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Architecture and dynamics of a desmosome–
endoplasmic reticulum complex
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Eric T. Trautman    2, Larissa Heinrich2, John Bogovic    2, Davis Bennett2, 
David Ackerman2, Woohyun Park2, Alyson Petruncio2, Aubrey V. Weigel    2, 
Stephan Saalfeld2, COSEM Project Team, A. Wayne Vogl3, Sara N. Stahley1 & 
Andrew P. Kowalczyk    1 

The endoplasmic reticulum (ER) forms a dynamic network that contacts 
other cellular membranes to regulate stress responses, calcium signalling 
and lipid transfer. Here, using high-resolution volume electron microscopy, 
we find that the ER forms a previously unknown association with keratin 
intermediate filaments and desmosomal cell–cell junctions. Peripheral 
ER assembles into mirror image-like arrangements at desmosomes and 
exhibits nanometre proximity to keratin filaments and the desmosome 
cytoplasmic plaque. ER tubules exhibit stable associations with 
desmosomes, and perturbation of desmosomes or keratin filaments  
alters ER organization, mobility and expression of ER stress transcripts. 
These findings indicate that desmosomes and the keratin cytoskeleton 
regulate the distribution, function and dynamics of the ER network.  
Overall, this study reveals a previously unknown subcellular architecture 
defined by the structural integration of ER tubules with an epithelial 
intercellular junction.

The endoplasmic reticulum (ER) is the largest and perhaps most archi-
tecturally complex membranous organelle in eukaryotic cells1. The 
ER participates in protein biosynthesis and turnover, organelle bio-
genesis, the transfer of lipids between membranous compartments, 
and regulation of calcium homeostasis2,3. These functions are often 
conducted at membrane contact sites between the ER and other orga-
nelles including endosomes, mitochondria and the plasma membrane 
(PM)1,2. For these reasons, it is of particular interest to understand how 
the spatio-temporal behaviour of ER membranes is regulated. The mor-
phology and dynamics of the ER have been studied predominantly in 
individual mammalian cells, including fibroblasts and COS-7 (refs. 4,5). 
However, little is known about how ER tubule organization and dynamics 
are coordinated between cells that form extensive cell–cell contacts.

In this Article, using cryo-fixation approaches to preserve 
near-native cell structure, in combination with high-resolution vol-
ume electron microscopy (EM)6, we find that desmosomes, an adhesive 
cell–cell junction coupled to intermediate filament networks, organize 
the subcellular distribution and dynamics of ER tubules. Peripheral ER 
tubules follow keratin filament bundles to desmosomes where they 
are stabilized in mirror image-like arrangements at opposing cell–cell 
contacts. Disruption of desmosomes or expression of disease-causing 
keratin mutants alters ER morphology, dynamics and stress responses. 
These findings reveal the architecture of a complex at intercellular 
contacts comprising desmosomes, intermediate filaments and the 
ER. The identification of a role for desmosomes in regulating ER mor-
phology, dynamics and stress signalling provides insights into both 
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contacts with microtubules (Fig. 2i). Within 250 nm, we observed 
substantially more ER–keratin contacts (n = 217) than ER–microtubule 
contacts (n = 9). Interestingly, this preference was reversed at distances 
>1,000 nm from a desmosome, with ER membranes making more 
contacts with microtubules than with keratin filaments (Extended Data  
Fig. 5g). Further, ER membranes made larger contacts with keratin 
filaments than with microtubules (Fig. 2j). These findings indicate 
that ER associates with both keratin filaments and microtubules, but 
the frequency of contact with these cytoskeletal networks differs 
throughout the cell.

We next sought to determine if ER tubules, like keratin filaments, 
are present in mirror image-like arrangements at desmosomal junc-
tions. We analysed the distance between desmosomes and the closest 
voxel of ER membrane across two adjacent cells in the 4 × 4 × 4 nm3 and 
8 × 8 × 8 nm3 FIB-SEM datasets, using microtubules and endosomes for 
comparison (Fig. 3a–d and Supplementary Video 4). We restricted our 
analysis to within 250 nm on either side of desmosomes that displayed 
radial keratin filament bundles on both cytoplasmic faces. ER membrane 
pairs were present across ~89% (n = 16/18) of desmosomes (Fig. 3e,f). In 
contrast, endosome pairs were present across ~22% (n = 4/18) of des-
mosomes. Reliable identification and segmentation of microtubules 
was possible only in the 4 × 4 × 4 nm3 dataset, where we found no micro-
tubule pairs within 250 nm of any desmosome. These data demonstrate 
a symmetry in desmosome organization defined by the presence of 
both keratin filaments and ER tubules at desmosomal cell–cell contacts.

Peripheral ER tubules stably anchor to desmosomes
ER association with various organelles influences ER tubule mobil-
ity5,14. To determine if desmosomes influence ER dynamics, we used 
spinning disk confocal microscopy of living A431 cell lines stably 
expressing DP-EGFP and mApple-VAPB. ER tubules were present at 
the cell periphery and closely associated with virtually all desmosomes 
(Fig. 4a and Supplementary Video 5). Kymographs revealed that these 
ER-desmosome associations were highly stable (Fig. 4b). Approxi-
mately 73% of desmosomes (n = 113/154) co-localized with ER tubules 
for the entirety of a 2 min time course, while the remaining ~27% of 
desmosomes (n = 41/154) showed frequent but transient interactions 
with ER tubules (Fig. 4c and Extended Data Fig. 6).

To assess further how ER membrane mobility is impacted by des-
mosome associations, we used a membrane displacement analysis 
(MDA) macro in Fiji14 to classify ER membrane into static and mobile 
fractions. If the ER membrane moved >2 pixels (>130 nm) between 
timepoints, we classified it as mobile ER. We drew regions of interest 
(ROIs) that either encompassed ER tubules anchored to desmosomes 
(desmosomal ER) (Fig. 4d) or ER tubules further away from cell–cell 
contacts (non-desmosomal ER) (Fig. 4e). MDA revealed that about 66% 
of ER membrane present at desmosomes was stable, whereas only 39% 
of non-desmosomal ER was stable (Fig. 4d–f). These results indicate 
that ER tubules associated with desmosomes are immobile relative to 
non-desmosomal ER tubules.

Microtubule depolymerization causes ER tubule collapse into 
sheets and ER retraction from the cell periphery13. To determine if 
ER anchorage to desmosomes is affected by depolymerizing the 
microtubule cytoskeleton, we labelled microtubules in DP-EGFP/
mApple-VAPB A431 cells with Tubulin Tracker Deep Red (TTDR) and 
imaged living cells treated with either dimethyl sulfoxide (DMSO) 
or the microtubule-depolymerizing agent, nocodazole (30 μM). As 
microtubules depolymerized, peripheral ER tubules collapsed into 
a sheet-like morphology both at cell–cell borders (Fig. 5a–e) and at 
cell edges not contacting adjacent cells (cell-free edges) (Fig. 5f–j). In 
DMSO-treated cells, peripheral ER remained tubular and did not retract 
from the cell-free edges (Extended Data Fig. 7a). In nocodazole-treated 
cells, ER remained anchored to desmosomes (Fig. 5d,e (blue arrows) 
and Extended Data Fig. 7b) but retracted from both cell-free edges 
(Fig. 5g–j, Extended Data Fig. 7d and Supplementary Video 6) and 

fundamental organelle biology and into human disease states resulting 
from desmosome or keratin dysfunction.

Results
The ER associates with desmosomes
To assess the organization of ER in epithelial cells, we used A431 cell 
lines expressing desmoplakin (DP)-EGFP to visualize desmosomal 
cell–cell junctions7 and stably transduced these cells with mApple-VAPB 
to visualize ER8,9. Confocal microscopy revealed that peripheral ER 
tubules associated with DP puncta on both sides of desmosomal cell–
cell contacts (Extended Data Fig. 1a). Similar results were obtained using 
immortalized HaCaT keratinocytes and primary normal human epi-
dermal keratinocytes (NHEKs; Extended Data Fig. 1b,c). Transmission 
EM of parental A431 cells lacking exogenously expressed VAPB and DP 
revealed that peripheral ER tubules extend towards the electron-dense 
desmosome plaque, often exhibiting a paired configuration on either 
side of the desmosomal junction. ER–desmosome associations were 
also readily visible in multiple epithelial tissues, including rat skin and 
colon (Extended Data Fig. 2).

We determined the nanoscale three-dimensional architecture 
of ER-desmosome associations using a cryo-structured illumination 
microscopy (Cryo-SIM) and focused ion beam scanning electron 
microscopy (FIB-SEM) workflow6 (Supplementary Fig. 1). The cyto-
plasmic zone of the desmosome comprises an electron-dense outer 
plaque subjacent to the PM and a less electron-dense inner plaque that 
functions as an attachment zone for keratin intermediate filaments10,11. 
Two-dimensional views and three-dimensional reconstructions of 
FIB-SEM datasets revealed that peripheral ER tubules were situated 
close to desmosomal plaques (Fig. 1 and Supplementary Video 1). 
ER tubules and keratin filaments were arranged as paired structures 
on both sides of the desmosomal cell–cell junction (Fig. 1e–p). ER 
tubules were also present in the space between the keratin filament 
attachment zone (inner dense plaque) and the outer dense plaque of 
the desmosome (Extended Data Fig. 3 and Supplementary Video 2). ER 
tubules adjacent to desmosomes had fewer bound ribosomes relative 
to ER membranes further away from desmosomes (Extended Data  
Fig. 4). From a total of 33 desmosomes across the FIB-SEM datasets, ER 
tubules were found to be within 250 nm of the outer dense plaques of 
94% of desmosomes (n = 31/33). At canonical ER–PM contact distances 
of 30 nm, 42% of desmosome outer dense plaques (n = 14/33) showed 
a presence of ER tubules. In 24% of desmosomes (n = 8/33), ER tubules 
were found to be in physical contact with the outer dense plaque. These 
data indicate that peripheral ER tubules are a previously unrecognized 
component of the desmosomal adhesive complex.

The ER associates with keratin filaments
Since peripheral ER tubules were observed on either side of the desmo-
some, we investigated ER tubule localization relative to keratin filament 
bundles proximal (defined hereafter as ≤250 nm) and distal (defined 
as >1,000 nm) to desmosomal cell–cell contacts. FIB-SEM datasets at 
4 × 4 × 4 nm3 voxel size revealed that peripheral ER tubules intertwined 
around keratin filaments that approached the desmosome plaque  
(Fig. 2a,b). In addition to frequent ER–keratin contacts, keratin filament 
bundles were often fully enveloped by ER membrane (Fig. 2c–h and 
Supplementary Video 3). Keratin filaments made similar contacts with 
sheet-like/planar ER structures located distal to cell borders (Extended 
Data Fig. 4c–h and Supplementary Video 3). These observations dem-
onstrate an intimate physical association between the ER membrane 
and the intermediate filament cytoskeleton.

Microtubule interactions with ER tubules have been studied exten-
sively12,13. To compare ER–keratin and ER–microtubule interactions, we 
quantified the number and size of these contacts, defining ‘contact’ as a 
maximum distance of 16 nm between a voxel of ER and a voxel of keratin 
or microtubules (Extended Data Fig. 5). Within 1,000 nm of a desmo-
some, the ER made n = 327 contacts with keratin filaments and n = 215 
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Fig. 1 | FIB-SEM reveals ER–desmosome associations. a–c, FIB-SEM 
segmentations of a cell–cell contact in A431 cells acquired at 8 nm isotropic voxel 
size showing desmosome outer dense plaques (yellow), keratin filaments (teal) and 
ER (magenta) (n = 1 cell–cell contact at 8 nm isotropic resolution). Different shades 
of teal and magenta distinguish keratin and ER in adjacent cells. Cyan and yellow 
squares indicate regions with magnified views shown in insets b and c, respectively. 
Scale bar, 2 μm (a), 1 μm (b and c). d, FIB-SEM segmentations of a cell–cell contact 
in A431 cells acquired at 4 nm isotropic voxel size (n = 1 cell–cell contact at 4 nm 

isotropic resolution). Cyan box indicates region with magnified segmentations 
shown in e–j. Yellow box is magnified in Fig. 2. Scale bar, 1 μm. e–j, Rotated views of 
a desmosome outer dense plaque (yellow) showing mirror image-like organization 
of teal keratin filaments (e and h) and magenta ER (f and i), and rotated views of 
desmosome outer dense plaque, keratin filaments and ER (g and j). Scale bar, 
1 μm. k–p, Orthoslices in XY (k and n), XZ (l and o) and YZ (m and p) without or with 
desmosome, ER and keratin segmentations. Yellow arrows point to ER tubules 
proximal to desmosome outer dense plaque. Scale bar, 250 nm.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-023-01154-4

from regions of cell–cell borders lacking desmosomes (Fig. 5d,e (yel-
low arrows) and Extended Data Fig. 7b). Together with the data shown 
above (Fig. 4), these observations indicate that desmosomes function 
as peripheral ER-tethering sites.

ER tubules associate with remodelling desmosomes
We assessed ER–desmosome interactions as desmosomes underwent 
remodelling events, such as desmosomal fusion and desmosome 
assembly7,15. ER tubules remained in close association with desmosomes 
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Fig. 2 | FIB-SEM reveals ER–keratin filament associations in A431 cells.  
a, View of desmosome highlighted in the yellow box in Fig. 1d showing ER tubules 
(magenta) making contact with keratin filaments (teal; white arrow) and with 
the desmosome plaque (green arrow). Microtubules (orange) are also shown. 
b, Rotated views of structures shown in (a). Scale bar, 1 μm. c–e, Orthoslices 
showing ER tubules making contact with electron-dense keratin filaments 
(yellow arrows). Views along X-Y (c), X-Z (d) and Y-Z (e) axes. Scale bar, 250 nm. 
f–h, Same orthoslices as in e–g with ER, keratin and microtubule segmentations. 
Views along X-Y (f), X-Z (g) and Y-Z (h) axes. Scale bar, 250 nm. i, Histogram 

depicting the frequency of ER–keratin (blue line) and ER–microtubule (orange 
line) contacts to the nearest desmosome using a contact distance threshold of 
16 nm. j, Bivariate histogram of ER-keratin (blue) and ER-microtubule (orange) 
contacts showing the relationship between contact size (y-axis) and proximity 
to the nearest desmosome (x-axis) using a contact distance threshold of 16 nm. 
Colour bars depict the number of contacts with keratin (blue) or microtubules 
(orange). Data in i and j represent measurements from n = 33 desmosomes at two 
cell–cell contacts. Source numerical data are available in source data.
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undergoing fusion (Extended Data Fig. 8a–f). Further analysis revealed 
that the tip of ER tubules always tracked with at least one of the DP puncta 
before fusion (n = 67 fusion events analysed) (Extended Data Fig. 8g–l) 
and remained associated with newly fused desmosomes (Extended 
Data Fig. 8g–l, bottom row). These ER–DP interactions persisted dur-
ing successive fusion events (Supplementary Video 7). These findings 

indicate that ER tubules associate with desmosomes under steady-state 
conditions and during desmosome remodelling events.

To determine the spatio-temporal behaviour of ER and des-
mosomes during de novo cell–cell contact formation, we grew cells 
in low calcium (~30 μM) culture conditions for 18–24 h to prevent 
desmosome formation. The calcium concentration was then raised 
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Fig. 3 | Analysis of FIB-SEM data reveals a symmetrical organization of ER 
and keratin filaments proximal to desmosomes. a–d, Rotated views of 3D 
reconstructions of the 4 × 4 × 4 nm3 dataset with either microtubules (orange) 
or endosomes (green) in addition to desmosomes (yellow), ER (magenta) and 
keratin (teal). Scale bar, 1 μm. e, Scatter plots representing the 4 × 4 × 4 nm3 
dataset showing the distance from individual desmosomes to the closest 
organelles in each cell (n = 6 desmosomes at one cell–cell contact). f, Scatter 

plots representing the 8 × 8 × 8 nm3 dataset showing the distance from individual 
desmosomes to the closest organelles in each cell (n = 27 desmosomes at one 
cell–cell contact). The marker size is proportional to desmosome volume, with 
colour and shape showing whether a desmosome has radial keratin on both 
cytoplasmic faces (grey triangles), radial keratin on only one face (blue square), or 
no radial keratin on either face (green circles). Bottom row shows a magnification 
of the plots in the top row. Source numerical data are available in source data.
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to physiological levels (1.8–2.7 mM) to initiate formation of cell–cell 
contact16. Immediately following the switch to normal calcium lev-
els, we performed live-cell time-lapse imaging to track ER tubules 
as desmosome puncta form at cell–cell contacts. We observed that 
ER tubules extend towards the cell periphery a few minutes after 
cells initiate contact (Fig. 6a–e and Supplementary Fig. 2). When two 
adjacent cells came into contact, peripheral ER tubules formed mir-
ror image-like structures at contacts and no longer retracted from 
the periphery (n = 12 pairs of contacting cells) (Fig. 6b and Supple-
mentary Video 8). Additional examples are shown in Supplementary 

Fig. 2 using fluorescently tagged wheat germ agglutinin (WGA) to 
highlight cell membranes. In all 12 instances where we visualized new 
cell–cell contact formation, nascent DP puncta became visible pre-
cisely where ER tubules had formed paired structures (Fig. 6c,d). As 
cell contacts matured, additional ER mirror image-like arrangements 
emerged and immobilized at sites of newly forming desmosome  
puncta (Fig. 6e).

We also monitored keratin filament and ER tubule dynamics fol-
lowing a calcium switch using A431 cells stably expressing fluorescently 
tagged keratin-14 (mNeonGreen-KRT14) and mApple-VAPB. Following 
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1.75 (f–j, DP channel). Scale bar, 2 μm.
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addition of calcium, peripheral ER tubules extend to and retract from 
the cell edge without any keratin filaments (Fig. 6f). Eventually, ER 
tubules and keratin filaments extended and retracted simultaneously 
(n = 38/40 cells initiating contact) and in close spatial proximity (Sup-
plementary Video 9). These ER–keratin associations persisted for 
several minutes (Fig. 6g,h). As the cells come into contact, both ER 
tubules and keratin filaments form stable mirror image-like structures 

on either side of the cell–cell contact (Fig. 6i,j). Collectively, these 
experiments indicate that DP puncta formation and keratin filament 
assembly are initiated at sites of ER tubule extensions at nascent epi-
thelial cell–cell contacts.

A role for ER in desmosome assembly is suggested by autosomal 
dominant mutations in the ER-resident calcium pump, sarco/endo-
plasmic reticulum Ca2+‐ATPase 2 (SERCA2). Mutations in SERCA2 cause 
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Scale bar, 2 μm.
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Darier’s disease, a skin disorder characterized by loss of desmosomal 
adhesion17. Inhibition of SERCA2 function with thapsigargin impairs DP 
localization to cell–cell borders in cultured cells18. Therefore, we used 
thapsigargin to determine if SERCA2 function is required for periph-
eral ER recruitment to nascent cell–cell contacts. We treated A431 
cells expressing DP-EGFP and mApple-VAPB cultured in low-calcium 
medium with either DMSO or 1 μM thapsigargin for 30 min, followed 
by a switch to high-calcium (~2.7 mM) medium (n = 3 independent 

experiments). Similar to Fig. 6a–e, junctional DP puncta appeared 
following formation of ER tubule pairs at 100% (n = 25/25) of cell–cell 
borders of DMSO-treated cells (Extended Data Fig. 9a–e). However, in 
thapsigargin-treated cells, DP puncta appeared at only 44.8% (n = 13/29) 
of cell–cell borders. In those instances where no DP puncta appeared 
in thapsigargin-treated cells, ER tubules still extended towards the cell 
periphery (Extended Data Fig. 9f–j). These data indicate that ER tubule 
recruitment to nascent contacts precedes desmosome formation and 
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suggest that ER tubule regulation of local calcium levels is required for 
desmosome assembly to proceed.

Desmosomes and keratin regulate peripheral ER
To determine if desmosomes impact ER organization, we assessed 
ER and keratin distribution in wild-type (WT) A431 cells and in A431 
cells in which the desmosomal cadherin desmoglein-2 (DSG2) gene 
was ablated using clustered regularly interspaced short palindro-
mic repeats (CRISPR)/Cas9. These DSG2-null cells exhibit aberrant 
localization of desmosomal proteins and weakened cell–cell adhesion 
strength, while still forming adherens junctions19. We stably expressed 
mNeonGreen-KRT14 and mApple-VAPB in WT and DSG2-null cells and 
imaged these cells using spinning disk confocal microscopy. In WT cells, 
keratin filaments extended radially towards desmosomal junctions. 
These radial keratin filaments terminated at cell borders where they 
anchored to desmosomes (Fig. 7a; Supplementary Video 10, top row). 
Peripheral ER tubules exhibited similar organization in these cells, 
running parallel to the keratin filaments with both structures form-
ing paired structures at cell–cell contacts (Fig. 7a, yellow arrows). In 
contrast, DSG2-null cells exhibited few radial keratin bundles. Instead, 
keratins in DSG2-null cells ran parallel to the PM in a subcortical locali-
zation (Fig. 7a and Supplementary Video 10, bottom row). Similarly, 
peripheral ER tubules were organized parallel to rather than orthogo-
nally to cell–cell contacts (Fig. 7a, red arrows). These data indicate that 
loss of desmosomes alters peripheral ER organization.

We also assessed the influence of desmosomes on ER dynamics. 
MDA was used to determine ER membrane mobility at: (1) ER tubules 
along radial keratin filaments in WT cells, (2) ER tubules not associ-
ated with radial filaments in WT cells, and (3) ER tubules located along 
keratin filaments in DSG2-null cells (Fig. 7b–e). Analysis revealed that 
52% of ER membrane was stable along radial keratin filaments running 
to desmosomes, whereas only 42% of ER associated with non-radial 
keratin filaments was stable. These differences were even more stark 
when assessing ER mobility in DSG2-null cells, with only 36% of keratin 
filament-associated ER membrane being stable (Fig. 7f). Together, 
these results indicate that an association between ER tubules and radial 
keratin filament bundles suppresses ER tubule dynamics. The stabiliza-
tion of ER tubules along radial keratin filament bundles explains the 
persistence of ER tubule positioning in mirror image-like arrangements 
at desmosomal cell–cell junctions.

Keratin and desmosomes regulate ER morphology and ER stress
Keratin mutations result in a wide range of human diseases, 
often affecting the skin and skin appendages20. To determine if 
disease-causing mutations that disrupt keratin filaments also perturb 
ER morphology, we stably expressed a KRT14 point mutant, KRT14R125C 
(mNeonGreen-KRT14R125C), in A431 cells expressing mApple-VAPB. This 
KRT14 mutation results in the skin blistering disease epidermolysis 
bullosa simplex (EBS) by causing keratin filament aggregation21. Simi-
lar to results shown in Fig. 7, KRT14WT formed radial filaments closely 
associated with ER tubules (Fig. 8a–d and Supplementary Video 11, top 
row). In cells expressing the KRT14R125C mutant, peripheral ER morphol-
ogy was sheet-like or planar, especially when in contact with keratin 
aggregates (Fig. 8e–h). Time-lapse microscopy revealed that ER stably 
associated with both filamentous and aggregated keratin (Extended 
Data Fig. 10a–h and Supplementary Video 11, bottom row). Quanti-
fication indicated that ~75–79% of the keratin aggregates maintain 
contact with ER membranes over a 2 min time course (Extended Data 
Fig. 10i). To verify that changes in ER morphology were not an arte-
fact of differing levels of mApple-VAPB expression in different cells, 
we plated a mixture of KRT14WT and KRT14 R125C-expressing A431 cells 
(1:1 ratio) onto slides and imaged mixed cell clusters that had similar 
fluorescence intensities of mApple-VAPB. Again, peripheral ER domains 
appeared more sheet-like in the KRT14R125C- expressing A431 cells  
(Fig. 8i–k and Supplementary Video 12). These results indicate that a 

keratin mutation that causes an inherited epidermal blistering disease 
alters ER membrane morphology.

Transfection of HaCaT keratinocytes with the KRT14R125C mutant 
has been shown to upregulate ER stress markers phospho-c-Jun 
and BiP (HSPA5) (ref. 22). Therefore, we examined KRT14WT- or 
KRT14R125C-expressing A431 cells for changes in messenger RNA tran-
scripts of multiple ER stress genes, including DDIT3 (also known as 
CHOP), XBP1s (spliced isoform of XBP1), ATF3 and HSPA5 (also known 
as BiP or GRP78). A qRT–PCR analysis of RNA isolated from these cells 
revealed no significant differences in expression levels of DDIT3, XBP1s 
and HSPA5. However, there was a significant upregulation of ATF3 
in KRT14R125C-expressing cells (Fig. 8l). To determine if disruption of 
desmosomes also induces expression of ER stress transcripts, primary 
human keratinocytes were treated with autoantibodies (IgG) isolated 
from plasma of patients with pemphigus vulgaris (PV). In this disorder, 
patients generate function-blocking autoantibodies directed against 
the desmosomal cadherin desmoglein-3 (ref. 23). These autoantibodies 
cause desmosome disruption, keratin filament retraction and loss of 
adhesion strength24,25. Pemphigus patient IgG induced upregulation 
of XBP1s, HSPA5 and ATF3 expression compared with cells treated with 
normal human IgG (Fig. 8m). Together, these results indicate that per-
turbation of keratin organization or desmosome function is coupled 
to the upregulation of transcripts associated with ER stress responses.

Discussion
Our data reveal a previously unknown tripartite complex comprising 
desmosomes, keratin intermediate filaments and peripheral ER tubules. 
We report that desmosomes regulate peripheral ER morphology by 
organizing radial keratin filament bundles that position ER tubules 
orthogonally to the PMs of adjacent cells. These ER tubules exhibit 
frequent interactions with both keratin filament bundles and the sub-
structure of the desmosome cytoplasmic plaque. This architectural 
arrangement, along with the characteristic mirror image organization 
of desmosomes, shapes the morphology and dynamic behaviour of 
peripheral ER membranes at regions of epithelial cell–cell contact.

The ER makes close (<30 nm) contacts with the PM that func-
tion as sites of lipid exchange and calcium homeostasis1. Epithelial 
cells assemble an extensive array of intercellular contacts that could 
influence or be regulated by ER–PM associations. A serial EM study of 
hepatocytes and epithelial spheroids found extensive ER–PM contacts 
at lateral PM domains, a few microns from tight junctions21. Another 
recent study suggested an association between ER and adherens junc-
tions26. Further, the ER is associated with highly specialized complexes 
between Sertoli cells and developing spermatids where it is thought 
to regulate calcium signalling and junction remodelling27. We find that 
stable ER–desmosome associations occur at mature desmosomes, 
during desmosome fusion and during initial stages of desmosome 
formation. When cell–cell contact is initiated, ER tubules extend to 
the cell periphery and DP puncta appear to coalesce de novo at the tips 
of ER tubular extensions. Thus, the ER appears to pattern-specific PM 
regions for nascent desmosome formation, and reciprocally, newly 
forming desmosomes function as anchorage points that stabilize 
peripheral ER tubules. Additional studies will be needed to delineate 
the temporal hierarchy of ER recruitment to nascent cell–cell con-
tacts in relation to other intercellular junctions and their associated 
cytoskeletal networks.

High-resolution FIB-SEM (resulting in 4 nm and 8 nm isotropic 
voxels) revealed that the ER membrane lies proximal to the desmosome 
plaque, often within distances observed at canonical ER–PM contacts 
(Figs. 1 and 2 and Supplementary Videos 1–3). In several instances, 
we observed ER tubules in physical contact with both the inner and 
outer dense plaque of the desmosome. In some desmosomes, tubules 
even penetrate the space between these electron-dense structures 
(Extended Data Fig. 3). These observations strongly suggest molecular 
associations between proteins resident on the ER membrane and within 
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the desmosomal substructure. This notion is supported further by 
optical imaging of living cells. ER tubules associated with desmosomes 
exhibit reduced mobility compared with non-desmosomal ER (Fig. 4). 
Knockout of the desmosomal cadherin DSG2 reduced desmosome for-
mation and increased peripheral ER membrane mobility (Fig. 7). These 
observations indicate that desmosomes control both the organization 
and dynamics of peripheral ER membranes.

Three-dimensional reconstructions of FIB-SEM datasets also 
revealed interactions between ER tubules and keratin filaments run-
ning orthogonally towards desmosomal junctions (Fig. 2). ER mem-
brane frequently surrounded keratin filament bundles (Fig. 2a,b). 
Consequently, ER tubules and keratin filaments displayed a coordi-
nated spatial and temporal relationship in live cell systems. During 
cell–cell contact formation, keratin filaments extend along ER tubular 
extensions, resulting in a stabilized mirror image-like arrangement of 
tubules and keratin filaments terminating at sites of desmosome matu-
ration (Figs. 6f–j and 7). Desmoglein-null cells exhibit a loss of keratin 
bundles extending out to the cell periphery and a loss of orthogonally 
organized ER at cell–cell contacts (Fig. 7). Likewise, keratin filament 
aggregation caused a dramatic re-organization of ER membranes 
(Fig. 8). In cells expressing WT KRT14, peripheral ER was predomi-
nantly tubular. In contrast, expression of an EBS-causing K14 mutant 
that results in keratin aggregation reduced tubular ER in favour of 
planar ER membrane morphology. These findings indicate that des-
mosomes function to anchor keratin filament bundles that in turn act 
as filamentous guides that stabilize ER tubules into mirror image-like 
arrangements at epithelial cell–cell junctions. Disruption of either 
desmosomal or keratin organization profoundly impacts both ER 
dynamics and morphology.

The identification of an ER–desmosome complex provides 
a foundation for new ways to conceive of cellular stress signalling 
mechanisms. Cell stress signalling is a central function of the ER28, 
and intermediate filaments provide cells and tissues with resistance to 
mechanical and chemical stresses20,29,30. Keratin filaments interact with 
the nuclear envelope, an extension of the ER, and keratin 14 loss alters 
nuclear shape, further suggesting a link between ER–keratin associa-
tions and cell signalling31,32. ER stress has been implicated in epidermal 
fragility disorders caused by keratin mutations33. Similarly, ER stress 
transcripts are increased when keratin or desmosome organization 
is perturbed (Fig. 8l,m). Conversely, loss-of-function mutations in 
the ER calcium pump SERCA2 cause desmosome defects in Darier’s 
disease, and pharmacological inhibition of SERCA2 in vitro prevents 
desmosome assembly18,34 (Extended Data Fig. 9). SERCA2 and the ER 
shaping protein reticulon-4 have recently been identified as putative 
DP binding partners35, suggesting direct links between ER regulatory 
proteins and desmosome structural elements. These observations 
suggest that the ER–desmosome architecture reported here regulates 
desmosome assembly at nascent cell–cell contacts and mediates cel-
lular stress signalling when desmosome or intermediate filament 
structure is compromised.
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Methods
Approvals
Gut and skin samples were excised from Sprague Dawley rats according 
to protocols approved by Animal Care Committees at the respective 
institutions: Animal care protocol AUP 21-02-01 to Charlis Raineki, 
Brock University; Animal care protocol A20-0076 to A.W.V., University 
of British Columbia, Canada. Some experiments described in this 
manuscript involved the use of discarded and/or de-identified human 
skin and pemphigus patient sera. These experiments were reviewed and 
determined to be ‘not human subjects research’ by the institutional 
review board at the Pennsylvania State University Office for Research 
Protections (PSU IRB STUDY00021792).

Lentivirus generation
To generate a lentiviral construct expressing mApple-VAPB, the 
VAPB open reading frame from mCherry-VAPB8 was cloned into the 
C-terminus of mApple-C1 (ref. 36) using in vivo assembly37. This step 
generates mApple-VAPB with a 15 bp linker (5′-TCCGGACTCAGATCT-3′) 
between the mApple and VAPB open reading frames. A second round of 
in vivo assembly was performed to clone mApple-VAPB into the vector 
backbone of pLenti6-V5-DEST for lentivirus production. The remain-
ing lentiviruses used in this study were generated by VectorBuilder. 
Vector IDs are specified in Supplementary Table 1 and can be used to 
retrieve detailed information about the vector on vectorbuilder.com. 
The sequences of plasmids we generated in-house were confirmed by 
sequencing and with restriction enzyme digestion. The sequences of 
all plasmids obtained from VectorBuilder were validated with restric-
tion enzyme digestion. Lentiviruses were made by co-transfection 
into human embryonic kidney-293FT cells with pMD2.G (encoding 
VSV-G) and psPAX2 (encoding Gag and Pol) and collection of culture 
supernatants 24‒72 h after transfection. Lentivirus was concentrated 
either by high-speed centrifugation at 4 °C for 1.5 h at ~100,000g, or 
with the Lenti-X Concentrator kit (631231; Takara Bio) following the 
manufacturer’s protocol. The mCherry-VAPB (gift from Gerry Ham-
mond, plasmid #108126), mApple-C1 (gift from Michael Davidson, 
plasmid #54631), pMD2.G and psPAX2 (gifts from Didier Trono, plas-
mid #12259 and #12260, respectively) plasmids were obtained from 
Addgene. Plasmid sequences are available at ref. 38.

Cell line generation, transfection, culture and reagents
A431 epithelial cells and HaCaT keratinocytes were cultured in Dul-
becco’s modified Eagle medium (10-013-CV; Corning) with 10% foetal 
bovine serum (TET tested, S10350; R&D Systems) and 1× antibiotic–
antimycotic solution (30-004-CI; Corning).

Primary NHEKs were isolated from neonatal foreskin as previously 
described39,40. NHEKs were cultured in KGM Gold Keratinocyte Growth 
Medium BulletKit (00192060; Lonza). For daily maintenance and 
subculturing of NHEKs, the final calcium concentration was adjusted 
to 50 μM to prevent desmosome formation.

CRISPR/Cas9 was used to knock out DSG2 (DSG2 gRNA target 
sequence GTTACGCTTTGGATGCAAG) in A431 cells19,41. DP-EGFP expres-
sion in A431 cells stably expressing Tet-On DP-EGFP was induced by 
culturing the cell lines in 4 μg ml−1 doxycycline (D3447; Sigma-Aldrich) 
for 18–24 h (ref. 7). A431 cells were transduced with lentivirus by incu-
bating cells with 8–10 μg ml−1 polybrene (TR-1003-G; EMD Millipore) in 
cell culture medium for 24–48 h. Cells stably infected with lentiviruses 
were selected using either blasticidin (2.5–5 μg ml−1) (R21001; Thermo 
Fisher Scientific) or puromycin (0.5 μg ml−1) (ABT-440; Boston BioProd-
ucts) or a combination of both, depending on the lentivirus used. Bulk 
sorting of cell lines expressing the various constructs was performed by 
fluorescence-activated cell sorting to obtain populations with similar 
expression levels.

Cells were also transiently transfected with mCherry-VAPB and 
DP-EGFP plasmids (Extended Data Fig. 1a,b) using the Viromer RED 
transfection reagent (TT100302; OriGene Technologies). Briefly, cells 

were grown to 50% confluency. A mix of the Viromer RED transfection 
reagent, Viromer RED buffer and plasmid DNA were added to the cells 
and incubated. Cells were then imaged 24 h later. The DP-GFP (gift 
from Kathleen Green, plasmid #32227) was obtained from Addgene.

Antibodies
The following antibodies were used for western blot: 1:1,000 rabbit 
anti-DP (A303-356A; Bethyl Laboratories), 1:1,000 rabbit anti-VAPB 
(PA5-53023; Invitrogen) and 1:60,000 rabbit anti-GAPDH (10494-1-AP; 
Proteintech). Secondary antibodies used were: 1:3,000 goat anti-rabbit 
IgG (H + L) horseradish peroxidase conjugate (170-6515; Bio-Rad).

Western blotting
Cells were grown to 90% confluence in six-well plates and then incu-
bated with either DMSO or 4 μg ml−1 doxycycline 24 h before collec-
tion. When at 100% confluence, cells were rinsed 2× with cold 1× PBS+. 
Cells were then incubated in 2× Laemmli buffer (1610737; Bio-Rad) 
with β-mercaptoethanol (M2650; Sigma-Aldrich) for 1 min. on ice. 
Lysates were then scraped with a cell scraper and homogenized using 
a syringe and 25 G 5/8 needle. Cell lysates were then incubated at 95 °C 
for 5 min. Proteins were then separated on a 7.5% Mini-PROTEAN TGX gel 
(4561025; Bio-Rad) along with a protein ladder (PI26634; Thermo Sci-
entific) using Tris/glycine/SDS running buffer (161–0732; Bio-Rad) and 
run at 10 mA for 7 min, then 30 mA for 7 min, then 80 mA for 10–15 min. 
Gels were then carefully transferred to 2× transfer buffer (161–0734; 
Bio-Rad) containing 20% methanol. Transfer to a nitrocellulose mem-
brane (88018; Thermo Fisher Scientific) was performed overnight at 
10 V. Blocking was performed with 5% milk (in 1× PBS-Tween) for 1 h. 
Membranes were incubated with primary antibodies (in 1× PBS-Tween) 
at 4 °C overnight. Membranes were washed three to six times with 1× 
PBS-Tween, followed by incubation in secondary antibody for 1 h, fol-
lowed by three to six washes again. When necessary, membranes were 
stripped with OneMinute Stripping Buffer (GM6001; GM Biosciences), 
followed by a 1 h block. The above wash and incubation steps were then 
repeated for the next primary and secondary antibodies. Western blots 
were developed with chemiluminescence horseradish peroxidase 
substrate (RPN2106; GE Healthcare). The chemiluminescent blots were 
imaged with a ChemiDoc MP Imaging System (Bio-Rad). Densitometric 
analysis was performed using Fiji/ ImageJ (v1.53t).

Levels of mApple-VAPB were quantified from lysates of DP-EGFP/
mApple-VAPB A431 cells treated with either DMSO or 4 μg ml−1 doxy-
cycline and were found to be ~1.2–1.5× that of endogenous VAPB (Sup-
plementary Fig. 3).

WGA labelling
Cells were incubated with 2–4 μg ml−1 WGA (29026; Biotium) in 1× 
HBSS+ (Hank’s Balanced Salt Solution) or 1× HBSS− (for calcium switch 
experiments) at 37 °C for 15 min. Cells were then washed once with 1× 
HBSS+ or 1× HBSS− (for calcium switch experiments). Pre-warmed 
live-cell imaging media was added to the cells before imaging.

TTDR labelling and nocodazole treatment
Cells were incubated with a 1:1,000 dilution of TTDR (T34076; Invitro-
gen) in 1× HBSS+ at 37 °C for 30 min. Cells were then washed once with 
1× HBSS+. Pre-warmed live-cell imaging medium containing 30 μM 
nocodazole (in DMSO) (M-1404; Sigma) or an equivalent amount of 
DMSO only was added to the cells immediately before imaging.

DSG3 labelling in NHEKs
NHEKs were seeded on 35 mm #1.5 glass-bottom dishes with four com-
partments (#627870; Greiner Bio-One). Cells were switched to medium 
containing 550 μM calcium chloride for 18–24 h before labelling. To 
label DSG3, we used an Alexa Fluor 488-conjugated pathogenic mouse 
monoclonal antibody against the extracellular domain of Dsg3, AK23 
(ref. 42). Cells were incubated with 1:300 AF488-AK23 in ice-cold KGM 
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Gold Keratinocyte Growth Medium at 4 °C for 45 min. Cells were then 
washed three times with 1× HBSS. After the last wash, pre-warmed 
medium was added to the cells before imaging.

Treatment of cells with PV IgG
Desmosome formation in NHEK (no later than passage 3) was first 
induced by switching to culture medium containing 550 μM calcium 
for 16–18 h. Cells were treated with either normal human IgG or PV IgG 
at a final concentration of 400 μg ml−1 for 24 h at 37 °C. PV sera were kind 
gifts from Dr Masayuki Amagai (Keio University, Tokyo). PV sera used in 
this study were IgG preparations from two patients and predominately 
recognized Dsg3 (ELISA scores: PV1 - Dsg3 179.3, Dsg1 2.6; PV2 - Dsg3, 
167.7; Dsg1, 4.1) (refs. 43,44).

Transmission EM
Cells cultured to 100% confluence on 12 mm, 0.4 μm, polyester tran-
swells (CLS3460; Corning) were fixed in 1.5% paraformaldehyde (15713; 
Electron Microscopy Sciences (EMS)/1.5% glutaraldehyde (16320; EMS) 
in 0.1 M sodium cacodylate buffer (pH 7.3) (12300; EMS) at room tem-
perature for 30 min. Rat skin and colon tissue from Sprague Dawley rats 
were also fixed as above. The membrane inserts were then cut out with a 
clean scalpel and incubated in room-temperature fixative. Membranes 
were then washed three times with 0.1 M sodium cacodylate buffer for 
10 min each. Samples were then post-fixed on ice for 1 h with 1% OsO4 
(19100; EMS) (1:1 mix of 2% OsO4 and 0.2 M sodium cacodylate buffer) 
and then washed three times (10 min each) with ddH2O. Membranes 
were stained with 1% aqueous uranyl acetate and washed again three 
times (10 min each) with ddH2O before being dehydrated in an ascend-
ing concentration series of ethanol solutions, treated with two changes 
of 100% propylene oxide (20401; EMS), and infiltrated with a 1:1 mix of 
propylene oxide and EMbed 812 resin (14120; EMS) and left overnight. 
After two 2 h incubations in 100% EMbed 812 resin, the membranes 
were placed on a silicone platform with cells facing up and embedding 
capsules (filled with resin) were inverted onto the membranes. Finally, 
the samples were heated in a 60 °C oven for 48 h. Polymerized blocks 
with membranes attached were removed from the silicone platforms 
and trimmed. Thin sections were cut on a Leica Ultramicrotome, and 
the sections collected on 200 mesh copper grids (G200-Cu; EMS). The 
sections were stained with uranyl acetate and lead citrate, and imaged 
on an FEI Tecnai G2 or Talos transmission electron microscope oper-
ated at 120 kV.

CLEM
Correlative light and electron microscopy (CLEM) was performed 
according to Hoffman et al.6 and as described below.

Sapphire disk preparation. Optically flat sapphire disks (3 mm diam-
eter, 50–80 μm thick; Nanjing Co-Energy Optical Crystal) were cleaned 
using basic Piranha solution (5:1:1 mixture of H2O:50% H2O2:NH3OH) 
for 4–6 h at 80–90 °C. Disks were then coated (Desk II sputter coater; 
Denton Vacuum) with a gold pattern around the outer 0.5 mm edge 
to identify the direction the disk is facing. Disks were then placed in a 
20 mm MatTek disk, gold side facing down, submerged in 70% ethanol 
for 2–3 min. Ethanol was discarded, and disks were rinsed three times 
in sterile water and left to dry. Disks were then coated with 0.1% gelatin 
in 1:1 H2O:growth medium for 1 h at 37 °C and left to dry.

Cell culture and staining for CLEM. Cultured A431 cells stably express-
ing DP-EGFP and mApple-VAPB at 70–80% confluency (maintained at 
37 °C/5% CO2 in 100 mm tissue culture dishes) were trypsinized (0.25% 
trypsin–EDTA) at 37 °C, resuspended and re-cultured onto the non-gold 
bearing surface of the sapphire disks. After 24 h, cells were incubated 
in 4 μg ml−1 doxycycline for DP-EGFP induction. After 24–48 h, cells 
were stained with MitoTracker Deep Red (M22426; Molecular Probes; 
working concentration 25–500 nM) at 50 nM or MitoView 650 (70075; 

Biotium; working concentration 25–500 nM) in a CO2 incubator for 
15 min and washed.

High-pressure freezing. Sapphire disks containing labelled cells were 
dipped three times in freezing medium containing Fluorobrite medium 
(A1896702; Thermo Fisher), 25% dextran (Mr ~40,000, 31389-100G; 
Sigma), and 0.8 pM TetraSpeck microspheres (0.2 μm diameter, T7280; 
Invitrogen). They were then placed between aluminium planchettes 
and subjected to high-pressure freezing (HPF Compact 01; Wohlwend 
GmbH) according to the manufacturer’s instructions. Samples were 
then stored in liquid N2.

Optical imaging/Cryo-SIM. Specimen fluorescence was imaged using 
the setup described previously6. Briefly, residual ice on the non-cell 
bearing side of the sapphire disks was removed via scalpel scraping 
under liquid N2. Samples were then loaded into a custom-built cryostat 
with an imaging window that maintained sample temperature of ~77 K 
for the duration of imaging. Cells were excited via 488 nm (4 W, Genesis 
CX STM; Coherent), 561 nm (5 W, 2RU-VFLP-5000-560-B1R; MPB Com-
munications) and 642 nm laser (2 W, 2RU-VFL-P-2000-642-B1R; MPB 
Communications) illumination and imaged via a 100×, 0.85 numerical 
aperture (NA) objective lens (CFI L Plan EPI CRB; Nikon) onto an sCMOS 
camera detector (Orca Flash 4.0 v3; Hamamatsu Corp.).

After correction-collar optimization (using TetraSpeck beads), 
montage epifluorescence images were taken of each coverslip to iden-
tify ROIs. Following this, ROIs were imaged using 3D structured illumi-
nation microscopy, with typical field of view (FOV) of 130 × 130 μm (xy) 
and 8 μm (z-depth). Images were processed using the SIM reconstruc-
tion algorithm reported previously45, with the following typical recon-
struction parameters: 0.007 Wiener Filter, 0.7 gamma apodization, 
15-pixel radii of the singularity suppression at the optical transfer func-
tion origins. Finally, chromatic shifts between each colour channel were 
digitally corrected using the TetraSpeck beads as alignment fiducials.

EM preparation. Samples were unloaded from the cryo-fluorescence 
microscope and again stored in liquid N2. They were then transferred 
to cryotubes containing 1–2% OsO4, 0.1% uranyl acetate and 3% water 
in acetone under liquid N2. Freeze substitution was then performed, 
and sapphire disks embedded in Eponate 12 using the recipe reported 
previously6. Following these manipulations, Epon resin was removed 
from the bottom side of the sapphire disk, and the disk removed from 
the resin block by repeated alternating immersion in warm water and 
liquid N2. The newly exposed Epon surface containing cells was then 
re-embedded in Durcupan resin.

X-ray correlation and trimming. Samples were then imaged using a 
micro X-ray CT system (XRadia 510, Carl Zeiss X-ray Microscopy) to 
identify the positions of the cells of interest. Fluorescence images taken 
previously were overlaid onto X-ray images to ensure proper ROI loca-
tion. Specimens were re-mounted on a copper stud and trimmed using 
an ultramicrotome (EM UC7, Leica Microsystems), with supplementary 
X-ray CT imaging to guide the trimming process, until the region to be 
imaged in EM was contained in a resin ‘tab’ with typical dimensions of 
approximately 100 × 100 × 65 μm. Finally, samples were sputter-coated 
with 10 nm gold and 100 nm carbon (PECS 682; Gatan) to maintain 
sample conductivity for EM.

FIB-SEM. Samples were loaded onto a custom FIB-SEM, consisting of 
a Zeiss Gemini 450 Field Emission SEM and a Zeiss Capella FIB column 
oriented at 90 degrees to the SEM beam46. Samples were subjected 
to repeated FIB milling and SEM imaging to acquire 3D EM datasets. 
Images taken at 8 × 8 × 8 nm pixel resolution were imaged at 500 kHz 
readout rate, with 1.2 kV landing energy at 2.0 nA electron dose. Milling 
was performed using a 15 nA gallium ion beam source at 30 kV. Images 
taken at 4 × 4 × 4 nm3 pixel resolution were imaged similarly but with 

http://www.nature.com/naturecellbiology
https://www.ncbi.nlm.nih.gov/nuccore/M22426


Nature Cell Biology

Article https://doi.org/10.1038/s41556-023-01154-4

200 kHz readout rate, 0.25 nA electron dose and 0.9 kV landing energy. 
A pipeline based upon render web services (available at https://github.
com/saalfeldlab/render) was used to align and reconstruct the FIB-SEM 
images into 3D volumes for analysis. Point match correspondences 
were extracted using SIFT47, and global optimization48,49 was employed 
to compute per-image affine transformations regularized with a rigid 
model for each entire volume. After alignment, the volumes were flat-
tened using a spline along the z dimension based on key points that 
were interactively set in BigDataViewer50.

CLEM registration. Fluorescence and EM image data were co-registered 
as follows. The mitochondria fluorescence channel (MitoView 650) was 
manually cropped to approximately match the FOV of the FIB-SEM 
image. Mitochondria predictions (see ‘Automatic ER, mitochondria 
and PM segmentation in FIB-SEM datasets’ section) were downsampled 
to 64 nm isotropic resolution and coarsely aligned to the cropped 
light image using BigDataViewer50. Resampled predictions were then 
blurred with a 1 × 1 × 3 pixel Gaussian kernel using Fiji51. Processed pre-
dictions were registered to the fluorescence image using elastix52 using 
two steps. First, we used elastix to estimate an affine transformation 
between the two volumes. We then ran elastix again, initialized with the 
estimated affine to find a non-linear transformation. Parameters for 
both steps can be found at ref. 38. In estimating the non-linear trans-
formation, we provided elastix an automatically generated mask that 
was non-zero when the image fields of view overlapped. The inverse of 
the resulting transformation was estimated and applied to all fluores-
cence images, bringing them into spatial alignment with the FIB-SEM 
(using code from https://github.com/saalfeldlab/template-building).

Spinning disk confocal microscopy
Microscope. Fluorescence imaging was performed using a Nikon 
Ti2-E equipped with a Yokogawa CSU-X1 spinning disk unit, LUNF 
XL laser unit, Nikon Perfect Focus System, Z piezo stage, motorized 
XY stage, two sCMOS cameras (ORCA-Fusion BT, Hamamatsu Corp.) 
and two fast filter wheels with most elements controlled through 
hardware-triggering through Nikon’s National Instruments Breakout 
Box. The acquisition software was NIS-Elements (v5.30.02, v5.30.04 
and v5.30.06). The polychroic mirror within the Yokogawa CSU-X1 unit 
is a Semrock Di01-T405/488/568/647. Single-emission filters (Chroma 
ET525/36m, Chroma ET605/52m and Chroma ET705/62m) were used 
with the 488 nm, 561 nm and 640 nm lasers.

Live-cell imaging. For live-cell imaging, cells were seeded on either 
eight-well chambered #1.5H coverglass (#C8-1.5H-N; Cellvis) or 35 mm 
#1.5 glass-bottom dishes with four compartments (#627870; Greiner 
Bio-One). We used a Nikon 100×/1.49 NA Apo TIRF oil immersion 
objective with its correction collar optimized for our imaging at 37 °C 
through a #1.5H glass coverslip. Images were taken in 12 bit with high 
gain (‘12-bit Sensitive’) and with ‘Standard’ readout mode. Rough align-
ment for simultaneous dual-channel imaging was accomplished using 
0.1 μm multi-colour TetraSpeck beads to align the Cairn TwinCam unit 
(holding a Semrock Di02-R561 beamsplitter) until pixel-perfect overlap 
was achieved in the centre of FOV for the two cameras. Temperature and 
CO2 control for maintaining physiological conditions were provided 
by a Tokai Hit stage top incubation system (model STXF-WELSX-SET). 
Acquisition settings for figures/experiments are listed in Supplemen-
tary Table 2. To accommodate the addition of high-calcium medium 
during calcium switch experiments, holes were made in polystyrene 
lids using heated syringes and then sterilized with 70% ethanol.

Image processing
Automatic ER, mitochondria and PM segmentation in FIB-SEM 
datasets. Segmentations for ER, mitochondria and PM were generated 
using the 8 nm and 4 nm many-type networks described in ref. 53 for 
DSM-2 and DSM-3, respectively. With a manual validation Fiji plugin 

(available at https://github.com/janelia-cosem/Fiji_COSEM_Predic-
tions_Evaluation), we found the optimal network iterations to be 800k 
for ER, 875k for mitochondria in DSM-2 (from range 800k–1,000k) 
and 625k for ER and 750k for mitochondria in DSM-3 (from range 
600k–800k). Voxels predicted to belong to organelles were used to 
segment the organelles into individual connected components53. 
Components smaller than 20 × 106 nm3 were removed. In the case of 
mitochondria, predictions were first smoothed by a Gaussian kernel 
(σ = 12 nm) before connected component analysis.

FIB-SEM image processing (after COSEM predictions). Predicted 
organelle segmentation results and raw EM data from COSEM/AIC 
were cropped to remove regions without biologically relevant voxels. 
Datasets were then re-sliced (rotated) to an orientation akin to typical 
light microscopy z-stacks. To reduce file sizes, the 4 × 4 × 4 nm3 dataset 
(‘DSM-3’) was chopped into 12 tiles of equal dimensions from which 
one tile containing part of a cell border was selected for segmentation 
touch-up and analysis. Similarly, ‘DSM-2’, the 8 × 8 × 8nm3 dataset, 
was cropped to include only one border. More details about FIB-SEM 
datasets can be found in Supplementary Table 3.

Keratin intermediate filaments, ribosomes and desmosome outer 
dense plaque were segmented using the pixel classification workflow 
from ilastik (v1.3.3). The structure and strong electron density of the 
outer dense plaque and ribosomes permitted predictions from ilastik 
to be filtered on the basis of size and intensity with minor manual cor-
rections. If both sides of the outer dense plaque were not available due 
to sample tearing, these desmosomes were excluded from analysis. 
Endosomes were frequently misclassified as ER and were re-classified 
into a separate endosome class. Microscopy Image Browser v2.83 
(ref. 54) was used for proofreading segmentation results and manual 
annotation of microtubules.

Segmentation results were exported from Microscopy Image 
Browser v2.83 as 3D TIFs and imported into Dragonfly along with the 
corresponding cropped FIB-SEM dataset. Connected component 
analysis (26-connection) was done to generate objects of desmosomal 
outer dense plaque, keratin, microtubules, ER, endosomes and ribo-
somes, and to classify certain organelles (ER, endosomes, keratin and 
microtubules) by cell. Sample tearing (from the resin embedding step) 
resulted in disconnected ER within the same cell, but these objects were 
manually re-classified as one ER object per cell.

Three-dimensional renderings in Figs. 1–3, Extended Data Figs. 4  
and 5, and Supplementary Fig. 1 were generated using Dragonfly soft-
ware, Version 2022.2 for Windows55.

FIB-SEM image analysis (after COSEM predictions). To assess 
the relative location of various organelles on both sides of a desmo-
some (Fig. 3), unsigned distance transform maps were generated for 
specific organelles that were split by cell to determine the closest  
voxel of each organelle to individual desmosomes. To distinguish 
between smooth and rough ER, we filtered ribosomes on the basis 
of distance to ER to keep ribosome objects with voxels adjacent to 
ER. The statistics for the minimum intensity of the unsigned dis-
tance transform maps for each desmosome object were exported as 
comma-separated value files. Desmosomes at locations of sample 
tearing were excluded from analysis and visualization except for 
Supplementary Fig. 1.

To compare ER contacts between keratin and microtubules, we 
used the 4 × 4 × 4 nm3 dataset (‘DSM-3’) because the 8 × 8 × 8 nm3 data-
set (‘DSM-2’) was insufficient for seeing the hollow tube structure 
of microtubules. Using Microscopy Image Browser, the ER class was 
dilated in 3D (by 1–5 voxels, corresponding to 4–20 nm), and then an 
intermediate filament class was masked with the dilated ER class. Fol-
lowing connected components in 3D with a 26-connected neighbour-
hood, the objects were exported as .csv files and plotted using seaborn 
(v0.12.0) and matplotlib (3.7.1) (refs. 56–59).
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Fluorescence microscopy image processing. Images were split by 
channels and timepoints before denoising with either Noise2Void60 or 
3DRCAN (Supplementary Fig. 4)61. After re-combining to a hyperstack, 
all datasets were corrected for lateral chromatic aberration using 
NanoJ’s channel registration62. If needed, images were then drift cor-
rected using NanoJ’s drift correction. Fiji/ ImageJ macros are provided 
at ref. 38.

3DRCAN. A431 cells stably expressing mApple-VAPB were grown on 
#1.5 glass coverslips and fixed using 2% paraformaldehyde for 15 min 
at 37 °C before being mounted in ProLong Gold and left to cure for 
72 h. Acquisition settings for the low signal-to-noise ratio (SNR) images 
were chosen to match the SNR during live-cell imaging. The high SNR 
settings used higher laser power and higher exposure to compensate 
for the fixation-induced loss in fluorescence. ‘Ground truth’ datasets 
were obtained after Richardson–Lucy deconvolution of the high-SNR 
datasets. After excluding datasets that showed focal drift between 
the low-/high-SNR datasets, we had 37 (34 training and 3 validation) 
datasets. Training parameters can be found in Supplementary Table 4. 
A Windows 10 workstation with an NVIDIA RTX 3090 graphics process-
ing unit (GPU) was used.

Noise2Void and N2V2. Noise2Void v0.2.1 was used with TensorFlow- 
DirectML on a Windows 10 workstation with an NVIDIA RTX 3090 
GPU. Compared with Noise2Void, N2V2 yielded superior results in our 
FIB-SEM datasets by improving denoising quality and reducing cheq-
uerboard artefacts63. N2V2 training and prediction was done through 
the napari-n2v plugin on napari64. In some cases, N2V training and 
prediction used the N2V CSBDeep Fiji plugin on a Windows 10 worksta-
tion with an NVIDIA Quadro RTX 4000 GPU. Training parameters can 
be found in Supplementary Tables 5 and 6.

Image analysis
Segmentation with ilastik and generation of overlapping signals. 
To determine the extent of co-localization between DP or KRT14R125C 
aggregates and VAPB over time, we performed an analysis of overlap-
ping signals (Fig. 4c and Extended Data Fig. 10i). We first generated 
binary masks of DP-EGFP, KRT14R125C aggregates and mApple-VAPB 
channels using the Pixel Classification workflow in ilastik65. Briefly, 
features were drawn to differentiate foreground from background 
pixels in denoised images. This step generates a binary image for each 
channel, with true signal value of 1 and background value of 0. Addition-
ally, in ilastik-segmented KRT14R125C images, any keratin filamentous 
structures present were cleared using Fiji so that only keratin aggre-
gates were analysed.

To generate an overlap image, we used Fiji51 to perform a ‘Multiply’ 
calculation on ilastik-segmented binary masks of DP or KRT14R125C 
images and the corresponding VAPB images. Therefore, only non-zero 
pixels in both channels are kept. These resulting pixels suggest 
co-localization between DP puncta (desmosomes) or KRT14R125C aggre-
gates and VAPB (ER) at the resolution limit of standard spinning disk 
confocal microscopy.

Analysis of DP-VAPB co-localization. Fiji macros were devel-
oped to determine whether DP puncta exhibited interactions with 
ER membrane over a 2 min duration with image acquisition every 
5 s (25 timepoints) (Fig. 4c). Briefly, we drew ROIs around individual 
ilastik-segmented DP puncta to obtain information about puncta 
position and area. Only DP puncta that remained in focus for all 25 time-
points and that were equal to or larger than 4 pixels were selected for 
analysis. These ROI positions were then applied to the corresponding 
‘Multiplied’ image file (see ‘Segmentation with ilastik and generation 
of overlapping signals’ section) to acquire area measurements at each 
timepoint. An area value of <4 pixels meant no overlap between a DP 
ROI and ER membrane for that timepoint.

Analysis of co-localization between KRT14R125C aggregates and 
VAPB. Fiji macros were developed to determine whether KRT14R125C 
aggregates co-localized with ER membrane over a 2 min duration with 
image acquisition every 5 s (25 timepoints) (Extended Data Fig. 10i). 
Briefly, we used the ‘Analyze Particles’ function in Fiji to generate ROIs 
of ilastik-segmented KRT14R125C aggregates to obtain information about 
puncta position and area. Only KRT14R125C aggregates that were at least 4 
pixels were selected for analysis. These ROI positions were then applied 
to the corresponding ‘Multiplied’ image file (see ‘Segmentation with 
ilastik and generation of overlapping signals’ section) to acquire area 
measurements for each ROI at each timepoint. An area value of <4 
pixels meant no overlap between a KRT14R125C aggregate ROI and ER 
membrane for that timepoint.

MDA. To quantify the displacement of ER membranes at various cellular 
locations and between conditions, we calculated optical flow fields 
and classified membrane movement as either static or mobile using a 
modified version of a previously published Fiji macro14. We performed 
MDA on ROIs of 35 pixels × 35 pixels (2.275 μm × 2.275 μm) with the fol-
lowing parameters for MSEGaussianFlow: sigma 4, maximal_distance 
10. The extent of membrane movement was depicted by the pixel 
intensity, with higher movement between frames corresponding to 
higher intensity values. ER membrane movement was classified into 
two categories based on the amount of movement in pixels: ‘Static ER’ 
(0–2 pixels) or ‘Mobile ER’ (3–9 pixels). Masking of the mApple-VAPB 
channel was performed using the ‘Percentile’ thresholding in Fiji. The 
MSEGaussianFlow plugin was authored by Stephan Saalfeld and Pavel 
Tomancak.

qRT–PCR analysis
RNA was isolated from cells using TRIzol (Invitrogen) and puri-
fied by chloroform extraction. RNA concentration and purity were  
assessed by spectrophotometry. A total of 200–400 ng of RNA was 
reverse transcribed using the iScript cDNA Synthesis Kit (1708891; 
Bio-Rad Laboratories). Two technical replicates were performed for 
all samples.

For expression analysis of K14WT- and K14R125C-expressing A431 
cells, qRT–PCR was performed using TaqMan Fast Advanced Master 
Mix (4444557; Applied Biosystems) and Light Cycler 480 (Roche). 
TaqMan MGB probes labelled with fluorescent dyes were used. Reac-
tion was performed according to the following protocol: 50 °C for 
2 min, 95 °C for 20 s, and (50 cycles of 95 °C for 3 s and 60 °C for 30 s). 
Probes against specific genes were labelled with the FAM dye. TBP 
was labelled with the VIC dye and used as the reference gene within 
the same tube as the gene of interest. Normalized expression was cal-
culated using Microsoft Excel (version 2303) by subtracting the cycle 
threshold (Ct) values of the internal control gene from the Ct value of the 
gene of interest, followed by averaging this value across all technical 
replicates. Fold change relative to K14WT cells was then calculated by 
the 2−ΔΔCt method. More details about TaqMan probes are provided in 
Supplementary Table 7.

For expression analysis of cells treated with normal human IgG 
or PV IgGs, qRT–PCR was performed using the PerfeCta SYBR Green 
(101414-272; Quanta Biosciences) and Light Cycler 480 (Roche). Reac-
tion was performed according to the following protocol: 95 °C for 
3 min, and 45 cycles of (95 °C for 5 s and 60 °C for 30 s). RPLP0 and TBP 
were used as reference genes. Normalized expression was calculated in 
Microsoft Excel by averaging the Ct values across all technical replicates 
and then normalizing to the geometric mean of the average Ct values of 
RPLP0 and TBP. Fold change relative to normal human IgG control was 
then calculated by the 2−ΔΔCt method. Primer sequences are provided 
in Supplementary Table 8.

Normalized expression for each target gene was determined from 
at least three biological replicates. Error bars represent standard error 
of the mean (s.e.m.) of ΔΔCt values.
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Statistics and reproducibility
Sample sizes were chosen on the basis of past experience in the lab and 
previous studies. No pre-determined tests were performed to calcu-
late sample size. The cells used for live-cell experiments were stable 
immortalized/transformed cell lines that were not clonally selected and 
therefore represented a population. All experiments were repeated at 
least three times, unless specified otherwise in the legends, and similar 
results were obtained in all replicates. DMSO control for thapsigargin 
and nocodazole treatment experiments (Fig. 5 and Extended Data 
Figs. 7 and 9) were performed at least twice. TEM was performed on 
cultured human cells and two different rat organ systems (skin and 
gut tissue). Western blot was repeated twice, and similar results were 
obtained. Samples sizes for FIB-SEM datasets were limited by long 
acquisition times and sample preparation, and the need for accurate 
segmentation in these large datasets. Therefore, measurements were 
obtained for one cell–cell contact each from the DSM-2 (8 nm) and 
DSM-3 (4 nm) datasets.

Some desmosomes in the FIB-SEM datasets were excluded because 
of sample tearing or because only part of the desmosome was con-
tained within the cropped datasets. Live-cell datasets were excluded 
if there was substantial sample drift. For calcium switch experiments, 
datasets were excluded if two or more cells did not form cell–cell con-
tacts. The Investigators were not blinded to allocation during experi-
ments and outcome assessment.

For live-cell imaging experiments, cells expressing fluorescent 
constructs were seeded into wells and image fields were selected on 
the basis of two criteria: (1) two or more adjacent cells expressing the 
fluorescent constructs were in the same field, and (2) adjacent cells 
had similar fluorescence intensity levels. Covariates were controlled 
by maintaining all samples in the same growth conditions on the same 
dish (in different wells), until addition of drug or DMSO. For the CLEM 
experiments, regions were chosen for FIB-SEM acquisition using the 
results of Cryo-SIM imaging with the following conditions for all cells 
within the ROIs: (1) similar expression levels of mApple-VAPB and 
DP-EGFP, and (2) healthy/normal morphology. Further cropping of 
FIB-SEM datasets was necessary for analysis due to computer hardware 
constraints and segmentation requirements. The cropped regions for 
analysis were chosen because they contained desmosomes without 
being greatly impacted by sample tearing.

Statistical testing was performed using R (version 4.2.3) (Figs. 4f  
and 7f) or Prism 8 (GraphPad Software) (Fig. 8l,m). Exact P val-
ues are provided. Normality testing was first performed with the 
D’Agostino-Pearson omnibus (K2) test. When normality tests failed, 
statistical significance was calculated using the non-parametric Mann–
Whitney test.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All macros and plasmid maps are available at https://doi.org/10.5281/
zenodo.6800360 (ref. 38). FIB-SEM datasets are hosted on https://
www.openorganelle.org/datasets/aic_desmosome-2 and https://www.
openorganelle.org/datasets/aic_desmosome-3. Other imaging source 
data, including spinning disk confocal microscopy data, are hosted 
on ScholarSphere (https://doi.org/10.26207/53vq-g344). Source data 
are provided with this paper. All other data supporting the findings of 
this study are available from the corresponding author on reasonable 
request.

Code availability
All code and macros are available at https://doi.org/10.5281/
zenodo.6800360.
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Extended Data Fig. 1 | ER tubules are proximal to desmosomal junctions in 
various epithelial cell culture models. (a–c) Representative light microscopy 
images of a pair of A431 cells (A), HaCaT immortalized keratinocytes (B), and 
primary normal human epidermal keratinocytes (C) expressing mCherry-VAPB 
(magenta, ER marker) showing ER tubule and desmosomal junction (orange) 

proximity (red or white arrowheads). Desmosomes are labelled with DP-EGFP in A 
and B, or with an Alexa Fluor 488 conjugated anti-DSG3 mAb (AK23) in C. Images 
are representative of n = 3 independent experiments (A, B) and 2 independent 
experiments (C). Scale bar = 2μm.
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Extended Data Fig. 2 | ER tubules are proximal to the desmosomal plaque in 
epithelial cell culture models and various tissues. (a-h) Transmission electron 
micrographs of A431 epithelial cells (A-D), rat skin (E, F), and rat enterocytes (G, H)  

show ER tubules (red arrows) proximal to the electron-dense desmosomal 
plaque. Images are representative of n = 1 replicate for each cell or tissue type. 
Scale bar = 200 nm (A-F), 100 nm (G, H).
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Extended Data Fig. 3 | FIB-SEM reveals ER tubules in physical contact with 
the desmosome outer dense plaque. (a–c) Orthoslices in XY (A), XZ (B), and 
YZ (C) showing ER tubules making physical contact with desmosome outer 
dense plaque. (d–f) Same orthoslices as in A-C with ER, keratin, and desmosome 

segmentations. Yellow arrows point to physical contact between ER tubules and 
the desmosome outer dense plaque in all 3 views. Images are representative of 
n = 1 cell-cell contact. Scale bar = 250 nm.
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Extended Data Fig. 4 | Ribosomes are less prominent on desmosome-
adjacent ER than planar ER. (a, b) Rotated views showing that ER structures 
(magenta) have fewer bound ribosomes (white) at desmosome (yellow)-adjacent 
regions (white arrows) than at regions further away from the desmosome 
(blue arrows) in both top and bottom cells. Images are representative of n = 1 
cell-cell contact. Scale bar = 1μm. (c–e) Three-dimensional reconstructions 

of segmentations in 4 × 4 × 4nm3 FIB-SEM data reveal keratin filaments (teal) 
contacting and penetrating planar ER sheets (magenta). Microtubules (orange) 
are also present in the vicinity of planar ER, and ribosomes (white) decorate the 
surface of ER sheets. (f–h) Rotated views of the same region in C-E. Images are 
representative of n = 1 cell. Scale bar = 500 nm (C-H).
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Extended Data Fig. 5 | The ER makes more contacts with keratin filaments 
compared to microtubules proximal to the desmosome. (a–b) FIB-SEM 
segmentations showing keratin filaments (teal), desmosomes (yellow), 
microtubules (orange), and ER (magenta) (A). Panel (B) displays ER-keratin (teal) 
and ER-microtubule (orange) contacts at a distance threshold of 16 nm. Scale bar 
= 1μm. (c–f) Close-up of keratin filaments, microtubules, and ER adjacent to a 
desmosome (C-E) revealing larger and more numerous ER-keratin contacts (blue 

arrowheads) compared to ER-microtubule contacts (orange arrowheads) (F). 
Images in A-F are representative of n = 1 cell-cell contact. Scale bar = 500 nm. (g) 
Violin plots of ER-keratin (blue) and ER-microtubule (orange) contacts at x nm  
away from the closest desmosome. Individual contacts are represented by black 
vertical lines. Setting various contact site distance thresholds between 0 nm 
to 16 nm (y-axis) demonstrates that ER-keratin contacts preferentially occur 
proximal to desmosomes. Source numerical data are available in source data.
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Extended Data Fig. 6 | ER tubules closely associate with desmosomes in 
live cells. (a–e) Snapshots of a live-cell time-course of Desmoplakin-EGFP (DP) 
(top row, orange in bottom row) and mApple-VAPB (middle row, magenta in 
bottom row) in A431 cells at the cell-cell contact over 2 minutes (Images are 
representative of n = 3 independent experiments). Gamma correction was 

applied to grayscale images. Gamma (inverted) = 1.5 (VAPB). Scale bar = 2μm.  
(f–j) ilastik-segmentations of DP (top row) and VAPB (middle row) channels in 
A-E. Bottom row indicates overlapping pixels (white) between DP and VAPB 
channels. Overlap indicates that tips of ER tubules colocalize with DP puncta. 
Scale bar = 2μm.
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Extended Data Fig. 7 | ER retracts from cell-free edges only in cells where 
microtubules are depolymerized. (a, b) Representative images of A431 cells 
treated with either DMSO or 30μM nocodazole reveal that ER (VAPB, magenta) 
tubules are converted to sheets with nocodazole treatment. The ER remains 
tethered to desmosomes (DP, orange) at cell-cell contacts under both treatment 
conditions. Images are representative of at least n = 2 independent experiments. 
Scale bar = 2μm. (c, d) Representative images of A431 cells treated with either 
DMSO or 30μM nocodazole reveal that ER (VAPB, magenta) remains close 

to the periphery of a cell-free edge in DMSO-treated cells (C) but retracts in 
nocodazole-treated cells (D). Tubulin Tracker Deep Red labelling reveals a lack of 
microtubules in nocodazole-treated cells but not in DMSO-treated cells. Cell-free 
edge is depicted by a dashed red or white line. Images are representative of at 
least n = 2 independent experiments. Scale bar = 2μm. Gamma correction was 
applied to some grayscale images. Gamma (inverted) = 1.75 (D, DP channel), 0.75 
(A, Tubulin Tracker channel), 1.5 (C, Tubulin Tracker channel).
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Extended Data Fig. 8 | ER tubules associate with desmosomes during 
fusion events. (a–f) Snapshots of a live-cell time-course of desmoplakin (top 
row, orange in bottom row) and VAPB (middle row, magenta in bottom row) in 
A431 cells during the fusion of DP puncta at the cell-cell contact (Images are 
representative of n = 4 independent experiments). Three DP puncta (A) fuse to 
form two puncta (B). Eventually, these puncta fuse to form one DP puncta (F).  

Gamma correction was applied to grayscale images. Gamma = 0.7 (DP/ 
VAPB merge), Gamma (inverted) = 1.5 (VAPB). Scale bar = 1μm. (g–l) ilastik-
segmentations of DP (top row) and VAPB (middle row) channels in A-F. Bottom 
row indicates overlapping pixels (white) between DP and VAPB channels.  
Overlap indicates that tips of ER tubules colocalize with DP puncta during fusion. 
Scale bar = 1μm.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-023-01154-4

Extended Data Fig. 9 | ER tubules remain at the cell-cell border even when 
desmoplakin translocation to the border is inhibited. (a–e) Representative 
time-lapse of A431 cells expressing DP-EGFP (orange) and mApple-VAPB 
(magenta) pre-treated with DMSO for 30 minutes, followed by a switch to  
high calcium media. ER tubules extend toward the cell periphery, sometimes 
forming paired structures across adjacent cells (red arrows, B). Desmosomes 
form at the exact position of ER paired structures (blue arrows in E). Images  
are representative of n = 2 independent experiments. Scale bar = 2μm.  

(f–j) Representative time-lapse of A431 cells expressing DP-EGFP (orange) and 
mApple-VAPB (magenta) pre-treated with 1μM thapsigargin (TG) for 30 minutes, 
followed by a switch to high calcium media. ER tubules extend toward the cell 
periphery, sometimes forming paired structures across adjacent cells (red 
arrows, F, G). ER tubules eventually remain at the periphery in adjacent cells, but 
no desmosomes form (J). Timestamps indicate time after DMSO/ thapsigargin 
wash-out and switch to high calcium media. Images are representative of n = 3 
independent experiments. Scale bar = 2μm.
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Extended Data Fig. 10 | Keratin filaments and aggregates are stably tethered 
to ER membranes. (a) Snapshot of an A431 cell expressing mNeonGreen-
KRT14WT (blue) and mApple-VAPB (magenta) showing ER tubules along keratin 
filaments (Images are representative of n = 3 independent experiments). Solid 
yellow line indicates position of kymograph in B-D. Scale bar = 1μm. (b-d) 
Kymograph of yellow line in A revealing stable ER-keratin interaction over a 
2-minute time course. Scale bar = 500 nm. (e) Snapshot of an A431 cell expressing 
mNeonGreen-KRT14R125C (blue) and mApple-VAPB (magenta) showing ER 
sheets surrounding KRT14R125C aggregates (Images are representative of n = 3 

independent experiments). Solid yellow line indicates position of kymograph 
in F-H. Scale bar = 1μm. (f–h) Kymograph of yellow line in E revealing stable ER-
keratin interactions over a 2-minute time course. Scale bar = 500 nm. (i) Graph 
depicting the fraction of KRT14R125C aggregates colocalizing with ER at each 
timepoint during a 25 timepoint/2-minute time course. Data are represented 
as mean ± s.d.; n indicates total number of KRT14R125C aggregates analyzed from 
three independent experiments. Source numerical data are available in source 
data.
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