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Summary statement

In clathrin-independent endocytosis, y-taxilin negatively regulates the sorting of
Hook1-mediated cargo proteins into recycling endosomes by interfering with the

interactions between Hook1 and the cargo proteins.
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Abstract

In clathrin-independent endocytosis, Hookl, a microtubule- and cargo-tethering
protein, participates in sorting of cargo proteins such as CD98 and CD147 into
recycling endosomes. However, the molecular mechanism that regulates
Hook1-mediated endosomal sorting is not fully understood. Here, we found that
y-taxilin is a novel regulator of Hook1-mediated endosomal sorting. y-Taxilin depletion
promoted both CD98-positive tubular formation and CD98 recycling. Conversely,
overexpression of y-taxilin inhibited the CD98-positive tubular formation. Depletion of
Hook1, or Rab10 or Rab22a (which are both involved in Hook1l-mediated endosomal
sorting), attenuated the effect of y-taxilin depletion on the CD98-positive tubular
formation. y-Taxilin depletion promoted CD147-mediated spreading of HeLa cells,
suggesting that y-taxilin may be a pivotal player in various cellular functions in which
Hook1-mediated cargo proteins are involved. y-Taxilin bound to the C-terminal region
of Hook1 and inhibited its interaction with CD98; the latter interaction is necessary for
sorting CD98. We suggest that vy-taxilin negatively regulates the sorting of
Hook1-mediated cargo proteins into recycling endosomes by interfering with the

interactions between Hook1 and the cargo proteins.
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Introduction

Endocytosis is involved in the maintenance of cellular homeostasis and the regulation
of fundamental cellular functions including nutrient uptake, cell adhesion, cell
migration, cell polarity, cytokinesis, and receptor signaling (Grant and Donaldson,
2009). Endocytosis is regulated by a series of trafficking processes including the
internalization, sorting, degradation, and recycling of macromolecules. On the basis of
the requirement for the coat protein clathrin for vesicle formation and internalization,
endocytosis is classified into clathrin-mediated endocytosis (CME) and
clathrin-independent endocytosis (CIE) (Grant and Donaldson, 2009). CME has been
studied extensively and is involved in the selective internalization of plasma membrane
proteins such as transferrin and low-density lipoprotein receptor, both of which have
distinct cytoplasmic sorting sequences that are recognized by adaptor proteins of the
clathrin coat. After internalization, CME cargo proteins undergo a sorting process
leading to transport to lysosomes for degradation, the trans Golgi network, or recycling
endosomes (REs) for return to the cell surface. CIE, by contrast, had been studied as a
non-selective bulk endocytic entry mechanism, and until 20 years ago, CIE cargo
proteins did not appear to have a mechanism for selective internalization. However,
increasing evidence has shown that CIE has a variety of entry mechanisms including
caveolar endocytosis, RhoA-associated endocytosis, Cdc42-associated endocytosis,
Arf6-associated endocytosis, and flotillin-associated endocytosis (Mayor et al., 2014).
Moreover, it has been revealed in parallel with the growing number of known CIE cargo
proteins that CIE cargo proteins are involved in a variety of vital physiological
processes, including immune surveillance, cell migration, metastasis, and cell signaling.

As the trafficking itineraries of endocytosed CIE cargo proteins, i.e., transport to
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lysosomes for degradation or REs for return to the cell surface, are thought to
participate in regulation of the activities of the CIE cargo proteins, the molecular
mechanisms of the endocytic trafficking processes of CIE after internalization have
been studied extensively over the past decade.

The list of CIE cargo proteins identified so far is diverse, and includes major
histocompatibility complex class I (MHC-I), glycosylphosphatidylinositol anchored
proteins (GPI-APs; CD55 and CD59), proteins involved in interactions with the
extracellular matrix (CD44, CD98, CD147, E-cadherin, and B1-integrin), ion channels
(Mucolipin2 and Kir3.4), and nutrient transporters (CD98 and Latl) (Grant and
Donaldson, 2009; Mayor et al., 2014). It has been revealed that there are at least two
endocytic trafficking pathways for CIE cargo proteins after internalization
(Maldonado-Béez et al., 2013a,b). CIE cargo protein-loaded vesicles first mature into or
fuse with Rab5-positive early endosomes (EES). Then, a group of CIE cargo proteins
(MHC-1 and CD55) is transported to Rab5- and early endosome-associated antigen 1
(EEA1)-positive EEs, followed by co-localization with transferrin, a CME cargo protein.
From there, the CIE cargo proteins are transported to late endosomes (LEs)/lysosomes
for degradation, or to REs for recycling back to the plasma membrane. Another group
of CIE cargo proteins (CD44, CD98, and CD147) is directly sorted into REs and
recycled back to the plasma membrane in a Hook1- and Rab22a-dependent manner.

In mammals, the Hook family is comprised of Hook1, Hook2, and Hook3. Hook1 was
initially identified in Drosophila melanogaster as a pivotal player in the delivery of
internalized proteins to LEs (Krdmer and Phistry, 1996; Sunio et al., 1999). Hook1 has a
long coiled-coil region and interacts with microtubules and organelle membranes

through its N-terminal and C-terminal regions, respectively, to facilitate the attachment



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

of organelles to microtubules (Krdmer and Phistry, 1999). Loss of Hook1 function in
mice results in ectopic positioning of microtubular structures within the spermatid and
causes an abnormal spermatozoon head shape phenotype (Mendoza-Lujambio et al.,
2002). Hook2 is localized at centrosomes through its interaction with CEP110, and
participates in ciliogenesis (Baron Gaillard et al., 2011; Szebenyi et al., 2007). Hook3
participates in localization of the Golgi apparatus through its interaction with
microtubules (Walenta et al., 2001). It has been revealed that Hook1 plays a role as a
microtubule- and cargo-tethering factor in the recycling of some CIE cargo proteins
(CD44, CD98, and CD147), but not of MHC-I or CD55 (Maldonado-Béaez et al.,
2013a,b). Hook1 interacts with the cytoplasmic sequence of CD98 and CD147 through
its C-terminal domain and facilitates their recycling in coordination with Rab22a and
the microtubule network (Maldonado-Béez et al., 2013a).

The Rab family, a member of the Ras small G protein superfamily, includes at least 70
members in mammals and is implicated in intracellular vesicle trafficking, such as
exocytosis, endocytosis, and transcytosis (Zhen and Stenmark, 2015). A group of Rab
family members including Rab5, Rab8a, Rab10, Rab11, Rab21, Rab22a, and Rab35 is
implicated in endocytic trafficking processes of CIE cargo proteins (Del Olmo et al.,
2019; Dutta and Donaldson, 2015; Etoh and Fukuda, 2019; Grant and Donaldson, 2009;
Rahajeng et al., 2012; Sharma et al., 2009; Solis et al., 2013; Weigert et al., 2004).
Together with Hook1 and microtubules, Rab22a functions in recycling to the plasma
membrane of CIE cargo proteins, including CD44, CD98, and CD147. It has been
shown that while REs appear as both vesicular and tubular endosomes, the tubular

formation of REs is crucial for the recycling back to the plasma membrane of CIE cargo
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proteins, and that Rab22a mediates the formation of tubular REs in coordination with
Hook1 and the microtubule network (Maldonado-Béez et al., 2013a).

The taxilin family is composed of at least three members, a-, -, and y-taxilin, which
share a C-terminal long coiled-coil region (Nogami et al., 2004). In mammals, a- and
y-taxilin are ubiquitously expressed (Horii et al., 2014; Nogami et al., 2003), while
B-taxilin is specifically expressed in skeletal muscle and heart (Sakane et al., 2016).
Extensive studies by our group and others over the past decade have uncovered the
function of the taxilin family members as follows. a-Taxilin was initially identified as a
binding partner of the syntaxin family that participates in intracellular vesicle trafficking.
It is also involved in the recycling pathway of the transferrin receptor (TfnR) through
interaction with sorting nexin 4 (Sakane et al., 2014). Moreover, o-taxilin participates in
intracellular trafficking of hepatitis B virus DNA-containing particles (Hoffmann et al.,
2013). Interestingly, a-taxilin is specifically expressed in proliferating cells of the
gastrointestinal tract (Horii et al., 2014) and overexpressed in various tumor types such
as hepatocellular carcinoma, renal cell carcinoma, and glioblastoma (Mashidori et al.,
2011; Oba-Shinjo et al., 2005; Ohtomo et al., 2010), suggesting that a-taxilin might be
involved in cell proliferation. B-Taxilin participates in differentiation of C2C12
myoblasts into myotubes by suppressing the function of dysbindin (Sakane et al., 2016).
y-Taxilin is localized to the centrosome during interphase and participates in
Nek2A-mediated centrosome disjunction as a negative regulator (Makiyama et al.,
2018). Moreover, y-taxilin (also known as FIAT) is implicated in hypoxia-induced
endoplasmic reticulum stress responses (Hotokezaka et al., 2015) and interacts with
activating transcription factor 4 (ATF4) to repress its transcriptional activity in

osteoblasts (Yu et al., 2005, Yu et al., 2008).
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The function of a-taxilin in intracellular vesicle trafficking prompted us to examine
whether y-taxilin is also involved in processes of intracellular vesicle trafficking. In the
present study, we identify Hook1 as a novel binding partner of y-taxilin. Depletion of
y-taxilin prompted tubular formation of REs harboring CD98 or CD147,
Hook1-mediated cargo proteins, leading to enhancement of the recycling of these cargo
proteins back to the plasma membrane. Moreover, depletion of y-taxilin prompted
CD147-mediated spreading of HelLa cells, probably by enhancing Hookl-mediated
recycling of CD147 back to the plasma membrane. Conversely, overexpression of
y-taxilin inhibited the tubular formation of CD98-positive REs through interaction with
the C-terminal region of Hookl competitively with CD98. We propose that y-taxilin
negatively regulates the sorting of Hookl-mediated CIE cargo proteins into REs by

interfering with the interactions between Hook1 and CIE cargo proteins.
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Results
y-Taxilin interacts with Hook1 and Hook2

As a-taxilin interacts with sorting nexin 4 and participates in the recycling pathway of
TfnR (Sakane et al., 2014), we postulated that y-taxilin might also be involved in
intracellular vesicle traffic. To test this possibility, we first attempted to identify
y-taxilin-interacting molecules by use of yeast two-hybrid screening using full-length
y-taxilin as bait and found that Hook1, a microtubule- and cargo-tethering protein, was a
potential binding partner of y-taxilin. Hookl interacted with y-taxilin but not o- or
B-taxilin (Fig. 1A). When we examined the interactions between taxilin family members
and other Hook family proteins, only y-taxilin interacted with Hook2, and none of the
taxilins interacted with Hook3 (Fig. 1A). Consistently, when human influenza
hemagglutinin (HA)-tagged o-, pB-, or y-taxilin and myc-tagged Hookl1, Hook2, or
Hook3 were co-expressed in Hela cells and the cell lysates were immunoprecipitated
with anti-HA or anti-myc antibodies, Myc-Hookl and -Hook2 were
co-immunoprecipitated with HA-y-taxilin and vice versa (Fig. 1B). Although it is
possible that the interaction of y-taxilin with Hook2 may provide a clue to the role of
y-taxilin in centrosomes, we focused here on the interaction of y-taxilin with Hook1 and
proceeded with examinations to reveal whether y-taxilin is implicated in Hook1-related
intracellular vesicle trafficking. We first attempted to detect the interaction between
endogenous y-taxilin and Hook1 using an immunoprecipitation assay and found that
endogenous Hookl was co-immunoprecipitated with endogenous y-taxilin (Fig. 1C).
Immunocytochemical analysis revealed that endogenous y-taxilin and Hook1 showed a
similar staining pattern (Fig 1D). Since both of available anti-y-taxilin and anti-Hook1

antibodies were unfortunately produced in rabbit, we examined whether GFP-y-taxilin
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and myc-Hook1 are co-localized in HelLa cells. Immunocytochemical analysis showed
that the staining patterns of GFP-y-taxilin and myc-Hook1 were similar to those of the
corresponding endogenous proteins and GFP-y-taxilin was co-localized with

myc-Hook1 (Fig. 1E).

y-Taxilin depletion promotes the tubular formation of Hookl-mediated cargo
proteins

Hook1 was originally discovered in Drosophila melanogaster as a microtubule- and
cargo-tethering protein for the delivery of plasma membrane receptors to late
endosomal compartments, and increasing evidence highlights a role of Hookl in the
sorting of a subset of CIE cargo proteins (e.g., CD98, CD147) into REs in mammals
(Maldonado-Béez et al., 2013a). We examined by use of small interfering RNA
(SIRNA) whether y-taxilin is involved in the Hookl-mediated sorting of CIE cargo
proteins into REs. The efficiency of y-taxilin depletion was first assessed by
immunoblotting. In y-taxilin siRNA-treated cells, y-taxilin was depleted below the
detection level (Fig. 2A), whereas other proteins including Hook1, CD98, CD147, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were not affected (Fig. S1). To
label the Hookl-mediated CIE system, siRNA-treated cells were incubated with an
anti-CD98 antibody at 37°C for 1 h to allow internalization of the antibody-bound
CD98, and internalized CD98 was specifically detected by immunostaining as described
in Materials and Methods (Fig. 2B). Internalized CD98 was found in discrete punctate
structures in control cells but also found in tubular structures in about 35% of these cells
(Fig. 2C). There was no difference in the expression levels of y-taxilin between cells

with or without CD98-positive tubular structures (data not shown). y-Taxilin depletion
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caused an ~1.8-fold increase in the percentage of cells exhibiting CD98-positive tubular
structures (Fig. 2C). As described previously, these tubular structures are not an artifact
of immunostaining (Weigert et al., 2004), and they were also visualized by time-lapse
imaging of living cells (see below). A similar result was obtained using another y-taxilin
siRNA. Moreover, when siRNA rescue experiments were performed using cells
expressing siRNA-resistant y-taxilin, the effect of y-taxilin sSiRNA treatment on the
formation of  CD98-positive  tubular  structures was  attenuated in
pEGFPC1-y-taxilin-mt-transfected cells but not pEGFPC1-y-taxilin-transfected cells
(Fig 2. E,F). GFP-y-taxilin was expressed in pEGFPC1-y-taxilin-mt-transfected cells but
not pEGFPC1-y-taxilin-transfected cells (Fig. 2D). Together, the effect of y-taxilin
depletion on the formation of CD98-positive tubular structures is not due to an
off-target effect of sSiRNA treatment. These results suggest that y-taxilin is involved in
the Hook1-mediated sorting of CIE cargo protein CD98 into REs. We thus examined by
use of siRNA whether y-taxilin also affects the Hook1-mediated sorting of another CIE
cargo protein into REs. When a similar experiment to that described above was
performed using anti-CD147 antibody instead of anti-CD98 antibody, y-taxilin
depletion caused an ~1.8-fold increase in the percentage of cells exhibiting
CD147-positive tubular structures (Fig. 2G,H).

It has been revealed that besides the CIE cargo proteins that are sorted into REs
mediated by Hook1, another subset of CIE cargo proteins (e.g., MHC-I, CD55) are
sorted into REs independently of Hook1 (Maldonado-Béez et al., 2013a). We performed
similar experiments to those described above to determine whether y-taxilin is involved
in the sorting of MHC-I and CD55 into REs. y-Taxilin depletion did not affect the

percentage of cells exhibiting MHC-I- or CD55-positive tubular structures (Fig 2. G,H).

11
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Taken together, we suggest that vy-taxilin specifically participates in the

Hook1-mediated tubular formation of CIE cargo proteins.

The effect of y-taxilin depletion on Hookl-mediated tubular formation is
attenuated by co-depletion of Hook1, Rab10, or Rab22a

To validate the involvement of y-taxilin in Hookl1l-mediated sorting of CIE cargo
proteins into REs, we examined whether Hook1 depletion affects the effect of y-taxilin
depletion on the formation of CD98-positive tubular structures. In Hookl
siRNA-treated cells, Hook1 was depleted below the detection level, whereas y-taxilin
and GAPDH were not affected (Fig. 3A). y-Taxilin depletion did not affect the
expression level of Hookl (Fig. 3A). Hook1 depletion alone significantly decreased the
percentage of cells exhibiting CD98-positive tubular structures (Fig. 3B,C).
Simultaneous depletion of Hook1 and y-taxilin significantly decreased the percentage of
cells exhibiting CD98-positive tubular structures, to a similar level to that observed on
Hook1 depletion alone, while y-taxilin depletion increased the percentage of those cells
(Fig. 3B,C).

It has been revealed that Rab22a participates in Hook1-mediated sorting of CIE cargo
proteins into REs, and shown that Rab22a depletion decreases the percentage of cells
exhibiting CD98-positive tubular structures (Maldonado-Béez et al., 2013a). To further
test the possibility that y-taxilin participates in Hookl-mediated sorting of CIE cargo
proteins into REs, we examined whether Rab22a depletion affects the effect of y-taxilin
depletion on the formation of CD98-positive tubular structures. In Rab22a
siRNA-treated cells, Rab22a was depleted below the detection level, whereas y-taxilin

and GAPDH were not affected (Fig. 3A). y-Taxilin depletion did not affect the

12
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expression level of Rab22a (Fig. 3A). Rab22a depletion alone significantly decreased
the percentage of cells exhibiting CD98-positive tubular structures (Fig. 3B,C).
Simultaneous depletion of Rab22a and y-taxilin significantly decreased the percentage
of cells exhibiting CD98-positive tubular structures, to a similar level to that observed
on Rab22a depletion alone (Fig. 3B,C).

Moreover, it has recently been shown that Rab10 is involved in the tubular formation
of MICAL-L1-positve REs (MICAL-L1 is an RE marker), and that overexpressed
Rab10 co-localizes with CD147 at tubular REs (Etoh and Fukuda, 2019). We speculated
that Rab10 is also involved in Hook1-mediated sorting of CIE cargo proteins into RES
and performed similar experiments to those described above but using Rab10 siRNA
instead of Rab22a siRNA. In Rab10 siRNA-treated cells, Rab10 was depleted below the
detection level, whereas y-taxilin and GAPDH were not affected (Fig. 3A). y-Taxilin
depletion did not affect expression level of Rab10 (Fig. 3A). Rab10 depletion alone
significantly decreased the percentage of cells exhibiting CD98-positive tubular
structures (Fig. 3B,C). Simultaneous depletion of Rab1l0 and y-taxilin significantly
decreased the percentage of cells exhibiting CD98-positive tubular structures, to a
similar level observed on Rabl0 depletion alone (Fig. 3B,C). Taken together, we
suggest that y-taxilin functionally interacts with Hook1 in the Hookl1-mediated tubular

formation of CIE cargo proteins.

y-Taxilin depletion promotes the biogenesis of CD98-positive tubules
On the basis of the results above, y-taxilin might regulate the biogenesis of
CD98-positive tubules. To test the possibility, we first prepared an Alexa Fluor

488-labelled anti-CD98 antibody and cells treated with control or y-taxilin SIRNA were
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incubated with the labelled anti-CD98 antibody at 37°C for 1 h to allow internalization
of antibody-bound CD98. After washing out antibody remaining on the cell surface, the
labelled antibody-bound CD98 was observed. At the start of observation (time 0:00),
internalized CD98 prominently appeared in discrete punctate structures, but
CD98-positive tubules were also observed in each treated cell. These observations are
consistent with the immunostaining pattern of internalized CD98 shown in Fig. 2B. To
analyze the formation of CD98-positive tubules, time-lapse images were captured, at
10-s intervals over 10 min (Fig. 4A and Movie 1,2). We measured the length of newly
formed CD98-positive tubules during the period of observation; these tubules were
categorized into five groups by their maximum length (<5 um, 5-10 um, 11-15 pm,
16-20 pum, and >20 um). In our experimental conditions, y-taxilin depletion resulted in
an ~1.9-fold increase in the average number of newly formed CD98-positive tubules per
cell (Fig. 4B), and the number of newly formed CD98-positive tubules >20 um long
significantly increased in y-taxilin-depleted cells compared with control cells (Fig. 4C).
In addition, we examined whether y-taxilin depletion affects the frequency of
CD98-positive tubule collapse. There was no significant difference in the frequency of
CD98-positive tubule collapse between control and y-taxilin-depleted cells (data not
shown). These results indicate that y-taxilin regulates the number and length of
CD98-positive tubules, suggesting that y-taxilin may inhibit the biogenesis of

Hook1-mediated cargo protein-positive tubules.

y-Taxilin depletion promotes the recycling of CD98 to the plasma membrane
Our results so far cannot eliminate the possibility that y-taxilin might be indirectly

involved in the Hookl-mediated biogenesis of tubular structures by affecting the
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internalization of CIE cargo proteins. Thus, we next examined by use of sSiRNA whether
y-taxilin affects the internalization of CD98. To label CD98 on the cell surface, cells
treated with control or y-taxilin SIRNA were incubated with anti-CD98 antibody for 1 h
at 4°C. After washing out unbound antibody, the cells were further incubated for
various time periods at 37°C to allow internalization of the antibody-bound CD98. To
measure the intensity of antibody-bound CD98 on the cell surface before its
internalization (time zero), cells were fixed and stained without permeabilization. There
was no difference in the intensity of antibody-bound CD98 on the cell surface between
control and y-taxilin siRNA-treated cells (Fig. S2A,B). Next, to measure the intensity of
internalized antibody-bound CD98, cells were fixed and stained with permeabilization.
The intensity of internalized antibody-bound CD98 increased in a time-dependent
manner and was not altered in y-taxilin-depleted cells compared with control cells (Fig.
S2A,C). This result indicates that y-taxilin is not involved in the internalization of CD98,
suggesting that y-taxilin directly affects the Hookl-mediated biogenesis of tubular
structures.

Taken together with the report that increased Hookl-mediated biogenesis of tubular
structures results in increased recycling of Hook1-mediated cargo proteins to the plasma
membrane (Maldonado-Baez et al., 2013a), our results raise the possibility that y-taxilin
may affect the recycling of Hookl-mediated cargo proteins to the plasma membrane.
Thus, we examined by use of sSiRNA whether y-taxilin affects the recycling of CD98 to
the plasma membrane. Cells treated with control or y-taxilin sSiRNA were incubated
with anti-CD98 antibody for 1 h at 37°C to allow internalization of the antibody-bound
CD98. After washing out antibody remaining on the cell surface, the cells were further

incubated for various time periods at 37°C to allow recycling of the internalized
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antibody-bound CD98 to the plasma membrane. As antibody-bound CD98 recycled
back to the plasma membrane remains on the cell surface, the cells were fixed and
stained without permeabilization to detect it. To detect antibody-bound CD98 in
intracellular compartments, cells were fixed and stained with permeabilization after
washing out antibody recycled back to the cell surface. The intensity of internalized
antibody-bound CD98 before its recycling to the plasma membrane (time zero) was not
altered in y-taxilin sSiRNA-treated cells compared with control cells (Fig. S3A). Then,
the intensity of internalized antibody-bound CD98 at time zero was set to 1.0 for control
and y-taxilin-depleted cells respectively, and the intensities of antibody-bound CD98
were determined at various time periods relative to that of internalized antibody-bound
CD98 at time zero. The intensities of antibody-bound CD98 remaining in the
intracellular compartments and antibody-bound CD98 recycled back to the plasma
membrane are shown in Fig. 5E,F, respectively. In y-taxilin-depleted cells, the intensity
of antibody-bound CD98 remaining in the intracellular compartments significantly
decreased in a time-dependent manner compared with control cells (Fig. 5AE).
Conversely, in y-taxilin-depleted cells, the intensity of antibody-bound CD98 recycled
back to the plasma membrane significantly increased in a time-dependent manner
compared with control cells (Fig. 5B,F). Taken together with the evidence that the
increase in the intensity of antibody-bound CD98 recycled back to the plasma
membrane was proportional to the decrease in the intensity of antibody-bound CD98
remaining in the intracellular compartments, these results indicate that y-taxilin
depletion promotes the recycling of CD98 to the plasma membrane.

We also examined whether y-taxilin affects the recycling of MHC-I, which is sorted

into REs independently of Hook1, to the plasma membrane. y-Taxilin depletion did not
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affect the recycling of MHC-I to the plasma membrane (Figs. 5C,D,G,H, S3B),
suggesting that y-taxilin specifically participates in the recycling of Hookl-mediated
cargo proteins to the plasma membrane.

Finally, to determine whether y-taxilin participates in the recycling of CME cargo
proteins to the plasma membrane, we examined the effect of y-taxilin depletion on the
recycling of endocytosed TfnR to the plasma membrane. After serum starvation for 30
min at 37°C, cells treated with control or y-taxilin siRNA were incubated with Alexa
Fluor 594-labeled transferrin (Tfn-594) for 1 h at 37°C. After washing out cell surface
Tfn-594, the cells were further incubated for various time periods at 37°C to monitor
recycling of Tfn-594 to the plasma membrane (Fig. S4A). The intensity of Tfn-594 at
time zero was not affected by y-taxilin depletion (Fig. S4B). The intensity of Tfn-594 at
time zero was set to 1.0 for control and y-taxilin-depleted cells respectively, and the
intensity of Tfn-594 at various time periods relative to that at time zero is shown in Fig.
SAC. y-Taxilin depletion did not affect the recycling of Tfn-594 to the plasma
membrane (Fig. S4C), suggesting that y-taxilin is not involved in the recycling of CME

cargo proteins to the plasma membrane.

y-Taxilin depletion promotes HeL a cell spreading mediated by CD147

The recycling of CD98 and CD147 to the plasma membrane participates in the
activation of Bl-integrin/focal adhesion kinase (FAK) signaling mediated by cell
spreading in human hepatocellular carcinoma SMMC-7721 cells (Wu et al., 2015; Wu
et al., 2016). We examined by use of siRNA whether y-taxilin is involved in the
activation of Bl-integrin/FAK signaling mediated by spreading of HeLa cells. The

phosphorylation of FAK on Tyr397, which is known as an initial step in the activation
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of B1-integrin/FAK signaling mediated by cell spreading (Huveneers and Danen, 2009),
was assessed by immunoblotting. y-Taxilin depletion did not affect the basal FAK
phosphorylation level in HeLa cells (Fig. S5A,B). However, when cells were detached
from culture dishes followed by replating on glass coverslips to allow spreading on
them, FAK phosphorylation levels were significantly increased in a time-dependent
manner in y-taxilin-depleted cells compared with control cells (Fig. 6A,B). Taken
together with the result that y-taxilin depletion promotes the recycling of CD98 to the
plasma membrane, these results suggest that y-taxilin depletion may enhance the
activation of 1-integrin/FAK signaling mediated by cell spreading through recycling of
CD98 to the plasma membrane.

It has been revealed that the recycling of CIE cargo proteins to the plasma membrane
is required for spreading of HeLa cells and that Hook1 depletion inhibits cell spreading
(Maldonado-Béez et al., 2013a). As y-taxilin depletion enhanced the activation of
Bl-integrin/FAK signaling mediated by cell spreading, it is possible that y-taxilin may
participate in cell spreading through the recycling of CIE cargo proteins to the plasma
membrane. We thus examined by use of siRNA whether y-taxilin is involved in
spreading of HelLa cells (Fig. 6C,D). To assess cell spreading, cell area was measured.
The average cell area was significantly increased in a time-dependent manner in
v-taxilin-depleted cells compared with control cells (Fig. 6E). Consistently, the average
cell area at each time point was significantly lower for Hookl-depleted cells than
control cells (Fig. 6E). The effect of y-taxilin depletion on cell spreading was attenuated
by simultaneous depletion of Hookl (Fig. 6E). These results suggest that y-taxilin is
involved in spreading of HelLa cells by affecting the recycling of CIE cargo proteins

that are sorted by Hook1.
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We examined by use of siRNA which CIE cargo proteins are involved in spreading of
HeLa cells. CD147 depletion significantly inhibited cell spreading, while CD98
depletion hardly affected cell spreading (Figs. 6E, S6). Next, we examined by use of
SiRNA whether CD147 is involved in the y-taxilin-mediated cell spreading. The effect
of y-taxilin depletion on cell spreading was attenuated by simultaneous depletion of
CD147 (Fig. 6E). In the above experiments, the treatment of cells with SIRNA(S)
induced depletion of the corresponding (target) proteins to below the detection level, but
hardly affected the expression levels of untargeted proteins (Fig. 6C). Unfortunately, we
could not assess the recycling of CD147 to the plasma membrane because anti-CD147
antibody on the cell surface could not be removed by acid washing, but it is possible
that y-taxilin depletion promotes the recycling to the plasma membrane of not only
CD98 but also CD147. Our results suggest that y-taxilin depletion promotes spreading
of HeLa cells by enhancing the Hookl1l-mediated recycling of CD147 to the plasma

membrane, probably leading to the activation of B1-integrin/FAK signaling.

y-Taxilin binds to the C-terminal region of Hookl competitively with CD98 and
CD147

To test the possibility that y-taxilin inhibits the Hook1-mediated biogenesis of tubular
structures, we examined whether overexpression of y-taxilin inhibits the formation of
CD98-positive tubular structures. Overexpression of GFP-y-taxilin, but not GFP, caused
a significant decrease in the percentage of cells exhibiting CD98-positive tubular
structures compared with control cells (Fig. 7A,B). CD98-positive tubular structures
were prominently formed in GFP overexpressing cells rather than GFP-y-taxilin

overexpressing cells (Fig. 7A). The result raises the issue whether overexpression of
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y-taxilin affects the subcellular localization of CD98 or not. It has been reported that
Hookl depletion exhibiting the effect on the formation of CD98-positive tubular
structures similar to that of ry-taxilin overexpression redirects CD98 to the
EEA1-positive endosomes from the tubules associated with recycling (Maldonado-Baez
et al., 2013a). Then, we examined whether overexpression of y-taxilin enhanced the
co-localization of CD98 with EEA1-positive endosomes. CD98 was hardly co-localized
with EEA1-positive endosomes in control cells (Fig. S7A,C). Overexpression of
GFP-y-taxilin, but not GFP, caused a significant increase in the co-localization of CD98
with EEAZ1-positive endosomes (Fig. S7A,C). When a similar experiment was
performed using anti-CD147 antibody instead of anti-CD98 antibody, a similar result
was obtained (Fig. S7B,C). Additionally, we examined using subcellular fractionation
whether overexpression of y-taxilin affects the subcellular localization of Hook1 or not.
Hook1 was almost present in the cytosol fraction in control cells. Overexpression of
either GFP or GFP-y-taxilin did not affect the subcellular localization of Hook1 (Fig.
S7D). These results prompted us to clarify how y-taxilin affects the function of Hook1
in the formation of CD98-positive tubular structures. Hook1 has domain organization:
N-terminal microtubule-binding, central coiled-coil clusters, and C-terminal
organelle-binding (Lee et al., 2018). First, we examined which region of Hookl is
necessary for its interaction with y-taxilin. When various myc-tagged Hook1 truncation
mutants were co-expressed with HA-y-taxilin in HelLa cells and the cell lysates were
immunoprecipitated with an anti-myc antibody, HA-y-taxilin was immunoprecipitated
with myc-Hook1 (residues 1-728), myc-Hook1 (residues 167-728), and myc-Hook1
(residues 486-728), but not myc-Hook1 (residues 1-166) or myc-Hookl (residues 1—

485) (Fig. 7C,D). Consistent with the above result, when we performed a yeast
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two-hybrid screen using full length y-taxilin as bait, we captured a 603-nucleotide-long
cDNA fragment coding for the C-terminal region of Hook1 (residues 528-728).

Next, we examined which region of Hook1 is necessary for its interaction with CD98,
and whether CD98 interacts with y-taxilin. When myc-Hook1 (residues 1-728) and
myc-Hook1 (residues 486-728) were respectively co-expressed with Flag-CD98 in
HeLa cells and the cell lysates were immunoprecipitated with an anti-Flag antibody,
both were immunoprecipitated with Flag-CD98 (Fig. 7E). When HA-y-taxilin was
co-expressed with Flag-CD98 in HeLa cells and the cell lysates were
immunoprecipitated with an anti-Flag antibody, we were unable to detect HA-y-taxilin
co-immunoprecipitated with Flag-CD98 (Fig. 7F). These results indicate that y-taxilin
and CD98 bind to the same region of Hookl, suggesting the possibility that they
competitively bind to Hook1.

Finally, to validate this possibility, we examined whether y-taxilin interferes with the
interaction between Hookl and CD98 or CD147. When Flag-CD98 and myc-Hook1
were co-expressed with or without HA-y-taxilin in HeLa cells and the cell lysates were
immunoprecipitated with anti-Flag antibody, the amount of myc-Hookl
co-immunoprecipitated with Flag-CD98 was significantly reduced in the cells
expressing HA-y-taxilin compared with control cells (Fig. 7G). When a similar
experiment was performed using pcDNA3-Flag-CD147 instead of pcDNA3-Flag-CD98,
a similar result was obtained (Fig. S8). To further strengthen the possibility, we
performed the competitive binding experiment using various amounts of
pcDNA3-HA-y-taxilin. The expression levels of HA-y-taxilin were increased in a
dose-dependent manner but the expression levels of either Flag-CD98 or myc-Hook1

were not changed (Fig. 7H). The amounts of myc-Hook1 co-immunoprecipitated with
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Flag-CD98 were decreased in antiparallel with increasing expression levels of
HA-y-taxilin (Fig. 7H). Together, these results suggest that y-taxilin interferes in the
interaction of Hook1 with CD98 in the step where Hook1 recognizes and subsequently
sorts CD98 to REs, leading to inhibition of the recycling of CD98 from sorting

endosomes (SEs) to REs.
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Discussion

y-Taxilin depletion enhanced the recycling to the plasma membrane of CD98 but not
MHC-I or TfnR, a CME cargo protein. Because it is practically difficult to detect only
CD147 recycled back to the plasma membrane, we failed to show the effect of y-taxilin
depletion on recycling of CD147 to the plasma membrane, but it is possible that
y-taxilin regulates the recycling of CD147 as well as CD98. In human hepatocellular
carcinoma SMMC-7721 cells, both CD98 and CD147 participate in cell spreading
through the activation of B1-integrin/FAK signaling (Wu et al., 2015; Wu et al., 2016).
However, in HeLa cells, as examined here, CD147 depletion significantly inhibited cell
spreading, but CD98 depletion hardly inhibited spreading, suggesting that CD147 but
not CD98 is involved in spreading of HelLa cells. y-Taxilin depletion prompted cell
spreading, and the effects of y-taxilin depletion on cell spreading were attenuated by
co-depletion of CD147 or Hook1. Taken together with the result that y-taxilin depletion
promoted cell adhesion-dependent phosphorylation of FAK on Tyr397 downstream of
integrin signaling, it is possible that y-taxilin participates in cell spreading through the
regulation of Hook1-mediated sorting of CD147 from SEs into REs, probably affecting
the activity of CD147-associated integrin.

Increasing evidence has shown that distinct cytoplasmic sequences of cargo proteins
are involved not only in their internalization into cells but also in their sorting in
endosomes. It has been revealed that SNX27 associated with SNX-BAR, retromer, and
WASP complex is involved in endosomal recycling of CME cargo proteins harboring
PDZ-interacting sequence such as 2 adrenergic receptor, MCT1, and ATP7A (Lauffer
et al., 2010; Steinberg et al., 2013; Temkin et al., 2011). Subsequently, it has been

shown that the same SNX27 complex is also involved in endosomal recycling of CIE
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cargo proteins such as GLUT1 and CD147 (Steinberg et al., 2013) and that other
distinct cytoplasmic sequences of CIE cargo proteins than PDZ-interacting sequence are
involved in such sorting (Maldonado-Béez et al., 2013a). CIE cargo proteins entering
cells through vesicular structures associated with Arf6 are at first transported to
Rab5-positive EEs. From the endosomes, a group of CIE cargo proteins commonly
harboring clusters of acidic amino acids in their cytoplasmic tail (CD44, CD147, and
CD98) are directly transported to REs for recycling back to the plasma membrane, thus
avoiding degradation in lysosomes, while another group of CIE cargo proteins not
harboring the acidic clusters (MHC-I, CD55, and Tac) is transported to Rab5- and
EEAL1-positive endosomes via a default route, followed by transport to LEs/lysosomes
for degradation, or to REs for recycling back to the plasma membrane
(Maldonado-Béez et al., 2013a). It has been revealed that the binding of Hook1 through
its C-terminal region to the acidic clusters of CD147 is involved in the sorting of
CD147 from Rab5-positive EEs into REs (Maldonado-Béez et al., 2013a). Our present
results strengthen the importance of the binding of Hook1 through its C-terminal region
to the acidic clusters of CD98 and CD147 in the sorting of endocytosed these cargo
proteins into REs.

We propose that, at least, y-taxilin works at the initiation step where Hook1 recognizes
and directly sorts CIE cargo proteins from SEs into REs (Fig. 8). Two other proteins
that interact with the C-terminal region of Hook1, the VVps18 subunit of the homotypic
vesicular protein sorting (HOPS) complex and AKT-interacting protein (AKTIP), an E2
ubiquitin-conjugating enzyme also known as fused toes (FTS), have been identified
(Richardson et al., 2004; Xu et al., 2008). However, our present findings provide the

first evidence that a Hookl-interacting protein plays a role in sorting of CIE cargo
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proteins into REs. We do not know whether y-taxilin affects the interaction of Hook1
with Vps18 or AKTIP in the sorting step from EEs to LEs/lysosomes. Further studies
are necessary to evaluate the possibility that y-taxilin is involved in trafficking of
endocytosed cargo proteins from EEs to LEs/lysosomes.

Rab proteins are key regulators in various steps of the endocytic pathway (Zhen and
Stenmark, 2015) and increasing evidence has shown that several Rab proteins
participate in RE dynamics. Rab10, Rab11, and Rab22a are involved in the formation of
KIF13A-positive tubular REs; KIF13A is an RE marker (Delevoye et al., 2014; Etoh
and Fukuda, 2019; Patel et al., 2021). Rab10 and Rab35 participate in the formation of
MICAL-L1-positive tubular structures (Etoh and Fukuda, 2019; Rahajeng et al., 2012).
It has been revealed that Rab22a is involved in sorting of CD98 and CD147 from SEs
into REs (Maldonado-Béaez et al., 2013a). Overexpression of Rab22a restores the
formation of CD147-positive tubular structures in cells expressing a dominant-negative
mutant of Hookl in which the formation of CD147-positive tubular structures is
decreased. Conversely, Hook1 overexpression restores the formation of CD147-positive
tubular structures in cells expressing a dominant-negative mutant of Rab22a in which
the formation of CD147-positive tubular structures is decreased (Maldonado-Béez et al.,
2013a). On the basis of the reciprocal rescue of their respective dominant-negative
phenotypes, it has been proposed that Rab22a works co-operatively with Hook1 in the
same step of recycling of CIE cargo proteins back to the plasma membrane
(Maldonado-Baez et al., 2013a). Our present result that simultaneous depletion of
Rab22a and y-taxilin attenuated the effect of y-taxilin depletion on the formation of
CD98-positive tubular structures supports our proposal that y-taxilin negatively

regulates the Hook1-mediated sorting of endocytosed CIE cargo proteins into REs. The
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formation of MHC-I-positive tubular structures in cells expressing dominant-negative
and dominant-active mutants of Rab22a is inhibited and enhanced, respectively, and
both mutants inhibit recycling of MHC-I to the plasma membrane (Weigert et al., 2004).
As in addition to larger MHC-I-positive tubular structures, MHC-I-positive vesicles at
the cell periphery are observed in cells expressing the dominant-active mutant of
Rab22a, it is thought that Rab22a cycling between GTP-bound active and GDP-bound
inactive states is required for recycling of MHC-I from SEs to the plasma membrane
(Weigert et al., 2004). CD98-positive peripheral vesicles similar to the MHC-I-positive
peripheral vesicles in cells expressing the dominant-active mutant of Rab22a were not
observed in vy-taxilin-depleted cells. Therefore, it is unlikely that y-taxilin depletion
inhibits the fusion of Hookl-mediated CIE cargo protein-loaded vesicles with the
plasma membrane. On the other hand, our present result that simultaneous depletion of
Rab10 with y-taxilin attenuates the effect of y-taxilin depletion on the formation of
CD98-positive tubular structures raises the possibility that Rab10 is also involved in the
formation and maintenance of Hookl-assocaited CIE cargo protein-positive tubular
structures.

Nakamura and colleagues have shown that y-taxilin is involved in hypoxia-induced
endoplasmic reticulum (ER) stress responses in a GSK-3B-dependent manner
(Hotokezaka et al., 2015). We do not know whether the ER stress responses induced by
depletion of y-taxilin indirectly participate in the regulation of the Hookl1-mediated
endocytic pathway, but it seems unlikely as y-taxilin depletion was reported to induce
ER stress responses followed by apoptosis in HeLaS3 cells 72-96 h after transfection
but all our experiments were performed at earlier timepoints. Taken together with the

evidence that CD147, a subunit of vy-secretase, is involved in the production of
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amyloid-p related to the pathogenesis of Alzheimer’s disease (AD) (Zhou et al., 2005),
the finding that the expression level of y-taxilin is decreased not only in mouse brain
slices cultured in hypoxic conditions but also in the brain of patients with AD
(Hotokezaka et al., 2015) suggests that y-taxilin might be implicated in the pathology of
AD by affecting the recycling of CD147 to the plasma membrane as well as its
involvement in ER stress responses. St-Arnaud and colleagues have shown that y-taxilin
(also known as FIAT) present in the nucleus inhibits the transcriptional activity of
acting transcription factor 4 (ATF4), inducing the differentiation of osteoblasts (Yu et
al., 2005; Yu et al., 2008). We have shown that y-taxilin localized to centrosomes
temporally regulates centrosome disjunction in an Nek2A-dependent manner
(Makiyama et al., 2018). Moreover, our finding suggesting the interaction of y-taxilin
with Hook2, which is localized to centrosomes, implies an unraveled function of
y-taxilin in centrosomes. Thus, accumulating evidence strongly supports that y-taxilin
has diverse functions, and it is important to comprehensively reveal the relationships
between these functions.

CD98 and CD147, which are directly sorted from SEs into REs by Hook1, are
implicated in various physiological and pathological processes. CD147 is involved in
lymphocyte responsiveness, spermatogenesis, implantation, fertilization, and
neurological functions, and pathology including rheumatoid arthritis, atherosclerosis,
and tumor metastasis (Muramatsu, 2016). CD98 and CD147 on the cell surface
associate with and regulate the activities of various proteins such as transporters,
integrins, and matrix metalloproteinases (Muramatsu, 2016). On the basis of our present
findings suggesting that y-taxilin may modulate the number of CD98 and CD147

molecules residing on the cell surface by regulating their recycling back from SEs to the
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plasma membrane, it is possible that y-taxilin is involved in these CD98- and
CD147-related physiological and pathological processes. In our current model (Fig. 8),
the molecular mechanism by which the interaction between y-taxilin and Hook1 is
regulated is not clear. However, since it has been reported that Arf6 is involved in
HGF-induced cell spreading (Hongu et al., 2015) and that Arf6 participates in endocytic
recycling of CD147 (Qi et al., 2019), it is possible that the interaction between y-taxilin
and Hookl might be regulated by the Arf6-related pathway. Furthermore,

phosphorylation on several predicted phosphorylation sites of y-taxilin, which are

reported by PhosphoSitePlus (http://www.phosphosite.org), might be involved in the
above putative regulation pathway.

In conclusion, our study uncovers a novel molecular mechanism underlying the
regulation of CIE, which at least sheds light on the mode of activation of CD98 and
CD147. Taken together with our previous reports (Sakane et al., 2014; Sakane et al.,
2016), our present findings at least suggest that taxilin family members may be

commonly involved in the sorting of various endocytosed cargo proteins on SEs.
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Materials and Methods

Antibodies

An anti-y-taxilin antibody (80 ng/mL for western blotting and 1 ug/20 ul beads for
Immunoprecipitation) was prepared as described previously (Nogami et al., 2004). An
anti-Hookl antibody (ab151756, 1:1000 for western blotting and 1:100 for
Immunocytochemistry) was purchased from Abcam. Anti-CD55 (311302, 1:100 for
antibody uptake assay), anti-CD98 (315602, 1:100 for antibody uptake assay, recycling
assay, and internalization assay), anti-CD147 (306202, 1:100 for antibody uptake assay),
and anti-MHC-I (311402, 1:100 for antibody uptake assay and recycling assay)
antibodies were purchased from BiolLegend. Anti-CD98 (15193-1-AP, 1:5000 for
western blotting) and anti-Rab22a (12125-1-AP, 1:1000 for western blotting) antibodies
were purchased from Proteintech. Anti-CD147 (34-5600, 1:125 for western blotting)
and anti-TfnR (13-6800, 1:1000 for western blotting) antibodies were purchased from
Invitrogen. Anti-EEA1 (2411, 1:100 for immunocytochemistry), anti-FAK (3285,
1:1000 for western blotting), anti-pFAK (Tyr397) (3283, 1:1000 for western blotting),
and anti-Rab10 (8127, 1:1000 for western blotting) antibodies were purchased from
Cell Signaling Technology. Anti-a-Tubulin (T9026, 1:5000 for western blotting) and
anti-y-taxilin (HPA000841, 1:200 for immunocytochemistry) antibodies were purchased
from Sigma-Aldrich. Anti-GAPDH (M171-3, 1:4000 for western blotting), anti-HA
(561, 1:1000 for western blotting), anti-myc (562, 1:1000 for western blotting),
anti-Flag (M185, 1:10000 for western blotting) antibodies, mouse IgG2a (M076-3), and
rabbit 1gG (PMO035) were purchased from MBL. Horseradish peroxidase- and Alexa
Fluor-conjugated secondary antibodies were purchased from GE Healthcare and

Thermo Fisher Scientific, respectively.
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DNA constructs

pGBKT7-a-, B-, and y-taxilin and pEGFPC1-y-taxilin were constructed as described
previously (Makiyama et al., 2018; Sakane et al., 2016). Full-length human a-, -, and
y-taxilin cDNA fragments were amplified from pGBKT7-a- and p-taxilin, and
pEGFPC1-y-taxilin, respectively, by PCR. The full-length human o- and B-taxilin
cDNA fragments were introduced into the EcoRI and BamHI site of pcDNA3-HA using
an In-FusionHD Cloning Kit (Clontech, Takara Bio). The full-length human y-taxilin
cDNA fragment was introduced into the EcoRV site of pcDNA3-HA using the same Kit.
For generating siRNA-resistant y-taxilin expression plasmid (pEGFPC1-y-taxilin-mt),
five silent substitutions were introduced in the region complementary to y-taxilin #1
siRNA using the PrimeSTAR Mutagenesis Basal Kit (Takara Bio) according to the
manufacturer’s protocol. Full-length cDNA fragments encoding human Hook1, 2, and 3,
human CD98, and human CD147 were amplified by PCR from HelLa cDNA. The
full-length human Hook1 and 2 cDNA fragments were introduced into the EcoRI and
Xhol sites of vectors pPGADT7 and pcDNA3-myc. The full-length human Hook3 cDNA
fragment was introduced into the EcoRI and Clal sites of pGADT7 and the EcoRI and
Xhol  sites of pcDNA3-myc. pcDNA3-myc-Hookl  (residues — 1-485),
pcDNA3-myc-Hook1 (residues 1-166), pcDNA3-myc-Hook1 (residues 167-728), and
pcDNA3-myc-Hook1 (residues 486—-728) were constructed from pcDNA3-myc-Hook1
using the PrimeSTAR Mutagenesis Basal Kit (Takara Bio) according to the
manufacturer’s protocol. The full-length human CD98 and CD147 cDNA fragments
were introduced into the BamHI and EcoRl sites of pcDNA3-C-terminal Flag. The PCR

products and the structures of all plasmids were confirmed by DNA sequencing.
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Cell culture and transfection

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (Wako) with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin (referred to hereafter as complete DMEM) in a 5% CO>
incubator at 37°C. Transfection of plasmid DNA and siRNA into cells was performed
using Lipofectamine 2000 and Lipofectamine RNAIMAX (Thermo Fisher Scientific),
respectively, according to the manufacturer’s protocols. Lipofectamine 2000- and
Lipofectamine RNAIMAX-treated cells were, respectively, used for experiments 24 and
48 h post-transfection. For siRNA rescue experiments, y-taxilin siRNA-treated cells
were transfected with pEGFPC1-y-taxilin-mt or pEGFPC1l-y-taxilin at 24 h after
treatment with y-taxilin sSIRNA. After 24 h of incubation time, cells were processed for
the experiments. Silencer Select negative control siRNA (4390843) and Silencer Select
SiRNAs against y-taxilin#1 (ID s31509), y-taxilin#2 (ID s31511), Hookl (ID s28011),
CD98 (ID s12943), CD147 (ID s2099), Rab10 (ID s21390), and Rab22a (ID $32992)

were purchased from Thermo Fisher Scientific.

Yeast two-hybrid assay

Yeast two-hybrid assays were performed using the Matchmaker Gold Yeast
Two-Hybrid System (Takara Bio) according to the manufacturer’s protocol.
pGBKT7-y-taxilin was introduced into yeast strain Y2H Gold, and the transformant was
mated with yeast strain Y187 harboring a human normalized cDNA library (Clontech,
Takara Bio). Library plasmids from positive clones were analyzed by transformation
tests and DNA sequencing. BLAST searches were conducted using the NCBI online
service. To examine the interaction of Hookl, Hook2, or Hook3 with a-, B-, or

-y-taxilin, a pGADT7-based vector harboring a Hookl, Hook2, or Hook3 cDNA
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fragment and a pGBKT7-based vector harboring an a-, -, or y-taxilin cDNA fragment
were introduced into strain Y2H Gold. Equal amounts of the transformants were spotted
onto synthetic medium lacking leucine, tryptophan, and histidine with 10 mM
3-amino-1, 2, 4-triazole (Tokyo Kasei Kogyo) (-LWH plates) to examine the
interaction between co-expressed proteins, or onto synthetic medium lacking leucine
and tryptophan (—LW plates) to examine plasmid maintenance, and then incubated for 3

days at 30°C.

Western blotting

Cells were lysed in lysis buffer [20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1%
Nonidet P-40, 10% glycerol, and protease inhibitor cocktail (Roche Diagnostics)].
Protein concentration was determined using a DC Protein Assay Kit (Bio-Rad). Cell
lysates were subjected to SDS-PAGE followed by western blotting. Immunoreactive
bands were detected using the ECL Prime Western Blotting Detection Reagent (GE
Healthcare), Clarity Western ECL substrate (Bio-Rad), or SuperSignal West Atto
Ultimate Sensitivity Substrate (Thermo Fisher Scientific) and captured using an
Amersham Imager 600 (Amersham). Band intensities were measured using F1JI/ImageJ

software (NIH).

Immunoprecipitation

Transfected HelLa cells were lysed in immunoprecipitation buffer (20 mM
HEPES-NaOH, pH 7.0, 150 mM NacCl, 0.1% Triton X-100, 10% glycerol, and protease
inhibitor cocktail) and then 250 ul of the cell lysate (0.3 mg protein) was

immunoprecipitated with 2 ug of mouse 1gG2a, rabbit IgG, or anti-HA, anti-myc, or
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anti-flag antibody overnight at 4°C. The immunoprecipitates were collected with 20 pl
of protein G-Sepharose (GE Healthcare), washed five times with lysis buffer, and used
for western blotting. The secondary antibody used for western blot analysis was
TidyBlot Western Blot Detection Reagent (Bio-Rad). For analysis of endogenous
protein interactions, HeLa cells were lysed in immunoprecipitation buffer and then 1 ml
of the cell lysate (1 mg protein) was immunoprecipitated with 1 pg of rabbit IgG or
anti-y-taxilin antibody overnight at 4°C. The following steps were performed as
described above and immunoreactive bands were detected using SuperSignal West Atto

Ultimate Sensitivity Substrate (Thermo Fisher Scientific).

Immunocytochemistry

Cells grown on glass coverslips were fixed in PBS containing 2% PFA for 10 min and
stained with primary antibody in PBS containing 0.5% BSA and 0.2% saponin for 1 h at
room temperature. After washing three times with PBS, the cells were treated with the
secondary antibody in PBS containing 0.5% BSA and 0.2% saponin for 1 h at room
temperature. Cells were observed using a confocal laser scanning microscope (LSM 710,

Carl Zeiss).

Antibody uptake assay

Cells grown on glass coverslips were incubated with primary antibodies against CIE
cargo proteins (CD55, CD98, CD147, or MHC-I) for 1 h at 37°C to allow
internalization of the antibody-bound CIE cargo proteins. The following procedures
were performed at room temperature. In the case of CD98 and MHC-I, cells were

treated with low pH solution (0.5% acetic acid, 0.5 M NaCl) for 30 s to remove
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surface-bound antibody before fixation with 2% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 10 min. In the case of CD55 and CD147, cells were
treated with unlabeled anti-mouse 1gG (Jackson ImmunoResearch Laboratories) for 1 h
to block surface-bound antibodies after the same fixation. Internalized antibodies were
detected by incubating cells with Alexa Fluor-conjugated secondary antibody in PBS
containing 5% bovine serum albumin (BSA) and 0.1% saponin for 1 h. Cells were
observed using a confocal laser scanning microscope (LSM 710, Carl Zeiss). Cells

containing at least one tubule >5 um long were counted as exhibiting tubular structures.

Time-lapse imaging

A CD98 antibody was labelled for fluorescence detection using an Alexa Fluor 488
Antibody Labeling Kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Cells grown on glass-bottomed dishes were incubated with the Alexa Fluor
488-labelled anti-CD98 antibody for 1 h at 37°C. After washing twice with complete
DMEM, the cells were further incubated in complete DMEM to analyze internalized
Alexa Fluor 488-labelled anti-CD98 antibody by live-cell imaging using an inverted
fluorescence microscope (Axio Observer Z1, Carl Zeiss). During live-cell imaging, cells
were maintained in a 5% CO stage top incubator with an objective heater (Tokai Hit) at
37°C. Time-lapse images were captured at 10-s intervals over 10 min. Because
CD98-positive tubules are highly dynamic structures that frequently extend, retract, and
branch, CD98-positive tubules newly formed during the period of observation, but not
pre-formed CD98-positive tubules, were analyzed. When the newly formed
CD98-positive tubules branched, the branched CD98-positive tubule was analyzed as

another newly formed CD98-positive tubule. The number and length of newly formed
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CD98-positive tubules during the period of observation were counted and manually
measured, respectively. The number and the length of newly formed tubules were
evaluated independently by three of the authors. Newly formed CD98-positive tubules
were categorized into five groups (<5 um, 5-10 um, 11-15 um, 16-20 um, and >20

um) by the maximum length of the newly formed CD98-positive tubule.

Internalization assay

Cells grown on glass coverslips were incubated with anti-CD98 antibody in DMEM
containing 0.5% BSA for 1 h at 4°C. The cells were washed twice with PBS, followed
by two rinses with DMEM. Then, the cells were further incubated for various time
periods in complete DMEM at 37°C. In the case of detection of surface-bound
anti-CD98 antibody at time zero, cells were fixed and stained without permeabilization.
In the case of detection of internalized anti-CD98 antibody, the cells were treated with
the low pH solution to remove surface-bound anti-CD98 antibody. Then, the cells were
fixed, permeabilized, and stained. Cells were observed using a confocal laser scanning
microscope (LSM 710, Carl Zeiss). The signal intensities of intracellular and surface

anti-CD98 per um? were measured using ZEN (blue edition) software.

Recycling assay

In the case of CD98 and MHC-I, cells grown on glass coverslips were incubated with
anti-CD98 or anti-MHC-1 antibody for 1 h at 37°C. After incubation, the cells were
treated with the low pH solution to remove surface-bound antibodies, followed by two
rinses with PBS and two rinses with complete DMEM. The cells were further incubated

in complete DMEM for various time periods at 37°C. The following procedures were
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performed at room temperature. In the case of detection of intracellular antibodies, cells
were treated with the low pH solution to remove antibody recycled back to the surface
membrane. Then, the cells were fixed in PBS containing 2% PFA for 10 min and
stained with Alexa Fluor-conjugated secondary antibody in PBS containing 5% BSA
and 0.1% saponin. In the case of detection of antibodies recycled back to the surface
membrane, cells were fixed and stained without permeabilization. In the case of TfnR,
cells grown on glass coverslips were serum-starved for 30 min at 37°C and then
incubated with Tfn-594 (Thermo Fisher Scientific) for 1 h at 37°C. Then, the cells were
treated with the low pH solution to remove cell surface Tfn-594, followed by two rinses
with PBS and two rinses with complete DMEM. The cells were further incubated for
various time periods at 37°C in complete DMEM, subsequently washed twice with PBS,
and fixed at room temperature. Cells were observed using a confocal laser scanning
microscope (LSM 710, Carl Zeiss). The signal intensities of intracellular and cell

2

surface  antibodiesand intracellular  Tfn-594 per um® were measured

using ZEN (blue edition) software.

FAK signaling analysis

For analysis of basal phosphorylation of FAK on Tyr397, cells were lysed in lysis
buffer containing phosphatase inhibitor cocktail (524625, Merck). For analysis of cell
adhesion-dependent phosphorylation of FAK on Tyr397, cells were trypsinized,
neutralized by addition of PBS containing 0.25% soybean trypsin inhibitor, washed
twice with DMEM by centrifugation, and resuspended in DMEM. After incubation for
15 min at 37°C, the suspended cells were seeded on culture dishes and further cultured

in complete DMEM for various time periods at 37°C. Replated cells were lysed in lysis
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buffer containing phosphatase inhibitor cocktail. Cell lysates were processed for

western blotting as described above.

Cell spreading assay

Cells were trypsinized, washed once with complete DMEM by centrifugation to
neutralize the trypsin, and resuspended in complete DMEM. The suspended cells were
seeded on glass coverslips and cultured in complete DMEM for various time periods at
37°C. The cells were fixed in PBS containing 2% PFA for 10 min and stained with
Alexa Fluor 594-conjugated phalloidin (Thermo Fisher Scientific). Cells were observed
using an inverted fluorescence microscope (Axio Observer Z1, Carl Zeiss). The cell

area was measured with FIJI/ImageJ software (NIH).

Subcellular fractionation
Subcellular fractionation was performed using the SF PTS Kit (7510-11400, GL

Sciences) according to the manufacturer’s protocol.

Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics version 26 software.

P < 0.05 was considered statistically significant.
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Figure legends

Fig. 1. y-Taxilin interacts with Hook1 and Hook?2 but not Hooks3.

(A) Yeast two-hybrid assay. pGBKT7 harboring a cDNA fragment encoding a-, B-, or
y-taxilin, and pGADT?7 harboring a cDNA fragment encoding Hook1, Hook2, or Hook3
were co-introduced into yeast reporter strain Y2H Gold. Equal amounts of the indicated
transformants were spotted onto synthetic defined medium (SD) —LW (non-selective) or
SD —LWH with 3-amino-1, 2, 4-triazole (selective) plates.

(B,C) Co-immunoprecipitation assay. Cell lysates of HelLa cells co-transfected with
HA-tagged a-, -, or y-taxilin and myc-tagged Hook1, Hook2, or Hook3 in B or not in
C were immunoprecipitated with the indicated antibodies. The immunoprecipitate was
subjected to SDS-PAGE followed by western blotting with indicated antibodies for
detection of corresponding proteins (n = 3, each experiment). The amount of cell lysates
used for western blotting were 2.5% (B) or 1.25% (C) of those used for IP.

(D,E) Immunocytochemistry. Hela cells were immunostained with an anti-y-taxilin or
anti-Hook1 antibody in C. Hela cells expressing GFP-y-taxilin (green) and myc-Hook1

were immunostained with an anti-Hook1 antibody (red) in D. Scale bars: 10 pum.

Fig. 2. y-Taxilin depletion promotes the tubular formation of Hookl-mediated
cargo proteins.

(A) Depletion of y-taxilin by small interfering RNA (SiRNA). HelLa cells were
transfected with control (Ctrl) or y-taxilin (y-Taxilin #1 or #2) siRNA. Cell lysates were

subjected to SDS-PAGE followed by western blotting with the indicated antibodies.
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(B) Formation of CD98-positive tubular structures in the indicated siRNA-treated cells.
Magnified views of the boxed areas in the upper panels are shown in the lower panels.
Scale bars: 20 um.

(C) Quantitative analysis of the formation of CD98-positive tubular structures in B. The
percentages of cells exhibiting CD98-positive tubular structures are shown as the mean
* s.e.m. (n = 3; >100 cells were analyzed in each experiment). *** P < 0.001 by
two-tailed Student’s t-test.

(D) siRNA rescue experiments. y-Taxilin siRNA-treated cells were transfected with the
indicated plasmids at 24 h after treatment with y-taxilin siRNA. Cell lysates were
subjected to SDS-PAGE followed by western blotting with the indicated antibodies.

(E) Formation of CD98-positive tubular structures in cells treated with the indicated
siRNA and plasmids. Scale bars: 20 um.

(F) Quantitative analysis of the formation of CD98-positive tubular structures in E. The
percentages of cells exhibiting CD98-positive tubular structures are shown as the mean
+ s.e.m. (n = 3; >100 cells were analyzed in each experiment). *** P < 0.001; n.s., not
significant by one-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple
comparison test.

(G) Formation of CD147-, MHC-I-, or CD55-positive tubular structures in the indicated
siRNA-treated cells. Scale bars: 20 um.

(H) Quantitative analyses of the formation of CD147-, MHC-I-, or CD55-positive
tubular structures in D. The percentages of cells exhibiting CD147-, MHC-I-, or
CD55-positive tubular structures are shown as the mean £ s.e.m. (n = 3; >100 cells were
analyzed in each experiment). *** P < 0.001; n.s., not significant by two-tailed

Student’s t-test.
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Fig. 3. The effect of y-taxilin depletion on the formation of CD98-positive tubular
structures is attenuated by co-depletion of Hook1, Rab10, or Rab22a.

(A) Co-depletion of y-taxilin and Hook1, Rab10, or Rab22a by siRNA. HeLa cells were
transfected with control (Ctrl) or y-taxilin (y-Taxilin #1) siRNA and Hook1, Rab10, or
Rab22a siRNA. Cell lysates were subjected to SDS-PAGE followed by western blotting
with the indicated antibodies.

(B) Formation of CD98-positive tubular structures in the indicated siRNA-treated cells.
Scale bars: 20 um.

(C) Quantitative analysis of the formation of CD98-positive tubular structures in B. The
percentages of cells exhibiting CD98-positive tubular structures are shown as the mean
+ s.eem. (n = 3; >100 cells were analyzed in each experiment). *** P < 0.001 by

one-way ANOVA with post-hoc Tukey’s multiple comparison test.

Fig. 4. y-Taxilin depletion promotes the biogenesis of CD98-positive tubules.

(A) Dynamics of CD98-positive tubules in the indicated SiRNA-treated cells.
Time-lapse images were captured at 10-s intervals over 10 min. Arrows indicate newly
formed CD98-positive tubules. Scale bars: 10 um.

(B) Quantitative analysis of the number of newly formed CD98-positive tubules in A.
The number of CD98-positive tubules newly formed during the period of observation is
shown as the mean = s.e.m. (n = 3; >10 cells were analyzed in each experiment). *, P <
0.05 by two-tailed Student’s t-test.

(C) Histogram analysis of the length of newly formed CD98-positive tubules in A. The

length of each CD98-positive tubule newly formed during the period of observation was
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measured. Newly formed CD98-positive tubules were categorized into groups by
maximum length (<5 pwm, 5-10 pm, 11-15 pum, 16-20 pum, and >20 um). The
percentages of the categorized tubules per cell are shown as the mean = s.e.m. (n = 3;

>10 cells were analyzed in each experiment). **, P < 0.01 by two-tailed Student’s t-test.

Fig. 5. y-Taxilin depletion promotes recycling of CD98 but not MHC-I.

(A-D) Recycling of CD98 and MHC-I in the indicated siRNA-treated cells. Scale bars:
20 pum.

(E-H) Quantitative analyses of recycling of CD98 (E,F) and MHC-I (G,H) in A and B,
and C and D, respectively. Each antibody signal was measured as signal intensity per
um?, In E and G, results shown are the mean * s.e.m. of the ratio of the intracellular
antibody signal at each time point to that at time zero. In F and H, results shown are the
mean £ s.e.m. of the ratio of the cell surface antibody signal at each time point to the
intracellular antibody signal at time zero measured in experiments described in E and G
(n = 3; >40 cells were analyzed in each experiment). *, P < 0.05 by two-tailed Student’s

t-test.

Fig. 6. y-Taxilin depletion promotes cell spreading mediated by CD147.

(A) Cell adhesion-dependent focal adhesion kinase (FAK)-Tyr 397 phosphorylation.
HelLa cells treated with the indicated SiRNA were trypsinized and suspended in
serum-free Dulbecco’s modified Eagle’s medium (DMEM) for 15 min. The suspended
cells (Sus) were lysed or replated and then incubated for the indicated time periods. Cell
lysates were subjected to SDS-PAGE followed by western blotting with the indicated

antibodies.
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(B) Quantitative analysis of FAK-Tyr 397 phosphorylation in A. The results shown are
the mean £ SD of the ratio of pFAK to FAK relative to that with the Ctrl SIRNA at time
15 min (n = 3). *, P < 0.05 by two-tailed Student’s t-test.

(C) Co-depletion of y-taxilin and Hookl or CD147 by siRNA. Cells were transfected
with control (Ctrl) or y-taxilin (y-Taxilin #1) siRNA and Hook1 or CD147 siRNA. Cell
lysates were subjected to SDS-PAGE followed by western blotting with the indicated
antibodies.

(D) Cell spreading assay. siRNA-treated HeLa cells were trypsinized and resuspended.
The suspended cells were replated, incubated for the indicated time periods, and fixed.
Cells were visualized using Alexa Fluor 594-labeled phalloidin. Scale bars: 40 um.

(E) Quantitative analysis of cell spreading in D. The area of cell spreading at each time
point was measured. Data are expressed as the mean + s.e.m. (n = 3; >100 cells were
analyzed in each experiment). **, P < 0.01; ***, P < 0.001 by one-way ANOVA with

post-hoc Tukey’s multiple comparison test.

Fig. 7. y-Taxilin binds to the C-terminal region of Hook1 competitively with CD98.

(A) Formation of CD98-positive tubular structures in GFP- or GFP-y-taxilin-expressing
cells. Magnified views of the boxed areas in the panels of CD98 are shown in the right
panels. Scale bars: 20 um.

(B) Quantitative analysis of the formation of CD98-positive tubular structures in A.
Results shown are the mean + s.e.m. of the percentages of cells exhibiting
CD98-positive tubular structures (n = 3; >100 cells were analyzed in each experiment).
*** P < 0.001; n.s., not significant by one-way ANOVA with post-hoc Tukey’s

multiple comparison test.
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(C) Construction of myc-tagged Hook1 mutants used in D. MBD: microtubule-binding
domain, CC: coiled-coil, OBD: organelle-binding domain.

(D-H) Co-immunoprecipitation assay. Cells were co-transfected with the indicated
plasmids. Cell lysates were immunoprecipitated with the indicated antibodies. The
immunoprecipitate was subjected to SDS-PAGE followed by western blotting with the
indicated antibodies for detection of corresponding proteins (n=3, each experiment).

The amount of cell lysates used for western blotting were 2.5% of those used for IP.

Fig. 8. The proposed role of y-taxilin in recycling of clathrin-independent cargo.
y-Taxilin functions, at least, in the step where Hook1 recognizes and subsequently sorts
Hook1-mediated cargo proteins such as CD98 and CD147 from sorting endosomes to
recycling endosomes, forming tubular structures. y-Taxilin interferes with the
interaction between Hook1 and Hook1-mediated cargo proteins, leading to inhibition of
the recycling of these cargo proteins back to the plasma membrane. ERC: endocytic
recycling compartment, PM: plasma membrane, RE: recycling endosome, SE: sorting

endosome.
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