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Abstract 

In metazoans, cell adhesion to the extracellular matrix (ECM) drives the development, functioning, and 

repair of different tissues, organs, and systems. Disruption or dysregulation of cell-to-ECM adhesion 

promote the initiation and progression of several diseases, such as bleeding, immune disorders and 

cancer. Integrins are major ECM transmembrane receptors, whose function depends on both allosteric 

changes and exo-endocytic traffic, which carries them to and from the plasma membrane. In apico-

basally polarized cells, asymmetric adhesion to the ECM is maintained by continuous targeting of the 

plasma membrane by vesicles coming from the trans Golgi network and carrying ECM proteins. Active 

integrin-bound ECM is indeed endocytosed and replaced by the exocytosis of fresh ECM. Such vesicular 

traffic is finely driven by the teamwork of microtubules (MTs) and their associated kinesin and dynein 

motors. Here, we review the main cytoskeletal actors involved in the control of the spatiotemporal 

distribution of active integrins and their ECM ligands, highlighting the key role of the synchronous 

(ant)agonistic cooperation between MT motors transporting vesicular cargoes, in the same or in opposite 

direction, in the regulation of traffic logistics, and the establishment of epithelial and endothelial cell 

polarity.  
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Highlights 
 
 Apico-basally polarized cells exploit spatially oriented microtubule tracks to establish and maintain 

exo-endocytic traffic of integrins and ECM proteins 

 

 Traffic logistics of vesicular cargos relies on sequential agonistic and synchronous antagonistic 

cooperation between microtubule motors 

 

 Integrin-mediated cell adhesion to the ECM at the basal plasma membrane drives the formation of 

different protein complexes that capture microtubules +ends and tether exocytic vesicles  
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Introduction 

The dynamic adhesion of progenitor and differentiated cells to extracellular matrix (ECM) proteins 

assembled in three-dimensional networks is crucial for the development, functioning, and repair of 

different tissues, organs, and systems of metazoans [1]. Moreover, abnormal cell-to-ECM adhesive 

interactions sustain the initiation and progression of several diseases, ranging from bleeding and immune 

disorders [2] to blistering diseases [3] and cancer [4]. Integrin αβ heterodimers are major ECM 

transmembrane receptors whose functions are regulated by both allosteric changes from inactive 

bent/closed to active extended/open conformation [5] and exo-endocytic traffic to and from the plasma 

membrane [1,6]. 

Integrin-mediated adhesion to the ECM occurs non homogeneously throughout the cell surface, 

being limited to discrete membrane domains [7] and micrometer-range points of contact [8]. 

Asymmetries in ECM-adhesion are key for cells to acquire polarized molecular and structural 

architectures that support their specialized biological functions [9]. In this regard, prominent examples 

are the organization of apical and basal sides in epithelial cells [7] or leading and trailing edges in 

directional migrating cells, such as leukocytes [10] or invading cancer cells [4]. It is known that epithelial 

and endothelial cells determine the polarized orientation of their apical–basal axis by sensing the ECM 

through integrin-mediated adhesion and signaling [9]. Once established, the over time maintenance of 

asymmetric matrix adhesion in polarized cells relies on continuous endo-exocytic cycles of ECM 

carrying vesicles [11]. Indeed, from basal adhesive contacts, active integrin-bound cleaved ECM is 

endocytosed and then replaced with freshly synthesized matrix proteins delivered by trans Golgi network 

(TGN)-derived secretory vesicles [6,12]. Notably, ECM adhesion sites physically associate with and 

spatially orient microtubule (MT) tracks [13], along which exo- and endocytic vesicles are coordinately 

trafficked [14,15] to control the spatiotemporal distribution of (active) integrins and their ECM ligands 

[6]. Furthermore, integrin-based adhesion sites are emerging as general spatial coordinators of MT-
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dependent plasma membrane-associated cellular functions, such as epithelial apico-basal polarity [16], 

secretion of non-ECM proteins [17,18] and lysosome-dependent nutrient sensing [19–21]. 

Here, we will review the mounting evidence that the maintenance of asymmetrically localized 

ECM adhesion sites depends on and allows MT motor-driven vesicular traffic of adhesive cargoes in 

polarized epithelial and endothelial cells. 

 

Microtubule motors control subcellular positioning of trafficking compartments 

The coordinated regulation of spatial distribution strongly impacts on the delivery of key protein cargoes, 

such as integrins and ECM proteins, to adhesion sites [1,6]. In general, the localization in trafficking 

compartments, such as early endosomes (EE), late endosomes (LE), and lysosomes (LY), of receptors 

and their ligands significantly affects their traffic dynamics and function [22,23]. For instance, the spatial 

distribution of transmembrane cargoes in more immature and dynamic peripheral EEs, preferentially 

contribute to a faster turnover of cargoes, compared to the one observed for LEs or LYs [23]. 

The heterogeneity of vesicular compartments is due to key specific membrane associated proteins, 

such as Rab5 or Rab7 small GTPases in the case of EE and LE/LY respectively, but it also depends on 

which subcellular compartment, e.g. the cell surface or the TGN, the trafficking vesicle had been 

generated from [24–26]. Furthermore, the cytoplasmic spatial distribution of transported vesicular 

cargoes is carried out by MTs along with their anterograde and retrograde associated motors, respectively 

moving towards MT polymerizing/plus (+) end and depolymerizing/minus (-) end [27,28]. Indeed, the 

movement of vesicles is strictly dependent on the competition between dynein and different kinesins, 

respectively driving MT -end and +end-directed motion [29,30] (Fig. 1A, B and C). In addition, the wide 

family of kinesins have also been reported to be in charge of scission of membrane tubules from MT-
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associated endosomes, further modulating positioning dynamics [31]. Although extensive research has 

been carried out to understand the mechanisms driving dynein and kinesin function, how those two motor 

families are recruited and cooperate to deliver their cargoes in precise locations is still not completely 

understood. However, many questions have been so far addressed by in vitro reconstruction studies 

[32,33] and several biological evidences in living cells [29,34].  

A key demonstrated aspect is that the loading activity and specificity between a molecular motor 

and the carried vesicle strictly depend on the adaptor exploited by the motor. Indeed, extensive work has 

been carried out to identify motor adaptors and their function in MT transport and cell behavior. It is 

known that dynein exists in an auto-inhibited state, which is released by the multiprotein asymmetric 

complex dynactin, whose assembly is stabilized by proteins, such as bicaudal D (BICD) cargo adaptor 

[35], the Rab11 family interacting protein 3 (FIP3), HOOK3 and the spindle apparatus coiled coil protein 

(SPDL1) [29,33,36] to prompt MT retrograde cargo traffic. On the other hand, kinesins can directly bind 

their cargoes or use molecular adaptors. For instance, KIF1A and KIF1Bβ bind to RAB3 proteins through 

the adaptor protein mitogen-activated protein kinase (MAPK) activating death domain (DeNN/MADD) 

[37]. Due to the complexity of the kinesin superfamily, more details have to be characterized to 

mechanistically describe the functioning and selectivity of these motors to its adaptors or cargoes in 

living cells. However, the discovery of molecular adaptors contributing to dynein movement processivity 

has provided useful explanation for the tug-of-war between a unique retrograde motor and multiple 

anterograde ones [38]. Moreover, some adaptors are shared by dynein and some kinesins, thus playing a 

key role in modulating the opposite polarity of MT-associated motors. Indeed, LIS1, BICD2, HOOK1 

and HOOK3, are known to selectively recruit dynein or kinesins at cargo loading sites, thus significantly 

regulating their centripetal or centrifugal movement and cytoplasmic positioning [34,39,40]. 
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In addition to the movement relying on motors proceeding to opposite MT ends, a key and widely 

accepted concept is the teamwork played by motors proceeding in the same direction (Fig. 1D). Groups 

of kinesins have been indeed shown to cooperate and drive the traffic of endosomes, but also of 

membranous organelles and mRNAs [41,42] towards the cell membrane. Interestingly, those motors can 

also compete for the binding to their cargo, resulting in a negative regulation of its motion. For instance, 

a mechanical competition has been demonstrated between two MT +end directed kinesins in C. elegans 

neuronal cilia formation [43]. Moreover, an unconventional subfamily of kinesins (such as KIF14), also 

called C-kinesins (KIFC1, KIFC2 and KIFC3), exists in mammals and drive cargo transport to MT –

ends, oppositely to the direction of motion of the above described classic kinesins [37]. The existence of 

this specific class of kinesins has led us and others to speculate on an additional mechanism of 

cooperation between dynein and kinesins, proceeding to the same direction, in mammalian cells. We 

found that dynein and KIFC1, relying on HOOK1 and HOOK3 respectively, coordinately modulate the 

MT-end directed movement of EEs [26]. Our thorough analysis of physical parameters (such as size, 

distance from the nucleus, and velocity of movement in living cells) of two endocytic compartments, the 

larger and more centrally localized LEs versus the small and more dynamic EEs, identified a dual motor 

level of motion regulation for the latter only (Fig. 1E). Indeed, we demonstrated that the inhibition of 

dynein- or KIFC1-motor systems causes, differentially to LEs, the EE collapse around the nucleus. On 

the other hand, when both motor systems, or both their HOOK specific adaptors, are disrupted, the normal 

peripheral localization of EEs is restored, supporting a cooperative antagonism between dynein and 

KIFC1 in driving their MT -end-directed movement, potentially counterbalanced by a canonical MT 

+end-directed anterograde kinesin, such as kinesin 1 KIF5B. We indeed speculated that small endocytic 

vesicles, such as EEs, which, differently from large LEs, experience a relatively lower friction with the 

cytoplasm, may require the coupling of dynein and the cooperative, yet antagonistic, MT -end-directed 

motor KIFC1 to coordinately direct their typical peripheral localization. Additionally, the same 
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cooperative antagonism between dynein and KIFC1 has been also observed during ciliary protein exit 

from the Golgi during cilia formation [44]. Although the repertoire of cargoes transported by KIFC1 

needs further investigation, this and our work support the notion of cooperative antagonism in motor-

dependent cargo movement and shed light on how the specificity of motor systems for their cargo can be 

reached. 

 

Polarized ECM secretion and integrin traffic in epithelial and endothelial cells 

The ability of polarized cells, such as those of epithelial tissues [7] and vascular endothelium [45], to 

differentially transport cargos and solutes along their apico-basal axis crucially relies on their asymmetric 

integrin-mediated adhesion to the ECM. While, among ECM ligands, fibronectin prevails during 

embryonic development or post-natal wound healing, intact epithelial and endothelial cell monolayers 

instead adhere to laminin-containing basement membranes (BMs) in the adult organism [46–48]. 

The binding of integrins to BM proteins triggers signals that, by defining the basal domain, initiate 

and maintain the apico-basally oriented axis of epithelial cells [7,9,49]. BM-bound β1 integrins recruit 

the integrin linked kinase (ILK) adaptor that allows the capture and stabilization, close to adhesion sites, 

of non-centrosomal MT +ends, along which polarized apicobasal endocytic and exocytic vesicular 

cargoes are trafficked [16,50,51]. Indeed, thanks to its association with the scaffold IQ motif containing 

GTPase activating protein (IQGAP), which in turn interacts with multiple MT +end tracking proteins 

[52], ILK effectively recruits MTs at ECM adhesions [51] (Fig. 2A). In this context, ILK has been 

reported to promote the endocytosis of apical components from [50] and the exocytosis of caveolin at 

[51] the basal plasma membrane, thus fostering the biochemical and functional polarization of epithelial 

cells. 
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Albeit with a faster rate in embryonic than in adult tissues, epithelial BM undergo constant turnover 

[53], consisting in cycles of protease-mediated degradation of the existing ECM, followed by integrin-

dependent endocytosis of ECM fragments and their replacement with new ECM proteins [11,53,54]. To 

keep promoting such dynamic apico-basal polarization of epithelial cells, secretory vesicles containing 

Golgi apparatus-synthesized fresh BM proteins must be directionally trafficked along MTs and released 

at the basal surface [16,49,50]. The Golgi-associated small GTPase Rab6, which is known to promote 

the anterograde transport of cargoes to the plasma membrane in different cell types [55], is required for 

laminin secretion and BM polymerization on the basal side of epithelial cells [56]. Similarly, 5.5 dpc 

Rab6a null embryos lack laminin+ BM in between the epiblast and the visceral endoderm [57]. In addition 

to Rab6, Rab8 [58] and Rab10 [59], which belong to same Rab subfamily [60], have also been involved 

in trans-Golgi network (TGN)-to-basolateral plasma membrane traffic in epithelial cells. Consistently, 

in Drosophila Rab10, which is enriched in vesicles localized near the basal surface of ovary epithelial 

follicle cells, promotes polarized laminin+ BM secretion [61], fibrillogenesis and normal egg chamber 

elongation [62]. 

Rab6+ post-Golgi carriers (PGCs) that bud from the trans-Golgi network (TGN) to deliver cargoes 

to the plasma membrane are processively transported towards the cell periphery along MTs by +end 

directed motors belonging to kinesin 1 and kinesin 3 families [14]. In HeLa cervical carcinoma cells 

kinesin 1 KIF5B and kinesin 3 KIF13B cooperate as predominant MT motors for Rab6+ PGC transfer to 

the cell periphery [63,64]. In this cell type, KIF5B prevails over KIF13B in the transport of Rab6+ PGCs 

along older and more central MTs, while KIF13B takes the lead on freshly polymerized peripheral MTs 

[64]. This may be due to the fact that, while more resistant to detachment under load [65] and capable of 

engaging in a tug-of-war with MT -end directed motor dynein, KIF5B recruitment on MT and activation 

strongly depends on MT associated protein 7 (MAP7), which does not effectively associate with growing 

MT +ends [66]. Of note, MT-dependent transport to the basal surface of ovarian follicle cells of type IV 



10 
 

collagen containing Rab10+ vesicles, together with the following polarized secretion of BM proteins and 

organized tissue architecture, rely on the synergy between Khc and Khc-73, the Drosophila orthologs of 

KIF5B and KIF13B respectively [67]. KIF5B is recruited to Rab6+ PGCs via the adaptor Dopey1, which 

simultaneously binds phosphatidylinositol 4 phosphate (PI4P) and KIF5B-associated kinesin light chain 

2 (KLC2) and also connects with the dimeric adaptor Mon2, which further stabilizes the complex by 

interacting with phosphatidic acid (PA) [68]. While it is not known yet how KIF13B associates with 

PGCs [64], BICD adaptor protein directly links the -end MT dynein motor to Rab6 [69]. 

During embryonic development, the binding of fibronectin to its major receptor α5β1 integrin 

induces apico-basal polarity of endothelial cells and the formation of the single lumen of blood vessels 

[70,71]. We [72] and others [73] revealed that, similarly to exocytosis in neuron presynaptic active zone 

[74], the polarized secretion of PGCs carrying freshly synthesized fibronectin at the basal surface of 

endothelial cells relies on the protein tyrosine phosphatase receptor type f polypeptide (PTPRF, also 

named LAR for leukocyte common antigen related) and its directly interacting adaptor PTPRF 

interacting protein α1 (PPFIA1), also known as liprin-α1. Of note both proteins were identified as 

components of integrin adhesome complexes in different cell types [75–78]. From the N- to the C-

terminus, PPFIA1/ liprin-α1 comprises two coiled coil (CC) domains, a single α helical (SAH) domain, 

and three sterile α motif (SAM) domains [79]. Through SAM1-2 domains and CC1 domain, 

PPFIA1/liprin-α1 respectively binds the cytosolic D2 domain of PTPRF/LAR and co-oligomerizes with 

PTPRF/LAR at ECM adhesions [80] (Fig. 2B). The fact that in endothelial cells PPFIA1/liprin-α1 

supports the localization of PGCs close to ECM adhesions [72] suggests that, similarly to its presynaptic 

function [74], PTPRF/LAR-bound PPFIA1/liprin-α1 may act as a local tether for ECM-loaded exocytic 

vesicles (Fig. 2A). Directly or indirectly PPFIA1/liprin-α1 interacting proteins known to bind PGC 

associated Rab GTPases, such as glutamine/leucine/lysine/serine-rich protein (ELKS) [81] or 

mammalian UNC13 (MUNC13) [82] respectively binding Rab6 and Rab11, may play a role in this 
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regard. Indeed, in addition to Rab6 [25], also Rab11 localizes at the TGN [83] and plays a role in 

secretory traffic [84,85]. Three different Rab11 family members exist [60] and interact with kinesin 3 

KIF13A [86]. In epithelial cells, Rab11A controls the post-Golgi delivery of apical cargoes [87] and 

Rab11B, but not Rab11A, drives the polarized secretion of fibronectin at the basal plasma membrane of 

endothelial cells [11,12] and pleural mesothelial cells [88] through molecular mechanisms that have still 

to be definitively outlined. For example, similarly to presynaptic active zones [74], PTPRF/LAR-

associated PPFIA1/liprin-α1 may indirectly promote the RAB11B-dependent mooring of fibronectin 

containing PGCs at endothelial ECM adhesions through MUNC13 [82]. We [12] and others [89] 

observed that in endothelial cells, upon internalization in early endosomes, conformationally active α5β1 

integrins reach PGCs, where they, perhaps acting as secretory receptors, are recycled and released at the 

basal plasma membrane along with newly synthesized fibronectin. Thanks to its ability to bind 

PPFIA1/liprin-α1 [12], the β1 cytotail of active α5β1 integrins may also support the docking of fresh 

fibronectin-loaded PGCs at endothelial ECM adhesions. 

Confirming and extending previous findings [63,90], Fourriere et al. [17] recently showed that 

TGN-derived Rab6+ PGCs, transported along MT tracks to the cell periphery by KIF5B, dock via ELKS 

close to ECM adhesions, thus allowing the secretion of several cargoes, among which ECM proteins, 

such as type X collagen. The targeting of Rab6+/ELKS+ ECM containing PGCs [17] conceivably depends 

on the interaction of MT +ends with cortical MT stabilization complexes (CMSCs) that assemble at the 

rim of ECM adhesions [91]. Indeed, CMSCs are enriched with proteins, e.g. the kinesin-4 family member 

KIF21A [92] and CLIP-associating proteins (CLASPs) [90], that target and stabilize MT +ends. KIF21A 

and CLASPs are part of complexes respectively connected to talin [5] and filamin [93] actin cytoskeleton 

adaptor proteins known to modulate the conformational activation of integrins. KIF21A anchors CMSCs 

to ECM adhesions by interacting with KN motif and ankyrin repeat domain-containing proteins 

(KANKs) [94–96] that in turn bind the rod domain of the integrin activating protein talin [97,98]. Instead, 
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CLASPs interact with LL5β [90] that also connects to the Rab6 adaptor ELKS [90] and the integrin 

inhibiting protein filamin [99,100]. In addition to binding talin, KIF21A-associated KANK binds PPFIA 

binding protein 1 (PPFIBP1)/liprin-β1 to recruit the LL5β-CLASP complex at CMSCs [97] (Fig. 2A). 

Through their SAM domains PPFIBP1/liprin-β1 and PPFIA1/liprin-α1 can heterodimerize [101]. 

However, the SAM domain-mediated binding of PPFIA1/liprin-α1 to PPFIBP1/liprin-β1 and 

PTPRF/LAR is mutually exclusive [80] (Fig. 2B). Therefore, two distinct PPFIA1/liprin-α1-

PTPRF/LAR and PPFIA1/liprin-α1-PPFIBP1/liprin-β1 complexes are expected to exist. Furthermore. 

PPFIA1/liprin-α1 was found to bind the same region [102] through which ELKS associates with LL5β 

[90], suggesting that binding of ELKS to PPFIA1/liprin-α1 and LL5β may be mutually exclusive as well 

[103]. Altogether, these findings hint a model in which three distinct complexes may be at work to 

coordinate the delivery and exocytosis of PGCs at ECM adhesions. The liprin-β1-interconnected KANK-

KIF21A and LL5β-CLASP complexes would promote the stabilization of MT+ ends close to adhesion 

sites, thus allowing the long-range MT-dependent transport of PGCs carrying fresh ECM and recycled 

active integrins. Similarly to its function at the neuronal presynaptic active zone [74], the PTPRF/LAR-

PPFIA1/liprin-α1 complex would instead promote the docking and ensuing fusion of PGCs with the 

plasma membrane surrounding the ECM adhesions. 

 

Conclusions 

Apico-basally polarized cells exploit spatially oriented MT tracks to establish and maintain, via exo-

endocytic traffic, the asymmetric distribution of their intracellular, transmembrane, and secreted proteins. 

Sequential agonistic (e.g., KIF5B and KIF13B) and synchronous antagonistic cooperation between MT 

motors transporting vesicular cargoes in the same (e.g., dynein and KIFC1) or in opposite (e.g., dynein 

and KIF5B) directions is crucial to control the underpinning traffic logistics. Integrin-mediated adhesion 
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to the ECM defines the basal plasma membrane domain by driving the formation of different protein 

complexes that, capturing MT +ends (ILK-IQGAP, KANK-KIF21A, and LL5β-CLASP complexes) and 

tethering exocytic vesicles (PTPRF/LAR-PPFIA1/liprin-α1 complex) at the plasma membrane, allow 

directional endo-exocytic traffic and protein secretion. In addition, the traffic of PGCs carrying fresh 

ECM proteins and recycling active integrins give rise to a key positive feedback that allows the dynamic 

maintenance of basal ECM adhesions. Further work is needed to pinpoint and thoroughly characterize 

the roles played by different PGC associated GTPases (Rab6, Rab8, Rab10 and Rab11), anterograde and 

retrograde MT motors, ECM adhesion-associated MT capturing and vesicle tethering complexes in the 

delivery of the panoply of secreted and recycling cargoes in polarized epithelial and endothelial cells. 

  



14 
 

Acknowledgements 

The research leading to these results has received funding from: AIRC under IG 2018 - ID. 21315 – P.I. 

Serini Guido, IG 2017 - ID. 20366 – P.I. Valdembri Donatella; Ministero dell'Istruzione, dell'Università 

e della Ricerca (PRIN 2020EK82R5) (to G.S.); Università di Torino, Bando Ricerca Locale 2019 (CUP 

D84I19002940005) (to G.S.). 

 

Conflict of interests 

All authors declare that they have no competing interests 

  



15 
 

References 

[1] P. Moreno-Layseca, J. Icha, H. Hamidi, J. Ivaska, Integrin trafficking in cells and tissues, Nat Cell Biol. 21 (2019) 

122–132. https://doi.org/10.1038/s41556-018-0223-z. 

[2] M.A. Nolte, C. Margadant, Activation and suppression of hematopoietic integrins in hemostasis and immunity, 

Blood. 135 (2020) 7–16. https://doi.org/https://doi.org/10.1182/blood.2019003336. 

[3] E. Schmidt, D. Zillikens, Pemphigoid diseases, Lancet. 381 (2013) 320–332. 

https://doi.org/https://doi.org/10.1016/S0140-6736(12)61140-4. 

[4] H. Hamidi, J. Ivaska, Every step of the way: integrins in cancer progression and metastasis, Nat Rev Cancer. 18 

(2018) 533–548. https://doi.org/10.1038/s41568-018-0038-z. 

[5] Z. Sun, M. Costell, R. Fässler, Integrin activation by talin, kindlin and mechanical forces, Nat Cell Biol. 21 (2019) 

25–31. https://doi.org/10.1038/s41556-018-0234-9. 

[6] G. Mana, D. Valdembri, G. Serini, Conformationally active integrin endocytosis and traffic: why, where, when and 

how?, Biochem Soc Trans. 48 (2020) 83–93. https://doi.org/10.1042/BST20190309. 

[7] M.A. Pickett, V.F. Naturale, J.L. Feldman, A Polarizing Issue: Diversity in the Mechanisms Underlying Apico-

Basolateral Polarization In Vivo, Annu. Rev. Cell Dev. Biol. 35 (2019) 285–308. https://doi.org/10.1146/annurev-

cellbio-100818-125134. 

[8] M.R. Chastney, J.R.W. Conway, J. Ivaska, Integrin adhesion complexes, Curr. Biol. 31 (2021) R536–R542. 

https://doi.org/10.1016/j.cub.2021.01.038. 

[9] J. Roignot, X. Peng, K. Mostov, Polarity in mammalian epithelial morphogenesis, Cold Spring Harb Perspect Biol. 

5 (2013). https://doi.org/10.1101/cshperspect.a013789. 

[10] D.J. Fowell, M. Kim, The spatio-temporal control of effector T cell migration, Nat. Rev. Immunol. 21 (2021) 582–

596. https://doi.org/10.1038/s41577-021-00507-0. 

[11] G. Mana, D. Valdembri, G. Serini, Conformationally active integrin endocytosis and traffic: why, where, when and 

how?, Biochem Soc Trans. 48 (2020) 83–93. https://doi.org/10.1042/BST20190309. 



16 
 

[12] G. Mana, F. Clapero, E. Panieri, V. Panero, R.T. Böttcher, H.Y. Tseng, F. Saltarin, E. Astanina, K.I. Wolanska, 

M.R. Morgan, M.J. Humphries, M.M. Santoro, G. Serini, D. Valdembri, PPFIA1 drives active α5β1 integrin 

recycling and controls fibronectin fibrillogenesis and vascular morphogenesis, Nat Commun. 7 (2016) 13546. 

https://doi.org/10.1038/ncomms13546. 

[13] J.C.M. Meiring, B.I. Shneyer, A. Akhmanova, Generation and regulation of microtubule network asymmetry to 

drive cell polarity, Curr. Opin. Cell Biol. 62 (2020) 86–95. https://doi.org/https://doi.org/10.1016/j.ceb.2019.10.004. 

[14] E. Granger, G. McNee, V. Allan, P. Woodman, The role of the cytoskeleton and molecular motors in endosomal 

dynamics, Semin. Cell Dev. Biol. 31 (2014) 20–29. https://doi.org/https://doi.org/10.1016/j.semcdb.2014.04.011. 

[15] G. Kreitzer, M.M. Myat, Microtubule Motors in Establishment of Epithelial Cell Polarity, Cold Spring Harb. 

Perspect. Biol. . 10 (2018). https://doi.org/10.1101/cshperspect.a027896. 

[16] J.L. Lee, C.H. Streuli, Integrins and epithelial cell polarity, J Cell Sci. 127 (2014) 3217–3225. 

https://doi.org/10.1242/jcs.146142. 

[17] L. Fourriere, A. Kasri, N. Gareil, S. Bardin, H. Bousquet, D. Pereira, F. Perez, B. Goud, G. Boncompain, S. 

Miserey-Lenkei, RAB6 and microtubules restrict protein secretion to focal adhesions, J. Cell Biol. 218 (2019) 

2215–2231. https://doi.org/10.1083/jcb.201805002. 

[18] I. Noordstra, C.M. van den Berg, F.W.J. Boot, E.A. Katrukha, K. Lou Yu, R.P. Tas, S. Portegies, B.J. Viergever, E. 

de Graaff, C.C. Hoogenraad, E.J.P. de Koning, F. Carlotti, L.C. Kapitein, A. Akhmanova, Organization and 

dynamics of the cortical complexes controlling insulin secretion in β-cells, J. Cell Sci. 135 (2022) jcs259430. 

https://doi.org/10.1242/jcs.259430. 

[19] J. Pu, C.M. Guardia, T. Keren-Kaplan, J.S. Bonifacino, Mechanisms and functions of lysosome positioning, J. Cell 

Sci. 129 (2016) 4329–4339. https://doi.org/10.1242/jcs.196287. 

[20] Y. Rabanal-Ruiz, A. Byron, A. Wirth, R. Madsen, L. Sedlackova, G. Hewitt, G. Nelson, J. Stingele, J.C. Wills, T. 

Zhang, A. Zeug, R. Fässler, B. Vanhaesebroeck, O.D.K. Maddocks, E. Ponimaskin, B. Carroll, V.I. Korolchuk, 

mTORC1 activity is supported by spatial association with focal adhesions, J. Cell Biol. 220 (2021) e202004010. 

https://doi.org/10.1083/jcb.202004010. 



17 
 

[21] H. Hamidi, J. Ivaska, Food for thought: How cell adhesion coordinates nutrient sensing, J. Cell Biol. 220 (2021) 

e202103128. https://doi.org/10.1083/jcb.202103128. 

[22] T. Maritzen, H. Schachtner, D.F. Legler, On the move: Endocytic trafficking in cell migration, Cell. Mol. Life Sci. 

72 (2015) 2119–2134. https://doi.org/10.1007/s00018-015-1855-9. 

[23] J.S. Bonifacino, J. Neefjes, Moving and positioning the endolysosomal system, Curr Opin Cell Biol. 47 (2017) 1–8. 

https://doi.org/10.1016/j.ceb.2017.01.008. 

[24] R. Villaseñor, Y. Kalaidzidis, M. Zerial, Signal processing by the endosomal system, Curr. Opin. Cell Biol. 39 

(2016) 53–60. https://doi.org/10.1016/j.ceb.2016.02.002. 

[25] S. Miserey-Lenkei, H. Bousquet, O. Pylypenko, S. Bardin, A. Dimitrov, G. Bressanelli, R. Bonifay, V. Fraisier, C. 

Guillou, C. Bougeret, A. Houdusse, A. Echard, B. Goud, Coupling fission and exit of RAB6 vesicles at Golgi 

hotspots through kinesin-myosin interactions, Nat. Commun. 8 (2017). https://doi.org/10.1038/s41467-017-01266-

0. 

[26] G. Villari, C. Enrico Bena, M. Del Giudice, N. Gioelli, C. Sandri, C. Camillo, A. Fiorio Pla, C. Bosia, G. Serini, 

Distinct retrograde microtubule motor sets drive early and late endosome transport, EMBO J. 39 (2020) e103661. 

https://doi.org/10.15252/embj.2019103661. 

[27] U. Theisen, A.U. Ernst, R.L.S. Heyne, T.P. Ring, O. Thorn-Seshold, R.W. Köster, Microtubules and motor proteins 

support zebrafish neuronal migration by directing cargo, J. Cell Biol. 219 (2020). 

https://doi.org/10.1083/JCB.201908040. 

[28] W. Lu, V.I. Gelfand, Moonlighting Motors: Kinesin, Dynein, and Cell Polarity, Trends Cell Biol. 27 (2017) 505–

514. https://doi.org/10.1016/j.tcb.2017.02.005. 

[29] S.L.L. Reck-Peterson, W.B.B. Redwine, R.D.D. Vale, A.P.P. Carter, The cytoplasmic dynein transport machinery 

and its many cargoes, Nat Rev Mol Cell Biol. 19 (2018) 382–398. https://doi.org/10.1038/s41580-018-0004-3. 

[30] B.Y. Monroy, D.L. Sawyer, B.E. Ackermann, M.M. Borden, T.C. Tan, K.M. Ori-Mckenney, Competition between 

microtubule-associated proteins directs motor transport, Nat. Commun. 9 (2018) 1–12. 

https://doi.org/10.1038/s41467-018-03909-2. 



18 
 

[31] M. Belabed, F.X. Mauvais, S. Maschalidi, M. Kurowska, N. Goudin, J.D. Huang, A. Fischer, G. de Saint Basile, P. 

van Endert, F.E. Sepulveda, G. Ménasché, Kinesin-1 regulates antigen cross-presentation through the scission of 

tubulations from early endosomes in dendritic cells, Nat. Commun. 11 (2020). https://doi.org/10.1038/s41467-020-

15692-0. 

[32] M.A. Schlager, H.T. Hoang, L. Urnavicius, S.L. Bullock, A.P. Carter,  In vitro reconstitution of a highly processive 

recombinant human dynein complex , EMBO J. 33 (2014) 1855–1868. https://doi.org/10.15252/embj.201488792. 

[33] R.J. McKenney, W. Huynh, M.E. Tanenbaum, G. Bhabha, R.D. Vale,  and R.D.V. Richard J. McKenney, Walter 

Huynh, Marvin E. Tanenbaum, Gira Bhabha, Activation of cytoplasmic dynein motility by dynactin-cargo adapter 

complexes, Science (80-. ). 345 (2014) 337–341. https://doi.org/10.1126/science.1254198. 

[34] D. Splinter, D.S. Razafsky, M.A. Schlager, A. Serra-Marques, I. Grigoriev, J. Demmers, N. Keijzer, K. Jiang, I. 

Poser, A.A. Hyman, C.C. Hoogenraad, S.J. King, A. Akhmanova, BICD2, dynactin, and LIS1 cooperate in 

regulating dynein recruitment to cellular structures, Mol. Biol. Cell. 23 (2012) 4226–4241. 

https://doi.org/10.1091/mbc.E12-03-0210. 

[35] C.C. Hoogenraad, P. Wulf, N. Schiefermeier, T. Stepanova, N. Galjart, J.V. Small, F. Grosveld, C.I. de Zeeuw, A. 

Akhmanova, Bicaudal D induces selective dynein-mediated microtubule minus end-directed transport, EMBO J. 22 

(2003) 6004–6015. https://doi.org/https://doi.org/10.1093/emboj/cdg592. 

[36] R.J. McKenney, Regulation of cytoplasmic dynein motility, in: S.M. King (Ed.), Dyneins Biol. Dynein Mot., 

Second Edi, Academic Press, London, UK, 2018: pp. 450–469. https://doi.org/https://doi.org/10.1016/B978-0-12-

809471-6.00015-2. 

[37] N. Hirokawa, Y. Noda, Y. Tanaka, S. Niwa, Kinesin superfamily motor proteins and intracellular transport, Nat Rev 

Mol Cell Biol. 10 (2009) 682–696. https://doi.org/10.1038/nrm2774. 

[38] W.O. Hancock, Bidirectional cargo transport: moving beyond tug of war, Nat Rev Mol Cell Biol. 15 (2014) 615–

628. https://doi.org/10.1038/nrm3853. 

[39] M.A. Olenick, M. Tokito, M. Boczkowska, R. Dominguez, E.L.F. Holzbaur, Hook adaptors induce unidirectional 

processive motility by enhancing the Dynein-Dynactin interaction, J. Biol. Chem. 291 (2016) 18239–18251. 

https://doi.org/10.1074/jbc.M116.738211. 



19 
 

[40] A.A. Kendrick, A.M. Dickey, W.B. Redwine, P.T. Tran, L.P. Vaites, M. Dzieciatkowska, J.W. Harper, S.L. Reck-

Peterson, Hook3 is a scaffold for the opposite-polarity microtubule-based motors cytoplasmic dynein-1 and KIF1C, 

J Cell Biol. 218 (2019) 2982–3001. https://doi.org/10.1083/jcb.201812170. 

[41] R. Mallik, A.K.A.K. Rai, P. Barak, A.K.A.K. Rai, A. Kunwar, Teamwork in microtubule motors, Trends Cell Biol. 

23 (2013) 575–582. https://doi.org/10.1016/j.tcb.2013.06.003. 

[42] J.A. Cross, M.P. Dodding, Motor-cargo adaptors at the organelle-cytoskeleton interface, Curr Opin Cell Biol. 59 

(2019) 16–23. https://doi.org/10.1016/j.ceb.2019.02.010. 

[43] X. Pan, G. Ou, G. Civelekoglu-Scholey, O.E. Blacque, N.F. Endres, L. Tao, A. Mogilner, M.R. Leroux, R.D. Vale, 

J.M. Scholey, Mechanism of transport of IFT particles in C. elegans cilia by the concerted action of kinesin-II and 

OSM-3 motors, J Cell Biol. 174 (2006) 1035–1045. https://doi.org/10.1083/jcb.200606003. 

[44] S.-H. Lee, K. Too, E.J. Jung, H. Hong, J. Seo, J. Kim, Export of membrane proteins from the Golgi complex to the 

primary cilium requires the kinesin motor, KIFC1, FASEB J. 32 (2018) 957–968. 

https://doi.org/https://doi.org/10.1096/fj.201700563R. 

[45] M.L. Iruela-Arispe, G.J. Beitel, Tubulogenesis, Development. 140 (2013) 2851–2855. 

https://doi.org/10.1242/dev.070680. 

[46] D.R. Senger, G.E. Davis, Angiogenesis, Cold Spring Harb Perspect Biol. 3 (2011) a005090. 

https://doi.org/10.1101/cshperspect.a005090. 

[47] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R.A. Brown, Myofibroblasts and mechano-regulation of 

connective tissue remodelling, Nat Rev Mol Cell Biol. 3 (2002) 349–363. https://doi.org/10.1038/nrm809 nrm809 

[pii]. 

[48] M. Bachmann, S. Kukkurainen, V.P. Hytönen, B. Wehrle-Haller, Cell Adhesion by Integrins, 99 (2019) 1655–1699. 

[49] E. Rodriguez-Boulan, I.G. Macara, Organization and execution of the epithelial polarity programme, Nat Rev Mol 

Cell Biol. 15 (2014) 225–242. https://doi.org/10.1038/nrm3775. 

[50] N. Akhtar, C.H. Streuli, An integrin-ILK-microtubule network orients cell polarity and lumen formation in 

glandular epithelium, Nat Cell Biol. 15 (2013) 17–27. https://doi.org/10.1038/ncb2646. 



20 
 

[51] S.A. Wickström, A. Lange, M.W. Hess, J. Polleux, J.P. Spatz, M. Krüger, K. Pfaller, A. Lambacher, W. Bloch, M. 

Mann, L.A. Huber, R. Fässler, Integrin-Linked Kinase Controls Microtubule Dynamics Required for Plasma 

Membrane Targeting of Caveolae, Dev. Cell. 19 (2010) 574–588. 

https://doi.org/https://doi.org/10.1016/j.devcel.2010.09.007. 

[52] A. Akhmanova, I. Noordstra, Linking cortical microtubule attachment and exocytosis, F1000Research. 6 (2017). 

https://doi.org/10.12688/f1000research.10729.1. 

[53] N. Khalilgharibi, Y. Mao, To form and function: on the role of basement membrane mechanics in tissue 

development, homeostasis and disease, Open Biol. 11 (2022) 200360. https://doi.org/10.1098/rsob.200360. 

[54] D. Valdembri, G. Serini, Regulation of adhesion site dynamics by integrin traffic, Curr. Opin. Cell Biol. 24 (2012) 

582–591. https://doi.org/https://doi.org/10.1016/j.ceb.2012.08.004. 

[55] D. Stalder, D.C. Gershlick, Direct trafficking pathways from the Golgi apparatus to the plasma membrane, Semin. 

Cell Dev. Biol. 107 (2020) 112–125. https://doi.org/https://doi.org/10.1016/j.semcdb.2020.04.001. 

[56] Y. Homma, R. Kinoshita, Y. Kuchitsu, P.S. Wawro, S. Marubashi, M.E. Oguchi, M. Ishida, N. Fujita, M. Fukuda, 

Comprehensive knockout analysis of the Rab family GTPases in epithelial cells, J. Cell Biol. 218 (2019) 2035–

2050. https://doi.org/10.1083/jcb.201810134. 

[57] M. Shafaq-Zadah, C.S. Gomes-Santos, S. Bardin, P. Maiuri, M. Maurin, J. Iranzo, A. Gautreau, C. Lamaze, P. 

Caswell, B. Goud, L. Johannes, Persistent cell migration and adhesion rely on retrograde transport of β1 integrin, 

Nat Cell Biol. 18 (2016) 54–64. https://doi.org/10.1038/ncb3287. 

[58] A.L. Ang, H. Fölsch, U.-M. Koivisto, M. Pypaert, I. Mellman, The Rab8 GTPase selectively regulates AP-1B–

dependent basolateral transport in polarized Madin-Darby canine kidney cells , J. Cell Biol. 163 (2003) 339–350. 

https://doi.org/10.1083/jcb.200307046. 

[59] C.M. Babbey, N. Ahktar, E. Wang, C.C.-H. Chen, B.D. Grant, K.W. Dunn, Rab10 Regulates Membrane Transport 

through Early Endosomes of Polarized Madin-Darby Canine Kidney Cells, Mol. Biol. Cell. 17 (2006) 3156–3175. 

https://doi.org/10.1091/mbc.e05-08-0799. 

[60] T.H. Klöpper, N. Kienle, D. Fasshauer, S. Munro, Untangling the evolution of Rab G proteins: implications of a 



21 
 

comprehensive genomic analysis, BMC Biol. 10 (2012) 71. https://doi.org/10.1186/1741-7007-10-71. 

[61] D.W. Lerner, D. McCoy, A.J. Isabella, A.P. Mahowald, G.F. Gerlach, T.A. Chaudhry, S. Horne-Badovinac, A 

Rab10-Dependent Mechanism for Polarized Basement Membrane Secretion during Organ Morphogenesis, Dev. 

Cell. 24 (2013) 159–168. https://doi.org/10.1016/j.devcel.2012.12.005. 

[62] A.J. Isabella, S. Horne-Badovinac, Rab10-Mediated Secretion Synergizes with Tissue Movement to Build a 

Polarized Basement Membrane Architecture for Organ Morphogenesis, Dev. Cell. 38 (2016) 47–60. 

https://doi.org/10.1016/j.devcel.2016.06.009. 

[63] I. Grigoriev, D. Splinter, N. Keijzer, P.S. Wulf, J. Demmers, T. Ohtsuka, M. Modesti, I. V Maly, F. Grosveld, C.C. 

Hoogenraad, A. Akhmanova, Rab6 Regulates Transport and Targeting of Exocytotic Carriers, Dev. Cell. 13 (2007) 

305–314. https://doi.org/10.1016/j.devcel.2007.06.010. 

[64] A. Serra-Marques, M. Martin, E.A. Katrukha, I. Grigoriev, C.A.E. Peeters, Q. Liu, P.J. Hooikaas, Y. Yao, V. 

Solianova, I. Smal, L.B. Pedersen, E. Meijering, L.C. Kapitein, A. Akhmanova, Concerted action of kinesins KIF5B 

and KIF13B promotes efficient secretory vesicle transport to microtubule plus ends, Elife. 9 (2020) e61302. 

https://doi.org/10.7554/eLife.61302. 

[65] G. Arpağ, S. Shastry, W.O. Hancock, E. Tüzel, Transport by Populations of Fast and Slow Kinesins Uncovers 

Novel Family-Dependent Motor Characteristics Important for In&#xa0;Vivo Function, Biophys. J. 107 (2014) 

1896–1904. https://doi.org/10.1016/j.bpj.2014.09.009. 

[66] A. Ramkumar, B.Y. Jong, K.M. Ori-McKenney, ReMAPping the microtubule landscape: How phosphorylation 

dictates the activities of microtubule-associated proteins, Dev. Dyn. 247 (2018) 138–155. 

https://doi.org/https://doi.org/10.1002/dvdy.24599. 

[67] A.L. Zajac, S. Horne-Badovinac, Kinesin-directed secretion of basement membrane proteins to a subdomain of the 

basolateral surface in <em>Drosophila</em> epithelial cells, Curr. Biol. 32 (2022) 735-748.e10. 

https://doi.org/10.1016/j.cub.2021.12.025. 

[68] D. Mahajan, H.C. Tie, B. Chen, L. Lu, Dopey1-Mon2 complex binds to dual-lipids and recruits kinesin-1 for 

membrane trafficking, Nat. Commun. 10 (2019) 3218. https://doi.org/10.1038/s41467-019-11056-5. 



22 
 

[69] C.C. Hoogenraad, A. Akhmanova, Bicaudal D Family of Motor Adaptors: Linking Dynein Motility to Cargo 

Binding, Trends Cell Biol. 26 (2016) 327–340. https://doi.org/10.1016/j.tcb.2016.01.001. 

[70] E.L. George, H.S. Baldwin, R.O. Hynes, Fibronectins are essential for heart and blood vessel morphogenesis but are 

dispensable for initial specification of precursor cells, Blood. 90 (1997) 3073–3081. 

[71] A.C. Zovein, A. Luque, K.A. Turlo, J.J. Hofmann, K.M. Yee, M.S. Becker, R. Fassler, I. Mellman, T.F. Lane, M.L. 

Iruela-Arispe, Beta1 integrin establishes endothelial cell polarity and arteriolar lumen formation via a Par3-

dependent mechanism, Dev Cell. 18 (2010) 39–51. https://doi.org/10.1016/j.devcel.2009.12.006. 

[72] G. Mana, F. Clapero, E. Panieri, V. Panero, R.T. Böttcher, H.Y. Tseng, F. Saltarin, E. Astanina, K.I. Wolanska, 

M.R. Morgan, M.J. Humphries, M.M. Santoro, G. Serini, D. Valdembri, PPFIA1 drives active α5β1 integrin 

recycling and controls fibronectin fibrillogenesis and vascular morphogenesis, Nat Commun. 7 (2016) 13546. 

https://doi.org/10.1038/ncomms13546. 

[73] H. Wei, A. Sundararaman, E. Dickson, L. Rennie-Campbell, E. Cross, K.J. Heesom, H. Mellor, Characterization of 

the polarized endothelial secretome, FASEB J. 33 (2019) 12277–12287. https://doi.org/10.1096/fj.201900262R. 

[74] J. Emperador-Melero, P.S. Kaeser, Assembly of the presynaptic active zone, Curr. Opin. Neurobiol. 63 (2020) 95–

103. https://doi.org/https://doi.org/10.1016/j.conb.2020.03.008. 

[75] H.B. Schiller, C.C. Friedel, C. Boulegue, R. Fässler, Quantitative proteomics of the integrin adhesome show a 

myosin II-dependent recruitment of LIM domain proteins., EMBO Rep. 12 (2011) 259–266. 

https://doi.org/embor20115 [pii] 10.1038/embor.2011.5. 

[76] J.C. Kuo, X. Han, C.T. Hsiao, J.R. Yates Iii, C.M. Waterman, Analysis of the myosin-II-responsive focal adhesion 

proteome reveals a role for beta-Pix in negative regulation of focal adhesion maturation, Nat Cell Biol. 13 (2011) 

383–393. https://doi.org/ncb2216 [pii] 10.1038/ncb2216. 

[77] E.R. Horton, A. Byron, J.A. Askari, D.H.J. Ng, A. Millon-Frémillon, J. Robertson, E.J. Koper, N.R. Paul, S. 

Warwood, D. Knight, J.D. Humphries, M.J. Humphries, Definition of a consensus integrin adhesome and its 

dynamics during adhesion complex assembly and disassembly, Nat. Cell Biol. 17 (2015) 1577–1587. 

https://doi.org/10.1038/ncb3257. 



23 
 

[78] J.M. Dong, F.P. Tay, H.L. Swa, J. Gunaratne, T. Leung, B. Burke, E. Manser, Proximity biotinylation provides 

insight into the molecular composition of focal adhesions at the nanometer scale, Sci Signal. 9 (2016) rs4. 

https://doi.org/10.1126/scisignal.aaf3572. 

[79] M. Liang, G. Jin, X. Xie, W. Zhang, K. Li, F. Niu, C. Yu, Z. Wei, Oligomerized liprin-&#x3b1; promotes phase 

separation of ELKS for compartmentalization of presynaptic active zone proteins, Cell Rep. 34 (2021). 

https://doi.org/10.1016/j.celrep.2021.108901. 

[80] X. Xie, L. Luo, M. Liang, W. Zhang, T. Zhang, C. Yu, Z. Wei, Structural basis of liprin-α-promoted LAR-RPTP 

clustering for modulation of phosphatase activity, Nat. Commun. 11 (2020) 169. https://doi.org/10.1038/s41467-

019-13949-x. 

[81] S. Monier, F. Jollivet, I. Janoueix-Lerosey, L. Johannes, B. Goud, Characterization of Novel Rab6-Interacting 

Proteins Involved in Endosome-to-TGN Transport, Traffic. 3 (2002) 289–297. 

https://doi.org/https://doi.org/10.1034/j.1600-0854.2002.030406.x. 

[82] J.L. Johnson, J. He, M. Ramadass, K. Pestonjamasp, W.B. Kiosses, J. Zhang, S.D. Catz, Munc13-4 Is a Rab11-

binding Protein That Regulates Rab11-positive Vesicle Trafficking and Docking at the Plasma Membrane * , J. 

Biol. Chem. 291 (2016) 3423–3438. https://doi.org/10.1074/jbc.M115.705871. 

[83] S. Urbé, L.A. Huber, M. Zerial, S.A. Tooze, R.G. Parton, Rab11, a small GTPase associated with both constitutive 

and regulated secretory pathways in PC12 cells, FEBS Lett. 334 (1993) 175–182. 

https://doi.org/https://doi.org/10.1016/0014-5793(93)81707-7. 

[84] W. Chen, Y. Feng, D. Chen, A. Wandinger-Ness, Rab11 Is Required for Trans-Golgi Network–to–Plasma 

Membrane Transport and a Preferential Target for GDP Dissociation Inhibitor, Mol. Biol. Cell. 9 (1998) 3241–

3257. https://doi.org/10.1091/mbc.9.11.3241. 

[85] P. de Graaf, W.T. Zwart, R.A.J. van Dijken, M. Deneka, T.K.F. Schulz, N. Geijsen, P.J. Coffer, B.M. Gadella, A.J. 

Verkleij, P. van der Sluijs, P.M.P. van Bergen en Henegouwen, Phosphatidylinositol 4-Kinaseβ Is Critical for 

Functional Association of rab11 with the Golgi Complex, Mol. Biol. Cell. 15 (2004) 2038–2047. 

https://doi.org/10.1091/mbc.e03-12-0862. 

[86] C. Delevoye, S. Miserey-Lenkei, G. Montagnac, F. Gilles-Marsens, P. Paul-Gilloteaux, F. Giordano, F. Waharte, 



24 
 

M.S. Marks, B. Goud, G. Raposo, Recycling Endosome Tubule Morphogenesis from Sorting Endosomes Requires 

the Kinesin Motor KIF13A, Cell Rep. 6 (2014) 445–454. 

https://doi.org/https://doi.org/10.1016/j.celrep.2014.01.002. 

[87] R. Thuenauer, Y.C. Hsu, J.M. Carvajal-Gonzalez, S. Deborde, J.Z. Chuang, W. Römer, A. Sonnleitner, E. 

Rodriguez-Boulan, C.H. Sung, Four-dimensional live imaging of apical biosynthetic trafficking reveals a post-Golgi 

sorting role of apical endosomal intermediates, Proc Natl Acad Sci U S A. 111 (2014) 4127–4132. 

https://doi.org/10.1073/pnas.1304168111. 

[88] T. Sakai, Y. Choo, O. Sato, R. Ikebe, A. Jeffers, S. Idell, T. Tucker, M. Ikebe, Myo5b Transports Fibronectin-

Containing Vesicles and Facilitates FN1 Secretion from Human Pleural Mesothelial Cells, Int. J. Mol. Sci. . 23 

(2022). https://doi.org/10.3390/ijms23094823. 

[89] A. Sundararaman, Y. Fukushima, J.C. Norman, A. Uemura, H. Mellor, RhoJ Regulates &#x3b1;5&#x3b2;1 

Integrin Trafficking to Control Fibronectin Remodeling during Angiogenesis, Curr. Biol. 30 (2020) 2146-2155.e5. 

https://doi.org/10.1016/j.cub.2020.03.042. 

[90] G. Lansbergen, I. Grigoriev, Y. Mimori-Kiyosue, T. Ohtsuka, S. Higa, I. Kitajima, J. Demmers, N. Galjart, A.B. 

Houtsmuller, F. Grosveld, A. Akhmanova, CLASPs Attach Microtubule Plus Ends to the Cell Cortex through a 

Complex with LL5&#x3b2;, Dev. Cell. 11 (2006) 21–32. https://doi.org/10.1016/j.devcel.2006.05.012. 

[91] C. Yang, J. Wu, C. de Heus, I. Grigoriev, N. Liv, Y. Yao, I. Smal, E. Meijering, J. Klumperman, R.Z. Qi, A. 

Akhmanova, EB1 and EB3 regulate microtubule minus end organization and Golgi morphology, J. Cell Biol. 216 

(2017) 3179–3198. https://doi.org/10.1083/jcb.201701024. 

[92] B. van der Vaart, W.E.E. van Riel, H. Doodhi, J.T.T. Kevenaar, E.A.A. Katrukha, L. Gumy, B.P.P. Bouchet, I. 

Grigoriev, S.A.A. Spangler, K.L.L. Yu, P.S.S. Wulf, J. Wu, G. Lansbergen, E.Y.Y. van Battum, R.J.J. Pasterkamp, 

Y. Mimori-Kiyosue, J. Demmers, N. Olieric, I.V. V Maly, C.C.C. Hoogenraad, A. Akhmanova, CFEOM1-

associated kinesin KIF21A is a cortical microtubule growth inhibitor, Dev Cell. 27 (2013) 145–160. 

https://doi.org/10.1016/j.devcel.2013.09.010. 

[93] D. Bouvard, J. Pouwels, N. De Franceschi, J. Ivaska, Integrin inactivators: balancing cellular functions in vitro and 

in vivo, Nat Rev Mol Cell Biol. 14 (2013) 430–442. https://doi.org/10.1038/nrm3599. 



25 
 

[94] Z. Weng, Y. Shang, D. Yao, J. Zhu, R. Zhang, Structural analyses of key features in the KANK1&#xb7;KIF21A 

complex yield mechanistic insights into the cross-talk between microtubules and the cell cortex, J. Biol. Chem. 293 

(2018) 215–225. https://doi.org/10.1074/jbc.M117.816017. 

[95] Q. Guo, S. Liao, Z. Zhu, Y. Li, F. Li, C. Xu, Structural basis for the recognition of kinesin family member 21A 

(KIF21A) by the ankyrin domains of KANK1 and KANK2 proteins, J. Biol. Chem. 293 (2018) 557–566. 

https://doi.org/10.1074/jbc.M117.817494. 

[96] W. Pan, K. Sun, K. Tang, Q. Xiao, C. Ma, C. Yu, Z. Wei, Structural insights into ankyrin repeat&#x2013;mediated 

recognition of the kinesin motor protein KIF21A by KANK1, a scaffold protein in focal adhesion, J. Biol. Chem. 

293 (2018) 1944–1956. https://doi.org/10.1074/jbc.M117.815779. 

[97] B.P. Bouchet, R.E. Gough, Y.-C.C. Ammon, D.E. Van De Willige, H. Post, G. Jacquemet, A.F. Maarten Altelaar, 

A.J. Heck, B.T. Goult, A. Akhmanova, A.M. Altelaar, A.J. Heck, B.T. Goult, A. Akhmanova, Talin-KANK1 

interaction controls the recruitment of cortical microtubule stabilizing complexes to focal adhesions, Elife. 5 (2016). 

https://doi.org/10.7554/eLife.18124. 

[98] Z. Sun, H.Y. Tseng, S. Tan, F. Senger, L. Kurzawa, D. Dedden, N. Mizuno, A.A. Wasik, M. Thery, A.R. Dunn, R. 

Fassler, Kank2 activates talin, reduces force transduction across integrins and induces central adhesion formation, 

Nat. Cell Biol. 18 (2016) 941–953. https://doi.org/10.1038/ncb3402. 

[99] V. Paranavitane, W.J. Coadwell, A. Eguinoa, P.T. Hawkins, L. Stephens, LL5&#x3b2; Is a Phosphatidylinositol 

(3,4,5)-Trisphosphate Sensor That Can Bind the Cytoskeletal Adaptor, &#x3b3;-Filamin * 210, J. Biol. Chem. 278 

(2003) 1328–1335. https://doi.org/10.1074/jbc.M208352200. 

[100] V. Paranavitane, L.R. Stephens, P.T. Hawkins, Structural determinants of LL5β subcellular localisation and 

association with filamin C, Cell. Signal. 19 (2007) 817–824. 

https://doi.org/https://doi.org/10.1016/j.cellsig.2006.10.007. 

[101] Z. Wei, S. Zheng, S.A. Spangler, C. Yu, C.C. Hoogenraad, M. Zhang, Liprin-Mediated Large Signaling Complex 

Organization Revealed by the Liprin-&#x3b1;/CASK and Liprin-&#x3b1;/Liprin-&#x3b2; Complex Structures, 

Mol. Cell. 43 (2011) 586–598. https://doi.org/10.1016/j.molcel.2011.07.021. 

[102] J. Ko, M. Na, S. Kim, J.R. Lee, E. Kim, Interaction of the ERC family of RIM-binding proteins with the liprin-alpha 



26 
 

family of multidomain proteins, J Biol Chem. 278 (2003) 42377–42385. https://doi.org/10.1074/jbc.M307561200 

M307561200 [pii]. 

[103] R.G. Held, P.S. Kaeser, ELKS active zone proteins as multitasking scaffolds for secretion, Open Biol. 8 (2022) 

170258. https://doi.org/10.1098/rsob.170258. 

 

  



27 
 

Figure legends 

Figure 1. The movement of cargoes relies on cooperating or competing MT -end and +end-directed 

motors. A. The Dynein-Dynactin complex, with its stabilizing adaptor BICD, drives the MT –end 

directed motion of cargoes driving retrograde traffic. B. Classical Kinesins (such as KIF1, 3, 5) move 

cargoes towards MT +ends driving their anterograde traffic. C. Unconventional Kinesins (such as KIF14) 

translocate cargoes towards MT –ends driving their retrograde traffic. D. Cargo movement results from 

the combination of those different motor machineries in: a tug-of-war between two motors proceeding 

in two opposite directions (top drawing), a cooperative agonism between two motors proceeding in the 

same direction (middle drawing) and a cooperative antagonism between two motors proceeding in the 

same direction but inhibiting each other (bottom drawing). The shorter green arrow in the bottom drawing 

highlights the described antagonism. E. Distinct MT motor sets drive specific cargo motion in 

mammalian cells. The motion of larger and more centrally localized late endosomes (LE in blue) relies 

on the MT –end directed Dynein machinery only, whereas that of small and more dynamic early 

endosomes (EE in purple) depends on the cooperative antagonism between Dynein and KIFC1. Indeed, 

the identified dual motor level of motion inhibition maintains EEs in their typical peripheral localization. 

 

Figure 2. ECM secretion and peripheral MT targeting in polarized cells. A. The integrin linked 

kinase (ILK) adaptor is recruited by basement membrane-bound β1 integrins at adhesion sites and allows 

the capture and stabilization of non-centrosomal MT +ends, along which polarized apicobasal vesicular 

cargoes are trafficked. ILK association with the scaffold IQ motif containing GTPase activating protein 

(IQGAP), which in turn interacts with multiple MT +end tracking proteins (+end TP), effectively ensures 

MT recruitment at ECM adhesions. Type X collagen-containing Rab6+ PGCs are transported along MT 

tracks to the cell periphery by KIF5B or KIF13B motors and dock via glutamine/leucine/lysine/serine-

rich protein (ELKS) close to ECM adhesions. Interaction of MT +ends with cortical MT stabilization 
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complexes is crucial for vesicle targeting. KIF21A and CLIP-associating proteins (CLASPs) stabilize 

MT +ends and are connected with integrin interacting proteins filamin and talin via a protein complex 

containing LL5β, PPFIA binding protein 1 (PPFIBP1) and KN motif and ankyrin repeat domain-

containing protein (KANK). Protein tyrosine phosphatase receptor type f polypeptide (PTPRF) and its 

interactor PTPRF interacting protein α1 (PPFIA1) reside at integrin adhesion complexes and tether 

fibronectin (FN)-loaded, Rab11B+ post-Golgi carriers (PGCs), thanks to MUNC13, ELKS and PPFIA1 

interaction. B. Schematic representation of PPFBP1, PPFIA1, PTPRF and ELKS domains. Black arrows 

indicate direct interactions between the indicated proteins/protein domains. CC coiled coil domain, SAM 

sterile-alpha motif domain, SAH single α helical domain, PDZ-b PDZ binding motif, Ig immunoglobulin 

domain, FN fibronectin type III domain, TM trans-membrane region, D1 phosphatase domain, D2 

phosphatase–like domain (catalytically inactive). 






