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RNF26 binds perinuclear vimentin filaments to
integrate ER and endolysosomal responses to
proteotoxic stress
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Abstract

Proteotoxic stress causes profound endoplasmic reticulum (ER)
membrane remodeling into a perinuclear quality control compart-
ment (ERQC) for the degradation of misfolded proteins. Subsequent
return to homeostasis involves clearance of the ERQC by endolyso-
somes. However, the factors that control perinuclear ER integrity
and dynamics remain unclear. Here, we identify vimentin interme-
diate filaments as perinuclear anchors for the ER and endolyso-
somes. We show that perinuclear vimentin filaments engage the
ER-embedded RING finger protein 26 (RNF26) at the C-terminus of
its RING domain. This restricts RNF26 to perinuclear ER subdomains
and enables the corresponding spatial retention of endolysosomes
through RNF26-mediated membrane contact sites (MCS). We find
that both RNF26 and vimentin are required for the perinuclear coa-
lescence of the ERQC and its juxtaposition with proteolytic com-
partments, which facilitates efficient recovery from ER stress via
the Sec62-mediated ER-phagy pathway. Collectively, our findings
reveal a scaffolding mechanism that underpins the spatiotemporal
integration of organelles during cellular proteostasis.
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Introduction

In mammalian cells, the perinuclear region stages a get-together for

diverse membranous organelles that collectively execute essential

processes of cellular biology (Neefjes et al, 2017; Cohen et al, 2018).

For instance, perinuclear localization of the “rough” endoplasmic

reticulum (ER), Golgi, mitochondria, and endolysosomes has been

associated with diverse cellular functions ranging from biosynthesis

and energy production (Bravo et al, 2011; Leitman et al, 2013) to

nutrient sensing and degradation (Korolchuk et al, 2011; Johnson

et al, 2016; Starling et al, 2016), modulation of signaling responses

(Jia & Bonifacino, 2019; Cremer et al, 2021), and maintenance of

cell polarity (Ang & Fölsch, 2012). However, mechanisms driving

cross-compartmental integration in perinuclear space remain elu-

sive. Transport and anchorage of organelles in cellular space are

known to involve various cytoskeletal elements and molecular

motors. While the roles of microtubule and actin networks with

respect to organellar organization and motility have been exten-

sively studied (Hirokawa et al, 2009; Reck-Peterson et al, 2018; Svit-

kina, 2018), contributions of intermediate filaments (IFs) in this

context are only beginning to emerge (Chang et al, 2009; Lowery

et al, 2015; Schwarz & Leube, 2016). In this study, we identify a key

role for vimentin IFs as perinuclear anchors for the ER and endoly-

sosomes and reveal its dynamic molecular interplay with the ER-

embedded protein RNF26 in the context of the ER stress response.

The ER is a master coordinator of cellular homeostasis (Goyal &

Blackstone, 2013). To facilitate its breadth of function, the ER mem-

brane network is divided into biochemically and morphologically

distinct regions (Goyal & Blackstone, 2013; Leitman et al, 2013;

Westrate et al, 2015). The densely packed perinuclear ER segment

accommodates protein biosynthesis, folding, and quality control, as

well as forms the front line of stress responses, while the dynamic

peripheral network of ER tubules manages calcium sensing and

uptake (Wu et al, 2018; Cremer et al, 2020). The perinuclear ER

subdomain is rich in ER sheets and is defined by the presence of

CLIMP63, a coiled-coil protein that acts as a luminal spacer between

opposing membranes and integrates various signals to affect ER
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morphology (Vedrenne et al, 2005; Shibata et al, 2010; Shen

et al, 2019; Sandoz et al, 2023). Much of the enquiry into the mecha-

nisms of perinuclear ER organization has been focused on the con-

tributions of the microtubule network and its associated proteins. In

addition to CLIMP63, previous studies have identified Kinectin,

p180/RRBP1, VIMP, and the long isoform of Syntaxin 5 as potent

microtubule binding organizers of the ER (Klopfenstein et al, 1998;

Ogawa-Goto et al, 2007; Miyazaki et al, 2012; Noda et al, 2014;

Zheng et al, 2022). Movement of ER membranes is also driven by

the microtubule network, either through direct interactions with

microtubules themselves, binding of their associated motor proteins,

or hitchhiking along with other organelles utilizing these transport

highways (Waterman-Storer & Salmon, 1998; Rodriguez-Garcia

et al, 2020; Spits et al, 2021). With respect to the latter, it is becom-

ing clear that physical contacts between the ER and endolysosomes

have a profound impact on ER organization and dynamics (Lu

et al, 2020; Spits et al, 2021). Interactions between organelles take

place at specialized membrane contact sites (MCSs) driven by

reversible in trans pairings of dedicated tether proteins (Eisenberg-

Bord et al, 2016; Wu et al, 2018). Besides influencing organelle

motility, these physical interactions provide unique opportunities

for communication and material exchange (Prinz et al, 2020), and

ER MCSs are well-established to play important roles in lipid

homeostasis and calcium signaling (Jain & Holthuis, 2017; Cremer

et al, 2020). To effectively integrate its plethora of functions, the ER

network is subject to continuous remodeling.

As the organelle responsible for production of all membrane and

secretory proteins, the ER regularly experiences proteotoxic stress,

which is implicated in various human pathologies (Hetz &

Saxena, 2017; Ren et al, 2021; Ajoolabady et al, 2023). During times

of stress, the ER relies heavily on compartmentalization to segregate

misfolded proteins away from the healthy ER segments and ensure

their efficient clearance through the ER quality control compartment

(ERQC) (Leitman et al, 2013; Oikonomou & Hendershot, 2020).

Here, concentration of chaperone-bound misfolded substrates with

the ER-associated protein degradation (ERAD) machinery promotes

their ubiquitin-dependent disposal by proteasomes and thus facili-

tates return to homeostasis (Leitman et al, 2014). When the ER

stress response enters the resolution phase, additional clearance

mechanisms are engaged, which include direct engulfment of excess

ER membranes and chaperones by endolysosomes via the Sec62-

mediated ERphagy pathway (Reggiori & Molinari, 2022). Yet, the

molecular mechanisms underpinning formation and disposal of

the perinuclear ERQC domains remain unclear. We have previously

shown that perinuclear congregation of proteolytic compartments is

instructed by the ER-embedded ubiquitylation complex comprised

of the E3 ligase RING finger protein 26 (RNF26) and its cognate con-

jugating enzyme UBE2J1 (Jongsma et al, 2016; Cremer et al, 2021).

RNF26 resides in the perinuclear ER membrane, and this feature

enables it to spatially restrict various endolysosomal species by

attracting ubiquitin-binding vesicle adaptors through a ubiquitin-

dependent ER MCS (Jongsma et al, 2016). However, what ensures

the perinuclear retention of RNF26—and that of other ER

membrane-embedded proteins—is unknown. Moreover, whether

RNF26 and its molecular partners contribute to the global gover-

nance of ER architecture and dynamics has not been explored.

Here, we reveal that the vimentin cytoskeleton collaborates with

RNF26 to maintain the integrity of the perinuclear ER subdomain

and promote the architecture and function of the endolysosomal

cloud. We observe that perinuclear vimentin filaments preferentially

engage RNF26 in its catalytically inactive state through a direct inter-

action involving the C-terminus of its atypical RING domain. This

interaction restricts RNF26 within the perinuclear ER segment,

where its ubiquitin ligase activity then enables the corresponding

spatial arrangement of endolysosomes in perinuclear space. Through

this dynamic interplay, vimentin and RNF26 guard organellar distri-

bution in steady state and drive acute perinuclear coalescence of ER

with endolysosomes under proteotoxic stress conditions. The

resulting juxtaposition of biosynthetic and proteolytic compartments

in turn facilitates the recovery from ER stress via Sec62-mediated

ERphagy. Vimentin IFs have thus far been appreciated predomi-

nantly for their structural contributions to cell rigidity (Toivola

et al, 2005; Lowery et al, 2015; Etienne-Manneville, 2018) and as

markers of the epithelial-to-mesenchymal transition during cancer

progression (Ivaska, 2011; Usman et al, 2021). Our findings now

position IFs, along with the microtubule and actin networks (Svit-

kina, 2018; Zheng et al, 2022), as dynamic regulators of organellar

compartmentalization and mobilization in response to stress.

Results

RNF26 regulates the integrity of the perinuclear ER subdomain

Under steady-state conditions, adherent cells centralize their mem-

branous organelles in perinuclear (PN) space (Fig 1A). While the

cell’s largest organelle—the ER—extends throughout the cytoplasm,

its membranes tend to pack more densely near the nucleus and

remain less mobile over time, as compared to their highly dynamic

tubule counterparts reaching outwards into the cell periphery (PP)

(Fig 1B, Movie EV1). How perinuclear/peripheral compartmentali-

zation of the ER is established and maintained in molecular terms is

not well-defined. We have previously shown that RNF26 preferen-

tially localizes within the PN ER subdomain and from this vantage

point engages vesicles of the endolysosomal system to control cargo

transport and signaling events (Jongsma et al, 2016). We now found

that loss of RNF26 also disturbs the organization of the ER network

in space and time (Fig 1B–J). Specifically, concentration of ER mem-

branes in the PN region of U2OS cells expressing the fluorescent ER

marker mCherry-KDEL diminished in response to either transient

depletion or complete ablation of RNF26 (Figs 1B and EV1A–C). To

quantify perinuclear localization in an unbiased manner, we devel-

oped a Fiji plugin to calculate the perinuclearity coefficient by com-

paring the average signal intensity per pixel between binned PN and

PP areas (Fig 1C). With this approach, we determined that perinu-

clearity of mCherry-KDEL strongly diminished in live cells where

RNF26 was either silenced or knocked-out (KO) (Figs 1D and

EV1D), while the total area of the cell occupied by the ER network

remained unchanged (Fig 1E). A similar effect was observed in fixed

cells immunolabeled against endogenous VAP-A (Fig EV1E and F).

Furthermore, defective compartmentalization of the ER induced by

loss of RNF26 correlated with altered membrane dynamics, as illus-

trated by enhanced motility of the PN ER segment in RNF26-

depleted cells (Fig 1B and F; Movies EV1 and EV2).

Upon closer inspection of ER morphology, it became evident that

ER sheets, normally retained in the PN region, had spread into the
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periphery of RNF26-depleted cells (Fig 1B and G), without affecting

either the overall abundance of sheets per cell or protein levels of

the ER sheet-associated marker CLIMP63 (Fig 1H and I). Instead,

loss of RNF26 caused marked redistribution of CLIMP63 toward the

cell periphery (Fig EV1G and H), further substantiating a positive

role for RNF26 in the maintenance of PN ER integrity. The PN ER

segment is associated with protein synthesis and quality control,

and as such is highly sensitive to stress. We therefore investigated

whether loss of RNF26 has physiological implications in this con-

text. Indeed, enhanced ER stress-associated splicing of the XBP1

transcript was observed in response to RNF26 depletion (Fig 1J and

K), indicating that the perinuclear architectural changes brought

upon by loss of RNF26 coincide with elevation in basal ER stress.

Taken together, these observations reveal that RNF26 regulates ER

compartmentalization, dynamics, and homeostasis.

RNF26 directly binds vimentin IFs

To understand how RNF26 contributes to the spatiotemporal com-

partmentalization of the ER, we probed the interacting partners of

its soluble C-terminal fragment containing the RING domain (Fig 2A

and B), which was previously established to govern the perinuclear

distribution of RNF26 within the ER membrane (Jongsma

et al, 2016). Among the proteins coprecipitating with purified solu-

ble GST-fusion fragments of RNF26 from cell lysates was vimentin

(Figs 2B and EV2A; Table EV1), a building block of type III IFs

(Herrmann & Aebi, 2016). To examine whether the association

between RNF26 and vimentin can also take place inside the cell, we

employed the proximity biotinylation technique (Branon

et al, 2018). Although biotinylation of endogenous vimentin by the

wild-type RNF26 fused to a promiscuous biotin ligase moiety

TurboID was rather modest, it was still sensitive to the removal of

the RING-containing C-terminal fragment of RNF26 (Fig 2C and D)

used as bait in the identification of vimentin (Fig EV2A). Previously

characterized interactions of RNF26 with the endosomal adaptors

TOLLIP, EPS15, and TAX1BP1 (Fig 2B) have been shown to strongly

rely on the E3 ligase activity of RNF26 (Jongsma et al, 2016). By

contrast, binding of vimentin was instead enhanced by catalytic

inactivation of RNF26, which was achieved through point mutation

of isoleucine 382 to arginine (I382R, Fig 2C and D). This difference

in preference supports a model wherein the RING domain of RNF26

could discriminate between binding partners depending on its activ-

ity status (Fig 2B).

Next, to explore whether RNF26 and vimentin interact directly

with one another, we fluorescently labeled the purified catalytically

inactive RING domain of RNF26, generating Rhodamine-RING-

I382R (304–433) (Fig EV2B). Recovery of Rhodamine-RING-I382R

by recombinant His-tagged vimentin precipitated using Ni-NTA

beads implied direct binding between these proteins (Fig 2E), which

was further supported by the deposition of Rhodamine-RING-I382R

onto in vitro assembled vimentin filaments (Figs 2F and EV2C).

Seeking to pinpoint the region in RNF26 responsible for binding to

vimentin, we consulted the structure prediction software AlphaFold

(Jumper et al, 2021). This revealed a b-sheet at the C-terminus of

RNF26 RING domain, a feature conserved in RNF26 genes across

species but found only in a subset of RING-containing proteins

(Figs 2A and EV2D and E). Strikingly, removal of the last 10 resi-

dues from the C-terminus of catalytically inactive RNF26 (I382R-ΔC)

abrogated proximity-based biotinylation of endogenous vimentin

(Fig 2A and G), suggesting that a productive interaction with

vimentin is mediated by this sequence. Indeed, concentration-

dependent binding of purified vimentin to the Rhodamine-labeled

◀ Figure 1. RNF26 controls ER organization and dynamics.

A Intracellular distribution of organelles at steady state. EM micrograph of a wild-type U2OS cell. Zoom-ins highlight select perinuclear (PN) and peripheral (PP) cell
regions. Scale bar = 1 lm.

B–H Analysis of ER architecture and dynamics as a function of RNF26 in U2OS cells ectopically expressing mCherry-KDEL and transfected with either control siRNA (siC)
or siRNAs targeting RNF26 (siRNF26-1 or siRNF26-2). (B) Time-lapse imaging. Top panels: representative confocal fluorescence images of mCherry-KDEL (white) at
the start of time-lapse t = 0 (top). Middle panels: time color coded overlays of 60x1s frames, each assigned a different color LUT (white–same ER location across all
frames; color—ER movement between frames). Bottom panels: overlays of twice eroded ER sheet masks (magenta) with mCherry-KDEL signal (green). Masks were
generated using ImageJ software. Zoom-ins show select PN and PP regions. Cell and nuclear boundaries are demarcated using dashed and continuous lines,
respectively. Scale bar = 10 lm. See also Movies EV1 and EV2. (C) Strategy for quantifying intracellular distribution of fluorescent signals as perinuclearity ratio.
Space between manually annotated nucleus (N) and plasma membrane (PM) was classified into four bins using a custom Fiji plugin (detailed under Materials and
Methods section). Mean fluorescence intensity (MFI) of bin1 (PN)/bin3 (PP) yields a perinuclearity ratio. (D) Quantification of mCherry-KDEL signal distribution as
perinuclearity ratio, nsiC = 99, nsiR26 = 46 technical replicates from three independent experiments. (E) Quantification of ER occupancy (area) between N and PM
defined as in (C). ER area was calculated using particle analysis on thresholded mCherry-KDEL signal using Fiji. Graph reports nsiC = 29, nsiR26 = 30 technical repli-
cates from three independent experiments. (F) Quantification of perinuclear ER dynamics. Movement of mCherry-KDEL-positive pixels from 5 × 5 lm ROIs binned
into static (0–60 nm/s) or dynamic (61–780 nm/s) vectors using custom membrane displacement analysis (MDA) for Fiji as previously described (Spits et al, 2021),
nsiC = 84, nsiR26 = 147 technical replicates (4 ≥ ROIs per cell, 20 ≥ cells) from three independent experiments. (G) Quantification of ER sheet mask (B, bottom panel)
distribution as perinuclearity ratio (max MFI bin1/bin3 = 100), nsiC = 70, nsiRNF26 = 26 technical replicates from three independent experiments. (H) Quantification
of ER sheet (B, bottom panel) abundance as ER sheet mask area relative to total ER area on the sample set in (E).

I CLIMP63 abundance as a function of RNF26. Top: representative immunoblot of U2OS cells transfected with the indicated siRNAs stained against endogenous
CLIMP63 and Vinculin (loading control). Bottom: quantification of CLIMP63 abundance, normalized to Vinculin and expressed relative to control (siC = 1.0), n = 4
independent experiments.

J, K Effect of RNF26 depletion on basal ER stress using IRE1-mediated XBP1 splicing as a readout. (J) Relative abundance of RNF26 transcript normalized to GAPDH;
n = 3 independent experiments. All transcripts were detected by qPCR. Plots report values relative to control (siC = 1.0). (K) Quantification of IRE1-dependent XBP1
splicing. XBP-s and XBP1 transcripts isolated from U2OS cells transfected with the indicated siRNAs were detected by qPCR, normalized to GAPDH, and expressed
as ratio, n = 3 independent experiments.

Data information: Graphs report mean or median (red line) of sample values (open circles). Significance was assessed using Student’s t-test (E, G and I–K with error bars
reflecting � SD) or Mann–Whitney U test (D, F and H with error bars reflecting median and 95% confidence interval); *P < 0.05, ***P < 0.001, ns: not significant. See also
Fig EV1.
Source data are available online for this figure.
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synthetic peptide of RNF26 containing the C-terminal amino acids

423–433 was observed using fluorescence polarization (Figs 2H and

EV2F). In summary, these results indicate that the C-terminal

sequence of RNF26 is both necessary and sufficient to support a

direct interaction with vimentin and suggest that catalytic inactivity

on the part of RNF26 promotes vimentin binding.

Vimentin controls PN localization of RNF26 and the
endolysosomal system

Vimentin IFs are commonly associated with structural integrity and

mechanical properties of cells. Having identified vimentin as an

interactor of RNF26, which concentrates within the PN ER segment

(Jongsma et al, 2016), we proceeded to investigate whether

vimentin influences distribution of RNF26 in the ER membrane. In

U2OS cells, the vimentin cytoskeleton takes the form of perinuclear

filaments (Fig 3A) and could therefore enable perinuclear anchorage

of RNF26. Upon ectopic expression of wild-type (WT) RNF26, par-

tial colocalization with vimentin structures could be observed,

which increased appreciably upon expression of catalytically inac-

tive RNF26 (I382R) (Fig 3A and B) in agreement with enhanced

complex formation (Fig 2C and D). Also, RNF26-I382R (but not WT)

displayed a pronounced filamentous distribution aligned to vimentin

fibers (Fig 3A), further supporting the notion that inactive RNF26

more stably associates with vimentin (Fig 2C and D). As expected,

removing either the entire RING (ΔRING) domain or only the

vimentin-interacting motif (ΔC) from the C-terminus of RNF26

reduced colocalization with vimentin (Fig 3A and B), even though

all examined variants of RNF26 continued to reside in VAP-A-

positive ER membranes (Fig 3A and C). In line with our hypothesis

on the role of vimentin IF filaments as perinuclear anchors for

RNF26, we found that perinuclearity of RNF26 was negatively

affected upon removal of either its RING domain or the vimentin-

interacting motif (Fig 3D). Reciprocally, overexpression of full-

length RNF26, especially in its catalytically inactive form, was found

to draw vimentin further into the PN area (Fig 3E), while removal of

RNF26 caused redistribution of the vimentin network throughout

cytoplasmic space (Fig 3F and G) without affecting overall vimentin

abundance (Fig 3H). Altogether, these results suggest a spatial code-

pendency between RNF26 and the vimentin cytoskeleton for peri-

nuclear localization.

We next tested whether the presence of vimentin is critical for the

perinuclear retention of RNF26 by examining the effects of vimentin

ablation. Wild-type RNF26 was found to disperse throughout the ER

in vimentin KO cells (Fig 4A and B), resulting in a marked reduction

of RNF26 perinuclearity and a corresponding increase in positivity of

the general ER marker VAP-A for RNF26 (Fig 4C and D). However,

positivity of RNF26 for VAP-A in the same cells remained unchanged

(Fig 4D), indicating that RNF26 continued to reside in the ER. In par-

allel, catalytically inactive RNF26 lost its perinuclear filamentous dis-

tribution upon vimentin ablation and formed aggregate-like clusters

(Fig EV3A and B) that resembled the appearance of I382R-ΔC mutant

of RNF26 in parental cells (Fig EV3C). Aggregates induced by

vimentin ablation could in turn be rescued by reintroduction of

vimentin into KO cells (Fig EV3A), confirming vimentin dependency.

Taken together, these results indicate that vimentin is required for

steady-state retention of RNF26 within the PN ER subdomain in both

enzymatically active and inactive states.

Since RNF26 informs perinuclear localization of the endolyso-

somal cloud, we next investigated the impact of vimentin ablation

in this context. As predicted, loss of vimentin phenocopied RNF26

silencing, leading to the dispersion of early and late endosomal com-

partments carrying markers EEA1 (Fig EV3D and E) and LAMP1

(Figs 4E and F, and EV3F–H), respectively. Furthermore, perinuclear

arrangement of LAMP1-positive structures, disturbed in response to

vimentin ablation, was readily rescued by re-expression of vimentin

in vimentin KO cells (Fig 4E and F), indicating that the presence of

this cytoskeletal element spatially constrains vesicles of the endoly-

sosomal system. We have previously demonstrated that clustering

of endolysosomes in perinuclear space promotes trafficking of endo-

cytosed cargoes toward proteolytic compartments (Jongsma

et al, 2016). Therefore, we examined whether vimentin influences

◀ Figure 2. RNF26 C-terminus interacts directly with vimentin.

A Top: Schematic representation of RNF26 domain organization and constructs used for cell-based assays in this study. TMD: transmembrane domains; RING: E3
ubiquitin ligase domain containing I382 (red line) crucial for catalytic activity and C-terminal extension (red bar). Bottom: primary structure homology analysis of
C-terminal residues 423–433 of RNF26 in human, pig, bovine, mouse, chicken, and zebrafish species. Red residues indicate full conservation.

B Protein interactome of the RING domain of RNF26. Top: methodology of interactor identification by ms/ms in co-precipitates of recombinant RNF26 fragment GST-
RNF26 (304–433) from human melanoma (MelJuSo) cells. Left: select interactors of RNF26 RING domain. Right: working model. Enzymatically active RNF26 ubiquiti-
nates SQSTM1 to recruit endosomal adapters in a ubiquitin-dependent membrane contact site described previously. Conversely, enzymatically inactive RNF26
binds vimentin IFs. See also Table EV1.

C, D Proximity biotinylation of endogenous vimentin by 2HA-TurboID-RNF26, catalytically inactive point mutant (I382R), or RING domain truncation mutant (ΔRING) in
HeLa cells following 30-min incubation with biotin prior to lysis. (C) Representative immunoblots of neutravidin precipitates and lysate inputs stained against HA
and vimentin. (D) Quantifications of vimentin biotinylation by 2HA-TurboID-RNF26 and mutants normalized to auto biotinylated HA-tagged RNF26 species and
expressed relative to RNF26 WT, n = 6 independent experiments performed in U2OS and HeLa cells.

E In vitro co-precipitation of purified recombinant Rhodamine-labeled RING-I382R (304–433) with purified recombinant His-tagged vimentin on Ni-NTA beads.
Rhodamine in-gel fluorescent scan and immunoblot against vimentin are shown, representative of three independent experiments.

F In vitro deposition of Rhodamine-RING-I382R (magenta) on pre-assembled His-vimentin filaments (green). Representative confocal fluorescence images are shown.
Scale bar = 1 lm.

G Proximity-based biotinylation of endogenous vimentin by 2HA-TurboID-I382R, -ΔRING, and -I382R-ΔC lacking amino acids 423–433. Immunoblots of neutravidin
precipitates and lysate inputs against HA and vimentin are shown and are representative of three independent experiments.

H In vitro peptide binding assay. Rhodamine-linked C-terminal peptide of RNF26 (Rho-RGILQTLNVYL) or free Rhodamine were incubated at 10 nM with increasing
concentrations of His-vimentin and binding was measured using fluorescence polarization; n = 3 independent experiments.

Data information: WCL: whole cell lysate. Graphs in (D) and (H) report mean (red line) and SEM (error bars) of sample values (open circles). Significance was assessed
using Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001 (See also Fig EV2).
Source data are available online for this figure.
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endosomal traffic by comparing the fate of nascent endosomes in

parental and vimentin KO cells. In line with the mislocalization of

endolysosomes observed in response to vimentin ablation, transport

of newly acquired materials from extracellular space to proteolytic

compartments was inhibited under these conditions (Fig 4G and H;

Movies EV3 and EV4), signifying that vimentin positively contrib-

utes to the spatiotemporal integrity of the endosomal system. Collec-

tively, the data presented in Figs 3 and 4 demonstrate that vimentin

retains RNF26 in the PN ER segment and correspondingly facilitates

accumulation of endocytic organelles in the perinuclear cloud.

Vimentin regulates ER architecture and dynamics

Our findings discussed thus far suggest that the interplay between

the vimentin cytoskeleton and the ER-embedded RNF26 could regu-

late the integrity of the PN ER subdomain in space and time. Exami-

nation of 3D reconstructions of TEM tomograms collected from a

perinuclear cell region under steady-state conditions revealed close

apposition of ER membranes with intermediate filaments, corre-

sponding to an average distance of about 30 nm (Figs 5A and

EV4A–C; Movie EV5). Since the bulk of vimentin filaments accumu-

lates in the PN cytoplasm (Figs 3A and 5B), we reasoned that peri-

nuclear ER membranes could be immobilized onto the vimentin

network. In support of this, ER membranes closely associated with

vimentin exhibited markedly less mobility than their vimentin-free

counterparts (Fig 5B and C; Movie EV6), leading us to examine

whether vimentin positively regulates ER organization and dynam-

ics. We noted that removal of vimentin dramatically impacted the

PN/PP dichotomy of the ER hallmarked by reduced perinuclearity of

mCherry-KDEL-positive membranes (Fig 5D and E) and VAP-A posi-

tive ER (Fig EV4D and E), while the total ER occupancy in cellular

space remained unaffected (Fig 5F). Furthermore, similar to the phe-

notype observed with RNF26 depletion (Fig 1B and F), cells lacking

vimentin displayed enhanced mobility of the PN ER (Fig 5G;

Movies EV7 and EV8), indicating that the presence of this cytoskele-

tal element restricts PN ER dynamics.

Once again reflecting RNF26 loss-of-function (Figs 1B and G, and

EV1G and H), vimentin ablation resulted in pronounced spreading

of ER sheets and their associated marker CLIMP63 into the cell

periphery (Figs 5D and H, and EV4F and G). Additionally, in con-

trast to the circumstances of RNF26 depletion (Fig 1B and H), the

abundance of ER sheets per cell was also elevated in cells lacking

the vimentin cytoskeleton (Fig 5F), without affecting protein levels

of CLIMP63 (Fig 5I). These observations suggest that vimentin likely

exhibits additional, RNF26-indepent function(s), in ER membrane

remodeling. Overall, however, the effects of vimentin ablation

resembled those incurred with loss of RNF26, indicating that both

RNF26 and vimentin are required to control the spatiotemporal

integrity of the ER and confine its sheet-like structures to the peri-

nuclear subdomain.

Vimentin and RNF26 mediate PN ER rearrangements during
ER stress

The ER adapts its morphology to accommodate a shifting balance of

functions during periods of stress. Cells treated with Tunicamycin to

inhibit N-linked glycosylation and subsequent glycoprotein folding

undergo a pronounced expansion and coalescence of ER membranes

in the PN area (Fig 6A and B). This so-called ER quality control cen-

ter (ERQC) forms in response to unfolded protein response (UPR)

signaling and facilitates segregation and degradation of misfolded

ER proteins. Functions carried out at the ERQC are orchestrated by

chaperones such as calnexin working in concert with the members

of the ERAD machinery, which include the ubiquitin associated pro-

tein HERP1 and the E3 ubiquitin ligase HRD1 (Leitman et al, 2014).

Additionally, it has been demonstrated that PERK-mediated UPR sig-

naling and HERP1 are critical for the establishment of the ERQC

(Kondratyev et al, 2007). In parallel to the ER, endolysosomal com-

partments (carrying the late maturation marker CD63) have been

described to strongly cluster in the perinuclear region following ER

stress (Bae et al, 2019). We noted that cells upregulate RNF26

expression in parallel with that of HERP1 in response to Tunica-

mycin administration (Fig 6C), suggesting a positive role for RNF26

in the ER stress response. Accordingly, we found that ERQC forma-

tion strongly depends on the presence of RNF26 and its perinuclear

anchor vimentin, as cells lacking either protein failed to concentrate

◀ Figure 3. RNF26 colocalizes with the vimentin cytoskeleton via its C-terminal motif.

A–E Analysis of RNF26 sequence determinants with respect to the intracellular distribution of RNF26 and its colocalization with vimentin filaments. (A) Representative
confocal fluorescence images of U2OS cells ectopically expressing RFP-RNF26 (green) wild-type (WT) or mutants (I382R, ΔRING, ΔC), fixed and immunostained
against endogenous vimentin (magenta) and VAP-A (magenta). Indicated single channels and their corresponding color overlays are shown. Zoom-ins highlight PN
regions. (B) Colocalization (Manders’) analysis of RFP-RNF26 and mutants overlap with vimentin. Plot reports nWT = 38, nI382R = 31, nDRING = 34, nDC = 22 cells
analyzed from three independent experiments. (C) Colocalization (Manders’) analysis of RFP-RNF26 and mutants with VAP-A. Plot reports nWT = 29, nI382R = 21,
nDRING = 17, nDC = 16 cells analyzed from three independent experiments. (D) Perinuclearity of RFP-RNF26 as a function of its RING domain determinants. Plot
reports nWT = 72, nI382R = 48, nDRING = 37, nDC = 28 cells analyzed from three independent experiments. (E) Intracellular distribution of vimentin as a function of
RNF26 (mutant) overexpression. Plot reports nWT59, nI382R = 58, nDRING = 36, nDC = 32 technical replicates from three independent experiments. Values capped at
10.

F, G Analysis of vimentin cytoskeleton distribution as a function of RNF26. (F) Representative confocal fluorescence images of control cells, cells silenced for RNF26
(si#1), or RNF26 KO cells. Zoom-ins highlight PN regions. (G) Perinuclearity of vimentin in the presence or absence of RNF26. Plot reports ncontrol = 98,
nsiRNF26 = 132, nRNF26 KO = 41 technical replicates from three independent experiments.

H Vimentin abundance as a function of RNF26. Top: representative immunoblot of U2OS cells transfected with siRNF26#1 stained against endogenous vimentin and
Vinculin (loading control). Same samples as in Fig 1I. Bottom: quantification of vimentin abundance, normalized to Vinculin and expressed relative to control
(siC = 1.0), n = 4 independent experiments.

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. Scale bar = 10 lm. Statistical analyses were performed
using Students’ t-test (B, D and H error bars indicate mean � SD) or Mann–Whitney U test (C, E and G error bars indicate median and 95% confidence interval);
*P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
Source data are available online for this figure.
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calnexin-positive ER membranes in the presence of Tunicamycin

(Figs 6D and E, and EV5A and B). The same detrimental effect on

ERQC formation was observed with depletion of UBE2J1 (Fig 6D

and E), the ubiquitin conjugating enzyme for the ligase activity of

RNF26 (Cremer et al, 2021). Furthermore, RNF26 depletion ren-

dered cells unable to strongly cluster CD63-positive compartments

in the perinuclear region after Tunicamycin treatment (Fig EV5C

and D). Since perinuclear localization of endolysosomes relies on

RNF26-mediated ubiquitylation (Jongsma et al, 2020), these obser-

vations imply that perinuclear coalescence of ER membranes and

endolysosomes in response to proteotoxic stress benefits from the

ubiquitin ligase function of RNF26.

Notably, the absence of either RNF26 or vimentin did not affect

Tunicamycin-induced activation of the UPR through either the

PERK-eiF2a-ATF4-CHOP axis (Fig 6F and G), IRE1-dependent cleav-

age of XBP1 mRNA (Fig EV5E), or ATF6-induced upregulation of

BiP (Fig EV5F), indicating that inability to assemble the ERQC is not

a result of failure to detect ER stress. In fact, Tunicamycin treatment

still upregulated HERP1 after removal of RNF26 or vimentin, indi-

cating that these morphological changes rely on RNF26- and

vimentin-mediated anchoring of the ER (Fig 6F). In parallel, RNF26

and vimentin appear to generally facilitate stress-induced morpho-

logical changes of the ER, as their removal also rendered the ER

unresponsive to cyclopiazonic acid-induced calcium deficiency

(Fig EV5G). These results reveal that RNF26 is necessary to achieve

organellar rearrangements during ER stress in alignment with the

vimentin cytoskeleton.

To further characterize the contribution of the vimentin/RNF26

axis to ER physiology, we examined its interplay with the ERQC

machinery. Striking colocalization between RNF26 and HERP1 (as

well as its homolog HERP2) was observed at discrete ER subdo-

mains, independently of the RING domain of RNF26 (Fig 7A and B).

In line with these observations, HERP1 and HRD1 were readily co-

isolated with full-length RNF26 (wild-type or catalytically inactive)

as well as RNF26 lacking the RING domain (Fig 7C), implying that

transmembrane determinants of RNF26 are sufficient to bring it in

contact with the key players of the ERQC. This was further substan-

tiated by the observations that HERP1-positive ER subdomains

exhibit close juxtaposition to vimentin filaments (Fig 7D and E), and

HERP1 perinuclear distribution is facilitated by both vimentin

and RNF26 (Fig 7F and G). Taken together with the data presented

in Fig 6, these findings indicate that RNF26 and vimentin promote

compartmentalization of the ER quality control machinery in

response to acute proteotoxic stress.

RNF26 and vimentin are required for efficient
Sec62-mediated recovERphagy

Given that RNF26 engages in ER MCSs with proteolytic compart-

ments (Cremer et al, 2021) and regulates formation of the ERQC

(Fig 6), we considered whether it could facilitate recovERphagy.

After resolving ER stress, ER luminal load returns to physiological

levels through the disposal of ER chaperones in endolysosomes

(Fumagalli et al, 2016). Here, endolysosomes directly engulf ER

subdomains decorated with idle Sec62 ERphagy receptors, without

the need for an intermediate step of autophagosome formation (Loi

et al, 2019). Sec62-GFP locates to ERQC subdomains formed by

HERP1 overexpression, some of which are juxtaposed to CD63-

positive late compartments (Fig 8A), indicating that recovERphagy

originates from pre-established ERQC domains. Since vimentin and

RNF26 enforce positioning of endolysosomes and organize perinuc-

lear ERQC domains, we hypothesized that these proteins take part

in the recovERphagy flux. To visualize this, Sec62 fused to a tandem

HALO-GFP tag (Sec62-HALO-GFP) was followed into acidic com-

partments, where GFP fluorescence becomes quenched, while the

HALO-tag fragment sensitive to lysosomal inhibitors remains fluo-

rescent (Fig 8B and C) (Rudinskiy et al, 2022). Quantification of the

HALO-tag signal by in-gel fluorescence revealed that complete

removal of either RNF26 or vimentin reduced lysosomal conversion

of full-length Sec62 (Fig 8C and D). Accordingly, CD63-positive late

endosomal compartments remained largely unoccupied by HALO-

positive signal following a 7-h chase period in the presence of Bafi-

lomycin under conditions of either RNF26 or vimentin ablation

(Fig 8E and F). Furthermore, while both wild-type and inactive

RNF26 variants colocalized with Sec62, only catalytically competent

RNF26 trafficked along with Sec62-HALO-GFP into proteolytic

◀ Figure 4. Vimentin controls perinuclear localization of RNF26 and the endolysosomal system.

A–D Effect of vimentin ablation on intracellular distribution of RNF26. (A) Representative confocal images of parental and vimentin knockout (Vim KO) U2OS cells
ectopically expressing GFP-RNF26 (green), fixed and immunostained against endogenous VAP-A (magenta). (B) Validation of vimentin knockout. Immunoblots
against endogenous vimentin and Vinculin (loading control) of a Vim KO clonal cell line and their parental U2OS cells are shown, representative of three indepen-
dent experiments. Molecular weight markers are as indicated. (C) Quantification of GFP-RNF26 signal distribution expressed as perinuclearity ratio. Graph reports
nParental = 73, nVim KO = 43 technical replicates from three independent experiments. (D) Colocalization (Manders’) analysis of VAP-A overlapping with GFP-RNF26
(left plot) and vice versa (right plot). Plots report on subset of cells from data set in (B), same as in (C).

E, F Effect of vimentin or RNF26 ablation on the intracellular distribution of endolysosomes. (E) Representative confocal images of parental, RNF26 KO, vimentin KO #1
U2OS cells, vimentin KO#1 cells ectopically complemented with untagged wild type vimentin (Vim KO + Rescue), fixed and immunostained against endogenous
LAMP1. (F) Quantification of LAMP1 signal distribution expressed as perinuclearity ratio. Graph reports on nParental = 145, nR26 KO = 64, nVim KO#1 = 119, nVim KO#1/

Rescue = 32 technical replicates from three independent experiments.Values capped at 6.
G, H Effects of vimentin ablation on trafficking of extracellular materials to lysosomes. (G) Time-lapse imaging. Representative confocal overlays of parental and

vimentin KO#2 U2OS cells, stained with SiR-Lysosome (magenta) to mark late endocytic compartments and incubated with the cell impermeable dye SR101
(green), taken soon after the start (t = 5 min) and at the end (t = 120 min) of time-lapse are shown. Zoom-ins highlight select PN regions in overlay and single
channels. (H) Colocalization (Manders’) of SiR-Lysosome overlapping SR101 at t = 120 min following SR101 addition. Graph reports on nParental = 71, nVim KO = 69
technical replicates from three independent experiments. See also Movies EV3 and EV4.

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. Zoom-ins designate regions encompassing perinuclear
and peripheral areas. All scale bars = 10 lm. Graphs report mean (red line) of sample values (open circles). Statistical analyses were performed using Students’ t-test (D
and H error bars indicate mean � SD) or Mann–Whitney U test (C and F error bars indicate median and 95% confidence interval); ***P < 0.001, ns: not significant. See
also Fig EV3.
Source data are available online for this figure.
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compartments (Fig 8G), and engulfment of Sec62-positive mem-

branes by lysosomes proved sensitive to ubiquitin ligase activity of

RNF26 (Fig 8G and H). Together with the data presented in Figs 6

and 7, these results imply that RNF26 and vimentin help coalesce

ERQC domains with endolysosomes for efficient Sec62-dependent

recovERphagy. Collectively, our findings demonstrate that ERQC

compartmentalization within the ER membrane is achieved through

anchorage upon the vimentin cytoskeleton, which constitutes a

physiologically relevant aspect of this organelle’s behavior and

function.

Discussion

Transport and anchorage of organelles in cellular space relies on a

multitude of factors, notably including various types of cytoskeletal

elements. While the roles of the microtubule and actin networks

with respect to organellar organization and motility have been

extensively studied (Reck-Peterson et al, 2018; Svitkina, 2018;

Zheng et al, 2022), contributions of intermediate filaments in this

context are only beginning to come to light (Etienne-

Manneville, 2018). Furthermore, in addition to the cytoskeleton,

physical interactions between membrane-enclosed compartments

have emerged as important regulators of organelle behavior (Wu

et al, 2018; Prinz et al, 2020). How these different modes of spatio-

temporal control are integrated to deliver and retain organelles at

their site of function remains unclear.

Here, we report that the vimentin cytoskeleton is instrumental

for the spatiotemporal integrity of biosynthetic and proteolytic

organelles. Vimentin filaments have been previously described to

function in cellular stiffness and mechanical support during global

rearrangements, such as cell migration (Toivola et al, 2005; Lowery

et al, 2015; Patteson et al, 2019). Additionally, vimentin filaments

have also been reported to serve as anchors for intracellular organ-

elles including the nucleus (Ketema et al, 2013), mitochondria

(Tang et al, 2008; Nekrasova et al, 2011), lipid droplets (Franke

et al, 1987), ERGIC/Golgi (Gao et al, 2002; Risco et al, 2002), and

melanosomes (Gao et al, 2002; Risco et al, 2002; Chang et al, 2009).

Our current findings demonstrate that vimentin IFs anchor the ER

network and endolysosomes in cellular space and, in so doing, regu-

late membrane dynamics and functional interplay between these

organelles. We show that vimentin partners with RNF26 embedded

in the ER membrane and that both proteins facilitate compartmen-

talization of this expansive organelle between its denser, less mobile

perinuclear segment and the sparser, highly dynamic periphery.

Loss of either RNF26 or vimentin results in the homogenization of

ER membrane constituents and alters perinuclear ER dynamics. The

same perturbations disorganize the endolysosomal system and

inhibit maturation of endocytosed materials toward proteolytic com-

partments. Lastly, under conditions of proteotoxic stress, the

vimentin/RNF26 regulatory axis facilitates acute perinuclear coales-

cence of ER membranes to form the ERQC and promotes the Sec62-

mediated recovERphagy pathway. Collectively, our observations

place a third cytoskeletal component—the intermediate filament—in

control of organellar organization and behavior with implications

for stress response.

A hallmark of perturbed ER architecture incurred with loss of

either vimentin or RNF26 is the spreading of normally perinuclearly

retained ER sheets to the cell periphery. We also find that vimentin

ablation increases the overall abundance of ER sheets, which is not

◀ Figure 5. Vimentin controls perinuclear ER integrity and dynamics.

A Ultrastructure of the perinuclear region. Left: 3D rendering of a PN area from a U2OS cell, constructed from tomograms of three serial EM sections. Manual color
annotation of organelles is provided in the legend. Zoom-ins of renders and tomogram slices highlight a long bundle of filaments juxtaposed to ER membranes.
Right: Quantification of vimentin-ER contacts found in EM tomography. Graph depicts 100 measurements from 16 tomograms within five serial sections where
shortest distances were measured on positions where vimentin (yellow) was running parallel to the ER (turquoise) and where a density between the two was
present. See also Movie EV5. Scale bar = 100 nm.

B, C Spatiotemporal relationship between the ER and vimentin cytoskeleton. (B) Time-lapse imaging. A representative U2OS cell ectopically expressing mCherry-KDEL
(magenta) and GFP-VHH-vimentin nanobody (green) is shown. Left panels: confocal fluorescence image overlays at t = 0. Middle panels: single channel image of
GFP-VHH-vimentin nanobody (white) at t = 0. Right panels: time color coded overlays of 60x1s frames. Zoom-ins highlight select cell regions spanning perinuclear
and peripheral areas. Scale bar = 10 lm. (C) Quantification of Cherry-KDEL-positive membrane dynamics in vimentin positive (+) ER versus negative (�) regions
within the same cells. Graph reports on 3 ≥ ROIs PN or PP in n = 5 from three independent experiments. See also Movie EV6.

D–H Effect of vimentin ablation on ER organization and dynamics. Analysis of parental versus vimentin KO#1 U2OS cells ectopically expressing mCherry-KDEL. (D)
Time-lapse imaging. Left panels: representative confocal fluorescence images of Cherry-KDEL (white) at the start of time-lapse t = 0 (top). Middle panels: time color
coded (TCC) overlays of 60x1s frames. Right panels: overlays of twice eroded ER sheet masks (magenta) with mCherry-KDEL signal (green). Masks were generated
using ImageJ software. Zoom-ins show select PN and PP regions. Scale bar = 10 lm. (E) Quantification of Cherry-KDEL distribution expressed as perinuclearity
ratio. Graph reports on nPARENTAL = 89, nVim KO = 54 cells analyzed from three independent experiments. (F) Quantification of ER occupancy or ER sheet (area)
between the nucleus and plasma membrane defined in (D). ER area was calculated using particle analysis on thresholded Cherry-KDEL signal using ImageJ. Graph
reports on nParental = 23, nVim KO = 45 cells from three independent experiments from (E). (G) Quantification of perinuclear Cherry-KDEL-positive membrane dynam-
ics. Graph reports on nParental = 16, nVim KO = 26 cells (4 ≥ ROIs analyzed per cell) from three independent experiments. (H) Quantification of ER sheet mask distri-
bution expressed as perinuclearity ratio. Graph reports on nParental = 59, nVim KO = 48 cells analyzed from three independent experiments. Values capped at 100.
See also Movies EV7 and EV8.

I CLIMP63 abundance as a function of vimentin knockout. Top: immunoblots of parental versus vimentin KO#1 U2OS cell against endogenous CLIMP63 and Vinculin
(loading control), representative of three independent experiments. Molecular weight markers are as indicated. Bottom: quantification of CLIMP63 abundance,
normalized to Vinculin levels and expressed relative to parental from three independent experiments.

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. For TCC, each assigned a different color LUT (white—
same ER location across all frames; color—ER movement between frames). Movement of Cherry-KDEL-positive pixels in each successive frame in 5 × 5 lm ROIs was
binned into static (0–60 nm/s) or dynamic (61–780 nm/s) vectors using membrane displacement analysis (MDA) for Fiji. Graphs report mean or median (red line) of sam-
ple values (open circles). Statistical analyses were performed using Students’ t-test (F and I; error bars indicate mean � SD) or Mann–Whitney U test (C, E, G, and H error
bars indicate median and 95% confidence interval); *P < 0.05, ***P < 0.001, ns: not significant. See also Fig EV4.
Source data are available online for this figure.
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the case under conditions of RNF26 loss. This implies the involve-

ment of additional factors that connect the ER to the vimentin cyto-

skeleton. In line with this, RRBP1/p180 has previously been shown

to bind both microtubules and vimentin IFs with consequences for

the organization of the perinuclear ER (Ogawa-Goto et al, 2007;

Zheng et al, 2022). Dispersion of ER membranes from the perinuc-

lear area has also been documented in response to deregulated

microtubules or actin fibers (Konietzny et al, 2022; Zheng

et al, 2022). Similarly, IFs could be envisioned to organize different

ER subdomains through selective engagement of ER-associated

binding partners. Relative contribution of different cytoskeletal ele-

ments to perinuclear retention of organelles may, however, be cell

type dependent, as for instance epithelial cells do not appreciably

express vimentin. These cells may instead achieve ER compartmen-

talization using other types of IFs or compensate through continu-

ous dynein-mediated transport to sustain perinuclear clustering of

biosynthetic and proteolytic organelles (Reck-Peterson et al, 2018).

Furthermore, while we find that vimentin filaments are determinant

of RNF26 localization and perinuclear ER identity, overexpression

of RNF26 in turn appears to affect the distribution of vimentin. This

back-and-forth feeds into the paradigm of two-way signaling

between the cytoskeleton and the ER previously postulated in the

context of the microtubule network (Farias et al, 2019; Tikhomirova

et al, 2022). Generally, the interplay between vimentin and microtu-

bules (Hookway et al, 2015; Gan et al, 2016; Schaedel et al, 2021) or

actin filaments (Jiu et al, 2015; Duarte et al, 2019; Serres et al, 2020)

underscores the complexity of the cell’s cytoskeletal foundations. In

addition, sensitivity of vimentin filaments to electrophilic and oxida-

tive reactions (Viedma-Poyatos et al, 2020), as well as post-

translational modifications including phosphorylation (Sihag

et al, 2007), presents a wide range of opportunities for demand-

based regulation of organellar architecture through cytoskeletal

alterations.

We have previously demonstrated that ubiquitylation mediated

by the RING domain of RNF26 retains endosomes and lysosomes in

a perinuclear cloud through engagement of their associated adaptor

proteins at (reversible) ER MCSs (Jongsma et al, 2016; Cremer

et al, 2021). We now show that RNF26 employs its extreme C-

◀ Figure 6. RNF26 and vimentin control ER reorganization during ER stress.

A, B Proteotoxic stress and the ER quality control center (ERQC). (A) Schematic representation of ERQC formation in response to ER stress. Accumulation of misfolded
proteins is sensed through the unfolded protein response (UPR) signaling pathway, which in turn drives morphological changes in the ER membrane. Misfolded
proteins are compartmentalized at the perinuclear ERQC harboring chaperones (Calnexin), UPR signaling members (PERK and IRE1) and components of ER-
associated protein degradation (ERAD) machinery (HRD1 and HERP1). Formation of ERQC requires PERK and HERP1. (B) A representative confocal overlay of fixed
U2OS cells treated with tunicamycin (2.5 lg/ml, 16 h), fixed and immunostained against endogenous HERP1 (green), calnexin (magenta) and HRD1 (red).

C Induction of RNF26 and HERP1 transcripts following tunicamycin treatment. RNF26 (left) and HERP1 (right) mRNA isolated from U2OS cells treated overnight in
the presence (+) or absence (�) of tunicamycin (2.5 lg/ml) was detected by qPCR and normalized to GAPDH. Graph reports on nRNF26 = 6, nHERP1 = 8 independent
experiments.

D, E Consequences of RNF26, UBE2J1, and vimentin loss on ERQC formation. (D) Representative confocal images of fixed U2OS cells transfected or genetically modified
as indicated, treated in the absence (�) or presence (+) of tunicamycin (5 lg/ml, O/N), fixed and immunostained against endogenous calnexin (white). (E)
Quantification of calnexin distribution expressed as perinuclearity ratio. Graph reports on ncontrol (�) = 168, ncontrol (+) = 178, nsiHERP1 (�) = 36, nsiHERP1 (+) = 74,
nsiRNF26 (�) = 73, nsiRNF26 (+) = 61, nsiUBE2J1 (�) = 73, nsiUBE2J1 (+) = 77, nVim KO (�) = 43, nVim KO (+) = 48 technical replicates from three independent experiments.

F, G Consequences of RNF26, UBE2J1, and vimentin loss on induction of PERK-mediated UPR signaling by tunicamycin. (F) U2OS cells, transfected or genetically modi-
fied as indicated, were treated in the absence (�) or presence (+) of tunicamycin (2.5 lg/ml, 5 h). Immunoblots of whole cell lysates against endogenous PERK,
phospho-eIF2a, ATF4, HERP1, and Vinculin (loading control) are shown, representative of three independent experiments. (G) CHOP transcripts isolated from U2OS
cells transfected or genetically modified as indicated and treated in the absence (�) or presence (+) of tunicamycin (2.5 lg/ml, O/N) were detected by qPCR and
normalized to GAPDH; nsiC (�) = 4, nsiC (+) = 4, nsiRNF26#1 (+) = 3, nsiRNF26#2 (+) = 4, nPARENTAL (+) = 4, nVim KO (+) = 4 independent experiments.

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. Scale bar = 10 lm. Graphs report mean or median (red
line) of sample values (open circles). Statistical analyses were performed using Students’ t-test (C and G error bars indicate mean � SEM) or Mann–Whitney U test (E
error bars indicate median and 95% confidence interval); *P < 0.05, ***P < 0.001 (See also Fig EV4).
Source data are available online for this figure.

▸Figure 7. Interplay between RNF26, vimentin and HERP1 in the perinuclear ER.

A, B Analysis of localization of RNF26 sequence variants and HERP1 or HERP2 in the ER. (A) Representative confocal images of U2OS cells transfected with GFP-RNF26
WT, RFP-RNF26 I382R, GFP-RNF26 DRING and HERP1 or GFP-RNF26 WT with HA-HERP2 that were stained for HA and endogenous VAP-A. Indicated single channels
and their corresponding color overlays are shown. Zoom-ins highlight PN regions. (B) Line graph analysis of RNF26 WT (green), HA-HERP1 (magenta) and VAP-A
(red) signals from (A) (overlay zoom image).

C Analysis of determinants for RNF26 complex formation with ERQC proteins HERP1 and HRD1. U2OS cells were transfected with RFP-RNF26 variants (WT, I382R,
DRING) or EV with either HA-HERP1 or HA-HRD1 before lysis in 1% DMNG detergent, pulldown with RFP-TRAP beads and analysis by SDS–PAGE and WB. Represen-
tative images of three independent replicates.

D, E Analysis of localization of ERQC domains with vimentin. (D) Representative confocal images of U2OS cells transfected with HA-HERP1 that were stained for endoge-
nous vimentin. Indicated single channels and their corresponding color overlays are shown. Zoom-ins highlight PN regions where vimentin surrounds HERP1-
labeled ERQC domains. (E) Line graph analysis of HA-HERP1 (magenta) and vimentin (green) signals from (E) (bottom zoom image).

F, G Analysis of HERP1-induced ERQC domain localization as a function of vimentin and RNF26. (F) Representative confocal fluorescence images of control cells, RNF26
KO cells, or vimentin KO#2 cells, transfected with HA-HERP1 and immunostained for HA. Zoom-ins highlight PN regions. (G) Perinuclearity analysis of HA-HERP1 in
the presence or absence of RNF26 or vimentin. Plot reports median (red line) and 95% confidence interval (error bar) of sample values (open circle), nParental = 79,
nR26 KO = 51, nVim KO = 45 technical replicates from three independent experiments (Mann–Whitney U test; **P < 0.01, ***P < 0.001). Graphs report median (red
line) and 95% confidence interval (error bars) of sample values (open circles).

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. Scale bar = 10 lm.
Source data are available online for this figure.
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terminus to bind directly to vimentin filaments, and that this inter-

action becomes strengthened under conditions of ubiquitin ligase

inactivity. The resulting dynamic interplay between vimentin,

RNF26, and endosomal adaptors supports functional integration of

biosynthetic and proteolytic organelles. Collectively, these findings

prompt the question of how RNF26 activity is regulated to allow

selective engagement of different binding partners. RNF26 has been

shown to reside in two nearly identical protein complexes, only one

of which is supportive of (auto)ubiquitylation (Fenech et al, 2020).

This implies that specific interactions taking place within the ER

membrane could regulate the activity status of RNF26. For instance,

RNF26 can engage two ER-associated conjugating enzymes, UBE2J1

and UBE2J2, where the former complex results in productive sub-

strate ubiquitylation, while the latter does not (Cremer et al, 2021).

As E2–E3 interactions are notoriously transient, availability of these

ER-embedded E2s could influence preference for ER-endolysosome

versus ER-cytoskeleton interactions. In this case, idle or UBE2J2-

bound RNF26 could mimic the ligase inactive state, allowing for

stronger vimentin binding and maintenance of perinuclear ER iden-

tity, while the catalytically active UBE2J1/RNF26 complex would

instead favor ER-endolysosome MCS formation, resulting in perinuc-

lear accumulation of endolysosomes. Association of RNF26 with ER

transmembrane proteins HERP1 and HERP2 (Fenech et al, 2020)

with partially redundant functions could offer another avenue for

controlling RNF26 ligase activity, since expression of HERP1 is ER

stress-induced, while that of HERP2 is constitutive (Yamamoto

et al, 2004; Huang et al, 2014). Because HERP1 is instrumental to

the organization of ERQC protein complexes (including the afore-

mentioned E2 enzymes) and modulation of their attendant E3

activities (Kny et al, 2011; Leitman et al, 2014; Schulz et al, 2017),

relative abundance of HERP1 and HERP2 within the perinuclear ER

subdomain could be envisioned to fine-tune RNF26 function from

steady state to ER stress conditions.

Upon ER stress, RNF26 is recruited into the ERQC, inducing peri-

nuclear coalescence of ER membranes with proteolytic endolyso-

somes. Notably, the ERQC is home to various E3 ubiquitin ligases

governing proteasomal degradation of surplus and misfolded ER

proteins through the conventional ERAD pathway (Oikonomou &

Hendershot, 2020; Christianson & Carvalho, 2022). Meanwhile, peri-

nuclear integration of ERQC domains with proteolytic organelles

facilitates lysosomal clearance of ERQC components through Sec62-

mediated ERphagy, which we now show is reliant upon RNF26 and

vimentin. Given that this type of ERphagy is mediated by the ESCRT

machinery, and we and others have previously implicated RNF26 in

other ESCRT-dependent processes, namely the downregulation of

EGFR (Cremer et al, 2021) and degradation of STING (Qin

et al, 2014; Assil & Paludan, 2023; Kuchitsu et al, 2023), interplay

between RNF26, vimentin, and ESCRT complexes could be interest-

ing to pursue in future studies. For instance, K63-linked ubiquitin

conjugates have been detected on RNF26 (Fenech et al, 2020), and

this linkage type is known to be preferred by the ESCRT-0 members

Hrs and STAM (Nathan et al, 2013). In this light, phosphorylation-

induced removal of UBE2J1 (Elangovan et al, 2017) during stress

recovery could be envisioned to modulate RNF26–ESCRT

interactions.

Complementary to our findings on its role in perinuclear juxtapo-

sition of biosynthetic and proteolytic organelles, vimentin was also

shown to coordinate cytosolic protein turnover by bringing

◀ Figure 8. RNF26 and vimentin control Sec62-mediated transfer of ERQC domains to late endosomes.

A Coalescence of ERQC domains with Sec62 that are juxtaposed to late endosomes in U2OS cells. Cells were transfected overnight with Sec62-HALO-GFP and HA-
HERP1 and stained for CD63 and HA before imaging by Airyscan microscopy. Boxed zoom-ins show merged and single channel images of three examples of juxta-
positioning of HERP1- and Sec62-domains to CD63-positive late endosomes.

B (Left) Schematic representation of transfer of ER chaperones such as Calnexin to lysosomes as part of ER stress recovery (or recovERphagy). In short, removal of ER
stressors frees Sec62 from the translocon complex after which Sec62 selects ER chaperones into ER domains that are engulfed into late endosomes in an ESCRT-
dependent manner. RecovERphagy is induced by overexpressed Sec62-HALO-GFP, which can be followed into proteolytic compartments where GFP is degraded,
but a protease-resistant fluorescent HALO-tag fragment accumulates over time. (Right) Live cell snapshot of a U2OS cell expressing Sec62-HALO-GFP, labeled with
JaneliaFluor 646 for 5 h and LysoTracker (LT) prior to imaging. Overlay images show overlap of GFP (green), HALOtag (magenta), and LT (red) signals and zooms also
provide single channel images.

C, D Lysosomal processing of Sec62-HALO-GFP over time in the presence or absence of RNF26 or vimentin. (C) Parental, Vim KO#2 or RNF26 KO U2OS cells were trans-
fected with Sec62-HALO-GFP overnight, incubated with 6-chlorohexanol for 15 min, washed three times with PBS, pulsed with TAMRA HALOtag ligand (200 nM)
for 1 h, and incubated with 6-chlorohexanol with or without Bafilomycin A1 (100 nM) for the indicated times before cell lysis and analysis by SDS–PAGE. Shown is
a representative in-gel fluorescence scan with indication of full-length Sec62, protease-resistant HALO fragment and molecular weight markers (MW), as well as a
Vinculin blot (loading control) (D). Quantification of Sec62 accumulation in LEs from (B). Unprocessed and protease-resistant (lysosomal) band intensities in (B)
were calculated with ImageJ and ratios of lysosomal Sec62 versus unprocessed Sec62 were normalized to transfer in parental cells after 10 h. Error bars show
mean � SD of nParental = 6, nR26 KO = 4, nVim KO = 6 independent experiments.

E, F Sec62-mediated transfer of ER to lysosomes as a function of RNF26 or vimentin. (E) Representative Airyscan images of Parental, RNF26 KO or Vim KO#2 U2OS cells
that were transfected with Sec62-HALO-GFP, incubated with 6-chlorohexanol for 15 min, washed three times with PBS, pulsed with JF646 HALOtag ligand for 1 h,
and incubated with 6-chlorohexanol and Bafilomycin A1 for 8 h before fixation and immunostaining for CD63 to visualize LEs. (F) Colocalization (Manders’) analysis
of CD63 over HALO signals from (D). Plot reports nParental = 106, nR26 KO = 69, nVim KO = 68 technical replicates from three independent experiments.

G, H Sec62-mediated transfer of ER to lysosomes as a function of RNF26 overexpression and activity. (G) Representative spinning disk live cell images of RNF26 WT and
I382R inactive mutant with Sec62. U2OS cells were transfected overnight with Sec62-HALO-GFP and RFP-RNF26 WT or I382R, incubated for 5 h with JF646 and
imaged by spinning disk microscopy. Images show overlay of GFP (green), JF646 (magenta), and RFP signals, zoom-ins of overlay and single channels that show
transfer of RNF26 into LEs (WT RNF26). (H) Analysis of Sec62 transfer to proteolytic compartments as a function of RNF26 WT or I382R overexpression. Number of
GFP-negative/HALO-positive signals was manually counted from cells in (B) and (G). Plot reports nEV = 86, nR26 WT = 35, nR26 IR = 40 technical replicates from three
independent experiments.

Data information: Cell and nuclear boundaries are demarcated using dashed and continuous lines, respectively. Scale bar = 10 lm. Graphs report mean (in D and F) or
median (in H) of sample values (open circles). Statistical analyses were performed using Students’ t-test ((D) (paired) and (F) (unpaired) and Mann–Whitney U test (H);
*P < 0.05, **P < 0.01, ***P < 0.001).
Source data are available online for this figure.
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proteasomes into the perinuclear cytoplasm (Morrow &

Moore, 2020). Taking these observations together suggests that

vimentin plays an active role in centralizing degradative capabilities

for both cytoplasmic (proteasomes) and membrane-enclosed (endo-

lysosomes) substrates in the vicinity of the ERQC, thereby ensuring

that a variety of disposal routes are on hand in response to proteo-

toxic stress. Further along these lines, compartmentalization of

misfolded proteins within the ER during ER stress may reflect

vimentin-mediated “caging” previously alluded to in the context of

cytoplasmic protein aggregates (Johnston et al, 1998). Exploiting

vimentin scaffolding for spatiotemporal integration of membrane-

bound and unbound organelles within the perinuclear space may

thus offer a multitude of options for efficient disposal of unwanted

ER proteins and membranes en route to homeostasis.

Materials and Methods

Antibodies and reagents

(Confocal microscopy) mouse anti-EEA1 (1:200, mAb 610457, BD

transduction laboratories), mouse anti-CD63 NKI-C3 (1:500, Venne-

goor & R€umke, 1986), rabbit anti-LAMP1 (11215-R017, 1:200, Sino

Biological), rabbit anti-VAP-A (1:100, 15272-1-AP, Proteintech),

goat anti-CNX (AB0041 SicGen, 1:100), mouse anti-CLIMP63

(16686-1-AP, ProteinTech, 1:100), rabbit anti-HRD1 (AP-2148A,

Abgent, 1:100), mouse anti-HERP1 (19-Y, 1:40, SCT) followed by

anti-Rabbit/Mouse/goat Alexa-dye coupled antibodies (1:400, Invi-

trogen). SiR-lysosome (1:2,000, Spirochrome) or LysoTracker Red

(Life Technologies, 1:10,000) was used to visualize lysosomes in

live microscopy.

(Western blotting) mouse anti-vimentin V9 (1:200, SC6260), anti-

RFP (Rocha et al, 2009), mouse anti-Vinculin (1:5,000, Merck 9131)

and rabbit anti-HA (1:1,000, CST#3724), rabbit anti-ATF4 (1:500

CST#11815), mouse anti-HERP1 (1:200 19-Y Santa Cruz Biotech),

rabbit anti-PERK (1:1,000 Proteintech 20582-1-AP), rabbit anti-p-

eiF2a (1:500 CST#3398T) followed by secondary Rabbit anti-mouse-

HRP, sheep anti-rabbit-HRP (Invitrogen), or goat anti-rabbit or goat

anti-mouse IRdye 680 (1:20,000) and IRdye 800 (1:10,000) anti-

bodies (LiCor). Halo-PEG(2)-NH2*HCl was purchased from Iris Bio-

tech (Marktredwitz, Germany).

5(6)-Carboxytetramethylrhodamine succinimidyl ester was pur-

chased through VWR (Amsterdam, the Netherlands). Diisopropy-

lethylamine (DiPEA) and dimethylformamide (DMF) were

purchased from Biosolve (Valkenswaard, the Netherlands). RFP-

TRAP beads were obtained from Chromotek (Planegg, Germany).

Recombinant His-vimentin was obtained from Sino Biologicals (Bei-

jing, China). Bafilomycin was from Tebu-Bio (Heerhugowaard, the

Netherlands). Tunicamycin was obtained from Merck (Rahway, US)

and CPA from Tocris bioscience (Bristol, UK).

Cell culture

HeLa cells (CCL-2) were cultured in DMEM medium (Gibco). U2OS

and HEK293T cells were obtained from ATCC and cultured in

DMEM medium (Gibco). MelJuSo cells were cultured in IMDM.

All media were supplemented with 8% fetal calf serum (FCS,

Sigma). All cell lines were cultured at 37°C and 5% CO2 and

routinely tested (negatively) for mycoplasma. All cell lines were

sequence verified.

siRNA transfections

Sequences of the siRNA oligos targeting RNF26 were obtained from

Dharmacon (siGenome library) (siRNF26-1: CAGGAGGGAUAACCG-

GAUUUU; siRNF26-2: GAGAGGAUGUCAUGCGGCU, siHERP1 pool

of 4 siRNAs). Gene silencing was performed in a 48- or 24-well plate

(IF) or 12-well plate (WB)—reagent volumes were scaled up accord-

ingly. In a 24-well plate, 65 ll siRNA [50 nM] was mixed with 26 ll
1× siRNA buffer (GE Healthcare) containing 1.15 ll Dharmafect 1

transfection reagent. The mix was incubated on a shaker at RT

for 30 min before the addition of 18,000 HeLa or 30,000 U2OS

cells (and coverslips). Cells were cultured for 3 days before analysis.

Nontargeting siRNA or reagent-only was used as a negative control.

Constructs

RNF26 (and mutants) were expressed from C1/N1 CMV promoter

vector series (Clontech) and have been previously described

(Jongsma et al, 2016). ER-targeted mCherry was a kind gift from M.

Davidson (Addgene plasmid #54501). Vimentin was subcloned

between EcoRI and BamHI sites of the C1-IRES-GFP vector of C1-

GFP/RFP vector (Clontech). HERP1 and HERP2 were obtained from

a pDONR library (LUMC) and subcloned in C1-2HA (Clontech)

using standard PCR methods. HRD1 plasmid was kindly provided

by E. Wiertz (UMC Utrecht) and subcloned into N1-2HA (Clontech)

using standard PCR methods. pMRX-INU-SEC62-FLAG was a gift

from Noboru Mizushima (Addgene plasmid # 128263). From this,

Sec62-HALO-GFP was subcloned using standard PCR methods. For

protein purification, RNF26 was subcloned into pRP265, and 3C pro-

tease sequence followed by 2xSTREP tag was inserted between GST

and RNF26 sequence. Mutants were created by standard (mutagene-

sis) PCR methods and sequence verified.

Protein purification

GST-3C-Strep-RNF26 tail (aa 304–433) was transformed into BL21

E. coli and when bacterial growth reached OD600 (1.2), protein

expression was induced overnight at 18°C with 100 lM IPTG in the

presence of 15 mM ZnCl2. The next day, bacteria were pelleted and

lysed in PBS containing protease inhibitors (Roche, EDTA-free) by

ice-cold sonication. Lysates were cleared using centrifugation and

protein was purified on gravity-flow columns loaded with

glutathione-coupled resin beads (GE Healthcare) and eluted in PBS

supplemented with 20 mM GSH. Next, eluates were incubated with

recombinant GST-3C protease to remove GST and RNF26 was

reverse-purified using GSH-beads. Protein-containing fractions were

pooled and concentrated using spin filters (Amicon) before being

incubated overnight at 4°C with surplus NHS-Rhodamine to label free

amines. Reaction was quenched with 100 mM Tris and protein was

diluted to 1 mg/ml, aliquoted, and stored in �80°C until further use.

Solid phase peptide synthesis

SPPS was performed using a Syro II synthesizer (Multisyntech GmbH,

Witten, Germany) using standard 9-fluorenylmethoxycarbonyl (Fmoc)
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based solid-phase peptide synthesis. Amino acids were double coupled

in fourfold excess to preloaded Fmoc amino acid HMPA resin

(0.2 mmol/g, Rapp Polymere GmbH) in N-methyl-2-pyrrolidone

(NMP) for 45 min on a 2 lmol scale. The resin was swelled by the

addition of 100 ll NMP for 5 min (×2). Fmoc was removed by treat-

ment with 20% piperidine in NMP three times for 3, 5, and 5 min,

followed by five washing steps using NMP. Amino acids were coupled

by adding a fourfold excess in the presence of four equivalents

benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate

(PyBOP) and eight equivalents N,N-diisopropylethylamine (DiPEA) in

NMP for 45 min, followed by three washing steps with NMP. After

completion of all coupling cycles, the resin was washed with Et2O and

dried under vacuum.

Peptide cleavage and lyophilization

Cleavage of the peptide from the resin was performed using a 3-h

incubation in 400 ll 90% Trifluoric Acid, 5% MilliQ, 2.5% Phenol,

and 2.5% Tri-isopropylsilane. Next, the solution was filtered, and

the peptide was precipitated by adding cold 50% Ether/Pentane solu-

tion. Then, the peptide was washed three times in 1 ml of ether,

dried on air, and dissolved in lyophilization mix (75% MilliQ, 24%

Acetonitile, 1% Acetic acid). Of this solution, 2 ll was analyzed by

LC–MS, and the remainder was frozen in liquid nitrogen and lyophi-

lized on the Christ lyophilizer at �90°C and pressure of

< 0.100 mBar.

Fluorescence polarization assay

Rhodamine-labeled RNF26 c-terminus peptide was reconstituted in

DMSO to 1 mM and stored in �80°C. Before use, peptides were

diluted to 100 nM in FP-buffer (10 mM PIPES + 0.1%

CHAPS + 0.2% BSA). In a black low-adherence 384-well plate (X),

1 ll peptide was mixed with 9 ll his-Vim serial dilutions that were

freshly prepared from reconstituted his-Vim stock. Reactions

were incubated for 30 min at 37°C before fluorescence polarization

measurement with a Clariostar (BMG LabTech) and compared with

Rhodamine-only control. FP-baseline was set to 30 mP on Rho-only

and Rho-RNF26 only controls.

In vitro interaction studies

Three microgram his-Vim and 3 lg Rho-RNF26tail were incubated

in PBS for 30 min at 37°C. Then, his-Vim was precipitated on

Ni-NTA beads and subsequently washed three times with PBS

before addition of 1× SB and analysis by SDS–PAGE and detection

of in-gel Rhodamine fluorescence using a Typhoon scanner and WB

detection of vimentin.

DNA transfections

Cells were seeded in culture plates to reach approximately 70%

confluency on the day of transfection. For IF, cells were transfected

with Effectene (Qiagen) (200 ng DNA per well of a 24-well plate),

according to the manufacturer’s protocol. Larger dishes of HeLa cells

were transfected with PEI at a ratio of 3 lg PEI per lg DNA in 200 ll
DMEM medium. After 15–30 min, the mix was added dropwise to

the cells, which were then cultured overnight prior to analysis.

CRISPR/Cas9-mediated knockout

gRNA sequences targeting the vimentin (TCCTACCGCAG-

GATGTTCGG) or RNF26 gene (GTACCTGGTAGTGAATGGGT) were

cloned into the BbsI site of PX440 (containing the Cas9 gene and a

puromycin resistance gene). This plasmid was transfected into HeLa

or U2OS cells and the next day, cells were selected with 200 lg/ml

puromycin for 3 days. Then, cells were diluted and cultured in a

15 cm dish, allowing separated colonies to grow. These were iso-

lated, expanded, and analyzed for loss of vimentin or RNF26 by

western blot.

qPCR

RNA was isolated from 24-well plate cultures using RNA mini kit

according to the manufacturer’s protocol, reverse transcribed into

cDNA using Roche kit, and diluted one-fourth before analysis. qPCR

was performed using 1.5 ll DNA, 2× SYBR master mix, 333 nM

primers, and 5% DMSO in a 384 well format. PCRs were performed

using a BioRAD Opus system and analyzed in the Maestro software.

Relative transcript abundance was determined using ΔcT method in

MS Excel and normalized to GAPDH housekeeping gene.

qPCR primer list:

GAPDH: Fw TACTAGCGGTTTTACGGGCG; Rv TCGAACAGGAGGA

GCAGAGAGCGA

BiP: Fw TAGCGTATGGTGCTGCTGTC; Rv TTTGTCAGGGGTCTTT

CACC

CHOP: Fw AGAACCAGCAGAGGTCACA; Rv GCTGTGCCACTTT

CCTTTC

HERP: Fw CGTTGTTATGTACCTGCATC; Rv TCAGGAGGAGGACCA

TCATTT

RNF26: Fw TCGGCACTCAGAACCTCTTT; Rv CTAGGAAGGCAGCC

ACTACG

XBP1: Fw CCTTGTAGTTGAGAACCAGG; Rv GGGGCTTGGTATATA

TGTGG

XBP1-spliced: Fw TGCTGAGTCCGCAGCAGGTG; Rv GCTGGCAGG

CTCTGGGGAAG.

Co-immunoprecipitations

U2OS cells were lysed in 1% DMNG buffer (150 mM NaCl, 50 mM

Tris–HCl pH 7.5, 5 mM MgCl2, 1% DMNG, protease inhibitors)

(Roche diagnostics, EDTA free) for 90 min, rotating at 4°C. After

15 min 20,000 g centrifugation, postnuclear lysates were incubated

with RFP-TRAP beads (Chromotek) and rotated for 90 min at 4°C.

Beads were washed four times in 0.2% DMNG lysis buffer. Samples

were boiled for 10 min in 2× Laemmli buffer prior to analyses by

SDS–PAGE and western blotting.

TAMRA-HALOtag ligand synthesis

The reaction was performed under an inert nitrogen atmosphere. 5

(6)-Carboxytetramethylrhodamine succinimidyl ester (10 mg;

0.019 mmol) was dissolved in DMF.DiPEA (9.9 ll; 0.057 mmol)

was added followed by a solution of Halo-PEG(2)-NH2*HCl

(5.4 mg; 0.021 mmol) in DMF (0.25 ml). The mixture was stirred

overnight at ambient temperature before the crude mixture was

purified by HPLC.
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ER-phagy assay

Monitoring delivery of Sec62 into proteolytic compartments was

performed according to a method developed as described previously

(Rudinskiy et al, 2022). U2OS cells were transfected overnight with

Sec62-HALO-GFP and the next day, cells were incubated for 15 min

at 37°C with 25 lM black HALO-tag ligand 6-Chlorohexanol. Next,

cells were washed 2× with PBS and pulsed at 37°C with 200 nM

JF646- (for microscopy) or 100 nM TAMRA- (for gel analysis)

HALOtag ligands. After 1 h, cells were washed 1× with PBS and

medium was replaced for the indicated times before washing and

fixation (for microscopy) or cell lysis in 1× LSB + DTT (for SDS–

PAGE analysis). For Sec62-colocalization studies, transfected cells

were simply incubated with JF646 ligand for 5 h before fixation.

Immunofluorescence confocal microscopy

Cells grown on coverslips (Menzel Gl€aser) were fixed with 3.7%

paraformaldehyde, washed three times with PBS, permeabilized

with 0.1% TX100 for 10 min, and blocked in 0.5% BSA for 1 h.

Next, coverslips were incubated with primary antibodies in 0.5%

BSA for 1 h at RT, washed, and incubated with Alexa-labeled anti

mouse/rabbit/rat secondary fluorescent antibody or streptavidin.

After washing, coverslips were mounted on glass slides with Pro-

Long Gold with DAPI (Life Technologies). Samples were imaged

with a Leica SP8 confocal microscope equipped with appropriate

solid-state lasers, HCX PL 63× oil immersion objectives and HyD

detectors (Leica Microsystems, Wetzlar, Germany). Data were col-

lected using 2,048 × 2,048 scanning format with line averaging

without digital zoom, or 1,024 × 1,024 scanning format with digital

zoom in the range of 1.0–2.0 with line averaging. Images were

smoothed with 1× pixel average filter in ImageJ.

Overlap analysis was performed using JaCoP analysis tool in Fiji

with manual threshold selection. Where indicated, super-resolution

images were acquired with a Zeiss Airyscan microscope with 63×

objective, 2× pixel sampling, and deconvolved using the Zen software.

Organelle distribution analysis

To analyze intracellular pixel distribution, we developed a ImageJ

plugin that segments the cytoplasm into areas of varying distance to

the nucleus. In short, the plugin uses thresholding to segment the

nuclei, followed by optional manual correction. The outer edges of

the cell are manually annotated. Then, using a Euclidian distance

map, we measure for each pixel within the cytoplasm (outside

nucleus and within the cell) the relative (normalized to the maxi-

mum distance per cell) distance to the nucleus. These distance

values are then segmented into a selectable number of bins (in our

Case 4), resulting in the segmentation shown in Fig 1D. Per bin,

total signal was divided by pixel number, resulting in fluorescence

intensity (MFI). ImageJ plugin results were imported into MS Excel

where MFI value was compared across bins 1 and 3.

ER sheet analysis

Endoplasmic reticulum sheets were visualized using transient trans-

fection of mCherry-KDEL and subsequent live cell microscopy.

Using Fiji, images were smoothened, and total ER was masked using

manual thresholding. In parallel, ER sheets were masked by making

a binary image which was then eroded twice to remove ER tubules.

The total area of the obtained sheet-mask was measured using parti-

cle analysis and normalized to total ER area.

Live microscopy

For live cell microscopy, cells were seeded in four-chamber live cell

dishes and imaged under conditions of 37°C and 5% CO2 with a

Leica SP8 confocal microscope equipped with solid state lasers or

an Andor Dragonfly spinning disk module. Cells were incubated

with SR101 (5 lM) as indicated. Data were collected using 63× or

100× oil immersion objectives in a 2,048 × 2,048 scanning format at

three frames/s. Time color coded images were made with Fiji.

ER membrane dynamics analysis

Endoplasmic reticulum membrane displacement was quantified using a

custom developed Fiji plugin that has been described earlier (Spits

et al, 2021). The method is based on optical flow analysis, which defines

corresponding areas between frames and generates a vector map. Live

cell movies were simplified by removing every second and third frame,

leaving a one frame/s video for analysis. Membrane displacement

(60 nm/s) was binned into seven displacement bins, ranging from 0 to

60 nm/s (resulting in displacement bins of nm/s). The first two bins

(i.e., 0 and < 60 nm/s displacement) were classified as “static ER.” ROIs

of 5 × 5 lm from at least 10 cells were compared across conditions.

Proximity biotinylation pulldowns

HeLa cells transfected to express proteins of interest and were

treated as indicated in the figure legends before three washes with

PBS and subsequent cell lysis in 0.5% TX-100 lysis buffer (150 mM

NaCl, 50 mM Tris–HCl pH 7.5, 5 mM MgCl22, 0.5% (v/v) TX-100

and protease inhibitors (Roche diagnostics, EDTA free)). Nuclei

were lysed by adding 1:4 SDS buffer (2% SDS, EDTA) and samples

were sonicated (6x1s pulses, 70% power, Fisher Scientific). Samples

were diluted to 0.2% SDS with TX-100 lysis buffer and centrifuged

for 20 min at 20,000 g. After spinning, samples were incubated with

Neutravidin-agarose beads (Pierce) overnight at 4°C. Beads were

washed four times with 1% SDS in PBS before elution in a 2×

Laemmle sample buffer by boiling for 10 min and SDS–PAGE.

SDS–PAGE and western blotting

Samples were separated by 10% SDS–PAGE and transferred to nitro-

cellulose in ethanol-containing transfer buffer at 300 mA for 2–3 h.

The membranes were blocked with 5% milk/PBS before incubation

with primary antibody diluted in blocking buffer for 1 h at RT. After

washing twice with PBS/0.1% Tween-20, proteins were detected

with secondary antibodies. Fluorescent signals were directly imaged

with an Odyssey Fx laser scanning fluorescence imager (Li-COR Bio-

sciences) and quantified using the LiCor ImageStudio software.

Mass-spectrometry

Mass-spectrometry was performed as described previously

(Jongsma et al, 2016).
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Electron microscopy and tomography

3D tomography and rendering
Adherent U2OS cells cultured in a 5-cm-diameter Petri dish were fixed

for 2 h at room temperature in 0.1 M Cacodylate buffer containing

1.5% glutaraldehyde. The fixed cells were incubated for 1 h on ice in

a Cacodylate buffer containing 1% Osmium tetroxide and subse-

quently in water containing 1% uranyl acetate. The cells were then

dehydrated through a series of ethanol steps and embedded in Epon.

The flat embedded cells were sectioned with an ultramicrotome using

a diamond knife at a nominal section thickness of 200 nm. The sec-

tions were transferred to a formvar and carbon coated 0.5 × 2 mm

copper slot grid and stained for 20 min with 7% uranyl acetate in

water and for 10 min with lead citrate according to Reynolds (1963).

Electron microscopy images of serial sections were recorded by a

Tecnai 20 TEM (Thermo Fisher Scientific) equipped with an EAGLE

4 × 4K digital camera. The tilt series for electron tomography were

collected using the Xplore3D (Thermo Fisher Scientific) software. The

angular tilt range was set from �60° to 60° with 2° increments. Align-

ments of the tilt series and weighted-back projection reconstructions

for tomography were performed using IMOD (Kremer et al, 1996).

The drawing and annotation of subcellular structures in the tomo-

grams and the alignment of the serial tomograms was done manually

using AMIRA (Thermo Fisher Scientific). Generated surfaces were

exported to Cinema 4D (Maxon), which was used to smooth the sur-

faces, and to render images and movies (Redshift, Maxon).

Statistics

All error bars in WB quantification correspond to SD or the mean

from three or more independent experiments. For microscopy, data

of cells from at least three independent experiments were used. In

distance bin analysis and membrane displacement analysis, error

bars indicate median and 95% confidence interval. Statistical

evaluations report on Student’s t-test (for gel and qPCR (paired) and

colocalization (unpaired) analysis) with error bars corresponding to

mean and SEM (gel and qPCR) or standard deviation (colocaliza-

tion), or Mann–Whitney U nonparametrical test (for non-normal

distributions of perinuclearity and membrane displacement analy-

sis), with error bars corresponding to median and 95% confidence

interval, as described in the legends, *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001; ns: not significant.

Data availability

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE (Perez-Riverol

et al, 2022) partner repository with the dataset identifier PXD040760

(http://www.ebi.ac.uk/pride/archive/projects/PXD040760).

Expanded View for this article is available online.
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