
Molecular Biology of the Cell • 32:ar25, 1–15, November 1, 2021	 32:ar25, 1 

MBoC  |  ARTICLE

RUSC2 and WDR47 oppositely regulate kinesin–
1-dependent distribution of ATG9A to the cell 
periphery

ABSTRACT  Autophagy-related protein 9 (ATG9) is a transmembrane protein component of 
the autophagy machinery that cycles between the trans-Golgi network (TGN) in the perinu-
clear area and other compartments in the peripheral area of the cell. In mammalian cells, 
export of the ATG9A isoform from the TGN into ATG9A-containing vesicles is mediated by 
the adaptor protein 4 (AP-4) complex. However, the mechanisms responsible for the subse-
quent distribution of these vesicles to the cell periphery are unclear. Herein we show that the 
AP–4-accessory protein RUSC2 couples ATG9A-containing vesicles to the plus-end-directed 
microtubule motor kinesin-1 via an interaction between a disordered region of RUSC2 and 
the kinesin-1 light chain. This interaction is counteracted by the microtubule-associated 
protein WDR47. These findings uncover a mechanism for the peripheral distribution of 
ATG9A-containing vesicles involving the function of RUSC2 as a kinesin-1 adaptor and WDR47 
as a negative regulator of this function.

INTRODUCTION
Intracellular organelles are able to move throughout the cytoplasm, 
allowing them to distribute their activities to all regions of the cell 
(van Bergeijk et al., 2016; Bonifacino and Neefjes, 2017). Directed, 

long-range movement is driven by coupling of the organelles to 
microtubule motors such as kinesins and dynein-dynactin, which 
mediate transport toward microtubule plus ends (i.e., anterograde 
transport) and minus ends (i.e., retrograde transport), respectively. 
This coupling is often mediated by adaptor proteins that connect 
the organelles to the motors in a regulated manner. Examples of 
these mechanisms are those that control the movement of the main 
organelles involved in autophagy: autophagosomes, and lysosomes 
(Bento et al., 2016). In mammalian cells, autophagosomes are cou-
pled to kinesin-1 via FYCO1 (Pankiv et al., 2010; Nieto-Torres et al., 
2021) and to dynein-dynactin via JIP1 (Fu et al., 2014), JIP3 (Cason 
et al., 2021), HAP1 (Cason et al., 2021), and/or RILP (Wijdeven et al., 
2016; Khobrekar et al., 2020). Lysosomes are also coupled to kine-
sin-1 via SKIP (Dumont et al., 2010; Rosa-Ferreira and Munro, 2011; 
Pu et al., 2015; Sanger et al., 2017) and to dynein-dynactin via JIP3/
JIP4 (Drerup and Nechiporuk, 2013; Gowrishankar et  al., 2017, 
2021; Willett et al., 2017) and/or RILP (Jordens et al., 2001). These 
interactions are often regulated by small GTPases such as RAB7 and 
ARL8, which recruit the adaptors to the organelles and/or activate 
them for interaction with the motors (Jordens et al., 2001; Pankiv 
et al., 2010; Rosa-Ferreira and Munro, 2011; Mrakovic et al., 2012; 
Keren-Kaplan and Bonifacino, 2021). Additional kinesins, adaptors, 
and regulators have been implicated in the microtubule-dependent 
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transport of both autophagosomes and lysosomes in various organ-
isms, underscoring the complexity of these mechanisms (Santama 
et al., 1998; Matsushita et al., 2004; Rocha et al., 2009; Pu et al., 
2015; Raiborg et al., 2015; Guardia et al., 2016; Mauvezin et al., 
2016; Wijdeven et al., 2016; Willett et al., 2017). Interference with 
components of these machineries reduces the movement of au-
tophagosomes and/or lysosomes, decreasing autophagosome–lys-
osome fusion and thus impairing autophagy (Ravikumar et al., 2005; 
Muhammad et al., 2015; Jia et al., 2017; Bejarano et al., 2018; De 
Pace et al., 2020).

In addition to autophagosomes and lysosomes, other organelles 
contribute to the process of autophagy, and their motility could po-
tentially influence the efficiency of the process. Unique among these 
organelles are membrane-bound compartments containing ATG9, a 
key transmembrane component of the core autophagy machinery 
(Zavodszky et al., 2013; Noda, 2017). ATG9 proteins are highly con-
served in different species and present in all mammalian cells. 
Whereas in yeast there is a single Atg9 protein (Noda et al., 2000), 
in mammals there are two ATG9 paralogs: the ubiquitously ex-
pressed ATG9A and the tissue-specific ATG9B (predominantly ex-
pressed in placenta and neuroendocrine cells) (Yamada et al., 2005). 
Recent cryo-EM analyses of yeast and human ATG9A showed that 
the protein assembles into a homotrimer, with each protomer com-
prising four transmembrane α-helices, and N- and C-terminal do-
mains facing the cytosol (Guardia et al., 2020; Maeda et al., 2020; 
Matoba et al., 2020). Furthermore, biochemical analyses revealed 
that ATG9 proteins function as scramblases that translocate phos-
pholipids between the two membrane bilayers (Maeda et al., 2020; 
Matoba et al., 2020; Ghanbarpour et al., 2021), thus contributing to 
the expansion of the autophagosomal membrane (Hayashi-Nishino 
et al., 2009; Ylä-Anttila et al., 2009; Mari et al., 2010; Yamamoto 
et  al., 2012; Graef et  al., 2013; Suzuki et  al., 2013; Nishimura 
et al., 2017; Gómez-Sánchez et al., 2018). ATG9 proteins normally 
cycle between the trans-Golgi network (TGN) in the perinuclear area 
of the cell and preautophagosomal structures (PAS) distributed 
throughout the cytoplasm, either directly or via intermediate com-
partments such as a endosomes, the plasma membrane, or other 
ATG9 reservoirs (Young et al., 2006; Mari et al., 2010; Ohashi and 
Munro, 2010; Yamamoto et al., 2012; Popovic and Dikic, 2014; Imai 
et al., 2016; Mattera et al., 2017; Davies et al., 2018). At least some 
of these transport events are mediated by small (30–60 nm) vesicles 
referred to as ATG9 vesicles (Yamamoto et al., 2012).

Export of mammalian ATG9A from the TGN was recently shown 
to depend on recognition of a tyrosine-based sequence (YQRLE) in 
the cytosolic domain of ATG9A by AP-4 (Mattera et  al., 2017), a 
complex of four subunits named ε, β4, μ4, and σ4 (Dell’Angelica 
et al., 1999; Hirst et al., 1999). This recognition promotes incorpora-
tion of ATG9A into budding AP–4-coated vesicles, which eventually 
uncoat to generate small vesicles carrying ATG9A. Knockout (KO) or 
knockdown (KD) of AP-4 subunits in various cell types results in the 
accumulation of ATG9A at the TGN, with consequent defects in au-
tophagy (Mattera et al., 2017; Davies et al., 2018; De Pace et al., 
2018; Ivankovic et al., 2020). Moreover, mutations in genes encod-
ing AP-4 subunits in mice (Matsuda et  al., 2008; De Pace et  al., 
2018; Ivankovic et al., 2020) and humans (Verkerk et al., 2009; Abou 
Jamra et al., 2011; Behne et al., 2020) cause neurological defects 
characteristic of complicated hereditary spastic paraplegia (HSP), 
which may result from reduced export of ATG9A from the TGN and 
ensuing autophagic defects.

In line with the importance of organelle motility in autophagy, 
proteomics analyses identified several AP-4 interactors that may 
couple ATG9A vesicles to microtubule motors. One of these interac-

tors is the FHF complex (Mattera et al., 2020), an assembly of FHIP, 
HOOK, and FTS subunits (Xu et al., 2008) that was previously shown 
to function as an activating adaptor for dynein-dynactin (Bielska 
et al., 2014; Schroeder and Vale, 2016). Silencing of FHF subunits 
redistributes ATG9A from the central to the peripheral area of the 
cell (Mattera et al., 2020), consistent with inhibition of dynein–dyn-
actin-driven retrograde transport of ATG9A vesicles. Another AP-4 
interactor is a protein known as RUSC2 or iporin (Davies et al., 2018), 
which comprises a long disordered region followed by a RUN do-
main, a shorter disordered region and an SH3 domain (Bayer et al., 
2005) (Figure 1A). Overexpression of RUSC2 was shown to redistrib-
ute ATG9A toward the cell periphery, particularly to cell vertices 
(also referred to as cell protrusions or tips) (Davies et  al., 2018), 
where microtubule plus ends are most concentrated. However, at 
present it is unknown if this effect reflects a role for RUSC2 as a kine-
sin adaptor, a dynein-dynactin inhibitor, or some other kind of regu-
lator. Furthermore, even if RUSC2 were to function as a kinesin 
adaptor, the identity of the kinesin involved in the peripheral distri-
bution of mammalian ATG9A remains to be established.

To address the function of RUSC2, we performed an siRNA 
screen of the 29 kinesins expressed in HeLa cells (Maliga et  al., 
2013) for their potential role in RUSC2-induced redistribution of 
ATG9A toward the cell periphery. This screen revealed that kine-
sin-1, a tetramer composed of two kinesin heavy chains (KIF5B in 
HeLa cells) and two light chains (KLC2 in HeLa cells) (Verhey et al., 
2011), is essential for ATG9A redistribution. Furthermore, we found 
that RUSC2 interacts with kinesin-1 through KLC2, and that the dis-
ordered region between the RUN and SH3 domains of RUSC2 is 
required for both RUSC2-induced peripheral redistribution of 
ATG9A and interaction with KLC2. Finally, we identified the WD40-
repeat-containing protein WDR47/nemitin as an inhibitor of RUSC2-
induced, kinesin–1-driven redistribution of ATG9A toward the cell 
periphery. These results thus uncovered a mechanism for the cou-
pling of ATG9A vesicles to kinesin-1 that enables regulated antero-
grade transport of these vesicles in mammalian cells.

RESULTS
RUSC2 promotes ATG9A redistribution to the cell periphery
In HeLa cells, endogenous ATG9A normally localizes to a perinu-
clear structure characteristic of the TGN and to peripheral puncta 
that may correspond to PAS, endosomes, or related organelles 
(Figure 1B). As previously reported (Davies et al., 2018), transient 
transfection with a plasmid encoding full-length RUSC2 (Figure 1A) 
tagged with monomeric green fluorescent protein (GFP; GFP-
RUSC2) caused partial redistribution of endogenous ATG9A to cell 
vertices (Figure 1B, arrows), albeit in only ∼30% of the GFP–RUSC2-
expressing cells (Supplemental Figure S1A). In contrast, overexpres-
sion of GFP-RUSC2 had no noticeable effect on the distribution of 
early/recycling endosomes labeled for endogenous transferrin re-
ceptor (TfR) or late endosomes/lysosomes labeled for endogenous 
CD63 (Figure 1C). Stable transduction with a lentiviral vector encod-
ing RUSC2 tagged with dimeric TurboGFP (tGFP) resulted in partial 
redistribution of ATG9A to cell vertices in ∼90% of the cells (Supple-
mental Figure S1, A and B). In both cases, the tagged RUSC2 con-
structs colocalized with ATG9A at the cell vertices (Figure 1B; Sup-
plemental Figure S1B, arrows). Quantification of ATG9A distribution 
by shell analysis confirmed the peripheral redistribution of ATG9A 
by tagged RUSC2 overexpression (Figure 1, D and E; Supplemental 
Figure S1C). CRISPR-Cas9 KO of the ε subunit of AP-4 in HeLa cells 
(Mattera et al., 2017) prevented the tGFP–RUSC2-induced redistri-
bution of ATG9A to cell vertices (Supplemental Figure S1, D and E), 
confirming that AP-4 is required for RUSC2 to redistribute ATG9A 
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(Davies et  al., 2018). Finally, CRISPR-Cas9 
KO of the gene encoding RUSC2 (Figure 1F; 
Supplemental Figure S1F) increased ATG9A 
localization to the perinuclear area of the 
cell (Figure 1, G and H). Taken together, 
these experiments confirmed that RUSC2 
specifically promotes AP–4-dependent re-
distribution of ATG9A toward the peripheral 
cytoplasm (Davies et al., 2018).

The kinesin-1 heavy chain KIF5B is 
required for RUSC2-induced 
redistribution of ATG9A
We hypothesized that RUSC2 promotes re-
distribution of ATG9A to the cell periphery 
by coupling ATG9A vesicles to a kinesin 
molecule, analogously to the role of the 
adaptor protein SKIP in coupling lysosomes 
to kinesin-1 (Dumont et  al., 2010; Rosa-
Ferreira and Munro, 2011; Pu et al., 2015; 
Guardia et  al., 2016; Keren-Kaplan and 
Bonifacino, 2021). To test this hypothesis, 
we conducted an siRNA screen in which we 
individually silenced each of the 29 kinesins 
expressed in HeLa cells (Maliga et al., 2013) 
(Figure 2, A and B) and examined the effect 
of this silencing on ATG9A redistribution in-
duced by GFP-RUSC2 (Figure 2, A–E; Sup-
plemental Figure S2). We observed that 
only KD of KIF5B, the ubiquitous form of the 
kinesin-1 heavy chain (Tanaka et al., 1998), 
prevented the GFP–RUSC2-induced redis-
tribution of ATG9A to cell vertices (Figure 2, 
B–E; Supplemental Figure S2), whereas KD 
of KIF1B (Nangaku et  al., 1994) (Figure 2, 
B–E; Supplemental Figure S2) or the other 

FIGURE 1:  RUSC2 controls the cytoplasmic distribution of ATG9A. (A) Schematic representation 
of full-length human RUSC2 indicating the RUN (1031–1175) and SH3 (1447–1516) domains. 
(B) HeLa cells were transiently transfected with plasmids encoding GFP or GFP-RUSC2 (cyan), 
immunostained for endogenous ATG9A (red), and counterstained for nuclei (DAPI) (blue). Cells 
were imaged by confocal microscopy. Single channels are shown in inverted grayscale with 
nuclei in blue. Scale bars: 10 μm. Images on the rightmost column are fivefold enlargements of 
the boxed areas. (C) HeLa cells transiently overexpressing GFP-RUSC2 (cyan) were 
immunostained for endogenous ATG9A (red) together with TfR or CD63 (magenta), 
counterstained with DAPI (blue), and imaged by confocal microscopy. Scale bars: 10 μm. 
Single-channel images are shown in inverted grayscale with DAPI staining in blue. The arrows in 
panels B and C point to GFP-RUSC2 and ATG9A at vertices of transfected cells. (D) Schematic 
representation of shell analysis in which the cytoplasm was divided in four regions, with 1 being 

the most peripheral and 4 being the most 
central. (E) Quantification of the distribution 
of ATG9A in GFP- and GFP–RUSC2-
overexpressing cells by shell analysis from 
experiments such as that shown in panel B. 
Results are expressed as the percentage of 
the total intensity in each shell region. Values 
are the mean ± SD from the indicated 
number of cells (n) in three independent 
experiments. The statistical significance of 
the differences was determined using 
two-way ANOVA followed by Sidak’s multiple 
comparison test. *p < 0.05; ****p < 0.0001; 
ns p > 0.05, not significant. (F) PCR analysis of 
genomic DNA from RUSC2+/+ (WT), 
RUSC2+/– and RUSC2–/– (RUSC2-KO) cells 
using the primers shown in Supplemental 
Figure S1F. The positions of DNA size 
markers are indicated on the left. (G) WT and 
RUSC2-KO HeLa cells were immunostained 
for endogenous ATG9A and counterstained 
for nuclei with DAPI (blue). Cells were imaged 
by confocal microscopy. Scale bar: 10 μm. (H) 
Quantification of the distribution of ATG9A in 
WT and RUSC2-KO cells by shell analysis, as 
described for panels D and E.
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27 kinesins (Figure 2B; Supplemental Figure 
S2) had no effect. Similarly, CRISPR-Cas9 
KO of KIF5B, but not KIF1B (Jia et al., 2017) 
(Figure 2E), abrogated the ability of GFP-
RUSC2 to redistribute ATG9A to cell verti-
ces (Figure 3, A and B). In both KIF5B-KD 
and KIF5B-KO cells, GFP-RUSC2 localized 
to cytoplasmic puncta containing ATG9A 
(Figures 2C and 3A), indicating that RUSC2 
associates with ATG9A vesicles indepen-
dently of KIF5B. From these experiments, 
we concluded that, at least in HeLa cells, the 
ability of RUSC2 to distribute ATG9A to the 
cell periphery is dependent on kinesin-1.

RUSC2 interacts with the kinesin-1 
light chain
To determine if the function of RUSC2 is me-
diated by physical interaction with kinesin-1, 
we performed coimmunoprecipitation ex-
periments (Figure 4A). In these experiments, 
we used HeLa cells stably transduced with a 
lentiviral vector encoding RUSC2 tagged 
with tGFP because of the higher percentage 
of expressing cells and the stronger activity 
of this construct (Supplemental Figure S1, 
A–C). We observed that tGFP-RUSC2, but 
not tGFP, coimmunoprecipitated with the 
endogenous KIF5B and KLC2 chains of ki-
nesin-1 (Figure 4A). We also observed spe-
cific coimmunoprecipitation of tGFP-RUSC2 
with endogenous ATG9A (Figure 4A).

Next, we used a yeast two-hybrid (Y2H) 
system to confirm the interaction of RUSC2 
with kinesin-1 and to determine if this inter-
action was direct. To facilitate this analysis, 
we split the large (1516 amino acid) RUSC2 
protein (Figure 1A) into three fragments 
spanning amino acids 1–365, 366–960, and 
961–1516 and expressed the fragments as 
fusions to the Gal4 transcription activation 
domain (AD). In addition, we expressed full-
length KLC2 and a construct including the 
coiled-coil (CC) and tail domains of KIF5B 
(amino acids 326–963) (i.e., “motorless” 
KIF5B) (Coy et al., 1999; Kimura et al., 2005) 
fused to the Gal4 DNA-binding domain 
(BD). As controls, we showed that the tumor 
suppressor protein p53 did not interact with 
any of the RUSC2 constructs (negative con-
trol) but interacted with the SV40 large T 
antigen (positive control) (Figure 4B). Using 
this system, we found that KLC2 specifically 
interacted with the 961–1516 fragment of 
RUSC2 comprising the RUN, second disor-
dered, and SH3 domains, whereas the mo-
torless KIF5B did not interact with any part 
of RUSC2 (Figure 4B).

Further deletion analyses revealed that 
the minimal region of RUSC2 that interacts 
with KLC2 spans amino acids 1266–1441 

FIGURE 2:  KD of KIF5B prevents RUSC2-induced redistribution of ATG9A to cell vertices. 
(A) Flowchart of siRNA screen. (B) Summary of results from siRNA screen. Representative 
immunofluorescence microscopy images are shown in panel C and Supplemental Figure S2. 
(C) HeLa cells treated with nontargeting, KIF1B, or KIF5B siRNAs were transiently 
transfected with a plasmid encoding GFP-RUSC2 (cyan) according to the protocol in panel 
A, immunostained for endogenous ATG9A (red), counterstained for nuclei (DAPI) (blue), and 
examined by confocal microscopy. Scale bars: 10 μm. Single-channel images are shown in 
inverted grayscale with DAPI staining in blue. Images on the rightmost column are fivefold 
enlargements of the boxed areas in the merge panels. Arrows point to GFP-RUSC2 and 
ATG9A at vertices of transfected cells. (D) Quantification of the distribution of ATG9A by 
shell analysis (see scheme in Figure 1D). Values are the mean ± SD from the number of cells 
(n) indicated in the figure in three independent experiments. The statistical significance of 
the differences was determined using two-way ANOVA followed by Sidak’s multiple 
comparison test. ***p < 0.001; ns p > 0.05, not significant. (E) Immunoblot analysis of 
whole-cell lysates from WT HeLa cells treated with non-targeting, KIF1B, or KIF5B siRNAs 
and from KIF1B- or KIF5B-KO HeLa cells. Immunoblots were probed with antibodies to 
KIF1B, KIF5B, or β-actin (loading control). The positions of molecular mass markers (in kDa) 
are indicated on the left.
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(Figure 4C) contained within the disordered sequence between the 
RUN and the SH3 domains (Figure 4D). This region lacks canonical 
W-acidic (i.e., WD or WE) (Dodding et  al., 2011) or Y-acidic (i.e., 
DXYXE/D) (Pernigo et al., 2018) motifs, or CC leucine zipper do-
mains (Cockburn et  al., 2018), previously shown to interact with 
KLCs. From these experiments, we concluded that RUSC2 physically 
interacts with the KLC2 subunit of kinesin-1, most likely via a novel 
determinant in the RUSC2 1266–1441 segment.

Interaction of RUSC2 with KLC2 is required for RUSC2-
induced redistribution of ATG9A
To obtain a functional correlate for the Y2H analyses, we examined 
the effect of overexpressing different GFP-RUSC2 truncation mu-
tants on the redistribution of ATG9A to cell vertices (Figure 4E). We 
found that deletion of the SH3 domain (GFP-RUSC2-1–1466) did 
not affect the ability of the protein to translocate to cell vertices to-
gether with ATG9A (Figure 4, E and F). Further deletion of the disor-
dered region between the RUN and the SH3 domains (GFP-
RUSC2-1–1217), however, abolished ATG9A redistribution to cell 
vertices (Figure 4, E and F). These results were consistent with the 

FIGURE 3:  KO of KIF5B prevents RUSC2-induced redistribution of ATG9A to cell vertices. 
(A) KIF1B-KO or KIF5B-KO HeLa cells were transiently transfected with a plasmid encoding 
GFP-RUSC2 (cyan), immunostained for endogenous ATG9A (red), counterstained for nuclei 
(DAPI) (blue), and imaged by confocal microscopy. Scale bars: 10 μm. Single-channel images are 
shown in inverted grayscale with DAPI staining in blue. Images on the rightmost column are 
fivefold enlargements of the boxed areas in the merge panels. Arrows point to GFP-RUSC2 and 
ATG9A at vertices of KIF1B-KO cells. Notice that KIF5B KO prevents GFP–RUSC2-induced 
redistribution to cell vertices. (B) Quantification of the distribution of ATG9A by shell analysis 
(see scheme in Figure 1D) in KIF1B-KO and KIF5B-KO cells overexpressing GFP-RUSC2 from 
experiments such as those in panel A. Values are the mean ± SD from the number of cells (n) 
indicated in the figure from three independent experiments. The statistical significance of the 
differences was determined using two-way ANOVA followed by Sidak’s multiple comparison 
test. ***p < 0.001; ns p > 0.05, not significant.

interaction of this region with KLC2 (Figure 
4, C and D). Taken together, the above ex-
periments demonstrated that interaction of 
RUSC2 with KLC2 via the RUSC2 1266–1441 
disordered segment is essential for the abil-
ity of RUSC2 to drive ATG9A toward the cell 
periphery.

Identification of WDR47 as a RUSC2 
interactor
To gain further insight into the mechanism 
of ATG9A redistribution by RUSC2, we de-
cided to search for other RUSC2 interactors. 
To this end, we performed affinity purifica-
tion on anti-tGFP beads of extracts from 
HeLa cells stably expressing tGFP-RUSC2 
or tGFP (nonspecific control) and incubated 
for 2 h in either complete medium or amino 
acid- and serum-free HBSS (i.e., starvation) 
medium (to induce autophagy). Bound pro-
teins were identified by high-performance 
liquid chromatography-tandem mass spec-
trometry and analyzed by a label-free quan-
tification method. Differences in protein 
levels were represented as volcano plots 
(i.e., scatter plot of significance versus fold 
change of tGFP-RUSC2 relative to tGFP in-
teractors in triplicate samples) (Figure 5, A 
and B). Only proteins with adjusted p < 0.05 
and at least twofold change in abundance 
were considered hits (Supplemental Table 
S1). Reassuringly, under both culture condi-
tions, KIF5B and KLC2 (as well as KLC1 un-
der normal culture conditions) were identi-
fied as high-scoring RUSC2 interactors 
(Figure 5, A and B), confirming the func-
tional and physical interactions with kine-
sin-1 demonstrated in our previous experi-
ments. Interestingly, a top hit in these 
analyses was WDR47/nemitin (Figure 5, A 
and B), a WD40-repeat-containing protein 
previously implicated in brain development, 

autophagy, and microtubule organization (Wang et al., 2012; Kan-
nan et al., 2017; Chen et al., 2020; Buijs et al., 2021). In agreement 
with our findings, a recent affinity purification and mass spectrome-
try analysis of WDR47 interactors conversely identified RUSC2 as a 
top-10 hit (Chen et al., 2020), although the significance of this inter-
action was not examined.

Coimmunoprecipitation analyses confirmed the interaction of 
endogenous WDR47 with tGFP-RUSC2 but not tGFP (Figure 5C). 
WDR47 was previously predicted to have an α-helical LisH-CTLH 
domain at its N-terminus and a β-propeller WD40 domain at its C-
terminus (Kannan et al., 2017) (Figure 5, D and E). Our bioinformatic 
analyses predicted two additional folded domains with high proba-
bility of α-helices (D1 and D2) downstream of the LisH-CTLH do-
main and another region with high probability of CCs (CC1-CC2) in 
the middle of the protein (Figure 5, D and E).

WDR47 inhibits RUSC2-induced ATG9A redistribution to the 
cell periphery
Next, we assessed the functional significance of the interaction of 
WDR47 with RUSC2. We observed that mCherry-WDR47 was mostly 
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cytosolic, but a small fraction colocalized 
with overexpressed GFP-RUSC2 and en-
dogenous ATG9A at cell vertices (Figure 6, 
arrows). Importantly, CRISPR-Cas9 KO of 
WDR47 (Figure 7A) increased the propor-
tion of cells with ATG9A and overexpressed 
GFP-RUSC2 at cell vertices from 31 to 64% 
(Figure 7, B and C). Moreover, WDR47 KO 
increased the amount of KIF5B that coim-
munoprecipitated with tGFP-RUSC2 relative 
to WT cells (Figure 7, D and E). These ex-
periments thus demonstrated that WDR47 
acts as a negative regulator of RUSC2, inhib-
iting the ability of RUSC2 to move ATG9A 
toward the cell periphery through decreased 
interaction of RUSC2 with kinesin-1.

DISCUSSION
Our studies have thus demonstrated that 
RUSC2 functions as an adaptor that couples 
ATG9A vesicles to kinesin-1 for transport 
from the center to the periphery of the cells. 
In addition, we have identified WDR47 as a 
negative regulator of RUSC2. These find-
ings suggest a mechanism for distribution of 
ATG9A toward the cell periphery, depicted 
in schematic form in Figure 8. In this mecha-
nism, RUSC2 is recruited to AP–4-coated, 
ATG9A-containing vesicles budding from 
the TGN by virtue of interactions with the 
ear/appendage domains of the ε and β4 
subunits of AP-4 (Davies et al., 2018). Once 
released from the TGN, AP-4 dissociates 
from the vesicles but RUSC2 remains bound 
to them. This conclusion is based on the 

FIGURE 4:  Interaction of RUSC2 with KLC2 drives ATG9A to cell vertices. (A) Coimmuno
precipitation of KIF5B, KLC2, and ATG9A with tGFP-RUSC2. Lysates of HeLa cells transfected 
with plasmids encoding tGFP or tGFP-RUSC2 were subjected to immunoprecipitation (IP) with 
antibody to the tGFP tag followed by immunoblotting (IB) with antibodies to the indicated 
proteins. The positions of molecular mass markers (in kDa) are indicated on the left. (B) Y2H 
analysis of the interaction of Gal4-AD fusions to different fragments of RUSC2, AP–4-μ4 and the 
SV40 large T antigen (T-Ag) (control) and Gal4-BD fusions to full-length KLC2, motorless KIF5B 
and p53 (control). Growth in the absence of histidine (–His) is indicative of interactions. Growth 
in the presence of histidine (+His) is a control for viability and seeding of double transformants. 
Images shown are representative of three independent experiments. In addition to the 
interaction of RUSC2 with kinesin-1, the coimmunoprecipitation analyses showed an interaction 
of RUSC2 with ATG9A (panel A) and the Y2H analyses an interaction of the AP–4-μ4 subunit with 
KLC2 (panel B). These latter interactions were not further characterized. (C) Y2H analysis of the 
interaction of 1) a series of RUSC2 fragments, SKIP 1–603 (control), or T-Ag (control) fused to the 
Gal4 AD with 2) KLC2 or p53 (control) fused to the Gal4 BD. Interactions were assessed as 

described for panel B. (D) Schematic 
representation of full-length GFP-RUSC2 
indicating the region that interacts with KLC2 
(amino acids 1266–1441). (E) HeLa cells were 
transfected with plasmids encoding 
GFP-tagged full-length or truncated RUSC2 
constructs (cyan), immunostained for 
endogenous ATG9A (red), counterstained for 
nuclei (DAPI) (blue), and imaged by confocal 
microscopy. Scale bars: 10 μm. Single-channel 
images are shown in inverted grayscale with 
DAPI staining in blue. Arrows point to 
GFP-RUSC2 (WT and 1–1466) and ATG9A at 
vertices of transfected cells. Images on the 
rightmost column are fivefold enlargements 
of the boxed areas in the merge panels. 
(F) Quantification of the distribution of 
ATG9A by shell analysis (see scheme in 
Figure 1D) in HeLa cells overexpressing 
full-length (FL) or truncated forms of 
GFP-RUSC2. Values are the mean ± SD from 
the number of cells (n) indicated in the figure 
in three independent experiments. The 
statistical significance of the differences was 
determined using two-way ANOVA followed 
by Sidak’s multiple comparison test. *p < 
0.05; ***p < 0.001; ns p > 0.05, not 
significant.



Volume 32  Npvember 1, 2021	 ATG9A transport by RUSC2-kinesin-1  |  7 

observation that AP-4 is required for RUSC2-induced ATG9A redis-
tribution but does not itself redistribute with ATG9A to cell vertices 
(Davies et  al., 2018). Our studies suggest that the persistence of 
RUSC2 on ATG9A vesicles after dissociation of AP-4 may be due to 
an interaction of RUSC2 with ATG9A (Figure 4A), although interac-

tions with other components of ATG9A vesicles cannot be ruled out. 
Peripheral redistribution of ATG9A is then driven by coupling of 
ATG9A vesicles to kinesin-1 (Figures 2−4), more specifically through 
an interaction between the disordered region between the RUN 
and SH3 domains of RUSC2 and the KLC2 subunit of kinesin-1 

FIGURE 5:  Identification of WDR47 as a RUSC2 interactor. (A, B) Volcano plots showing the results of affinity 
purification and mass spectrometry analysis of RUSC2 interactors from cells cultured for 2 h in complete (A) or starvation 
(B) medium. Analyses were performed in triplicate. (C) Immunoblot analysis showing coimmunoprecipitation of 
endogenous WDR47 with tGFP-RUSC2. Lysates of HeLa cells stably transduced with lentiviral plasmids encoding tGFP 
or tGFP-RUSC2 were immunoprecipitated with antibody to tGFP followed by SDS–PAGE and immunoblotting with 
antibodies to the indicated proteins. The positions of molecular mass markers are indicated on the left. (D) Domain 
organization, conservation, secondary structure, and CC prediction of WDR47. Conservation was calculated on the 
ConSeq server (Berezin et al., 2004) using default search values. Consensus secondary structure prediction was done 
using the MLRC, DSC and PHD methods at the NPS@ server (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_seccons.html). Coiled coils were predicted using COILS (Lupas et al., 1991). (E) Automated 
structure prediction of WDR47 by the Robetta server (https://robetta.bakerlab.org/). The known folded LisH-CTLH and 
WDR40 repeat domains are highlighted as surfaces on the structure. Notice the two predicted folded sequences 
corresponding to the D1 and D2 domains, and the CCs CC1 and CC2.
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(Figure 4, B–D). This mechanism drives transport of ATG9A vesicles 
toward microtubule plus ends that, in nonpolarized cells such as 
those used in our studies, are particularly concentrated at cell verti-
ces. WDR47 counters this movement by interacting with RUSC2 and 
decreasing the binding of RUSC2 to kinesin-1 (Figures 5−7).

Role of kinesin-1 in anterograde transport of ATG9A 
vesicles.
The identification of kinesin-1 as the motor responsible for RUSC2-
mediated anterograde transport of ATG9A was the result of an un-
biased screen of all 29 kinesins expressed in Hela cells (Maliga et al., 
2013). Remarkably, only silencing of the kinesin-1 heavy chain KIF5B 
abrogated this transport, whereas silencing of the other kinesins had 
no effect (Figures 2 and 3; Supplemental Figure S2). In addition to 
KIF5B and KLC2, specialized cell types express other paralogs of 
the kinesin-1 heavy chains (KIF5A, KIF5C) and light chains (KLC1, 
KLC3, and KLC4), and it is possible that combinations of these para-
logs will interact with RUSC2 as well. While demonstrating that kine-
sin-1 mediates RUSC2-dependent movement of ATG9A to the cell 
periphery, our results do not rule out the involvement of other kine-
sins in ATG9A transport. It is noteworthy that in Caenorhabditis el-

FIGURE 6:  Partial colocalization of WDR47 with RUSC2 and ATG9A at cell vertices. HeLa cells 
were cotransfected with plasmids encoding GFP-RUSC2 (cyan) and mCherry or mCherry-WDR47 
(red), immunostained for endogenous ATG9A (magenta), counterstained with DAPI (blue), and 
imaged by confocal microscopy. Scale bar: 10 μm. Single-channel images are shown in inverted 
grayscale with DAPI staining in blue. Images in the second and fourth rows are fivefold 
enlargements of the boxed areas in the first and third rows, respectively. Notice the partial 
colocalization of mCherry-WDR47 with GFP-RUSC2 and ATG9A at cell vertices (arrows).

egans neurons, axonal transport of ATG9 is 
dependent on the UNC-104 ortholog of 
mammalian kinesin-3 KIF1B (Stavoe et  al., 
2016). However, C. elegans lacks both AP-4 
(Hirst et al., 1999) and RUSC2 (Davies et al., 
2018), so it is not surprising that a kinesin 
other than kinesin-1 is responsible for ATG9 
transport in this organism. Further experi-
ments will be needed to assess whether 
isoforms of kinesin-1 and kinesin-3 mediate 
transport of ATG9A vesicles in neurons or 
other specialized cell types.

Our findings add to the growing evidence 
that kinesin-1 is a major regulator of the au-
tophagy machinery by driving the antero-
grade transport of lysosomes, autophago-
somes, and now ATG9A vesicles. The shared 
use of kinesin-1 by these organelles allows 
for their transport along the same microtu-
bule tracks (Guardia et  al., 2016), favoring 
their encounter. However, each of these or-
ganelles uses a different adaptor for coupling 
to kinesin-1: SKIP for lysosomes (Dumont 
et al., 2010; Rosa-Ferreira and Munro, 2011; 
Sanger et al., 2017; Keren-Kaplan and Boni-
facino, 2021), FYCO1 for autophagosomes 
(Pankiv et al., 2010; Nieto-Torres et al., 2021), 
and RUSC2 for ATG9A vesicles (this study). 
This diversity of adaptors could enable dif-
ferential control of organelle movement and, 
thus, spatial regulation of autophagy. Kine-
sin–1-dependent movement of these organ-
elles also likely contributes to the distribution 
of autophagic function to the peripheral cy-
toplasm. The importance of this distribution 
is underscored by the demonstrated autoph-
agic dysfunction in nonneuronal cells defec-
tive in SKIP (Muhammad et al., 2015), FYCO1 
(Olsvik et al., 2015), or RUSC2 (Davies et al., 
2018). We anticipate that the movement of 
autophagy-related organelles will be even 

more important in cells that are highly dependent on long-range or-
ganelle transport such as neurons.

A novel determinant for adaptor binding to KLC2?
Molecular dissection of RUSC2 revealed that binding to KLC2 de-
pends on the disordered region that connects the RUN and SH3 
domains (amino acids 1266–1441) (Figure 4). This region lacks ca-
nonical W-acidic or Y-acidic motifs previously shown to mediate 
interactions of other adaptors with KLCs (Dodding et  al., 2011; 
Pernigo et al., 2018). Determinants other than W-acidic and Y-acidic 
motifs have also been shown to mediate interaction of adaptors 
with KLCs through binding to different sites. For example, whereas 
W-acidic and Y-acidic motifs bind to partially overlapping sites on 
the concave surface of a single KLC tetratricopeptide repeat (TPR) 
domain (Pernigo et  al., 2013, 2018), CC leucine zipper domains 
from two JIP3 proteins bind end-on to TPRs from two copies of 
KLC2 (Cockburn et  al., 2018). The COILS server (https://embnet 
.vital-it.ch/software/COILS_form.html) does not predict CCs in the 
1266–1441 region of RUSC2, so the KLC-binding determinant must 
also be different from that in JIP3. Further work will be needed to 
precisely delineate the RUSC2 determinant. In any event, our 
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findings add to the diversity of KLC-binding determinants used by 
different kinesin-1 adaptors. Adaptors such as SKIP (Sanger et al., 
2017) and JIP3 (Watt et al., 2015) can also bind to the tail domain of 
the kinesin-1 heavy chain, triggering its conformational activation. In 
the case of RUSC2, however, we did not detect an interaction with 
motorless KIF5B (Figure 4B), indicating a different mechanism.

Inhibition of RUSC2 function by WDR47
In addition to demonstrating that RUSC2 functions as a kinesin-1 
adaptor, our studies identified WDR47 as an inhibitor of this function. 
Indeed, KO of WDR47 increases interaction of RUSC2 with kinesin-1 
and enhances RUSC2-induced redistribution of ATG9A to cell verti-
ces (Figure 7). WDR47 is likely to exert this effect in association with 

FIGURE 7:  WDR47 depletion enhances RUSC2-induced redistribution of ATG9A to cell vertices. (A) Immunoblot 
analysis of WDR47-KO HeLa cells. The positions of molecular mass larkers (in kDa) are indicated at left. (B) WT or 
WDR47-KO HeLa cells were transfected with plasmids encoding GFP-tagged RUSC2 (cyan), immunostained for 
endogenous ATG9A (magenta), counterstained with DAPI (blue), and imaged by confocal microscopy. Scale bars: 10 μm. 
Asterisks indicate transfected cells with GFP-RUSC2 and ATG9A at vertices. (C) Quantification of the percentage of cells 
with ATG9A at cell vertices in WT and WDR47-KO HeLa cells overexpressing either GFP or GFP-RUSC2. Values are the 
mean ± SD from at least 100 cells per sample in three independent experiments. The statistical significance of the 
differences was determined using two-way ANOVA followed by Tukey’s multiple comparison test. ****p < 0.0001. 
Notice the increase in the proportion of cells with ATG9A at vertices of WDR47-KO cells. (D) Immunoblot analysis 
showing increased coimmunoprecipitation of KIF5B with tGFP-RUSC2 in WDR47-KO compared with WT cells. Lysates of 
WT or WDR47-KO HeLa cells transfected with plasmids encoding tGFP or tGFP-RUSC2 were immunoprecipitated using 
antibody to tGFP followed by SDS–PAGE and immunoblotting with antibodies to endogenous KIF5B. The positions of 
molecular mass markers (in kDa) are indicated on the left. (E) Quantification of the blots from the coimmunoprecipitation 
experiment shown in panel D. Values represent levels of KIF5B relative to coimmunoprecipitated tGFP-RUSC2 after 
subtraction of background KIF5B from the tGFP control lanes. Values are the mean ± SD from four independent 
experiments. The statistical significance of the differences was determined using Student’s t test. **p < 0.01.
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microtubules, as previous studies showed that it binds to microtu-
bules via the microtubule-associated proteins MAP8 (also known as 
MAP1S) (Wang et al., 2012) and CAMSAPs (Chen et al., 2020; Buijs 
et al., 2021), and that it participates in microtubule-dependent pro-
cesses such as neural stem cell proliferation, radial migration, growth 
cone dynamics, and neuronal polarization (Kannan et  al., 2017; 
Chen et al., 2020). Thus, RUSC2, kinesin-1, and WDR47 share the 
property of direct or indirect association with microtubules, provid-
ing the right spatial context for their functional interactions.

WDR47 shares with the lissencephaly protein LIS1 the property 
of having an N-terminal LisH domain and a C-terminal WD40-repeat 
domain (Wang et al., 2012). Since LIS1 is a well-known regulator of 
dynein motor activity (Markus et al., 2020), WDR47 could also op-
pose RUSC2 function by activating dynein–dynactin-mediated ret-
rograde transport of ATG9A vesicles. However, this retrograde 
transport was previously shown to be mediated by coupling of 
AP-4/ATG9A-containing vesicles to dynein-dynactin by the FHF 
complex (Mattera et al., 2020). It would therefore be of interest to 
determine whether WDR47 also interacts with dynein-dynactin and 
FHF.

RUSC2 and WDR47 also modulate autophagy, albeit in different 
ways. RUSC2 KD was shown to decrease the ratio of LC3B-II to 
LC3B-I, indicative of a defect in autophagosome formation or matu-
ration (Davies et al., 2018). In contrast, WDR47 KD increased au-
tophagic flux, suggesting that WDR47 is a negative regulator of 
autophagy (Kannan et  al., 2017). It is tempting to speculate that 
these opposite effects on autophagy are related to the negative 
regulatory activity of WDR47 on RUSC2 for the transport of ATG9A-
containing vesicles (Figure 8).

Disease connections
Loss-of-function mutations in RUSC2 have been shown to cause a 
human neurodevelopmental disorder characterized by hypotonia, 
microcephaly, intellectual disability, and seizures (OMIM entry 
#617773) (Alwadei et al., 2016). The reported mutations include the 
biallelic nonsense substitutions c.2596C>T and c.3952C>T, which 

result in proteins with C-terminal truncations of the entire RUN-dis-
ordered-SH3 region (pArg866*), or part of the disordered region 
and the SH3 domain (pArg1318*), respectively (Alwadei et  al., 
2016). Based on our deletion analysis (Figure 4), both truncations 
could affect the ability of RUSC2 to couple ATG9A vesicles to 
kinesin-1.

The disease caused by RUSC2 mutations in many ways resem-
bles the complicated from of HSP caused by mutations in AP-4 sub-
unit genes (i.e., AP–4-deficiency syndrome) (OMIM entries #614055, 
612936, 613744, 614067) (Verkerk et al., 2009; Abou Jamra et al., 
2011; Behne et al., 2020). Both RUSC2- and AP–4-mutant patients 
feature hypoplasia of the corpus callosum (Verkerk et  al., 2009; 
Abou Jamra et al., 2011; Alwadei et al., 2016; Behne et al., 2020), a 
structure composed of myelinated axons that connect the two brain 
hemispheres. These similarities are consistent with the involvement 
of both RUSC2 and AP-4 in mobilizing ATG9A to peripheral loca-
tions and suggest that failure of ATG9A mobilization may be a key 
element in the pathogenesis of the disease.

Mutations in WDR47 have not yet been shown to cause dis-
ease in humans. However, hypomorphic or complete loss-of-func-
tion mutations of WDR47 in mice result in lethality over the first 
few months of life in association with various neurodevelopmental 
defects, including microcephaly and agenesis of the corpus cal-
losum (Kannan et al., 2017). These features are somewhat similar 
to those of RUSC2- and AP–4-mutant patients (Verkerk et  al., 
2009; Abou Jamra et al., 2011; Alwadei et al., 2016; Behne et al., 
2020) and AP–4-mutant mice (Matsuda et  al., 2008; De Pace 
et  al., 2018; Ivankovic et  al., 2020). However, the defects in 
WDR47-mutant mice are more severe, suggesting that WDR47 
does more than just regulate the interaction of RUSC2 with kine-
sin-1. This suggestion is supported by the fact that WDR47 is 
present in organisms such as C. elegans and Drosophila melano-
gaster (Wang et  al., 2012), which lack AP-4 and RUSC2 (Hirst 
et al., 1999; Davies et al., 2018), and that WDR47 regulates other 
microtubule-dependent processes (Wang et al., 2012; Chen et al., 
2020; Buijs et al., 2021).

FIGURE 8:  Proposed mechanism of transport of ATG9A-containing vesicles to the cell periphery. ATG9A is sorted into 
ATG9A vesicles by interaction of its N-terminal cytosolic domain with the μ4 subunit of AP-4 (Mattera et al., 2017). 
RUSC2 binds to AP-4 (Davies et al., 2018) and recruits kinesin-1 via interaction of its second disordered domain within 
KLC2 (this study). AP-4 dissociates from ATG9A vesicles (before or after kinesin-1 recruitment), but RUSC2 remains 
bound to the vesicles (Davies et al., 2018), possibly via interaction with ATG9A (this study). Kinesin-1 drives ATG9A 
vesicles toward the cell periphery (this study), likely for delivery to PAS or endosomes. WDR47 interacts with RUSC2, 
reducing the coupling to kinesin-1 and impairing movement of ATG9A vesicles toward the cell periphery (this study). 
This system allows for the regulated distribution of ATG9A toward the cell periphery. RUSC2 and WDR47 are shown as 
dimers for symmetry with kinesin-1, although there is currently no evidence for the dimerization of these proteins.
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Concluding remarks
Our findings have thus uncovered a novel mechanism for the 
regulated coupling of a membrane-bound organelle to a kinesin 
for anterograde transport along microtubules. The mechanism 
involves RUSC2-mediated coupling of ATG9 vesicles to kinesin-1 
and an inhibitory effect of WDR47 on this coupling. These find-
ings highlight a role for AP-4 in kinesin-1 recruitment, in addition 
to its better-known role in cargo sorting. AP-4 can also recruit 
dynein-dynactin via the FHF complex (Mattera et al., 2020). The 
ability of AP-4 to couple to both kinesin-1 and dynein-dynactin 
enables bidirectional movement of AP–4-coated vesicles, ensur-
ing distribution of the vesicles and their content to different 
regions of the cell.

MATERIALS AND METHODS
Plasmid constructs
Human RUSC2 cDNA was obtained from the ORFeome v8.1 collec-
tion (GE Dharmacon, RUSC2: MHS6278-202800194) and subcloned 
into the pGFP-C1 vector (Clontech, Takara Bio) encoding a mono-
meric GFP variant (A206K). The cDNA was also subcloned into the 
pLKO.1 plasmid encoding a puromycin-resistant cassette and a 
tGFP fluorescent tag upstream of the multiple cloning site to gener-
ate the tGFP-RUSC2 construct for lentivirus delivery. Additional 
plasmids psPAX2 (Addgene #12260), pMD2.G (Addgene #12259), 
and pAdVantage (Promega, E1711) were used for lentivirus produc-
tion. Plasmids encoding GFP-RUSC2 mutants were generated by 
PCR and subsequent subcloning of the different sequences of inter-
est into the pGFP(A206K)-C1 vector. Human WDR47 cDNA (GE 
Dharmacon, MHS6278-202807085) was subcloned into the pm-
Cherry-C1 empty vector (Clontech, Takara Bio). Plasmids encoding 
GFP-KIF5B and HA-KLC2 were previously described (Guardia et al., 
2016). Constructs for Y2H studies encoding several fragments of 
human RUSC2, motorless mouse KIF5B (326–963), full-length hu-
man KLC2 (Guardia et al., 2016), and truncated human SKIP (1–603) 
(Dodding et al., 2011; Pernigo et al., 2013) were amplified by PCR 
and cloned into the Gal4 AD or BD vectors pGADT7 and pGBT9 
(Clontech), respectively. Human AP–4-μ4 cDNA subcloned into the 
Gal4 AD vector pACT2 (Clontech, Takara Bio) was previously de-
scribed (Guo et al., 2013). The BD-p53 and AD-T-Ag control con-
structs were obtained from Clontech, Takara Bio. The sequence of 
all constructs was confirmed by Sanger sequencing (Eurofins).

siRNAs
The following siRNAs (ON-TARGETplus SMART-pools) (GE Dharma-
con) were used in our experiments: nontargeting (#D-001810-10-
20), KIF11 (L-003317-00-0005), KIF13A (L-008257-00-0005), KIF13B 
(L-004963-00-0005), KIF14 (L-003319-00-0005), KIF15 (L-004960-
00-0005), KIF16B (L-009495-00-0005), KIF18A (L-006849-00-0005), 
KIF18B (L-010460-01-0005), KIF1B (L-009317-00-0005), KIF1C 
(L-010354-00-0005), KIF20B (L-003318-00-0005), KIF21A (L-004969-
00-0005), KIF22 (L-004962-00-0005), KIF23 (L-004956-00-0005), 
KIF24 (L-010459-02-0005), KIF26A (L-022010-00-0005), KIF2A (L-
004959-00-0005), KIF2C (L-004955-00-0005), KIF3A (L-004964-00-
0005), KIF3B (L-009595-00-0005), KIF3C (L-009469-00-0005), KIF4A 
(L-004961-00-0005), KIF4B (L-004965-01-0005), KIF5B (L-008867-
00-0005), KIF7 (L-022322-01-0005), KIF9 (L-004967-00-0005), KIFC1 
(L-004958-00-0005), KIFC2 (L-008786-00-0005), and KIFC3 
(L-008338-00-0005).

Antibodies
The following antibodies were used in this study: rabbit anti-ATG9A 
(Abcam, ab108338; 1:200 for IF; 1:1000 for IB), mouse anti-β-actin 

(Applied Biological Materials, G043; 1:2,000 for IB), rabbit anti-
KIF5B (Abcam, ab167429; 1:2,000 for IB), rabbit anti-KIF1B (Bethyl 
Laboratories Inc., A301-055A; 1:1000 for IB), mouse anti-LAMP1 
(Developmental Studies Hybridoma Bank, H4A3; 1:1000 for IF), rab-
bit anti-KLC2 (a mixture of two antibodies: Thermo Fisher Scientific, 
PA5-59168 and Abcam, ab95881; both at 1:1000 for IB), mouse 
anti-tGFP (Origene, TA150041; 1:1000 for IB), chicken anti-HA (in-
fluenza hemagglutinin) epitope tag (Millipore Sigma, AB3254; 1:250 
for IF), rabbit anti-WDR47 (Abcam, ab121935; 1:1000 for IB), Alexa 
Fluor 488–conjugated donkey anti-rabbit IgG (Thermo Fisher, 
A-21206; 1:1000 for IF), Alexa Fluor 488–conjugated donkey anti-
mouse IgG (Thermo Fisher, A-21202; 1:1000 for IF), Alexa Fluor 
555–conjugated donkey anti-rabbit IgG (Thermo Fisher, A-31572; 
1:1000 for IF), Alexa Fluor 555–conjugated donkey anti-mouse IgG 
(Thermo Fisher, A-31570; 1:1000 for IF), Alexa Fluor 647–conju-
gated goat anti-chicken IgY (Thermo Fisher, A-21449; 1:1000 for IF), 
HRP–conjugated goat anti-rabbit IgG (H+L) (Jackson ImmunoRe-
search, 111-035-003; 1:5,000 for IB), and HRP–conjugated donkey 
anti-mouse IgG (H+L) (Jackson ImmunoResearch, 715-035-150; 
1:5,000 for IB).

Cell culture, transfection, and lentivirus production
HeLa and HEK293T cells (ATCC) were grown in DMEM (Quality Bio-
logical, 112-319-101) supplemented with 10% fetal bovine serum 
(Corning, 35-011-CV) and 100 U/ml penicillin, 100 μg/ml streptomycin 
(Corning, 30002-CL) (complete DMEM) at 37°C and 95% air:5% CO2.

For immunofluorescence imaging, HeLa cells on 12-mm glass 
coverslips (Thermo Fisher Scientific, 12 545 80P) in 24-well dishes 
(Corning) were transfected with 1.0–2.5 μg plasmids and 1.5 μl Lipo-
fectamine 2000 (Thermo Fisher Scientific, 11668027) according to 
the manufacturer’s protocol. Transfection of HEK293T cells for lenti-
virus production was conducted in the same manner but in 6-well 
dishes without coverslips. DNA (0.8 μg psPAX2, 0.3 μg pMD2.G, 
0.1 μg pAdVantage, and 1.2 μg tGFP or tGFP-RUSC2) and Lipo-
fectamine 3000 (Thermo Fisher Scientific, L3000015) were used 
according to the manufacturer’s protocol. Following a 18-h incuba-
tion, the medium was changed to 3 ml complete DMEM supple-
mented with ViralBoost reagent (Alstem, VB100). After 2 d of 
incubation, the supernatant was collected, and the cell debris was 
spun out at 700 × g for 5 min at 4°C. The virus suspension was 
immediately used for lentiviral transduction of HeLa cells.

HeLa cells stably transduced with tGFP or tGFP-RUSC2 lentivirus 
were selected by the addition of 1 μg/ml puromycin (Thermo Fisher 
Scientific, A1113803) to the culture medium 4 d after infection. Indi-
vidual clones were isolated approximately 1 wk after the initial trans-
duction by selecting tGFP-positive cells in a FACSAria II sorter (BD 
Biosciences), grown on 96-well plates, and analyzed by immunoflu-
orescence and immunoblotting using anti-tGFP.

For KD experiments, HeLa cells were transfected with 25 nM 
siRNA and 1.0 μl of Lipofectamine 2000 according to the manufac-
turer’s protocol, split onto coverslips ∼24 h later, and transfected 
again the next day following the same protocol but including GFP-
RUSC2 plasmid. Cells were analyzed 24 h after the second transfec-
tion (i.e., ∼72 h after the first transfection).

CRISPR-Cas9 knock-out
WDR47-KO and RUSC2-KO HeLa cells were generated using 
CRISPR-Cas9 (Cong et al., 2013). We used a single gRNA (AGAAA-
CAGTGAATGTAAAAG sequence) to target a PAM sequence in 
Exon 1 of the WDR47 gene and a pair of targeting gRNAs 
(GTCCTAGGTCTTGATCGGGC and GGGGGATGTGATGAAC-
GATG sequences) to remove ∼125 bp from Exon 1 of the RUSC2 
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gene. Complementary gRNAs were annealed and subcloned into 
the pSpCas9(BB)-2A-GFP (pX-458) vector (Addgene plasmid 
#48138) between BbsI endonuclease restriction sites. HeLa cells 
were transfected with plasmids encoding the different gRNAs using 
Lipofectamine 2000 and the protocols mentioned above. At 48 h 
after transfection, GFP-positive cells were sorted in a FACSAria II 
and single clones were collected in 96-well plates. After 14 d, colo-
nies were expanded, and cells were analyzed. Positive colonies were 
verified by immunoblotting with antibody to endogenous WDR47 
or PCR of RUSC2 genomic DNA with the following primers: For-
ward: 5′-GGGCATGCCCCTGACTTCCAGGGAG-3′ and Reverse: 
5′-CACCAAGTCCTGGCTCACCCACACC-3′. AP4E1-, KIF5B- and 
KIF1B-KO HeLa cells were previously described (Jia et  al., 2017; 
Mattera et al., 2017).

Y2H analysis
Transformation of the AH109 yeast reporter strain with BD and AD 
plasmids and plate selection were performed as previously de-
scribed (Mattera et al., 2003). Briefly, cotransformation of the AH109 
yeast reporter strain (auxotroph for adenine, histidine, leucine, and 
tryptophan) with AD and BD plasmids (conferring ability to survive in 
medium lacking leucine or tryptophan, respectively) and isolation of 
double transformants were performed according to the guidelines 
in the Matchmaker two-hybrid system manual (Clontech, Takara 
Bio). Cotransformation of AD constructs with BD-p53 and of BD-
constructs with AD-T-Ag provided a negative control, whereas the 
AD-T-Ag/BD-p53 double transformant was used as a positive con-
trol (Mattera et al., 2003). Interaction between AD- and BD-fusion 
proteins, resulting in activation of the HIS3 reporter gene, was as-
sessed in plates lacking histidine, leucine, and tryptophan (–His). 
Plating on medium lacking only leucine and tryptophan (+His) pro-
vided a control for viability and seeding of the double transformants. 
Colonies were scanned following 2–4 d of incubation at 30°C.

Coimmunoprecipitation assays
For coimmunoprecipitation of tGFP or tGFP-RUSC2 with endoge-
nous ATG9A, KIF5B, KLC2, and WDR47, stably transduced cell lines 
were plated on a 10-cm dish and cultured to 90% confluency. Cells 
were harvested with a cell scraper, collected in a tube, washed three 
times in ice-cold phosphate-buffered saline (PBS) and pelleted each 
time by centrifugation (3 min at 500 × g and 4°C). Cell pellets were 
resuspended in 200 μl ice-cold lysis buffer (10 mM Tris, pH 7.5, 
150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40) supplemented with 
complete EDTA-free protease inhibitors (Roche, 11873580001) and 
1 mM PMSF at 4°C for 30 min with occasional mixing. The soluble 
fraction was separated by centrifugation for 10 min at 20,000 × g 
and 4°C. Samples were diluted with wash buffer (10 mM Tris/HCl, 
pH 7.5, 150 mM NaCl, 0.5 mM EDTA), incubated on 20 μl tGFP-Trap 
magnetic agarose beads (ChromoTek, tbtma-20), and processed ac-
cording to the manufacturer’s protocol. Immunoprecipitates were 
eluted by heating for 10 min at 99°C with 1× Laemmli Sample Buffer 
(Bio-Rad, 1610747) and analyzed by SDS–PAGE and immunoblot-
ting or mass spectrometry.

Mass spectrometry
Samples were loaded on 1-mm Any kD precast polyacrylamide gels 
(Bio-Rad). Bands containing the entire sample were cut. Samples 
were reduced with 10 mM TCEP for 1 h, alkylated with 10 mM NEM 
for 10 min, and digested with trypsin at 37°C overnight. Peptides 
were extracted from the gel and desalted using Oasis HLB µElution 
plates (Waters). Digests of each sample were injected into an 
Ultimate 3000 RSLC nano HPLC system (Thermo Fisher Scientific). 

Peptides were separated on an ES802 column over a 63-min gradi-
ent with mobile phase B (98% acetonitrile, 1.9% H2O, 0.1% formic 
acid) increased from 3 to 24%. LC-MS/MS data were acquired on an 
Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) in 
data-dependent acquisition mode. The MS1 scans were performed 
in Orbitrap with a resolution of 120 K, a mass range of 375–1500 
m/z, and an AGC target of 2 × 105. The quadrupole isolation was 
used with a window of 1.5 m/z. The MS/MS scans were triggered 
when the intensity of precursor ions with a charge state between 2 
and 6 reached 1 × 104. The MS2 scans were conducted in an ion 
trap. The CID method was used with collision energy fixed at 30%. 
The instrument was run in top speed mode. MS1 scan was per-
formed every 3 s, and as many MS2 scans were acquired within the 
3-s cycle.

The database search and label-free quantification were per-
formed using Proteome Discoverer 2.2 software. Up to two missed 
cleavages were allowed for trypsin digestion. NEM on cysteines and 
oxidation on methionine were set as fixed and variable modifica-
tions, respectively. Mass tolerances for MS1 and MS2 scans were set 
to 5 ppm and 0.6 Da, respectively. The search results were filtered 
by a false discovery rate of 1% at the protein level. The summed 
intensity of the unique peptides was used for protein ratio calcula-
tion. The missing values were inputted. The maximum and minimum 
fold changes allowed were set to 100 and 0.01, respectively. The 
total peptide amount of each sample was used for normalization. 
The individual protein ANOVA method was used for hypothesis 
test. Proteins with log2 fold change ≥ or ≤ –1 and adjusted p value 
≤ 0.05 were considered significantly changed.

Fluorescence microscopy
At 24 h after transfection, HeLa cells were washed with PBS and 
treated for 12 min with 4% paraformaldehyde (Electron Microscopy 
Sciences, 15714-S) in PBS. Coverslips were washed twice for 5 min in 
PBS and permeabilized for 15 min in 0.2% Triton X-100 (Sigma, 
T8787). Cells were blocked for 30 min in 0.2% bovine serum albumin 
(GoldBio, A-421) in PBS (blocking solution) and stained for 30 min 
with primary antibodies in blocking solution at 37°C. Coverslips were 
then washed twice with PBS and incubated for 30 min at 37°C with 
secondary Alexa–conjugated antibodies in blocking solution. Cover-
slips were again washed twice with PBS and mounted on slides using 
Fluoromount-G with DAPI (Electron Microscopy Sciences, 17984-
24). Images were acquired on an inverted confocal laser-scanning 
microscope (LSM780; Carl Zeiss) fitted with a 63×, 1.4 NA objective. 
Images were processed in ImageJ (Schneider et al., 2012).

Shell analysis for measurement of particle distribution
To quantify the distribution of ATG9A, cells with a relatively round 
shape were chosen for analysis, since other cell shapes could not be 
quantified accurately. Cell outlines were traced in ImageJ and the 
total fluorescence signal was measured. The cell outline was itera-
tively shrunken by 2 μm (Edit > Selection > Enlarge… plugin) to 
produce a total of 4 “shells”, 1 being the most peripheral and 4 
being the perinuclear region of the cell, and the signal within each 
shell was measured. Intensity values for each shell were calculated 
relative to the total intensity in the cell and expressed as a percent-
age of the total.

Quantification and statistics
Data were analyzed in Prism version 8.3.1 (GraphPad Software). 
Experimental replicates, as well as the test applied to compute 
statistical significance between different conditions, are described 
in each figure legend.
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