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Abstract ぬな  ぬに Actin┽based protrusions are reinforced through positive feedback┸ but it is ぬぬ unclear what restricts their size┸ or limits positive signals when they retract or ぬね split┻  We identify an evolutionarily conserved regulator of actin┽based ぬの protrusion┺ CYR) ゅCYF)P-related Rac interactorょ also known as Famねひ┻  CYR) ぬは binds activated Racな via a Domain of Unknown Function DUFなぬひね┸ shared with ぬば CYF)P┸ defining DUFなぬひね as a Racな┽binding module┻  CYR)┽depleted cells have ぬぱ broad lamellipodia enriched in Scar【WAVE┸ but reduced protrusion┽retraction ぬひ dynamics┻  Pseudopods induced by optogenetic Racな activation in CYR)┽depleted ねど cells are larger and longer┽lived┻ Conversely┸ CYR) overexpression suppresses ねな recruitment of active Scar【WAVE to the cell edge┸ resulting in short┽lived┸ ねに unproductive protrusions┻  CYR) thus focusses protrusion signals and regulates ねぬ pseudopod complexity by inhibiting Scar【WAVE┽induced ねね actin polymerization┻  )t thus behaves like a ╉local inhibitor╊ predicted in widely ねの accepted mathematical models┸ but not previously identified in cells┻  CYR) ねは therefore regulates chemotaxis┸ cell migration and epithelial polarisation by ねば controlling polarity and plasticity of protrusions┻   ねぱ 



 ぬ

Introduction ねひ  のど Cell migration is an ancient and fundamental mechanism whereby cells exert のな control over interactions with their environment┻  The actin cytoskeleton is the のに main driver of cell migration┸ with dozens of proteins controlling actin のぬ organisationな┻ Actin protrusions┸ or pseudopods┸ govern migration┸ however the のね feedback loops controlling assembly┸ splitting and disassembly of these のの structures is an area of active debateに┻   のは  のば The Scar【WAVE complex is the main driver of Arpに【ぬ┽mediated branched actin のぱ networks underlying pseudopod generation┻ The complex consists of five のひ subunits CYF)P┸ NCKAPな┸ Scar【WAVE┸ AB)┸ (SPCぬどど ゅnomenclature in はど Supplementary Table なょ┻  The main Arpに【ぬ activating subunit┸ Scar【WAVE┸ is はな autoinhibited until signals trigger a conformational change┸ exposing an Arpに【ぬ はに activation sequence ぬ┸ ね┻  The Scar【WAVE complex is recruited to acidic はぬ phospholipids in the plasma membrane via a patch of basic chargesぬ and via はね interaction with the small GTPase Racなの┽ば┻ はの  はは Many motile cell types steer by splitting pseudopods into two or more はば daughters┹ selecting pseudopods from the split for retraction【maintenance はぱ provides a directional bias steering cells up chemotactic gradientsぱ┻  Actin and はひ associated signal transduction networks form excitable systems that propagate ばど in waves and self┽limit to drive protrusion and retractionな┸ ひ┸ など┻  Actin and ばな associated cytoskeletal components likely control their own excitability in ばに concert with signaling lipids┸ but dynamic interplay between ╉on╊ and ╉off╊ ばぬ signals is essential for migration to be plastic and responsive┻ ばね  ばの Negative regulators of Arpに【ぬ complex include Gadkin┸ which sequesters Arpに【ぬ ばは at the trans Golgi network and endosomesなな┻  Another inhibitor┸ Arpin mimics ばば the activating sequence of Scar【WAVE but inhibits the Arpに【ぬ complex なに┻  (ere┸ ばぱ we describe a negative regulator of the Scar【WAVE complex┸ CYR) ゅencoded by ばひ the FAM49 geneょ┸ an evolutionarily conserved protein that mimics the Racな ぱど interaction domain of CYF)P and promotes dynamic pseudopod splitting┻ ぱな  ぱに  ぱぬ 
Results ぱね 
CYRI is an evolutionarily conserved N-myristoylated protein with ぱの 
homology to CYFIP ぱは We sought new Scar【WAVE complex interactors by precipitating GFP┽fused ぱば NAPな ゅfor nomenclature see Supplementary Table 1ょ from napA knockout ぱぱ rescued Dictyostelium cells┻  Reversible formaldehyde crosslinking in celluloなぬ ぱひ stabilised transient interactions and GFP┽Trap immunocapture recovered ひど Scar【WAVE┸ AB)┸ (SPCぬどど and P)Rなにな┻  Another interactor was identified as ひな Famねひ ゅFAMily of unknown function ねひ┹ Fig 1a and Supplementary Table 2ょ┻ ひに Although FAMねひ did not co┽precipitate with the Scar【WAVE complex in the ひぬ absence of crosslinking┸ we focused on it for two reasons┻  Firstly┸ FAM49 is ひね highly conserved across evolution and is roughly co┽conserved with the ひの Scar【WAVE complexなね┸なの ゅSupplementary Fig.1aょ┻ Secondly┸ Pfam and )nterPro ひは identified FAMねひ as uniquely sharing a DUFなぬひね domain with the Scar【WAVE ひば 
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complex subunit CYF)P ゅFig. 1b and Supplementary Fig.1bょ┻  FAMねひ proteins ひぱ comprise mostly DUFなぬひね┸ while CYF)P proteins contain a cytoplasmic fragile X ひひ interaction domainなは (Fig. 1b)┻   We renamed FAMねひ to CYR) for CYF)P┽related などど 
Racな Interactor┸ in mammals┸ represented by CYR)┽A ゅFAMねひ┽Aょ and CYR)┽B などな ゅFAMねひ┽Bょ and henceforth we use this nomenclature┻ などに  などぬ The DUFなぬひね region of CYF)P┸ highlighted in red ゅPDB ぬPぱC and Fig. 1c) partly などね overlaps with the published Scar【WAVE complex Racな interaction site┸ in などの particular Rなひど in CYF)Pなぬ ゅFig. 1c┸ Black arrow and blue ballsょ┻  Modeling the などは structure of the DUFなぬひね of CYR)┽B using Phyreに┸ reveals structural similarities などば with CYF)P (PDB ぬPぱC and Fig. 1d)┻  The analogous Rなはな of CYR) (Fig 1d blue などぱ sidechains┸ and e red box) is part of a highly conserved ぬぬ┽amino acid stretch などひ ゅスばのガ similarityょ across diverse phyla ゅSupplementary Fig. 1b-cょ┻ Rなはど is also ななど conserved in CYR) but replaced by lysine in CYF)P ゅFig. 1d-e and ななな 
Supplementary Fig. 1b-c)┻ ななに  ななぬ The N┽terminal glycine┽に of CYR) proteins encodes a putative myristoylation ななね siteなば┽なひ (Fig. 1f)┸ which is not conserved in CYF)P┻  We confirmed the ななの myristoylation of CYR)┽B by assessing the incorporation of myristate analogue ななは ゅCなね┺ど┽azideょ onto Gに using CL)CK chemistry in cellulo┻ Mutation of this glycine ななば to alanine abolishes the CL)CK signal (Fig. 1 g-h)┻ ななぱ  ななひ )n summary┸ we have defined CYR)┸ an evolutionarily conserved protein with a なにど putative Racな┽binding DUFなぬひね module┻  Furthermore┸ N┽terminal なにな myristoylation suggests CYR) may dynamically associate with the plasma なにに membraneにど┸ where active Racな stimulates the Scar【WAVE complex to catalyse なにぬ lamellipodial expansion┻ なにね  なにの 
CYRI interacts directly with activated Rac1 in vitro なには (omology between CYR) and CYF)P (Supplementary Fig. 1b)┸ suggested なにば potential interaction with Racな┻ Yeast two┽hybrid screening with RacなGなにV as bait なにぱ retrieved CYR)┽B from multiple cDNA libraries (Supplementary Fig. 2a)┻ The なにひ core interacting sequence of CYR)┽B encompasses amino acids ぬど┽にぬは ゅhereafter なぬど the Rac Binding Domain ┽ RBDょ┸ (Supplementary Fig. 2b-cょ┻ GFP┽RBD expressed なぬな in C(L┽な human melanoma cells interacted selectively with GST┽RacなQはなL but not なぬに GST┽RacなWT┻  Mutation of CYR)┽B Rなはど or Rなはな ゅin GFP┽RBDょ to aspartic acid なぬぬ abrogated this interaction (Fig. 2a-c and Supplementary Fig. 7). GST┽CYR)┽B なぬね RBD and MBP┽Racな also showed robust interaction (Supplementary Fig. 2d-f なぬの 
and Supplementary Fig. 7)┻  )n this assay┸ CYR) does not co┽precipitate with なぬは RacなTなばN┸ RacなGなにV┸ or Racな WT┸ likely due to the low affinity of CYR)┽B for Racな┻ なぬば (owever┸ the double mutant Racな PにひS【QはなL┸ recently shown to have a high affinity なぬぱ for the Scar【WAVE complexにな┸ displayed enhanced binding to CYR)┽B RBD ゅｂぬ┽なぬひ ぬ┻の┽fold increaseょ over RacなQはなL  but no enhanced binding to Pakな┽CR)B なねど ゅSupplementary Fig. 2 d-f and Supplementary Fig. 7ょ┻  Using surface plasmon なねな resonance┸ immobilised CYR)┽B RBD specifically interacted with Racな QはなL with a なねに 
Kd of にば ヅM and the reverse assay┸ with Racな QはなL immobilised returned a Kd of なねぬ にに ヅM (Fig. 2g)┻  As CYR)┽RBD shows no homology to CR)B ゅCdcねに and Rac なねね interaction bindingょ motifs┸ we probed the specificity of the interaction of CYR) なねの between Racな┸ RhoA and Cdcねに┻ Once again┸ CYR)┽RBD interacted robustly with なねは 
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RacなQはなL but not with constitutively active RhoAQはぬL or CdcねにQはなL (Fig. 2d, なねば 
Supplementary Fig. 2g-h and Supplementary Fig. 7)┻  Thus CYR)┽B RBD なねぱ interacts specifically with active Racな┻ Two conserved basic residues in the なねひ DUFなぬひね ゅconserved in CYF)Pょ mediate this interaction┻  This suggests a signal┽なのど regulated interaction between active Racな and CYR)┸ similar to the Racな┽CYF)P なのな interaction┸ defining DUFなぬひね as an active Racな interaction module┻ なのに  なのぬ 
CYRI interacts with active Rac1 in cells  なのね We next explored the Racな┽CYR) interaction in cells┻  Proximity ligationにに なのの revealed an interaction between RacなWT and CYR)┽B in COS┽ば cells┸ as well as a なのは stronger interaction between RacなQはなL (Fig. 2h-i and Supplementary Figure 2i-なのば 
l)┻  Mutation of key arginines in CYR)┽BRなはど【なはな┽(A abolished this interaction and なのぱ dominant negative RacなTなばN showed no interaction (Fig. 2 h-I and なのひ 
Supplementary Fig. 2i-l)┻   Targetting either CYR) or RacなA to mitochondriaにぬ  なはど 
(Figure 2j) in Dictyostelium┸ revealed that CYR)WT┸ but not CYR) mutated for the なはな analogous Rなのの【なのはD┸ strongly co┽recruits active RacなA PにひS【 QはなL┻ The Pearson╆s なはに coefficient of fluorescence correlation ゅPCCょ for RacなA┽mCherry┽mito and the なはぬ GFP┽fusions revealed a PCC of the positive control CR)B┽PBD ど┻ぱど ゅSD┺ ど┻にど ‒ なはね nサはょ┹ CYR)WT ど┻ばば ゅSD┺ ど┻にな ‒ nサぱ cellsょ┹ and CYR)Rなのの【なのはD ど┻どの ゅSD┺ ど┻なに ‒ nサなね なはの cellsょ┸ where な サ perfect┸ どサ no correlation and ┽な サ excluded┻ The PCC for RacなA┽なはは mCherry and GFP┽mito┽fusions were┺ CR)B┽PBD ど┻ぬぬ ゅSD┺ ど┻なに ‒ nサはょ┹ CYR) WT なはば ど┻ねね ゅSD┺ ど┻なひ ‒ nサなに cellsょ and CYR) Rなのの【なのはD ┽ど┻にぬ ゅSD┺ ど┻どの ‒ nサは cellsょ┻  CYR)┽なはぱ GFP did not co┽localise with a control mitochondrial reporter mCherry┽gemAtail なはひ ゅPCC サ ┽ど┻どはょ ゅSD┺ ど┻なの ‒ nサは cellsょ┻  Thus┸ CYR) interacts with activated Racな┸ なばど mediated by key conserved arginines┸ in both mammalian and Dictyostelium なばな cells┻ なばに  なばぬ 
CYRI opposes recruitment of the Scar/WAVE complex to lamellipodia なばね Knockdown or knockout of CYRI-B by siRNA or CR)SPR in COS┽ば or C(L┽な cells なばの did not affect proliferation┸ but promoted unusually large and broad lamellipodia なばは highly enriched in WAVEに (Fig. 3a-b, Supplementary Fig. 3a-g and なばば 
Supplementary Fig. 7)┻  Cells spread over a larger area and adopted a ╉fried┽なばぱ egg╊ phenotype┸ correlating with an increase in circularity (Fig. 3c-d, なばひ 
Supplementary Fig. 3e-g)┻ Expression levels of Scar【WAVE complex subunits なぱど are not obviously altered in cyri-b knockout cells (Supplementary Fig. 3h and なぱな 
Supplementary Fig. 7)┻  Cell area and circularity were both rescued by re┽なぱに expression of untagged CYR)┽BWT┸ but not the Racな┽nonbinding Rなはど【なはなD なぱぬ mutant (Fig. 3e-f, Supplementary Figure 3i-k and Supplementary Fig. 7)┻  なぱね CYR)┽BGにA which cannot be N┽myristoylated failed to rescue the phenotype (Fig. なぱの 
3g-h, Supplementary 3l-m and Supplementary Fig. 7), reinforcing the なぱは importance of CYR) lipid modification┻ cyri knockout Dictyostelium cells also なぱば showed enhanced recruitment of the Scar【WAVE complex ゅGFP┽(SPCぬどど なぱぱ reporterょ to a much broader leading edge (Supplementary Fig. 3n � yellow なぱひ 
dotted line and Supplementary Movie 1)┻ Moreover┸ Scar【WAVE patches in なひど 
cyri knockout cells are ill┽defined but longer┽lived┸ suggesting CYR)╆s ability to なひな suppress Scar【WAVE complex activity outside of active protrusions┻ なひに ゅSupplementary Fig. 3n, heat map).  We conclude that CYR)┸ via its interaction なひぬ with active Racな and membrane targeting┸ opposes active Scar【WAVE complex なひね 
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at the plasma membrane and thus drives the formation of more focused and なひの sharper lamellipodial protrusions┻ なひは  なひば To determine the requirement for Racな for the phenotype of cyri-b knockout なひぱ cells┸ we co┽depleted Racな and CYR)┽B from mouse tail skin fibroblasts with なひひ ROSAには┽Cre┺┺ERTにギ┹p16Ink4a┽【┽┸ Rac1fl【fl  genotypeにね┸ treated with にどど hydroxytamoxifen ゅO(T┸ to induce deletion of Rac1ょ and then with siRNA against にどな 
Cyri-b ゅSupplementary Fig. 3o and Supplementary Fig. 7ょ┻  Deletion of Rac1 にどに led to a spindle┽shaped morphology and a loss of lamellipodia as previously にどぬ described にの┽にば┻  Loss of CYR)┽B did not cause excessive lamellipodia or rescue にどね circularity in Rac┽deleted cells (Fig. 3i-k). Thus┸ Racな is absolutely required for にどの CYR)┽B driven actin reorganisation┻ にどは  にどば The increased circularity of cyri-b depleted cells is reminiscent of Racな にどぱ hyperactivation phenotypesにぱ┸ suggesting that CYR)┽B might buffer Racな activity┻ にどひ )ndeed┸ a dark acceptor mTqに┽sREAC( Raichu FRET probeにひ┸ ぬど showed a になど consistent increase in Racな signaling activity in CYR)┽B depleted cells┸ as になな measured by FRET efficiency in both COS┽ば (Fig. 3l-m) and C(L┽な cells になに 
(Supplementary Figure 3p-q), which was confirmed by biochemical pulldown になぬ 
(Fig. 3n-o and Supplementary Fig. 7)┻  Together┸ these data indicate an になね increase in Racな signaling activity in CYR)┽B depleted cells┻  Conversely┸ になの inducible overexpression of untagged CYR)┽B (Supplementary Fig. 4a-b and になは 
Supplementary Fig. 7) resulted in fractal┽like lamellipodia┸ decreasing WAVEに になば recruitment┸ cell area and circularity (Fig. 4a-d, Supplementary Fig. 4c-f � になぱ Vehicle┽treated controls)┻  )n parallel┸ overexpression of CYR)┽B also drove a になひ decrease in the Racな activity signal of the Raichu FRET probe ゅFig. 4e-f) which ににど was fully reversed by an Rなはど【Rなはな double mutation (Fig. 4g)┻ Thus┸ CYR)┽B ににな opposes Racな┽Scar【WAVE mediated expansion of lamellipodia protrusions┻  ににに Adding a GFP┽tag to either end of CYR)┽B interfered with its function┸ precluding ににぬ dynamic analysis┸ likewise┸ available antibodies to FamねひB did not give specific ににね staining by immunofluorescence┸ but CYR)┽B┽FLAG showed significant co┽ににの enrichment with WAVEに at leading pseudopods (Fig. 4h-i)┻  Thus CYR) co┽にには accumulates with WAVEに at lamellipodia protrusions┻ Overall┸ cyri-b knockout ににば cells show broader Scar【WAVE driven lamellipodia and increased Racな ににぱ activation┸ supporting a role for CYR)┽B as a buffer of Racな and Scar【WAVE ににひ complex activation activity at the leading edges of cells┻ にぬど  にぬな 
CYRI regulates the duration and extent of protrusions にぬに We next sought to determine the consequences of CYR)┽B depletion for にぬぬ lamellipodial actin dynamics┻  First┸ we observed actin dynamics live using fast にぬね frame┽rate videos in C(L┽な cells expressing GFP┽Lifeact (Fig. 5a � Left panel and にぬの 
Supplementary Movie 2).  We tracked the cell edge and used unwrapped にぬは ゅpolarょ kymographs ゅFig. 5a middle panelsょ to visualise and measure the area of にぬば protrusion (yellow colour) versus retraction (purple colour) over time┻  Control にぬぱ cells showed small but rapid bursts of actin┽based protrusion ゅyellow patches on にぬひ kymographょ┸ while cyri-b knockouts had longer┽lived less dynamic responses にねど 
(Fig. 5a,b)┻ )f CYR)┽B buffers Racな at the lamellipodium┸ we speculated that cyri-にねな 
b knockout cells would struggle to restrain protrusion formation upon Racな にねに activation┻ To investigate this┸ we used the Racな┽LOV optogenetic probe┸ which にねぬ 
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triggers activation of Racな with blue light ぬな┻ Racな was activated with pulses of にねね blue light in a discrete area on the cell periphery (Fig. 5c-d and Supplementary にねの 
Movie 3)┻  Cyri-b knockout cells showed a more sustained and extensive にねは protrusion response and increased peripheral propagation of lamellipodia (Fig. にねば 
5e-g)┻  Thus┸ CYR)┽B limits Racな┽ mediated activation of the Scar【WAVE complex にねぱ and shortens the Racな┽activated protrusion┻ にねひ 
 にのど 
CYRI focuses actin assembly in leading pseudopods to promote plasticity of にのな 
migration にのに Plasticity of protrusion is important for directional migration┸ such as during にのぬ chemotaxis┻ C(L┽な melanoma cells are normally nearly static when seeded at にのね low density in にD┽culture┸ but cyri-b knockout cells migrated な┻の┽に┽fold faster にのの ゅFig. 6a-b and Supplementary Movie 4ょ┻  Cyri-b knockout cells frequently にのは assumed a C┽shape┸ with a broad spread lamellipodium at the front half of the にのば cell and a convex rear which resembled the fast┽moving goldfish keratocyte ぬに にのぱ 
(Supplementary Fig. 5a yellow arrows, Supplementary Movie 4)┻  C┽shaped にのひ cells moved faster than the other common shapes (Fig. 6c,d) and C┽shape にはど correlated with faster migration (Fig. 6e-f and Supplementary Fig. 5b-c)┻ にはな Lamellipodia need to be polarized and dynamic for efficient cell migrationにば┸ ぬぬ┸ にはに so when cyri-b knockout cells became polarized into a C┽shape┸ they gained にはぬ motility┻  にはね  にはの Since cells need to maintain plasticity of their lamellipodia to respond effectively にはは to directional cuesぬね┸ we predicted that depletion of CYR)┽B would affect にはば chemotactic migration┻  C(L┽な cells are not chemotactic to serum┸ but WMぱのに にはぱ melanoma cells are highly chemotacticぬの┻  Loss of CYR)┽B ゅSupplementary Fig. にはひ 
5d-e and Supplementary Fig. 7ょ severely affected chemotaxis of these cells にばど towards a などガ serum gradient with no effect on basal speed┹ Knockouts often にばな migrated very long distances in the opposite direction to the chemoattractant にばに gradient┸ having lost the plasticity to reorient toward the gradient (Fig. 6g-i and にばぬ 
Supplementary Movie 5)┻  Thus┸ CYR)┽B strongly impacts how cells polarize and にばね remodel their lamellipodia and reorient during directed migration┻ にばの  にばは 
CYRI promotes pseudopod splitting and opposes persistent migration in にばば 
Dictyostelium にばぱ We examined Dictyostelium cells ゅAxぬ┸ cyri knockout and rescue ┽ にばひ 
Supplementary Fig. 5f and Supplementary Fig. 7ょ migrating under agarose up にぱど self┽generated gradients of the chemoattractant folateぬは (Supplementary Fig. にぱな 
5gょ┻  Similar to C(L┽な cells┸ cyri knockout cells were rounder┸ with blunted にぱに pseudopods (Fig. 6j-k, Supplementary Movies 6-7).  Dictyostelium cells にぱぬ primarily turn by splitting their leading pseudopod into differently┽oriented にぱね daughtersぱ┹ automated segmentation and tracking revealed that cyri knockouts にぱの generated fewer protrusions【min (Fig. 6l) and showed fewer splits ゅfrom にぱは ｂの【min to ｂに【min┸ Fig. 6m) and decreased speed (Fig. 6n)┻  Cells still oriented にぱば towards the folate gradient┸ but their less efficient turning was clearly reflected にぱぱ by a smaller angle of turn between steps ゅSupplementary Fig. 5hょ┻  Thus┸ CYR) にぱひ promotes pseudopod splitting in Dictyostelium cells┸ which is dispensible for にひど gradient sensing┸ but compromises the speed of migration and reorientation にひな while steering┻ にひに 
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 にひぬ We rescued Dictyostelium cyri knockouts with CYR)WT or CYR)Rなのの【なのはD as stable┸ にひね single┽copy transfectantsぬば under an actinなの promoter ゅFig. 6 j-n, にひの 
Supplementary Movies 6-7ょ┻  CYR)WT expressing cells exhibited more にひは numerous fractal pseudopods as well as decreased circularity and enhanced にひば frequency of protrusion generation and pseudopod splitting ゅFig. 6j-mょ even にひぱ over WT cells┻ Rescue with CYR)WT also restored cells╆ ability to turn during にひひ chemotaxis ゅSupplementary Fig. 5hょ┻ ぬどど  ぬどな Another widely┽ used chemotaxis assay involves a chemoattractant┽filled ぬどに microneedle introduced just next to Dictyostelium cells┸ inducing new ぬどぬ pseudopods directly toward the needle┸ and consequently reorienting the cells┻  ぬどね When cyclic┽AMP ゅcAMPょ┽sensitive cyri knockout or rescue cells were challenged ぬどの with cAMP in a needle assay┸ cyri knockouts were initially unable to form new ぬどは pseudopods (Fig. 6o)┸ while CYR)WT cells rapidly protruded pseudopods and ぬどば reoriented toward the needle (Figure 6o-p and Supplementary Movie 8)┻  Cyri ぬどぱ knockouts eventually elongated and streamed toward the needle┸ but they ぬどひ maintained resistance to new pseudopod formation and rapid reorientation┻  ぬなど Thus┸ cells that lack CYR) can still sense an attractant gradient┸ but their broad ぬなな and unfocussed protrusions split rarely┸ and their diminished ability to generate ぬなに new pseudopods cripples their response to changing gradients┻ ぬなぬ  ぬなね 
 ぬなの  ぬなは 
Modeling CYRI�s role in pseudopod plasticity ぬなば Since CYR) affects plasticity of pseudopod dynamics┸ we likened its activity to the ぬなぱ mathematical model of Meinhardt ぬぱ┸ where local inhibitors are recruited by an ぬなひ activation signal and limit the amount of cell edge devoted to pseudopods┻  Actin ぬにど assembly pathways are not linear cascades┸ but rather feedback loops where ぬにな positive stimulation is self┽reinforcing and causes further activation until ぬにに overcome by negative feedbackな┸ など┻  )n models of migration based around ぬにぬ positive feedback┸ a locally┽acting inhibitor is also needed to destabilise existing ぬにね pseudopods┸ so the cell can change direction┻ Without this┸ cells polarize┸ but ぬにの cannot turn to migrate toward an attractant┻  We used a modified version of a ぬには published simulationぬひ based on the Meinhardt modelぬぱ to visualise the ぬにば concentrations of the activator and the local inhibitor at the cell edge ぬにぱ 
(Supplementary Fig. 5i and Supplementary Movie 9)┸ to illustrate the how ぬにひ CYR)┽B regulates Racな and Scar【WAVE signaling┻  A peak in the activator ゅwhich ぬぬど represents active Racな and Scar【WAVEょ results in the formation of a new ぬぬな pseudopod┻  The peak also causes an increase in the concentration of the local ぬぬに inhibitor┸ which is smaller and thus diffuses fasterぬぱ┻  )nitially┸ the inhibitor limits ぬぬぬ the lateral spread of the pseudopod ゅSupplementary Fig. 5i┸ panel なょ┹ later┸ ぬぬね levels of inhibitor rise in the middle of the pseudopod┸ destabilizing it and ぬぬの causing a split ゅSupplementary Fig. 5i┸ panel にょ┻ The weaker of the pseudopods ぬぬは then retracts and the stronger is reinforced until the cycle of inhibition catches ぬぬば up with it and re┽starts the splitting cycle ゅSupplementary Fig. 5i┸ panels ぬ┽ねょ┻  ぬぬぱ The local inhibitor thus increases both the morphological complexity of the cell ぬぬひ and the competition between pseudopods┻ This is supported by the lack of ぬねど pseudopod splitting in Dictyostelium and our optogenetic data showing that ぬねな 



 ひ

protrusions in cyri knockout cells are more long┽lived and spread laterally to a ぬねに greater extent┻  Thus┸ Meinhardt╆s model offers insight into the role of CYR) ぬねぬ proteins as local inhibitors┸ which enhance leading edge dynamics and add ぬねね plasticity to the positive feedback loops driving migration┻ ぬねの  ぬねは 
CYRI-B regulates epithelial polarity via a Rac1-dependent mechanism ぬねば Finally┸ we tested a role for CYR)┽B the polarized epithelial cyst ねど┸ ねな where ぬねぱ asymmetric Racな activation is also crucial┻  As cells form a cyst┸ they establish a ぬねひ lumen via selective membrane trafficking and polarized recruitment【activation ぬのど of cytoskeletal componentsねに┻ Specific spatial regulation is dependent on matrix ぬのな and adhesions┸ but Racな activation also regulates lumen formationねぬ and is ぬのに specified by differential recruitment of the GEF T)AMな across the cyst┸ leading to ぬのぬ an apico┽basal activation gradientねど┻ We hypothesized that CYR)┽B might help ぬのね maintain the Racな activation gradient┸ allowing Scar【WAVE complex ぬのの recruitment and activation to be spatially controlled during cyst formation┻  ぬのは )ndeed┸ knockdown of CYRI-B using shRNA in MDCK cells (Supplementary Fig. ぬのば 
6a-b and Supplementary Fig. 7) led to a multilumen phenotype during cyst ぬのぱ formation┸ similar to deregulation of active Racな ゅFigure 7a-b┸ ねにょ┻ WAVEに is ぬのひ normally prominently localized to the basolateral surfaces of the cysts┸ but ぬはど mostly absent from the luminal surface┸ as marked by podocalyxin ゅPODXLょ (Fig. ぬはな 
7c)┻ (owever┸ when CYR)┽B was depleted┸ WAVEに staining was increased at the ぬはに luminal periphery coincident with PODXL staining (Fig. 7c)┻  Mislocalisation of ぬはぬ the actin cytoskeleton machinery to cyst luminal surfaces results in aberrant ぬはね orientation of the mitotic cleavage plane during polarized cell division┸ which ぬはの occurred in cyri-b knockdown cysts (Supplementary Fig. 6c-e)┻  To test ぬはは whether the multilumen phenotype was due to inappropriate Racな activation┸ ぬはば we used moderate concentrations of either E(Tなぱはね (Fig. 7d-e) or NSCにぬばはは ぬはぱ 
(Supplementary Fig. 6f) to dampen Racな activity┹ these both provided a ぬはひ substantial rescue┻  Thus┸ loss of CYR)┽B destabilised epithelial polarity during ぬばど the formation of epithelial cell cysts by allowing inappropriate Racな┽mediated ぬばな recruitment of the actin machinery to the nascent luminal surface┻ CYR)┽B thus ぬばに maintains spatial regulation of activation of the Scar【WAVE complex by dynamic ぬばぬ buffering of Racな┻ ぬばね  ぬばの 
Discussion ぬばは 
CYRI is highly conserved and DUF1394 represents a Rac1 interaction ぬばば 
module ぬばぱ CYR) proteins are highly conserved in eukaryotes and function as a Racな ぬばひ interaction module that directly limits Racな┽mediated lamellipodia extension┻  ぬぱど The DUFなぬひね domain of CYR) comprises the Racな binding site and is shared with ぬぱな CYF)P proteins of the Scar【WAVE complex┻  This interaction requires two highly ぬぱに conserved arginine【lysine residues┸ previously described on CYF)Pなぬ┻ CYR)┸ like ぬぱぬ CYF)Pな┸ is specific for activated Racな over RhoA and Cdcねに┻  Myristoylation of ぬぱね glycine に of CYR) may allow recycling of CYR) between active pseudopods and ぬぱの the cytoplasm or membrane vesicles ねね┻ The Racな┽interacting formin FMNLに is ぬぱは also myristoylatedねの┸ implying potential common mechanisms for recruitment to ぬぱば actin protrusions┻  CYR) has no homology to GTPase activating proteins ゅGAPsょ┸ ぬぱぱ so it likely doesn╆t alter nucleotide hydrolysis by Racな┻ Why would a cell need ぬぱひ CYR) if it has Rac┽GAPs╂ We propose CYR) could be a specific buffer for ぬひど 



 など

Scar【WAVE┽driven lamellipodia plasticity┸ rather than a general protein to turn ぬひな off Racな┻ ぬひに  ぬひぬ 
CYRI opposes recruitment of active Scar/WAVE complex to leading edges ぬひね 
and promotes plasticity ぬひの  ぬひは Modulating the levels of CYR) differently affected cell speed in the cell types we ぬひば assayed┻  While this may seem paradoxical┸ the basal speeds of these cell types ぬひぱ and modes by which they migrate are different┻  Furthermore┸ migration speed is ぬひひ multiparametric┸ being the result of a combination of protrusion┸ adhesion and ねどど directionality【persistence┻  Migration speed is thought to require optimal levels ねどな of Racな activation and can be slowed by too little【much active Racなぬぬ┻ ねどに 
Dictyostelium are optimized by nature to be fast┽moving and relatively non┽ねどぬ adhesive┸ so nearly any change will result in slower migration┻  )n contrast┸ the ねどね speed of adhesive slow┽moving cancer cells may benefit from removing the ねどの brakes on Racな activity┻ ねどは  ねどば Negative regulators of Arpに【ぬ complex have been described なな┸ なに┸ ねは┸ but thus far┸ ねどぱ CYR) is the only negative regulator of the Scar【WAVE complex┻  )mportantly┸ it is ねどひ widely conserved in evolution along with the Scar【WAVE complex┸ so is a ねなど universal negative regulator┻  CYR) and CYF)P likely resulted from an ancient ねなな gene duplication and retained the same Racな binding function┸ placing CYR) as a ねなに Meinhardt local inhibitorぬぱ┻  But a local inhibitor should be present at high ねなぬ enough concentration to compete with the activator┻  A recent quantitative mass ねなね spectrometry study estimated concentrations of CYR)┽B to be ね┽fold higher in ねなの protein copy number than Scar【WAVE complex ねば in ぬ of ね cell lines ゅAのねひ ね┽ねなは fold┸ (epGに の┽fold┸ PCぬ ね┻ね┽fold and Uぱば ど┻のぬ┽fold┸ based on comparison with ねなば CYF)Pなょ┻  Thus┸ there is likely enough CYR)┽B in cells to compete with the ねなぱ Scar【WAVE complex for Racな binding┻ ねなひ  ねにど 
CYRI provides spatiotemporal regulation of the connection between Rac1 ねにな 
and Scar/WAVE complex ねにに Cell migration involves cycles of protrusion and retraction coupled with ねにぬ adhesion to produce forward locomotion ねぱ┻ Cells with wild┽type levels of CYR) ねにね showed rapid protrusion┽retraction dynamics indicative of transient activation ねにの of the Scar【WAVE complex ゅe┻g┻ kymograph Fig. 5aょ┻  cyri knockouts showed ねには broader and more sustained lamellipodia and increased Scar【WAVE ねにば recruitment┸ placing CYR) as a key part of the feedback loop controlling leading ねにぱ edge actin dynamics┸ in line with Arpin┸ a negative regulator of the Arpに【ぬ ねにひ complex なに and coronin┸ which positively regulates Racな activation ねひ┸ のど┸な┻  ねぬど Breaking the feedback loop by deleting CYR) affected both Scar【WAVE ねぬな recruitment and Racな signalling activity┻  Thus┸ the actin machinery feeds back to ねぬに Racな dynamically┻  This dynamic feedback is necessary for cells to change ねぬぬ direction and respond with plasticity to stimuli such as chemotactic gradients┻ ねぬね  ねぬの CYR) also regulates polarized function of Racな┽Scar【WAVE complex in epithelial ねぬは cells in ぬD┻ Epithelial cells establish a Racな gradient that maintains polarity by ねぬば asymmetric distribution of βに┽syntrophin and Parぬ ねど┻  Parぬ┸ localized apically┸ ねぬぱ inhibits the Rac┽GEF T)AMな┸ while βに┽syntrophin┸ localized basally┸ activates ねぬひ 



 なな

T)AMな┻  This gradient is required for proper luminogenesis┻  CYR) helps direct ねねど formation of a single polarized lumen by regulating the Racな gradient required ねねな for proper spindle orientation┻ A role for CYR) in epithelia could have broad ねねに implications for development and cancer┻ ねねぬ  ねねね Cell migration is the outcome of feedback loops that control the dynamics of cell ねねの shapes など┸ ぬぱ┸ のな┽のぬ┻  Travelling and spreading wave patterns ゅfor example など┸ のなょ ねねは manifest in actin┽based protrusions┸ implying positive feedback loops┻  (owever┸ ねねば negative feedback is also requiredぬぱ to prevent uniform activation┻  Actin and ねねぱ actin┽binding proteins can comprise an excitable system など┸ のに also  modulated by ねねひ systems involving small GTPases┸ kinases and signaling lipids e┻g┻ひ┻  Our data ねのど imply that CYR) acts at the interface┹ by competing with Scar【WAVE ゅan actin┽ねのな nucleating complexょ for Racな ゅa small GTPaseょ it connects signaling with actin ねのに polymerization┸ moderating excitable behaviours┻ ねのぬ  ねのね )n conclusion┸ we propose that CYR) is a highly conserved regulator of the ねのの dynamics of the Racな ‒ Scar【WAVE pathway┸ providing plasticity and adding ねのは complexity to leading edge dynamics┻  ねのば  ねのぱ 
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Figure Legends ねひぬ  ねひね 
Figure 1 - CYRI (Fam49) proteins show homology to CYFIP and contain a ねひの 
putative Rac1 interaction motif ねひは 
 ねひば 
a ‒ Volcano plot illustrating pooled results from four LC┽MS【MS experiments ねひぱ showing comparison of formaldehyde crosslinked proteins co┽ねひひ immunoprecipitating with GFP or GFP┽NAPな in Dictyostelium napA knockout のどど cells┻ Color┽coding based on two┽tailed Welch╆s t test difference┻ Curved line is のどな のガ false discovery rate┻ )dentified interactors are labeled with gene symbols and のどに presented in Supplementary Table 2┻ ゅnサね independent experimentsょ┻ のどぬ  のどね 
b ‒ Schematic of human CYF)Pな【に and CYR)┽A【B showing amino acid numbers のどの and domains┻ Common DUFなぬひね domain ゅPfam PFどばなのひょ in red and CYF)Pな【に のどは C┽terminal cytoplasmic Fragile X Mental Retardation FMRな┽interacting domain のどば ゅFragX┽)P┸ Pfam PFどのひひねょ in light green┻ のどぱ  のどひ 
c ┽ Two views of ribbon crystal structure of the Scar【WAVE complex ゅPDB のなど ぬPぱCょに┻ NCKAPな in lilac┸ CYF)Pな in light green and red┸ Scar【WAVE in peach┸ のなな (SPCぬどど in yellow and AB)な in orange┻ DUFなぬひね is red┸ with putative Racな のなに interaction residues in blue and highlighted by arrows┻ のなぬ  のなね 
d ‒ Phyre prediction of structure of the DUFなぬひね domain of CYR)┽B┻ The putative のなの Racな┽binding domain of CYR) is blue with Argなはど and Argなはな indicated as a のなは stick representation┻ のなば  のなぱ 
e ┽ Sequence alignment of the putative Racな┽binding domain of CYR) in different のなひ organisms┻ The CYF)P Lysなぱひ and Argなひど equivalent residues are well のにど conserved in CYR) ゅArgなはど and Argなはなょ and are highlighted in red┻ のにな  のにに 
f ┽ Sequence alignment covering the N┽terminal region of CYR) from のにぬ representative evolutionarily diverse eukaryotes┻ UniProt accession numbers are のにね reported┻ Color code represents the number of entries with an identical amino のにの acid at this position┻ The glycine in the にnd position ゅhighlighted redょ is a putative のには myristoylation site┻ のにば  のにぱ 
g-h ┽ CL)CK chemistry analysis of the glycine に of CYR)┽B┻ Myristoylation was のにひ labeled in (EKにひぬT cells and measured by incorporation of myristate┽azide のぬど ゅgreenょ in GFP┸ CYR)┽BWT┽GFP or CYR)┽BGにA┽GFP mutant transfected cells のぬな ゅmagentaょ┸ following GFP immunoprecipitation┻ Molecular markers shown left のぬに ゅgょ See also Supplementary Fig. 7 and Supplementary Table 6┻ Relative のぬぬ incorporation was quantified by densitometry and reported in ゅhょ┻ One way のぬね ANOVA with Tukey post┽test was applied┻ こここ pジど┻どどな┻ ゅnサぬ independent のぬの assaysょ┻ Bar graph represents mean and S┻E┻M┻ のぬは 



 なぬ

Figure 2 - CYRI proteins interact with active Rac1 のぬば 
 のぬぱ 
a-c ┽ Western blot from pulldown of GST control┸ GST┽RacなWT or GST┽のぬひ RacなQはなL  beads┸ with cell lysate expressing either GFP alone┸ positive control のねど PAKな eCFP┽CR)B┽PBD┸ GFP┽RBDWT┸ GFP┽RBDRなはどD or GFP┽RBDRなはなD ゅaょ┻ のねな Densitometry ゅb-cょ┻ ゅnサぬ independent experiments for GFP┽RBDRなはどD and GFP┽のねに RBDRなはなD and nサね for GFP and GFP┽RBDWTょ┻ のねぬ  のねね 
d-f ┽ Western blot pulldown of GST control┸ GST┽RacなPにひS or GST┽RacなQはなL or のねの GST┽RacなPにひS【QはなL beads┸ with cell lysate expressing controls or CYR) GFP┽RBDWT のねは ゅdょ┻ Densitometry ゅe-fょ┻ ゅnサぬ independent experimentsょ┻ のねば  のねぱ 
g ‒ Steady state SPR binding curves between RacなQはなL and CYR)┽B┽RBD┻ Left┺ のねひ GST┽CYR)┽B immobilized vs increasing concentrations of RacなQはなL┻  Right┺ (is┽ののど Racな immobilised vs increasing CYR)┽B RBD┻ Simple な┺な binding model┻ Kd サ ののな equilibrium dissociation constant┸ A┻U┻ サ arbitrary units┻ ののに  ののぬ 
h┽i Proximity ligation assay COS┽ば cells on laminin co┽expressing CYR) and Racな ののね constructs┻  PLA signal ゅyellowょ┸ F┽actin ゅmagentaょ and nuclei ゅblueょ┻ See ののの 
Supplementary Fig. 2 ┽negative controls┻  Data pooled across ね independent ののは experiments in (i)┻ One┽way ANOVA with Dunn╆s post┽test between CYR)┽BWT ののば and MYC┽Racな constructs┻ Two┽tailed Mann Whitney test between CYR)┽BWT and ののぱ CYR)┽BRなはど【なはなD for each MYC┽Racな construct┻ n┻s┻ pス ど┻どの┸ ここ pズど┻どな┸ こここ pズど┻どどな┻ ののひ ゅanti┽(A nサのの┹ anti┽Myc nサのね┹ Myc┽WT【WT┽(A nサのの┹ Myc┽WT【Rなはど┽なはなD┽(A のはど nサのの┹ Myc┽TなばN【WT┽(A nサはぬ┹ Myc┽TなばN【 Rなはど┽なはなD┽(A nサぱね┹ Myc┽のはな QはなL【WT┽(A nサはひ┹ Myc┽QはなL【 Rなはど┽なはなD┽(A nサはの┸ where nサcellsょ のはに Scale bar┸ のど づm┻ のはぬ  のはね 
j ┽ Mitochondrial recruitment of CYR)┽GFP to RacなA┽mCherry┽mito ゅForwardょ or のはの RacなAPにひS【QはなLmCherry to CYR)┽GFP┽mito ゅReverseょ in Axぬ D. discoideum┻ ゅスぬどど のはは mitochondria【cellょ┻ Far right panels negative control lacking Racな┻  Scale bar┸ の のはば づm のはぱ  のはひ a┽j represent at least three biologically independent experiments┻ Graphs show のばど mean and S┻E┻M┻  Source data in Supplementary Table 6┻ Unprocessed Western のばな blots in Supplementary Figure 7┻  のばに   のばぬ 
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Figure 3 - Loss of CYRI-B increases Rac1-mediated Scar/WAVE localisation のばね 
to lamellipodia のばの  のばは 
a-d ┽ )mmunofluorescence of control ゅCtrょ or cyri-b knockdown ゅsiRNA おな and にょ のばば COS┽ば showing WAVEに ゅgreenょ┸ nuclei ゅblueょ and F┽actin ゅmagentaょ┻ Scale bar サ のばぱ のど づm┻ Box insets zoom┸ scale bar サ など づm┻ のばひ Ratio of WAVEに ゅyellow dotted lineょ vs total cell perimeter ゅbょ┻ Cell area in ゅcょ のぱど and circularity ゅdょ┻ One┽way ANOVA with Dunn╆s post┽test n┻s┻ pス ど┻どの┸ こここ のぱな 
pズど┻どどな┻  ゅa-c: Scramble nサななな┹ おな nサひの┹ おに nサひは ‒ d┺ Scramble nサななの┹ おな のぱに nサひに┹ おに nサひぱょ n represents cells in a┽o┻ のぱぬ  のぱね 
e-f ‒COS┽ば with cyri-b knockdown and rescued with pL)X┽mVenus si┽resistant のぱの CYR)┽B ゅWT or Rなはど【なはなDょ or empty vector ゅEVょ┻ ゅsee Supplementary Fig. 3lょ┻ のぱは Cell area ゅeょ and circularity ゅfょ┻ One┽way ANOVA with Dunn╆s post┽test n┻s┻ pス のぱば ど┻どの┸ こここ pズど┻どどな┻ ゅScramble【EV nサばぱ┹ Scramble【WT nサのぱ┹ Scramble【Rなはど┽のぱぱ なはなD nサはは┹ おな【EV nサはは┹ おな【WT nサはね┹ おな【Rなはど┽なはなD nサはどょ┻ のぱひ  のひど 
g-h ‒ Control or cyri-b knockdown COS┽ば with pL)X┽mVenus and si┽resistant のひな CYR)┽B ゅWT or GにA mutantょ or EV┻ Cell area ゅgょ and circularity ゅhょ┻ One┽way のひに ANOVA with Dunn╆s post┽test n┻s┻ pス ど┻どの┸ こここ pズど┻どどな┻ ゅScramble【EV nサばど┹ のひぬ Scramble【WT nサのに┹ Scramble【GにA nサねは┹ おな【EV nサはぬ┹ おな【WT nサはね┹ おな【GにA のひね nサはのょ のひの  のひは 
i-k ┽ Control ゅDMSOょ or rac1 knockout  ゅO(Tょ mouse tail fibroblasts with のひば Scramble ゅsiCtrょ or Cyri-B siRNA┸ showing WAVEに ゅiょ┻ Scale bar サ のど づm┻ のひぱ Lamellipodial WAVEに ゅjょ and circularity ゅkょ┻ One┽way ANOVA with Dunn╆s post┽のひひ test こここ pズど┻どどな┻ two┽tailed Mann Whitney test between O(T and control┻ おおお はどど 
pズど┻どどな┻ ゅnサぬど cells【conditionょ┻ はどな  はどに 
l-m ┽ FL)M【FRET of mTqに┽sREAC( in control ゅsiCtrょ or cyri-b knockdown はどぬ ゅsiCYR)┽B おな and おにょ COS┽ば┻ Jetに color code ゅleftょ average lifetime┸ な┽ね ns blue to はどね red┻ ゅlょ┻ FRET efficiency ゅmょ┻ One┽way ANOVA with Dunn╆s post┽test┻ こここ pズど┻どどな┻ はどの ゅScramble nサはな┹ おな nサはな┸ おに nサはぬょ はどは Scale bar サ のど づm はどば  はどぱ 
n-o ┽ Active Racな pulldown comparing control CrispR ゅVectorCtrょ or  independent はどひ 
cyri-b CrispR ゅおな and おにょ COS┽ば lines┻ See also Supplementary Fig┻ ば┻ はなど  はなな Data in a┽o represent three biologically independent experiments┻  All cells はなに plated on laminin┻  See also Supplementary Table は┻ はなぬ Bar and scatter plots show data points with mean and S┻E┻M┻ はなね Whisker plots show など┽ひど percentile┸ median ゅbarょ and mean ゅcrossょ┻ はなの   はなは 
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Figure 4 - Overexpression of CYRI-B opposes Rac1-mediated Scar/WAVE はなば 
recruitment to the leading edge はなぱ  はなひ 
a-d ┽ )mmunofluorescence of doxycycline┽induced control empty vector ゅEVょ or はにど CYR)┽B overexpression in COS┽ば cells and fixed after ねh showing WAVEに はにな ゅmagentaょ┸ nuclei ゅblueょ and GFP ゅgreenょ┻ Scale bar サ のど づm┻ )nsets show zoom はにに of white dashed field┻ Scale bar サ など づm ゅaょ┻ WAVEに ratio and circularity in ゅbょ はにぬ and ゅcょ respectively┻ Cell area quantification was based on phalloidin staining はにね ゅdょ┻ Two┽tailed Mann┽Whitney test こここ pズど┻どどな┻ ゅDox【EV nサばぬ┹ Dox【CYR)┽B はにの nサひぬょ n represents cells in a┽i はには  はにば 
e-f ┽ FL)M【FRET experiment with mTqに┽sREAC( Raichu Racな showing vehicle はにぱ or doxycycline┽treated COS┽ば cells expressing a control empty vector ゅEVょ or はにひ CYR)┽B┻ The jetに color code ゅbar at topょ shows the average lifetime of the probe┸ はぬど spanning な┽ね ns ゅblue to redょ ゅeょ┻ Quantification of the FRET efficiency ゅfょ┻ Two┽はぬな tailed Mann┽Whitney test n┻s┻ pス ど┻どの┸ こここ pズど┻どどな┻ ゅVeh【EV nサねば┹ Veh【CYR)┽B はぬに nサねは┹ Dox【EV nサはに┹ Dox【CYR)┽B nサはにょ はぬぬ Scale bar サ のど づm┻ はぬね  はぬの 
g ┽ FRET efficiency obtained from control ゅEVょ or COS┽ば cells overexpressing はぬは CYR)WT or CYR)┽BRなはど【なはなD after doxycycline induction┻ One┽way ANOVA with はぬば Dunn╆s post┽test was performed┻ n┻s┻ pス ど┻どの┸ こここ pズど┻どどな┻ ゅEV nサのひ┹ WT nサはに┹ はぬぱ Rなはど【なはなD nサはぬょ┻ はぬひ 
h-i ┽ )mmunofluorescence of COS┽ば cells transfected with CYR)┽B┽FLAG and はねど stained for FLAG┽tag ゅgreenょ┸ F┽actin ゅtop rowょ or WAVEに ゅbottom rowょ はねな ゅmagentaょ and nuclei ゅblueょ┻ Scale bar サ のど づm ゅhょ┻ FLAG┽staining is はねに quantified by normalizing the fluorescence intensity running across なば はねぬ representative cells and ending at the protrusive end ゅnormalized distance┺ はねね なサprotrusive end and どサopposite endょ┻ FLAG┽tag and F┽actin staining はねの intensity are shown in green and magenta respectively ゅiょ ゅnサなばょ┻ はねは  はねば  はねぱ Data in a┽i represent three biologically independent experiments┻ はねひ See also Supplementary Table は┻ はのど Bar and scatter plots show data points with mean and S┻E┻M┻ はのな Whisker plots show など┽ひど percentile┸ median ゅbarょ and mean ゅcrossょ┻ はのに  はのぬ   はのね 



 なは

Figure 5 - CYRI-B controls the duration and extent of Rac1-mediated はのの 
protrusions はのは 
 はのば 
a ┽ Control ゅVector Ctrょ and cyri-b CrispR knockout C(L┽な cells on laminin はのぱ expressing GFP┽LifeAct┸ recorded for ぬ minutes at な frame【sec┻ The cell はのひ periphery ゅmagentaょ is tracked using the GFP┽LifeAct signal ゅgreenょ ゅLeft panelょ┻ ははど The membrane is unravelled from the orange arrow and a representative polar ははな kymograph of the changes in membrane dynamics over time between control ははに ゅVector Ctr ┽ Topょ and cyri-b CrispR knockout ゅBottomょ C(L┽な cells is shown┻ ははぬ Membrane extensions ゅpositive valuesょ are visualised in yellow through to ははね orange┸ while retractions ゅnegative valuesょ are purple┽blue ゅMiddle ははの panelょ┻ Thresholding of the kymograph to remove noise ゅvalues セ ギ ど┻はょ reveals ははは protrusions over time ゅwhite signal ‒ Right panelょ ははば Still from movie Sに┻ Scale bar サ にの づm┻  ははぱ  ははひ 
b ┽ Box plot representing the distribution of the average protrusion lifetime for はばど each individual cell┻ Whisker plots represent mean and S┻D┻ Two┽tailed Mann はばな Whitney test┻ こここ pズど┻どどな. ゅnサ にど cells【conditionょ はばに  はばぬ 
c ┽ Schematic representation showing protruding ゅblueょ and retracting はばね ゅmagentaょ area following photoactivation of Racな┽LOV probe┻ Photo activation はばの area ゅgreen circleょ was used as the origin to measure the maximal protrusion はばは distance ゅoutward ┽ black lineょ and the longest uninterrupted lateral spread of はばば the protrusion ゅred dotted lineょ  はばぱ  はばひ 
d ┽ Still pictures from videos of photoactivation time course showing selected はぱど cells from DMSO ゅControlょ or O(T┽treated ゅknockoutょ immortalized CRE┽ERTにギ はぱな 
Cyri-Bfl【fl MEFs on fibronectin┻  Endpoint overlay as from schematic ゅcょ┻ Scale bar はぱに サ にの づm┻ はぱぬ  はぱね 
e-f ┽ Quantification of the protrusion distance ゅeょ and the spread of activation ゅfょ はぱの between control ゅDMSOょ or cyri-b knockout ゅO(Tょ MEFs┻   はぱは Error bars represent ひのガ C)┻ Unpaired two┽tailed t┽test ゅeょ and two┽tailed はぱば Mann┽Whitney test ゅfょ┻ こここ pズど┻どどな┸ ここここ pズど┻どどどな┻ ゅDMSO nサにひ cells┹ O(T nサぬど はぱぱ cellsょ┻ はぱひ  はひど 
g ┽ Kymograph representation before and after photo activation┻ Membrane はひな extensions are visualised in yellow through to orange┸ while retractions are はひに observed in purple┽blue┻ Time of photoactivation is highlighted by a white dotted はひぬ line┻ はひね  はひの Data in a┽g represent three biologically independent experiments┻ はひは See also Supplementary Table は┻ はひば   はひぱ 



 なば

Figure 6 - CYRI modulates protrusion plasticity during directional はひひ 
migration ばどど 
 ばどな 
a-c ‒ Spider plots CrispR and control C(L┽な cells on collagen┽)┸ なばh ゅaょ ゅSee ばどに 
movie S4)┻ Black and red lines サ distance ス or ジなどど づm respectively┻ Average ばどぬ speed ゅb)┻ (cょ Duration as C┽shape (b,c) One┽way ANOVA with Dunn╆s post┽test ばどね 
(b) ゅCtr nサなはな┹ おな nサににぱ┹ おに nサなばぱょ┻ (c) ゅCtr nサねの┹ おな nサのぬ┹ おに nサねにょ┻  nサcells ばどの in a┽p┻   ばどは  ばどば 
d ┽ Speed of CrispR and control C(L┽な┻ One┽way ANOVA with Dunn╆s post┽test  ばどぱ ゅCtr nサねの┹ おな nサのぬ┹ おに nサねにょ ばどひ  ばなど 
e-f ┽ )mmunofluorescence of CrispR and control C(L┽な on collagen┻ F┽actin ばなな ゅmagentaょ and nuclei ゅblueょ ゅeょ┻ Scale bar サ のど づm┻ ゅfょ┻ Two┽tailed Chi┽square ばなに test ゅひのガ confidenceょ┻ ゅCtr nサにばは┹ おな nサになは┹ おに nサになどょ ばなぬ  ばなね 
g-i ┽ Spider and Rose plots of CrispR and control WMぱのに cell chemotaxis  ゅgょ ゅsee ばなの 
movie S5ょ┻ Red┽dashed lines ひのガ confidence interval for mean direction┻ Cosず ばなは ゅchemotactic indexょ ゅhょ average speed ゅiょ┻ Two┽tailed unpaired t┽test┻ ゅCtr ばなば nサなにひ┹ おな nサなぬに┹ おに nサなのなょ┻ ばなぱ  ばなひ 
j-n ┽ D)C pictures from Dictyostelium under┽agarose chemotaxis ゅjょ ゅsee movie ばにど 
S6ょ┻ Scale bar サ など づm┻  Circularity ゅkょ┸ protrusions ゅlょ┸ split frequency ゅmょ┸ and ばにな speed ゅnょ┻ One┽way ANOVA with Dunn╆s post┽test┻ ゅk┺ WT nサぬはど┹ cyri KO nサぬのに┹ ばにに 
cyri KO ギ CYR) WT nサねぱど┹ cyri KO ギ CYR) Rなのの【なのは nサにねど ┽ l┺ WT nサねの┹ cyri KO ばにぬ nサのば┹ cyri KO ギ CYR) WT nサのぬ┹ cyri KO ギ CYR) Rなのの【なのは nサぬな ┽ m┺ WT nサねに┹ cyri KO ばにね nサはに┹ cyri KO ギ CYR) WT nサねは┹ cyri KO ギ CYR) Rなのの【なのは nサぬぬ ┽ n┺ WT nサにぬぱひ┹ cyri ばにの KO nサにねはど┹ cyri KO ギ CYR) WT nサぬどにね┹ cyri KO ギ CYR) Rなのの【なのは nサななはひょ ばには  ばにば 
o-p ┽ Needle assay using WT or cyri knockout Axぬ cells with cAMP ゅsee also ばにぱ 
movie S8ょ ゅyellow startょ┻ Scale bar サ にの づm ゅoょ┻ Spider plots during ど┽などどs ゅpょ┻ ばにひ ゅWT nサぱは┹ cyri KO nサばひょ ばぬど  ばぬな a┽p represent three biologically independent experiments with mean and S┻E┻M ばぬに unless indicated┻ Whisker plots など┽ひど percentile ゅb, k-mょ and な┽ひひ percentile ばぬぬ ゅnょ with median ゅbarょ and mean ゅcrossょ┻ n┻s┻ pスど┻どの┸ こ pズど┻どの┸ ここ pズど┻どな┸ こここ ばぬね 
pズど┻どどな┻ ばぬの See Supplementary Table は┻ ばぬは   ばぬば 



 なぱ

Figure 7 - CYRI-B regulates Rac1-dependent recruitment of Scar/WAVE ばぬぱ 
complex during epithelial cystogenesis ばぬひ  ばねど 
a-b ‒ )mmunofluorescence of control ゅVector Ctrょ or cyri-b shRNA knockdown ばねな ゅおな and おにょ MDCK cysts fixed after の days of culture and stained for Podocalyxin ばねに ゅPODXLょ ゅgreenょ┸ F┽actin ゅredょ and nuclei ゅblueょ┻ Top row is a confocal section ばねぬ and bottom row represents Z┽maximal projection intensity of PODXL staining┻ ばねね Scale bar サ のど づm ゅaょ┻ Quantification of lumens in ゅbょ┻ One┽way ANOVA with ばねの Dunn╆s post┽test┻ こここ pジど┻どどな┻ ゅCtr nサなどどど cysts┸ おな nサなどどど cysts┸ おに nサぱどど ばねは cystsょ┻ ばねば 
c ┽ )mmunofluorescence of control ゅVector Ctrょ or cyri-b shRNA knockdown ゅおな ばねぱ and おにょ MDCK cysts stained for WAVEに ゅgreenょ and Podocalyxin ゅPODXLょ ゅredょ ばねひ after の days of culture┻ )nverted LUT images┸ merge and representative surface ばのど profile plots shown┻ PODXL ゅredょ and WAVEに ゅgreenょ staining intensity was ばのな measured along the blue line┻ Scale bar サ ひ づm┻ )nsets provide a magnified view ばのに of the dotted square area┻ Scale bar サ の づm┻  ばのぬ 
d-e ‒ )mmunofluorescence of control ゅVector Ctrょ or cyri-b shRNA knockdown ばのね ゅおな and おにょ MDCK cysts grown during の days┸ treated or not with のど nM ばのの E(Tなぱはね and stained for Podocalyxin ゅPODXLょ┻ Pictures represent the Z┽ばのは maximal projection intensity from a representative z┽stack running across the ばのば entire cyst volume┻ Scale bar サ のど づm ゅdょ┻ Number of lumens per cyst was ばのぱ quantified for vehicle or E(Tなぱはね┽treated cysts and plotted in ゅeょ┻ One┽way ばのひ ANOVA with Dunn╆s post┽test between control ゅVector Ctrょ┸ shCYR)┽B おな and ばはど shCYR)┽B おに whereas unpaired two┽tailed t┽test between vehicle and drug┽ばはな treated cyst┻ n┻s┻ pスど┻どの┸ ここ pズど┻どな こここ pズど┻どどな┻ ゅにのど cysts【conditionょ ばはに Data in a┽e represent Nサぬ biologically independent experiments┻ ばはぬ Bar and scatter plots show data points with mean and S┻E┻M┻ ばはね Whisker plots show など┽ひど percentile┸ median ゅbarょ and mean ゅcrossょ┻ ばはの See also Supplementary Table は┻ ばはは  ばはば 
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 な

Methods な 
 に 
Antibodies and constructs ぬ Antibodies and DNA constructs are listed in Supplementary Tables ぬ and ね ね respectively┻ の  は 
Alignment and phylogenetic tree ば Protein sequences were obtained from Uniprot http┺【【www┻uniprot┻org【 and ぱ aligned using MacVector software┻  The phylogenetic tree was constructed based on ひ the major eukaryotic superclasses as previously definedなね and based on previous など identification of Arpに【ぬ complex and Scar【WAVE complex sequencesなの┸ のね┻ BLAST なな homology search on the NCB) website https┺【【blast┻ncbi┻nlm┻nih┻gov【Blast┻cgi┻  なに 
Dictyostelium┸ human or a close relative were searched against the complete なぬ translated genome of open reading frames from these organisms┻ なね (MM logo was generated by feeding the Pfam database of the DUFなぬひね domain into なの Skylignのの┻ なは  なば 
CYRI-B structure prediction なぱ The predicted protein structure of CYR)┽Bぬな┽にひに was generated by the protein なひ homology【analogy recognition engine ゅPhyreょのは using the cytoplasmic fmrな┽にど interacting protein な ゅPDB ぬPぱCょ as a template with などどガ homology confidence and にな なぱガ sequence identity┻ にに 
 にぬ 
Mammalian cell lines and growth conditions にね C(L┽な┸ (EKにひぬT┸ COS┽ば cells were maintained in Dulbecco╆s Modified Eagle╆s にの Medium supplemented with などガ FBS and に mM L┽Glutamine ゅDMEMょ┻  には ROSAには┺CreERtにギ┹ Ink4┽【┽Cyri-Bwt【wt┹ Rac1fl【fl mouse tail skin fibroblasts and にば ROSAには┺CreERtにギ┹Ink4┽【┽ ┹ Cyri-Bfl【fl  mouse embryonic fibroblasts were maintained in にぱ DMEM complemented with な mg【mL of primocin┻  にひ COS┽ば cells transfected with the doxycycline┽inducible system were grown in などガ ぬど tetracyclin┽free FBS ゅClonTechょ and treated with の づg【mL doxycycline for ねぱh┻ ぬな MDCK cells were maintained in のガ FBS and に mM L┽Glutamine supplemented ぬに minimum essential medium┸ high glucose┸ high sodium bicarbonate┻ ぬぬ WMぱのに cells were grown in RPM) supplemented with などガ FBS and に mM L┽ぬね Glutamine┻ ぬの All mammalian cell lines used in this study were maintained in など cm plastic dishes ぬは at ぬば ソC and のガ COに┻ ぬば Cell lines were regularly tested for mycoplasma contamination ゅMycoAlert ┽ Lonzaょ┻ ぬぱ  ぬひ 
CLICK Chemistry of Mammalian CYRI-B ねど (EKにひぬT cells plated on にね┽well plate were transfected with な づg of pEGFPNな or ねな CYR)┽B┽EGFP ゅwild┽type or GにA mutantょ using Lipofectamine にどどど and were ねに processed the next day┻ Cなね┺ど┽azide was synthesised as previously describedのば┻ ねぬ Transfected (EKにひぬT cells were incubated with などど づM of Cなね┺ど┽azide ゅin DMEM ねね with な mg【mL defatted BSAょ for ね h at ぬば ソC┻ Cells were washed twice in PBS and ねの lysed on ice for など min in などど づL lysis buffer ゅなのど mM NaCl┸ な ガ Triton X┽などど┸ のど ねは 



 に

mM Tris┽(Cl┸ p(  ぱ┻ど┸ containing protease inhibitorsょ┻ Cell lysates were centrifuged ねば at などどどど x g for など min at ね ソC to remove cell debris┻ Alkyne )R┽ぱどど Dye to Cなね┺ど ねぱ azide was conjugated for な h at room temperature ゅRTょ with end┽over┽end rotation ねひ by adding an equal volume of freshly mixed click chemistry reaction mixture ゅなど づM のど ぱどど CW alkyne infrared dye┸ ね mM CuSOね┸ ねどど づM Trisいゅな┽benzyl┽な(┽な┸に┸ぬ┽triazol┽のな ね┽ylょmethylうamine┸ and ぱ mM ascorbic acid in d(にどょ to the supernatants┻ GFP┽のに tagged proteins were isolated using the づMACS GFP isolation kit following のぬ manufacturer╆s protocol and resolved by SDS┽PAGE as described below┻ Protein のね acylation was quantified by expressing the intensity of the CL)CK signal relative to のの the protein signal┻ のは  のば 
Yeast Two-Hybrid screen のぱ Screening was performed at (ybrigenics services as	per their standard protocols┻ のひ Briefly┸ the coding sequence for the constitutively active full┽length Racな はど ゅNMｅどどはひどぱ┻ね ┹ mutations GなにV┸ CなぱひSょ was PCR┽amplified and cloned into pBにば はな as a C┽terminal fusion to LexA ゅLexA┽Racなょ┻ All libraries use the prey vector pPは┻ はに pBにば and pPは are derived from the original pBTMななはのぱ and pGADG(のひ plasmids┸ はぬ respectively┻ はね The bait was screened against the different libraries using a mating approach with はの Y(GXなぬ ゅYなぱば adeに┽などな┺┺loxP┽kanMX┽loxP┸ mat alphaょ and LねどdeltaGalね ゅmat┽aょ はは yeast strains as previously describedはど┻ Positive colonies were selected on a medium はば lacking tryptophan┸ leucine and histidine┸ and supplemented with ぬ┽aminotriazole┻ はぱ The prey fragments of the positive clones were amplified by PCR and sequenced at はひ their の╆ and ぬ╆ junctions┻ )nteracting proteins were identified in the GenBank ばど database ゅNCB)ょ┻ ばな  ばに 
GST Pull-down of Mammalian CYRI-B and GTPases ばぬ D(のalpha E.	coli cells were grown at ODはどどnm ど┻ね and induced for ねh with ど┻に mM ばね )PTG┻ Pellet was resuspended in ice┽cold buffer A ゅのど mM NaCl┸ のど mM Tris┽(Cl p( ばの ば┻の┸ の mM MgClに┸ ぬ mM DTTょ and sonicated┸ followed by a ぬど min spin at にどどどど rpm ばは to yield lysate┻ GST tagged proteins were immobilized on pre┽washed glutathione┽ばば sepharose beads for ぬど min at ねソC with gentle agitation and unbound proteins were ばぱ washed out ぬ times in buffer A┻ ばひ Cells transfected with GFP constructs were collected in ice┽cold lysis buffer ゅなどど mM ぱど NaCl┸ にの mM Tris┽(Cl p( ば┻の┸ の mM MgClに┸ なX protease and phosphatase inhibitors┸ ぱな ど┻のガ NP┽ねどょ┻ な┻の┽に mg of proteins were mixed with pre┽equilibrated beads with ぱに gentle agitation during にh at ねソC┻ Beads were then washed ぬ times in washing buffer ぱぬ ゅなどど mM NaCl┸ にの mM Tris┽(Cl p( ば┻の┸ の mM MgClにょ┸ resuspended in sample buffer ぱね containing DTT and resolved by SDS┽PAGE as described below┻ ぱの  ぱは 
MBP Pull-down ぱば Recombinant proteins were purified as mentioned above and immobilized on MBP┽ぱぱ trap beads┻ Beads were mixed with similar amount of recombinant GST┽tagged ぱひ proteins in ice┽cold buffer A ゅsee aboveょ containing ど┻どのガ Triton Xなどど┻ Binding was ひど allowed for にh at ねソC and beads were then thoroughly washed in ice┽cold buffer A┻ ひな Proteins were eluted by adding boiling sample buffer directly to the beads and ひに 



 ぬ

prepared for SDS┽PAGE┻ ひぬ  ひね 
Mutagenesis of Mammalian CYRI-B ひの Point mutation was inserted using the Qの┽site directed kit ゅNew England Biolabsょ ひは and following the manufacturer╆s instructions┻ Primers were designed using ひば NEBaseChanger ┽ see Supplementary Table の┻ ひぱ  ひひ 
Protein purification for SPR analysis などど 
E.	Coli BLにな CodonPlus ゅDEぬょ┽R)L ゅAgilent Tech┻ょ and E.	Coli BLにな ゅDEぬょ pLysS などな ゅPromegaょ were used for GST┽tagged and (is┽Tagged proteins respectively┻ などに Pre┽culture was grown overnight in L┽Broth ゅLBょ containing appropriate antibiotics┻ などぬ Once reaching ODはどどnm ど┻ね┸ protein expression was induced using ど┻に mM )PTG and などね culture was kept overnight at にどソC under agitation ゅにどど rpmょ┻ Cells were lysed in などの Buffer な ゅにどど mM NaCl┸ ぬど mM Tris┽(Cl p( ば┻の┸ の mM MgClに┸ ぬ mM が┽などは mercaptoethanolょ containing protease inhibitors and passed through a にど┸どどど psi┽などば pressurised microfluidizer┻ The soluble fraction was collected by centrifugation ゅぬど などぱ min┸ にどどどど rpmょ and loaded onto an equilibrated GSTrap (P or (isTrap (P column などひ using an AKTA machine ゅGE (ealthcareょ┻ Proteins were either directly eluted using ななど Buffer な containing either にど mM GS( for GST┽tagged proteins or ぬどど mM )midazole ななな p( ば┻の for (is┽tagged proteins┻ Cleavage on the column was performed overnight ななに with the appropriate protease┸ flowing at ど┻な ml【min in a loop connected to the ななぬ AKTA machine┻ Proteins were gel purified ゅ(iLoad なは【はどど Superdrex ばのpg or ななね (iLoad なは【はどど Superdrex にどどpgょ in Buffer に ゅなのど mM NaCl┸ にの mM Tris┽(Cl p( ば┻の┸ ななの の mM MgClに┸ に mM が┽mercaptoethanolょ┸ snap┽frozen and stored at ┽ぱどソC┻ ななは  ななば 
Surface Plasmon Resonance (SPR) protein binding assay ななぱ SPR analysis was performed using Biacore Tにどど ゅGE (ealthcareょ equilibrated with ななひ buffer に ゅsee aboveょ supplemented with ど┻のガ of surfactant Pにど┻ GST┽tagged なにど proteins were immobilised at ににソC onto CMの sensor chip functionalized with anti┽なにな GST and reached ｂぬにど RU┻ Same procedure was used for (is┽tagged protein onto なにに NTA sensor chip and reached はのど RU┻ All immobilisation steps were done at a flow なにぬ rate of など づL【min┻  Serial dilution of each analyte was injected across a reference なにね flow cell and the flow cell containing the ligand at a flow rate of ぬど づL【min┻ Data なにの were solvent corrected┸ reference subtracted┸ quality controlled and evaluated using なには the Biacore Tにどど evaluation software┻ Affinity was determined by curve fitting a な┺な なにば binding model┻   なにぱ  なにひ 
Proximity ligation assay なぬど COS┽ば cells expressing CYR)┽B┽(A and MYC┽Racな constructs were plated on laminin┽なぬな coated coverslips and used for DuoLink in	 situ	 proximity ligation assay ゅSigma ┽ なぬに mouse and rabbit ┽ Red detectionょ using the manufacturer╆s protocol┻ Mouse anti┽(A なぬぬ ゅCovanceょ and Rabbit anti┽MYC┽tag ゅCSTょ were used at な┺ねどど and な┺にどど respectively┻ なぬね )ncubation with either antibody was performed as a negative control┻ なぬの  なぬは 
Enforced mitochondrial localisation なぬば The RacなA cDNA ゅgift of A┻ Kortholt┸ University of Groningenょ was mutagenised to なぬぱ 



 ね

PにひS【QはなL the stop codon removed┻ )t was cloned N┽terminal to mCherry┽なぬひ mitochondrial anchor┸ or N┽terminal to mCherry to give a cytosolic version┻ なねど Likewise┸ PakB┽CR)B was cloned N┽terminal to either GFP alone ゅto give a soluble なねな CR)B fusionょ or GFP┽mito ゅto give a mitochondrial┽targeted versionょ┻ CYR) was なねに similarly used in its WT or RなののD RなのはD double mutant┻ The mitochondrial anchor なねぬ consists of the C┽terminal tail ゅaa はどに┽はのぱょ of gemA┸ the Dictyostelium なねね mitochondrial┽anchored Rhoな【に GTPases┻  なねの Live cell images were acquired at separate times using single┽channel hardware なねは setups to ensure zero channel bleed┽through or dual excitation of fluorophores┻ To なねば note┸ the cells move between image captures┻ Dual images were captured using a なねぱ double band┽pass filter that allows both red and green signals to pass なねひ simultaneously┻ The same cells are shown in the red┸ green and dual images┻ なのど  なのな  なのに 
Transfection, siRNA Treatment and Knockout Mammalian Cells. なのぬ Oligos used are listed in Supplementary Table の┻ なのね Cells were plated a day before transfection at ばどガ of confluence and later なのの transfected using Lipofectamine にどどど according to the manufacturer╆s instructions┻ なのは に┽の づg of DNA was used per reaction based on a は┽well plate format┻ なのば siRNA oligonucleotides targeting CYR)┽B ゅQiagenょ┺  Mouse tail fibroblasts and COS┽ば なのぱ cells were respectively treated with ばの nM of Mus	musculus CYR)┽B siRNA  and にの なのひ nM of Homo	sapiens CYR)┽B siRNA ゅrecognised Cercopithecus	aethiops) or matched なはど concentration of control siRNA ゅAllStars Negative siRNA ‒ Qiagenょ were transfected なはな using Lullaby transfection reagent according to manufacturer╆s instructions┻ The なはに same step was repeated ねぱh later and cells were analysed after にねh┻ なはぬ For CrispR【Casひ mediated knock out┸ sgRNA were selected using the M)T CrispR なはね designing tool ゅhttp┺【【crispr┻mit┻edu【ょ┻ Annealed oligonucleotides were cloned into なはの pLentiCrispRvに┽Puro┻ Briefly┸ (EKにひぬT cells were seeded at な┻の x などは cells【などcm なはは dish┻ Cells were transfected with など づg of the selected plasmid ゅVector Ctr or なはば containing a gRNA against CYR)┽Bょ ば┻の づg of pSPAXに ゅAddgene ぱねのねょ and ね づg of なはぱ pVSVG ゅAddgene なににはどょ in a final volume of ねねど づL of sterile water┸ and なはひ complemented with のどど づL にX (BS and なにど mM CaClに┻ Solution was incubated ぬど なばど min at ぬばソC before adding to (EKにひぬT cells┻ Medium was removed after にねh and なばな replaced by は mL of にど ガ FBS DMEM┻ Meanwhile┸ recipient cells were plated at な x なばに などは cells【などcm dish┻ The day after┸ supernatants were filtered through a ど┻ねの づm なばぬ pore membrane and mixed with にの づg of hexadimethrine bromide ゅね┻に づg【mL finalょ なばね before infecting recipient cells┻ )nfection was repeated the next day and stably なばの transfected cells were selected with な づg【mL of puromycin┻ なばは  なばば Same procedure was used for lentiviral infection of the MDCK cells and cells were なばぱ selected with の づg【mL of puromycin┻ なばひ  なぱど For CrispR COS┽ば cyri-b knockout cells┸ human gRNAs against CYRI-B ゅCrispRおな or なぱな おに ┽ See Table のょ were cloned into a pSpCasひゅBBょ┽にA┽GFP vector ゅAddgene なぱに plasmid  おねぱなぬぱょ using the restriction enzyme BbsI	as described inはな  COS┽ば cells なぱぬ were seeded onto は cm dishes and transfected the day after using Lipofectamine なぱね 



 の

にどどど with の づg of pSpCasひゅBBょ┽にA┽GFP ゅempty vector or CYRI-B targeting CrispR なぱの gRNAょ following the manufacturers guidelines┻  Cells were grown for approximately なぱは にね h before FACS sorting┻  The transfected cells were trypsinised┸ resuspended in なぱば serum free DMEM with DAP) ゅな づg【mlょ and filtered through a ど┻ねの づm pore なぱぱ membrane for FACS┻  For FACS┸ gates were drawn to sort by cell size┸ live【dead and なぱひ GFP positive cells┻  GFP positive sorted cells were incubated with DMEM complete なひど and left to grow at normal culturing conditions┻  Knockouts for CYRI-B	were analysed なひな by western blotting┻ なひに  なひぬ Generation of knockout mouse embryonic fibroblast and mouse tail skin fibroblast なひね cell lines were obtained by adding な づM of hydroxytamoxifen in the growth medium なひの every ぬ days over ば days┻  なひは  なひば  なひぱ 
FRET imaging of Mammalian Cells なひひ The Racな┽Raichu┽mTqに┽sREAC( probe is described inにひ┻ Cells were transfected with にどど the probe┸ plated the day after on laminin and imaged┻ FRET images were acquired にどな with the Nikon FL)M【T)RFsystem Zはどなね microscope equipped with a Plan にどに Apochromat はぬx【な┻ねの oil objective and a ねはの nm LED┻ Dishes were placed in a ぬばソC にどぬ heated chamber perfused with のガ COに┻ FRET efficiency was calculated by にどね standardizing the probe lifetime to the average lifetime of the donor alone as にどの follows┺   にどは 繋迎継劇 結血血件潔件結券潔検 岫ガ岻 噺 畦懸結堅欠訣結 健件血結建件兼結 穴剣券剣堅 伐 詣件血結建件兼結 喧堅剣決結畦懸結堅欠訣結 健件血結建件兼結 穴剣券剣堅  捲などど   にどば 
Active Rac1 pulldown にどぱ COS┽ば cells were plated on laminin┽coated dishes for なh┸ washed twice with ice┽cold にどひ PBS and lysed using のど mM Tris┽(Cl p( ば┻ね┸ のどど mM NaCl┸ なガ Triton X┽などど┸ ど┻のガ になど sodium deoxycholate┸ など mM MgClに┸ なX protease and phosphatase inhibitors┻ になな Cleared lysates were incubated with recombinant GST or GST┽CR)B┽PBD obtained になに from D(のalpha cells as described above┻ な┽な┻の mg of lysate were incubated for に h at になぬ ねソC with a similar amount of GST┽construct immobilised on glutathion┽sepharose になね beads┻ Beads were washed ぬ times with のど mM Tris┽(Cl p( ば┻ね┸ のどど mM NaCl┸ など になの mM MgClに and prepared for SDS┽PAGE analysis as described below┻ になは  になば 
SDS-PAGE and Western Blotting of Mammalian Cells になぱ Lysates were collected on ice by scraping cells in R)PA Buffer ゅなのど mM NaCl┸ など mM になひ Tris┽(Cl p( ば┻の┸ な mM EDTA┸ なガ Triton Xなどど┸ ど┻なガ SDS┸ なX protease and ににど phosphatase inhibitorsょ and centrifuged など min at なのどどど rpm and ねソC┻ Protein ににな concentration was measured at ODはどどnm using Precision Red┻ ににに にど┽ねど づg of protein were resolved on a NuPAGE Novex ね┽なにガ Bis┽Tris gels and ににぬ transferred onto a nitrocellulose membrane using the BioRad system┻ Membranes ににね were blocked in のガ non┽fat milk in TBS┽T ゅなど mM Tris p(  ぱ┻ど┸ なのど mM NaCl┸ ど┻のガ ににの Tween にどょ during ぬど min before overnight incubation with primary antibodies at にには ねソC┻ Membranes were washed ぬx の min in TBS┽T and incubated なh with Alexa┽Fluor ににば 
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conjugated secondary antibodies┻ Blots were then washed ぬx の min and imaged ににぱ using the LiCor Odyssey CLx┻  ににひ All images were then analysed using )mage StudioLite v┻の┻に┻の┻ にぬど  にぬな 
Immunofluorescence of Mammalian Cells にぬに Cells were collected and plated onto sterile なぬmm glass coverslips coated overnight にぬぬ at ねソC with など づg【mL of rat┽tail collagen )┸ など づg【mL fibronectin or など づg【mL にぬね laminin diluted in PBS┻ Coverslip were washed ぬx in PBS before seeding cells┻ Cells にぬの were fixed with ねガ paraformaldehyde for など min┸ permeabilised ゅにど mM Glycine┸ にぬは ど┻どのガ Triton Xなどどょ for など min and blocked with のガ BSA┽PBS for ぬど min┻ Primary にぬば and secondary antibodies were diluted in blocking buffer and incubated なh in a dark にぬぱ and humidified chamber┻ Coverslips were washed twice in PBS and once in water にぬひ before being mounted on glass slides using ProLong Gold antifade reagent┻ )mages にねど were taken using an inverted Olympus FVなどどど confocal microscope using a Plan にねな Apochromat N はぬx【な┻ねど oil SC or an Uplan FL N ねどx【な┻ぬど oil objective┻ にねに )mages were processed and analysed using Fiji software ゅ)mageJ vな┻ねぱtょなは┻ にねぬ  にねね 
Membrane dynamics analysis にねの C(L┽な cells were transfected with GFP┽LifeAct ゅの づg AMAXA kit┽T┸ program T┽どにどょ にねは and incubated overnight in complete DMEM┻  Cells were then plated onto a glass にねば bottom dish coated with laminin for ぬ h before imaging within a contained unit at にねぱ ぬばソC and のガ COに┻ Time┽lapse images were taken using a Nikon microscope with a にねひ CoolLED GFP filter set ゅねばど nm LEDょ and a Nikon Plan Apo VC などどx【な┻ね NA oil にのど immersion objective and captured using a Photometrics PR)ME camera┻  GFP images にのな were taken at な frame per second for a total of ぬ min┻ For each frame┸ a binary mask にのに was made of the cell based on the intensity of its LifeAct signal┸ and the intensity of にのぬ an associated edge image made by Canny edge detection┻ Differences between binary にのね images from one frame to the next were used to find areas of extension or retraction┸ にのの with extended areas positively valued and retracted areas negatively valued┻ Co┽にのは ordinates for an outline of the binary image of each frame were extracted from the にのば RO) class in )mageJ┸ and were used to measure the mean intensity of the にのぱ corresponding difference image in a のxの px area┻ These values were then written for にのひ each cell to a new にD image that we refer to as an ｇunwrapped kymographｇ┸ with にはど each two rows representing one frame and each column representing one outline にはな coordinate point for that frame┻ After smoothing this unwrapped kymograph┸ areas にはに of protrusion were identified by thresholding┸ with their extension in the y direction にはぬ ゅtimeょ measured┻ This gave us an estimate of the active lifetime of each protrusion┸ にはね and a mean protrusion lifetime for each cell┻ )mages were processed using にはの Metamorph and Fiji softwares┻  にはは Plugin used for creating kymograph will be provided upon reasonable request┻ にはば  にはぱ 
Rac1 photo activation にはひ 
Transfection	protocol:	MEFs were transiently transfected by electroporation ゅAmaxa にばど kit Tょ with の づg of photoactivatable Racな plasmidぬな ゅpTriEx┽LOVに┽Ja┽Racな┽mCherryょ┻ にばな The transfected cells were suspended in complete DMEM media┸ and plated onto にばに laminin┽coated glass┽bottom ぬの mm dishes┻  After several hours┸ the media was にばぬ 
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replaced with serum┽free DMEM and incubated overnight in darkness┻ にばね 
Imaging:	)maging was performed on a Zeiss ぱぱど confocal microscope with a stage にばの incubator perfused with COに┻ Time┽lapse imaging of moderate mCherry expressing にばは cells was done for なのど frames at に second intervals between frames┻ Two images にばば were collected for each frame at のはぱ nm with bi┽directional scanning averaged over にばぱ two frames to image the mCherry tag┸ and a transmitted light detector to show a にばひ bright field image of the cell morphology┸ both at などにねxなどにね resolution┻  An initial にぱど にひ frames ゅな minuteょ was collected with のはぱ nm excitation to document baseline にぱな protrusive activity┻ Photoactivation of Racな was started at frame ぬど┸ and continued にぱに for each frame to なのど┸ with a pulse of ねのぱ nm excitation in a などど pixel diameter にぱぬ region of interest┻  The のはぱ nm excitation was at ば┻のガ laser power┸ with gain of はどど┽にぱね ぱどど depending on the brightness of the cell┸ and the pinhole set at ぬどど to maximize にぱの collection of light levels and depth of field to capture ruffles┻  The ねのぱ nm excitation にぱは used laser power of などガ and scan speed set for a pixel dwell time of ぱ づsec┻  にぱば Movies were processed using the Plugin found in Supplementary Note な にぱぱ  にぱひ 
Chemotaxis assay にひど Chemotaxis assays with WMぱのに human melanoma cells were performed as にひな described inぬの┻ Briefly ぱ x などね cells were seeded onto fibronectin coated coverslips にひに and left overnight in serum┽free RPM)┻ Coverslips were mounted onto )nsall にひぬ chambers with RPM) containing などガ fetal bovine serum as the chemoattractant┸ にひね and images were taken every なの min for ねぱ h with a Nikon TEにどどど┽E time┽lapse にひの microscope using Metamorph software┻ Cells were manually tracked using MTrackJ にひは plugin in Fiji┻  All cells that moved independently of other cells were chosen for にひば tracking┻  Approximately なにど cells were tracked for each condition from ぬ にひぱ independent repeats per condition ゅsee also legend Figure はょ┻ にひひ  ぬどど 
Random Migration Assay for Mammalian Cells ぬどな は┽well glass bottom plates were coated overnight as described above┻ なxなどの cells ぬどに were plated and imaged every など min for なば h using a Nikon TEにどどど microscope┸ ぬどぬ PlanFluor などx【ど┻ぬど objective and equipped with a heated COに chamber┻ )mages were ぬどね analysed using Fiji softwareはぬ ゅ)mageJ vな┻ねぱtょ┻ )ndividual cells were tracked using ぬどの the mTrackJ plugin┸ and spider plots were generated using the chemotaxis and ぬどは migration tool plugin ゅv┻な┻どなょ┻ ぬどば  ぬどぱ 
Dictyostelium	discoideum Cells ぬどひ Axenic D.	discoideum strains Axぬ was used as wildtype┻ cyri knockout cells were ぬなど generated in Axぬ genetic backgrounds┻ Axぬ┽derived napA KO cells are described ぬなな previouslyはね┻ Cells were grown in (Lの medium ゅFormediumょ with などど U【ml ぬなに penicillin and などど づg【ml streptomycin in など cm plastic Petri dishes and incubated at ぬなぬ になソC┻  ぬなね  ぬなの 
Dictyostelium	discoideum GFP-Trap with Formaldehyde Crosslinking ぬなは Cells were collected in PBS and lysed by adding ice┽cold ぬx lysis【crosslinking buffer ぬなば ゅなx buffer┺ にど mM (EPES p( ば┻ね┸ に mM MgClに┸ ぬガ formaldehyde┸ ど┻にガ Triton X┽ぬなぱ などどょ┻ After の min with gentle agitation at ね ソC┸ formaldehyde was quenched for ぬなひ 
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などmin on ice using な┻ばの M Tris p( ぱ┻ど┻ Samples were centrifuged at ににどどどg for ね ぬにど min at ね ソC┻ Pellet was successively washed and resuspended with な mL of ice cold ぬにな quenching buffer ゅど┻ね M Tris p( ぱ┻ど┸ ど┻にガ Triton X┽などどょ┸ wash buffer A ゅなどど mM ぬにに (EPES p( ば┻ね┸ に mM MgClに┸ ど┻にガ Triton X┽などどょ and wash buffer B ゅなどど mM (EPES ぬにぬ p( ば┻ね┸ に mM MgClにょ┸ with ぬ min centrifugation step between washes┻ Final ぬにね resuspension was performed using なmL of ice┽cold R)PA buffer ゅのど mM Tris┽(Cl p( ぬにの ぱ┻ど┸ なのど mM NaCl┸ ど┻のガ Triton X┽などど┸ ど┻のガ sodium deoxycholate┸ ど┻なのガ SDS┸ の mM ぬには EDTA┸ に mM DTTょ and incubated なh at ね ソC with gentle agitation┻ Supernatants were ぬにば mixed with pre┽equilibrated GFP┽Trap beads ゅChromotekょ following manufacturer╆s ぬにぱ protocol┻ Beads were washed ぬx with のど mM Tris┽(Cl p(  ぱ┻ど┸ なのど mM NaCl┸ の mM ぬにひ EDTA followed by な wash with など mM Tris┽(Cl p( ぱ┻ど┻ Samples were eluted after ぬぬど incubation with にx SDS loading buffer and heating など min at ばどソC before loading on ぬぬな a SDS┽PAGE┻ ぬぬに   ぬぬぬ 
Dictyostelium	 discoideum GFP-NAP1 �in gel� Proteolytic Digestion � Mass ぬぬね 
Spectrometry Analysis  ぬぬの Eluates from GFP┽NAPな immunoprecipitation were separated by SDS┽PAGE and ぬぬは stained with Coomassie blue┻ Each gel lane was divided in は slices and digestedはの┻ ぬぬば Tryptic peptides from in gel digestions were separated by nanoscale Cなぱ reverse┽ぬぬぱ phase liquid chromatography using an EASY┽nLC )) ゅThermo Fisher Scientificょ ぬぬひ coupled online to a Linear Trap Quadrupole ┽ Orbitrap Velos mass spectrometer ぬねど ゅThermo Scientificょ and desalted using a pre┽column Cなぱ NS┽MP┽など などどづm i┻d┻ x ど┻に ぬねな cm of length ゅNanoSeparationsょ┻ Elution was at a flow of ぬどど nl【min over a ひど min ぬねに gradient┸ into an analytical column Cなぱ NS┽AC┽なな ばのづm i┻d┻ x なの cm of length ぬねぬ ゅNanoSeparationsょ┻  For the full scan a resolution of ぬど┸どどど at ねどど Th was used┻ The ぬねね top ten most intense ions were selected for fragmentation in the linear ion trap ぬねの using Collision )nduced Dissociation using a maximum injection time of にの ms or a ぬねは target value of のどどど ions┻ MS data were acquired using the XCalibur software ぬねば ゅThermo Fisher Scientificょ┻ ぬねぱ  ぬねひ Raw data obtained were processed with MaxQuant version な┻の┻の┻なはは and Andromeda ぬのど peak list files ゅ┻aplょ generated were converted to Mascot generic files ゅ┻mgfょ using ぬのな APL to MGF Converter いhttp┺【【www┻wehi┻edu┻au【people【andrew┽webb【なにひぱ【apl┽ぬのに mgf┽converter┻う┻ Generated MGF files were searched using Mascot ゅMatrix Science┸ ぬのぬ version に┻ね┻なょ┸ querying dictyBaseはば ゅなに┸ばはね entriesょ plus an in┽house database ぬのね containing common proteomic contaminants and the sequence of GFP┽NAPな┻ The ぬのの common contaminant and reverse hits ゅas defined in MaxQuant outputょ were ぬのは removed┻  ぬのば Mascot was searched assuming trypsin digestion allowing for two miscleavages with ぬのぱ a fragment ion mass tolerance of ど┻は Da and a parent ion tolerance of なの ppm┻ The ぬのひ iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification┸ ぬはど and oxidation of methionine and phosphorylation of serine┸ threonine and tyrosine ぬはな were specified in Mascot as variable modifications┻  Scaffold ゅversion ね┻ぬ┻に┸ ぬはに Proteome Softwareょ was used to validate MS【MS based peptide and protein ぬはぬ identifications┻ Peptide identifications were accepted if they could be established at ぬはね greater than ひの┻どガ probability as specified by the Peptide Prophet algorithm┸ ぬはの 
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resulting in a peptide false discovery rate ゅFDRょ of ど┻はぬガにど┻ For label┽free ぬはは quantification┸ proteins were quantified according to the label┽free quantification ぬはば algorithm available in MaxQuantはぱ┻ ぬはぱ Significantly enriched proteins were selected using a Welch┽test analysis with a のガ ぬはひ FDR┻ ぬばど The mass spectrometry proteomics data have been deposited to the ぬばな ProteomeXchange Consortium via the PR)DE partner repository with the dataset ぬばに identifier PXDどなどねはど┻ ぬばぬ  ぬばね 
Generation and Validation of cyri-knockout and rescued Dictyostelium	ぬばの 
discoideum	ぬばは Primers used are detailed in Supplementary Table の┻ ぬばば Standard methods were used for construction of all Dictyostelium knockout and re┽ぬばぱ expression vectorsはひ┻ A linear CYR) knockout construct ゅにばのぱ bp in lengthょ┸ which ぬばひ consisted of a blasticidin resistance ゅBsrょ cassette flanked by sequences matching の╆ ぬぱど and ぬ╆ regions in the CYRI ゅDDBｅGどにばになひど identifier at dictybase┻orgょ gene locus ぬぱな ゅなぱpb cross┽overょ┸ was made by PCR amplification using the primers set な ゅの╆ armょ ぬぱに and set に ゅぬ╆ armょ┻ PCR┽amplified arms were combined with the Bsr cassette in a ぬぱぬ using the primers set ぬ┻ ぬぱね Knockout clones were screened【validated by PCR┸ with primers set ね┻ cyri-knockout ぬぱの yield a にねのど bp PCR product┸ random integrants ゅclones with a KO construct ぬぱは integration elsewhere in the genomeょ and wild┽type yield a なひぱぬ bp PCR product┻ ぬぱば  ぬぱぱ Vector for expression of untagged CYR) was obtained by sub┽cloning CYR)╆s ぬぱひ genomic coding region into pDMぬのぱはひ┻  A REM)ぬば ゅnon extra┽chromosomalょ vector ぬひど was derived from this by removal of the Dictyostelium plasmid propagation genes ぬひな and re┽ligation of the vector backbone┻ This construct┸ while still having a strong ぬひに promoter┸ is expected to be present in just one copy per cell┻ ぬひぬ  ぬひね 
Transformation of Dictyostelium	discoideum  ぬひの ぬ┻ど x などば cells【transformation were first centrifuged ゅぬ min┸ ぬぬど x g┸ ねソCょ┸ washed ぬひは with など ml ice┽cold electroporation buffer ゅE┽buffer┹ など mM sodium phosphate ぬひば buffer p( は┻な┸ のど mM sucroseょ┸ and resuspended in ねどど づl ice┽cold E┽buffer┻ Cells ぬひぱ were transferred into an ice┽cold ど┻に cm electroporation cuvette and incubated の ぬひひ min with ど┻の┽な┻ど づg of DNA on ice┻ Cells were electroporated ゅBTX┽(arvard ねどど Apparatus ECM ぬひひょ at のどどV┸ giving a time constant of ぬ┽ねms┻ Cells were ねどな immediately transferred to (Lの medium in Petri dishes┻ Appropriate selection ゅのど ねどに づg【ml hygromycin or など づg【ml Gねなぱょ was added the next day┻ For REM) ねどぬ transfections┸ など づg of linearized DNA and のど U of restriction enzyme were used┸ in ねどね ど┻ねcm cuvettes with a Bio┽Rad Gene Pulser )) set at な┻にkV and ぬづF┻ ねどの  ねどは 
Dictyostelium	discoideum CYRI inclusion body purification ねどば BLになゅDEぬょ pLysS cells were grown to ODはどどnm ど┻に and induced with ど┻に mM )PTG for ねどぱ ねh┻ Cells were pelleted┸ frozen and resuspended with ぱど mL of lysis buffer ゅのど mM ねどひ Tris┽(Cl p( ぱ┻ど┸ にの ガ sucrose ゅw【vょ┸ な mM EDTAょ per などどg of cells┻ Cells were lysed ねなど by adding なガ lysozyme ゅw【vょ and kept on ice for ぬど min┻ Lysate was resuspended ねなな 
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with など mM MgClに┸ なmM MnClに┸ などづg【mL DNase ) and kept for another ぬど min on ねなに ice┻ Finally┸ にどど mL of detergent buffer ゅど┻に M NaCl┸ なガ deoxycholic acid ゅw【vょ┸ なガ ねなぬ NPねど┸ にど mM Tris┽(Cl p( ば┻の┸ に mM EDTAょ was added to the lysate┸ which is then ねなね centrifuged at のどどど x g for など min┻ Pellet is then washed in ど┻のガ NPねど┸ な mM EDTA ねなの and this step is repeated until a tight white pellet is obtained┻ ねなは  ねなば 
Dictyostelium	discoideum CYRI antibody production ねなぱ )nclusion bodies were dissolved in sample buffer with DTT and loaded onto a などガ ねなひ Bis┽Tris acrylamide gel at ばどV at ね ソC┻ Gel was Coomassie stained and fragments of ねにど the band corresponding to CYR) was sent to BioGenes for injection into に rabbits┻ ねにな Bleeds were collected every second week after initial immunisation【boost and ねにに tested by western blot┻ ねにぬ ゅTerminal bleed from rabbit にばばにね after のth boost used at な┺などどょ┻ ねにね  ねにの 
Dictyostelium	discoideum Under-agarose Chemotaxis Assay ねには This assay is based on a previous studyばど┻ Surface of the ぬど mm glass bottom dish ねにば ゅMatTekょ was coated with など mg【ml BSA for など min┸ washed with d(にO and dried ねにぱ for の min inside a laminar flow cabinet┻ ど┻ねガ w【v SeaKem GTG agarose in S)( ねにひ medium ゅFormediumょ containing など づM folate was poured and set for なh┻ A well was ねぬど cut in the agarose and にxなどは cells【mL placed in it┻ After ぬ┽ねh cells were imaged by ねぬな Phase contrast and D)C microscopy with a Nikon Eclipse TEにどどど┽E microscope ねぬに system equipped with a Q)maging RET)GA EXi FAST なぬひね CCD camera and a pE┽などど ねぬぬ LED illumination system ゅCoolLEDょ at のにの nm┻ A などケ【 ど┻ねの NA Phな objective and a ねぬね はどケ【な┻ねど NA apochromatic D)C objective were used for phase contrast and D)C┸ ねぬの respectively┻ )maging was controlled through the づManager な┻ね┻ひ software┻ All ねぬは microscopy was carried out at RT and images were analysed with )mageJ【Fiji な┻ねひi┻ ねぬば Pseudopod rate and split frequency was analysed from the D)C movies and manually ねぬぱ quantified frame by frame┻ For analysis of cell circularity┸ speed and migration ねぬひ parameters┸ automated tracking plugins were developed for )mageJ ゅsee Pluginに in ねねど Supplementary note にょ┻  More information will be supplied upon reasonable request┻ ねねな  ねねに 
Dictyostelium	discoideum	development assay ねねぬ Cells were harvested from axenic growth plates┸ washed twice in phosphate buffer ねねね ゅなど mM Na【K phosphate p( は┻のょ containing に mM MgClに and なmM CaClに┸ and plated ねねの on なガ w【v agar prepared in the same buffer┻ For time┽lapse imaging we used a ねねは Nikon Eclipse TEにどどど┽E microscope fitted with a Prior ProScan )) moving stage┸ and ねねば equipped with a Q)maging RET)GA EXi FAST なぬひね CCD camera and a pE┽などど LED ねねぱ illumination system ゅCoolLEDょ at のにの nm┻ ねねひ  ねのど 
cAMP needle assay ねのな Cells were developed as described above until territories began to form┸ indicating ねのに production and responsiveness to cAMP waves┻ Cells were harvested and placed into ねのぬ phosphate buffer and their response to など づM cAMP ゅEppendorf )njectman N)に ねのね microinjector with Femtotips ))ょ was monitored by timelapse microscopy ゅな ねのの frame【のsecょ using a Zeiss Axiovert Aな body with a plan【neofluar にどx ど┻のNA ねのは objective combined with a Q) REtiga camera┻  ねのば 
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 ねのぱ 
HSPC300-GFP analysis ねのひ Wild type or cyri KO Axぬ cells were transfected with (SPCぬどど┽GFP as described ねはど above and timelapse movies were obtained using a Zeiss ぱぱど confocal microscope┻ ねはな Processed images were used to obtain the unwrapped kymograph┻ Plugin used for ねはに this analysis will be provided upon reasonable request┻ ねはぬ  ねはね  ねはの 
3D MDCK cysts - Culture ねはは shRNA┽expressing MDCK cells were split な┺など the day before plating in ぬD┸ in ねはば puromycin┽free medium┻ Chilled ぱ┽well chamber slides were coated by spreading の ねはぱ づL of undiluted Matrigel over the well surface and transferred to ぬばソC incubator for ねはひ など min┻ MDCK cells were diluted to ねxなどね cells【mL in puromycin┽free medium and ねばど thoroughly disaggregated by pipetting┻ Matrigel was then diluted to ねガ in MEM ねばな medium and mixed with the similar volume of cells diluted at な┻のxなどね cells【mL┸ ねばに bringing the final Matrigel concentration to にガ┻  Wells were filled with ぬどど づL of the ねばぬ cell┽Matrigel mix and cysts were grown の days at ぬばソC┻ ねばね  ねばの 
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