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An ER-associated pathway defines endosomal architecture for controlled cargo transport
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Abstract
Through a network of progressively maturing vesicles, the endosomal system con-
nects the cell’s interior with extracellular space. Intriguingly, this network exhibits a 
bilateral architecture, comprised of a relatively immobile perinuclear vesicle ‘cloud’ 
and a highly dynamic peripheral contingent. How this spatiotemporal organization is 
achieved and what function(s) it curates is unclear. Here we reveal the ER-located 
ubiquitin ligase RNF26 as the global architect of the entire endosomal system, in-
cluding the TGN. To specify perinuclear vesicle coordinates, catalytically competent 
RNF26 recruits and ubiquitinates the scaffold p62/SQSTM1, in turn attracting ubiq-
uitin-binding domains (UBDs) of various vesicle adaptors. Consequently, RNF26 re-
strains fast transport of diverse vesicles through a common molecular mechanism 
operating at the ER membrane, until the deubiquitinating enzyme USP15 opposes 
RNF26 activity to allow vesicle release into the cell’s periphery. By drawing the en-
dosomal system’s architecture, RNF26 orchestrates endosomal maturation and traf-
ficking of cargoes, including signaling receptors, in space and time.

Introduction
Visual inspection of a typical cell reveals canonical arrangements of membrane-en-
closed organelles. Generally, the endoplasmic reticulum (ER) wraps around the 
nucleus, extending throughout the cytoplasmic space, while the mammalian Golgi 
stacks cluster between the nucleus and the microtubule-organizing center (MTOC) 
(1-3). From here, the trans-Golgi network (TGN) vesicles disseminate biosynthetic 
cargoes to their sites of function throughout the cell. (4). On the other side of vesicle 
traffic, endosomes originating from the plasma membrane carry internalized cargoes 
to the lysosome for degradation, or spare them through diversion to recycling (5). 
The roads traveled by endosomes time intracellular signaling cascades (6) and tune 
specialized functions, such as antigen processing and pathogen clearance in im-
mune cells (7). To fulfill its myriad responsibilities, the collective endo- and exocytic 
pathway connects distant organelles (8) through a progressively maturing network 
of vesicles (9). How cells sense and manipulate the location of individual vesicles 
in space and time to suit their global housekeeping and environmental demands is 
unclear.
Intriguingly, the bulk of lysosomes, early and late endosomes, as well as vesicles 
of the TGN locates quiescently in the perinuclear region of the cell (10-14), poised 
towards the cell’s periphery. Only select vesicles escape this ‘perinuclear (PN) cloud’ 
to become subject to fast bidirectional transport (15) by dynein (16-18) and kinesin 
motors (19, 20). What governs acceptance of vesicles into—and their release from—
the PN cloud is unknown. Gaining fundamental insights into the way such decisions 
are made in molecular terms is pivotal to understanding regulation of transport pro-
grams in the cell. 
The ER is the only intracellular organelle that occupies every corner of cytosolic 
space. Not surprisingly, it has been shown to participate in various functional con-
tacts with other membranous compartments, mediating exchange of metabolites 
and controlling transport and fusion processes (21). Currently, contact sites between 
the ER and endosomes are emerging as potent regulatory hubs for vesicle transport 
(19, 22), fusion (23) and fission (24) events. Here we describe how an ER-associ-
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ated protein network, organized by the E3 ubiquitin ligase Ring finger protein 26 
(RNF26), serves as a platform for perinuclear positioning of the entire endosomal 
system. Localized in the ER membrane, RNF26 extends its catalytic determinants 
into the cytosol, restricting fast microtubule-based transport of early, recycling and 
late endosomes/lysosomes and the TGN. We show that RNF26 utilizes the ubiquitin 
scaffold p62/Sequestosome 1 (SQSTM1) as its substrate to attract UBDs of various 
vesicle membrane adaptors. The resulting molecular bridge restrains cognate ves-
icles in the perinuclear region and organizes the endosomal pathway for efficient 
cargo transfer and ligand-induced clearance of signaling receptors. Vesicles can 
then be released for fast transport into the cell’s periphery from their perinuclear 
positions by way of RNF26-associated deubiquitinating enzyme (DUB) USP15, thus 
completing the dynamic cycle. Collectively, the RNF26-based protein network eluci-
dates a key paradigm for functional control of intracellular architecture and organelle 
dynamics, highlighting the importance of inter-compartmental regulation in mem-
brane cell biology.

Results
RNF26 regulates endocytic compartment architecture and dynamics
Across cell types, a wide variety of endosomal maturation stages—late (CD63, Fig-
ure 1A), early (EEA1) and recycling (TrfR) endosomes, as well as the vesicular arm 
of the TGN (TGN46) (Figure S1)—tend to cluster into a ‘cloud’ near the nucleus, 
with only a fraction of each subset extending into the cell’s periphery. How such 
organization is established and controlled and what purpose it may serve is largely 
unknown. Given that late endosomes (LEs) constitute central nodes within the endo- 
and exocytic vesicular network (9), we mined a genome-wide siRNA-based screen 
for novel factors controlling LE biology (25), where silencing the RING finger ubiq-
uitin ligase RNF26 was shown to severely disrupt the intracellular LE organization, 
leading to marked dispersion of LEs throughout the cytoplasm and even to the tips 
of cells, without significantly impacting cell shape (Figures 1B-D; Movies S1A and 
S1B (movies can be downloaded from the online version: http://www.sciencedirect.
com/science/article/pii/S0092867416307255). These observations cast RNF26 as 
a potent candidate for control of the LE compartment architecture, prompting us to 
investigate the role of RNF26 in the organization and function of the perinuclear (PN) 
cloud.
In live cells, we observed a striking relationship between the LE compartment archi-
tecture and its dynamics. The majority of acidified vesicles marked by Lysotracker 
(LTVs) were positionally restricted to the PN cloud, while the sparsely populated 
periphery (PP) remained dynamic over time (Figure 1F, top right panels; Movie S2A). 
On the contrary, cells depleted of RNF26 exhibited an expanded periphery and in-
creased mobility of the LTV contingent relative to control, thus blurring the PN/PP 
distinction (Figures 1E and 1F, bottom right panels; Movies S2B and S2C, Lysotrack-
er; Movies S2D and S2E, mCherry-CD63). 
To test whether other components of the endo- and exocytic vesicular repertoire also 
fall under the RNF26 purview, we investigated the effect of RNF26 silencing on dis-
tribution of various vesicle markers. Without exception, localization of all post-Golgi 
vesicles examined was susceptible to RNF26 depletion in two different cell lines test-
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ed, while distribution of the Golgi remained unaffected (Figures 2A, S2A and S2B; 
Movies S3A-S3D). Given that intracellular organization and its associated compart-
mentalization of transport apply across diverse vesicle types, we hypothesized that 
the PN cloud may serve as a meeting hub for maturation and cargo exchange. In 
support of this, we found that vesicles endocytosed by fluid-phase (as monitored us-
ing uptake of the extracellular dye sulforhodamine (SR101, (Wubbolts et al., 1996)) 
readily encountered LT-positive structures residing primarily in the PN cloud. By con-
trast, acquisition of SR101 by the disorganized acidified compartments in RNF26 
depleted cells was markedly restrained (Figures 2B and 2C; Movies S4A and S4B), 
while SR101 internalization rate remained unaffected (Figure 2C), suggesting that 
endosomes mature in the PN cloud. We further explored whether trafficking of spe-
cific cargoes to the proteolytic compartment is affected by the endosomal system’s 
architecture. Following acute stimulation with EGF, ligand-containing vesicles dis-
tributed to the PN cloud over time in control cells, but not in those compromised 
for RNF26 (Figure 2A). In the latter case, trafficking of EGF-positive vesicles to the 
LE compartment was severely impaired (Figures 2D and 2E), while availability of 
EGF receptor (EGFR) on the cell surface, as well as total receptor levels, remained 
unaffected (Figures S2C and S2E). Consistent with the above, ligand-induced deg-
radation of EGFR was attenuated with RNF26 depletion, leaving activated receptors 
(detected as pY) to linger at late time-points following stimulation (Figures 2F and 
2G). Taken together with the SR101 experiments, these findings imply that the PN 
cloud and its architect RNF26 facilitate efficient vesicle maturation and transit of 
cargo through the endosomal system, with implications for ligand-induced receptor 
signaling. 

ER localization and ubiquitin ligase activity of RNF26 mediate 
endosomal positioning
Having determined that loss of RNF26 incurs detrimental effects on endosomal or-
ganization and function, we turned to ask whether this ER-located ubiquitin ligase 
(26) actively positions endosomes in the PN cloud. Ectopic expression of full length 
RNF26, but not its catalytic RING domain (ΔRING) truncation, substantially restrict-
ed mobility of LT-positive vesicles (Figures 3A and 3B). Mirroring the PN position of 
the vesicle cloud, RNF26 localized predominantly to the region of the ER proximal to 
the nucleus, while its ΔRING mutant distributed throughout the ER (Figures 3C and 
(b) Effect of RNF26 depletion on distribution of LEs, represented as fractional distances of CD63 vesicles 
from center of nucleus (distance of pixels from nucleus = faction of distance from nucleus to the plasma 
membrane (1.0); mean shown in red). For 3D view, see Movies S1A and S1B. (c) Cell shape analysis 
for samples in (b), showing total cell area and eccentricity calculated in an automated fashion as de-
scribed in the Extended Materials and Methods. (d) mRNA levels of RNF26 targeted by 2 different siRNAs 
(siRNF26_1 and siRNF26_2) as assessed by qPCR are expressed relative to siC; N=3. (e) Quantification 
of the mobile fraction of acidified Lysotracker (LT)-positive vesicles (LTVs) as a function of RNF26; N=3. 
For details, refer to the Extended Materials and Methods. (f) Organization and dynamics of LTVs (white) in 
control (siC) versus RNF26-depleted (siRNF26_1) MelJuSo cells. Left panels: representative single con-
focal plane fluorescence images taken at the start of time-lapse. Right panels: vesicle displacement rates 
(blue = immobile, red = max mobility) observed over the 297 sec time interval. Nuclei and cell boundaries 
are depicted in dashed lines, and zoom-ins highlight peripheral (PP) and perinuclear (PN) boxed regions. 
Quantification appears in (e). For LT time-lapses see Movies S2A-S2C. For CD63 time-lapses see Movies 
S2D and S2E. Scale bars = 10 µm. For all figures: n= # of cells analyzed per condition, N= # independent 
experiments, error bars = SD.
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S3A-S3C; ER marked by VAP-A), indicating that the RING domain drives retention 
of the ligase in the perinuclear ER subdomain. 
To explore the contribution of catalytic activity to RNF26 localization and function, 
we mutated a conserved Isoleucine 382 to Arginine (I382R, Figure S3A), thereby 
inhibiting expected interactions with E2 enzyme(s) without incurring deleterious 
effects on RING domain architecture, such as by mutating key Zn+2 coordinating 
modules (27). RNF26-I382R markedly reduced the enzyme’s ubiquitin ligation ca-
pacity (Figure S3B), similar to the previously reported C401S mutant (26). Ubiquitin 
ligase activity was further illustrated by strong colocalization of wild type RNF26 with 
ubiquitinated species, relative to its catalytically dead mutants showing only mar-
ginal overlap with ubiquitin (Figures 3C and S3C). We next tested whether ubiquitin 
ligase activity afforded by RNF26 is critical to perinuclear endosome positioning. The 
RNF26 depletion phenotype, scored on the basis of LE scattering away from the 
nucleus, was robustly rescued by re-expression of RNF26, but not its mutants defi-
cient in either ubiquitination or ER transmembrane segments (Figures 3D and 3E), 
implying that RNF26-mediated ubiquitination must take place at the ER membrane 
to effectively position vesicles in the PN cloud.
 
RNF26 interacts with a network of vesicle-associated adaptor proteins
To understand how an ER-located protein exerts control over the endosomal sys-
tem and the TGN, we sought out interacting partners of the cytosolic tail of RNF26. 
Mass spectrometric analysis of proteins co-precipitating with either GST-ΔTM or 
GST-RING (Figures 4A, S4A) identified three membrane-associated adaptor pro-
teins functioning in sorting and trafficking of endo- or exocytic vesicles—EPS15 (28), 
T6BP/TAX1BP1 (29) and TOLLIP (30), a ubiquitin scaffold p62/SQSTM1 (31) known 
for its role in autophagy (32) and a DUB USP15, which localizes to the nucleus and 
cytosol, targeting the TGFβ and NF-κB pathways (33, 34). Collectively, cargo spe-
cificities of the three former proteins afford broad coverage of both endocytic and 
Figure 2. RNF26 promotes cargo trafficking and endosome maturation in the perinuclear cloud. (a) 
Intracellular distribution of various markers and cargoes in MelJuSo cells in response to RNF26 depletion, 
presented as fractional distances with mean shown in red, as in Figure 1b. Late endosomes: Rab7; early 
endosomes: EEA1, Rab5 and Rab14; recycling endosomes: Transferrin receptor (TfR); TGN: TGN46; 
Golgi: Giantin; ligand-mediated endocytosis: EGF. See also Figures S2A, S2B and 2D and Movies S3A-
S3D. (b) Trafficking of fluid phase dye SR101 (green) to the acidified compartment (LT, magenta). Single 
confocal plane fluorescence overlays with PP and PN zooms at t=0 and t=150 min following addition of 
SR101 to control or RNF26-depleted MelJuSo cells are shown. See also Movies S4A and S4B. (c) Top 
graph: quantification (Mander’s overlap) of SR101 entry into LTVs as a function of time (min) in control 
MelJuSo cells or those silenced for RNF26. N=2. Bottom graph: total uptake of SR101 in control or 
RNF26-depleted MelJuSo cells as measured by flow cytometry, expressed as fold increase normalized to 
t = 0 as a function of time; N=3. (d) Effect of RNF26 depletion on receptor-mediated trafficking of EGF-555 
(green) to the late endosome compartment (CD63, magenta). Representative z-projection (3D) overlays 
at 10 min (left panels) and 120 min (right panels) following stimulation (100 ng/ml) are shown with PN 
zooms for control and RNF26-depleted HeLa cells. (e) Colocalization (Mander’s overlap) of EGF with 
CD63 at 10 min (white) and 120 min (black) following ligand stimulation; N=2. (f) EGFR degradation in 
control versus RNF26-depleted HeLa cells. Immunoblots against total (EGFR) and phosphorylated (pY) 
EGFR, as well as TfR (loading control) along a time-course following 20 ng/ml EGF addition (min) are 
shown (lane corresponding to t=10 min was excised from siC panel). For analysis of surface and total 
EGFR levels see Figures S2C and S2E, respectively. (g) Quantification of total (left graph, relative to t=0) 
and activated (right graph, pY relative to siC at t=30’) EGFR as a function of time following EGF addition; 
N=3. Scale bars = 10 µm.
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biosynthetic vesicle trajectories (Figures 4A and S4A), implying that by association 
with different vesicle-targeting adaptors, RNF26 may influence positioning of a wide 
range of endosomes and the TGN. Silencing the above proteins (excluding USP15) 
produced marked LE dispersion (Figures 4B and 4C). By contrast, TGN vesicle 
dispersion resulted only from depletion of the TGN-associated adaptor TAX1BP1 
and SQSTM1, but not of endocytic adaptors EPS15 and TOLLIP (Figures 4B and 
4C), and overall cell shape parameters were profoundly altered only by depletion of 
TAX1BP1 (Figure S4B). Further, co-silencing multiple adaptors resulted in additive 
effects on CD63 distribution (Figure S4C), underscoring the contribution of multi-di-
rectional traffic to the global architecture of the LE compartment. 
To assess whether specific adaptors can influence localization and dynamics of their 
cognate vesicles, we followed the mobility of LTVs in cells ectopically expressing 
GFP-TOLLIP. Double-positive vesicles were found to localize primarily in the PN 
cloud (Figure 4D), and overall LTV movement was dramatically restricted relative to 
control (Figure 4D; Movies S5A and S5B). Additionally, exogenous TOLLIP restored 
PN localization of vesicles marked by CD63 in an exceptional cell line (RKO, Figure 
S4D), which exhibits natural dispersion of the LE compartment (Figure S1). Mirroring 
the dysfunction in endosomal maturation incurred by depletion of RNF26 (Figures 
2B and 2C), silencing TOLLIP inhibited access of SR101-containing endosomes to 
the acidified compartments, without affecting the internalization rate (Figure 4E). 
Taken together, the above observations illustrate the capacity of a specific adaptor 
to position its chosen vesicles in the PN cloud.

Catalytically active RNF26 attracts ubiquitin-binding domains of 
endocytic adaptors
To dissect the molecular basis of communication between RNF26 and its partners, 
we interrogated their respective interaction determinants. Without exception, EPS15, 
TAX1BP1, TOLLIP, USP15 (Figure 5A) and SQSTM1 (Figure 5B, right panels) ex-
hibited a strong binding preference for catalytically competent RNF26, relative to the 
inactive I382R mutant. Given the critical role of RNF26 ubiquitination activity in the 

Figure 3. ER-associated ubiquitin ligase activity of RNF26 organizes the PN cloud and controls 
vesicle dynamics. (a) Effect of RNF26 on vesicle dynamics. Left panels: representative single confocal 
plane fluorescence overlays of LT (white) in control (untransfected; focal plane through the nucleus) HeLa 
cells or those ectopically expressing (red) RFP-RNF26 (focal plane just above the nucleus) or its ΔRING 
mutant (focal plane through the nucleus) at the start of time-lapse are shown. Middle panels: correspond-
ing vesicle displacement rates (blue = immobile, red = max mobility) observed during the 343 sec time 
interval. Right panels: zooms of boxed PN regions. (b) Quantification of displacement rates (relative to 
untransfected cells) and track duration times (sec) for data presented in (a); N=4. (c) Colocalization (Man-
der’s overlap) of RNF26 or its mutants I382R and ΔRING with the ER protein VAP-A or ubiquitin. White 
bars: overlap VAP-A with RNF26; black bars: overlap RNF26 with VAP-A; gray bars: overlap RNF26 with 
ubiquitin; n=10 per sample per experiment, N=3. See also Figures S3A-S3C.(d) Rescue of RNF26 de-
pletion phenotype (siRNF26 targeting 3’UTR) by re-expression of wild type HA-RNF26, its RING domain 
mutants I382R and ΔRING, its trans-membrane truncation ΔTM or empty vector. Late endosome (LE) 
fractional distance analysis of CD63 in MelJuSo cells is shown (mean in red), along with a schematic 
overview of RNF26 constructs used. For cell shape analysis of ectopic RNF26 expression, see Figure 
S3D. (e) Selected representative maximum z-projection (3D) image overlays of CD63 (green) with nu-
clear DAPI (blue) corresponding to quantification in (d) are shown, together with their z-cross sections 
along the demarcated line. Single confocal slices in top panels show HA-tagged expression. Scale bars 
= 10 µm.
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establishment of endosomal system’s architecture described in Figure 3, we pro-
ceeded to investigate ubiquitin-mediated recognition in this context. Most interacting 
partners of RNF26 described here harbor ubiquitin-binding domains (UBDs) (Figure 
5C), and point mutations targeting the CUE domain of TOLLIP (35), UIM domain of 
EPS15 (36), and UBZ2 domain of TAX1BP1 (but not UBZ1, which is incapable of 
ubiquitin interactions (37)) strongly affected association of these proteins with wild 
type RNF26 (Figures 5B, left panels and S5A). Moreover, the UBD-dependent loss 
of binding was comparable to that observed between wild-type adaptors and mutant 
RNF26 (Figure 5D). Strikingly, SQSTM1 did not follow suit, displaying no significant 
reliance on its UBA domain for productive interaction with RNF26 (Figures 5B, right 
panels and 5D). Mechanistically, these observations set SQSTM1 apart from the 
other adaptors within the RNF26 network. 
Because the known specificity of SQSTM1 for autophagic membranes is unlikely 
to account for its broad effects on positioning of both endocytic and biosynthetic 
systems of vesicles (Figures 4A-4C and S4A), we hypothesized that it may instead 
function by attracting ubiquitin-dependent partners to RNF26. To test this, we investi-
gated spatial localization of SQSTM1 versus the RNF26-interacting vesicle adaptors 
relative to the ligase and its associated ubiquitin signals. As expected based on 
the Co-IP data, the LE adaptor GFP-TOLLIP readily colocalized with RNF26 at the 
corresponding sites of endogenous ubiquitin accumulation, while its ubiquitin-bind-
ing deficient point-mutant (CUE*) did not (Figures 5E). Importantly, lack of its re-
cruitment to the ligase had no discernable effect on ubiquitin enrichment at RNF26 
(Figures 5E and 5F). By contrast, UBA domain truncation of SQSTM1 (ΔUBA) was 
still able to occupy RNF26-positive structures, but significantly suppressed accu-
mulation of associated ubiquitinated species (Figures 5G and 5H), thus implicating 
SQSTM1, along with its ubiquitin interactions, in the assembly of ubiquitinated spe-

Figure 4. Protein network associated with the RING domain of RNF26. (a) Workflow scheme for the 
identification and validation of proteins interacting with the cytosolic domain of RNF26. RING-associated 
RNF26 proteome consists of membrane-associated adaptor proteins and a DUB USP15 (for proteomic 
analysis details, see Figure S4A). Localization of RNF26-interacting proteins EPS15, TOLLIP, TAX1BP1, 
SQSTM1 and USP15 are depicted schematically (for representative marker overlays see Figure S4A). 
CCV: clathrin-coated vesicle, EE: early endosome, RE: recycling endosome, LE: late endosome, Ly: lyso-
some, TGN: trans-Golgi network, AUT: autophagosome, PM: plasma membrane. (b) Intracellular distribu-
tion (fractional distance analysis, mean shown in red) of LEs (CD63) and TGN (TGN46) in MelJuSo cells 
as a function of indicated siRNA perturbations. For cell shape analysis, see Figure S4B. For combinatorial 
silencing of vesicle adaptors, see Figure S4C. (c) Representative z-cross section (3D) image overlays 
of CD63 (green, upper panels) or TGN46 (green, bottom panels) with nuclear DAPI (blue) in MelJuSo 
cells are shown with the corresponding protein levels of silenced targets (left lanes) as compared to the 
control (right lanes). (d) Effect of GFP-TOLLIP (green) overexpression on the organization and dynamics 
of acidified vesicles (LTVs, magenta) in HeLa cells. Left panels: representative single confocal plane 
fluorescence image overlays taken at the start of the time-lapse. Right panels: corresponding vesicle 
displacement rates (blue = immobile, red = max mobility) observed during the 343 sec time interval; 
zoom-ins highlight boxed PN regions. Quantification of LTV dynamics (displacement / sec relative to 
untransfected cells) as a function of TOLLIP is shown above the images; N=2. See also Movies S5A and 
S5B. See also Figure S4D. (e) Top graph: quantification (Mander’s overlap) of SR101 entry into acidified 
vesicles (LTVs) as a function of time (min) in control MelJuSo cells (siC; control data set in common with 
Figure 2C) versus those depleted of TOLLIP (siTOLLIP). N=2. Bottom graph: total uptake of SR101 in 
control or TOLLIP-depleted MelJuSo cells as measured by flow cytometry, expressed as fold increase 
normalized to t = 0 as a function of time; N=3. Scale bars = 10 µm.
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cies at RNF26.

RNF26 and the DUB USP15 share a substrate in SQSTM1
To elucidate the unique mechanism of SQSTM1 function within the RNF26 protein 
network, we delved into the contribution of its UBA domain. Given previously re-
ported connections between ubiquitin binding and ubiquitination of UBD-containing 
proteins (38), we considered whether SQSTM1 constitutes a substrate for RNF26. 
Indeed, major enhancement in short ubiquitin conjugates on SQSTM1 was observed 
in response to ectopic expression of wild type but not catalytically inactive RNF26 
relative to vector control (Figures 6A and 6B). Importantly, RNF26 was unable to 
ubiquitinate truncated SQSTM1 lacking its UBA domain (Figures 6A and 6B), indi-
cating that only SQSTM1 in possession of its ubiquitin-binding faculties can serve 
as a substrate for the ER-located ubiquitin ligase. Taken together with the findings 
presented in Figure 5, the above evidence suggests that ubiquitinated SQSTM1 
comprises the Ub-rich signals observed at sites of RNF26 activity.
If ubiquitination afforded by RNF26 restricts vesicles in the PN cluster, a deubiquiti-
nating activity may then complete the biochemical cycle to allow release of vesicles 
for rapid transit in the cell’s periphery. This function could be served by USP15, 
which preferentially associates with catalytically competent RNF26 (Figures 5A and 
5D). We therefore tested whether USP15 deubiquitinates the RNF26 substrate, 
SQSTM1. Indeed, overexpression of wild type USP15 dramatically decreased short-
chain modification of SQSTM1 with ubiquitin in a manner dependent on its catalytic 
Cys 269 residue (Figures 6A and 6B). Furthermore, expression of wild type (but 
not inactive) USP15 reduced the degree of colocalization of RNF26 with SQSTM1 
(Figures 6C, 6D and S5B), indicating that USP15 activity modulates occupancy of li-
gase-positive sites. Consistent with the notion that USP15 functionally rivals RNF26, 
silencing USP15 essentially ablated the highly mobile peripheral contingent marked 
by Lysotracker (Figure 6E; Movies S5A and S5C), resulting in an overall decrease in 
mobility of acidified organelles (Figure 6F)—a phenotype opposite to that observed 
with depletion of RNF26 (Figures 1E and 1F). As expected, based on their catalytic 
opposition, co-depletion of USP15 and RNF26 partially restored the PN/PP balance 
(Figure 6G), implying that USP15 promotes release of vesicles captured and re-
strained by the active RNF26 complex. 

The ER-located RNF26/SQSTM1 complex controls vesicle positioning 
and dynamics
Consistent with the proposed role of SQSTM1 in bridging adaptor-selected vesicles 
to catalytically competent RNF26, we observed colocalization of all three specific 
membrane adaptors—EPS15, TAX1BP1 and TOLLIP—with endogenous SQSTM1 
at sites of wild type, but not inactive RNF26 (Figures S6A and S6B). Additionally, 
the interaction between TOLLIP and SQSTM1 was exquisitely sensitive to mutation 
in the UBD domain of the former (Figure S6C), recapitulating ubiquitin-mediated 
recognition of RNF26 complexes by adaptor proteins (Figure 5). Importantly, struc-
tures positive for RNF26 and SQSTM1 (or its fragments) did not overlap with the 
autophagy marker LC3 (Figure S6A, right panels), indicating that the function of 
SQSTM1 in this context is unrelated to autophagy.
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To test whether SQSTM1 dictates endosome positioning at RNF26, we monitored 
vesicle dynamics via specific membrane adaptors in living cells co-expressing fluo-
rescent SQSTM1. We observed stable PN contacts between GFP-Adaptors (‘green’) 
and RFP-RNF26 (‘red’) that were overwhelmingly positive for TRQ-SQSTM1 (‘blue’; 
Figure S7A; Movie S6A), with tripartite complex formation (appearing ‘white’ in the 
overlay) strongly correlated to fixed positional residence of vesicles marked by 
EPS15, TAX1BP1, and TOLLIP (Figures 7A-7C). By contrast, the vast majority of 
only GFP-positive ‘green’ vesicles remained subject to fast transport (Figure 7C; 
Movie S6A). As expected, RNF26 lacking its RING domain could not mediate stable 
contacts with TRQ-SQSTM1 and failed to stabilize vesicles in position over time 
(Figures 7C and S7A, Movie S6B). Similar to TRQ-SQSTM1, TRQ-ubiquitin was 
found at contracts between GFP-TOLLIP-positive vesicles retained by RFP-RNF26 
(but not RFP-ΔRING), while highly mobile vesicles were free of ligase and ubiquitin 
contacts (Figures S7B and 7C).
Interestingly, while most ‘white’ vesicles stayed docked at the RNF26/SQSTM1 com-
plex over time, occasional release was observed following disappearance of TRQ-
SQSTM1 (Figures 7A and 7B, vesicles #1 and #2, respectively; Movie S7), and 
depletion of SQSTM1 markedly reduced distribution of TOLLIP-positive structures to 
RNF26 (Figure 7D). Considering diminished RNF26 occupancy by SQSTM1 in the 
presence of USP15 (Figures 6C and 6D), these findings suggest that assembly of 
SQSTM1 contacts at sites of RNF26 positions vesicles in the PN cloud, while disin-
tegration of such complexes mediates vesicle release.
Taken together with the interaction and functional studies, the observations de-
scribed above are consistent with the following order of molecular events: catalyti-
cally competent RNF26 recruits SQSTM1, which becomes subject to UBA-depend-
ent ubiquitination by the ligase. This ubiquitin-rich RNF26/SQSTM1 complex is then 
poised to attract UBDs of endocytic adaptors (and the DUB USP15) to the PN cloud 
(proposed model depicted in Figure 7E). Subsequently, deubiquitination by USP15 
at these sites determines release of the SQSTM1/Ub/Adaptor complex from the ER 
membrane, allowing transport of vesicles into the cell periphery). Collectively, our 
findings illustrate that by attracting diverse membrane-associated vesicle adaptors 

Figure 6. SQSTM1 is a substrate for RNF26 and the DUB USP15. (a) Ubiquitination status of SQSTM1 
as a function of catalytic activities of RNF26 and USP15. GFP-SQSTM1 (or -ΔUBA) was isolated from 
HEK293T cells overexpressing HA-Ub in the presence of vector, RFP-RNF26 versus its catalytic mutant 
I382R, or USP15 versus its catalytic mutant C269A. Ubiquitination status of GFP-substrate (green) was 
assessed by immunoblots against HA (red). (b) Quantification of the ubiquitination assay in A; N=4. Sche-
matic on the left depicts proposed catalytic opposition between RNF26 and USP15. (c) Effect of USP15 
on localization of SQSTM1 (blue) at RNF26-positive sites (red) in the PN area. Representative single 
confocal plane fluorescence overlays of PN regions are shown with their corresponding single channel 
images (HeLa cells).  For a full image panel, see Figure S5B. Scale bar = 2.5 µm. (d) Quantification of 
RNF26 or I382R occupancy by SQSTM1 (Mander’s overlap) as a function of USP15 catalytic activity; 
N=2. (e) Organization and dynamics of acidified LT-positive vesicles (LTVs, white) in control (siC) versus 
USP15 depleted (siUSP15) HeLa cells. Left panels: representative single confocal plane fluorescence 
images at the start of time-lapse are shown. Right panels: corresponding vesicle displacement rates 
(blue = immobile, red = max mobility) observed during the 343 sec time interval; zoom-ins highlight boxed 
PP and PN regions. For time-lapses, see Movies S5A and S5C.  Scale bar = 10 µm. (f) Effect of USP15 
depletion on LTV dynamics (displacement / sec relative to cells transfected with control siRNA); N=2. (g) 
Functional interplay between siUSP15 and siRNF26. Quantification of mobile LTV fraction as a function 
of indicated siRNA perturbations (+) in MelJuSo cells; N=2. 
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through a common mechanism, the RNF26/SQSTM1 complex controls the position-
ing and dynamics of endosomal vesicle transport, and so designs the architecture of 
the endo- and exosomal system.

Discussion
Proper control of the biosynthetic and endocytic membrane networks is crucial to 
normal functioning of cells and organisms, and failures therein are known to result 
in neuronal diseases (39) and obstructed immune responses (40), as well as con-
tribute to a variety of cancers (41). The biology of endosomes (and the TGN) relies 
on cargo acquisition and vesicle transport working together to ensure accurate and 
timely delivery of select materials to their destinations. While we understand various 
aspects of cargo selection and vesicle transport, we know very little of the molec-
ular decisions required to negotiate their arrivals and departures in the busy 3D 
environment of the cell. In the present study we explored the functional relationship 
between the endosomal system’s architecture and dynamics, exposing its molecular 
underpinnings.
Cells organize a wide variety of their endosomal flavors (including vesicles of the 
TGN) into a PN cloud positioned near the MTOC. When in the cloud, vesicles exhibit 
restricted mobility, with only a fraction of each subtype traveling fast to and from the 
cell’s periphery at any given time. We show that the central player governing this 
spatiotemporal integrity—the ER-located E3 ligase RNF26—retains endosomes on 
location of its choice through post-translational modification with ubiquitin. Residing 
in the subdomain of the ER proximal to the nucleus, RNF26 draws the perinuclear 
architecture of the complex vesicle network suggestive of a cargo bazaar—a meet-
ing place accessible from all corners of the cell, where efficient exchange can take 
place. We show that vesicles, internalized by either fluid-phase or ligand-mediated 
endocytosis, are targeted to the PN cloud, where they meet the late endosomal 
contingent. Loss of RNF26 function inhibits these encounters, slowing maturation 
of endosomes acquired in the periphery, without affecting the internalization rate. 
Furthermore, RNF26 depletion delays degradation of activated—i.e. signaling-com-
petent—EGFR following ligand exposure, substantiating the notion that the spatio-
temporal control afforded by the PN cloud facilitates vesicle maturation and cargo 
Figure 7. RNF26/SQSTM1 complex positions and retains adaptor-selected vesicles. (a) Overlay 
zooms of frames selected from a time-lapse (Movie S7) of vesicles marked by GFP-TOLLIP (green) 
in the presence of TRQ-SQSTM1 (blue) and RFP-RNF26 (red) in HeLa cells. Arrowheads point to two 
vesicles profiled in B. Scale bar = 2.5 µm. (b) Plots of signal intensities over time corresponding to a 
positioned vesicle #1 (top graph) and a released vesicle #2 (bottom graph) as observed in A. Dashed 
lines show background signal for each channel. (c) Quantification of adaptor-selected vesicle dynamics 
(mobile = white; positioned = black) expressed as % of vesicles per category (# counted given above 
each bar). GFP-marked vesicles (green); vesicles colocalizing with RFP-RNF26/-ΔRING and/or TRQ-
SQSTM1 (white and cyan, respectively). See also Figures S6 and S7; Movies S6A, S6B. (d) Co-local-
ization (Mander’s overlap) between RNF26 and GFP-TOLLIP in control (siC) and SQSTM1 depleted 
(siSQSTM1) MelJuSo cells. (e) Model of vesicle positioning in the PN cloud by the RNF26 system. (1) 
Adaptor-selected (green) vesicles are subject to fast microtubule-based transport when unanchored by 
RNF26. (2) Catalytically competent RNF26 (light red) recruits SQSTM1 (blue) and mediates ubiquitin 
ligation (red), which serves to attract UBDs of specific vesicle-associated adaptors. Upon engagement, 
this multi-protein complex positions cognate vesicles (early, recycling and late endosomes, and TGN) in 
the perinuclear space. (3) Dissociation of the RNF26/SQSTM1 complex, promoted by the DUB USP15 
(yellow), releases target vesicles for (4) fast transport into the cell periphery.
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trafficking. Taken together with a recent report connecting a lysosome’s pH with its 
distance from the nucleus (42), our findings argue that spatial information is intimate-
ly connected to function within the endosomal system. 
To uncover the molecular mechanism responsible for PN cloud integrity, we identi-
fied RNF26-interacting proteins involved in the establishment and regulation of the 
PN cloud. Enabled by its catalytic activity, RNF26 employs ubiquitin-based com-
munication with several membrane-associated ubiquitin-binding vesicle adaptors—
TOLLIP (30), EPS15 (28) and TAX1BP1 (29)—each exhibiting unique compartment 
selectivity. Importantly, all of the above adaptors in question are critical modulators 
of different signal transduction pathways. While EPS15 is phosphorylated by EGFR 
(43), TAX1BP1 binds TRAF6 downstream of TLRs and IL-1R (44), and TOLLIP in-
teracts with TLR2/4 to inhibit innate immune response signaling (Zhang, Ghosh, JBC 
2002). Given that RNF26 silencing attenuates ligand-mediated receptor clearance 
by the endocytic pathway (as shown here for EGFR), the ER-located ubiquitin ligase 
may influence diverse signaling pathways emanating downstream of cell surface 
receptors when the latter are targeted by cognate adaptors to the PN cloud. 
To signal vesicle recruitment, catalytically competent RNF26 attracts and ubiquiti-
nates SQSTM1, which then serves as a platform for downstream ubiquitin/UBD-me-
diated complex assembly. These findings add a new dimension to the functional 
repertoire of SQSTM1, apart from its established role as an autophagic substrate 
adaptor (32) and its recently reported involvement in dynein-mediated transport (45). 
Thus, through ubiquitin-based recognition, the ER controls the location and influ-
ences the dynamics of different vesicles with distinct biological functions. Given that 
TOLLIP, EPS15 and TAX1BP1 were isolated from a human melanoma cell line using 
a proteomic approach, it stands to reason that other vesicle-associated adaptor pro-
teins expressed in other cell types could exhibit a similar relationship with RNF26. 
Indeed, the endocytic system is notoriously rich in UBD-containing adaptors (5, 46), 
and some of these could in principle read positional signals from RNF26 as well. 
If RNF26-associated machinery could only catch vesicles without being able to let 
go, the dynamic integrity of the system would be abolished. The breadth of ubiqui-
tin-based recognition in dynamic biological processes (47) is due in large part to its 
controlled reversibility, with DUB activities often functionally accompanying ubiqui-
tin ligation (48). We show that RNF26 interacts with the DUB USP15, which influ-
ences occupancy of RNF26 by their common substrate, SQSTM1. Through their 
catalytic opposition, the two enzymes negotiate the delicate architectural/dynamic 
balance between the PN cloud and the periphery. How USP15 selects vesicles to 
be released is at present unclear, but may involve targeted localization or activation 
of its deubiquitinating functionality at specific RNF26-SQSTM1-adaptor complexes 
cleared for release. 
It is becoming increasingly clear that the cell biology of endosomes and associated 
vesicle repertoires is modulated by their proximity to other membranes, and con-
tacts with the ER feature prominently in this regard (19, 21, 22). The sheer expan-
siveness of the ER provides a broadly available docking platform—an intracellular 
3D grid—whereupon the RNF26 system could be uniquely capable of facilitating 
various aspects of vesicle biology. This is gleamed from our observations on delays 
in endosomal progression and cargo trafficking under conditions of PN cloud break-
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down afforded by silencing RNF26. Furthermore, as a consequence of temporarily 
restricting vesicle mobility, the ER-located RNF26 could assist in the logistics of 
complex molecular processes, such as fission and/or fusion, both reportedly de-
pendent on ER-endosome contact sites (24, 39). Our findings take a key step toward 
understanding how cells determine and manipulate the location of their highly mobile 
endosomal constituents and unveil a new facet of influence the ER exerts over the 
endosomal system.
 
Materials and Methods
Light Microscopy
Samples were prepared as described in the supplemental Extended Experimental 
Procedures. Fixed and live samples were imaged using 63x lenses on Leica SP5 
confocal microscopes adapted with a climate control chamber. To calculate fractional 
distances, fluorescent intensities along multiple line ROIs (assessed on maximum 
z-projections using the line profile tool in LAS-AF software) were background cor-
rected based on signal thresholds and normalized to median. Fractional distances 
were reported relative to the maximum distance from the centre of the nucleus to 
the cell perimeter along a given trajectory. Vesicle tracking during time-lapses was 
performed using TrackMate for Fiji. Fluid phase endocytosis was performed using 
SR101 as previously described (Wubbolts et al., 1996). Colocalization was reported 
as Mander’s coefficients calculated using JACoP for ImageJ. All error bars corre-
spond to SD of the mean. Statistical evaluations report on Student’s T Test (analysis 
of two groups) or one-way ANOVA analyses (analysis of three or more groups), with 
*p<0.05, **p<0.01, ***p<0.001, and ns = not significant. 
Cell Lines and Culturing 
MelJuSo (human melanoma cell line), BJET (human fibroblast), HCT116 (human 
colon carcinoma) and RKO (human colon carcinoma) cells were cultured in IMDM 
(Gibco) supplemented with 7.5% fetal calf serum (FCS, Greiner). Human HEK293T 
cells and HeLa cells were cultured in DMEM (Gibco) supplemented with 7.5% fetal 
calf serum (FCS, Greiner). Monocytes were isolated from human blood using CD14 
microbeads, and differentiated into macrophages (M-CSF, 50ng/ml, for 9 days) and 
immature dendritic cells (IL4 (800U/ml), GM-CSF (1000U/ml) for 6 days) by A. Thiel-
en, A. Zaal and A. Saris (Sanquin Research). A MelJuSo cell line stably expressing 
TGN46-GFP was used in relevant live cell experiments. 
Antibodies and fluorescent dyes 
(Confocal Microscopy) Rabbit anti-HC (NKI), mouse anti-HC10 (NKI), rabbit anti-hu-
man HLA-DR (Neefjes et al., 1990), mouse anti-TrfR (Invitrogen 905963A), mouse 
anti-EEA1 (mAb 610457, BD transduction laboratories), mouse anti-CD63 NKI-C3 
(Vennegoor and Rumke, 1986), mouse anti-clathrin (X22 CP45, Calbiochem), rab-
bit anti-TGN46 (Thermo Scientific, PA5-23568), rabbit anti-Giantin (Covance PRB-
114C), mouse anti-M6PR (ab2733, Abcam), mouse anti-ubiquitin (mAb, P4D1, sc-
8017, Santa Cruz), rabbit anti-LC3 (Novus Biologic), mouse anti-SQSTM1 (mAb, 
sc-28359, Santa Cruz), goat anti-VAP-A (Santa Cruz), and Rat anti-HA (3F10, Roche) 
were used to stain MHC class I, HLA-DR (Late endosomes/MVBs), EEA1 (Early en-
dosomes), CD63 (Late endosomes), clathrin, TGN46 (Trans Golgi Network), Gian-
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tin (Golgi), M6PR (secretory vesicles), ubiquitin, LC3 (autophagosomes), SQSTM1, 
VAP-A and HA-tagged proteins respectively, followed by secondary anti-Rabbit/
Mouse/Rat Alexa-dye coupled antibodies (Invitrogen) for detection by confocal mi-
croscopy. DAPI (Sigma), Lysotracker deep red (Life Technologies) and Lysotrack-
er green (DND-260, Molecular probes; 0.1μM added for 15-30min before fixation) 
were used to stain the nucleus and lysosomes for detection by confocal microscopy. 
Sulforhodamine 101 (SR101, Sigma), 25μg/ml; Wubbolts et al, 1996) and EGF-Al-
exa555 (100ng/ml, Invitrogen) were used in endocytosis assays. (Flow cytometry) 
anti-HLA-DR (APC) (347403, BD), EGFR (Alexa647) (528, sc-120 Santa Cruz) and 
anti-CD63 (NKI-C3) (DyLight647 conjugated, Thermo Scientific) were used to stain 
MHC class II, EGFR and CD63 at the cell surface. (Western Blotting) mouse anti 
TfR (905963A, Invitrogen), rabbit anti-EGFR (Millipore), mouse anti-phosphotyros-
ine (pY; 4G10 Millipore), mouse anti-HLA DRα (1B5, NKI), mouse anti-SQSTM1 
(mAb, sc-28359, Santa Cruz), rabbit anti-Rab9A (NKI), mouse anti-LAMP1 (BD, 
611042), rabbit anti-USP15 (Bethyl, A300-923A), goat anti-TOLLIP (sc27315, Santa 
Cruz), rabbit anti-TAX1BP1 (A303-791A, Bethyl), rabbit anti-EPS15 (pAb, sc-1840, 
Santa Cruz), rabbit anti-mGFP (Rocha et al., 2009), mouse anti-HA (HA.11 (16B12), 
Covance MMS-101R), anti-mRFP (Rocha et al., 2009), rabbit anti-FLAG (F7425, 
Sigma), mouse anti-FLAG M2 (F3165, Sigma) and mouse anti B-actin (AC-2 15, Sig-
ma) followed by secondary Rabbit anti-Mouse-PO (P0161, Dako) or HRP-Protein A 
(10-1023, Invitrogen) were used for detection of endogenous or overexpressed pro-
teins by Western blot. Secondary IRDye 680LT Donkey anti-Goat IgG (H+L) (926-
68024, Li-Cor), IRDye 800CW Goat anti-rabbit IgG (H+L) (926-32211, Li-COR), 
IRDye 800CW Goat anti-mouse IgG (H+L) (926-32210, Li-COR), IRDye 680LT Goat 
anti-rabbit IgG (H+L) (926-68021, Li-COR) and IRDye 680LT Goat anti-mouse IgG 
(H+L) (926-68020, Li-COR) were used for detection using the Odyssey Classic im-
ager (Li-Cor). (Immuno-precipitation) rabbit anti-Tollip (Sigma), rabbit anti-mGFP 
(Rocha et al., 2009), rabbit anti-FLAG (F7425, Sigma), rabbit anti-TAX1BP1 (A303-
791A, Bethyl), rabbit anti-USP15 (Bethyl, A300-923A), mouse anti-SQSTM1 (mAb, 
sc-28359, Santa Cruz) and rabbit anti-EPS15 (pAb, sc-1840, Santa Cruz) were used 
for immuno-precipitation of tagged or endogenous proteins. 
Constructs
RNF26 was amplified from IMAGE: 3507662 and cloned into mRFP-C1, mGFP-C1 
and 2HA-C1 vectors by EcoRI/BamH1 restriction sites. Inactive mutants of RNF26 
(I382R and C401S) were created by site directed mutagenesis. RNF26 ΔTM (aa 
246-433) and RNF26 ΔRING (aa1-352) was amplified from the full length construct 
and cloned into mRFP-C1, mGFP-C1 and/or 2HA-C1 via EcoRI/BamHI Restriction 
sites. GST-RNF26 ΔTM (aa246-433) and GST-RNF26 RING (aa363-433) were 
cloned into pRP265 using BamHI/HindIII restriction sites and used for protein pro-
duction. TOLLIP was cloned into mGFP-C1 and 2xFLAG-C1 by KpnI/HindIII restric-
tion sites. GFP- and FLAG-TOLLIP M240A/F241A (CUE*) was created from the full-
length construct by site directed mutagenesis. GFP-SQSTM1 and GFP-SQSTM1 
ΔUBA (aa1-401) were amplified from Addgene plasmid #28027 and cloned into mG-
FP-C1 or mTurqoise-C1 (Goedhart et al., 2012) using EcoRI/XhoI restriction sites. 
GFP-SQSTM1 P392L (UBA*) was made from the full-length construct by site direct-
ed mutagenesis. TAX1BP1 (IMAGE: 100001732) was cloned into mGFP-C1 using 
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the restriction enzymes Asp718 and BamHI, GFP-TAX1BP1 F737A (UBZ1*) and 
F764A (UBZ2*) were made from the full-length construct by site directed mutagene-
sis. GFP-EPS15, FLAG-EPS15 and FLAG-EPS15 L883A/L885A (UIM*) in pMT2SM 
were a gift from J. Borst (NKI, Amsterdam). USP15 (Addgene plamid #22570) was 
cloned into mRFP-C1 and mGFP-C1 using the restriction enzymes HinDIII and MluI. 
The inactive mutant USP15 C269A was generated from the full-length construct by 
site-directed mutagenesis. HA-ubiquitin in pcDNA3.1 was a generous gift from I. 
Dikic (Institute for Biochemie II, Frankfurt). mTurquoise-Ub was cloned into mTur-
quoise-C1 (Goedhart et al., 2012) using HindIII/Asp718I restriction sites. TGN46-
GFP was amplified from IMAGE: 53117823 and cloned into mGFP-N1 by EcoRI/
BamH1 restriction sites. GFP-Rab14 was cloned into eGFP-C1 (Kuijl et al., 2013). 
GFP-Rab7 was described before (I. Jordens et al., 2001). GFP-Rab5 was previously 
described (Jordens et al., 2001). All constructs were sequence verified. 
Site directed Mutagenesis 
Forward en reverse primers containing the desired mutations were created. A mix-
ture containing template DNA, 1x Pfu buffer, 20mM dNTPs, 0.6μM forward primer, 
0.6μM reverse primer, 1μl Turbo Pfu Polymerase filled to 50μl with DEPC was am-
plified using the following program: 95°C 2min; (95°C 30s; 52°C 30s; 68°C 13min 
+ 2min/Kb) x 20 cycles; 68°C 20min; 4°C forever. 20μl amplified product was incu-
bated with 2μl DpnI (Thermo scientific) for 4hrs at 37°C to digest the template DNA. 
The mutated DNA was transformed into DH5α using 2xYT medium to increase the 
amount of the mutated constructs. 
siRNA transfection 
Sequences of the siRNA oligos targeting RNF26 used in this study are given in 
the table below. In all cases siRNF26_1 was used unless otherwise indicated. For 
rescue experiments, siRNF26 3’UTR was used. Gene silencing was performed in a 
24 well plate using 50μl siRNA (500nM stock) mixed with 0.75μl DharmaFECT1 #1 
(Dharmacon) diluted in 49.25μl IMDM. Transfections performed in other dish/well 
volumes were scaled up according to media volume appropriate for standard cul-
turing. In case of double or triple siRNA transfections a final concentration of 50nM 
in a 1:1 (or 1:1:1) ratio of the different siRNA duplexes was used. The mixture was 
incubated for 20min on a shaker followed by the addition of 28,000 MelJuSo cells in 
IMDM and cultured for three days at 37°C and 5%CO2 before analysis. Non-target-
ing siRNA (siCTRL, D-001206-13-20, Dharmacon) was used as a negative control. 
RNF26 interacting proteins EPS15, TAX1BP1, TOLLIP, SQSTM1 and USP15 were 
silenced using siRNAs from the siGenome SMARTpool library (Dharmacon).
Gene 	 siRNA sequence (sense) 
RNF26_1 (siGENOME D-007060-17) 	 GAGAGGAUGUCAUGCGGCU 
RNF26_2 (siGENOME D-007060-04) 	 GCAGAUCAGAGGCAGAAGA 
RNF26 3’UTR (Custom, Thermo Sci) 	 CAGGAGGGAUAACCGGAUUUU 

Author Contributions
M.J. and I.B. designed, conducted and interpreted the majority of the experiments 
and prepared the manuscript. R.H.W. performed the experiments in Figures 3C and 
S3C and advised on data presentation throughout the manuscript. P.V. and G.J. per-



70

Chapter 3

formed mass spectrometry on prepared samples. L.J. and M.M. provided technical 
support, H.J. advised on endosome morphology, and M.G. contributed to the study 
of TOLLIP function on late endosomes. R.S. discussed the results throughout the 
project. J.N. supervised the project, and all authors edited the manuscript.
Acknowledgments
We thank Jannie Borst for valuable discussions and critical reading of the manu-
script and B. van den Broek for help with the Cell Profiler software. We also thank the 
NKI Protein Production Facility and L. Oomen and L. Brocks for Microscopy Facility 
support, and particularly L. Oomen for advice on TrackMate software. This work was 
supported by the ICI, an NWO Gravitation project funded by the Ministry of Educa-
tion, Culture and Science of the Netherlands and an ERC Advanced Grant awarded 
to J.N.; I.B. and M.G. were recipients of long-term EMBO fellowships.
 
References
1.	 R. M. Rios, M. Bornens, The Golgi apparatus at the cell centre. Curr Opin Cell Biol 15, 60-66 
(2003).
2.	 J. Thyberg, S. Moskalewski, Role of microtubules in the organization of the Golgi complex. 
Exp Cell Res 246, 263-279 (1999).
3.	 F. Valderrama et al., Actin microfilaments are essential for the cytological positioning and 
morphology of the Golgi complex. Eur J Cell Biol 76, 9-17 (1998).
4.	 S. Waguri et al., Visualization of TGN to endosome trafficking through fluorescently labeled 
MPR and AP-1 in living cells. Mol Biol Cell 14, 142-155 (2003).
5.	 C. Raiborg, H. Stenmark, The ESCRT machinery in endosomal sorting of ubiquitylated mem-
brane proteins. Nature 458, 445-452 (2009).
6.	 G. Scita, P. P. Di Fiore, The endocytic matrix. Nature 463, 464-473 (2010).
7.	 J. S. Blum, P. A. Wearsch, P. Cresswell, Pathways of antigen processing. Annu Rev Immunol 
31, 443-473 (2013).
8.	 L. M. Traub, J. S. Bonifacino, Cargo recognition in clathrin-mediated endocytosis. Cold Spring 
Harb Perspect Biol 5, a016790 (2013).
9.	 J. Huotari, A. Helenius, Endosome maturation. The EMBO journal 30, 3481-3500 (2011).
10.	 L. A. Sadacca, J. Bruno, J. Wen, W. Xiong, T. E. McGraw, Specialized sorting of GLUT4 and 
its recruitment to the cell surface are independently regulated by distinct Rabs. Mol Biol Cell 24, 2544-
2557 (2013).
11.	 S. E. Reed et al., A role for Rab14 in the endocytic trafficking of GLUT4 in 3T3-L1 adipocytes. 
J Cell Sci 126, 1931-1941 (2013).
12.	 I. Rojo Pulido et al., Myosin Va acts in concert with Rab27a and MyRIP to regulate acute 
von-Willebrand factor release from endothelial cells. Traffic 12, 1371-1382 (2011).
13.	 C. Wasmeier, A. N. Hume, G. Bolasco, M. C. Seabra, Melanosomes at a glance. J Cell Sci 
121, 3995-3999 (2008).
14.	 N. Anikeeva, Y. Sykulev, Mechanisms controlling granule-mediated cytolytic activity of cytotox-
ic T lymphocytes. Immunol Res 51, 183-194 (2011).
15.	 R. Wubbolts et al., Opposing motor activities of dynein and kinesin determine retention and 
transport of MHC class II-containing compartments. J Cell Sci 112 ( Pt 6), 785-795 (1999).
16.	 C. M. Schroeder, J. M. Ostrem, N. T. Hertz, R. D. Vale, A Ras-like domain in the light interme-
diate chain bridges the dynein motor to a cargo-binding region. Elife 3, e03351 (2014).
17.	 I. Jordens et al., The Rab7 effector protein RILP controls lysosomal transport by inducing the 
recruitment of dynein-dynactin motors. Current biology : CB 11, 1680-1685 (2001).
18.	 G. Cantalupo, P. Alifano, V. Roberti, C. B. Bruni, C. Bucci, Rab-interacting lysosomal protein 
(RILP): the Rab7 effector required for transport to lysosomes. The EMBO journal 20, 683-693 (2001).
19.	 C. Raiborg et al., Repeated ER-endosome contacts promote endosome translocation and 
neurite outgrowth. Nature 520, 234-238 (2015).
20.	 C. Rosa-Ferreira, S. Munro, Arl8 and SKIP act together to link lysosomes to kinesin-1. Dev 
Cell 21, 1171-1178 (2011).
21.	 S. C. Helle et al., Organization and function of membrane contact sites. Biochim.Biophys.Acta 



71

An ER-associated pathway defines endosomal architecture for controlled cargo transport

3

1833, 2526-2541 (2013).
22.	 N. Rocha et al., Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7-
RILP-p150 Glued and late endosome positioning. J.Cell Biol. 185, 1209-1225 (2009).
23.	 R. van der Kant et al., Late endosomal transport and tethering are coupled processes con-
trolled by RILP and the cholesterol sensor ORP1L. J Cell Sci 126, 3462-3474 (2013).
24.	 A. A. Rowland, P. J. Chitwood, M. J. Phillips, G. K. Voeltz, ER contact sites define the position 
and timing of endosome fission. Cell 159, 1027-1041 (2014).
25.	 P. Paul et al., A Genome-wide multidimensional RNAi screen reveals pathways controlling 
MHC class II antigen presentation. Cell 145, 268-283 (2011).
26.	 Y. Qin et al., RNF26 temporally regulates virus-triggered type I interferon induction by two 
distinct mechanisms. PLoS pathogens 10, e1004358 (2014).
27.	 R. J. Deshaies, C. A. Joazeiro, RING domain E3 ubiquitin ligases. Annual review of biochem-
istry 78, 399-434 (2009).
28.	 A. Benmerah, M. Bayrou, N. Cerf-Bensussan, A. Dautry-Varsat, Inhibition of clathrin-coated 
pit assembly by an Eps15 mutant. Journal of cell science 112 ( Pt 9), 1303-1311 (1999).
29.	 B. Morriswood et al., T6BP and NDP52 are myosin VI binding partners with potential roles in 
cytokine signalling and cell adhesion. Journal of cell science 120, 2574-2585 (2007).
30.	 G. Ankem et al., The C2 domain of Tollip, a Toll-like receptor signalling regulator, exhibits 
broad preference for phosphoinositides. Biochem.J. 435, 597-608 (2011).
31.	 B. Ciani, R. Layfield, J. R. Cavey, P. W. Sheppard, M. S. Searle, Structure of the ubiquitin-as-
sociated domain of p62 (SQSTM1) and implications for mutations that cause Paget’s disease of bone. J 
Biol Chem 278, 37409-37412 (2003).
32.	 M. Lippai, P. Low, The Role of the Selective Adaptor p62 and Ubiquitin-Like Proteins in Auto-
phagy. Biomed.Res.Int. 2014, 832704 (2014).
33.	 K. Schweitzer, P. M. Bozko, W. Dubiel, M. Naumann, CSN controls NF-kappaB by deubiquiti-
nylation of IkappaBalpha. EMBO J 26, 1532-1541 (2007).
34.	 P. J. Eichhorn et al., USP15 stabilizes TGF-beta receptor I and promotes oncogenesis 
through the activation of TGF-beta signaling in glioblastoma. Nat Med 18, 429-435 (2012).
35.	 S. Mitra, C. A. Traughber, M. K. Brannon, S. Gomez, D. G. Capelluto, Ubiquitin interacts with 
the Tollip C2 and CUE domains and inhibits binding of Tollip to phosphoinositides. J Biol Chem 288, 
25780-25791 (2013).
36.	 E. Klapisz et al., A ubiquitin-interacting motif (UIM) is essential for Eps15 and Eps15R ubiquiti-
nation. J Biol Chem 277, 30746-30753 (2002).
37.	 H. Iha et al., Inflammatory cardiac valvulitis in TAX1BP1-deficient mice through selective 
NF-kappaB activation. EMBO J 27, 629-641 (2008).
38.	 A. Sorkin, Ubiquitination without E3. Mol Cell 26, 771-773 (2007).
39.	 R. van der Kant, J. Neefjes, Small regulators, major consequences - Ca(2)(+) and cholesterol 
at the endosome-ER interface. J.Cell Sci. 127, 929-938 (2014).
40.	 C. Watts, The endosome-lysosome pathway and information generation in the immune sys-
tem. Biochim Biophys Acta 1824, 14-21 (2012).
41.	 I. Mellman, Y. Yarden, Endocytosis and cancer. Cold Spring Harb Perspect Biol 5, a016949 
(2013).
42.	 D. E. Johnson, P. Ostrowski, V. Jaumouille, S. Grinstein, The position of lysosomes within the 
cell determines their luminal pH. J Cell Biol 212, 677-692 (2016).
43.	 F. Fazioli, L. Minichiello, B. Matoskova, W. T. Wong, P. P. Di Fiore, eps15, a novel tyrosine 
kinase substrate, exhibits transforming activity. Mol Cell Biol 13, 5814-5828 (1993).
44.	 L. Ling, D. V. Goeddel, T6BP, a TRAF6-interacting protein involved in IL-1 signaling. Proc Natl 
Acad Sci U S A 97, 9567-9572 (2000).
45.	 L. Calderilla-Barbosa et al., Interaction of SQSTM1 with the motor protein dynein--SQSTM1 is 
required for normal dynein function and trafficking. J Cell Sci 127, 4052-4063 (2014).
46.	 S. B. Shields et al., ESCRT ubiquitin-binding domains function cooperatively during MVB 
cargo sorting. J Cell Biol 185, 213-224 (2009).
47.	 C. M. Pickart, Ubiquitin enters the new millennium. Mol Cell 8, 499-504 (2001).
48.	 M. J. Clague, H. Liu, S. Urbe, Governance of endocytic trafficking and signaling by reversible 
ubiquitylation. Developmental cell 23, 457-467 (2012).

 



72

Chapter 3

H
eL

a 
(c

er
vi

ca
l)

BJ
ET

 (�
br

ob
la

st
)

H
CT

11
6 

(c
ol

on
)

RK
O

 (c
ol

on
)

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

PM

PM

PM

PM

n=6 n=6 n=6

n=4

n=4

n=4 n=5 n=5 n=5 n=5

n=5 n=5 n=5 n=5

n=5 n=5 n=5n=5

n=5 n=5
(445) (483) (560) (346) (169)

(311) (394) (255) (186) (140)

(277) (305) (127) (302) (293)

(192) (528) (199) (297) (226)

41 2 3 5

41 2 3 5

41 2 3 5

Fr
ac

tio
na

l D
is

ta
nc

e
Fr

ac
tio

na
l D

is
ta

nc
e

Fr
ac

tio
na

l D
is

ta
nc

e
Fr

ac
tio

na
l D

is
ta

nc
e

41 2 3 5

im
m

at
ur

e 
D

Cs

0

0.5

1.0 PM
n=4n=5 n=5 n=5 n=5

(318) (497) (136) (191) (333)

41 2 3 5

Fr
ac

tio
na

l D
is

ta
nc

e

4087071

EEA1 ( 1) CD63 ( 2) TGN46 ( 4)TfR ( 3) Giantin ( 5)

M
ac

ro
ph

ag
e 

0

0.5

1.0 PM
n=5 n=5 n=5n=5 n=5

(279) (430) (241) (174) (253)

41 2 3 5

Fr
ac

tio
na

l D
is

ta
nc

e

M
on

oc
yt

es
 (b

lo
od

)

0

0.5

1.0 PM
n=5 n=5 n=5 n=5n=5

(232) (436) (178) (441) (383)

41 2 3 5

Fr
ac

tio
na

l D
is

ta
nc

e

Max z-Project

90º

Figure S1. A wallpaper showing endosomal and Golgi distribution in various cell types, related 
to Figure 1. Intracellular distribution of early endosomes (EEA1 (1), green), LEs/Lysosomes (CD63 (2), 
green), recycling endosomes (TfR (3), green), Trans-Golgi network (TGN46 (4), green), and Golgi (Gian-
tin (5), green) in various cell lines (3 human primary immune cells (monocytes, macrophages and imma-
ture dendritic cells and 4 human cell lines including the primary BJET fibroblast cell line). Representative 
maximum z-projection (3D) overlays with nuclear DAPI (blue) and their corresponding z-cross sections 
along the demarcated line are shown below the X-Y images. Cell boundaries are depicted in dashed lines. 
Fractional distance analysis of marked vesicles in various cell lines are shown (right panels) reported as 
distance of pixels from nucleus = faction of distance from nucleus to the plasma membrane (max 1.0); 
mean shown in red. Numbers below the figure relate to the marker proteins indicated above the microsco-
py images; N=2. Scale bars = 10 µm; n= # of cells analyzed per condition, with # of data points analyzed 
per condition given in parenthesis.
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Figure S2. Effect of 
RNF26 depletion on 
the expression and 
distribution of various 
marker proteins, relat-
ed to Figure 2. (a) Mel-
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panels) transfected with 
siRNA against RNF26 
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(EEA1, green), LEs/Lysosomes (CD63, green), recycling endosomes (TfR, green), Trans-Golgi network 
(TGN46, green) and the Golgi (Giantin, green) are shown. Representative maximum z-projection (3D) 
overlays with nuclear DAPI (blue) and their corresponding z-cross sections along the demarcated line 
are shown below the X-Y images. Cell boundaries are depicted in dashed lines; N=2. (b) Intracellular 
distribution of various markers and cargoes in HeLa cells in response to RNF26 depletion (siRNF26), 
shown in A, presented as fractional distances with mean shown in red. For MelJuSo cells, see Figure 2a. 
(c) Cell surface expression of various markers in RNF26-depleted MelJuSo cells (left panels, MHC class 
II (HLA-DR), MHC class I (HLA-ABC), M6PR and CD63) or HeLa cells (right panels, EGFR, MHC class 
I (HLA-ABC), M6PR and CD63) analyzed by flow cytometry; N=3. (d) Total levels of endosomal marker 
proteins and cargoes in MelJuSo cells depleted of RNF26 (siRNF26) compared to control cells (siC) ana-
lyzed by SDS-PAGE and WB using Actin as loading control. Lysosomes (LAMP1); recycling endosomes 
(TfR); MIIC (MHC class II: HLA-DRa) and (late)-endosomes (Rab9). (e) Total cellular abundance of EGFR 
in HeLa cells depleted of RNF26 (siRNF26) compared to control cells (siC) analyzed by SDS-PAGE and 
WB using TfR as loading control; N=3. Scale bars = 10 µm; n= # of cells analyzed per condition, N= # 
independent experiments, error bars = SD
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Figure S3. The RING domain of RNF26 mediates its localization and function, related to Figure 3. 
(a) Sequence comparison of the RNF26 RING domain with the RING domains of three other structurally 
related E3-ligases (BRCA1, CBL and TRIM13). The amino acids required for the Zn2+ positioning are in-
dicated in yellow; amino acids mutated to inactivate RNF26 are indicated with * (Iso 382 and Cys 401). (b) 
(top) Schematic overview of the RNF26 RING domain: residues Iso382 and Cys401 mutated in this study 
are indicated in red. (bottom) RFP-RNF26 and its inactive mutants, co-expressed with HA-Ubiquitin in 
HEK293 cells, were immunoprecipitated under harsh lysis conditions, separated by SDS-PAGE and ana-
lyzed by WB to visualize the associated modifications with HA-Ub (left panel). Whole-cell lysate (WCL) 
controls are shown on the right. (c) RFP-RNF26 or the indicated mutants (magenta) were expressed in 
MelJuSo cells and co-stained for VAP-A (green) to label the ER or with Ubiquitin (green). Zoom-in of the 
indicated region illustrates effective co-labeling of WT, but not catalytically incompetent RNF26 with Ub. 
(d) Effect of ectopical expression of RNF26 or its inactive mutant I382R on the size and eccentricity in 
either MelJuSo (left panels) or HeLa cells (right panels) (mean shown in red); N=2. n= # of cells analyzed 
per condition, N= # independent experiments, error bars = SD. Scale bar = 10 µm.
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Figure S4. Isolation and characterization of proteins associated to the RNF26 cytoplasmic domain, 
related to Figure 4 (a) (left) Isolation and characterization of RNF26 associated proteome interacting with 
its RING domain. Two GST-tagged RNF26 tails (aa304-433 and aa363-433) including the RING domain 
were used (last two lanes) and compared to GST-tag only as a control (first lane). The Silver-stained gel 
(including marker lane) with bands isolated and identified by mass spectrometry marked as indicated. 
(right) Table showing the number of unique identified peptides (#pts) corresponding to RNF26 and its 
interacting partners TAX1BP1, SQSTM1, EPS15, TOLLIP and USP15 that were absent in the GST-only 
control lane. (bottom) Zoom-in of identified endogenous proteins along with marker proteins for their ve-
sicular localization in MelJuSo cells. EPS15 (green) marks clathrin-coated vesicles (clathrin, red); TOLLIP 
(green) locates to late endosomes (CD63, red); TAX1BP1 partially co-localizes with secreted M6PR (red) 
and SQSTM1 locates to autophagosomes (LC3, red). (b) Effect of protein depletion (identified in A) on 
cell size and shape (eccentricity) in MelJuSo cells compared to control cells (siC) with mean shown in red; 
N=2. (c) Fractional distance analysis of CD63 marked late endosomes in MelJuSo cells after silencing 
one or multiple ubiquitin adaptors identified. Mean in red and statistical significance relative to the control 
(siC) are indicated. (d) In contrast to other cell types analyzed, RKO tumor cell line displayed unusual 
distribution of CD63 (green, upper panel, see also Figure S1). Overexpression of GFP-TOLLIP in these 
cells re-clusters CD63 positive vesicles (green, bottom panel). Representative maximum z-projection 
(3D) overlays with nuclear DAPI (blue) and their corresponding z-cross sections along the demarcated 
line are shown below the X-Y images. Cell boundaries are depicted in dashed lines. GFP signal was omit-
ted from the presented image, but use to define the transfected cells. Quantification of perinuclear (PN) 
and peripheral (PP) positioning of CD63 positive vesicles following GFP or GFP-TOLLIP expression; N=2. 
Scale bars = 10 µm; n= # of cells analyzed per condition, N= # independent experiments, error bars = SD
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Figure S5. RNF26 interacts with ubiquitin-binding domains of vesicle adaptors, and USP15 reduc-
es co-localization of RNF26 and SQSTM1, related to Figures 5 and 6, respectively. (a) (Top panel) 
Complex formation between HA-RNF26 and either GFP-TAX1BP1 or its mutants UBZ* and UBZ2*. (bot-
tom panel) Complex formation between RFP-RNF26 and either FLAG-EPS15 or its mutant UIM*. WCL: 
whole-cell lysate. For quantification of complex formation under the above and other conditions, see 
Figure 5D. (b) HeLa cells expressing active (top panel) or inactive (bottom panel) HA-RNF26 (red) along 
GFP-USP15 or its inactive mutant GFP-C269A  (green) were stained for endogenous SQSTM1 (blue). 
A three-color overlay of a representative cell is shown in the top image for each condition and a zoom-in 
of the indicated perinuclear (PN) region for SQSTM1 and HA-RNF26 or its mutants is indicated below. 
Arrows point towards locations of colocalization of RNF26 and SQSTM1. Quantification appears in Figure 
6D; N=2, scale bar = 10 µm.
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Figure S6. Vesicle Adaptors EPS15, TOLLIP and TAX1BP1 colocalize with SQSTM1 at RNF26-Pos-
itive Sites on the ER, related to Figure 7. (a) Co-localization of GFP-TOLLIP (top panels), GFP-EPS15 
(middle panels) or GFP-TAX1BP1 (bottom panels) with wild-type HA-RNF26 (red) versus catalytically 
inactive I382R (red) and SQSTM1 (blue) is shown as representative 3-color overlays and insets with their 
corresponding individual channels. Co-staining against LC3 is shown to the right. For dynamics of adap-
tor-selected vesicles associated with the RNF26/SQSTM1 complex see Figures 7 and S7. (b) Quantifica-
tion of (a) Co-localization (Mander’s overlap) of either RNF26 (HA, black bars) or SQSTM1 (white bars) 
with GFP-TOLLIP (left), GFP-EPS15 (middle) or GFP-TAX1BP1 (right) is given for cells expressing the 
active (WT) or inactive (IR) form of RNF26. N=2. (c) Complex formation between endogenous SQSTM1 
and either FLAG-TOLLIP or its mutant CUE*.  WCL: Whole-cell lysate. Scale bars = 10 µm; N= # inde-
pendent experiments; shown are the mean + error bars = SD
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Figure S7. RNF26/SQSTM1 Complex Retains Adaptor-Selected Vesicles in the Perinuclear Cloud, 
related to Figure 7. (a) Overlay confocal frame insets of selected perinuclear (PN) and peripheral (PP) 
regions from time-lapses of HeLa cells co-expressing TRQ-SQSTM1 (blue) and GFP-TAX1BP1 (top, 
green), GFP-TOLLIP (middle and bottom, green) in the presence of either RFP-RNF26 (red) or RFP-
∆RING (red), as indicated. Quantification appears in Figure 7C. See also Movies S6A and S6B. (b) Sche-
matic illustration of the suggested interaction between RNF26 and RNF26-∆RING with SQSTM1 and the 
adaptors on vesicles. Colors correspond to the proteins as shown in (a). Snap shots of HeLa cells ex-
pressing RFP-RNF26 (top panels, red) or mutant RFP-RNF26∆RING (bottom panel, red), TRQ-ubiquitin 
(blue) and GFP-TOLLIP (green). Three-color zoom-ins and Ubiquitin single (gray) images of a time lapse 
of the perinuclear region are shown. Quantification appears in Figure 7C. Scale bars = 10µm. 


