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Abstract

Although subcellular positioning of endosomes significantly impacts
on their functions, the molecular mechanisms governing the dif-
ferent steady-state distribution of early endosomes (EEs) and late
endosomes (LEs)/lysosomes (LYs) in peripheral and perinuclear
eukaryotic cell areas, respectively, are still unsolved. We unveil that
such differences arise because, while LE retrograde transport
depends on the dynein microtubule (MT) motor only, the one of EEs
requires the cooperative antagonism of dynein and kinesin-14
KIFC1, a MT minus end-directed motor involved in cancer progres-
sion. Mechanistically, the Ser-x-lle-Pro (SxIP) motif-mediated inter-
action of the endoplasmic reticulum transmembrane protein
stromal interaction molecule 1 (STIM1) with the MT plus end-
binding protein 1 (EB1) promotes its association with the p150Glued
subunit of the dynein activator complex dynactin and the distinct
location of EEs and LEs/LYs. The peripheral distribution of EEs
requires their p150Glued-mediated simultaneous engagement with
dynein and SxIP motif-containing KIFC1, via HOOK1 and HOOK3
adaptors, respectively. In sum, we provide evidence that distinct
minus end-directed MT motor systems drive the differential trans-
port and subcellular distribution of EEs and LEs in mammalian cells.
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Introduction

In eukaryotic cells, the endolysosomal system is central in carrying
out fundamental functions, such as plasma membrane (PM) remod-
eling, ligand-activated receptor signaling, and acquisition of nutri-
ents (Wideman et al, 2014). Once internalized from the cell surface,
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cargos first localize into the early endosomal compartment
(Naslavsky & Caplan, 2018). Early endosomes (EEs) are character-
ized by the presence of the small GTPase Rab5 that, via phos-
phatidylinositol 3 (PI3) kinase VPS34, elicits the synthesis of
PI3-phosphate (PI3P), allowing the recruitment of PI3P-binding
Rab5 effectors, such as early endosome antigen 1 (EEA1) on EEs
(Galvez et al, 2012). Next, endocytosed cargos are either recycled
back to the PM or kept in EEs that, moving along microtubules
(MTs), from the cell periphery toward the juxtanuclear MT organiz-
ing center (MTOC), undergo maturation into Rab7, PI3,5P2, and
lysosomal-associated membrane protein 1 (LAMP-1) containing late
endosomes (LEs) and then in degrading lysosomes (LYs). As a
result, EEs, which are small (60400 nm) and weakly acidic (pH
6.8-5.9), localize, at steady state, more peripherally than large
(250-1,000 nm) and acidic (pH 6.0-4.9) perinuclear LEs/LYs (Huo-
tari & Helenius, 2011).

Several evidences indicate that the positioning of endosomes
within the cytoplasm substantially affects their function (Bonifacino
& Neefjes, 2017; Neefjes et al, 2017). Directed cell motility depends
on the ability to recycle specific integrins and growth factor tyrosine
kinase receptors with faster or slower kinetics, in response to their
endocytic exit rate from more peripheral or perinuclear sorting
compartment stations, respectively (Wilson et al, 2018). Cross-
presentation to cytotoxic T cells of exogenous antigens, endocytosed
by dendritic cells, relies on innate immunity signals that control EE
movement along MTs and maturation into LEs/LYs (Weimershaus
et al, 2018). Albeit so far described only in fungi, hitchhiking
emerges as a novel strategy by which molecules (such as mRNA
and proteins) and organelles (e.g., peroxisomes, endoplasmic reticu-
lum, and lipid droplets) may connect to and exploit EEs to be evenly
distributed throughout the cell (Higuchi et al, 2014; Salogiannis &
Reck-Peterson, 2017). Recently, precursor miRNAs were also
discovered to traffic along axons docked on LEs/LYs to reach
growth cones and allow steering by guidance cues and the develop-
ment of neural circuits (Corradi et al, 2020). Both in neuronal
(Gowrishankar et al, 2015) and non-neuronal (Johnson et al, 2016)
cells, more peripheral LYs are less proteolytic than the majority of
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LYs, more closely localized around the nucleus, because of either a
reduced enzymatic amount (Gowrishankar et al, 2015) or activation
(Johnson et al, 2016) of luminal proteases that have low pH optima
(Mellman et al, 1986). Furthermore, lysosomal positioning controls
the activation of mTOR complex 1 (mTORC1) signaling, which in
turn influences autophagosome formation (Korolchuk et al, 2011;
Poiis & Codogno, 2011). However, the molecular mechanisms
responsible for the differential steady-state distribution of EEs and
LEs/LYs in peripheral and perinuclear areas of eukaryotic cells,
respectively, are unknown.

The cytosolic logistics of endolysosomal cargos relies on motor
proteins that move toward both peripheral fast-growing MT plus
end and perinuclear slow-growing minus end (Bonifacino & Neef-
jes, 2017; Neefjes et al, 2017; Cross & Dodding, 2019). While endo-
somes are transported along MTs centrifugally (anterograde
transport) by several kinesin motors, so far cytoplasmic multipro-
tein dynein 1 complex (hereafter referred as dynein) has been
identified as the only main MT motor in charge of the opposite
centripetal movement (retrograde transport) (Bonifacino & Neefjes,
2017; Neefjes et al, 2017; Cross & Dodding, 2019). Indeed, specific
kinesins drive the anterograde motion of either EEs and LEs/LY,
whereas their retrograde transport is thought to depend on the
coupling of the same dynein motor to different adaptor proteins
(Reck-Peterson et al, 2018). To function as a highly processive
motor, dynein must undergo conformational transition from an
auto-inhibited to an active conformational state (Zhang et al, 2017;
McKenney, 2018). The multiprotein asymmetric complex dynactin
is the main cofactor that releases dynein from its auto-inhibition at
MT plus end and activates its minus end-directed retrograde motil-
ity (Ketcham & Schroer, 2018; McKenney, 2018). Distinct adaptor
proteins containing a long coiled coil (CC) domain, such as bicau-
dal D cargo adaptor 2 (BICD2) (Hoogenraad & Akhmanova, 2016)
as well as the Rabl1 family interacting protein 3 (FIP3), HOOK3,
and the spindle apparatus coiled coil protein 1 (SPDL1) (McKenney
et al, 2014), are required to stabilize the formation at the MT plus
end of the dynein—dynactin complex, bound to specific cargos, and
prompted to drive their retrograde transport (McKenney, 2018;
Reck-Peterson et al, 2018).

Proteins localized at the MT plus end, acting as scaffolds
where dynactin is recruited and thereby contributing to dynein
conformational activation, play a key role in the initiation of
movement toward the MT minus end (Akhmanova & Steinmetz,
2015; McKenney, 2018). Dynactin is formed by a short both-side
capped actin-related protein 1 (ARP1) polymer and a projecting
pl50Glued side arm, kept together by a shoulder complex
(Ketcham & Schroer, 2018; Reck-Peterson et al, 2018). Three CC
stretches allow p150Glued to extend from the shoulder complex
and interact with the MT plus end via its basic and cytoskele-
ton-associated protein glycine-rich (CAP-Gly) domain (Ketcham &
Schroer, 2018; Reck-Peterson et al, 2018). The CAP-Gly domain
located at the N-terminus of p150Glued interacts with the C-
terminal Glu-Glu-Tyr (EEY) motif of tyrosinated o-tubulin and
end-binding (EB) proteins, both enriched at the MT plus end
(Akhmanova & Steinmetz, 2015; McKenney et al, 2016; McKen-
ney, 2018; Rupam & Surrey, 2018). Yet, how interactions among
MT plus end proteins, dynactin, dynein, and different endosomal
cargos are coordinated and regulated in cells is still under inves-
tigation (Olenick et al, 2019; Saito et al, 2020). Moreover,
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differently from fungi (Steinberg, 2014), the molecular machinery
that moves EEs toward the nucleus in animal cells is only in
part understood (Neefjes et al, 2017).

Here, we reveal a new role for the endoplasmic reticulum
(ER) transmembrane protein stromal interaction molecule 1
(STIM1), previously shown to bind via its Ser-x-Ile-Pro (SxIP)
motif the protein EB1 (Grigoriev et al, 2008), in promoting the
association of the p150Glued subunit of dynactin to EB1 and its
ensuing recruitment to the plus end of MTs in mammalian cells.
As a result, STIM1 plays a key role in the regulation of endoso-
mal cargo loading and dynein-dependent transport. We also
unveil that, while LEs are transported toward the nucleus by the
STIM1-dependent recruitment of the dynactin/dynein complex, the
retrograde transport of EEs depends on the antagonistic coopera-
tion between dynein and the minus end-directed kinesin-14
KIFC1, which also binds EB1 through a SxIP motif (Braun et al,
2013). The cooperative antagonism between dynein and KIFC1
may thus represent a molecular strategy to differentially regulate
MT-based transport and subcellular distribution of specific vesicu-
lar components of the endolysosomal system, a general feature
that is central for fundamental functions of eukaryotic cells.

Results

STIM1 forms a triple protein complex with p150Glued and EB1 to
promote dynactin loading at MT plus ends

The dynactin subunit p150Glued plays a key role in the release
of the MT plus end protein EB1 auto-inhibition and subsequent
engagement of the dynein/dynactin complex at MT plus ends
(Hayashi et al, 2005; Akhmanova & Steinmetz, 2015; McKenney
et al, 2016; McKenney, 2018). However, how those molecular
dynamics, so far investigated in in vitro studies with recombi-
nant proteins or in crystals (Duellberg et al, 2014), are regulated
in intact living cells is unknown. Considering the ability of the
ER protein STIM1 to bind, similarly to p150Glued, EB1 (Grig-
oriev et al, 2008), we verified whether STIM1 silencing by short
hairpin (sh) RNA (shSTIM1; Fig EV1A) may affect p150Glued
association with the MT plus end protein in human primary
endothelial cells (ECs). The lack of STIM1 significantly reduced
the amount of p150Glued that interacts with EB1 at steady-state
in living ECs (Fig 1A), thus suggesting a potential new role for
STIM1 in the ordinated recruitment of proteins at MT plus ends
and, potentially, the loading and retrograde transport of cargos
(Ayloo et al, 2014; Reck-Peterson et al, 2018). Yet, STIM1
silencing did not affect the assembly of the dynein/dynactin
complex (Fig EV1B).

Next, we wondered whether, other than with EB1 (Grigoriev
et al, 2008), STIM1 may also associate with p150Glued in ECs. We
found that indeed STIM1 co-immunoprecipitates with p150Glued
(Fig 1B), but not with dynein light-intermediate chain (LIC), thus
suggesting a triple complex formed by the ER protein, EB1, and
p150Glued. To directly assess the possible formation of this ternary
complex, we performed in vitro interaction assays with the corre-
sponding purified proteins. In particular, we generated and purified
the wild-type FLAG-tagged C-terminal EB1 portion containing the
STIM1-binding EBH domain (Grigoriev et al, 2008) and the

© 2020 The Authors
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Figure 1. STIM1 forms a triple protein complex with p150Glued and EB1 to promote dynactin loading at MT plus ends.

Representative Western blot analysis of the endogenous p150Glued co-immunoprecipitated with EB1 in shCTL or shSTIM1 ECs (left) and its quantification by
normalized densitometry (right). Negative control (CTL) was performed incubating cell lysate with protein A- or G-Sepharose and empty mouse IgG. Results are the
average + SD of three independent assays. shCTL value of each biological replicate was normalized on itself and so shSTIM1 experimental value. Results were
analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for shCTL and shSTIM1 P < 0.05*.
Representative of three Western blot analysis of endogenous p150Glued, light-intermediate chain (LIC) of cytoplasmic dynein 1, and EB1 immunoprecipitated with

Schematic model of the molecular interactions among STIM1, EB1, and p150Glued at the MT plus ends. Black arrows point at already known binding motifs, whereas
red parts show interaction domains studied in this manuscript. TM, transmembrane domain. Differentially colored labels with bars correspond to the purified protein

Representative Western blot analysis of increasing amount of GST-STIM1 (cytoplasmic domain) pulled down by Cap-Gly-CC1-p150Glued-V5-coated beads, in the
absence or presence of FLAG-EB1 C-terminal. Colors label the protein as in (C). Negative control was performed using equal amount of empty GST protein, together

Representative Western blot analysis of mCherry-p150Glued WT co-immunoprecipitated with GFP-STIM1 WT, NN, ACC1-3/WT (ACC/WT), or ACC1-3/NN (ACC/NN) in
cotransfected HEK 293T cells. Negative control (CTL) was performed incubating cell lysate from HEK 293T cotransfected with an empty GFP vector together with
mCherry-p150Glued WT with pre-cleared protein A or G-Sepharose and the rabbit GFP antibody. Below, its quantification by normalized densitometry. Results are
the average + SD of three independent assays. The value of p150Glued co-immunoprecipitated with GFP-STIM1 WT from each biological replicate was normalized
on itself and so those immunoprecipitated with GFP-STIM1 NN, ACC/WT or ACC/NN. Results were analyzed by a parametric two-tailed analysis of variance (ANOVA)
with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for STIM1 WT and NN P > 0.05 not significant (ns), for STIM1 WT and ACC/WT P > 0.05 not

Representative Western blot analysis of GST-STIM1 (cytoplasmic domain) pulled down by Cap-Gly-CC1-p150Glued-V5-coated beads, in the presence of FLAG-EB1 C-

Confocal microscopy analysis of wild-type ECs, transiently transfected with GFP-STIM1 WT or, NN or ACC1-3/WT (ACC/WT) together with mCherry-p150Glued. Scale

A
B

STIM1 in wild-type ECs. Negative control (CTL) was performed incubating cell lysate with protein A- or G-Sepharose and empty rabbit IgG.
C

fragment with its tag and molecular weight in kDa.
D

with Cap-Gly-CC1-p150Glued.
E

significant (ns) and for STIM1 WT and ACC/NN P < 0.05*.
F

terminal WT or AY. Negative control was performed using equal amount of empty GST protein, together with Cap-Gly-CC1-p150Glued.
G

bar = 10 pm. Right insets are shown to highlight MT-bound p150Glued” punctae (arrows), colocalized with STIM1. Scale bar = 5 pm.
H

Average number of the mCherry-p150Glued” punctae in the same cells as in (G). Counts are the average + SEM of three independent experiments for a total of 150
punctae (30 cells). Results were analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for

STIM1 WT and NN P < 0.001*** and for STIM1 WT and ACC/WT P > 0.05 not significant (ns).

| Colocalization analysis of mCherry-p150Glued with GFP-STIM1 WT, NN, or ACC1-3/WT (ACC/WT), transiently cotransfected in ECs, as in (G). Results are the
average + SEM of three independent experiments for a total of 150 punctae (30 cells) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with
Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for STIM1 WT and NN P < 0.001*** and for STIM1 WT and ACC/WT P > 0.05 not significant (ns).

Source data are available online for this figure.

p150Glued-interacting EEY motif (Akhmanova & Steinmetz, 2015)
(FLAG-EB1 WT C-term, orange bar in Fig 1C), the GST-tagged cyto-
plasmic domain of STIM1 (GST-STIM1 cyto, green bar in Fig 1C),
and the Cap-Gly domain of p150Glued fused with its first CC
(CCla), V5-tagged (Cap-Gly-CCla-p150Glued-V5, blue bar in
Fig 1C). In the last construct, we included the CCla domain alone,
as we posited it would have been the only one, among the three CC
regions of p150Glued (Tripathy et al, 2014), available for the bind-
ing to STIMI, being the second (CClb) and third (CC2) domain
known to interact with dynein IC and the Arp1 filament of dynactin,
respectively (McKenney, 2018; Reck-Peterson et al, 2018). More-
over, since the CCla is known to exist in an inhibited form folded
with the second CC1b motif, using the first part only of the whole
CC1 of p150Glued would have allowed us to avoid any inactivation
of the protein (Wang et al, 2014; Saito et al, 2020). We
confirmed in vitro the binding between purified Cap-Gly-CCla-
p150Glued-V5 and GST-STIM1 cyto, with increasing amount of the
latter detected to associate with immunoprecipitated Cap-Gly-CCla-
p150Glued-V5 (Fig 1D). Of note, the in vitro interaction between
pl50Glued and STIM1 was clearly stabilized by the addition of
purified FLAG-EB1 WT C-term, which is known to bind both the
Cap-Gly domain of p150Glued (Akhmanova & Steinmetz, 2015;
McKenney et al, 2016; McKenney, 2018; Rupam & Surrey, 2018)
and the SxIP motif of STIM1 (Grigoriev et al, 2008). Hence, the ER
protein STIM1 forms a ternary complex together with the MT plus
end protein EB1 and the dynactin subunit p150Glued both in living
ECs and in vitro.

Then, we verified whether, similarly to what observed in vitro
with purified recombinant proteins (Fig 1D), also in living ECs the
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interaction between STIM1 and p150 Glued relies on the simultane-
ous binding of STIM1 to EB1. The SxIP motif mediates the associa-
tion of STIM1 to the EB homology (EBH) domain of EB1 and the
ensuing STIM1 tracking of MT plus ends (Yao et al, 2012; Chowd-
hury et al, 2015). To verify the possible involvement of STIM1 SxIP
motif in the interaction with p150Glued, we employed a mutant
version of STIMI unable to bind EB1 (Grigoriev et al, 2008;
Honnappa et al, 2009) and dubbed GFP-STIM1 NN (Fig 1C) as the
Ile and Pro residues of the SxIP motif were replaced by two Asn (N).
Since STIM1 also owns three CC domains (Novello et al, 2018),
which are known ubiquitous protein—protein interaction domains
(Woolfson et al, 2012) and key in releasing the auto-inhibition of
MT plus end proteins (Hayashi et al, 2005), we asked whether
STIM1 CC motifs may also mediate its association with p150Glued.
Hence, we generated GFP-STIM1 mutants lacking each of the CC
domain (ACC1, ACC2, and ACC3; Fig EVIC) or all of them
(ACC1-3; Fig 1E) in both wild-type (WT) or NN-STIM1 backbones
(ACC1-3/WT and ACC1-3/NN), cotransfected them with mCherry-
p150Glued WT in HEK239T cells, and verified their interactions.
Neither the deletion of single (Fig EV1C) or all three CC domains
(ACC1-3/WT; Fig 1E) nor the mutation of the SxIP motif (NN;
Fig 1E) affected STIM1 binding to p150Glued, compared to WT
STIM1 in living cells. However, the GFP-STIM1 ACC1-3/NN
mutant, which simultaneously lacks all CC domains and the ability
to bind EB1 via the SxIP motif, did not co-immunoprecipitate with
pl50Glued (Fig 1E). Thus, in agreement with what we observed
in vitro with purified proteins (Fig 1D), those results in living cells
further supported the notion that STIM1 forms a triple protein
complex with p150Glued and EB1 via its coiled coil domains and its

© 2020 The Authors
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SxIP motif. In this context, to further characterize our finding that
in vitro the addition of EBI stabilizes and increases the interaction
of p150Glued with STIM1, giving rise to the formation of the triple
protein interaction (Fig 1D), we generated and purified a mutant
FLAG-EB1 C-term construct lacking the tyrosine (Y) residue in the
Glu-Glu-Tyr (EEY, red circles in Fig 1C) motif (FLAG-EB1 AY C-
term), which is responsible for EB1 binding to the Cap-Gly domain
of dynactin p150Glued (Komarova et al, 2005). Differently from
FLAG-EB1 WT C-term (Fig 1D and F), the FLAG-EB1 AY C-term
mutant was completely unable to stabilize the in vitro interaction
between GST-STIM1 cyto and Cap-Gly-CCla-p150Glued-V5 proteins
(Fig 1F). Notably, FLAG-EB1 AY C-term even substantially
decreased the basal amounts of cytoplasmic STIM1 that interact
with p150Glued (Fig 1F). In addition to confirming the existence of
a triple STIM1-p150Glued-EB1 complex, these data further highlight
the cooperative role that the EBH domain and the EEY motif of EB1
play in strengthening the bridging between STIM1 and p150Glued.

To better understand the functional implications of STIM1
complexing with p150Glued and EB1 in living cells, we imaged by
fluorescence confocal microscopy ECs cotransfected with different
GFP-STIM1 constructs and mCherry-p150Glued WT (Fig 1G).
Notably, the overexpression in ECs of the EB-1-interacting
constructs STIM1 WT or ACC1-3/WT, but not of the EB-1 indepen-
dent mutant STIM1 NN, elicited the accumulation of p150Glued in
bright punctate structures at MT plus ends (Fig 1G and H). Further-
more, quantitative analysis revealed that p150Glued colocalizes
with STIM1I WT or ACC1-3/WT, but much less with STIMI NN
(Fig 1I). These microscopy data suggest that, although STIM1 NN
mutant can still bind p150Glued (Fig 1E), the inability of simultane-
ously bind EBI, via its SxIP motif, impedes STIM1 to favor the
enrichment of p150Glued at EB1 containing MT plus ends and
consequently the colocalization of STIM1 and p150Glued at this
location. Altogether, those data further highlight the key functional
implications of the triple STIM1/EB1/p150Glued complex formation
to promote dynactin loading at MT ends.

STIM1 fosters EB1-loaded late endosome retrograde transport

Altogether, our data substantiated a novel role for STIM1 in promot-
ing p150Glued-containing dynactin complex loading at EB1" MT
plus ends, thereby suggesting a possible role of STIMI in the regula-
tion of cargo retrograde transport. The dynein/dynactin complex is
the key machinery regulating LE retrograde movement (Ayloo et al,
2014; Reck-Peterson et al, 2018) and its disruption results in
dramatic changes in LE positioning (Yao et al, 2012; Chowdhury
et al, 2015). To elucidate the function that STIM1 may play in the
dynein/dynactin-dependent centripetal transport of LEs, we
transiently silenced it by short interfering RNA (siRNA) in ECs
(siSTIM1; Fig EV1D). Fluorescence confocal microscopy showed
that, compared to control oligofected cells (siCTL), siSTIM1 ECs
display a substantially different localization of lysosomal-associated
membrane protein 1 (LAMP-1)-labeled LEs (Fig 2A). In agreement
with the notion that size and number of endosomes depend on their
motor-driven positioning in the cell (Aoyama et al, 2017; Bonifacino
& Neefjes, 2017), computer-assisted automated measurements
showed that in siCTL ECs LAMP-1" LEs reach typical large sizes,
which did not appear in siSTIM1 cells (Fig 2B). Moreover, cumula-
tive distribution function analysis (Kolmogorov—Smirnov test)

© 2020 The Authors
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revealed that the tail of the distribution of siCTL LEs size is signifi-
cantly longer (P-value < 0.001), than that of siSTIM1 LEs, support-
ing a decrease of those vesicle size in siSTIM1, compared to siCTL
ECs (Fig 2B, inset). In addition, in siSTIM1 ECs the same LEs were
increased in number (Fig 2C) and more dispersed throughout the
cytoplasm (Fig 2D), losing their characteristic perinuclear localiza-
tion, observed instead in siCTL ECs (Fig 2A and D). Thus, STIMI,
which interacts with and promotes the formation of a complex
between EB1 and the dynein cofactor dynactin, also fosters dynein-
driven retrograde movement of LEs along MTs.

In addition to the interaction with MT plus end-associated
proteins (Grigoriev et al, 2008) (this manuscript), STIM1 can sense,
via its intraluminal EF hand motifs, the drop of free calcium (Ca®")
in ER stores. This event results in STIM1 detachment from MTs,
contact and activation of the channel Orail at the PM, which in turn
lets extracellular Ca®" to refill the ER, in a mechanism known as
store-operated calcium entry (SOCE) (Yuan et al, 2009; Vaca, 2010;
Chang et al, 2018). To understand whether and how the ability to
interact with EB1 and to regulate Ca®*" homeostasis may influence
the control that STIM1 exerts on the retrograde motion of LEs along
MTs, we performed rescue experiments in which shSTIM1 ECs were
transfected with GFP alone, for control purposes, or silencing-
resistant GFP-tagged wild-type (WT) or point mutant STIM1
constructs. In particular, we employed STIM1 NN, which is unable
to bind the MT plus end protein EB1 (Fig 1E), and STIM1-AA, in
which the two Leu-Gln residues of the STIM1 Orail-activating
region (SOAR) domain, essential for Orail binding and activation,
were mutated into two Alanines (AA) (Yuan et al, 2009; Vaca, 2010;
Chang et al, 2018). Fluorescence confocal microscopy (Fig 2E) and
automated quantitative analysis (Fig 2F-H) revealed that, when
compared to control (shCTL), shSTIM1 ECs display more peripheral
(Fig 2E and F, upper panel), smaller (Fig 2E and G), and more
numerous (Fig 2E and H) LAMP-1" LEs. In addition, the overexpres-
sion of GFP-STIM1 WT in the same cells was able to rescue those
phenotypes, as in controls. Moreover, GFP-STIM1 AA, but not GFP-
STIM1 NN, restored perinuclear LE subcellular positioning (Fig 2E
and F, lower panel), size (Fig 2E and G), and number (Fig 2E and
H). Those data suggest that, although STIM1 NN was still able to
bind p150Glued via its CC (Fig 1E), their interaction is not sufficient
to promote perinuclear LE localization, observed in STIM1 WT
rescued cells, further highlighting the role of the triple bridging
complex in the regulation of LE minus end-directed motion. More-
over, these observations further imply that the function of STIM1 in
promoting LE retrograde transport clearly relies on its interaction
with MT plus end EB proteins, but not on its binding to Orail. To
further study the relationship between STIM1 role in LE positioning
and the one in the Orail-binding dependent regulation of ER Ca*
stores (Yuan et al, 2009; Vaca, 2010; Chang et al, 2018), we treated
ECs with the sarco-ER Ca®" ATPase (SERCA) inhibitor Thapsigargin
(TG), which reduces those stores and induces STIM1 translocation
to the PM (Fig EVI1E, left). As shown by confocal fluorescence
microscopy (Fig EV1E, right) and automated quantitative analysis
(Fig EV1F), TG treatment increased LE distance to the nucleus
compared to the untreated (UT) counterpart, thus mimicking in full
the phenotype observed in siSTIM1 cells. Those data further high-
light a potential dual role for STIM1 in the modulation of LE trans-
port, when bound to the MT plus ends, and one in the
replenishment of the ER Ca*" stores, if interacting with Orail.
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Figure 2. STIM1 fosters EB1-dependent late endosome retrograde transport.

A Confocal microscopy images of ECs silenced with a control siRNA (siCTL) or one targeting STIM1 (siSTIM1) and stained for endogenous LAMP-1 (in green) to visualize

LEs and DAPI (in blue) to highlight the nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels to highlight respective
perinuclear and peripheral area of the cell. Scale bar = 5 pm.

Distribution of size, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/late
quantification) of LAMP-1" endosomes. Results are from three independent experiments for a total of 249 endosomes in 15 siCTL cells (17 + 2 endosomes per cell)
and 441 endosomes in 13 siSTIM1 cells (34 + 3 endosomes per cell). In the right inset, the cumulative distribution used for the Kolmogorov-Smirnov test, P < 0.001
*** is shown. The P-value refers to the rejection of the null hypothesis in favor of the alternative hypothesis that siCTL LE distribution has longer tail than siSTIM1 LE
one.

Average number, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification)
of LAMP-1" endosomes. Results are the average + SEM of three independent experiments for a total of 249 late endosomes in 15 siCTL cells (17 + 2 endosomes per
cell) and 441 late endosomes in 13 siSTIM1 cells (34 + 3 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001***.
Distribution of distance to nucleus, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/
late quantification) of LAMP-1" endosomes. Results are from three independent experiments for a total of 249 late endosomes in 15 siCTL cells (17 & 2 endosomes
per cell) and 441 late endosomes in 13 siSTIM1 cells (34 & 3 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001 ***,
Confocal microscopy images of ECs silenced with a control shRNA (shCTL) or one targeting STIM1 (shSTIM1), rescued for GFP expression alone (shCTL/GFP and
shSTIM1/GFP) or for GFP-STIM1 WT (shSTIM1/GFP-STIM1 WT), GFP-STIM1 NN (shSTIM1/GFP-STIM1 NN), or GFP-STIM1 AA (shSTIM1/GFP-STIM1 AA) and stained for
endogenous LAMP-1 (in red) to visualize LEs and DAPI (in blue) to highlight the nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the
right, inset panels to highlight respective perinuclear and peripheral area of the cell. Scale bar = 5 pm.

Upper panel, Distribution of distance to nucleus, normalized on cell size, quantified by image (as in E) segmentation (see Materials and Methods, Confocal
microscopy and early/late quantification) of LAMP-1" endosomes. Results are from of two independent experiments for a total of 436 late endosomes in 13 shCTL/GFP
cells (34 + 6 endosomes per cell), 1,452 late endosomes in 12 shSTIM1/GFP cells (121 + 13 endosomes per cell), and 498 late endosomes in 10 shSTIM1/GFP-STIM1
WT cells (50 + 5 endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.01;
Bonferroni for shCTL/GFP and shSTIM1/GFP P < 0.001*** (orange) and for shSTIM1/GFP and shSTIM1/GFP-STIM1 WT P < 0.001*** (green). Lower panel, Distribution
of distance to nucleus, normalized on cell size, quantified by image (as in E) segmentation (see Materials and Methods, Confocal microscopy and early/late
quantification) of LAMP-1" endosomes. Results are from of two independent experiments for a total of 498 late endosomes in 10 shSTIM1/GFP-STIM1 WT cells

(50 + 5 endosomes per cell), 1,057 late endosomes in 11 shSTIM1/GFP-STIM1 NN cells (96 + 12 endosomes per cell), and 346 late endosomes in 10 shSTIM1/GFP-
STIM1 AA cells (35 & 2 endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA

P < 0.01; Bonferroni for shSTIM1/GFP-STIM1 WT and shSTIM1/GFP-STIM1 NN P < 0.05* (orange) and for shSTIM1/GFP-STIM1 NN and shSTIM1/GFP-STIM1 AA

P < 0.05* (green).

Average size, normalized on cell size, quantified by image (as in E) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification) of
LAMP-1" endosomes. Results are the average + SEM of two independent experiments for a total of 436 late endosomes in 13 shCTL/GFP cells (34 & 6 endosomes per
cell), 1,452 late endosomes in 12 shSTIM1/GFP cells (121 4 13 endosomes per cell), 615 late endosomes in 12 shSTIM1/GFP-STIM1 WT cells (51 & 5 endosomes per
cell), 1,278 late endosomes in 12 shSTIM1/GFP-STIM1 NN cells (106 =+ 15 endosomes per cell), and 506 late endosomes in 12 shSTIM1/GFP-STIM1 AA cells (42 + 7
endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for shCTL/
GFP and shSTIM1/GFP P < 0.001***, for shCTL/GFP and shSTIM1/GFP-STIM1 WT P > 0.05 not significant (ns), for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 NN
P < 0.001***, for shSTIM1/GFP and shSTIM1/GFP-STIM1 NN P < 0.001*** and for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 AA P > 0.05 not significant (ns).
Average number, normalized on cell size, quantified by image (as in E) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification)
of LAMP-1" endosomes. Results are the average + SEM of two independent experiments for a total of 436 late endosomes in 13 shCTL/GFP cells (34 + 6 endosomes
per cell), 1,452 late endosomes in 12 shSTIM1/GFP cells (121 + 13 endosomes per cell), 615 late endosomes in 12 shSTIM1/GFP-STIM1 WT cells (51 + 5 endosomes
per cell), 1,278 late endosomes in 12 shSTIM1/GFP-STIM1 NN cells (106 + 15 endosomes per cell), and 506 late endosomes in 12 shSTIM1/GFP-STIM1 AA cells (42 &+ 7
endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for shCTL/
GFP and shSTIM1/GFP P < 0.001***, for shCTL/GFP and shSTIM1/GFP-STIM1 WT P < 0.001***, for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 NN P < 0.05*, for
shSTIM1/GFP and shSTIM1/GFP-STIM1 NN P < 0.01** and for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 AA P > 0.05 not significant (ns).

Source data are available online for this figure.

STIM1 and dynein oppositely regulate early and late endosome
retrograde transport

Next, we investigated whether the role of STIM1 in the control of
EB1/dynactin interaction and dynein-dependent transport may
impact on EE positioning in ECs. Surprisingly, confocal microscopy
revealed that, compared to LEs (Fig 2), both Rab5" and EEA-1" EEs
display a reversed phenotype in siSTIM1 ECs (Fig 3A, left panels),
being larger, very clustered in the perinuclear area and strongly
reduced in number (Fig 3A, right panels). Therefore, we automati-
cally quantified, as we did for LEs, size, number, and distance to the
nucleus of EEA-1° EE endosomes. Confocal microscopy analysis
showed that, when compared to siCTL, EEs in siSTIM1 ECs
are persistently larger (Fig 3B) and decreased in number (Fig 3C).
Additionally, time-lapse confocal microscopy coupled to
computer-assisted automated detection and tracking of GFP-Rab5"
EE endosomes in living siCTL and siSTIM1 ECs (Movies EV1 and
EV2), indicated that those vesicles aggregate, overtime, around the

© 2020 The Authors

nuclei of STIM1 silenced cells (Fig 3D). To understand whether the
control of EE retrograde transport may rely on the SxIP-mediated
interaction of STIM1 with EB1, we performed rescue experiments
(Fig 4A, left panels) and, through automatic quantitative analysis,
found that indeed GFP-STIM1 WT overexpression in shSTIM1 ECs
(Fig 4B, upper panel) was able to rescue the decreased distance to
the nucleus of EEs, observed in those cells. On the other hand, GFP-
STIM1 NN (Fig 4B, lower panel) did not modify the abnormal EE
perinuclear positioning, observed in STIM1 silenced cells. Moreover,
STIM1 WT, but not its NN mutant, was also able to rescue the large
size (Fig 4A, right panels, and C) and reduced number (Fig 4A, right
panels, and D) of the same vesicles observed in shSTIM1 ECs. Alto-
gether, these data indicate that STIM1 also regulates the retrograde
transport of EEs, that, as observed for LEs (Fig 2A-D), depends on
its interaction with EB1 at MT plus ends, yet with an entirely reverse
effect in terms of motion direction and subcellular localization.
Hence, STIM1 appears to play an opposite function in the regulation
of LE or EE movement along MTs.
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Differently from LEs, the machinery that in mammalian cells
controls EE retrograde movement along MTs is so far largely
unknown (Li et al, 2016). Since we found that STIMI1, via its ability
to bind EB1 and stabilizing its interaction with p150Glued subunit
of dynactin, promotes the retrograde transport of LEs along MTs
(Figs 1 and 2), we wondered whether dynein may also participate
with STIMI to control the subcellular distribution of EEs in ECs.
Before doing that, to assure that STIM1 role in the regulation of
motor function would not affect EE-to-LE maturation, we measured
and did not observe any impact of STIM1 silencing on the amount

A
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of EEA1 and LAMP colocalization in endothelial endosomes
(Fig EV2A). Next, we treated cells with Ciliobrevin D (CilioD), a
specific cell permeable inhibitor of the ATPase activity of dynein
(Yao et al, 2012; Chowdhury et al, 2015), and observed its effect on
both EEA1" EEs and LAMP-1-1" LEs positioning (Fig 4E, left panels).
Notably, CilioD inhibition of dynein phenocopied the effect of
STIM1 silencing (Figs 2A and D, and 3A and D), diminishing the
distance to the nucleus of EEs (Fig 4E, right panels and F), and, as
expected, increasing the one of LEs in ECs (Fig 4E, right panels and
G). CilioD similarly affected the positioning of EEs and LEs also in
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Figure 3. STIM1 regulates early endosome retrograde transport.

The EMBO Journal

A Confocal microscopy images of ECs silenced with a control siRNA (siCTL) or one targeting STIM1 (siSTIM1) and stained for endogenous Rab5 (in green) and EEA-1 (in
red) to visualize EEs and DAPI (in blue) to highlight the nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels to

highlight respective perinuclear and peripheral area of the cell. Scale bar = 5 pm.

B Average size, normalized on cell size, of EEA-1" endosomes as in A. Results are the average + SEM of three independent experiments for a total 4,483 early
endosomes in 18 siCTL cells (299 + 33 endosomes per cell) and 2,454 early endosomes in 13 siSTIM1 cells (189 + 17 endosomes per cell) and analyzed by a two-

tailed heteroscedastic Student’s t-test, P < 0.001***.

C Average number, normalized on cell size, of EEA-1* endosomes as in A. Results are the average + SEM of three independent experiments for a total 4,483 early
endosomes in 18 siCTL cells (299 + 33 endosomes per cell) and 2,454 early endosomes in 13 siSTIM1 cells (189 + 17 endosomes per cell) and analyzed by a two-

tailed heteroscedastic Student’s t-test, P < 0.01**.

D Distribution of distance to nucleus at the first frame, normalized on cell size, quantified by image (data correspond to Movies EV1 and EV2) segmentation (see
Materials and Methods, Live imaging experiments) of Rab5" endosomes, appearing for 60 s. Results are from three independent experiments for a total of 903 early
endosomes in 18 siCTL cells (50 + 5 endosomes per cell) and 935 early endosomes in 20 siSTIM1 cells (47 + 9 endosomes per cell). Data are analyzed by a two-tailed

heteroscedastic Student’s t-test, P < 0.01**.

Source data are available online for this figure.

other cell types, such as Hs746T carcinoma cells (Fig EV2B, first
two rows) and MRCS fibroblasts (Fig EV2C, first two rows). These
data suggest a cooperation between STIM1 and the dynein/dynactin
complex in regulating the retrograde transport of both LEs and EEs.

Concerted antagonistic action of STIM1/dynein and KIFC1
controls early endosome retrograde transport

Automated quantitative analyses of EE positioning in ECs revealed
that CilioD-mediated inhibition of dynein decreased EEA-1" EE
distance to nucleus (Fig 4F). These data imply that a further retro-
grade motor may antagonize STIM1/dynein, conceivably to finely
tune the transport rate of these specific endosomal cargos toward
the nucleus (Hu et al, 2017). In this regard, two different recipro-
cally antagonizing kinesin (KIF) 2 anterograde motors were reported
to cooperate to move the same intraflagellar transport particles
along MTs in the direction of the tip of cilia of Caenorhabditis
elegans neurons (Pan et al, 2006). KIFs are major motor proteins
that, tugging war with dynein (Ayloo et al, 2014; Reck-Peterson
et al, 2018), primarily drive the anterograde transport of endosomes
to MT plus ends (Hirokawa et al, 2009). Interestingly, KIF-14 family
members are C-terminal motor proteins, which contain an EB1 bind-
ing SXIP motif (Braun et al, 2013) and move toward the minus end
of MTs, thereby regulating retrograde cargo motion (She & Yang,
2017). In humans, this family comprises only three known
members: KIFC1, KIFC2, and KIFC3. In particular, KIFC1, whose
role in mitosis has been widely analyzed (Cross & McAinsh, 2014;
Hepperla et al, 2014), has also been recently shown to be required
for MT minus end-directed cargo traffic and cell behavior in either
normal (Nath et al, 2007; Braun et al, 2016) or cancer cells (De
et al, 2009; Grinberg-Rashi et al, 2009; Patel et al, 2018). Moreover,
KIFC1 was previously found to be recruited on EEs (Mukhopadhyay
et al, 2011). Additionally, land plants, which lack of dynein, evolved
a large number of KIF-14s, likely to fill the functional roles left by
dynein (Gicking et al, 2018). Therefore, we explored the possibility
that KIFC motors may be involved in the EE retrograde transport
along MT in ECs. We first measured the mRNA expression levels of
the three KIFC family genes, found that the only one expressed is
KIFC1 (Fig 5A), and silenced it, alone or in combination with STIM1
silencing (Fig 5B). Confocal and automatic quantitative analysis
showed that, similarly to what observed upon STIM1 knock-down
(Fig 3A and D) or dynein inhibition (Fig 4E and F), KIFC1 silencing

© 2020 The Authors

causes a dramatic concentration of enlarged EEA1" EEs in the
perinuclear area of ECs (Fig 5C and D). However, differently from
siSTIM1 (Fig 2A and D) or CilioD-treated cells (Fig 4E and G), the
positioning of LEs was left completely unchanged in siKIFC1 ECs
(Figs 5C and EV2D). Of note, the simultaneous silencing of KIFC1
and STIM1 resulted in more peripherally distributed EEA1" EEs, as
seen for siCTL ECs (Fig 5C and E). Exploiting the KIFC1 ATPase-
specific inhibitor AZ82 (Wu et al, 2013; Park et al, 2017), we simi-
larly observed that the abolishment of the kinesin retrograde trans-
port also diminished the distance of EE to the nucleus (Fig 6A and
B), as seen for dynein activity diminishment (Fig 4F). Moreover,
using the two inhibitors, alone or in combination, we further
substantiated the antagonistic synergism between the two motors
in driving EE, but not LE, retrograde transport in human ECs.
Indeed, automated analysis of time-lapse confocal microscopy
(Movies EV3-EV5) revealed a comparable augmented velocity in
the retrograde motion of Rab5" EEs in ECs treated with either drugs
(Fig 6C). Additionally, we detected equivalent changes in the
distance to the nucleus of EE, but not LE, positioning in both
Hs746T carcinoma cells (Fig EV2B, third row) and MRC-5 fibrob-
lasts (Fig EV2C, third row), thus confirming a specific involvement
of distinct motor sets for different endocytic vesicle motion in dif-
ferent cell types. Interestingly, as observed in double siKIFC1/
siSTIM1 cells (Fig 5C and E), the increased retrograde transport of
EEs in ECs treated with one drug only was abolished when CilioD-
treated cells were simultaneously incubated with AZ82 (Movie
EV6; Fig 6A, right panels, and Fig 6D). Hence, KIFC1 acts as a
retrograde motor that antagonistically cooperates with STIM1/dy-
nein to specifically and finely control the centripetal motion of EEs
along MTs.

Considering the known role of KIF5B as anterograde kinesin
modulating EE motility and traffic toward the MT plus ends (Nath
et al, 2007; Loubéry et al, 2008; Braun et al, 2016), we evaluated
whether this motor may regulate the centrifugal motion of EEA-1"
EEs observed in our double retrograde motor silenced (Fig SE) or
inhibited (Fig 6D) ECs. Indeed, we simultaneously treated KIF5B
silenced ECs with CilioD and AZ82 and analyzed EE positioning
(Fig EV2E). Confocal fluorescence microscopy analysis unveiled
how the silencing of KIF5B completely abolishes the peripheral
localization of EEA-1" EEs observed upon concurrent stimulation of
ECs with CilioD and AZ82 (Fig EV2E). Those data identify KIF5B as
a key anterograde motor that counterbalances the activity of the
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Figure 4. STIM1 and dynein oppositely regulate early and late endosome retrograde transport.

A

Confocal microscopy images of ECs silenced with a control shRNA (shCTL) or one targeting STIM1 (shSTIM1), rescued for GFP expression alone (shCTL/GFP and
shSTIM1/GFP) or for GFP-STIM1 WT (shSTIM1/GFP-STIM1 WT) or GFP-STIM1 NN (shSTIM1/GFP-STIM1 NN) and stained for endogenous EEA-1 (in red) to visualize EEs
and DAPI (in blue) to highlight the nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels to highlight respective
perinuclear and peripheral area of the cell. Scale bar = 5 um.

Upper panel, Distribution of distance to nucleus, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal
microscopy and early/late quantification) of EEA-1* endosomes. Results are from two independent experiments for a total of 830 early endosomes in 13 shCTL/GFP
cells (64 + 6 endosomes per cell), 719 early endosomes in 10 shSTIM1/GFP cells (60 & 6 endosomes per cell), and 820 early endosomes in 12 shSTIM1/GFP-STIM1 WT
cells (68 + 6 endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001;
Bonferroni for shCTL/GFP and shSTIM1/GFP P < 0.001*** (orange) and for shSTIM1/GFP and shSTIM1/GFP-STIM1 WT P < 0.001*** (green). Lower panel, Distribution
of distance to nucleus, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/late
quantification) of EEA-1" endosomes. Results are from two independent experiments for a total of 820 early endosomes in 12 shSTIM1/GFP-STIM1 WT cells (68 & 6
endosomes per cell) and 400 early endosomes in 12 shSTIM1/GFP-STIM1 NN cells (33 £ 7 endosomes per cell) and analyzed a two-tailed heteroscedastic Student’s t-
test, P < 0.001***.

Average size, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification) of
EEA-1" endosomes. Results are the average + SEM of two independent experiments for a total 830 early endosomes in 13 shCTL/GFP cells (64 & 6 endosomes per
cell), 719 early endosomes in 10 shSTIM1/GFP cells (60 + 6 endosomes per cell), 820 early endosomes in 12 shSTIM1/GFP-STIM1 WT cells (68 + 6 endosomes per
cell), and 400 early endosomes in 12 shSTIM1/GFP-STIM1 NN cells (33 + 7 endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA)
with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for shCTL/GFP and shSTIM1/GFP P < 0.001***, for shCTL/GFP and shSTIM1/GFP-STIM1 WT P > 0.05
not significant (ns), for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 NN P < 0.001*** and for shSTIM1/GFP and shSTIM1/GFP-STIM1 NN P < 0.05*.

Average number, normalized on cell size, quantified by image (as in A) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification)
of EEA-1" endosomes. Results are the average + SEM of two independent experiments for a total 830 early endosomes in 13 shCTL/GFP cells (64 + 6 endosomes per
cell), 719 early endosomes in 10 shSTIM1/GFP cells (60 + 6 endosomes per cell), 820 early endosomes in 12 shSTIM1/GFP-STIM1 WT cells (68 4= 6 endosomes per
cell), and 400 early endosomes in 12 shSTIM1/GFP-STIM1 NN cells (33 + 7 endosomes per cell) and analyzed by a parametric two-tailed analysis of variance (ANOVA)
with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for shCTL/GFP and shSTIM1/GFP P < 0.01**, for shCTL/GFP and shSTIM1/GFP-STIM1 WT P > 0.05 not
significant (ns), for shSTIM1/GFP-STIM WT and shSTIM1/GFP-STIM1 NN P < 0.001*** and for shSTIM1/GFP and shSTIM1/GFP-STIM1 NN P < 0.001***,

Confocal microscopy images of untreated ECs (UT) or treated with Ciliobrevin D (CilioD) and stained for endogenous EEA-1 (in green) and LAMP-1 (in red) to visualize
EEs and LEs, respectively, and DAPI (in blue) to highlight the nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels
to highlight respective perinuclear and peripheral area of the cell. Scale bar = 5 pm.

Distribution of distance to nucleus at the first frame, normalized on cell size, quantified by image (data correspond to Movies EV3 and EV4) segmentation (see
Materials and Methods, Live imaging experiments) of Rab5" endosomes, appearing for 30 s, during Ciliobrevin D (CilioD) treatment. Results are from three
independent experiments for a total of 853 early endosomes in six untreated (UT) cells (142 + 22 endosomes per cell) and 657 early endosomes in nine CilioD cells
(73 + 23 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001***,

Distribution of distance to nucleus, normalized on cell size, quantified by image (as in E) segmentation (see Materials and Methods, Confocal microscopy and early/
late quantification) of LAMP-1" endosomes. Results are from three independent experiments for a total of 432 late endosomes in 12 untreated (UT) cells (36 + 9

The EMBO Journal

endosomes per cell) and 1,184 late endosomes in 18 CilioD cells (66 + 9 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test,

P < 0.001***,

Source data are available online for this figure.

dual dynein/KIFC1 retrograde motor system to control the position-
ing of EEs in living cells.

Next, we explored the molecular mechanisms by which dynein
and KIFC1 may connect to EE cargos in ECs. First, we checked
whether STIM1 may interact with KIFC1, but we could not immuno-
precipitate the two proteins together (Fig EV3A), excluding possible
physical interactions between the two retrograde motor systems.
Among potential adaptors connecting dynein with EEs, the CC
domain containing members of the HOOK adaptor family were
found to play such a role in filamentous fungi (Bielska et al, 2014;
Zhang et al, 2014). Although HOOK1 (Maldonado-Béez et al, 2013;
Olenick et al, 2019) and HOOK3 (Kendrick et al, 2019; Siddiqui
et al, 2019) have already been studied in both retrograde and
anterograde motion of endosomes in mammalian cells, yet the
specific molecular mechanisms by which those may differentially
control the movement of vesicles along MTs are not entirely under-
stood (Luiro et al, 2004; Xu et al, 2008; Maldonado-Baez et al, 2013;
Olenick et al, 2019). Therefore, we investigated whether and how
dynein and KIFC1 may associate with the HOOK proteins and also
whether p150Glued, which is a known cargo anchor (Deacon et al,
2003) and processivity factor (Berezuk & Schroer, 2007) also for
some KIFs, may regulate the motor switch in ECs. We observed that
HOOKI1 interacts with both dynein and p150Glued in ECs, but not

© 2020 The Authors

with KIFC1 (Fig 7A), which instead specifically associates with
p150Glued, but not with other components of the dynactin complex
(such as p50) and HOOK3 (Fig 7B). Hence, at least two distinct EE
retrograde motor/adaptor complexes exist in ECs, namely
dynein/dynactin/HOOK1 and KIFC1/dynactin/HOOK3.

To get further insights about the role of HOOK1 and HOOK3 in
the dynactin-coordinated antagonism between dynein and KIFC1,
we analyzed the localization of EEA1" EEs and LAMP-1" LEs in ECs
silenced for HOOK1 (siHOOK1) or HOOK3 (siHOOK3) or both of
them (Fig 7C). Confocal analysis revealed that, compared to siCTL
cells, EEs were highly concentrated close to the nucleus in siHOOK1
(Fig 7D and E) or siHOOK3 ECs (Fig 7D and F), mimicking EE distri-
bution observed in the single siSTIM1 or siKIFC1 cells (Figs 3D and
5D), while LE positioning (known to be RILP-dependent (Berezuk &
Schroer, 2007)) was unaffected by HOOK silencing (Figs 7D and
EV3B and C), as for KIFC1 silencing (Fig EV2D). Of note, simultane-
ous HOOK1 and HOOKS3 silencing rescued the EE abnormalities
present in single siHOOK1 (P-value EE distance siHOOK1 and
siHOOK3 P > 0.05 not significant) ECs (Fig 7D and G), mimicking
what observed with the double silencing or inhibition of the two-
motor system (Figs 5C and E, and 6A and D). These data confirm a
complementary role of the two, dynein/HOOK1 and KIFC1/HOOK3,
motor/adaptor complexes in driving retrograde EE, and not LEs,

The EMBO journal e103661]2020 11 of 25



The EMBO Journal Giulia Villari et al

of HOOK1 to p150Glued (Fig 7H) that favors the dynein/HOOK1
motor/adaptor complex, in agreement with the increased EE retro-
grade motion observed in siKIFC1 ECs (Fig 5C and D). Moreover,
concurring with our finding that STIM1 favors EBl-dynactin
complex formation and dynein-driven retrograde transport (Figs 1

transport. To further validate the competition between those two-
motor systems for the binding to p150Glued, we immunoprecipi-
tated this protein together with the HOOK1 adaptor in untreated
(UT) or AZ82-treated ECs (Fig 7H). Interestingly, we discovered that
the AZ82-induced decrease in KIFC1 activity strengthens the binding
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Figure 5. KIFC1 acts as an additional early endosome-dedicated MT retrograde motor.

A mRNA levels of KIFC1, KIFC2, and KIFC3 in ECs. Values are normalized on GAPDH mRNA levels. Results are the average + SD of three independent experiments and
analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.01; Bonferroni for KIFC1 and KIFC2 P < 0.01** and

for KIFC1 and KIFC3 P < 0.05*.

B Representative Western blot analysis of endogenous KIFC1 and STIM1 proteins (both normalized on total tubulin levels) in ECs silenced with a control siRNA (siCTL)
or one targeting KIFC1 (siKIFC1) or two control siRNAs (siCTLsiCTL) or two targeting KIFC1 and STIM1 (siKIFC1siSTIM1). Results are the average + SD of three
independent experiments and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.01; Bonferroni for
siCTL and siKIFC1, KIFC1 expression P < 0.001***, STIM1 expression P > 0.05 not significant (ns) and for siCTLsiCTL and siKIFC1siSTIM1, KIFC1 expression P < 0.01**,

STIM1 expression P < 0.05*.

C Confocal microscopy images of ECs silenced with a control siRNA (siCTL) or one targeting KIFC1 (siKIFC1) or one targeting STIM1 (siSTIM1) or two targeting both
(SIKIFC1siSTIM1) and stained for endogenous EEA-1 (in green) and LAMP-1 (in red) to visualize EEs and LEs, respectively, and DAPI (in blue) to highlight the nucleus.
The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels to highlight respective perinuclear and peripheral area of the cell.

Scale bar = 5 um.

D Distribution of distance to nucleus, normalized on cell size, quantified by image (as in C) segmentation (see Materials and Methods, Confocal microscopy and early/
late quantification) of EEA-1" endosomes in siCTL and siKIFC1 ECs. Results are from three independent experiments for a total of 4,091 early endosomes in 19 siCTL
cells (215 + 20 endosomes per cell) and 2,275 early endosomes in 20 siKIFC1 cells (114 + 10 endosomes per cell) and analyzed by a two-tailed heteroscedastic

Student’s t-test, P < 0.001***.

E Distribution of distance to nucleus quantified by image (as in C) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification) of EEA-
1" endosomes. Results are from three independent experiments for a total of 4,091 early endosomes in 19 siCTL cells (215 + 20 endosomes per cell), 2,275 early
endosomes in 20 siKIFC1 cells (114 + 10 endosomes per cell), and 3,257 early endosomes in 18 siKIFC1/siSTIM1 cells (181 + 14 endosomes per cell). Data are
analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for siCTL and siKIFC1 ECs
P < 0.001*** (orange) and for siKIFC1 and siSTIM1/siKIFC1 ECs P < 0.001*** (green). On the right hand side of the plot, colored bands represent the average cell
diameter, significantly changing throughout the conditions. Data are analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc
analysis. ANOVA P < 0.01; Bonferroni for siCTL and siKIFC1 ECs P > 0.05 not significant (orange ns) and for siKIFC1 and siSTIM1/siKIFC1 ECs P < 0.01** (green).

Source data are available online for this figure.

and 2), we also found that the lack of STIM1 increased the binding
of KIFC1 to EB1 in ECs (Fig EV3D). Altogether, these data sustain a
two-layered competition model between STIM1/dynein and KIFC1
to interact with the p150Glued subunit of dynactin and EB-1 to
cooperatively regulate EE retrograde transport.

STIM1 controls late endosome pH, mTORC1 signaling,
and autophagy

Mounting evidences show how perinuclear rather than peripheral
subcellular localization crucially influences the functioning of LEs
(Ballabio & Bonifacino, 2020). For instance, the low luminal pH of
perinuclear, but not peripheral LEs, favors the enzymatic activity of
lysosomal hydrolases and the secondary active transport of different
substrates by lysosomal transporters (Gowrishankar & Ferguson,
2016; Johnson et al, 2016). As another example, under nutrient-rich
conditions, nutrient-regulated mechanistic target of rapamycin
complex 1 (mTORC1), which signals to promote cell growth and to
inhibit autophagy (Liu & Sabatini, 2020), is activated on the cytoso-
lic surface of peripheral, but not perinuclear LEs (Korolchuk et al,
2011). Therefore, since LE positioning has been reported to be criti-
cal in the regulation of key cellular functions, we sought to investi-
gate whether STIM1 may also impact on some of those, such as
luminal pH, mTORC1 signaling, and autophagy. To measure the
luminal pH of LEs in both control and ECs silenced for STIM1, we
exploited the acetoxymethyl (AM) ester-modified fluorogenic intra-
cellular pH probe pHrodo Green AM (Kulkarni et al, 2019), weakly
fluorescent at neutral pH and whose fluorescence proportionally
increases as pH lowers (Fig 8A). The relative amount of pHrodo
Green AM-labeled acidic LAMP1* LEs in shSTIMI cells decreased
significantly compared to controls (Fig 8B), showing the peripheral
LEs, observed only in ECs lacking for STIM1, to be much less
marked by the fluorescent dye and therefore much less acidic.
Considering the reported greater activation of mTORC1 signaling on

© 2020 The Authors

the cytosolic surface of peripheral endosomes (Korolchuk et al,
2011), next we measured the expression of mTORCI scaffold
protein regulatory-associated protein Raptor and the phosphoryla-
tion of the anabolic downstream mTOR effector p70 S6 kinase 1
(S6K1) (Liu & Sabatini, 2020), in control or STIM1 silenced ECs,
enriched with those peripheral LEs. Although Raptor expression
was not affect, we observed that STIMI1 silencing significantly
increased S6K1 phosphorylation (Fig 8C). Since mTORC1 also
signals to inhibit catabolic processes such as autophagy, we evalu-
ated whether STIM1 may also regulate this multistep process
(Hansen et al, 2018). Phagophore formation and expansion is a key
step in autophagy in which MT-associated protein light chain 3
(LC3) is first cleaved by the protease ATG4 to generate LC3-I
(Hansen et al, 2018). Next, LC3-1 is conjugated by ATG3 with phos-
phatidylethanolamine to form LC3-II that is then incorporated into
autophagosomal membranes to interact with LC3-interacting motif
bearing cargo receptors (Hansen et al, 2018). When we analyzed by
Western blot LC3-I and -II protein levels, we noted that, compared
to control, STIM1 silencing decreased the most relevant LC3-II
product, indicating a defected autophagic flux as evaluated by the
LC3-1I/LC-31 ratio (Fig 8D). Altogether, those data confirm that
STIM1 significantly impacts on different critical aspects of cellular
function that are known to rely on LE subcellular localization
(Korolchuk et al, 2011; Johnson et al, 2016; Ballabio & Bonifacino,
2020) that we discovered to be controlled by STIM1 itself.

Discussion

In mammalian cells, the cytosolic positioning of endosomes
crucially influences their functions and the fate of trafficked proteins
(Bonifacino & Neefjes, 2017; Neefjes et al, 2017). The distance of
endosomes from the PM correlates with different acidity (Mellman
et al, 1986; Huotari & Helenius, 2011), proteolytic activity
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4 Figure 6. Concerted antagonistic action of dynein and KIFC1 controls early endosome retrograde transport.

A Confocal microscopy images of untreated (UT) or treated with Ciliobrevin D (CilioD) or AZ82 or both treatments simultaneously (CilioD + AZ82) ECs and stained for
endogenous EEA-1 (in green) and LAMP-1 (in red) to visualize EEs and LEs, respectively, and Drag5 (in blue) to highlight the nucleus. The yellow line is drawn to
define cell periphery. Scale bar = 20 um. On the right, inset panels to highlight respective perinuclear and peripheral area of the cell. Scale bar = 5 um.

B Distribution of distance to nucleus at the first frame, normalized on cell size, quantified by image (data correspond to Movies EV3 and EV5) segmentation (see
Materials and Methods, Live imaging experiments) of Rab5" endosomes, appearing for 30 s, during AZ82 treatment in ECs, compared to untreated cells (UT). Results
are from two independent experiments for a total of 853 early endosomes in six untreated cells (142 + 22 endosomes per cell) and 355 early endosomes in 7 AZ82
cells (51 + 12 endosomes per cell). Data are analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001***.

C Distribution of retrograde velocity, quantified by image (data correspond to Movies EV3-EV5) segmentation (see Materials and Methods, Live imaging experiments) of
Rab5" endosomes, appearing for 30 s, during Ciliobrevin D (CilioD D) or AZ82 treatment in ECs, compared to untreated cells (UT). Results are from three independent
experiments for a total of 580 EEs in six UT cells (97 &+ 18 endosomes per cell), 432 EEs in nine CilioD cells (48 &+ 15 endosomes per cell) and from two independent
experiments for a total of 223 EEs in seven AZ82 cells (32 + 6 endosomes per cell). Data are analyzed by a parametric two-tailed analysis of variance (ANOVA) with
Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for UT and CilioD-treated ECs P < 0.01** and for UT and AZ82 treated ECs P < 0.001***,

D Distribution of distance to nucleus at the first frame, normalized on cell size, quantified by image (data correspond to Movies EV3, EV5 and EV6) segmentation (see
Materials and Methods, Live imaging experiments) of Rab5" endosomes, appearing for 30 s, during AZ82 treatment (as in B), alone or in combination with CilioD
treatment (CilioD + AZ82), compared to untreated EC cells (UT). Results are from two independent experiments for a total of 853 early endosomes in six UT cells
(142 + 22 endosomes per cell), 355 EEs in seven AZ82 cells (51 4 12 endosomes per cell), and 1,106 EEs in eight CilioD + AZ82 cells (136 + 42 endosomes per cell)
and analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for UT and AZ82 treated ECs

P < 0.001*** (orange) and for CilioD and CilioD + AZ82 treated ECs P < 0.001*** (green).

Source data are available online for this figure.

(Gowrishankar et al, 2015; Johnson et al, 2016), recycling kinetics
of internalized receptors (Wilson et al, 2018), mTORC1 activation,
and autophagic flux (Korolchuk et al, 2011; Ballabio & Bonifacino,
2020). Subcellular distribution also dictates the identity of lipids and
proteins bidirectionally trafficked between endosomes and perinu-
clear or peripheral organelles, such as the Golgi apparatus (De
Matteis & Luini, 2008; Progida & Bakke, 2016) or the tubular ER
network (Wu et al, 2018), respectively. Yet, the molecular mecha-
nisms that in mammalian cells control the different subcellular posi-
tioning of prototypic functionally distinct classes of endosomes,
such EEs and LEs, are unknown. Here, we unveil that the starkly

diverse steady-state distribution of EEs and LEs/LYs relies on the
employment of two distinct retrograde motor sets.

We discovered that while, as well-known (Bonifacino & Neef-
jes, 2017; Neefjes et al, 2017), dynein is the only MT minus end-
directed motor responsible for LE/LY retrograde traffic, the trans-
port of EEs toward the nucleus requires instead a competitive
synergism of dynein and KIFC1 MT retrograde motors. Indeed,
we found that CilioD-mediated inhibition of dynein, while
dispersing smaller LEs throughout the cytoplasm, surprisingly
increases the centripetal displacement velocity of EEs that
appeared instead enlarged and clustered in the perinuclear area.

4 Figure 7. Dynein and KIFC1 control early endosome retrograde transport via distinct HOOK adaptors and by competing for the binding to p150Glued.

A Representative of three Western blot analysis of endogenous light-intermediate chain (LIC) of cytoplasmic dynein 1, KIFC1, and p150Glued immunoprecipitated with
HOOK1 in wild-type ECs. Negative control (CTL) was performed incubating cell lysate with protein A- or G-Sepharose and empty rabbit IgG.

B Representative of three Western blot analysis of endogenous p150Glued, HOOK3, and p50 (or Dynamitin) immunoprecipitated with KIFC1 in wild-type ECs. Negative
control (CTL) was performed incubating cell lysate with protein A- or G-Sepharose and empty mouse I1gG.

C Representative Western blot analysis of endogenous HOOK1 or HOOK3 and total tubulin proteins in ECs, silenced with a control siRNA (siCTL) or one targeting
HOOK1 (siHOOKZ; on the left) or one targeting HOOK3 (siHOOK3; on the right).

D Confocal microscopy images of ECs silenced with a control siRNA (siCTL) or one targeting HOOK1 (siHOOK1) or one targeting HOOK3 (siHOOK3) or two targeting both
(siIHOOK1siHOOK3) and stained for endogenous EEA-1 (in green) and LAMP-1 (in red) to visualize EEs and LEs, respectively, and DAPI (in blue) to highlight the
nucleus. The yellow line is drawn to define cell periphery. Scale bar = 20 um. On the right, inset panels to highlight respective perinuclear and peripheral area of the
cell. Scale bar = 5 pum.

E Distribution of distance to nucleus, normalized on cell size, quantified by image (as in D) segmentation (see Materials and Methods, Confocal microscopy and early/
late quantification) of EEA-1" endosomes. Results are from three independent experiments for a total of 1,193 early endosomes in 12 siCTL cells (99 + 9 endosomes
per cell) and 1,104 early endosomes in 21 siHOOK1 cells (53 & 4 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001***.

F Distribution of distance to nucleus, normalized on cell size, quantified by image (as in D) segmentation (see Materials and Methods, Confocal microscopy and early/
late quantification) of EEA-1" endosomes. Results are from three independent experiments for a total of 1,193 early endosomes in 12 siCTL cells (99 + 7 endosomes
per cell) and 1,282 early endosomes in 22 siHOOK3 cells (58 & 5 endosomes per cell) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001***.

G Distribution of distance to nucleus quantified by image (as in D) segmentation (see Materials and Methods, Confocal microscopy and early/late quantification) of
EEA-1* endosomes. Results are from three independent experiments for a total of 1,193 early endosomes in 12 siCTL cells (99 & 7 endosomes per cell), 1,104 EEs in
21 siHOOK1 cells (53 & 4 endosomes per cell), and 2,340 EEs in 19 siHOOK1/siHOOK3 cells (123 4 11 endosomes per cell) and analyzed by a parametric two-tailed
analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for siCTL and siHOOK1 ECs P < 0.001*** (orange) and for siHOOK1 and
siHOOK1/siHOOK3 ECs P < 0.001*** (green). On the right hand side of the plot, colored bands represent the average cell diameter, significantly changing throughout
the conditions. Data are analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for siCTL
and siHOOK1 ECs P > 0.05 not significant (orange ns) and for siHOOK1 and siHOOK1/siHOOK3 ECs P < 0.001*** (green).

H Representative Western blot analysis of the endogenous p150Glued co-immunoprecipitated with HOOK1 in untreated (UT) and AZ82-treated ECs (left) and its
quantification by normalized densitometry (right). Negative control (CTL) was performed incubating cell lysate with protein A- or G-Sepharose and empty rabbit 1gC.
Results are the average + SD of three independent assays. UT value of each biological replicate was normalized on itself and so AZ82 experimental value. Results
were analyzed by a parametric two-tailed analysis of variance (ANOVA) with Bonferroni post hoc analysis. ANOVA P < 0.001; Bonferroni for UT and AZ82 P < 0.05*.

Source data are available online for this figure.
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A Confocal microscopy images of ECs silenced with a control shRNA (shCTL) or one targeting STIM1 (shSTIM1), to which the pH-sensitive dye pHrodo Green was given,
and then, cells were stained for LAMP-1 (in red) to visualize LEs and DAPI (in blue) to highlight the nucleus. Scale bar = 20 pum.

B Relative amount of LAMP-1" LEs positive to the pH-sensitive dye pHrodo (as in A) in shCTL and shSTIM1 ECs. Results are the average + SEM of three independent
experiments for a total of 90 cells (30 cell for experiment) and analyzed by a two-tailed heteroscedastic Student’s t-test, P < 0.001 ***,

C Representative Western blot analysis of endogenous Raptor, total and phospho-Thr389 S6K1 proteins (normalized on total tubulin levels) in ECs silenced with a
control shRNA (shCTL) or one targeting STIM1 (siSTIM1). Numbers above each band represent respective N.O.D. average (two biological replicates) quantification.

D Representative Western blot analysis of endogenous LC3-1 and -1l proteins (both normalized on total tubulin levels and represented as ratio LC3-11/LC3-1) in ECs
silenced with a control shRNA (shCTL) or one targeting STIM1 (siSTIM1). Results are the average + SD of three independent experiments and analyzed by a two-

tailed heteroscedastic Student’s t-test, P < 0.01**.

Source data are available online for this figure.

Our findings implied the existence of another retrograde motor
synergistically antagonizing dynein that, by silencing and employ-
ing the specific inhibitor AZ82 (Wu et al, 2013; Park et al,
2017), we identified as the KIF-14 family member KIFC1 (She &
Yang, 2017). Therefore, to retain their physiological small size
and diffuse cytosolic distribution, EEs depend on dynein coopera-
tive inhibition by KIFC1. Accordingly, LEs, which only rely on
dynein, are larger and crowded around the nucleus; moreover,
dynein inhibition by CilioD disperses LEs in the cytoplasm,
substantially reducing their size. Many evidences on the role of
motor-driven positioning of vesicles determining their size and
number have indeed already being shown (Aoyama et al, 2017;
Bonifacino & Neefjes, 2017; Hu et al, 2017). Our findings are in
agreement with the funnel model (Collinet et al, 2010), according
to which, as they move from the cell periphery to the center,
endosomes progressively grow in size due to homotypic fusion.
It appears that, in addition to determining their subcellular
steady-state positioning, the velocity at which endosomes are
transported along MTs toward the nucleus promotes their fusion,

© 2020 The Authors

likely due to the spatial convergence of MTs at MTOC. Of note,
the observation that the retrograde transport of Rab5" endosomes
along lengthy and slender cellular projections, such as neuronal
axons, relies on dynein only (Guo et al, 2016) suggests that
motor systems with different complexities are likely required to
carry different in morphologically and functionally
distinct cell types and structures.

Functional interactions such as tug-of-war and codependence
between anterograde and retrograde MT motors (Fu & Holzbaur,
2014) or cooperative teamwork among same direction MT motors
(Mallik et al, 2013) are well established. Mechanical competition
between MT plus end-directed KIFs was also reported in C. elegans
neuronal cilia (Pan et al, 2006). Here, we show that a mutual inhibi-
tion between dynein and KIFC1 drives EE retrograde transport. This
result indicates that cooperative antagonism among MT motors
oriented in the same direction may represent a further molecular
strategy to finely regulate directional cargo transport in cells. The
organization of endosomes in plants displays unique features
distinct from those of animal cells, the trans-Golgi network
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Figure 9. Dynein and KIFC1 motor sets differentially drive p150Glued/STIM1-dependent early and late endosome retrograde transport along MTs.

A Schematic model of the molecular interactions between dynein/p150Glued/STIM1 and KIFC1/p150Glued complexes at the MT plus ends. Black arrows point at already
known binding motifs, whereas red parts show interaction domains found in this manuscript. TM, transmembrane domain.
B Schematic model of the distinct motor sets regulating EE (above) and LE (below) retrograde transport, along MTs. Stars indicate EB1-binding SxIP motifs.

Source data are available online for this figure.

functioning for example as an equivalent of EEs (Contento &
Bassham, 2012). Our data suggest that, diverging from plants that
lacked dynein and expanded the KIF-14 family (Gicking et al, 2018),
the maintenance of both MT minus end-directed motor families may
have allowed animal cells to evolve a differently organized and more
sophisticated endolysosomal system. Furthermore, our findings
suggest that the EE transport toward the MT plus ends, observed here
in several conditions whereby the identified dual-motor retrograde
movement system is inhibited, relies on the anterograde kinesin
KIF5B (Nath et al, 2007; Loubéry et al, 2008; Braun et al, 2016).

We found that the interaction of the SxIP motif of the ER trans-
membrane protein STIM1 with the EBH domain of the MT plus end
interacting protein EB1 (Grigoriev et al, 2008) is crucial for the
dynein-dependent retrograde transport of both LEs and EEs in living
cells, suggesting a dual role in the regulation of endosome position-
ing and Ca’*" intra-organelle dynamics (Yuan et al, 2009; Vaca,
2010; Chang et al, 2018). Indeed, both indirectly, via the SxIP-
enabled association to EB1, and directly, through its CC domains,
STIM1 interacts with and clusters p150Glued via the CCla motif, a
crucial domain of the dynein activator complex dynactin (Zhang
et al, 2017; McKenney, 2018), at the plus ends of MTs. The CCla of
p150Glued is known to exist in an inhibited state, folded with the
second CClb domain, masking the Cap-Gly motif and binding to
MTs (Wang et al, 2014; Saito et al, 2020). In the resulting triple
complex, a key function of STIM1 is that of stabilizing the contact
between EB1 and the p150Glued subunit of dynactin, which the
silencing of STIM1 severely hampers. Therefore, even if the CAP-
Gly domain of p150Glued can bind the C-terminal EEY motif of EB1
(Akhmanova & Steinmetz, 2015; Rupam & Surrey, 2018), the ability
of STIMI to interact with both proteins significantly strengthens
their association in living cells, perhaps by competing with the
CC1b motif for the binding with the CCla, supporting the model
according to which functional networks, at MT plus ends, arise
from combinations of several moderate/low-affinity protein—protein
interactions (Akhmanova & Steinmetz, 2015). The finding that
STIM1 silencing phenocopies the CilioD-mediated dynein inhibition
effect on EE and LE steady-state distribution, without affecting their
maturation, sustains the notion that STIM1 interacts with and posi-
tively regulates the dynein activating function of p150Glued (Zhang
et al, 2017; McKenney, 2018). Analogously to the dynein/dynactin
activator STIM1 (Fig 9A), KIFC1 also contains a SxIP motif, which
allows its binding to EB1 and localization at the plus end of MTs
(Braun et al, 2013), competing, as reported here, with STIMI.
Furthermore, we found that KIFC1 interacts with p150Glued as
well. It is hence conceivable that the appearance during evolution
of an SxIP motif in KIFC1 enabled to coordinate the EB1-dependent
recruitment of p150Glued/KIFC1 at MT plus ends with that of
dynein/p150Glued/STIM1, allowing physiological MT minus end-
directed transport of EEs in animal cells. The observation that
HOOK1 and HOOK3 act as distinct and functionally counteracting
adaptors for dynein-dependent and KIFC1-dependent, respectively,

© 2020 The Authors

MT minus end movement of EEs, further uphold a model of a two-
layered (at MT ends and pl150Glued/molecular adaptor levels)
cooperative antagonism between same direction motors, involved
in the retrograde transport of EEs along MTs (Fig 9B, above), but
not LEs (Fig 9B, below).

High KIFC1 mRNA or protein levels have been detected in dif-
ferent human cancer types and found to correlate with poor
prognosis (Grinberg-Rashi et al, 2009; Pannu et al, 2015; Ogden
et al, 2017; Patel et al, 2018). In general, these data were inter-
preted in light of the KIFC1 ability to crosslink and slides MTs in
mitotic spindles, enabling tight pole focusing (Cross & McAinsh,
2014; Hepperla et al, 2014). Indeed, the survival of cancer cells
with supernumerary centrosomes was found to rely on KIFC1
ability to cluster them (Kwon et al, 2008; De et al, 2009; Kley-
lein-Sohn et al, 2012). Here, we identified a crucial role of KIFC1
in controlling EE retrograde transport and dynamic distribution
in both normal and cancer cells. Aberrant expression or function
of proteins involved in the regulation of endosomal traffic has
been involved in cancer development and progression (Golden-
ring, 2013; Lanzetti & Di Fiore, 2017). Thereby, the hypothesis
by which KIFC1 overexpression may promote cancer growth and
metastatic dissemination via the alteration of the early endoso-
mal routes may be a further development for future cancer stud-
ies. To this aim, also STIMI role as a regulator of cellular
homeostasis, via the modulation of endosome positioning and
function, such as LE-dependent mTORC1 signaling and autop-
hagy, may be a novel strategy to connect cancer cell endosomal
traffic with their metabolism and fate.

Materials and Methods
Cell lines and antibodies

Primary venous human endothelial cells (ECs) were isolated from
the umbilical cords as previously described (Serini et al, 2003). Cells
were then cultured in M199 medium completed with cow brain
extract, heparin sodium salt from porcine intestinal mucosa
(0.025 mg/500 ml), penicillin/streptomycin solution, and 20% fetal
bovine serum (FBS; Sigma-Aldrich), in cell culture dishes that had
been previously coated with 0.1% gelatin from porcine skin (G9136;
Sigma-Aldrich). Cells were tested for mycoplasma contamination by
means of Venor GeM Mycoplasma Detection Kit (MP0025-1KT;
Sigma-Aldrich). The isolation of primary venous ECs from human
umbilical cords was approved by the Office of the General Director
and Ethics Committee of the Azienda Sanitaria Ospedaliera Ordine
Mauriziano di Torino hospital (protocol approval no. 586, Oct 22
2012 and no. 26884, August 28 2014), and informed consent was
obtained from each patient. HEK 293T (ATCC CRL-3216), MRC-5
(ATCC CCL-171), and Hs746T (ATCC HTB-135) cells were grown in
DMEM medium completed with glutamine, penicillin/streptomycin
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solution, and 10% FBS (Sigma-Aldrich). Both, ECs and HEK 293T,
were transfected by means of Lipofectamine and PLUS reagent
(Thermo Fisher Scientific).

Mouse monoclonal Abs anti-a-tubulin (B-5-1-2) and anti-KIFC1
(2B9) for both Western blot analysis were from Sigma-Aldrich.
Rabbit monoclonal Abs anti-STIM1 ab108994 [EPR3414], anti-
Cytoplasmic dynein 1, light-intermediate chain (LIC) ab157468
[EPR11240], anti-p50 (or Dynamitin) ab133492 [EPR5095], anti-
HOOKI1 ab151756 [EPR10102], anti-KIF5B ab167429 [EPR10276],
and monoclonal mouse Ab anti-mCherry ab125096 [1C51] and rat
anti-EB1 ab53358 [KT51] and mouse polyclonal Ab anti-HOOK3
ab173388 as well as the rabbit polyclonal anti-FLAG ab1162 were
from Abcam and used for Western blot and immunoprecipitation
experiments. To immunoprecipitate EB1, mouse monoclonal Ab
anti-EB1 (610534) from BD Biosciences was used. Mouse mono-
clonal anti-p150Glued (610473) used in Western blot and immuno-
precipitation and anti-Rab5 (1/Rab5) and anti-LAMP-1 (H4A3)
used in immunofluorescence were also from BD Biosciences. Goat
polyclonal Ab anti-EEA1 (N-19) for immunofluorescence analysis
and the mouse monoclonal anti-Raptor (10E10) used for Western
blot were from Santa Cruz Biotechnology. Rabbit polyclonal Ab
anti-GFP (A11122) used for Western blot and immunoprecipitation
experiments was from Invitrogen. Rabbit monoclonal Ab anti LC3
(1712D) used for Western blot was from Novus Biologicals. Rabbit
monoclonal Ab anti V5 (#13202) used in immunoprecipitation or
Western blot, and the polyclonal anti-total S6 Kinase 1 (#9202) and
anti-phospho S6 Kinase 1 (Thr389, #9205) Abs used for Western
blot were from Cell Signaling Technology.

The pH-sensitive fluorescent dye to visualize acidic vesicles was
acetoxymethyl (AM) ester-modified fluorogenic intracellular pH
probe pHrodo Green AM (Kulkarni et al, 2019) from Thermo Fisher
Scientific. Goat anti-rabbit secondary Ab was from Santa Cruz
Biotechnology, while goat anti-mouse and rat secondary Abs were
from Jackson ImmunoResearch Laboratories. Alexa Fluor 488, 555,
and 647 donkey anti-mouse, rabbit, and goat IgG (H + L) secondary
Abs were from Invitrogen.

DNA constructs

pEGFP-ASTIM1 WT and pEGFP-ASTIM1 NN (Honnappa et al, 2009)
were a kind gift of Anna Akhmanova (Cell Biology Utrecht Univer-
sity, The Netherlands). The pEGFP-ASTIM1 AA(Yuan et al, 2009)
was kindly donated by Shmuel Muallem (National Institute of
Dental and Craniofacial Research, NIH, Bethesda, MD, USA).

The coiled coil (CC) deletion mutants, pEGFP-ACC1, ACC2,
ACC3, ACC1-3/WT, and ACC1-3/NN hSTIM1, were generated by
standard PCR protocols according to the Taq polymerase manufac-
turer’s instructions (Fynnzymes) and using pEGFP-STIM1 WT as
template. Those deletion constructs were obtained with standard
biomolecular techniques. In particular, the mutant pEGFP-ACC1
was lacking of the CC1 domain of STIM1 (706-1,023 base pairs; aa
236-341), the mutant pEGFP-ACC2 was devoid of the CC2 domain
of STIM1 (1,084-1,161 base pairs; aa 362-387), and the pEGFP-
ACC3 was lacking of the CC3 domain of STIM1 (1,192-1,263 base
pairs; aa 398-421). Furthermore, the ACC/WT and ACC/NN dele-
tion mutants were removed of the all three CC domains of STIM1
(706-1,263 base pairs; aa 236-421; = 20 kDa) in their respective
pEGFP-STIM1 WT or NN backbones.
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The cDNA of mCherry-Dynactin-N-18 was a gift from Michael
Davidson (Addgene plasmid # 55034; http://n2t.net/addgene:55034;
RRID: Addgene_55034).

Purified protein production and pulldown experiments

The cDNA and protein of p150Glued N-terminal Cap-Gly, with its
first coiled coil (CC) domain (NCBI Reference Sequence: NP_
004073.2, AA 1-358), C-terminally tagged with V5 (GKPIPN
PLLGLDST) were generated (ordered gene ID #391071) and
purchased from ATUM Bio (Newark, CA). The same was done with
the C-terminal portion (ordered gene ID #394359) of EB1 protein
WT (NCBI Reference Sequence: NP_036457.1, AA 191-268), N-
terminally tagged with FLAG (DYKDDDDK) and its deletion mutant
form (EB1-AY, AA 191-267), from which the tyrosine residue of the
final EEY motif was deleted (ordered gene ID #394360), as previ-
ously reported (Komarova et al, 2005). The cDNA of the cytoplasmic
domain of STIM1 (NCBI Reference Sequence: NP_001264890.1, AA
235-791), N-terminally tagged with Glutathione S-Transferase
(GST), was kindly donated by Francisco Javier Martin-Romero
(University of Extremadura, Badajoz, Spain). GST-cytoplasmic
STIM1 and empty GST (pGEX-3X vector), used as negative control
in the pulldown assays, were produced and purified. Briefly, BL21
transformants were plated on LB agar with 50 mg/l ampicillin or
30 mg/1 kanamycin and incubated overnight at 37°C. One colony
from each transformation was picked and grown into 50 ml of TB
medium containing 50 mg/1 ampicillin or 30 mg/l kanamycin and
then incubated overnight at 37°C. Overnight culture was inoculated
into 1 1 of TB medium containing antibiotics and incubated at 37°C
until an OD 600 of 0.8 was reached and then induced with 1 mM
IPTG for 3 h. Cells were harvested by centrifugation and ice-cold
lysed in 20 mM Tris—HCIl at pH 7.4, supplemented with DNAse I
(Roche) and complete protease inhibitors (Roche). Total and soluble
protein fractions were denatured and run on polyacrylamide gel
under reduced conditions. Expression levels were estimated by
densitometry. P150Glued and EB1 fragments in clarified lysate were
purified using streptavidin-column based methods by ATUM Bio,
whereas GST alone or bound to STIM1 were purified by incubating
lysate with Glutathione Sepharose 4B resin (GE Healthcare) for 2 h
at 4°C. All proteins were eluted in 20 mM Tris—HCl at pH 7.4,
350 mM NaCl and 1mM 2-mercaptoethanol, as previously described
by Thomas Surrey and collaborators (Duellberg et al, 2014).

For pulldown assays, empty or cytoplasmic-STIM1-bound GST
proteins were combined in an 1:1 ratio with dissolved purified
p150Glued-V5-tagged fragment, in the presence or absence of FLAG-
tagged EB1 WT or AY, in a buffer containing 20 mM Tris-HCl at pH
7.4, 350 mM NaCl, and 1 mM 2-mercaptoethanol (Duellberg et al,
2014). After incubation for 1 h on a rotating wheel at 4°C, the
protein mixture was added on anti-V5 rabbit monoclonal antibody
pre-coated beads, for 2 h on a rotating wheel at 4°C. Beads were
then separated from the supernatant by centrifugation and washed
four times in the same buffer, and the proteins retained on the beads
were analyzed by Western blotting.

Immunoprecipitation and Western blot analysis

To co-immunoprecipitate and analyze by Western blotting STIM1
constructs and the dynein-dynactin complex components, ECs or

© 2020 The Authors


http://n2t.net/addgene:55034

Giulia Villari et al

HEK293Ts were lysed in buffer containing 25 mM Tris-HCI pH 7.2,
150 mM NaCl, 1% NP-40, 5% glycerol, 5 mM MgCl,, 1 mM PMSF,
1 mM Na3VO,, and protease inhibitor cocktail.

Cellular lysates were incubated for 20 min on wet ice and then
centrifuged at 15,000 g, 20 min, at 4°C. The total protein amount
was determined using the bicinchoninic acid (BCA) assay (Pierce).
Equivalent amounts (1 mg) of protein were immunoprecipitated for
2 h at 4°C with the antibody of interest, and immune complexes
were recovered on protein A- or G-Sepharose (GE Healthcare) for
1 h at 4°C. Where indicated in the figure legend, cell lysates were
pre-cleared on Sepharose beads before incubation with the antibody
of interest. Controls of immunoprecipitations were performed incu-
bating cell lysate with empty immunoglobulin (Ig) G of the same
specie of the antibody of interest (Normal rabbit, NI#01, or mouse,
NI#03, IgG from Merck Life Science). Immunoprecipitates were
washed four times with lysis buffer with or without detergent and
then separated by SDS-PAGE. Proteins were then transferred to a
Hybond-C extra nitrocellulose membrane (Amersham), probed with
antibodies of interest, and detected by enhanced chemiluminescence
technique (PerkinElmer).

Gene silencing and mRNA Real-Time PCR quantification

For siRNA-mediated silencing, the day before oligofection, ECs were
seeded in six-well dishes at a concentration of 10 x 10* cells/well.
Oligofection of siRNA duplexes was performed according to manu-
facturer’s protocols. Briefly, human ECs were transfected twice (at 0
and 24 h) with 200 pmol of siGENOME Non-Targeting siRNA Pool
#1 (D-001206-13) as control (siCTL) or siGENOME SMART pools
(Dharmacon) for human STIM1 (M-011785-00), KIFC1 (M-004958-
02) or KIF5B (M-008867-00) were used. The two siRNAs against
STIM1 (siSTIM1) and KIFC1 (siKIFC1) were also given to ECs
together (400 pmol total). Forty-eight h after the second oligofec-
tion, ECs were lysed or tested in functional assays. To silence
human HOOK1 or HOOK3, 200 pmol of IDT Non-Targeting DsiRNA
(#51-01-14-04) as control (siCTL), IDT hs.Ri.HOOK1.13.3 DsiRNA
(#76-66-51-25) or IDT hs.Ri.HOOK3.13.3 DsiRNA (#77-07-02-20)
were used, singularly and simultaneously as described.

Lentiviral vectors carrying short hairpin RNAs (shRNA)
sequences against STIM1 (TRCN0000179490, #490 in Fig EV1A;
TRCO0000358718, #718 in Fig EV1A; TRC0000358780, #780 in
Fig EV1A) were from the RNAi Consortium library (Sigma-Aldrich).
Only the shSTIM1 #780 was used in the experiments shown in this
manuscript. Control cells (shCTL) were transduced with a lentiviral
preparation carrying the empty pLKO vector of the same RNAI
Consortium library.

KIFC1 (Hs00382558_m1), KIFC2 (Hs01057295_gl), and KIFC3
(Hs00194304_m1) mRNA expression levels were measured by
Real-Time PCR wusing Taqman Gene Expression Assays
(Thermo Fisher).

Confocal microscopy and early/late endosome size, number, and
distance to nucleus quantification

Control or silenced EC cells were plated on glass coverslips coated
with 0.1% gelatin from porcine skin (G9136, Sigma-Aldrich) and
allowed to adhere overnight in a 24-well plate. Cells were washed in
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
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(PFA), permeabilized in 0.01% saponin for 5 min on ice, incubated
with different primary Abs for 1 h, and revealed by appropriate
Alexa Fluor-tagged secondary Ab (Molecular Probes by Life Tech-
nologies). Cells were analyzed by using a Leica TCS SP8 AOBS
confocal microscope equipped with two hybrid detectors (HyD)
that, by combining classical photomultipliers with highly sensitive
avalanche photodiodes, provides higher signal-to-noise ratio, image
contrast, and sensitivity. PL APO 100x/1.4 NA immersion objective
was employed. 1,024 x 1,024 pixel images were acquired at pixel
size = 87.30-92.26 nm, and a z-stack of 1.49 um (spanned over
steps < 0.37 um) was acquired. For nucleus staining in immunoflu-
orescence images taken with the Leica TCS SP8, DRAQS5 Fluorescent
Probe Solution (Thermo Fisher) was used. Immunofluorescence
analysis was performed as previously described (Mana et al, 2016).
Colocalization analysis to calculate Pearson correlation was
performed with the Leica Confocal Software Quantification Tool
(Leica Microsystems). Image acquisition was performed by adopting
a laser power, gain, and offset settings that allowed maintaining
pixel intensities (gray scale) within the 0-255 range and hence
avoid saturation.

In some immunofluorescence experiments, ECs, MRC-5s, or
Hs746Ts were plated on glass 0.1% gelatin from porcine skin
(G9136, Sigma-Aldrich)-coated coverslips in a 24-well plate, and the
day after, they were treated with 120 uM Ciliobrevin D (CilioD;
EMD Millipore) for 1 h or with 5 uM AZ82 (Aobious) for 5 min or
with 4 uM Thapsigargin (TG; Sigma-Aldrich) for 5 min and diluted
in cell complete medium at 37°C, 5% CO, in a humidified atmo-
sphere. For double treated cells, after 55 min of Ciliobrevin D treat-
ment, AZ82 was also added to the medium for the lasting 5 min.
Afterward, cells were gently washed and fixed in 4% PFA.

MATLAB software codes were developed in order to automati-
cally quantify (i) nucleus position, (ii) cell size, and (iii) the size,
number, and distance to nucleus of EEs and LEs. The custom-made
code exploits MATLAB built-in functions to segment maximum
intensity projection images resulting in image segmentation like
those shown in Fig EV3E.

Identification of nuclei

The algorithm analyses one cell at a time, and it first identifies the
nucleus by isolating only the blue channel and segmenting such
image through a thresholding method. This thresholding method is
kept as starting step for the detection of nuclei, cells, and endo-
somes, and it can be summarized as follows. Once a threshold value
is determined, the original image is converted into a binary image
by automatically setting to 1 (white) all those pixels overcoming the
threshold and to 0 (black) all the other pixels. Then, each single
object composed of eight-connected white pixels is labeled. The
threshold value is set as the average of the positive pixels of the
image plus n times the standard deviation, with the value of n
adjusted depending on the fluorescent intensity of the image.
Spatially near-white pixels are then connected in order to form a
single object (Fig EV3E, Nucleus), which is subsequently re-labeled.
At this stage, if more than one object is found, only the biggest one
is saved and considered as the nucleus. The spatial position of both
the entire nucleus and its centroid (white dot in Fig EV3E) is
computed. The former is used to discard the area corresponding to
the nucleus during the endosome segmentation procedure, while
the latter is used to compute the endosomes distance to the nucleus.
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Identification of cells

To analyze cell size, we considered the average of fluorescent
signals coming from both EE (green) and LE (red) channels.
Images (Fig EV3E, Cell green/red channel) are first segmented
through the thresholding method described above (with the thresh-
old set to zero to maximize the area covered by the cell), and then,
image manipulations are performed in order to obtain a single and
solid object. Finally, the conversion in micrometers of the total
number of pixels composing the average segmented area gives the
cell area.

Identification of EEs and LEs

Through the thresholding method described above, the EEA-1 or
LAMP-1 staining image is segmented to identify single EE or LE
objects with high level of fluorescence. Subsequent morphology-
based functions are applied to separate merged objects. To avoid
artifacts, all those objects whose size is lower than a threshold
(s_min) are discarded. The threshold s_min has been set to three
pixels (corresponding to object diameter < 150 nm) for EEs, while it
is, depending on the experiment, 10 or 20 pixels (corresponding to
object diameter < 310 nm or < 440 nm, respectively) for LEs. If
some objects, bigger than the respective s_min, are segmented as
ring-like shape objects, are then filled. The segmented objects are
finally labeled and represent the EE or LE vesicle population of the
analyzed cell (Fig EV3E, EE and LE). Their size and centroid posi-
tion (used for the distance to nucleus computation) are then
measured through MATLAB built-in functions.

For large and clustered vesicles such as LEs, some objects are
segmented as grape-like shape structures, formed by differently
sized ring-like shape objects. If the hole’s ring size is smaller than
s_min, that object is discarded and its area is included in the grape
shape object, otherwise it is converted into a new LE, whose pixel
value is set to 1 and the rest of the object is discarded (pixel value
set to 0). Such procedure is repeated for each object of each grape-
like structure, and objects are re-labeled. For the hole’s ring analy-
sis, the Euler number, as the difference between the number of
grape-like structures and the number of holes’ rings in those struc-
tures, has been calculated for each re-labeled object. Afterward, an
additional check level is performed. Indeed, a circularity test has
been performed and only the objects with circularity values (c)
within the range of 0.6 and 1.5 are kept. To this purpose, we calcu-
lated c as the ratio between the square of each object perimeter and
four times its area, being ¢ = 1 in a perfectly circular object. The
remaining objects are the final LE population, whose total number,
size, and distance to nucleus are computed.

Given the absence of cell size bias introduced by some silencing
and treatment experiments (Fig EV3F), the normalized nucleus
distance (as that between the nucleus and EE or LE centroid) of each
vesicle is then plotted. For conditions, significantly influencing cell size,
the distribution of not normalized distance to nucleus is shown for clar-
ity together with the cellular diameter on the corresponding plot.

Live imaging experiments and overtime early endosomes
positioning and retrograde motion quantification

EC cells, plated in a six-well glass bottom, 0.1% gelatin from
porcine skin (G9136, Sigma-Aldrich) -coated, black-sided plate (Cel-
lvis), were transiently transfected with the desired fluorescent-tagged
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cDNAs or oligofected with STIM1 siRNA and allowed to adhere over-
night. To visualize Rab5" early endosomes (EEs), CellLight Early-GFP
BacMam 2.0 (Thermo Fisher) was used. Cells were analyzed by using
a Leica TCS SP8 AOBS confocal microscope equipped with two HyD,
as described in the previous Confocal microscopy method section
(HyD). PL APO 63x/1.4 NA immersion objective was employed.
512 x 512 pixel images were acquired at pixel size =161.51-
182.01 nm. Confocal image thickness along z-axis was kept constant
at 0.9 um throughout the experiments. This value results to be partic-
ularly relevant using endothelial cells, being flat and wide cells,
whose thickness is about 1 um in the area away from the nucleus.
Image acquisition was performed by adopting a laser power, gain,
and offset settings that allowed maintaining pixel intensities (gray
scale) within the 0-255 range and hence avoids saturation. Movies to
quantify the different physical parameters of Rab5" EEs were acquired
for 2 min, taking one frame every 0.5 s.

To automatically measure the distance to the nucleus of Rab5"
EEs, an image segmentation and particle tracking algorithm was
developed by exploiting MATLAB built-in functions. The software
analyses one movie at a time and through the thresholding segmen-
tation method described in the previous Confocal microscopy
method section, the endosomes are recognized in each frame and
their centroid position is computed. The threshold is set as the aver-
age of the image pixels’ intensities, plus n times their standard devi-
ation (n is adjusted depending on the experiment). In order to avoid
possible artifacts, we considered as endosomes only those
segmented objects composed by at least three pixels (object size
> 300 nm). The tracking of endosomes over time is performed by
checking frame by frame whether the position of each single recog-
nized endosome matches with any of the endosomes of the previous
frame within a range of five pixels. If more than one match is
encountered, the closest to the one of the previous frame is
accepted. If no matches are found, the endosome is considered as
“disappeared”. Through such method, when an endosome disap-
pears and another one appears in its same position after two frames,
the second one is considered a “new endosome”. For the distance to
the nucleus in STIM1 silencing experiments, only those EEs appear-
ing consecutively for 60 s are accounted, whereas in the treatment
experiments only those appearing from 30 s are considered. The
nucleus position in the frame is measured by considering its
centroid. Given the absence of cell size bias introduced by STIM1
silencing and CilioD or AZ82 treatments (Fig EV3F), the normalized
to the nucleus distance (as that between the nucleus and EE
centroid) of each vesicle is then plotted. The distance to the nucleus
of Rab5" EEs was also measured in EC cells treated with Ciliobrevin
D, AZ82, or a combination of the two drugs, filming one frame
every 0.5 s. For double CilioD + AZ82 treatment, cells were given
the dynein inhibitor for 55 min, and then, AZ82 was added to the
medium. To distinguish centripetal-directed Rab5" EEs and track
their retrograde velocity, wild-type EC cells, transduced 24 h before
with CellLight Early-GFP BacMam 2.0, were treated with CilioD or
AZ82, as previously described, and filmed (one frame every 0.5 s).
To automatically compute the retrograde velocity of EEs, among all
those EE appearing for 30 s, we firstly selected all those approach-
ing the nucleus and then calculated their velocity. To determine the
direction of motion, for each endosome, we performed a linear fit of
its distance to the nucleus over time. A positive slope (average
increasing distance to the nucleus overtime) is a proxy for a
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centrifugal motion, while a negative slope (average decreasing
distance to the nucleus) is a proxy for a centripetal, or retrograde,
motion. To our purposes, only the latter ones are selected and their
velocity is computed by dividing the effective path by the duration
of the trajectory (30 s). The data were analyzed with MATLAB soft-
ware (MATLAB R2016b).

Statistical analysis

For statistical evaluation, parametric two-tailed heteroscedastic
Student’s t-test was used to assess the statistical significance when
two groups of unpaired normally distributed values where compared;
when more than two groups were compared, parametric two-tailed
analysis of variance (ANOVA) with Bonferroni post hoc correction
was applied. For mRNA and Western blot analysis of cell lysates and
immunoprecipitations, standard deviation (SD) is shown. For all
other quantifications, standard error of the mean (SEM) is shown.
For all distance to the nucleus quantifications, the probability of vesi-
cle positioning respect to the nucleus is represented in a distribution
plot. For LE siCTL-siSTIMI size comparison (Fig 2B), the two-sample
Kolmogorov—-Smirnov test (KS test) was used with MATLAB soft-
ware, testing the alternative hypothesis that the siCTL LE distribution
had longer tail than the siSTIMI LE one. Statistical differences were
considered not significant (ns) = P-value > 0.05; significant * = P-
value < 0.05; ** = P-value < 0.01; *** = P-value < 0.001).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.

Acknowledgements

Supported by Fondazione AIRC (IG grants #16702 and 21315 to G.S.); Fonda-
zione AIRC under 5 per Mille 2018 - ID. 21052 program — P.Il. Comoglio Paolo,
G.L. Serini Guido (to G.S.); FPRC-ONLUS Grant “FPRC - 5 per mille 2014 Minis-
tero Salute” (to G.S.) and “5 per mille MIUR 2012 -FPRC Innovation Grant” (to
G.V.); Associazione “Augusto per la Vita” (to G.S.); Fondazione Telethon (grant n.
GGP15102) (to G.S.); G.V. was supported by a fellowship from FPRC-ONLUS (5
per mille MIUR 2012 -FPRC Innovation Grant).

Author contributions

GS and GV conceived the project. GS, GV, CEB, MDG, CS, NG, CC, AFP, and CB
designed the experiments. GV, CEB, MDG, CS, NG, and CC performed the exper-
iments. GS, GV, CEB, MDG, CS, NG, CC, AFP, and CB analyzed the data. GS, GV,
CEB, MDG, CS, NG, CC, AFP, and CB interpreted the results. GS, GV, CEB, and CB
wrote the paper. All authors read and approved the manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.
References

Akhmanova A, Steinmetz MO (2015) Control of microtubule

organization and dynamics: two ends in the limelight. Nat Rev Mol Cell
Biol 16: 711-726

© 2020 The Authors

The EMBO Journal

Aoyama M, Yoshioka Y, Arai Y, Hirai H, Ishimoto R, Nagano K, Higashisaka K,
Nagai T, Tsutsumi Y (2017) Intracellular trafficking of particles inside
endosomal vesicles is regulated by particle size. J Control Release 260: 183—193

Ayloo S, Lazarus JE, Dodda A, Tokito M, Ostap EM, Holzbaur EL (2014)
Dynactin functions as both a dynamic tether and brake during dynein-
driven motility. Nat Commun 5: 4807

Ballabio A, Bonifacino JS (2020) Lysosomes as dynamic regulators of cell and
organismal homeostasis. Nat Rev Mol Cell Biol 21: 101118

Berezuk MA, Schroer TA (2007) Dynactin enhances the processivity of kinesin-
2. Traffic 8: 124129

Bielska E, Schuster M, Roger Y, Berepiki A, Soanes DM, Talbot NJ, Steinberg G
(2014) Hook is an adapter that coordinates kinesin-3 and dynein cargo
attachment on early endosomes. J Cell Biol 204: 989—-1007

Bonifacino JS, Neefjes ] (2017) Moving and positioning the endolysosomal
system. Curr Opin Cell Biol 47: 18

Braun M, Lansky Z, Bajer S, Fink G, Kasprzak AA, Diez S (2013) The human
kinesin-14 HSET tracks the tips of growing microtubules in vitro.
Cytoskeleton (Hoboken) 70: 515-521

Braun M, Diez S, Lansky Z (2016) Cell biology: kinesin-14 backsteps to
organize polymerizing microtubules. Curr Biol 26: R1292 - R1294

Chang CL, Chen Y], Quintanilla CG, Hsieh TS, Liou ] (2018) EB1 binding
restricts STIM1 translocation to ER-PM junctions and regulates store-
operated Ca. J Cell Biol 217: 2047 —2058

Chowdhury S, Ketcham SA, Schroer TA, Lander GC (2015) Structural
organization of the dynein-dynactin complex bound to microtubules. Nat
Struct Mol Biol 22: 345—347

Collinet C, Stéter M, Bradshaw CR, Samusik N, Rink JC, Kenski
D, Habermann B, Buchholz F, Henschel R, Mueller MS et al (2010)
Systems survey of endocytosis by multiparametric image analysis. Nature
464: 243-249

Contento AL, Bassham DC (2012) Structure and function of endosomes in
plant cells. J Cell Sci 125: 35113518

Corradi E, Dalla Costa I, Gavoci A, lyer A, Roccuzzo M, Otto TA, Oliani E, Bridi
S, Strohbuecker S, Santos-Rodriguez G et al (2020) Axonal precursor
miRNAs hitchhike on endosomes and locally regulate the development of
neural circuits. EMBO J 39: €102513

Cross RA, McAinsh A (2014) Prime movers: the mechanochemistry of mitotic
kinesins. Nat Rev Mol Cell Biol 15: 257 —-271

Cross JA, Dodding MP (2019) Motor-cargo adaptors at the organelle-
cytoskeleton interface. Curr Opin Cell Biol 59: 16 —23

De Matteis MA, Luini A (2008) Exiting the Golgi complex. Nat Rev Mol Cell
Biol 9: 273284

De S, Cipriano R, Jackson MW, Stark GR (2009) Overexpression of kinesins
mediates docetaxel resistance in breast cancer cells. Cancer Res 69:
8035-8042

Deacon SW, Serpinskaya AS, Vaughan PS, Lopez Fanarraga M, Vernos |,
Vaughan KT, Gelfand VI (2003) Dynactin is required for bidirectional
organelle transport. J Cell Biol 160: 297 —301

Duellberg C, Trokter M, Jha R, Sen |, Steinmetz MO, Surrey T (2014)
Reconstitution of a hierarchical +TIP interaction network controlling
microtubule end tracking of dynein. Nat Cell Biol 16: 804 —811

Fu MM, Holzbaur EL (2014) Integrated regulation of motor-driven organelle
transport by scaffolding proteins. Trends Cell Biol 24: 564 —574

Galvez T, Gilleron J, Zerial M, O’'Sullivan GA (2012) SnapShot: mammalian Rab
proteins in endocytic trafficking. Cell 151: 234 —234.e232

Gicking AM, Swentowsky KW, Dawe RK, Qiu W (2018) Functional
diversification of the kinesin-14 family in land plants. FEBS Lett 592:
1918-1928

The EMBO journal e103661]2020 23 of 25


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

The EMBO Journal

Goldenring JR (2013) A central role for vesicle trafficking in epithelial
neoplasia: intracellular highways to carcinogenesis. Nat Rev Cancer 13:
813-820

Gowrishankar S, Yuan P, Wu Y, Schrag M, Paradise S, Grutzendler |, De
Camilli P, Ferguson SM (2015) Massive accumulation of luminal protease-
deficient axonal lysosomes at Alzheimer’s disease amyloid plaques. Proc
Natl Acad Sci USA 112: E3699 — E3708

Gowrishankar S, Ferguson SM (2016) Lysosomes relax in the cellular suburbs.
J Cell Biol 212: 617 —619

Grigoriev I, Gouveia SM, van der Vaart B, Demmers ], Smyth JT, Honnappa S,
Splinter D, Steinmetz MO, Putney JW, Hoogenraad CC et al (2008) STIM1
is a MT-plus-end-tracking protein involved in remodeling of the ER. Curr
Biol 18: 177182

Grinberg-Rashi H, Ofek E, Perelman M, Skarda , Yaron P, Hajdlch M, Jacob-
Hirsch J, Amariglio N, Krupsky M, Simansky DA et al (2009) The expression
of three genes in primary non-small cell lung cancer is associated with
metastatic spread to the brain. Clin Cancer Res 15: 1755—1761

Guo X, Farfas GG, Mattera R, Bonifacino JS (2016) Rab5 and its effector FHF
contribute to neuronal polarity through dynein-dependent retrieval of
somatodendritic proteins from the axon. Proc Natl Acad Sci USA 113:
E5318 - E5327

Hansen M, Rubinsztein DC, Walker DW (2018) Autophagy as a promoter of
longevity: insights from model organisms. Nat Rev Mol Cell Biol 19: 579—593

Hayashi I, Wilde A, Mal TK, lkura M (2005) Structural basis for the activation
of microtubule assembly by the EB1 and p150Glued complex. Mol Cell 19:
449-460

Hepperla AJ, Willey PT, Coombes CE, Schuster BM, Gerami-Nejad M,
McClellan M, Mukherjee S, Fox |, Winey M, Odde D] et al (2014) Minus-
end-directed Kinesin-14 motors align antiparallel microtubules to control
metaphase spindle length. Dev Cell 31: 61-72

Higuchi Y, Ashwin P, Roger Y, Steinberg G (2014) Early endosome motility
spatially organizes polysome distribution. J Cell Biol 204: 343357

Hirokawa N, Noda Y, Tanaka Y, Niwa S (2009) Kinesin superfamily motor
proteins and intracellular transport. Nat Rev Mol Cell Biol 10: 682 —696

Honnappa S, Gouveia SM, Weisbrich A, Damberger FF, Bhavesh NS, Jawhari
H, Grigoriev |, van Rijssel F), Buey RM, Lawera A et al (2009) An EB1-
binding motif acts as a microtubule tip localization signal. Cell 138:
366376

Hoogenraad CC, Akhmanova A (2016) Bicaudal D family of motor adaptors:
linking dynein motility to cargo binding. Trends Cell Biol 26: 327 —340

Hu |, Jafari S, Han Y, Grodzinsky A, Cai S, Guo M (2017) Size- and speed-
dependent mechanical behavior in living mammalian cytoplasm. Proc Natl
Acad Sci USA 114: 95299534

Huotari J, Helenius A (2011) Endosome maturation. EMBO J 30: 3481 —3500

Johnson DE, Ostrowski P, Jaumouillé V, Grinstein S (2016) The position of
lysosomes within the cell determines their luminal pH. J Cell Biol 212:
677 —-692

Kendrick AA, Dickey AM, Redwine WB, Tran PT, Vaites LP, Dzieciatkowska M,
Harper JW, Reck-Peterson SL (2019) Hook3 is a scaffold for the opposite-
polarity microtubule-based motors cytoplasmic dynein-1 and KIF1C. J Cell
Biol 218: 29823001

Ketcham SA, Schroer TA (2018) Role of dynactin in dynein-mediated motility.
In Dyneins: The Biology of Dynein Motors, King SM (ed.), pp 502 —515.
London: Academic Press

Kleylein-Sohn |, Péllinger B, Ohmer M, Hofmann F, Nigg EA,

Hemmings BA, Wartmann M (2012) Acentrosomal spindle organization
renders cancer cells dependent on the kinesin HSET. J Cell Sci 125:
5391-5402

24 of 25 The EMBO Journal €103661 | 2020

Giulia Villari et al

Komarova Y, Lansbergen G, Galjart N, Grosveld F, Borisy GG, Akhmanova A
(2005) EB1 and EB3 control CLIP dissociation from the ends of growing
microtubules. Mol Biol Cell 16: 5334 —5345

Korolchuk VI, Saiki S, Lichtenberg M, Siddigi FH, Roberts EA, Imarisio S,
Jahreiss L, Sarkar S, Futter M, Menzies FM et al (2011) Lysosomal
positioning coordinates cellular nutrient responses. Nat Cell Biol 13:
453-460

Kulkarni RA, Bak DW, Wei D, Bergholtz SE, Briney CA, Shrimp JH, Alpsoy A,
Thorpe AL, Bavari AE, Crooks DR et al (2019) A chemoproteomic portrait of
the oncometabolite fumarate. Nat Chem Biol 15: 391-400

Kwon M, Godinho SA, Chandhok NS, Ganem NJ, Azioune A, Thery M, Pellman
D (2008) Mechanisms to suppress multipolar divisions in cancer cells with
extra centrosomes. Genes Dev 22: 21892203

Lanzetti L, Di Fiore PP (2017) Behind the scenes: endo/exocytosis in the
acquisition of metastatic traits. Cancer Res 77: 18131817

Li X, Rydzewski N, Hider A, Zhang X, Yang |, Wang W, Gao Q, Cheng X, Xu H
(2016) A molecular mechanism to regulate lysosome motility for lysosome
positioning and tubulation. Nat Cell Biol 18: 404 —417

Liu GY, Sabatini DM (2020) mTOR at the nexus of nutrition, growth, ageing
and disease. Nat Rev Mol Cell Biol 21: 183—203

Loubéry S, Wilhelm C, Hurbain I, Neveu S, Louvard D, Coudrier E (2008)
Different microtubule motors move early and late endocytic
compartments. Traffic 9: 492509

Luiro K, Yliannala K, Ahtiainen L, Maunu H, Jarveld I, Kyttala A, Jalanko A (2004)
Interconnections of CLN3, Hookl and Rab proteins link Batten disease to
defects in the endocytic pathway. Hum Mol Genet 13: 3017 —3027

Maldonado-Bdez L, Cole NB, Krdmer H, Donaldson |G (2013) Microtubule-
dependent endosomal sorting of clathrin-independent cargo by Hook1. J
Cell Biol 201: 233247

Mallik R, Rai AK, Barak P, Rai A, Kunwar A (2013) Teamwork in microtubule
motors. Trends Cell Biol 23: 575—582

Mana G, Clapero F, Panieri E, Panero V, Bottcher RT, Tseng HY, Saltarin F,
Astanina E, Wolanska KI, Morgan MR et al (2016) PPFIAL drives active
a5B1 integrin recycling and controls fibronectin fibrillogenesis and
vascular morphogenesis. Nat Commun 7: 13546

McKenney R, Huynh W, Tanenbaum ME, Bhabha G, Vale RD (2014)
Activation of cytoplasmic dynein motility by dynactin-cargo adapter
complexes. Science 345: 337341

McKenney R, Huynh W, Vale RD, Sirajuddin M (2016) Tyrosination of o-
tubulin controls the initiation of processive dynein-dynactin motility.
EMBO J 35: 1175-1185

McKenney RJ (2018) Regulation of cytoplasmic dynein motility. In Dyneins:
The Biology of Dynein Motors, King SM (ed.), pp 450—469. London:
Academic Press

Mellman 1, Fuchs R, Helenius A (1986) Acidification of the endocytic and
exocytic pathways. Annu Rev Biochem 55: 663 —700

Mukhopadhyay A, Nieves E, Che FY, Wang J, Jin L, Murray JW, Gordon K,
Angeletti RH, Wolkoff AW (2011) Proteomic analysis of endocytic vesicles:
Rabla regulates motility of early endocytic vesicles. J Cell Sci 124:
765-775

Naslavsky N, Caplan S (2018) The enigmatic endosome - sorting the ins and
outs of endocytic trafficking. J Cell Sci 131: jcs216499

Nath S, Bananis E, Sarkar S, Stockert R, Sperry AO, Murray JW, Wolkoff AW
(2007) KifsB and Kifcl interact and are required for motility and fission of
early endocytic vesicles in mouse liver. Mol Biol Cell 18: 18391849

Neefjes |, Jongsma MML, Berlin | (2017) Stop or go? Endosome positioning in
the establishment of compartment architecture, dynamics, and Function.
Trends Cell Biol 27: 580 —594

© 2020 The Authors



Giulia Villari et al

Novello M}, Zhu |, Feng Q, Ikura M, Stathopulos PB (2018) Structural
elements of stromal interaction molecule function. Cell
Calcium 73: 88—-94

Ogden A, Garlapati C, Li XB, Turaga RC, Oprea-llies G, Wright N, Bhattarai S,
Mittal K, Wetherilt CS, Krishnamurti U et al (2017) Multi-institutional
study of nuclear KIFC1 as a biomarker of poor prognosis in African
American women with triple-negative breast cancer. Sci Rep 7: 42289

Olenick MA, Dominguez R, Holzbaur ELF (2019) Dynein activator Hookl is
required for trafficking of BDNF-signaling endosomes in neurons. J Cell
Biol 218: 220-233

Pan X, Ou G, Civelekoglu-Scholey G, Blacque OE, Endres NF, Tao L, Mogilner
A, Leroux MR, Vale RD, Scholey M (2006) Mechanism of transport of IFT
particles in C. elegans cilia by the concerted action of kinesin-Il and OSM-
3 motors. J Cell Biol 174: 10351045

Pannu V, Rida PC, Ogden A, Turaga RC, Donthamsetty S, Bowen NJ, Rudd K,
Gupta MV, Reid MD, Cantuaria G et al (2015) HSET overexpression fuels
tumor progression via centrosome clustering-independent mechanisms in
breast cancer patients. Oncotarget 6: 6076 —6091

Park HW, Ma Z, Zhu H, Jiang S, Robinson RC, Endow SA (2017) Structural
basis of small molecule ATPase inhibition of a human mitotic kinesin
motor protein. Sci Rep 7: 15121

Patel N, Weekes D, Drosopoulos K, Gazinska P, Noel E, Rashid M, Mirza H,
Quist J, Brasé-Maristany F, Mathew S et al (2018) Integrated genomics
and functional validation identifies malignant cell specific dependencies in
triple negative breast cancer. Nat Commun 9: 1044

Potis C, Codogno P (2011) Lysosome positioning coordinates mTORCL activity
and autophagy. Nat Cell Biol 13: 342344

Progida C, Bakke O (2016) Bidirectional traffic between the Golgi and the
endosomes - machineries and regulation. J Cell Sci 129: 3971 —3982

Reck-Peterson SL, Redwine WB, Vale RD, Carter AP (2018) The cytoplasmic
dynein transport machinery and its many cargoes. Nat Rev Mol Cell Biol
19: 382-398

Rupam J, Surrey T (2018)Dynein and dynactin at microtubule plus ends. In
Dyneins: The Biology of Dynein Motors, King SM (ed.), pp 556 —567. London:
Academic Press

Saito K, Murayama T, Hata T, Kobayashi T, Shibata K, Kazuno S, Fujimura T,
Sakurai T, Toyoshima YY (2020) Conformational diversity of dynactin
sidearm and domain organization of its subunit p150. Mol Biol Cell 31:
1218-1231

Salogiannis |, Reck-Peterson SL (2017) Hitchhiking: a non-canonical mode of
microtubule-based transport. Trends Cell Biol 27: 141—150

Serini G, Valdembri D, Zanivan S, Morterra G, Burkhardt C, Caccavari F,
Zammataro L, Primo L, Tamagnone L, Logan M et al (2003) Class 3
semaphorins control vascular morphogenesis by inhibiting integrin
function. Nature 424: 391—-397

She ZY, Yang WX (2017) Molecular mechanisms of kinesin-14 motors in
spindle assembly and chromosome segregation. J Cell Sci 130: 2097 —2110

Siddiqui N, Zwetsloot AJ, Bachmann A, Roth D, Hussain H, Brandt J, Kaverina
I, Straube A (2019) PTPN21 and Hook3 relieve KIF1C autoinhibition and
activate intracellular transport. Nat Commun 10: 2693

© 2020 The Authors

The EMBO Journal

Steinberg G (2014) Endocytosis and early endosome motility in filamentous
fungi. Curr Opin Microbiol 20: 10—18

Tripathy SK, Weil S}, Chen C, Anand P, Vallee RB, Gross SP (2014)
Autoregulatory mechanism for dynactin control of processive and diffusive
dynein transport. Nat Cell Biol 16: 11921201

Vaca L (2010) SOCIC: the store-operated calcium influx complex. Cell Calcium
47:199-209

Wang Q, Crevenna AH, Kunze |, Mizuno N (2014) Structural basis for the
extended CAP-Cly domains of p150(glued) binding to microtubules and
the implication for tubulin dynamics. Proc Natl Acad Sci USA 111:
11347 -11352

Weimershaus M, Mauvais FX, Saveanu L, Adiko C, Babdor ), Abramova A,
Montealegre S, Lawand M, Evnouchidou |, Huber K| et al (2018) Innate
immune signals induce anterograde endosome transport promoting MHC
Class | cross-presentation. Cell Rep 24: 3568 —3581

Wideman |G, Leung KF, Field MC, Dacks |B (2014) The cell biology of the
endocytic system from an evolutionary perspective. Cold Spring Harb
Perspect Biol 6: a016998

Wilson BJ, Allen JL, Caswell PT (2018) Vesicle trafficking pathways that direct
cell migration in 3D matrices and in vivo. Traffic 19: 899 —909

Woolfson DN, Bartlett GJ, Bruning M, Thomson AR (2012) New currency for
old rope: from coiled-coil assemblies to a-helical barrels. Curr Opin Struct
Biol 22: 432441

Wu J, Mikule K, Wang W, Su N, Petteruti P, Gharahdaghi F, Code E, Zhu X,
Jacques K, Lai Z et al (2013) Discovery and mechanistic study of a small
molecule inhibitor for motor protein KIFC1. ACS Chem Biol 8: 2201 —2208

Wu H, Carvalho P, Voeltz CK (2018) Here, there, and everywhere: the
importance of ER membrane contact sites. Science 361: eaan5835

Xu L, Sowa ME, Chen J, Li X, Gygi SP, Harper JW (2008) An FTS/Hook/p107
(FHIP) complex interacts with and promotes endosomal clustering by
the homotypic vacuolar protein sorting complex. Mol Biol Cell 19:
5059-5071

Yao X, Zhang J, Zhou H, Wang E, Xiang X (2012) In vivo roles of the basic
domain of dynactin p150 in microtubule plus-end tracking and dynein
function. Traffic 13: 375-387

Yuan JP, Zeng W, Dorwart MR, Choi Y, Worley PF, Muallem S (2009) SOAR
and the polybasic STIM1 domains gate and regulate Orai channels. Nat
Cell Biol 11: 337343

Zhang |, Qiu R, Arst HN, Pefalva MA, Xiang X (2014) HookA is a novel
dynein-early endosome linker critical for cargo movement in vivo. J Cell
Biol 204: 10091026

Zhang K, Foster HE, Rondelet A, Lacey SE, Bahi-Buisson N, Bird AW, Carter AP
(2017) Cryo-EM reveals how human cytoplasmic dynein is auto-inhibited
and activated. Cell 169: 1303—1314.e1318

® License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and

reproduction in any medium, provided the original

work is properly cited.

The EMBO journal e103661]2020 25 of 25



