonical PLPPR3 splice.variant
As thesplice variants Var2a and Vardifer in the Gterminal domain and therebys werethe
antibody binding site, we cannot exclude residual expression of altered splicts in thePlppr3'".
However,Var2a and Var2b share most of their sequence (incluelkogn 1 ancpotential downstream

start codons) with the canonicBIppr3 Therefore, ithe expression of canonicBIppr3does not occur,

an expressiorof functional splice variants iglso highly unlikelyIn summary, hese analyss verify
absence of canonical PLPPR3 protein in homozygous mice lacking exon 1, yikthdiokoatmouse

for this Plppr3variant.

3.2.2 Offtarget quality control

Given its use of DNdamage andepair pathways, CRISPR/Cas9 genome editing has the potential of
causing unwanted offarget mutations. While a widely discussed study describing hundreds of such
mutations in genomes of CRISPR/Cedifed mice has now been retracted due to lack of proper
controls?® off-target activity of Cas$everthelesds of major concern, specificallggardingclinical
applicaton in humans.
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A Genotyping strategy
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Figurel2: Validation ofPIppr3knockoutat genome and protein level. (A) Genotyping strategy including two PCRs spanning
the individual insertion sites as well as a third PCR to vesigytionon the same chromosome. Bgnotyping PCR of injection

round 3 for individual insertion sites. No correct insertion is detectable. (C) Genotyping PCR of same injection round for
insertion on same chromosome. Mouse 7 shoWlwstarozygoudarge deletion, squencing confirrd that theendjoining of

both target sites excluded exon 1. (D) Western blot of lysates from P2 offspring of mouse 7 shows full lack of PLPPR3 protein
expression in homozygous animals lacking exoiNdte the unspecific binding of the t#yody to a protein of 60 kDa
(E)Confocal maximum projectiosfiowlack of PLPPRbelling in DI\ hippocampaheurons lacking exondf Plppr3

The frequency of offarget mutations introduced by CRISPR/Cas9 editing has been described to be in
the low 0.1%range andoff-targetsgenerallysharesequence homology to the guide RRFAChances

for off-target activity decreaséurther when providingCasQransientlyvia mRNA or protein delivery
instead of plasmid expressipas in these experiments® Neverthelessduringthe initial design we
screened for guide RNAs with minimal predictedtaffjets using tools from Sanger and the Feng

Zhang lalF?*2%
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The target sequence of sgRI®8 is similar to 55enomicregions, 9 of which are found in exorihe
sequenceof sgRNABO is found in 38 regions, 8 of which are found in exons. None of éxdigted
exonic offtargets was found on the same chromosomePRdpr3(Figure13A). Three potential off
targets ith 4 mismatcheswere found on chromosome 10n largeintronic regions (Baz2a, Nav3,
Tmem19) Off-target frequencies were found to differalsed on the location of the mismatchiesthe
guide RNA (proximal or distal to the PAM mot{¥. most mutation®f off-targets cause frameshifts
that more severely affeatoding regionswefocuseda screen for mutations on exonic sites with a high
likelihood scorg(Figurel3A grey backgroundPCRamplification and sequencing of theséf-target
candidate sites showed no modification in the founder mouse ofipgpr3'- line (Figurel3B).

The current gold standard prior to usd CRISPR/Cag8 a therapeuti@dditionally usesempirical
methods to screen for potential sites.¢g GUIDESeq, CIRCiEeq or wholeexome sequering).Z*
Guide RNAs should be chosen with respect to lowasffet frequency as well as potential d@frget
activity only in genomic regions of lower harm (best intergenic, not exonic, not near tumor suppressors
or oncogenes¥*® These considerations, howeveagenerally are of more importance in therapeutic
strategies in humans, wheresuallyhigher numbers of cells (later developmental timepoints) are
treated, and even lowpercentage oftarget activty could cause harmFor genome editing in mice,
relevant (meaning heritable) offirget mutations have to occur in the zygattage in a short period

of time. Furthermore, mutationin nontarget chromosomes can be eradicated by backcrossing the
geneedited line to wildtype mice. To secure against potentially undetected -tdfgets, we
backcrossed thelppr3- line three times so far, reducing the chancetodetectedoff-target mutants

on other chromosomes by a factor of 8.

A predicted exonic off-targets
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Figurel3: Analysis of potential offarget modifications irPlppr3- mice. (A)genomic location of predicted effirget sites
based on homology to guide RNA sequences. None of the exetaimets is found on the same chromosomePgsr3. (B)
Sequencing of genomic loci of-tdfgets with score > 0.5 (Feng Zhang lab tool). Ngaoffet is found to be modified in the
founder mouse.
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3.3 SUMMARY AND OUTLOSRRATEGIES FORATREGA CONDITIONARLPPR&OCKOUT
In summary, while ouimitial objective to generate a condition&hockoutline for Plppr3failed, we
successfully established a fBlppr3knockoutwithout mutations in the most likely predicted daifirget
sites. This mousinewas used in the following chapters¢baracterise endgenousPLPPR3 functian
in neurons.

One major obstacle tachiewng successful sequence insertion in mice was the low birth rate of only
7% after in vitro fertisation At a knockn efficiency of usually around 10%, the 30 mice were likely
just not sucessfully edited by chance. In pilot experiments, we ojsichconcentrations of RNAs in
the injection solution andmprovedculture conditions to increasthe survival of zygotes in culture,
but none of these changes seemed to be linked to the low biatie 0f mice.Instead, a major
disruption during experimentation might have been causedhmnges in personnahdrelocation of

the facility duringhe time of experimerdation. Therefore,dture injection roundsare likely tobe more
successfubvenwithout major optinisatiors of the protocols.

However the knockin efficiency in CRISPR/Cas9 strategies has been drasticallyseptover the last
years?®’ The largest increasén efficiencywere achieved by modifying the knodék templates: as an
example, lineaising double-stranded plasmid templates to only contain a fragment witB00 bp
homology arms increases efficiency compared to circular plasmidsqQRISPRY Alternatively, he
EasiCRISP®echnique uses long, singitranded DNA fragments as templates achieving astonishing
rates 0f90-100 % knoclin frequencyin mice 23%:240

In trial experimentsof this EasiCRISPR techniguge injected such sedmade singlestranded DNA to
zygotes andinstead of transferring to fostemice genotyped 32-cell stage blastocystgrown in
culture. This small modification of the donor plasmid in our stratggided 96% (27/28)f blastocysts
with the correct genomic modification and onBg% (10/28) still containing the wilgipe genomic
locus ofPlppr3 However,the employedgenotyping strategywas susceptible tdarace amounts of
leftover ssDNA templaté the blastocysts with their inherently low amount of DNA at thecaf
stage. Te lack of the wildype genomic locus in nearly one rthiof all genotyped blastocysts
nevertheless,suggests successfahd even homozygous alteration of a large fraction of injected
zygotesTherefore, dbng singlestranded DNA template&s used in the EaSIRISPR protocaduld be

a fruitful strategyto increaseknockin efficienciesalso in our experimental setup
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4 PLPPRSEDIRECTS GROWTBRANCHES

My initial structurefunction studies establish PLPPR3 as a neeroithed protein capable of inducing
membraneprotrusions in overexpression studies npiN1EL15 cells. Further data bpr. Annika
Brosig®indicate developmentally regulated expressiorPhppr3peaking at birth in rat brains and at
day-in-vitro 9 (DIV9) in murine primary cortical neuron cultures. Given the rol®lpprfamily
members in neuron growth and morphegesis, tomparedthe morphology ofPlppr3- to wild-type
neurons.Results of this section have been partially published in Brosig & Etieghf0191%7

4.1 OVERALL DEVELOPMENNEBURONS IS NOTTDRBED INLPP8""

Our animal caretakers did not notice behavioudéiferences or developmental defects Rippr3-

mice. Furthermore, breeding heterozygous mice resulted in mendelian distributions of offspring
genotypeqFigurel4A), indicating no embryonic lethality due to lossRIppr3expression.
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Figurel4: Initial development and suwral of neurongrenot disturbed by loss éflppr3expression(A) The lieeding statistics
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44



To study the effectof PLPPR8n neuron development, | cultured primary hippocampal neurons of
littermate wildtype, heterozygousPlppB*-and homozygousPlpprd- mice with two standard
protocols usingoly-ornithine coated or poRornithine and laminircoatedcoversips. In both culture
systems a crude measure of neuron survival (healthy vs. degraded nuclei as stained by DNA dye
Hoechst) did noteveal differences between genotypest three developmental timepoints (DIV1,
DIV3 DIV5) In contrast, amininincreasel, as expected* the overall survival of neuron&igurel4B,

control survival at 460%, laminin survival at 680% depending on genotypes and timepgint

Analysing the distributions ofarly developmental stage§Stage 1: lamellipodiaand filopodiarich
soma,Stage 2: developed neurites, Stage 3: gektionof one neurite as the axoH) replicated the
published acceleration of neuroslevelopmentby laminin?? The stage analysis did, howevent
reveal differences between genotypes on DI¥ig@re14C), DIV3HKigurel4D), or DIV5 Figurel4E).
These results indicate no effect BLPPR®sson survival, neurite formationand polarsation of
hippocampal neurons.

4.2 PLPPB’ NEURONS BRANCH IESSTRO

We previously identified thaPLPPR locaised to axons(as described i2.1) and that itsexpression
peakedduring timepoints of axon elaboratio(Dr. Annika Brosigy® Therefore,| focusedmy further

analyses on the morphology eérly polaised (DIV1) neurons, latgtage 3 neurongDIV5)and a well

studied in vivo model for axon morphola@iy/All following experimentsvere performedon primary
neuronscultured with laminin, as it accelerated poiaation increased survival ratesnd neuron
healthin the previous experiment (sectighl).

4.2.1 Filopaliadensity islecreased inaly polaised Plppr3- neurons

At DIV1, approximatel25% of neurons cultured on pebrnithine + laminin already contaidl a
distinct axon(Figurel4C) Interestingly, aons ofDIV1wild-type neurons were densely decorated with
filopodia, whilePlppr3- axons only presented with sparse filopodiigure15A). When analysing
individual lengths of axons, neurites and filoposiianually Plppr3-neurons showd a slight decrease
in axon filopodia densityfgurel5H,S F F SOl & AgkS-1.B BaBléh)d dot irAnéanfilopodia
length Figurel5l, g=xp= 0.6 Table6). Also he density of filopodia on dendrite precursoFidurel5E
Oexp=-0.4, Table6) trended towards adecreasgstatistically not detectablat four analysed culturés
Assupportedby the stage analysigigurel4GE),alsogeneral polaisationof Plppr3-neurons seerad

to be unaltered Figure 15D). Interestingly,the heterozygous neurons did not show intermediate
phenotypes but rather folloed either wildtype or Plppr3- phenotypes depending on the readout
These results suggest that PLPPR3 controls the incidence but not the elongation of filopodia on early
devdoping neurons.

Figurel5 (next page): Early polesed Plppr3- neurons contairfewer filopodia on axons. (AYlaximumintensity projections

of Factin stained cultured hippocampal neurons of vijide, Plppr37-andPlppr3-genotype at DIV1. (B various morphology
parameters between genotypeBlppr3d- neurons have decreased density of axon filopodia without altered filopodia lengths.
Small opaque dots indicate individual images, large dots indicate means of individedhexgs, colour code indicates
genotype. Error bars represent the SEM between experimentd,experimentsMixed model between experiments, post

hoc comparisons Hohtorrected. *** p < 0.001Figure previously published in Brosig & Fuetted., 2019.197
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4.2.2 Branch density is decreased in fulygtised Plppr3- neurons

The increasd length ofneuritesand the resultingoverlap ofneuronshinders directlyassessinghe
morphologyof neurons alater developmental stages. Tarcumvent this problem,dparsely labééd
individual neurondy transfecing all genotypest DIV2 with a plasmid encodj Synapsipromoter-
driven GFPTo analyse morphology, cells wépeed and immunolabelled at DI\(Bigurel6A).

Overall growth oPlppr3- neuronswassimilarto wild-type both in dendritic and axonal compartments
(Figure16B&F).Plppr3- neurons seerad to develg normal numbers oflendrites (Figure16C), and
the density of branches on dendritessslightly decrease@Figurel6E,gexp,= 1.2 Table7). Given that
many developing dendrites did not contain any branchesranthinedshort at DIV5, these differences
should be taken with caution anckrifiedat later developmental timepoints more suited for studying
dendrite morphology.

In line with the decreased filopodia density at early developmental timepoRifgpr3- neuronsat

DIV5 alsexhibiteda decreased axon branch densifigurel6l, g, = 2.1, Table7). Theunaltered

total axon lengthappears to cause redistribution of growth to the primary axonHigure 16G,
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Oexp= 0.5 Table7) and the remaining brancheBigurel6H, g=p= 1.4 Table7). These results imply that
PLPPR3pecificallycontrols branching morphogenesis without affecting overall growth of neurons.
These effects were most pronounced in axons, where PLPPR8doablundantly, but als detectable

in early developing dendrites.
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Figurel6: (previous pagefrully polaised Plppr3- neurons branch less. (Epifluorescent images sparselyGFPtransfected

cultured hippocampal neurons of indicated genotyfiesd at DIVEB-E) Morphology parameters of developing dendrites.
Dendrite length appears unaltered whidppr3- contain less branche@~l) Morphology parameters of axonBlppr3-

contain less branches and redirect their unaltered total growthhi® temaining processeSmall opaque dots indicate
individual images, large dots indicate means of individual experiments, colour code indicates genotype. Error bars represent
the SEM between experiments, 8 experimentsMixed model between experimentmsthoc comparisons Hoktorrected.

*p <0.05, *p<0.01, ** p<0.001. (J) Scatter plot of branch number versus total axon length of individual newrding incl

local averages (loess) and border defined 4oya@ns clustering. (Kxon branch dengitof clusters as determined ij).(Short

Plppi8*- neurons show a similar branch density to wilde neurons, londPlppr3’- neurons seem to be more alike to
Plppr3- neurons Parts of the ifjure previously published in Brosig & Fusthal., 2019197

Interestingly, the heterozygous neurons shemhsimilar growth behaviourto wild-type neurms in
every analysedparameter exceptfor the branch densityof developing dendriteg(Figure 16E)
However specificallithe morphology oflarge Plppr3’ neuronsappearedmore similar toPlppr3-
neurons Indeed, Kmeans clustering aéixonbranchnumbersversustotal axon length deteed two
clusters of cells distinguished laytotal axon length of 200 um (Figure16J) Comparing the axon
branch density ofPlppr3” neurons between these two clusters revedlsimilarity to wildtype
neurons when they are smabyt similarity toPlppr3- neuronswhen they are largéFigure16J&K).

Although levels of PLPPR3 in heterozygous brains did not seem to differ from wildtignee12D),
this indicates some form of density requirement of PLPPR3 funatiéVs¢ with enough PLPPR3 in
smaller heterozygous neuroms compensate for the reduction in expressibut too little expression

in large neuronsHowever, gven the sharp boundary of branch density 200 pumtotal axonlength
rather than a gradual decreagigurel6J) it could also be conceivable that the two clusters represent
different cell types in our hippocampal culturegith distinct dependencyon PLPPR®or their
morphogenesis

4.2.3 Cortical Layer Il/IRlppr3-neurons have no branching phenotype in vivo

The mog prominent effects of PLPPR3 loss nauron morphology presented in the axomyhere
PLPPR&nriched mostTo assess the in vivo relevance of this evidence from primary cultured neurons,
| collaborated withDr. Julia Ledderosto sparsely label layer llillpyramidal neurons of the sensory
cortex For this, shén-utero electroporaedthe GFP plasmidsed for quantifying neuron morphology

in E14 mouse embryos of heterozygdRippr3’- crosses. After fixation, sectioning, and labelling for
GFP and DNA, shmaged the ipsilateral cortical region using an SP8 confocal microscope at a
magnification of either 10x or 20k subsequentlyquantified the branch density of these pyramidal
neurons in layer V byeasuringhe intensity in the respective layand normailsingit to the number

of GFRexpressing cell bodies in layer II(Figurel7A&D).

These labelled layer II/lfyramidalneurons did not reveadvidence for decreased branch density at
the layerV either at postnatal day 7Higurel7C g-7=-0.03) orday15 (igurel7F, gr1s= 0.7, Table8).
As we had previous evidentmr morphologicalifferences using a simultaneous knockdowiPtdpr3
and Plppr4in cultured primary neuronsr. Annika Brosig?® we alsocharactersed the effect of this
knockdown in wildtype animals. While the doublenockdown consistently presented with a smaller
number of electroporated cells compared to control anim&g(rel7G&H gayerv= 3.4, @eis= 2.9,
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also thisreduction of both PLPPR3 arRLPPRIlevelsdid not decrease branch densitf layer 11/11I
neuronsat layer Mn vivo(Figurel7l, gshrna=-0.4, Table8). Interestingly, cultured neurons transfected
with this shRNA consistenthowed less labelled celf€® indicating a survival defect by the loss of

these PLPPRs. A similar phenotyaes describedor knockdown oPlppr4in rat primary neurong*
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Figurel7: Branching of layer II/lll cortical neurons to layer V seems to be unaffected byRtggr8éxpression. (A) Summed
intensity projections of GF#Xpressing layer II/11l neurons at postnatal day 7 (P7) intyyile versu®Ippr3-. (B)GFPritensity
in layer V and number &FPpositivecellbodies inlayer II/11l are siritar between wiletype ard Plppr3-. (C) Branch density
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4.3 PLPPR&\D THPISKPATHWAY REGULATANERRHING COOPERATYVEL

Numerousstudies have established the PI3K pathway and PTEN as master regulators of neuron growth
and morphogenesiGummaised insectionl.3.2. Interestingly, previous work in olab byDr.Michiel

van DiepenDr. Annika Brosigpr. George Leondaritjr. Sandra Schrotteand Fatih Ipkidentifieda

tight cooperation ofPLPPRand PTEN. PLPPR3 was foaad brairspecific interactor of PTEA

which could be verified endogenously in E18 rat brain lysates and DIV9 cortizaina®® The
interaction is direct, as verified using microscale thermophoresis with purified PTEN and PLPPR3, and
does not seem to require the distat@minus, as also theLPPRACa variant was found to interatt
Furthermore,overexpressed PLPPR@peaed to enrich endogenous PTENthe plasma membrane

of N1E115 cells

This interaction does seem to affect PTEN rather than PLIPR&3®xperiments imjptd that PLPPR3
expressiordownreguldes PTEN levels in N4IES5 cells Dr. Annika Bros)gP TENmmunoprecipitated

after coexpresson with PLPPR®as found to dephosphorylatlessPIP3in a celifree phosphatase
activity assay® Moreover, n severalcell line experiments co-expression of PLPPR3 counteeatt
known PTENunctions. phosphorylation of AKT at serine 473 was found to be independent of PTEN
activitywhen coexpressed with PLPPR3 (n=5 blétéphosphoinositideaccumulationsat the plasma
membrane (monitored by GFHAKT translocation)were independent 6 PTEN activity icells co-
expresaig PLPPR3 (n=2 experiments, 50 cé¥fsfinally, co-expression of PTEN and PLPHRS®)
decreasé the PTEN effect on&ctin accumulatioa(n=3 exp, 60 cellsy’

Furthermore, m embryonic stem cellerived motoneurons PLPPRBIlag overexpression incresbs
filopodia and branch densifyperfectly reversg the Plppr3- phenotypesdescribed aboveThese
increases were preventetdy pharmacological inhibition of PI3Kurther strengthening the link
between PI3Kactivity and PLPPR3 functiéti However, PLPPR3 overexpression didapgearalter
the levels of phosphorylated AK(a typical downstream marker of PI3K activity) these
motoneurons'®” Additionally, pilot experiments in developing primaBippr3- cortical neuronsdid
not indicate altered AKphosphorylation(not shown).Finally PTEN knockout was not able to rescue
the growth defects of shRNmediated doubleknockdown ofPlppr3and Plppr4(n=3 cultures, 197
cells)?® These data argukthat PLPPR3 @earlycapable ofcounteractingP TEN function téacilitate
PIP3signallingin cell lines.They furthermore shoed responsiveness of PLPPRBctionsto PI3K
inhibition in neuronlike cells butmixed phenotypes of PLPPR3 on Ri&Khway activity in primary
neurons.

Therefore, todirectly characterisehe relation of PLPR3 and PTEN riegulating the morphogenesis
of primary hippocampal neuronsl quantified the effects of PTENknockdown inwild-type and
Plppr3- neurons Moreover, | measuredthe levels of PIP3 iwild-type andPlppr3- neurons ina
locaised manner using orthogonal tools.
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4.3.1 No evidence for altered PHRS/els inPlppr3-

To substantiatehe evidence from cell culture, that PLPPR3 inhibits PTEdmpared levels of PIP3,
the phosphoinositideproduced by PI3K anahainly degraded by PTEN,vinld-type versusPlppr3-
neurons.We hypothesised thatf PLPPRS3 inhibits PTEN in neurons, PIP3 lgweld drop upon loss
of PLPPR&smy morphological analyes ofPlppr3- neurons implied no overall growth defesdtut an
axonlocaised redirection of growth, focused thePIP3quantification tothe axon shaft, where we
expecedthe strongest effects.

To this end) established andested several PIP8isualsation protocolsfor specificityand sensitivity
(see Appendix, sectionl). The protocols employed/erexpression and translocation assays of tagged
PHdomains and labelling using specific lipighreserving protocols The PIP3labelling protocol
exhibiteda highersensitivitythan PHdomain overexpressioandwasable to detect changes in PIP3
in GABAergic neurons upon BDNF stimulation (secti@r. Furthermore,it has contributed to a
collaborative study with James Fawcett and Richard Eva (Cambridge Univerdiingthe reduction

of endogenoudPI3K activityduring development ilCNSheurons and understanding the mechanisms
of specificPI3K soformsin promoting regrowth of injured CNS neuroifs.

A PIP3-staining DIV3 B PIP3-staining DIV5
WT Plppr3-/- p=022 WT Plppr3 -/- p=0.65
\ "f
- Lmalle & e e A
o N (‘ s 2 i 2 . . / 2
,L/" N —p T 2 TP pwoe Moy, 2
@ Lo ar=g @
8 ¢! R g
£ == / e =
o o
. : o o
- o
S < 0 - . 0
-_— et ,
PR Wr Plppr3-/- - — WT  Plppr3-/-
S5pm Sum
C PIP3-staining DIV6 - sShRNA D Grp1(PH)-staining DIV8
shCTRL shPlppr3/a p=0.089 wr Plppr3-/- p=0.152
3 >
a vy d B
o » AT, et { ! y >
. g 52 2 @2
= | S— —— s
S B — E
2
S =
£ ——f— (7 1 g —m—
p T 4 ©
— " - ] -
o= S = - |
% == ﬂv" a \\ g —— "~ 2
N /—..../ 0 s . O,
— shCTRL  shPlppr3/4 \ — WT  Plppr3-/-
S5pm S5pm
E BTK(PH)-overexpression DIV8 F Grp1(PH)-overexpression DIV8
WT Plppr3-/- p=0.77 wT Plppr3-/- p=0.40
- o 020
g. 0.10 ~ g
s T S Pimii—— 515
) § 7 §
e e 9 / .2 010
g L ( ‘ E ==
> \ 3 —
15 ~ \ £ 005
3 | 3
v \ I~
& 0.00 } & 0.00
— WT  Plppr3—/- e WT  Plppr3-/-
Sum Spm
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Mixed modés werecalculatedbetween experimentasing raw intensity values
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Quantifying PIP3 intensiiy axonsusing this immnolabelling protocotevededno differences of wild
type andPlppr3- at DIV3 Figurel8A, g,=-0.1, Tablel0) or DIV5 Figurel8B, ¢x»=-0.1, Table10).

Theaccumulation®f PIP3 signalisible in these micrographti&elyrepresentamethodologicahrtifact

due toresidual movement of unfixed lipids (discussed ifj, anda quantification of amber or size
of these puncta did not reveal differencesbetween wildtype and Plppr3- axons (not shown)

Measuring PIP3 levels the axons of DIV6 neurorasfter double-knockdown ofPlppr3and Plpprd
showed a trend towards increased PHRS/els Figurel8C, p=0.089 gexp = 0.3, Table10). A different

probe for detecting PIP3 (purified G&bged PHlomain of Grpl) in DIV8 culturesuggested
unaltered or slightly increase@IP3 levels iRlppr3- (Figurel8D, gexp= 0.3,Tablel0).

Interestingly, quantifying PIP3 bpverexpressing fluorescently tagged Gl domain in cultures
from these same preparationseplicated thetrend towards increased PIP8hen measuringhe
number of PHdomain accumulations per axon ardaiqurel8F, g=x,= 1.0,Table10). In connection
with the experiments in sectiorn/.l, this corroborates a congruence of both staining and
overexpression visuightiors of PIP3 in neurons. Finally, also using a differerdd?ihain (BTHH) for
measuring PIP3 using the overexpression strateggakd no difference in PIP3 between witgpe
and Plppr3- neurons Figurel8E g:,=-0.2, Table10). In summary, thee PIP3studiesprovided no
evidencefor decreasedPIP3levels inaxons ofPlppr3”-.

4.3.2 Knockdown of PTEN resci®pr3d- branching deficit iprimary hippocampal neurons

In a separate experiment mouirectly assessing the hypothesised connection of PTEN and PitPPR3
regulating branching morphogenesisested whether losing PTEN resaliér the loss of PLPPRBo
this end, | infected littermate wildtype and Plppr3- primary hippocampal neurons with viruses
encodingfor shRNA against PTEN (or scramistaatrol, previously described in Shi et 201476 two
hours after plating. | then analysed morphologydascribed above, by sparsely transfecting cef
at DIV2 and fixing and immunolabelling at DIV&g(re 19A). As the experiment included two
independent treatmentsRlppr3Genotype and PTEMduction), | analysethese datawith a two-way
ANOVA to check for independanor an interaction of both effect¢results inTable9). In case of
interactions, Isubsequentlyperformed oneway ANOVA comparing all experimental grotgeowed
by Holm-corrected posthoc analysis

In this experimentPTEN knockdowslightly increasel overall dendrite and axon growth~igure
19B&F)as previously describeld®!*3Interestingly, 6r axon branch densityF{gurel19l), the two-way
ANOVA detedd astatistical interaction of PTEMNd PLPPRBssindicating a cooperatiomf both
proteins for this phenotype. Specificallgxon branch density decreased Rippr3- (ShCTRM/! vs.
Plppr3”, gexp=-1.5) and did not with additional knockdown of PTEN (ShPWEXs. Plppr3’-, gxp=-
0.3). Similarly, the increased primary axon lengthPtdpr3- neurons (Figure 19G, shCTRM vs.
Plppr3-, gxp= 1.2) disappead with concurrentPTENeduction (ShPTEM/t vs. Plppr3”, g«p= 0.2)
Moreover,the increased mean axon branch lengthPlppr3- neurons reduced to wildtype levels by
additional loss of PTE(Rigure19H, shCTRW! vs.Plppr3", gp= 0.5; ShPTEMW! vs.Plppr3”, gep=
0.1). This rescue of PLPABSs by additional PTEMockdownindicatesthat PTEN anB®LPPR&deed
operatein one pathwayand thatPLPPRa8ffects on axon branchindepend on PTEN inhibition.

52



A shCTRL shPTEN

WT Plpp WT Plppr
\ Py’
e § \ o .
L » B 200 pm
: —
Dendrite growth Dendrite number Dendrite length Dendrite branch density
1250 o 200 0.03
I 20
= 1000 e £
g _ = 150 E
a 750 § ' gﬂ g 0.02
i =
= a2 ks £
B 2 10 2 & L
5 s00 £ 5 5
< o [ c ° v
S 2 . 3] 2 0.01
3 s 3. ¥+ v +£3 i
E %0 o 5 —I— 8 + _#_ + 5 e o
o 3 + - - g .
[ L 3 - = a
—:f——:’:— : {.— 3 ; . - r {._
) 0 0 0,00 m— —
shCTRL shPTEN shCTRL shPTEN shCTRL shPTEN shCTRL shPTEN
F Axon growth G Axon elongation H Branch length I Axon branch density
6000 400 0.03
0.067 2000
* ok * kK
E g § 0 g
= = 1500 o
_a 4000 E,, £ g 002
: i £ 2
= § 1000 5 20 5
5 g g £ e s 8
S 2000 2 ° ° 3 g 00l g %
3 e E 500 _?_ = § 100 - 2
. _%_ —:':— —:':— = £ o 2 _i:_ E 3 —*- + e+
0 0 0 0.00
shCTRL shPTEN shCTRL shPTEN shCTRL shPTEN shCTRL shPTEN
shCTRL shPTEN Cluster 1 Cluster2
Cluster 1 Cluster 2 Cluster 1 Cluster 2 axon length < 1300 pm axon length > 1300 um
0.03 0.03
40
= £
@ = o
230 - a 0.02 2 0,02
[ v Hi ®
g 2 £
'E 20 E s E °
] 0.01
%10 oo + + $ - '}
S ] =] i
2 2 .
¢ 0.00 0.00

0 500 1000 1500 2000 2500 O 500 1000 1500 2000 2500 shCTRL shPTEN shCTRL shPTEN
Axon length [in pm]

Figurel9: Reduction of PTEN levels increases branchiRfppr3- neurons. (A) Epifluorescent images of @l cultured
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published in Brosig & Fucesal., 2019197
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Interestingly, similar to heterozygouWpp3*- neurons, large cells seed to respond differentlyto
PTEN losghan short cells Kigure 19J&K). Also in this experiment;nkeans clustering deteet a
specific axon length that distinguishes the branching behaviours at. DWi#5 1300 umthis length
threshold wasvery similar to thel200 umdistinguishing long and shdneterozygotePlppi’- neurons

as described iffigurel6J.In short neurons (Cluster Ejgurel9K), PTEMeduction inPlppr3- perfectly
rescued branch density twild-type levels while the same treatment in long neurons (Cluster 2,
Figurel9K) seeredto have no effect. Whether this is a result of dadependent effects of PTEN o
PLPPR3 or whether it depends on different neuron types in the culture systaidpbe an interesting
route for future experiments.

4.4 SUMMARY ANDUTLOOKFURTHER PHENOTYPINBLOPS’  ANIMALS

In summary, theexperiments described in this chaptestablish PLPPR&an axon enriched protein
increasingthe density offilopodia and branches on growirgppocampalneuronswithout altering
overall growthor elongation PLPPR#hereby effectivelyredirects growth to branchesand could act
as a switch from elongation to branching behaviour in developing axtwsbranching patterns of
Plppr3- cortical hyer II/lll neurons to layer &ppearedunaffected in vivoDirectly visualkingPIP3in
axonsprovided no evidence for decreasePI3K signalling iRlppr3-. However, thePTEN knockdown
experimentcorroboratedthe clearlink between PIPBvels and PLPBRunction

In conjunction with the experiments by my colleagues, the results of this chapterdsaablished
PLPPR3 as a novel regulator of branching morphogenesgsaihaay with PTEN (published in Brosig
& Fuchs et al., 2039° Furthermore, he presented model of lodakd PTEN inhibition téacilitate
PIP3 microdomain formatioalong he axon shafhas implications for the molecular meafisms of
both neurondevelopmentand regeneration of adult injured neuroiidiscussed ifruchs, Eickholt &
Leondaritis, 2020%' The precisémplementationof PLPPR3 function appsanultifaceted and will be
discussed isection6.1.

Interestingly, he quantification of branch density iRlppr3- cortexdid not suggest conservation of
this branchinducing function of PLPPR3vivo. Critically, however,His experimentonly tesed a
specificinterstitial branch formation event o& specificcortical cell typeln this respect,tiwould be
informativeto characterisgerminal branching otheselayer Il/llineurons which has been shown to
be regulatedby differentmechanismsasthe studiedinterstitial branching at layer ¥.Furthermore

the morphogenesisf other cell types might depend more on PLPPRS3 in vivo. Esp&arsiiergic
interneuronscouldbe more affected by PLPPR3 |a&s they appear to expre§3ppr3at the highest
levels duringadulthood (Figurel). Via affecting GABAergic interneurons specifically, PLPPR3 could
putatively regula¢ excitationinhibition balancethat has been discussed to undermultiple
psychiatric disorder$*® To this engbehaviouralnalyses of anxiety, social or reward behaviours might
providefurther insight intoPLPPR&inction in vivo.
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Furthermore, m parallel to this thesisthe laboratory of Prof. Johannes Vo@iniversityMedicine
Mainz)characterisedn vivo phenotype®f an independently generatedllppr3knockoutline.** They
describe defective thalamocortical projection development that depends on kRédiated axon
guidance.Thebehavioural assessmeuf this Plppr3- line reveakd neither differences in motor or
memaoryperformance (as measured Morris water mazg nor differences in motor strength of fore
and hindlimbs. Howeverthese Plppr3- animals lackd the higherorder cognitive ability to
discriminate texture coarsene®f surfacesIn rodents, this skilhas been described to deperah
thalamocorticalprojectionsto the cortical layers IV and | of tleensonbarrel corteX*°and thehigher
order processing blayer II/1ll cortical neuron$®

Remarkablythalamocortical axons require both Liffediated stopping at the cortical platas well as
subsequent branching to enter the correct target regf®rtherefore, determining Wether the
behavioural defectsof this Plppr3- line are influenced byan altered branching capacity of
thalamocortical or cortical neuroria addition tothe described.PAmediated growth cone guidance
could be a fruitful research question.

Thesepreciselydefined functions in neuron morphogenesis, place PLPPR3ites tner of neuron
development withnarrow outcomeson cognitive processingn isolation,these effectsmay seem
minimal However, viewed from a different angiich narrow effectsan enable a much tighter
control of experimental parameter®mpared totargetingbroad(and therefore unspecific) mediators
of neuron developmentin this way,the precise modification of neuron development(e.g., by
targeting fine tuners such as PLPP&R)Id provide avaluabletool to refine theunderstanding othe
multifaceted and interdependent regulation obgnitive processing and disease
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5 PRECURSOR TYREEIWCT THE STABIDHKEURON BRANCHES

Neuron branch density depends on bdlie formation andthe stabiisationof branches. Whilbranch
initiation has beerattributed mainlyto Factin reconfiguration, branch stability seems to fmémarily
controlled by microtubule stabilit§: To this end, directparmacological manipulatioof microtubule
stability increases the length of axons and their branch&$,and manipulation of GSKa&tivity
modifies brancing versus growth phenotypes vithe regulation of microtubule stability?2°? The
microtubule associaté protein Map6 stabibes microtubules and axon growth in genefaMap7
specificallystabilisesmicrotubules in branche®:* The Sip1 effector Ninein controls axon outgrowth
and branching in vivo by regulating microtubule stabtjinterestingly,also the destabilisation of
microtubules is required for the formation of branches, suggesting mechanisms of crosstalk and
spatiotemporal controlat various stages of bransty morphogenesi$' To further elucidate this
regulation of branchmaintenance | quantified the stability of branches in our primary hippocampal
culture system using lorgrm livecell imaging. Datérom this setion are currently under revision
andhave been publisheadn BioRxivhttps://doi.org/10.1101/2021.04.23.441137

5.1 BRANCH STABILITY DEREON PRECURSORMBURITE TYPE

The experimental setup comiged wildtype versus littermatePlppr3- hippocampal cultures plated

on laminin and poRlOrnithine, as in the experiments of the previous section. These cultures were
imaged atDI1V3using phaseontrast microscopyvith a 10min interval for 24h under 5@&Q at 37°C.

I manually scored timepoints of initiation and (if applicable) full retraction of all branches forming in
the field of view (for a detailed description of the methodology, Bigure34). Before analysing the
effects ofPlppr3loss, | quantified the impact of other influences thie lifetime of branches.

5.1.1 Branches that initiate from distinct precursor structures differ in lifetime

Branches have been describedinitiate from multiple, morphologically distin€&actin-rich precursor
structures: thin filopodia, wider lamellipodiar splitting of the growth coné'->*All precursor types
gave rise to branchesn both axons and developing dendritemd could be distinguished by
morphology inmy livecell imaging(Figure20A). As | noticechumerousbranches originating from
filopodiathat wereinvaded by lamellipodia before branch elongati@salsoreported by Flynn et al
2009 and Withers & Wallace 20283%°I distinguished these precursors from the other three canonical
LINBOdzNE2NE & I WYAESRQ Oflaao

Interestingly, branches originating from the different precursor structures appeared to differ in
lifetime. Most branches originatingfrom lamellipodia or splitting events collagsesoon after
formation (visible as a diagonalBK & (diEgor@lbaihd inFigure20B). A considerabl@umber of
branchesoriginating from filopodia or mixed eventiowever,did not collapse during the observed
time window of 24 hoursKigure20B, vertical band at 24h timepoihtThis strong rightensoring of

the lifetime quantification would strongly biasy comparison of raw measured lifetimeSspecially

the lifetime of filopodia and med branches would be drastically underestindhb®th by assuming a
collapse at timepoint 24 or by only measuring branches that have collapsed.
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*** n<0.001. (D) Causal diagradescribing the link of precursor type and branch stability=2317 (WT) & 2163(ppr3"),
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part ofamanuscript at BioRxifhttps://doi.org/10.1101/2021.04.23.44112&ndcurrently under revision.
57


https://doi.org/10.1101/2021.04.23.441127

| therefore analysed these dawéth amethodcommonly usedn clinical trials to handlsuchcensored
datasets survival analysisSurvival analysisas been developed to allow for characterislifigsaving

or -extending treatments without having to observe the full lifespan of all study @paints. The
rationale is, that even incomplete observations (i.e., lack of knowledge of the exact lifetime) can carry
information when compared to shortebut defined) observations of a separatéplacebo)
treatment.?®® Instead of stimating the exact lifetimef all study participantsa risk score (the hazard
ratio) is calculated for each treatmeoompared to control. Hazard ratios above 1 indicate greater risk
(meaning shorter lifetimes), hazard ratios below 1 indicate a decreased risk

Applied to this scenario, even nawllapsed branches during th24-hour time window of the
experiment carryinformation when compared to shortdived brancheswith a fully measured
lifetime. litting the dataset artificially intdfully measuredand Hon-collapS RQ o Nl y OKSa >
inevitably report lifetimes that depend on the length of the time window. Satvanalysis, instead,
estimates a risk for collapsing for all groups that controls for the observational wirkkaformation

of any branch close to the end of the observatiotiale window has a higher chance for censoring, |
normalsed for the timepont of formationandemployeda Cox proportional hazard modé&t

Such a survival analysis relezha highrisk of collapsing for branches originating from lamellipodia or
splitting events when compared to filopod@iginating branches (hazard ratio (HR):sp#8.0 (3.8
6.6), Hian=4.6 (3.65.7), both p<@01). Branches from mixed precursarsre at an intermediate risk

of collapse (HR=2.6 (2.13.3), p<0.001)Therefore, @en though the actirbased branch precursors
are long replaced by microtubules befobeanch lifetime is maintainedhours later the type of
precursorseems to predict the stability of the brandRigure20D).

5.1.2 Developing axons stabgall branches and prefer efficient precursor types

Axons have beemlescribed toelongateand accumulate branches before dendrifésAlso in our
culture system, axons accumuldtbrancheswhile dendritesremainedmostly unbranched during the
observation Figure21B). This accumulation of branchesuld, however, not be explained by an
increased formatiorof branches on thalevelopingaxon, asdevelopingdendrites initiated similar
numbers of branched-{gure21A). Interestinglyhowever,the composition of precursor typesffered
between axons and dendritegxonsinitiated most branches fronfilopodiaor mixed precursors, while
dendrites reled predominantlyon lamellipodial or splitting precursors.

The comparison of individulranchlifetimesindicatedthat a large proportion of dendritbranches
collaped soon after formation (visible as a strong diagonal band in the right panel of
Figure21C). In contrast,nearly 50% baxonal branchepersisted beyond the end of the imaging
sessiongvertical band at 24 hourdeft panel inFigure21C). A survival analysis confedithis higher
riskof collapse ordeveloping dendtes (HR=5.2 (4:6.9), p<0.001).

The effect of precursor types on branch stabil{fsigure20) and the shifted composition towards
efficient precursors on the axon suggekat branch stability on the axon is heavily influenced by the
choice ofefficientprecursorsinterestinglynowever,in additionto this altered precursocomposition,

all branchegersisted longeon axons irrespective of the precursor type (quantified Figure23B).
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Thereforeaxons appear to stalsebranches in two distinct ways: lpyeferentiallyinitiatingbranches
from efficient precursorgi.e., filopodia) and bystabiisingbranches in generaF{gure21D).
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Figure21: Axons staltisebranches and initiate from efficient precursors. (A) Initiation of branches per cell over time, split by
axonal or neuritic location and calecoded by precursor type. Developing dendrites initiate similar numbers of branches from
differentprecursors when compared to axons. (B) Accumulation of branches over time, split by axonal or neuritic location and
colaur-coded by precursor type. Branches on axons accumulate, specifically those from filopodial and mixed origin. (C)
Timepoint of formatia versus timepoint of collapse for all individual branches separated by location of origin. (D) Survival
analysis reveals lighrisk for collapse for neuriteriginating branches compared to axon originating branches. *** p<0.001.

(E) Causal diagram degting the links of location and precursor type on branch stability=2317 (WT) & 216%(ppr3"),

nexg=6 (Six independent cultures), transparent ribbons show 95% confidence intervals in survival Rartesf the figure
submitted in the manuscripat BioRxivfttps://doi.org/10.1101/2021.04.23.44113And curreily under revision.

5.2 REMOVING EFFICIENEGBRSORS REDUCERARVEBRANCH STABILIT

In the previous chapter, PLPPR3 has been charsete to control filopodia and branching
morphogenesipredominantly on developing axois a pathway with PTEN and PIBrthermore,
the PI3K pathwayalters multiple stages of branching morphogeneéistroduced in sectiorl.3.2.
| thereforeassessed, whethenithis setting, witraxonsandfilopodiainfluencing branch stabilitylso
loss of PLPPRi®tered the stability of branches

5.2.1 Plppr3-branches have a sher lifetime

To compare the lifetime of wiktlype andPlppr3- branctes the above culturesvere quantifiedblind

to genotypes andn arandomised order during the manual classification of branch formation and

collapg and only unblinded whegalculatingthe effect of PLPPR3he distribution of individual

lifetimes of branches fror®lppr3- neurons appeard similar to wild typeswith a slight reduction in
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censored datapointgFigure22A). Indeed, asurvival analysis indicatea slightly shorter lifetime of
Plppr3- branches Figure22B, HR: 1.2 (95% CI: 4.B), p=0.006).

Inthese cultured wild-type neurons, ollateralbranchegoriginating fromfilopodia, lamellipodiaand
mixedprecursor$ forming on the shaft oéll neuritesmake up the majority of branche®mpared to
growth cone splittingFigure22C) Similaffindings have beereportedin vivo?’ In Plppr3", however,
initiations specificallyrom filopodiaprecursorsare less commonFgure22C, griopoda= 1.7,p=0.046).
In summaryPLPPR&ppeardo both alter precursor type distribution and branch stabi({gure22D),

as conceivable by a modulation of PI3K sigmlli

However, he effectsof PLPPR3 losppear tointensify very little duringhe maturation stages of a
branch The effectizeof reducedfilopodia density on early polmingaxonsin of Plppr3- (Figurel5H,
Oexp=-1.3), this effect size diewer initiations of branches from filopodid&igure22C gexp=-1.7), and
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Figure22: Loss of PLPPR3 decreases stability of branches and the number of branches initiating from filopodia precursors. (A)
Timepoint of formation versus timepoint of collapse for all individual branches separated by genotype. (B) Survival analysis
reveals a small but detectable risk for collapsBlppr3- neurons. *** p<0.001nine=2317 (WT) & 216F(ppr3-), rex=6 (six
independent cultures), transparent ribbons show 95% confidence inter¢@)sComparison of branch initiations per cell

during the analysis period shew loss of filopodia originating branchesRfppr3- neurons. * p<0.05nex=6. (D) Causal

diagram desribing the links of location and precursor type on branch statiléyts of the figure submitted in the manuscript

at BioRxivHttps://doi.org/10.1101/2021.04.23.44119'&nd currently under revien.
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the effect size of decreased branch density at DMgurel6l, gexp=-2.1, Figurel9l, gexp=-1.5) are
very similar. Thereforean effectof PLPPR3t multiple levds of the branching programs is unlikely
This suggestthat the increasedifopodia densitythrough PLPPR&uld bethe main determinant of
branch abundance at later stages rattzer additional effect obranch stability.

5.2.2 Plppr3-reduces branch stability only by removing filopodia

The previous discussion highlights that it is difficult to attribute the contribution of all effects on branch
stabilitywhen only executingndividual analysesn such scenarioselated fields such ascology®8-2%°

or epidemiology?® usemultifactorial statisticamodelsto facilitatethe interpretation of complex data

by quantifyingthe individualcontributionsof each effectSpecifying a multifactorial model, however,
requires choosing whitcfactorsare essentiahnd which are unlikely to mattet.eaving an important
confounder unaccountednisleads the interpretationHoweverjncluding aso-calledcolliderinto the
analysigntroduces selection bia®?
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analysis has to account fahe effects of both location and precursor type. (B) Forest plot of survival analysis including
genotype, precursor typand location. Genotype &flpprd- does not confer an additional risk for collapsing aftec@unting
for the other factors. (C) Survival curves for precursor typecation connections show identical lifetimes fappr3/-
branchesnine=2317 (WT) & 216%P(ppr3-), rexs=6 (six independent cultures), transparent ribbons show 95% confidence
intervals. Parts of the figure submitted in the manuscript BioRxiv f{ttps://doi.org/10.1101/2021.04.23.441137and
currently under revision.
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Causal diagrams, also referred to as directed acydiehgr®®?52have been put forward as a tool of
causal inference to visuakand subsequently teshe causal connections between multiple factors in
the same systerm®12632645ch causal graphs are usually built from previous knowledge and therefore
represent a hypothesisn cases where experimental interventions would be unethical or not possible
(as exemplified for the link of smoking and lung candbgse and related tools of causal inference
canbe used taecover causal structures from purely observational d4tg%®

Using these toold, aggregated the evidence accumulated above into a causal diadfigurg23A)
and used it taspecifya multifactorialsurvival analysig understand the direct contribution of PLPPR3
on branch stabilityThe model estimated the direct effect of PLPPR3 on branch stabibiycbyntng

for the effects of precursoand neurite type In such anultifactorial Cox proportion&hazards model,
both the precursor types as well as the neutiype strongly affect branch lifetime independently of
each other Figure23B). However, hie loss of PLPPRRI not alter branch stabilitybeyondits effects
on precursor type distributionRigure23B, HRpprz 0.93 (0.831.1), p = 0.27).

In other words, the remaining filopodia branches Rippr3- axons do noseem todiffer in stability
from wild-type branchegFigure23C, top left pane), nor daesany other branch precursareurite type
combination Figure23C).Plppr3does not contribute to branch stabilitgirectly but facilitates an
inherently branchkstabiisingfilopodia programespecially on axons.
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5.3 SUMMARY AND OUTLO®IOW COULD PRECURSABSIFY BRANCH STABIL

In summarythis chapter establishes a role of morphologically distinct branch precsirs@ffecting
downstream branch maintenaecAll precursors are found on both axons and dendrites, xana
seem to preferentially utisethe most efficienbnes In addition, axons appear to stabilise all branches
irrespective of precursor typeThese findings explain the reduced branch stability obsedvén
hippocampal neuronsultured fromPlppr3-mice and place PLPPR3 as part of a progto induce
efficient branch formatioron developing axond'he lack of effects of PLPPR3 loss on branches from
other precursorsindicates that the precursorsinitiate mechanisticallyindependent Hrancling
program®

These results raise the question obv Factin precursorscould modify branch stability that is
predominantly under the control of microtubuleBilopodia and lamellipodiBranchescould differ in

their reliance on adhesion or in the way they provide microtubules to start grov@pgcifically
lamellipodiaenriched actin waveare in a position tonechanically ddundle microtubules and pull
them into newly formingprotrusions?’ Alternatively,the precursortypes could recruit alternative
microtubulesevering enzymes to locally destid®lthe neuronal cytokeleton. Interestingly, the
microtubulesevering enzymes Spastin and Katanin appear to induce bramechdistinct ways$*
Filopodia and lamellipodia could also capture and crosslink microtubules differentially either by
differing mechanical properti€¥2%or by recruiting different aé-microtubule crosslinker§® Here
Drebrin predominantly found newly forming filopodia branches emerges as an interesting carfdidate.

The distinct stability of branches induced from filopodia and lamellipodiahiswever, mostikely
controlled bydistinctmicrotubule stabilityin later stages of branching morphogeneditereforethe
precursors could recruit different postranslationally modifying enzymesf microtubules® or
different microtubulestabilisingproteins322’*Also membrane organelles have been described to alter
microtubule stability to control neuron morphogeneéi€’?Interestingly, the regulation could also act
reversely,from microtubulesto the actin cytoskeleton some microtubulebinding proteins stahige
actin to regulate neuron morphogenesisi?®®232and lamellipodia on axons seem to require dynamic
microtubules?™

Future studiescould therefore directly measure microtubule stability in branches from distinct
precursors using nostabilsing live-cell probes’’® Furthermore, such studies could focus on
microtubulebinding proteins enriching specifically in filopod@ lamellipodiainitiated branches.
Interesting candidates could be verified by laddunction studies usinghe describedlive-cell
strategy. In generathe analyses from these chapter show, tlugfining thepreciserole of a branch
stabilsing protein gopears to requiremeasuringthe stabilities of branchesby accounting for the
different precursor types.
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6 DISCUSSION

The esults from ChapteR present PLPPR3 as a neuspecific, axorenriched protein locagingto
the plasma membrane and tubular internal membrane compartmedpigsma membrane logahtion
of PLPPR3 appeats deperd on both Gterminal and transmembrane regions, arfdLPPR3
overexpression increases filopodia density in M1k cells.Generating a knockout mouse line for
Plppr3using the CRISPR/Cas9 technique (Chaptalowed for the analysis of the endogenous role
of PLPPR3 in neurons. Cultured hippocan®hapr3- neurons seento survive and polase normally
but show lessfilopodia and branching during early axon developmé@hapter4). This specific
decrease of filopodignduced branches without altering those originating from othprecursors
suggestghe existence of separate branching programs differing in theintenance (Chapteb).
Mechanistically, PTENhibitionwas able tacounteractthe loss of PLPPR3, but opisad visuaisation
techniques (Appendix.1) could notdetect altered levels of the PTENbstrate PIP#h Plppr3-axons.

6.1 PLPPRS\DPI3K/PTEMEDIATED BRANCH RARON

PI3Ksignalling has a central role neuron survivahnddevelopmei (sectionl1.3.2. Recent evidence
(using the optinsed PIP2detection protocol) suggests that downreguladiPI3K activity participates
in the loss of regenerative capacityadult central nervous system neurof®.Differential regulation
of PIP3evels in excitatory versus inhibitory neurofisl(.3 mightcontribute to PI3K/PTEN dependent
forms of neurodevelopmental disordet& Moreover,regulating the activity or locelationof PTEN,
the main suppressor of the PI3K pathwayas essential roles for newon development and
regeneration1.23'138*247'277'278

Interestingly, PLPPR3 interacts with PTEN and counteracts PTEN function in cai imessured by
phospheAKT levels and membrane accumulations of JAGFP and -Actin. Furthermore, PTEN
purified from PLPPR3 expressing cells was less actiwelrolysind?IP3 in a cefree assaydr. Annika
Brosig andr. George Leondaritisf® In embryonic stem celierived motoneurons, PI3#&ctivity was
required for PLPPRBduced filopodia and branchin®(. Sandra Schrotter &r.George Leondaritis),
andthe knockdown of PTEM this thesisvas able to mimi®LPPRR&inction in primary hippocampal
neurons. These experimengstablish a clear link of Pl&ignalling and PLPPR3 function andgest
that PLPPR3 inhibits PTEN to accuaeuPI1P3 for induction of filopaaliFigure24A).

However, dcalised production of PIP3 on axons has been shown to induce the formation of both
filopodia®® and lamellipodid?’ Asloss ofPlppr3only affectsfilopodia-induced branchinghe inhibition

of PTEN alone does not suffice to explain gpecificoranching phenotypesf PLPPR3:urthermore,

an inhibition of PTEN by PLPRRS&Ild suggest thaPIP3 levels decreagén axon shaft of Plppr3d’.
However, dstinct strategies of PIRGuantification (PFomain overexpression or immunolabelling)
that are specific in neuronsséction 7.1) and sensitive enough to detect developmental
downregulation of PI3#activity in neuron%® or local accumulations of PIP3 preceding branch
formation in dorsal root gangliaxons®® did not provide evidence for lowebaselinePIP3 levels or
fewer accumulations in axons d®lgor3’-. Furthermore, a downstream marker of Piaktivity,
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phosphorylation of AKT at S473, neither iragldifferences of PI3Kignaling strength in cortical
neurons lackingP’LPPR@&ot included) nor in E€ell derivedPLPPR8xpressing motoneurons (Figure

5A, Brosig & Fuchs et 2D19).It is possible, that these readouts lackthe required sensitivity or local
resolutionto detect the changes induced by PLPPR3. However, also extensions or refinements of the
modelconnecting PLPPR3 and PTENId explairthe observed phenotypes.

Models connecting PLPPR3 and PI3K signalling for filopodia formation

A PLPPR3 facilitates local PIP3 D PLPPR3 is activated by local PIP3
PLPPR3
PTEN PTEN
PIP3 PIP3
X Y X PLPPR3
Lamellipodium Filopodium Lamellipodium Filopodium
N Vg N Ve
Branch Branch
B PLPPR3 shifting PI3K signaling E Mechanisms for direct filopdia induction
towards PI(3,4)P, by PLPPR3
PLPPR3
PI3K » p
PI(4,5)P, - PI(3,4,5P. —= PI(3,4)P, binding regulators ; activating
- ) - of RhoGTPases : integrin signaling
PTEN SHIP H
Y
direct membrane
remodelling
,9/ N /\(X g b
I T induction stabilization
wt Plppr3™ , :
Filopodium
C PLPPRS structuring PI3K signalling D Mechanisms for PIP3-regulation
in microdomains of PLPPR3 function
;| . -

= R -K B .-_k 3{:

Wt Plppr3”

B PLPPR3  w PIP3-rich membrane PTEN active PTEN inactive F-actin @ Unkown kinase Growth factor signal

Figure24: Models connecting PLPPR3 and PI3K signalling for filopodia formation.
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The bllowing sections will discuss how PLPPR3 could provide additional structure idghdkng by
shifting PI3K siwalling towards the production of PI(3,4)fFigure24B, sectiort.1.1), or by clustering
PIP3 and inhibiting PTEN only in membrane microdom&igsie24C, sectioré.1.2). Alternatively, a
model pladng PLPPR3 downstream of PIP3 to specifically induce filop&digmré 24D) could
distinguish PIP2ffects specifically on filopodia and does not require POPPAKT levels to change by
loss of PLPPRBisuch a modelPI3Kactivity would be required to activate PLPPR3 function oS
derivedmotoneurons and PTEN would counteratP3mediated PLPPR3 functigtin hippocampal
neurons. Loss of PTEN could resthesloss of PLPPR3 via R&pendent but PLPPRBdependent
branching mechanismg such as lamellipodi However, sch amodel wouldrequire both ¢ yet
unknown ¢ mechanism for PI3K signalling to activate PLPRR8ure24F), and ¢ yet unknowng
mechanisms for direatffects orfilopodiaby PLPPR@igure24E) and will be discussed in sectiérl.3

6.1.1 PLPPRshifting PI3K signalling to PI1(34)P

PI3K initiates signalling by phosphorylating the most abundant plasma membrane phosphoinositide
P1(4,5)Rto generate PI(3,4,5)RFigure24B). Theprimary mechanism to removéhe generatedPIP3

is byPTEN mediatedephosphorylathn back to PI1(4,52 Other phosphatases (e,&HIP1 and SHIP2)
OF'y RSLIK2aLK2NET I Seneratingd|(34PThis Klternapiv@lephdapidrylatiod y

of PIP3 has been described to be the main source for plasma membranedb¢zi(3,4)E making
PI1(3,4)R equally susceptible to pharmacological inhibition of FA3KE Furthermore, PIP3 signals
seem to be rather short eventhat are followed by longeincreases ofPI(3,4)R?%! Recent evidence

even suggests PTEN mediated dephosphorylation of PI{3¢4fR(4)P?82283 Inhibiting PTEN activity

by PLPPRS3 could therefatronglyshift PI3Ksignalling towards PI1(3,4)Rediated functions.

Only few studies have addressed the differences of #i8kced effects mediated by PI(3,4)Bther
than PIP3Many effector proteinge.g, AKTL) can bind both phosphoinositide species with similar
affinity,®* although other AKT isoforms seem to differ in their PI(34)YPPIP3 targeting®
Interestingly, PI(3,4)Rather than PIP&ppears tanduce Factin reorgaisationdownstream of PI3K
activity in neurong8 Therefore, i could be PI(3,4)Rather than PP3 that is mediating PLPPR3 effects
downstream of PTEN.

Indeed, sme PI3Kdependent effects on axon branchiigs well as the readouts f®?LPPRB®TEN
mediated PI3Kactivity in cell line have been analysed usidgKT-probesthat also detect PI(3,4)P
Therefore, npointinga role for the specific phosphoinositidleaxon branching hasohyet been fully
achieved Furthermore,when assuming fast conversion of PIP3Pig3,4)R and PI(3,4)Pmediated
PLPPR3 functionthe levels of PIP3 would not necessarily have to diffélppr3-. Even though pilot
immunolabelingexperimentsdid not suggest strong differences in intensity or distribution of P1(3,4)P
in Plppr3- (not shown) this seems like an interesting route tollow ¢ especially because the probe
used for thesegoilot experiments has not yet been validated for sensijidhd specificity in neurons.

In summary, accumulatingl(3,4)Rrather than PIP8lownstreamof PLPPR3 activity could explain the
observed similarity of PIP3 in witgpe andPlppr3- neurons However, asaimellipodiawvere described
to require PI(3,4)For their formation as well as maturatigii’-28preferential accumulation PI(3,4)P

is unlikely to be thesolemechanisnof PLPPRi® induce filopodigbut not lamellipodia
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As PIP3 sighatrave beenobserved to be very transient while PI(3,4jBllowed and persisted for
longer?®! PLPPR#&ediated PTEN inhibition coultditionally alter the time course of a PI(3,4)P
signal. It would be interesting to study whether a distinct temporal pattra distinct ratio of PIP3
to PI@,4)R is able to distinguislthe generation offilopodia from lamellipodia Such experiments
would be conceivable in cell lines using photoactivatable phosphoinositidesP3 and/or PI(3,4)P
with different duratons of stimulation, but likely require extensive optsationprocedures.

6.1.2 PLPPR3 creating signalling microdomains

In a separate layer of regulatiogpatialy restricted inductionof PIP3/PI(3,4)Pcould contribute to
differential Factin reorgaisationto form wide lamellipodieor thin filopodia protrusionsPLPPRs are
capable of forming homomeric and heteromeric complexes with other PLPPR priétears]
PLPPR¥318 PLPPR#? and PLPPR%18¢endogenously locae to microscopically distinct puncta.
Also PLPPR3 was found to form complexes and apfrea punctate pattern along the axahaft
when visudbed in confocal or structured illumination microsco®r (Annika Brosigd® |t is therefore
conceivable, thathese locaked PLPPR3 puncta create membrane microdomains to structure PI3K
signalling spatiallfFigure24C).

Membrane microdomains have been described to participate in multiple signalling pathways by
providing means to locally increase concentration without havingjaballyupregulateproduction of
signalling mediator$® Espeailly low affinity interactions or enzymatic reactions that require high
concentrations could be stalsied very locally in such microdomaiff8.Local synthesis or local
disinhibition of global degradation are mechanisms extensively described for compartmmeshfl3K
signalling:**%491n this respect, PLPPR&diated inhibition of PTENstricted toclusters could create
suchPIP3/PI(3,4)Pmicrodomains along the axaand enable a coincidence detection mechanism of
activating PI3K andht the same timeinhibiting PTENThe putative PIRnteraction of PLPPR3, as well

as of PLPPR5 could further facilitate clustering of PIP3/PIl{34)Bescribed fothe microdomain
gereration byclustering of phosphoinositideroughmultivalent PIFAnteracting proteirs.149:150

These mechanismsould imply a modification of the plasa membrane composition by proteins.
However, lipids alstend to selforgariseinto clusters differing in their mobilityia liquidliquid phase
separation of lipid species differing in saturation or len§ffhThis process is facilitated by cholesterol
and sphingomyelin and readily observable in artificial as well as cell membrane derived V&4iicles.
living cellsphase separatetipid domainsg even more so than proteiinduced cytosolic phasé&% ¢
still evade direct observation, suggesting mechanisms to actively sspplipid demixing or
structuring of lipids into sulnicroscopic domaing

Nonetheless, some studies indicate functional importance for-tipger microdomaingspecially for
receptor tyrosine kinase mediated signall#§B-cell receptor clustering has been shown to activate
downstream signalling by dmixing menbranebound kinases and phosphatases to distinct
microdomains in a process that partially controlledby distinct lipid phase®? Interestingly, even
artificial clustering of theipid phase was sufficient to induce downstream signalling, thereby
establishing a link of lipids controlling plasma membrane proteinikat@nand signalling.
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Also phosphoinositides show some tendency of-méxing into distinct domainsPIP3 has been
described to reside in nanodomaidsstinct to those enriched iR1(4,5)R2% While the locakationof
P1(4,5)Ris not necessarily restricted to ordered lipid domains, some cytoskeletal or axon enriched
proteins areassumedto specifically enrich it ther&®2% Similarly, PIP3 does not show a specific
tendency to reside in ordered or disordered lipid domains but it appears to be selectively produced in
ordered domain®® and hydrolysedthrough PTEN) disordered lipid domain€® This potentially
enriches PI3K signallirig less mobile membrane domairkhese findings suggest an influence of lipid
microdomains onthe PI3K pathway andould contribute to the recently described effects of
membrane microdomains in neuron development and regenerafiri®

Interestingly, PLPPR24 and the closely homologous PLPP1 and PI°PP3have been detected in
detergent resistant membranesndicating a locaation of PLPPRs to specific lipid microdomains.
Furthermore, the size ofl;PPR3 clusters detected by structured illumination microsccay200 nm,
Dr. Annika Brosig§® is in the range of lipid domains as described in the literafft€’* Moreover,
similar to other plasma membrane proteins that reside in lipid microdims3% treatment with actin
depolymeisingLatrunculin A increased the distance of PLPP&erk Dr. Annika Brosig)® These
experiments suggest th&&LPPR3 clusiagmightbe facilitated byassociation with such lipid domains
However, he stable interaction in lipifree coimmunoprecipitation experiments suggesthat
PLPPR3 clusters forbefore the lipid phasesAs a consequencahe PLPPR&8usters couldeven
instruct the formation ofnembrane microdomainssdescribed for specific-&ctin arrangementg®®

In summary, PLPPRS3 could constrict PIP3/PIG@)Rembrane microdomains via multiple potential
mechanismsExperiments to suppod role for membrane microdomains in PLPPR3 functoid aim
on assessing elocalsation measuresof PLPPR3 and PIR8 PI(3,4)R They furthermore could
compae lipid microdomain orgaisationin relation to PLPPRB8ssor overexpressionn this respect,
immunolabelling PLPPR3 and PIP3 or overexpressingpaBific PFlomainsdid not indicate specific
co-localsation or reorgarisationof PIP3 in neuronddowever, higher spatial resolution or improved
signatto-noise ratios by more evolved PH&nsors (discussed ih1l), or specfic PI3Kstimulation
paradigmssuch as optical uncagiffj or focusing on PI(3,4)Rould be required to uncover such
phenotypes Furthermore, the locéationof PLPPR3 or PIP3 to domains of different membrane order
could provide insight into thexactcontribution of lipid microdomains to PLPPRS3 effettsthis end,
lipid-order sensitive orspecific probes (eg. Laurdan or FREfsors), or single molecule trackioauld
be employedo either studyPLPPR8r PIP3/PI(3,4)P2 lodsd&tionand mobility2

To determinewhether confiningPI3K signallingp microdomainsis sufficientto explainfilopodia
specificPLPPR3 effectfuture studies could aim at manipulating theicrodomaindistribution of
PLPPR3 either by mutagenesis or pharmacological strategies. Such treatments could be screened for
by assessing their effect on PLPRB®&plex formation in céammunoprecipitation experiments. In

case further structurdunction experiments verify the -@rminal region of PLPPR3 as the main
contributor to filopodia formation, fusion of this domain &singlepass transmembrane domaaould

allow for manipulating clustemg from the extracellular sideisingmultivalent antibodies or beads.

Such experiments could be followed wjih interactomics to detect microdomaispecific interactors.
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In case manipulating PLPPR3 clustem@émgainsevasive, targeting PTEMNsteringdirectly might be an
alternative strategy to test th contribution ofP13Ksignallingnicrodomains to PLPPR3 effedtsising
chemical or optical dimésing modules(such as Cry2/CIBN or FKBP/FRB or SNA®PTEN and
artificial membranedomain enrichedorobes or probes that can easily be clustered by extracellular
application of antibodies could mimic PLPPR3 function in cell lines orRdppr8- neurons.Such a
system would, however, not directly mirror PLPRR&liated PTEN inhibitiomside of PIP8lusters
but rather would creat PTENdepletedmicrodomains between the cluster&n idealchemical tool to
study the effect of PHmicrodomain clustering could combina doublemembrane spanning
hydrophobic lipid with amon-hydrolysable PIP3 or PI(3,41 the internal leaflet ané corresponding
YOIt dzallySONG2YNE) 2 Y ideS/nthaikingshdh & ®istfutt Sniéstingwhetherit would
even be possible to insert it to plasAm@embranes wouldrequire extensive optinsatiors and
collaborationwith experts in organic chemistry.

6.1.3 PLPPR3 mediating branch formation downstream of PI3K/PTEN signalling

Microdomain locdbationor creation does, however, mainly explain PLPPR3 action before and during
the timepoint of formation of an actin patch or a subsequent filopodium. The presence of PLPPR3 along
the axon shaft and on all parts of filopod{sithout inducing a function)suggests additional
mechanisms to activate or inhibit PLPPR3 funcfidis could occur either by a coincidence mechanism
requiring both PI3isignalling as well as PLPRR&diated inhibition of PTEN as discussed above, or by
PIP3/PI(3,4)Rirectly altering R-PPR3 functio(Figure24F)

If PLPPRBediated effects on filopodia would not require altering PTEN activity, how else could it
affect filopodia density on cellsPhe sharedfilopodia phenotypesacross the PLPHRmily suggest
shared downstream mechanism@-igure 24E) Due to their well described role imeuron
morphogenesis?? Rhoand RasGTPases were a target eéveralstudies addressing PLPPR1 and
PLPPR5 function®LPPR1 does not seem to require Cdc42, nor other known-raatiodelling
proteins such as Vasp or Arp2/3 for its filopodia phenotygeSimilarly, PLPPR5 increases filopodia
independently of Cdc42 activil§® Interestingly, both PLPPR1 and PLPPR5 seem to counteract RhoA
activity 185218athough it is not clear, whether these effe@ee acting in a linear pathway or whether
they converge on a shared downstream mediator of Rha#tions. PLPPR1 furthermore seems to
counteract Rac1 activit§?®and interact with the Ras guanosine exchange factor 1 (Rels@RIc25Y’

It is conceivablethat PLPPRs regulate Riuy RasGTPase activitio induce filopodia, although the
most described filopodignducing candidate genes Cdc42 and Racl do not seem to mediate the
effects. Rither, modulating RhoA effects seems to emerge as a target pathuacent largescale
siRNA screen on the effects of 219 HhibPase associated proteins on neuron morphogenesis
described multiple proteins with similar loss of function phenotypes as FAIRRaddition to Cdc42
andRhoA alsoTsg101, Pard3, Gnal3, Hipl, Igf1R and mukigtktionalproteinsemerge as branch
specificregulators. Interestingly, also the actimicrotubule crosslinker Gas2L1 shows very similar
neuron morphogenesis phenotypes to PLPPR3 in loss of furiétlormould be fruitful to study,
whether these candidatesct in the same or in parallel pathways to PLPRBiducing branches.

69



A second line of evidence suggests PLEfRRtsin adhesionCultured PLPPRand PLPPRéxpressing

cells adhere stronger to cover slips and their migration seems to leave befaidgrfibers that
resemble filopodia®32%® Also PLPPR5 seems to prevent LPA or MNaha@ed cell roundindt®
Mechanistically, PLPPR1 seems to stafibcal adhesions by slowing down their disassenmlgnd
PLPPR4 seems to alter surface abundance of active InteiglfhThis activation of Integrins does not
involve direct interaction but binding of the Integrin deactivating phosphatase PP2A and can explain
the increased dendritic filopodia density BLPPRéxpressing cell$’ PLPPRs therefore might not
induce the formation of filopodia but rather stailsié them against retraction. Interestingly, ot
PLPPRs and Integrins seem to be found in ordered lipid domains, and integrin signalling seems to even
require such membrane microdomairt€.2°0310Studying theadhesive propertie Plppr3- neurons

could provide further insight whether this mechanism contributes to PLPPR3 function.

Furthermore, PLPPR3 and PLPPR4 also seem to participate in neuron morphogenesis programs
controlled bythe ubiquitin ligases TRIM9 and TRIM67. Both Fittikins have been found to interact

with PLPPR3 and PLPPR4'2Functional studies have established TRIM9 and TRIM67 as regulators of
neurite formation and axon branching with mechanisms involving Netrin signalling and Vasp activity
to alter exocytosis, filopodia dynamics and branchimg:21831° Although PLPPR3 did not seem to
interact with the Netrin receptor DCC in pilot-tomunoprecipitation and cdocaisationanalyses in
overexpression settings (not shown), other mediators of TRIMIRIM67 controlled branching might
cooperate with PLPPR3 to form branches.

A last, and very unconventional hypothesis would assume direct-aagtiteating or membrane
deforming events by PLP®R is based on the observation that PLPRRGure4) and PLPPRtef %)

are often found on membrane protrusions containing littkadtin, or tubular rather than flat portions

of internal membrane compartment®LPPRs could havewvature sensing or even inducing function
similar to reticulons that control the tubular structure of certain pools of the endoplasmic reticttfum.
Transmembraneproteins have been described to alter curvature of membranes without need for
cytoskeletal support!’3¥and also cytosolic membrane deforming proteins of #BAR family were
described to deform the membrane beforegktin invasior?'®3%Interestingly, the effect of the BAR
protein IRSp54 is suspected to depend on association with phosphoinositidesirved membranes

to subsequently cluster Vasp for filopodia elongatiéi®?!

Binding of phosphoinositides by PLPPR3 cseitde asa similarcoincidence detection mechamto
inducefilopodia formationin responsdo PI3K actiity. Alternatively phosphoinositidebinding could

alter thelocaisationof PLPPR3 as described for Syntax@ysitaxinlAclusters upon Pl(4,5)®r PIP3
bindingusing a highly similar region to the PLHBRIly conserved polybasic juxtamembrane domain
described in sectio2.3.322323Phospoinositide binding f&rthermore hypothesisedo open binding
pocketsfor regulaingNMDA: and EGHecepir signalling in a competition with calcium/calmoduti.
Similarly, binding of PIP3 could alter thenfmrmation of PLPPRBastly PI3K activity couldlter the
phosphorylationstatusof PLPPRs by downstream kinases with PTEN acting as a protein phosphatase
to counteractsuch PI3KnducedPLPPfnediated effects. Interestingly, PTEN and mTOR have been
found to also interact with PLPPR.
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As most of the mechanisms how PIP3 could activate PLPPR3 require direct binding of the two, future
studiescould focus on verifying the interaction and losalg the exacPIRbinding site in PLPPR3. Such
knowledgecould allow for specific mutagenesis dlfie PIRbindingsite to studyits effectson PTEN
inhibition and filopodia densityThis wouldallow for a more precise description of the nature of the
PIBK/PTEN and PLPPR3 connedtioaddition interactomic studies of PLPRP®& shared interactomes

of PLPPR family membersuld provide further insight into the filopodia forming pathways. In this
respect, screening for PLPPR3 mutants that express andseraimally but fail to introduce filopodia

could allow for refined exgriments to distinguish filopodieelated from other interaction partners.

In conclusion, several models could explain the effects of PLPPR3 and PTEN on branching
morphogenesisBven though thee discussed models dhe PLPPR3 and PTEbhnection differm

whether PLPPR3 influences or is influenced by-Bt8Kity, the true nature othe interaction could

include multiple mechanisms. Combining PTihbition with PIPbinding and microdomain
locaisationor with structural changes in PLPPR3 could presétit emergent properties thamight

not be fully replicatedoy only the individual functions. Bfects on downstream pathways such as
modulation of RheGTPases or adhesion could contribute to induction of PIP3 microdothaimsgh
feedback mechanisn® While Pl3Kactivity and PLPPR3 therefore very likely cooperdiing
filopodia formation, the exact nature of their connectionuld be multifacetecand opens the door

for exciting new directions.

6.2 REGULATINBLPPR®B REGULATE EFNTHERANCH FORMATION

While the exact molecular mechanisms of PLPPR3 function await fucthefication, this thesis
established a physiological role in branch formation. Therefore, regulating PLPPR3 could be used by
neuronsto regulatetheir branched morphologyNo matter whetherit requires separate coincident or
activating signals to initte branches (as discussed in the previous sectioRERPR3s likely
additionally controlled spatially or temporally by transcript&and trafficking mechanisms.

The expression patterref Plppr3in adult cortical mouse neurons indicaag@otential celltype specific
control. Plppr3expression appears highest in adult GABAergic neurons, specificalydafl ganglionic
eminence derived Sncg and VIP neurons. Such interneurons mostly exertaigeteffects with a
largely local but highly branched ax&78Furthermore, expression seems to be lowest in loagge
projecting, and therefore less branchegcitatory neurons of the pyramidal tract or lower cortical
layers Interestingly, PTEN presents with an opposite expression gradient, with lower exprassion
GABAergic and highest expression in loengge projecting glutamatergic neurons, again strengthening
the idea that PLPPR3 and PTEN antsg@ach other.

GABAergic interneurons have been described to migrate to their target region before adopting their
final morphology*? It could, therefore, alternativelybe possible that the enrichment of Plppr3 mRNA

in GABAergic cells just is a consequence of their delayed morphogeRipgis3was foundhighly
expressedduring early development (as quantified By. Annika Brosig® in largely glutamatergic
neuron cultures. This suggests different expression tomerses ofPlppr3for different cell types
depending on the timepoint they establish their morphology. Supporting this hypothesis, the

expression level dPlppr3in the adult datasetseems to inversely correlate with the time of birth of
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glutamatergic neuron typeswith earlierborn, lower layer neurons expressing |€ppr3at P55 than
later-born, upper layer cortical neurons (Figure 1C&R)ould be very interesting to comparedhe
results to a similar dataset of embryonic mouse cortex to further elucidate the temporal and cell type
specificity ofPippr3 expressionFurthermore, given theiability to form heteromeric complexeand

the described effects on neuron morpholggywould be interesting to screen for eexpression of
variousPLPPRm different cell types or adifferent developmental timepointghat could create a

Wt [ OPRSQ F2NJ Y2NLK23ISySarao

In addition to potential celtype-specific effects, PLPPR3 highly drafcin axons of neurons. This

axonal locdbationcould potentially be controlled by transport of mMRNA and local translation in the

axon. In such a setting, the retained intromt3vith itstwo 2 1 2 LJ O2 R2y a YA HKAOUI @G |
to only allow for tanslation at the desired destination. While spliceosomes so far only have been
described in the nucleus, extranuclear splicing has been reported in den#fitégunctional roles

of the intron 3-4 retention event could be assessed by designing probes against the intron fisdocal
transcripts, and by shRNArgeting this intron and analysing PLPRiR3lsation

PLPPR3 axon lotsation is, moreover, likely controlled at the protein leveHere the axon initial
segment likely participates in sorting of PLPRe&3&aining vesicles and limiting diffusiohmembrane
locaised PLPPR@8ut of the axor?’*?Therefore, apeciallyplasma membrane lodahtionof PLPPR3
emerges as a potential axamrichment mechanism Furthermore it is likely thatneurons use
t [ t t mer@rane localisatiot! & Sy & miskPBRAPR2 rutanseened to alter the membrane
locaisation in my overexpression experimentsto regulate PLPPRJunction. The epression
dependency of plasma membrane lasationcould, as anxample, contribute to the selective loss of
PLPPRBinction in long heterozygous PI@&f neurons.

Membrane locdbkation of PLPPR3 could also be regulatedPt$k or phosphoinositidemediated
effects The conserved polybasic juxtamembrane region in REReems to be required for plasma
membrane locasation of PLPPR3. A similar region in Syntaxin 1A has been described to mediate
Pl(4,5)Rand PIP3 binding and subsequent clustering of Syntaxi#?#&Phosphoinositide bindinig

also requiredor plasma membrane lodahtionof various ion channel&® Interestingly, the distance

of PLPPR3 clusters seems to slightly increase byiritition (Dr. Annika Brosigd%®indicating lower
plasma membrane abundance of PLPPR3. Further studias fomuls on PI3#hhibiting or activating
treatments in PLPPR&Xpressing cell linesith a focus on plasma membrane abundance of PLPPR3.

Furthermore, #so lipid-order defined microdomains could regulate PLPPR3 membranesiatiah

Lipid order differs drstically between organelle§he plasma membrane presenwith highest order

and endomembranes with more mobile lipitfé32® Furthernore, association with ordered lipid
domains has been described to control plasma membraneikatain of several proteing?®*3°The
association of proteins, also of membrane proteins, with such ordered lipid domains has been
described to depend on palmitoylatidi331232pPalmitoylation in addition,has been described to
control axonal enrichment of proteirfé®® Even thoughthe putative palmitoylation siteC199 of
PLPPR3 does not seem to contribute to membrane ikatsdn other predictedresidues such as C20,

might still be interestingandidatedo regulate PLPPR3 losation
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Finally, also the region homologous to the catalytentre of PLPP&ppeas to regulate PLPRR

membrane locasation This indicatesegulatoryfunctionsexerted bythe lipid substrateof PLPPs

(such as LPA)N PLPPR Theeffect of PLPPRs to LPA has mainly been desctibedunteract LPA

induced functions, be it migration, neurite collapse, hyperexcitability or NT3 secrétffi?2821°
aSOKIyAadAaOlrftes GKSaS STF¥FSOda IINB adalLISOGSR (2
that has been inferred by altered uptake of phosphatidic a¢ilRA ira PLPPRdependent manner

but not been measured directhf®1%2Such an interaction could either decrease i#efivity on LPA

receptors as suggested above, or alter Li3igRalling by locally enriching or segregating LPA through

binding ¢ as has been described for BDNF with a truncated -TekBptor variant inthe mammary
gland3**However the observedtred membrane locéationof PLPPRTand PLPPR3ection2.3.3

F FGSNI Ydzii | (A 2 gent®F  &6dea3 SUadil Gk £ Ye2iMBD R A NdsdbsationolO i A 2y 2
function. Future experimentscould verify the direct interaction despit¢he drastic mutdions

(discussed in sectio.3.3 of the putative binding siteA y G KS F2NNSNI W G £ &
furthermore couldassess membrane logsdtionof PLPPR in respse to LPAreatments.

In summary, he transmembrane region of PLPPR3 emerges as a potential target for regulating PLPPR3
function. However, the exact link of membrane lgsalionand filopodia inducing function has not yet
been sufficiently charact@ed (as discussed in secti@). The high sensitivity of PLPPR3 membrane
locaisation furthermore complicates the unbiased quantification BEPPR3unction. Lesgplasma
membranelocalised PLPPR3 mutantsuch as the &rminal deletion mutantsymight not rescue
branching just because of their specific ldsation rather than their lacking binding domains for
downstream interactors. Therefore, precismapping of the domains onPLPPR3 that control
locaisation versus filopodia forming functions witle required tofacilitate our understanding of
PLPPR3 functioMhe charactased glycosylatiordeficient mutant (N167Q) could serve as a tool to
study nonmembrane lochsed PLPPR3, while the delaly-Ebox mutant could provide insight on
predominantly membrane locisled functionsor interactors In conclusionstudyingPLPPR8inction
preciselyseems to requirdo first understand and contrdts regulation

6.3 PLPPRBDUCED FILOPODIA BRAING AS AN INDEPENDMORPHOGENETICERU

Ashighlightedin Chapter5, gudying PLPPR3 functions on branching can also inform on the interplay
of morphogenetic programs in developing neuroNsurons likely control morphogenesis in a tgtle

or even compartmetispecific manner by selectively initiating distinct strategies or by modifying the
morphogenetic programs themselvéssintroduced in sectiori.2and1.3).

Interestingly the Plppr3- phenotypesdiscussed in Chaptérsuggest that even ganarrow branching
morphogenesis program seems to be executed multiple subprograms lamellipodiainduced
branches appear to collapse quite fast, while filopadiduced branches persist longer. Changing only
filopodia number, by loss d?lppr3 does notchange the stability of branches from other origins
However loss of the londived filopodia branchesdirectly decreaesthe observed stability of the
remaining branches. Similarly, reducing only lamellipodia branch initiations appears to equip the
neurons indirectly with more stable branch&$This lack ofosstalk between stabgingmechanisms

indicates that separatelownstream mediatorgcontrol branch maintenance between the different
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precursor types. Interestingly, neurons seeto utilise these distinct programson distinct
compartments Thisresults in a high turnover olamellipodiainducedbranchesin neurites and an
accumulation ofilopodia-inducedbranches in axons.

These results raise the questiowhether both branch typesare relevant in vivg or whether this
distinction may only be an artifactof cell culture Most reviews describe filopodia as the relevant
branch precursor in vive. However, in threedimensional cultures that more closely mimic the
microenvironment of developing neurons wivo, lamellipodiaexhibit a conelike shape that is
morphologically much closer to 2lture filopodia than lamellipodi#.In a pilot reanalysis of branch
lifetime in this dataset, that was kindly provided by Barbara Schaffran fremaboratory of Prof.
Frank Bradke (DZNE, Bonngverall branch lifetime closely matched the lamellipoditimes
measured in my culturegot shown) Thissuggessarelevantrole for lamellipodiainduced branching
in 3D. Furthermore, in vivo liveell imaging of retinal ganglion cells revaziery shortlived branches
of similar lifetime to the lamellipodial branches observed h&pe.

Interestingly, lamellipodiavere also described to induce branching on dendritic leadiracesses of
migrating neuronsin vivo33* The branching events are described to improve sensing of guidance
cues®* and the selective stabisation of brancheswas indicated for steering the migratioft. |t is
conceivable, that the dendritic lamellipodiaduced branching observed in my experiments is
controlled by similar mechanismess i KA & WY A 3 NI . IrethdBcasa thid: filbidéiah bfaAdi
mechanismgould haveevolved as a separate lay®r more specific branch formation duririgter
morphogenesis.

This raises the question, whether dendrite branching in general depends more on lamellipodial
precursors or whether the observed predominantly lamellipodial branchirgst a consequence of

the earlydevelopmental stage dhe analysed neuronsSimilarly to axon branchedendrite branches

are considered to emerge from filopodi# although dendritic filopodia seem to contain a more
lamellipodialike Arp2/3crosslinked cytoskeleton compared to axonal filopod@n the other hand

the dendrites ofinterneuronal granule cells in the olfactory bukeem todepend on GAB#duced
lamellipodia as branch precursot$.lt is thereforeconceivablehat lamellipodiainduced branching

still contributes to mature dendrite morphogenesis. Studying dendrites at later developmental
timepoints using the strategy described here is, however, complicated by the need for very sparse
culturing to study celtel adhesion independent branching.

Further insight could, however come from the regulation of branching patteaeteeen axons and
dendrites Stochasticity has large implications for biological phenotypes by generatingceitalar
variability while presrving robust phenotype$:2*! Interestingly, the exact locati@of branches on
both axons and dendriteare not deterministi@lly defined?®342SJochastic formation combined with
tiling and retraction mechanisms are sufficient to model layer and column specificity of dendritic and
axonalarborisation?* Even experimentally, recent studies have established both stochastic as well as
more deterministic parts of dendriteranch morphogenesi¥?3*4Interestingly the fast extension and
AK2NI fAFSGAYS 2F tFYSEfALRRAIS NBHRNE OKKEAE Y D KA B NX
compared tothe more HeterminedXilopodid branches that have a slower turnovefrherefore,
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regulation of these branching programs could ardgriguingmechanism to explain stochastic versus
deterministic branching.

The distinct branching modes could even differentially affect terminal @s#@n and interstitial
branching. Interstitiabranches likely require more deterministic solutions to trigger only one branch
to innervate a distant brain regioArborisationin contrast does not necessarigquirespecific branch
initiation modes but could emerge from a high likelihood of stochastic splitting or collateral branch
formation combined with contaemediated stopping of growtf! While the filopodiabranching
induced by PLPPR3 appears to be well suited to control iittalftranchingjt could be nevertheless
fruitful to analyset [ t t wfte€@saon terminal arbadsation Specifically the presented high
abundance of PLPPR3 in distal regions of the axon, the lack of an effect on interstitial branch formation
in layer IIIl cells in vivo, and the described functions of PLRRMRY members in dendrite
morphogenesi¥®1%5187 that depends more on arb@ation argues for functionsof PLPPR3n
arborisationthan interstitial branching.

The phenotypes of specific nigators of morphogenesis, such as PLPPR3, are often mild and easily
compensated by parallel branch programs when compared to general mediators, such as tubulin,
actin, or PTENHowever they can enable experimental paradigms to unravel the exact coordinati

of branching programs during neuron morphogenesssillustrated in chapteb. Sudies on narrow
mediators of morphogenesisould, therefore, contribute to answering whetheterminal axon
branching is closer related to dendritic branchargaxon interstitial branching or whether arbisation

and interstitial branching are indeed regulated independerflyd theycouldsubsequenthbetargets

to preciselystudy multifaceted phenomena such as cognitive processing or neurological disease.

6.4 CONCLUSION

In this thess, |establisted PLPPR3 asraembraneprotein controlling axorenriched filopodia and
branchformationduring neuron developmenMechanstically, PLPPR3 increases filopaatid branch
abundance but not branch stability in a pathway with PIS3K and PTEN. PLPPR3 function is likely
regulated via its plasma membrane abundaneécrodomain generation or lodahtion and celltype

or even axorspecific expressiorklucidating tis narrow function of PLPPR3 suggested the existence

of separately regulated branch morphogengsisgramsthat differ in their downstream maintenance.

In addition, | developednd optimsedmultiple experimental paradigmandsemiautomatedanalysis
strategies to study plasma membrane phosphoinositides and PLIRRE&®N in cell lines andrimary
neuron culturesand generated #®lppr3- mouse line using CRISPR/CasZonclusion my findings
open multiple new directiosand provide valuable tool® study the molecular control of neuron
morphogenesis
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7.1 VISUAISINGMEMBRANEHOSPHOINOSITIDE

Phosphoinositide membrane lipids (PIPs) serve diverse signalling functions in cellular
compartmentst4?143They differ by amounéand location of phosphates on their inositol head group,
creating seven gtinct phosphoinositide species: three monophosphates (PI(3)P, PI1(4)P, PI(5)P), two
bisphosphates (PI(3,4P PI(3,5F PI(4,5F and one trisphosphate PI(3,4,5)Rcommonly
abbreviated with PI§).

Distinguishing the configuration of individual phospihgtoups on a sugar head group of a membrane
lipid requires highly specific detection methdtfs Thinlayer diromatography in combination with
radiolabelling has been used for quantifying phosphoinositide species by the number but not the
positions of phosphate groups on inositol rings. Recent developments of lipid mass spectf¢fmetry
allow for allow for the sensitive quantification of all subspecies simultaneously. Howeversitagal

the various PIPs in cely these wrategiesrequires robust purification of subcellular compartments
and precludes studying microdomain lasationof PIPsIn this section | compare two microscepy
based methods of quantifying locsgéd PIP abundance with respect to specificity, senstivand
applicability to cells with complex morphologies: cultured primary neurons.

7.1.1 Benchmarkinghe sensitivity oPHdomainoverexpression

Cellsinitiate downstream signalling of distinct phosphoinositides by recruitment and local enrichment
of effectorproteins such as, in the case of PIP3, AKT and¥®BKTIhese effectors contain spedsd
domains capable of sdliinguishing the head group configuration of different PIFBe most
charactersed domains in this respect aleYVE(Fab 1, YOTB, Vac 1, and EEAt) PH (Pleckstrin
homology) domainsMembrane recruitment ofGFRtagged PKHlomairs, in the case of PIPB& PH
domains of AKT1, BTK and GRARjure 25A), is a widely used tool toharacterse PIP3 in cell¥*

| expressed AKTGFP, PH(BTHGFP and PH(GRRiLitrine (data not shown but it mirrors PH(BTK)
GFP) in NLE15 cells and stimulated or inhibited PI3K actifdfy2 minutes before fixingsing Insulin

or the GDE941 respectivelyfFHgure 25). Even though membrane recruitment often enriches local
density of PHlomain containing proteins, thimtensity of none of the tested®Hsensors resporel

to treatments of PI3kactivity FHgure 25B). However,m these same cellst was possible taneasure
the successful manipulation of PE2itivity via the phosphorylatio status of AKT using a staining with
AKTFpS473antibody(Fgure 25C). Overexpressing AKurtherincreased the sensitivity for measuring
PI3Kactivity at the level oAKFphosphorylation (AKGFP irHgure 25C).

Interestingly, the pAk&ctivation was more pronounced in GERpressing control cells when
compared to PHlomain overexpessing cells (BTK vs. GFPFRigure 25C), suggesting partial
interference of downstream signalling when vissialg PIP3 using the R#omain overexpression
strategy. Overexpression of Pomains has been described to sta®lPIP3in cell$*, as well as
interfere with downstream signalling by preventing binding of endogenous effetftrgerpretation
of PIP3signalling measured by this strategy therefoeguirescarefulselection ofcontrols.

Membrane recruitmentof PH(Grpl) and PH(BTK)as measured by a newly developed semi
automated strategyurther described irD ¢ served as a reliable and sensitive readout of PI3K activity
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in cultured cell{FHgure25D, uso:ns 1.3. The quantification of membrane recruitment in neurons is
complicated additionally by the thitubular shape of processes where membrane versus cytosolic
locaisationismore difficult todetect While accumulation or clustering of PH domadiang the length

of an axorhave been used to infahe localsationof PIP3 microdomairn®,such accumulations could
also come about by PIRBdependent accumulation of cytosolic material due to transport or
degradation mechanisms. More sensitive quantification of PIP3 in neurons via th®nRdin
overexpression methodhight be achieved by cexpression of a cytosolimarkeror a PIPainding
deficient PHdomain mutantand quantifying the ratio of PHomain to cytosolic market'?
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Hgure 25: Membrane recruitment but not intenstiy of fluorophetegged PHdomains reports on PIP3 levels in cells. (A)
Downstream signéihg of PIP3 is mediated by recruiting RE&ling PHdomain containing proteins to the plasmeembrane

(AKT, PDK, mTORC2). Membrane recruitment of suclorRéins can serve as a readout for PIP3 abundance in cells. (B)
Fluorescence intenstity of GEigyged BTHPHdomain or AKT-GFP does not change upon stimulation or inhibition of-PI3K
activity. (C) Stimulatiorandinhibition increasenddecrease phosphorylation of AKT (S473) respectiMedpAKT increase is
higher in GFransfected than in Pldomain expressing cells indicating interference of thedBidain with downstream
signaling. pAKT is tected more sensitively when overexpressinglémgth AKTAGFP. (D) Serautomated anaylsis of
membrane recruitment of PH(BT&JFP reliably reports on PI3K activity. Small grey dots indicate individual cells, colored dots
indicate means per experimentir& bars indicate standard errors of the mean between experiments3 experiments.

Mixed model between experiments, pd&ic comparisons Hokrorrected *** p < 0.001

7.1.2 Optimisingsensitive and specifimmunolabellindor membrane lipids

These challengesf visualsing PIPs with the overexpression methadjsethe question of why not
immunolabelling them likeommonly performedor assessing the phosphorylation status of proteins.
While there are commercially available antibodies capabldisiinguishing these minimal epitopes of

just one phosphate on a sugar head group of lipids, standard fixation and labelling protocols do not
preserve the loc@ation and abundanceof lipids Figure 26A). | therefore optimised a protocol
developed for visua@ingPI(4,5)Pby Hammond et al, 206¥to preserve PIP3 during immunolabelling
(Figure26B). Briefly, theoptimised protocoluses a cytoskeletal staisiing buffer (PHEMbuffer) and

fixesthe cells using paraformaldehyde and glutaraldehyde to ssabilortical actin and therefore
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membranecomposition It furthermore permeabiises the cells using saponin to retain Plisthe
membrane To prevent diffusion of lipids, all steps after fixation, including HH8ction, are
performed on ice before fixing the PHpBobe (a protein) and performg astandard immune
detection of the probel usedeither a specific monoclonal antibody (Echelon) or a-ta§gded purified
PHGrpl domain subsequently visisgd using antiGSHabellingas a PIP3 probe

The locdbkationof PIP3 using this protocelasspecific to plasma membrane compartmenEgure
26C, lower panel), while standard immunolabelling technigues using the sameIRS producel
an artefactualpunctate pattern at and below the plasma membrarPerforming the same specificity
test as for PHlomain overexpression in the previous experiment, FRaking specifically and
sensitively detected PI3K activation and inhibitiGiig(ire26D, ghmso:ns= 3.9. The sensitivityeffect
size 3.2)was considerablyhigher than usingnembrane recruitment obverexpressed PBTKGFP
(effect size 1.3Jo quantify PIP3 abundanc&urthermore, PIPBabelling can be quantifiedith an
easier readout of only intensity rather than membrane translocation.
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Figure26: Optinmsed staining protocospecifically and sensitively detects PIP3Cgllenges when sit@ng lipids:Commonly
used ddehyde fixationcrosslinkemino groupgmostlyproteinsindicated in grey, while lipids still stay diffusibl€ommonly
usedpermeabilsationtechniques (to get probes inside of the cell to label proteins and-leaBet lipids) like Triton X100 or
Methanol unspecifically wash out lipids and therefore alter the lipid composBiaponin specifically removes cholesterol
from membranes. Fingill antibodies tend to cluster and relosalunfixed anitgens, precluding an exact lasafion of PIPs.
(B) Optinised fixation and labelling protocol based on Hammond et28109 adapted to PIP8?(C) Comparison of standard
labelling techrjues and the optiised protocol inconfocal planes dl1E115 cells Note the aréfactual clustering of PIP3
signal using standard techniques. (D) Sensitivity and specificity e§faiRi®g on PI3K stimulated or inhibited NIE> cells.
Small ats indicde fields of viewlarge dots anaolorindicateexperiments, error bars indicate standard error of the mean.
= 3 experiments.Mixed model between experiments, pd&ic comparisons Hohtorrected *** p < 0.001.Panel D was
pulished as part dllieuwenhuis et al, 2020, Embo Mol M&él.
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7.1.3 PIP3 accumulates differently in GABAamgaglutamatergic neurons

Due to the easier quantification and interpretabilignd the higher sensitivityhen compared to the
overexpression protocols applied themmundabelling protocol tdabel PIP3 iprimary hippocampal
and cortical neuronsThe protocol sensitively and specifically laleel PIP3also in PTENeficient
neurons stimulated with PI3Kctivating growth factor BDNF and &llto do so where neurongere
pretreatedover night withthe PI3Kinhibitor GD@941 (Figure27A&B) Interestingly, baseline levels
for PIP3 appead low in PTENdeficientneurons as untreated conditions hardly sheshmore PIP3
labelling when compared to PI3ihibited neuronsCorroborating this minimal change in PIP3 levels
in neurons upon PI3khibition, also stimulation of wildype neurons with BDNF hardly incred$dP3
levels, while PTEMNeficient neurons shoed a time-dependent increase in PIP&igure 27C&D).
Whether PIP3 is transiently elevated in wiyghe neurons only very early (2 min timepoint) after BBNF
stimulation, requires more repetitionBut these data suggest thalhe labdling protocol works in
neurons and thaPIP3 levels amnore tightlycontrolled in neurons when compared to cell lines.
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Figure27: Immunolabelling reliably visuaks PIP3 in neurons. (8pecificity test for PIFabelling in PTEReficient (DIV6)
neurons treated with BDNF, the PiiBiKibitor GD&@941 or the combination(B) Quantification of PIP3 response to these
interventions. n=3 experiments. (C) Comparison of Bbéthated PIP3 incase over time in wildype versus PTEN deficient
neurons. Note thenrichment ofPIP3 signabnly inindividual cells in PTEND) Quantification of the PIP3 intensity shows
general trend for increased PIP3 levels over {iwith large variabilityonlyin PTEN deficienteurons (E) Higkintensity PIP3
staining after BDN#timulation is found in Gad@nriched cell§closed arrows), nead2 positive cells are low in PIP3 (open
arrows) Note: due to bleedthrough, the Gadhannelalso includes signal faruclear locaked RFRthe probe reporting
infection of CRE for PTHKletion). Dots and colour indicate individual experiments, error bars represent SEM, gray ribbon in
D represents the 95% confidence interval.
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Interestingly even inPTEMNdeficient neurans, PIP3 seeetto accumulate after BDNgtimulation only
in a subset of cells. @abelling cells for PIP3 and the GA8MAthessingGlutamate decarboxylase 2
(Gad2), as well as the comparably low percentage of -BtE@mulating cells in cortical and
hippocampal cultures suggests that these cells are GABAergic interngbigue2 7E)

This raises interesting questions about the regulation of BI§#Kaling in glutamatergic compared to
GABAergic celloes BDNF only increase PIP3 in GABAergic cells? The expression of the BDNF
receptor TrkB in adult cortical neurons is héghin GABAergic cells, and especially hippocampal
glutamatergic neurons seem to express low levels of Trk&vertheless, BDNF has been shown to
affect glutamatergic neuron®? suggesting a differential downstream signaling of RiIB®inated

effects in GABAergic and nétiP3dominated signals in glutamatergic neurofrsthis respect it is also
interesting to note, that the expregsi of Aktl, a major downstream effector of the Pi§8e of TrkB
correlates well with the expression of TrkB in GABAergic cells, while not so well in glutamatergic cells
(data again from adult singleell transcriptomic study as discussed abawed in Figure 1).%
Alternatively, PTENeficiency could target GABAergic cells differently to glutamatergic teftbis
respect it is intereshg to note that PTEN expression appears higher in adult glutamatergic neurons
compared to GABAergié.

Future experiments using different PEBKmuli (as an example, Fgéceptor 1 expresses strongly in
glutamatergic compaad to GABAergic neuronsduld test whether this PIRiBcrease is BDN$pecific
or whether PI3Ksignaling in general is regulated differently in glutamatergic neuriorsny case, this
differential PIPaaccumulation in glutamatergic vs. GABAergic neummpens interesting questions
regarding the PIBK/PTEN contribution to neurodevelopmental diseases with hysath@abalance
of excitatory and inhibitory signalling such as autism spectrum disdféler.

Regarding the sensitivity of PHpBobes in cells, several groups have proposed modifications of the
overexpression strategy. These improvements mainly facilitate the sensitive quantification of
membrane versus cytosekcruitment by either employing FRE¥ or microinjecting PHlomains
tagged with solvatochromic fluorophores that report membrane recruitm@na wavelength shiftt®

While all the PHnembrane recruitment techniques allow for liwmeonitoring of PIP2lynamics, they
have been shown to interfere more with endogenous P3RBaling tlan immunolabelling strategies

on fixed cell$*’ Adaptations of the immunolabelling strategy have focused on imrisiigimembrane

lipids while still retaining the possibility to label the internal leaflet of the plasma membrane or
increasing signal intensity. Strategiénclude freezdracture electron microscop$?! quantum-dot
labelled PHdomaing® or feeding cells with chemically modified fixable lipiefs.
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7.2 IMAGEANALYSI®OOLS

To facilitate high throughpguscreening of PLPPR3utants, | developed serasiutomated image
analysis strategies using a combination of ImageJ macros followed by data analysis in R. This section
will describe the general idemndusage and discusglvantages and caveats of tetaboraed analysis
pipelines. All macros and scripts are publicly accessible untpes://github.com/jo-fuchs

7.2.1 Filopodia and membrane lotsationanalysis cultured cells

All filopodia density and membrarsbundance measurements &ppr3effects in cultured cells in
Chapter 2 were performed with the Imaged macrodescribed below Https://github.com/jo-
fuchs/Filopodia_Membrane_recruitmentt requiresconfocal images of eell labelled for therotein
of interest andan independent membrane markeand optionaly can include inforration from a
nuclear staiing.

A convert selection to line, detect intensity peaks on line (protrusions)
refine cell selection

shift 3um outside of cell normalize by length of line (circumference)

B optional (if nucleus-stain):
refine cell selection create band (1pm) on membrane shrink band for intracellular signal perinuclear region

PLPPR3

Figure28: Filopodia and membrane recruitment analysis: (A) Filopodia detection begins bynefirof a cell area selection.
This area is converted to a 1um thick laved shifted outside of the cell tinen detect peaks of the resulting intensity profile
as protrusions. Dense protrusive areas are sometimes detected as bulges of the cell sedfareoyv, circumference
overestimated) but protrusions are nevertheless tegesl (white arrows) (B) Membrane abundance is quantified by creating
selection band around the membrane and shrinking the selection 3um inside for intracellular signal. If nuclei &elyisual
the macro optionally finds and measures the perinucéeea by shifting a selection band outside of the nuclear selection.
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The macro sequentially quantifies filopodia densitycellsand membrane abundance of a protein of
interest in a semiautomated technique that only requires selection of the cell of intefest
guantification of filopodia densit{fFigure28A), the cell selectioris refined using thecellmembrane
channel by median filténg followed by aHuang thresholddh a duplicate of image) and removing
small particles by particle analysi® reducedetails introduced by small protrusions and noise for a
less overestimatedjuantification of celcircumference this selection will b@pened (shrinking with
consecutivedilation of selectioh and subsequently anverted to a line. To detectmembrane
protrusions intensity peaks are detected on aintensity profile ofthis ine using the detect peaks
function of the BAR plugiff of ImageJdwith an adaptive threshold (median intensitpn line) anda
minimal peakdistance of 1.5 unilhe flopodia densityis calculated as the number péaksdivided by
cell arcumferenceas measuredby the length of this line. Comparison with manually measured
filopodia density Bows generally similar trends battendency for mordilopodia detections, slightly
overestimated circumferenceand slightly more variability than manualeasurementgnot shown)
Filopodia densities measured by this macro shoaoifdy be interpreted afte semiautomatically
measuring many individual cells (>28 per condition) Furthermore, the macro isore sensitive to
compae biological treatments withiran experimentthan for detecting absolutedensityof filopodia

To quantify nembrane abundancef a target protein Figure28B), therefined selection from abovis
compressedby 1 pm andconverted to a selectiomand of 1um thickness to matclthe plasma
membrane signal.For highest sensitivityof membraneintensity to internal membrane ratio, the
intracellular signal imeasured close tthe plasma membranénternal membrane signatend to be
lowest in peripheral cell areasas visible in the right panel Bigure28B). To this end, the membrane
selection iscompressedy 3um. To secure against fragmentationtbé internal selectiorfollowing
shrinking,only large enough areame kept. h case of elongated narrow cells this is sometimes not
possible as these elongate thin areas often fragment tmany small ares after shrinking The
intensities of membrane and intracellular barde subsequently measudein the channel ofthe
protein of interest as specified by the user

For manyERbasedproteins, thesignalintensityis strongestiroundthe nucleus (perinuclear)n case

the comparisorof membrane intensity to perinuclear areamore interestindgor a biological question,

a nuclear stain can be used to firgdselection for the perinuclear area in this madtwe nucleusis

detected by mediasiiltering and Momentsthreshold (ona duplicate ofthe nucleus channel of the

image) and removing small partsl by particle analysiSubsequently, a selectidmand around the

nucleus is createdndused to measur¢he intensity of the protein of interest in its channdh case

of multinucleated cedl, aconvex hullaroundall nuclei in the celelection igreated as theWNBE € S G y (i
nucleu®? F2NJ LISNA ydzOt.SFNJ 6FyR 3ISYSNIGAZ2Y

All membrane abundance quantifications in Chap&were based orthe membrane to internal
membraneintensity ratia The reliability of the measuremertas been validated by manually scoring
the plasma membrane abundance tfe PLPPRB8atalytic-centre mutants (section2.3.3 Figure9)
giving same trenddor the quantifed mutantswhen comparing tfs ratio with the fraction of
membranerecruited cells / total cells.
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7.2.2 Membrane recruitment of Ridomains

For more locased accumulationsthe total plasma membrane vs. cytos@tio as provided above
would not bea sensitiveor meaningful readoutTherefore,for PHdomain accumulationsised to
report plasma membrand’IP3(Section7.1.1), membrane recruitment wadetermined using a line
profile acrossresponding parts in &ell followed by an analysis pipeline including ImageJ and R
(https://github.com/jo-fuchs/PH_domain_membrane_recruitmgnt

The manual part of tis analysis comprises drawing lines across all cells on a confocal stack-in the z
plane that best describes the membrane recruitmeht protein of interest (P{domain) and storing

them in the ImageJ ROI manager. The recommended thickness of this line is above 10 px to reduce the
influence of noise on subsequent measurements. A macro then exports the intensity profiles of the
line stoed in ROManager as individual tftles.

A Peak and cytosol detection B Raw data Aligned to F-actin peaks
F-Actin Dapi WM F-Actin Ml PH-Domain
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Figure29: PHdomain membrane recruitment analysis. (4)e profiles reliably report for membrane recruitment of PH
domairs. Cell surface vistuiaéd by Factin, cell nuclei by Dapiine profile comparison shows overlap e&dtin and PH
membrane peaks, and loéshtion of PHdomain to nucleus. The analysis allows for automated quantification of membrane
to cytosol ratio bythe cytosol defined as the center area betwebe actinpeaksor asthe minimal region of PHdomain
signalin the cell to avoid confounding by nuclear lasation of probes (B) Aligningndividualline profiles(grey lines)y
position of the two largest-Bctin or membrane marker peaks allows for more precis@r@gion of membrane recruitment
variability between cells. (C) Visisalgtrend lines for membrane enriched (red) versus cytosol enrighee)cells captures
phenotypes of pharmacological treatments and also variability between(b&fteer describedn section7.1). (D) Ratio of
PHBTK membrane intensity and minimal intensity in cytosol reliably and sensitively i@pBif3 levels.
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Further processingsesR for quantifyinghe membrane abundanceompared to thecytosolic signal
defined ascentre areabetweenthe cell membrane peaks as defined by either a membrane marker

or cell cortex enriched-&ctin. As ®me PHprobes (e.g., BTK(PHEFP)enrich alsoin the nucleus
cytosolic signal is better capturedte WY A YA Y I f & Figuyg29A)Q Ay OStfaod ¢

Fora better visuaisation of cell to cellvariability, this Rscriptalso allowgo overlayline profiles by
aligning thePHdomain signal to théwo largest Factin peaks Kigure29B), and normasingto the
maximalintensityof the PHdomain probgFigure29C). Classificationf these individual tracesy their
membrane to cytosol ratigFigure29D) and plotting the local average (loesgjh 95% confidence
intervalsallows for amore realisticvisualsation of the variability between cells imariousbiological
treatments when compared ttraces ofindividualcells.Indeed, the nrembrane enrichment of PH
domainswas not dramatic, when comparinquultiple cells rather than only the highest responders.
Neverthelessijt sensitively and specifically reped pharmacological manipulations of PI3K acjivit
(Figure29D, experiment described iRgure25, section7.1.1).
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7.3 FULLY AUTOMATED BRABCASSIFICATIOREVELOPING CULTUREDRONS

Quantification of the morphology of cultured neurons as performed in Chapgea powerful tool to
refine the exact structure ofheuron developmentand their contributing proteins. Unfortunately,
specifically axon morphology is mainly quantified manually in the figdohg tools like Neurof? as

for the experiments presenteth Chapterd) due to the lack of accurate and tirsaving automated
solutions. To facilitate screening of PLP#R@Bants and pharmacological treatments in cultured
neurons, | collaborated with Dr. Amin Zdtabian fom the laboratory of Prof.Helge Ewers
(BiochemistryFreie UniversitaBerlin) to developa fully automatecanalysis tootapable of providing
the desired readoutsThe strategy was developed in close collaborasind theinitial implementation

of the software inMATLABvas executed bpr. Amin Zehtabian. | subsequently refined and recoded
the classification and parts of the segmentation step as well as validated the software on manually
analysed neurons from sectigh2.2and 4.3.20f this thesisResults and figures from this section are
currertly being prepared for submission.

The developed tool first detects neuronal processes dne soma of individual neurons on
epifluorescenceimages or intensityprojections of confocal imagesin( steps referred to as
WasS3aySyidldAaz2yQ I yRo a{2dvd a NBd22 y ik thaNHzOl k dgtddied, O
and processes are classified as axon or dendrite with their respective braftiedial step measures
individual lengths of each classified process as well as summary statistics per neuron.

7.3.1 Segmentationof neuronal processes and soma reconstruction

Neuronal processes are tubular structures of similar diame®ATLAR fibermetric function that
uses Hessiabased multiscale filtering to detect vessiéde structures on image®$® also enhances
neuronal processes well on our imag€sglure30A&B) if provided with a reliable estimate of neurite
diameter. Default thickness is set topn butcan be specified by users according to the exact neuron
type in question.The tubuleenhanced image is subsequently biisad by thresholding.

Asedges introduced by stitching of images are aiffen mis-detectedas neurites, an artifaatemoval
step deletes all perfectliiorizontal or vertical stretches of the image that exceed 300 pixel in length.
An optional gagridging step can be used to repaicomplete segmentations due to low signal to
noise or varying titkness of processel. connects the closest endpoints of separate objects on an
image that are below a maximal allowed gap sigextendingan algorithm described ithe MATLAB
user forum (https://de.mathworks.com/matlabcentral/answers/2198 #nary-imageedge
linking#comment_289138Gap bridging can successfully reconnectilot@nsity protrusions but also
sometimes creates artifacts as vigsall in the small insets ifrigure30B. Tlerefore, the gap size
should be chosen carefully and optsed to the specific images.

This enhancemenof tubular structures detects neurite morphologyell but fails to find the exact
extent of the cell body. The soma is subsequently reconstrueitber by filling enclosed structures in
the detected neurite skekon or, if unsuccessful, by subsequent intensity thresholding of the raw
image(Figure30C) The filling strategy begins with finding soma candidate regions wherd fiigions

in the skeleton overlap most with an intensity thresholded imaljee two largest candidate regions
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are dilated and used to select the subregion of the skeleton most likely to contain the soma. If filling
in only this region increases the sizdlud largest object on the image by over 1%, it is accepted as the
soma. Otherwise, the soma is found by a thresholding strategy that first finds candidate regions based
on overlap of intensity threshold and skeleton. The largest candidate region isausebtbtt the soma

by intensity thresholding.
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Figure 30: Segmentation strategy for epilfuorescence images of-t@FRfected cultured neurons. (A) Workflow of
segmentation algorithm with example images for each step in (BSd@p reconstruction via filling of candidate regions

defined by intensity thresholding or by intengfiyesholdingof raw image Figure in preparation to submission.
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7.3.2 Classificatioof axon, dendritesand branches

The tassificatiorstep (Figure31A) begins with a detection of the exact outlines and area of the soma
using a threshold of area to bounding b&ubsequently, the segmented image is transformed to a
skeletonof 1pxthick paths and paths coinciding with the soma are remo@this image, processes
originating from the soma are detected and classified as axon (the longest path) and dendrites
(remaining paths). Branches are detected iteratively starting wiilmg@ry branches of the axon,
followed by as many higherder branches as are detected before proceeding with the same sequence
for dendrite branches. The iterative branch detection has a hard cap of maximal 10 orders of branches,
however most neurons doot exceed 4 orders of branches.

At the core of thisneuroi®f @A A FASNI A& | Ydzt (A Figae@iB)Feyibnfy WYTFA Y F
given start point (selectioniscussed below) it will find the longest connected path based on the
geodesic distance transform from the start point. The geodesic distance transform pixelwise counts

the distance of any point on @nnectedpath to its origin?>® Unconnected parts of the skeleton are

labelled asnfinitely distant.If the maximal distancom a start points reached at an endpoiwuf the

analysed skeleton, it is subtracted from tigeodesic distance transform from that endpaifithe

minimum of the difference of both transforms gives the direct connectiigyre310).

If the skeleton contains circular structures, the maximal geodesic distianzfen not found on an
endpoint. In such cases, circular structures are removed by-thacing from the maximally distant
point to the branching point that gives rise to the circular structure. Subsequently the connecting pixel
of one of the two brancés is deleted and the path detection for the given start point is restartied

the length of this path surpasses a minimal length threshold, it is stored as a preliminary classified
path, otherwise both startand endpoints are deleted, and the detectedtp is removed from the
currently analysed skeleton. This ensures following refining steps are repeated only on relevant parts
of the skeletonOften, the classified paths in preliminary set overlap with each other. Therefore, in
case overlap is detectethe longest path is transferred to the classification result and removed from
the skeleton to avoid detection when reclassifying the other paths. All remaining start points are
iteratively reclassified until no further overlap is detected.

Start points orthe soma are defined as morphological endpoints of the soma that overlap with the
refined skeleton lacking the soma pariSiqure31D). Start points on any given processset of
processes for subsequent branch detectiare found as the difference of endand branchpoints
before and after removing the given process from the skelefagure31E).

The general strategy of this classifier is to iteratively remove classified parts from the skeleton. This
avoids overlap between classified paths and speeds up classification with every iteration. The minimal
length threshold allows for a detéion of branches independently of branch precursor structures.
Furthermore, in contrast to morphological branpbint detection, the length thresholding is less
susceptible to noise and tortuous paths of the skeleton that often give rise to minor pracekealy

few pixels in size. In case branch precursor structures are of interest, the minimal length threshold can
be adjusted and potentially combined with a filter for maximal protrusion lengthdigtinguish

branches later.
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Figure31: Classification strategy of segmented images. (A) Genkrssification workflow. After classification of the soma
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order branches. (B) Architecture of find paths algorithm. Each start point (as found in D & Bjeugeedesic distance
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resolved dring the classification. (C)he ninimum ofthe difference ofgedodesic distance transforms finds the direct
connection between two points. (D) Detection of start points &ih mletection on soma. (E) Detection of start points on
processedrigure in prparation to submission.
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7.3.3 Comparison cdegmentation and classificatietrategies

To evaluate, the tool was tested on the manually analysed neurons described in sdc8dhand
4.3.2 | compared the reliabilityaccuracyand speed of differentersionsduring developmentv02
refers to the original segmentation algorithm byDr. Amin £htabian; v03 refined the soma
reconstruction and noise removal of stitching artifact®5 introducedadditional gapbridging The
original classifier was only tested with vO2 of gegmentation algorithm on a random subset of the
data due to the long processing duration discussed below.
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Figure32: Comparison of segmentation and classification strategies on a manually analysed dataset of neurongi(8&ttion
and4.3.2. (A) Fraction of analysable cells, segmentation and clag&fiareliability using different strategies. (B) Comparison
of quantitative readouts generated frosegmentation and classificatiaogirthmsto manual quantiication. (C) Duration

of segmentation algorithms. Bridging gaps by connecting endpoints (das)approximately 8 sec peeuron.(D) Duration

of classification algorithmdNew classification strategyas order of magnitude faster (median original: 35 min, median new:
1:40 min). (E) Duration of classification versus total length of neurons.sftiype scalesxponentiallywith neuron size.
Measurements in-€ areon logarithmic scalesndividual dots indicate individual neurons. Compared strategies: v02 = original
segmentation algorithm developed By.Amin Zehtabian; vO3 = modified artifact removal and soma reconstruction described
above; v05 = v03 wi added gap bridging. Original classifier as develope®hy\min Zehtabian, new classifierassa
completely refined classification algorithm as desedi above.
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The analysed ataset comprised 888pifluorescence images of culturélV5hippocampalneurons
transfected with GFPAs tle automated analysistrategy is only lengthand connectivitybased, the
tool is unable to distinguish overlapping cealisstaining artifacts connected to the neuron of interest
Therefore204imageswere removeddue to low signato-noise ratio or due to multiple overlapping
cellg prior to submitting them to thebatch analysis(Figure32A). Users of the toohre therefore
advised toadjustlabelling andmaging settingsiccordingly tgroduce a high ratio afparsely labelled
healthy cells that do not overlap.

Of the remaining 67%eurons, all were segmented and analysed with the new classifier. For the
original classifier, only a set of 100 neurons was random sampled due to the long duration of the
classification Eigure32A top). The original segmentation (v02) reconsteacapproximately 80% of
neurons without obvious artifacts such as missing somata or large stitching artiFagtse32A
bottom left). The refined segmentation without (vO3) or with gap bridging (v05) cagtomest
neurons without large defects (989%). Classification was scored unsuccessful only if individual
processes were not classifieti @l. Both classifiers presesd with a very high reliability to produce
results Figure32A bottom right). The refined versions of the segmentation algorithms alitfar the
automatedanalysis of more images than the original segmentation.

The accuracy of segmentation and classaifon was determined by comparing quantitative
measurementf the automated and manual datasdietween individuaheurors (Figure32B). All
segmentation and classifition versions very closely matahtotal lengths of the complete skeleton,

of the axons and the dendrites. Dendrite branch density of original classifier was overestimated due to
a lacking check for a minimal lendtr dendrites.Axon branch densityery closely matché manually
measured densities, although all versiatightly overestimag. Gapbridging(v05)slightlyreduced the
absolute deviation to the manual quantification as visible by a reduced variabikigume32B.

All analyses were performed on a laptop (Intel(R) Core(TH896b6U CPU @ 1.80GHz, 1.99 GHz, 16 GB
RAM, Windows 10 64bit system) and are therefore likely faster on more powerful desktop
workstations. Nevertheless, the median time per segmentati@sin the range of few seconds per
image: v02: 9 sec; v03: 10 sec; additionalgagdging (v05): 18 sec per imagfeégure32C) Theoriginal
classifier, however, tooR5 min per neurorfmedian)with individualneuronsclassifyingor 16 hours.

The recodedclassifiertook 1:40 minper neuron (median). For this reasoonly a sample of 100
neuronswas analysed withthe original classifier anthe reliability and accuracy estimates for the
original classifier ifrigure32A&B are only partially coparableto the results on the full dataset with

the new classifier.

The duratiors of both segmentation and classification scabeponentiallywith the length of the
neuron and size of the imag€igure32E). Therefore, lower resolution images (labelled 20x objective
instead of the original 40x objective imageshigure32E) are classifiedrders of magnitudes faster
while large images or neurons can easily take over an hour even for the new clagkdig¢ool is
mainly suited for early developmental stages when neurons are still small.
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7.3.4 Bvaluation ofsensitivity to detect biological pherypies

The final evaluation of accuracy and sensitivity of the tool was perforom@dg version 5 of
segmentationin combination with thenew classifieon the neurons manually analysed fegctions
4.2.2(DIV5 Wt versuRlppr3’ and PlppB”-) and4.3.2(DIV5 WtPlppr3- with or without ShPTEN).

Figure33: Testing automated classification accuracy on a manually analysed dataset of neurons &2ctiand4.3.2). (A)
Description of the dataset. 204 neurons were excluded prior to andlysitnoise or overlapping neursn(B) Duration of

the classification and segmentation steps of the sofsveompared to neuron sizElot showslogarithmically scaled axes.

(C) Example classification results comparing manual and automated analyBisCd®parison of manual and automated
quantifications of most relevant morphometric parameters for individwerons. Total lengths of neurons (D), axons (E) or
dendrites (F) and their ratio (I) very closely match manual quantifications. Automatic quantification of axon branch density
(G)correlates well but slightly overestimates, dendrite branch deliditis less accurate but largely susceptible to the small
dendrite size in the dataset-I() Comparison ohanually and automated quantification of experimental grofnpsn section

4.3.2 The correlation of automated to manual quarmtfion is high enough to detect biological differences between

treatments.Figure in preparation to submission.
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