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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
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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
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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 s