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Abstract: The endoplasmic reticulum (ER) forms a dynamic network that contacts other cellular 

membranes to regulate stress responses, calcium signaling, and lipid transfer. 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 nanometer 5 

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 and mobility. These findings indicate that desmosomes and the keratin cytoskeleton 

pattern the distribution of the ER network. Overall, this study reveals a previously unknown 

subcellular architecture defined by the structural integration of ER tubules with an epithelial 10 

intercellular junction.  

One-Sentence Summary: The desmosome adhesive junction regulates the organization and 

dynamics of the endoplasmic reticulum network. 
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Main Text:  

 The endoplasmic reticulum (ER) is the largest and perhaps most architecturally complex 

membranous organelle in eukaryotic cells (1) . The ER participates in protein biosynthesis and 

turnover, organelle biogenesis, the transfer of lipids between membranous compartments, and 

regulation of calcium homeostasis (2, 3). These functions are often conducted at membrane 5 

contact sites between the ER and other organelles including endosomes, mitochondria, and the 

plasma membrane (PM) (1, 2). For these reasons, it is of particular interest to understand how the 

spatiotemporal behavior of ER membranes is regulated. The morphology and dynamics of the 

ER have been studied predominantly in individual mammalian cells, including fibroblasts and 

COS-7 (4, 5). However, little is known about how ER tubule organization and dynamics are 10 

coordinated between cells that form extensive cell-cell contacts. 

 Using cryo-fixation approaches to preserve near-native cell structure, in combination 

with high-resolution volume electron microscopy (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 15 

desmosomes where they are organized and stabilized in symmetrical arrangements at opposing 

cell-cell contacts. Disruption of desmosomes or expression of disease-causing keratin mutants 

alters ER morphology and dynamics. These findings reveal the architecture of a symmetrical 

organelle assembly at intercellular contacts that comprises desmosomes, intermediate filaments, 

and the ER. This newly identified role for desmosomes in regulating ER morphology and 20 

dynamics provides insights into both fundamental organelle biology and into human disease 

states resulting from desmosome or keratin dysfunction.  
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Results 

The endoplasmic reticulum associates with the desmosome 

 To assess the organization of ER in epithelial cells, we used previously described A431 

cell lines expressing desmoplakin-EGFP to visualize desmosomal cell-cell junctions (7), and 

stably transduced these cells with mApple-VAPB to visualize ER (8, 9) . Spinning disk confocal 5 

microscopy revealed that peripheral ER tubules associated with desmoplakin puncta in 

symmetrical arrangements on both sides of the desmosomal cell-cell contact (Fig. S1A). ER 

tubule association with desmosomes was confirmed in multiple other epithelial cell types (Fig. 

S1B, C). Transmission electron microscopy of parental A431 cells revealed that peripheral ER 

tubules extend toward the electron-dense desmosome plaque, often exhibiting a symmetrical 10 

configuration on either side of the desmosomal junction (Fig. S1D-G).  

 We determined the nanoscale three-dimensional architecture of ER-desmosome 

associations using a cryo-structured illumination microscopy (CryoSIM) and focused ion beam 

scanning electron microscopy (FIB-SEM) workflow (6) (Fig. S2). The cytoplasmic zone of the 

desmosome comprises an electron-dense outer plaque adjacent to the plasma membrane and a 15 

less electron-dense inner plaque that functions as an attachment zone for keratin intermediate 

filaments (10, 11). FIB-SEM imaging and 3D reconstructions revealed that peripheral ER tubules 

were in close contact with desmosomal plaques (Fig. 1). In many instances, these tubules then 

branched around the desmosome inner dense plaque and traveled toward the plasma membrane 

at the edges of the outer dense plaque (Fig. 1A, B; Movie S1). ER tubules and keratin filaments 20 

were co-organized in mirror image-like arrangements proximal to desmosomal cell-cell contacts 

(Fig. 1C-K). As shown in Fig. S3 and Movie S2, ER tubules were also observed in the space 

between the keratin filament attachment zone (inner dense plaque) and the outer dense plaque of 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

5 

 

the desmosome adjacent to the plasma membrane (arrows, Fig. S3G-I). From a total of 32 

desmosomes across the FIB-SEM datasets, ER tubules were found to be within 30nm of the 

outer dense plaques of 16 desmosomes (50%). In four desmosomes, ER tubules were found to be 

in contact with the outer dense plaque. These data indicate that peripheral ER tubules are a 

previously unrecognized component of the desmosomal adhesive complex.  5 
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Fig. 1. FIB-SEM reveals ER-desmosome associations. (A) FIB-SEM segmentations of a cell-

cell contact in A431 cells acquired at 8nm isotropic voxel size showing desmosome outer dense 

plaque (orange), keratin filaments (teal) and ER (magenta). Different shades of teal and magenta 

distinguish keratin and ER in adjacent cells. White and blue boxes indicate regions with 

magnified views shown in insets. (B) FIB-SEM segmentations of a cell-cell contact in A431 5 

cells acquired at 4nm isotropic voxel size. Teal box indicates region with magnified 

segmentations shown in C-H. (C-H) Rotated views of a desmosome outer dense plaque (orange) 

showing symmetrical organization of teal keratin filaments (C, F) and magenta ER (D, G). 

Panels E and H show rotated views of desmosome outer dense plaque, keratin filaments and ER. 

(I-K) Orthoslices in XY (I), XZ (J), and YZ (K) with desmosome, ER, and keratin 10 

segmentations. Yellow arrows point to ER tubules proximal to desmosome outer dense plaque. 

Scale bar = 5µm (A), 1µm (B), 500nm (C-H),100nm (I-K). 

 

The endoplasmic reticulum associates with keratin filaments 

 The keratin intermediate filament cytoskeleton anchors to the desmosome inner dense 15 

plaque, leading to the formation of a symmetrical adhesion structure (11). Since peripheral ER 

tubules were observed on either side of the desmosome, we investigated ER tubule localization 

relative to keratin filament bundles proximal and distal to desmosomal cell contacts. FIB-SEM 

datasets at 4x4x4nm3 voxel size revealed that peripheral ER tubules intertwined around keratin 

filaments that approached the desmosome plaque (Fig. 2). Keratin filament bundles were often 20 

fully enveloped by ER membrane (Fig. 2A-C and Movie S3). Furthermore, ER tubules often ran 

parallel to keratin filaments proximal to the desmosome plaque (Fig. 2G-I). We observed 

frequent instances where ER tubules contacted keratin filament bundles (Fig. 2D-F; J-L). Keratin 
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filaments made similar close contacts with sheet-like/planar ER structures located distal to cell 

borders (not shown). These observations demonstrate an intimate physical association between 

the ER membrane and the intermediate filament cytoskeleton. Overall, our FIB-SEM analysis 

revealed a previously unknown symmetrical organelle assembly comprising ER tubules, keratin 

filaments, and the desmosome.  5 

 

Fig. 2. FIB-SEM reveals ER-keratin filament associations in A431 cells. (A-C) Rotated 

views of the same ROI showing keratin filaments (teal) penetrating the ER network (magenta). 

(D-F) Orthoslices of region shown in A-C in XY (D), XZ (E), and YZ (F) with ER and keratin 

segmentations. (G-I) Rotated views of the same ROI showing keratin filaments (teal) proximal 10 
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to a peripheral ER tubule (magenta) as they approach a desmosome (orange). (J-L) Orthoslices 

of region shown in G-I in XY (G), XZ (H), and YZ (I) with desmosome, ER, and keratin 

segmentations. Blue arrowheads indicate keratin and ER tubule parallel to each other. Yellow 

arrows point to contact between ER and keratin at the same point in all 3 views (D-F and J-L). 

Scale bar = 250nm (A-F; J-L), 500nm (G-I). 5 

 

Peripheral ER tubules stably anchor to desmosomes  

 The ER tubule network is highly dynamic but also forms stable tethers with various 

membraneless organelles, such as P-bodies (12), and membrane-bound organelles, including 

mitochondria (13) and endosomes (1, 14, 15). Further, ER tubule dynamics vary depending on 10 

tubule associations (5, 16). To determine if ER associations with desmosomes observed by FIB-

SEM influence ER dynamics, we utilized spinning disk confocal microscopy of living A431 cell 

lines stably expressing desmoplakin-EGFP and mApple-VAPB to visualize the dynamic 

relationships between ER and desmosomes. Cells were imaged at an interval of 5 seconds for a 

duration of 2 minutes (25 timepoints). ER tubules were present at the cell periphery and closely 15 

associated with virtually all desmosomes (Fig. 3A; Movie S4). Kymographs revealed that ER 

tubules associated with desmosomes were highly stable (Fig. 3B). Quantification of ER-

desmosome associations revealed that ~77% of desmosomes (n=154 desmosomes total) were in 

contact with ER tubules for the entirety of a 2-minute time course, while the remaining 23% of 

desmosomes made frequent but transient contacts with ER tubules (Fig. 3C; Fig. S4). 20 

 To further assess and quantify how ER membrane mobility is impacted by desmosome 

associations, we used a Membrane Displacement Analysis (MDA) macro in Fiji (16) to classify 

ER membrane into static and mobile fractions. If the ER membrane moved >2 pixels (>130nm) 
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between timepoints, we classified it as mobile ER. We drew regions of interest (ROIs) that either 

encompassed ER tubules proximal to desmosomes (Desmosomal ER) (Fig. 3D) or ER tubules 

distal to cell-cell contacts (Non-desmosomal ER) (Fig. 3E). Membrane displacement analysis 

revealed that about 66% of ER membrane present at desmosomes was stable, whereas only 39% 

of non-desmosomal ER was stable (Fig. 3D-F). These results indicate that ER tubules associated 5 

with desmosomes are immobile relative to non-desmosomal ER tubules. 

 

Fig. 3. Desmosomes anchor ER tubules and stabilize ER membrane. (A) Snapshot of a pair 

of A431 cells expressing Desmoplakin-EGFP (orange, desmosome marker) and mApple-VAPB 

(magenta, ER marker) showing ER tubules anchored on either side of desmoplakin puncta. Cell 10 

border shown as dashed white line. Solid yellow line indicates position of kymograph in B. (B) 
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Kymograph of yellow line in A revealing stable ER-DP contacts over a 2-minute time course. 

(C) Histogram shows percentage of DP puncta that make contacts with ER for t timepoints over 

a 25 timepoint duration. (D-E) Yellow boxes highlight regions analyzed by Membrane 

Displacement Analysis (MDA). (D’-D’’’) ER (magenta), MDA-generated ER movement 

(green), ER at desmosome contacts (orange). White arrowheads in D’’ depict location of DP 5 

puncta. (E’-E’’) ER (magenta), MDA-generated ER movement (green) at non-desmosomal 

regions. Bright green pixels in D’’ and E’’ depict ER fraction that is mobile between time points. 

Note more bright green pixels in E’’ vs. D’’, indicating more mobile ER. (F) Violin plot 

depicting fraction of mobile ER in desmosomal vs. non-desmosomal (cytoplasmic) regions. 

Horizontal black lines in violin plots represent medians (Mann-Whitney, p<0.0001) and n 10 

indicates number of ROI analyzed. Scale bar = 1µm (A), 2µm (D, E). 

 ER tubules associate with desmosomes during remodeling and assembly 

 We assessed ER-desmosome interactions as desmosomes underwent remodeling events, 

such as desmosomal fusion and desmosome assembly (7, 17). We observed that ER tubules 

remain in close association with desmosomes undergoing fusion (Fig. S5A-F). Analysis of 15 

overlapping fluorescent signals between desmoplakin-EGFP and mApple-VAPB during 

desmoplakin puncta fusion revealed that the ER was in contact with at least one desmoplakin 

puncta prior to fusion (n=67 fusion events analyzed) (Fig. S5G-L). Even after fusion, ER tubules 

maintained contact with newly fused desmosomes (Fig. S5G-L, bottom row). These ER-DP 

contacts persisted during successive fusion events, such as three-two-one fusion events (Movie 20 

S5). Together, these findings indicate that ER tubules associate with desmosomes under steady-

state conditions and during desmosome remodeling events. 
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 To determine the spatiotemporal behavior of ER and desmosomes during de novo cell-

cell contact formation, we grew cells in low calcium (~30µM) cell culture conditions for 18-24h 

to prevent desmosome formation. The calcium concentration was then raised to physiological 

levels (1.8 mM) to initiate formation of cell-cell contact (18). Immediately following the switch 

to normal calcium levels, we performed live-cell time-lapse imaging to track ER tubules as 5 

desmosome puncta form at cell-cell contacts. We observed that ER tubules extend towards the 

cell periphery as cells initiate contact (Fig. 4A-E). When two adjacent cells came into contact, 

peripheral ER tubules formed mirror images at contacts and no longer retracted from the 

periphery (n=12 pairs of contacting cells) (Fig. 4B; Movie S6). Interestingly, in all 12 instances 

where we visualized new cell-cell contact formation, nascent desmoplakin puncta became visible 10 

precisely where ER tubules had formed mirror images (Fig. 4C, D). As cell contacts matured, 

additional ER tubules formed mirror image-like arrangements and immobilized at sites of newly 

forming desmosome puncta (Fig. 4E).  

 FIB-SEM imaging revealed a nanoscale association between keratin filaments and ER 

tubules (Fig. 2). Therefore, we monitored keratin filament and ER tubule dynamics following a 15 

calcium switch using A431 cells stably expressing fluorescently tagged keratin-14 

(mNeonGreen-KRT14) and mApple-VAPB. Following addition of calcium, some peripheral ER 

tubules extend and retract without any keratin filaments (Fig. 4F). Eventually, ER tubules and 

keratin filaments appear to extend to and retract from the periphery simultaneously and in close 

spatial proximity (Movie S7). These ER-keratin associations persisted for several minutes (Fig. 20 

4G, H). As the cells come into contact, both ER tubules and keratin filaments form stable mirror 

images on either side of the cell-cell contact (Fig. 4I, J). Collectively, these experiments indicate 

that desmoplakin puncta formation and keratin filament assembly are initiated at sites of ER 

tubule extensions at nascent epithelial cell-cell contacts. 
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Fig. 4. ER tubules associate with desmosomes and keratin filaments during assembly. (A-E) 

Snapshots of a live-cell time-course of desmoplakin (orange) and VAPB (magenta) in A431 cells 

as they form cell-cell contacts (n=12 samples). ER tubules first extend in both cells (A, red 

arrow), followed by formation of an ER mirror image at the cell-cell contact (B, black arrow). 5 

Desmoplakin puncta appear at the exact position of an ER mirror image (C, D, blue arrows). 

Eventually, more desmoplakin puncta appear and ER mirror images form as contacts mature (E). 

(F-J) Snapshots of a live-cell time-course of keratin filaments (blue) and VAPB (magenta) in 

A431 cells as they form cell-cell contacts (n=12 samples). ER tubules sometimes extend alone 
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(F, red arrowhead). ER tubules and keratin filaments extend towards cell-cell contacts 

simultaneously over several minutes (G, H, blue arrows). Keratin filaments and ER tubules form 

mirror images as contacts mature (I, J, black arrows). Scale bar = 2µm (A, F). 

Desmosomes and keratin filaments regulate peripheral ER organization and dynamics 

 The close contacts and dynamic associations of ER with both desmosomes and keratin 5 

filament bundles suggested that the desmosome-keratin adhesive complex might regulate ER 

organization. To test this possibility, we compared ER and keratin organization in wild type 

A431 cells and in A431 cells in which the desmosomal cadherin desmoglein-2 (DSG2) gene was 

ablated using CRISPR/Cas9. We have previously shown that these DSG2-null cells exhibit 

aberrant localization of desmosomal proteins and weakened cell-cell adhesion strength (19). 10 

Transmission EM confirms that these cells lack mature desmosomes (data not shown). We stably 

expressed mNeonGreen-KRT14 and mApple-VAPB in WT and DSG2-null cells and imaged 

these cells using spinning disk confocal fluorescence microscopy. In WT cells, keratin filaments 

extend radially towards desmosomal cell-cell contacts. These radial keratin filaments terminate 

at the cell border where they anchor to desmosomes (Fig. 5A; Movie S8, top row). Peripheral ER 15 

tubules exhibit similar organization in these cells, running parallel to the keratin filaments with 

both structures forming mirror images at cell contacts (Fig. 5A, yellow arrows). In contrast, 

DSG2-null cells exhibit few radial keratin bundles. Instead, keratins in DSG2-null cells were 

observed running parallel to the plasma membrane in a subcortical localization (Fig. 5A; Movie 

S8, bottom row). Similarly, peripheral ER tubules were organized parallel to cell-cell contacts 20 

rather than orthogonally to cell-cell borders (Fig. 5A, red arrows). These data indicate that loss of 

desmosomes alters peripheral ER organization.  
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 In addition to ER organization, we also assessed the influence of desmosomes on ER 

dynamics. Membrane displacement analysis was used to determine ER membrane mobility at: 1) 

ER tubules along radial keratin filaments in WT cells, 2) ER tubules not associated with radial 

filaments in WT cells, and 3) ER tubules located along keratin filaments in DSG2-null cells (Fig. 

5B-E). Analysis revealed that 52% of ER membrane was stable along radial keratin filaments 5 

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% being stable (Fig. 5F). Together, these results indicate that an association 

between ER tubules and radial keratin filament bundles suppresses ER tubule dynamics. The 

stabilization of ER tubules along radial keratin filament bundles explains the persistence of ER 10 

tubule positioning in mirror image-like arrangements at desmosomal cell-cell junctions. 
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Fig. 5. Desmosomes and keratin regulate peripheral ER organization and ER membrane 

stability. (A) A431 WT cells (top row) or Desmoglein2 knockout cells (bottom row) expressing 

mNeonGreen-KRT14 (first column, keratin marker) and mApple-VAPB (middle column, ER 

marker). Wheat Germ Agglutinin (WGA) labels the plasma membrane (PM). Yellow arrows 5 

show radial keratin filaments and associated VAPB tubules orthogonal to the PM in WT cells. 

Red arrows show keratin filaments and ER tubules parallel to the PM in DSG2-null cells. (B) 

Light microscopy images of KRT14 (blue) and VAPB (magenta) in A431 WT and DSG2-null 

cells. Boxes are color-coded and indicate regions analyzed by MDA analysis in C (pink), D 

(blue), and E (yellow). (C) ER (magenta), MDA-generated ER movement (green), ER at radial 10 
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keratin filaments (merge) in WT cells. (D) ER (magenta), MDA-generated ER movement 

(green), ER at non-radial keratin filaments (merge) in WT cells. (E) ER (magenta), MDA-

generated ER movement (green), ER at keratin filaments (merge) in DSG2-null cells. Bright 

green pixels depict ER fraction that is mobile between time points. (F) Violin plot depicting 

fraction of mobile ER. Horizontal black lines in violin plots represent medians (Mann-Whitney, 5 

p<0.0001) and n indicates number of ROI analyzed. Scale bar = 4µm (A), 2µm (B). 

Keratin mutants that cause epidermal blistering alter ER membrane morphology  

 Keratin mutations cause a wide range of human diseases, often affecting the skin and skin 

appendages, such as hair and nails (20). To determine if disease-causing mutations that disrupt 

keratin filaments also perturb ER morphology, we stably expressed a KRT14 point mutant, 10 

KRT14R125C (mNeonGreen-KRT14R125C), in A431 cells expressing mApple-VAPB. This KRT14 

mutation acts dominantly to cause aggregation of keratin filaments at the cell periphery, and 

human patients heterozygous for this mutation present clinically with the skin blistering disease 

epidermolysis bullosa simplex (EBS) (21). Similar to results shown in Fig. 5, KRT14WT formed 

radial filaments that are closely associated with ER tubules (Fig. 6A-D; Movie S9, top row). In 15 

cells expressing the KRT14R125C mutant, peripheral ER morphology was sheet-like or planar, 

especially when in contact with clusters of keratin aggregates (Fig. 6E-H). The KRT14R125C-

expressing cells still form some keratin filaments, which might explain why some ER persists as 

tubules (data not shown). Interestingly, time-lapse spinning disk confocal microscopy over a 2-

minute time course revealed that many of the keratin aggregates maintain contact with ER 20 

membranes (Movie S9, bottom row). These observations indicate that ER-keratin associations 

are stable and can occur whether keratin is filamentous or in aggregates (Fig. S6). To verify that 

changes in ER morphology were not an artifact of differing levels of mApple-VAPB expression 

in different cells, we plated a mixture of KRT14WT and KRT14R125C- expressing A431s (1:1 
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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 A431s (Fig. 6I-K; Movie S10). These results indicate that a keratin mutation that 

causes an inherited epidermal blistering disease alters ER membrane morphology. 

 5 

Fig. 6. Keratin aggregation perturbs ER membrane morphology. (A-D) Light microscopy of 

K14WT, VAPB, and plasma membrane in A431 cells showing ER with tubular morphology. (E-

H) A431 expressing K14R125C aggregates showing ER with sheet-like morphology. PM is 

labelled with Wheat Germ Agglutinin (WGA) conjugated with a fluorescent dye. (I-K) A431 

cells expressing K14WT (top and left cells) or K14R125C (bottom right cell) showing tubular ER in 10 

K14WT-expressing cells and sheet-like ER membrane in K14R125C-expressing cells. Red dashed 

lines indicate PM. Scale bar = 4µm (A, I). 
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Discussion 

 Our data reveal a previously unknown symmetrical ER junctional organelle formed by 

the association of three subcellular structures: a desmosome adhesive junction, a keratin 

intermediate filament scaffold, and peripheral ER tubules. We report that desmosomes regulate 

peripheral ER morphology by organizing radial keratin filament bundles that position ER tubules 5 

orthogonally to the plasma membranes of adjacent cells. These ER tubules exhibit frequent 

interactions with both keratin filament bundles and the substructure of the desmosome 

cytoplasmic plaque. This architectural arrangement, along with the characteristic mirror image 

organization of desmosomes, shapes the morphology and dynamic behavior of peripheral ER 

membranes at regions of epithelial cell-cell contact.  10 

 The ER makes close (<30nm) contacts with the plasma membrane (PM) that function as 

sites of lipid exchange and calcium homeostasis (1). Epithelial cells assemble an extensive array 

of intercellular contacts that could influence or be regulated by ER-PM associations. A recent 

study suggested an association between ER and adherens junctions, but neither high-resolution 

nor dynamic associations between ER and cell-cell junctions were explored (22). The ER is 15 

associated with highly specialized complexes between Sertoli cells and developing spermatids 

where it is thought to regulate calcium signaling and junction remodeling (23). We find that ER-

desmosome associations are stable and occur during desmosome fusion and during initial stages 

of desmosome formation. When cells are switched from low to high calcium levels to trigger 

cadherin dependent cell-cell contact, ER tubules extend to the cell periphery as adjacent cells 20 

initiate contact. Desmoplakin puncta appear to coalesce de novo at the tips of ER tubular 

extensions. Thus, the ER appears to pattern specific plasma membrane regions for nascent 

desmosome formation, and reciprocally, newly forming desmosomes function as anchorage 

points that stabilize peripheral ER tubules.  
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 FIB-SEM imaging at approximately 4nm isotropic voxel size reveals that the ER 

membrane lies proximal to the desmosome plaque, often within distances observed at canonical 

ER-PM contacts (Fig. 1; Fig. S3; Movie S1-S3). In several instances, we observe ER tubules in 

contact with both the inner and outer dense plaque of the desmosome, and in some instances, 

tubules even penetrate the space between these electron dense structures adjacent to the plasma 5 

membrane (Fig. S3). These observations strongly suggest molecular associations between 

proteins resident on the ER membrane and within the desmosomal substructure. This notion is 

supported further by optical imaging of living cells. ER tubules associated with desmosomes 

exhibit reduced mobility compared to non-desmosomal ER (Fig. 3). Knock out of the 

desmosomal adhesion molecule DSG2 reduced desmosome formation and increased peripheral 10 

ER membrane mobility (Fig. 5). Together, these observations indicate that desmosomes control 

both the organization and dynamics of peripheral ER membranes.  

 FIB-SEM imaging also revealed interactions between ER tubules and keratin filaments 

running orthogonally toward desmosomal contacts at the plasma membrane (Fig. 2). In addition, 

ER membrane frequently surrounded keratin filament bundles (Fig. 2A-C). Consequently, ER 15 

tubules and keratin filaments displayed a coordinated spatial and temporal relationship in live 

cell systems. When initiation of cell-cell contact is triggered with a low-to-high calcium switch, 

keratin filaments extend along ER tubular extensions, resulting in a stabilized mirror image of 

tubules and keratin filaments terminating at sites of desmosome maturation (Fig. 4F-J; Fig. 5). 

Desmoglein-null cells exhibit a loss of keratin bundles extending out to the cell periphery and a 20 

loss of orthogonally organized ER at cell-cell contacts (Fig. 5). Interestingly, expression of a 

KRT14 mutant that functions dominantly to cause keratin filament aggregation and leads to the 

epidermal blistering disorder EBS, caused a dramatic reorganization of ER membranes (Fig. 6). 

In cells expressing wild type KRT14, peripheral ER was predominantly tubular, whereas 
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expression of the keratin EBS mutant reduced tubular ER in favor of planar ER membrane 

morphology. These findings indicate that desmosomes function to anchor keratin filament 

bundles which in turn act as filamentous guides that stabilize ER tubules into symmetrical 

organelle arrangements at epithelial cell-cell junctions. Disruption of either desmosomal or 

keratin organization profoundly impacts both ER dynamics and morphology.  5 

 The identification of a symmetrical ER assembly at desmosomes provides a foundation 

for fundamentally new ways to conceive of cellular stress sensing mechanisms. Cell stress 

signaling is a central function of the ER in the regulation of cellular metabolism in homeostatic 

and disease states (24). Likewise, intermediate filaments provide cells and tissues with resistance 

to mechanical and chemical stresses, particularly in the heart, skin, and liver (20, 25, 26). 10 

Interestingly, ER stress has been implicated in epidermal fragility disorders caused by keratin or 

desmosome dysfunction (27). Conversely, loss of function mutations in the ER calcium pump 

SERCA2 cause desmosome and skin defects in Darier’s disease (28) . These observations 

suggest that the symmetrical ER-desmosome-keratin structure identified here represents a 

multifunctional organelle able to resist mechanical forces and mediate cellular stress signaling 15 

during disease states. 

References and Notes 

 

1.  H. Wu, P. Carvalho, G. K. Voeltz, Here, there, and everywhere: The importance of ER 

membrane contact sites. Science (1979). 361, eaan5835 (2018). 20 

2.  D. S. Schwarz, M. D. Blower, The endoplasmic reticulum: structure, function and response to 

cellular signaling. Cell Mol Life Sci. 73, 79–94 (2016). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

22 

 

3.  W. A. Prinz, A. Toulmay, T. Balla, The functional universe of membrane contact sites. Nat Rev 

Mol Cell Biol. 21, 7–24 (2020). 

4.  S. Cohen, A. M. Valm, J. Lippincott-Schwartz, Interacting organelles. Curr Opin Cell Biol. 53, 

84–91 (2018). 

5.  H. T. Perkins, V. Allan, Intertwined and Finely Balanced: Endoplasmic Reticulum Morphology, 5 

Dynamics, Function, and Diseases. Cells. 10 (2021), doi:10.3390/cells10092341. 

6.  D. P. Hoffman, G. Shtengel, C. S. Xu, K. R. Campbell, M. Freeman, L. Wang, D. E. Milkie, H. 

A. Pasolli, N. Iyer, J. A. Bogovic, D. R. Stabley, A. Shirinifard, S. Pang, D. Peale, K. Schaefer, 

W. Pomp, C. L. Chang, J. Lippincott-Schwartz, T. Kirchhausen, D. J. Solecki, E. Betzig, H. F. 

Hess, Correlative three-dimensional super-resolution and block-face electron microscopy of 10 

whole vitreously frozen cells. Science (1979). 367 (2020), doi:10.1126/science.aaz5357. 

7.  L. M. Godsel, S. N. Hsieh, E. v Amargo, A. E. Bass, L. T. Pascoe-Mcgillicuddy, A. C. Huen, M. 

E. Thorne, C. A. Gaudry, J. K. Park, K. Myung, R. D. Goldman, T.-L. Chew, K. J. Green, 

Desmoplakin assembly dynamics in four dimensions. Journal of Cell Biology. 171, 1045–1059 

(2005). 15 

8.  J. P. Zewe, R. C. Wills, S. Sangappa, B. D. Goulden, G. R. Hammond, SAC1 degrades its lipid 

substrate PtdIns4P in the endoplasmic reticulum to maintain a steep chemical gradient with 

donor membranes. Elife. 7 (2018), doi:10.7554/elife.35588. 

9.  B. Johnson, A. N. Leek, L. Solé, E. E. Maverick, T. P. Levine, M. M. Tamkun, Kv2 potassium 

channels form endoplasmic reticulum/plasma membrane junctions via interaction with VAPA 20 

and VAPB. Proceedings of the National Academy of Sciences. 115, E7331–E7340 (2018). 

10.  S. N. Stahley, E. I. Bartle, C. E. Atkinson, A. P. Kowalczyk, A. L. Mattheyses, Molecular 

organization of the desmosome as revealed by direct stochastic optical reconstruction 

microscopy. Journal of Cell Science. 129, 2897–2904 (2016). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

23 

 

11.  A. J. North, W. G. Bardsley, J. Hyam, E. A. Bornslaeger, H. C. Cordingley, B. Trinnaman, M. 

Hatzfeld, K. J. Green, A. I. Magee, D. R. Garrod, Molecular map of the desmosomal plaque. 

Journal of Cell Science. 112, 4325–4336 (1999). 

12.  J. E. Lee, P. I. Cathey, H. Wu, R. Parker, G. K. Voeltz, Endoplasmic reticulum contact sites 

regulate the dynamics of membraneless organelles. Science (1979). 367 (2020), 5 

doi:10.1126/science.aay7108. 

13.  L. L. Lackner, H. Ping, M. Graef, A. Murley, J. Nunnari, Endoplasmic reticulum-associated 

mitochondria–cortex tether functions in the distribution and inheritance of mitochondria. 

Proceedings of the National Academy of Sciences. 110, E458–E467 (2013). 

14.  N. Rocha, C. Kuijl, R. van der Kant, L. Janssen, D. Houben, H. Janssen, W. Zwart, J. Neefjes, 10 

Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7–RILP–p150Glued and 

late endosome positioning. Journal of Cell Biology. 185, 1209–1225 (2009). 

15.  E. R. Eden, I. J. White, A. Tsapara, C. E. Futter, Membrane contacts between endosomes and ER 

provide sites for PTP1B–epidermal growth factor receptor interaction. Nature Cell Biology. 12, 

267–272 (2010). 15 

16.  M. Spits, I. T. Heesterbeek, L. M. Voortman, J. J. Akkermans, R. H. Wijdeven, B. Cabukusta, J. 

Neefjes, Mobile late endosomes modulate peripheral endoplasmic reticulum network 

architecture. EMBO Rep. 22 (2021), doi:10.15252/embr.202050815. 

17.  N. A. Gloushankova, T. Wakatsuki, R. B. Troyanovsky, E. Elson, S. M. Troyanovsky, Continual 

assembly of desmosomes within stable intercellular contacts of epithelial A-431 cells. Cell and 20 

Tissue Research. 314, 399–410 (2003). 

18.  H. Hennings, K. A. Holbrook, Calcium regulation of cell-cell contact and differentiation of 

epidermal cells in culture. An ultrastructural study. Experimental Cell Research. 143, 127–142 

(1983). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

24 

 

19.  S. E. Zimmer, T. Takeichi, D. E. Conway, A. Kubo, Y. Suga, M. Akiyama, A. P. Kowalczyk, 

Differential Pathomechanisms of Desmoglein 1 Transmembrane Domain Mutations in Skin 

Disease. J Invest Dermatol. 142, 323-332.e8 (2022). 

20.  J. T. Jacob, P. A. Coulombe, R. Kwan, M. B. Omary, Types I and II Keratin Intermediate 

Filaments. Cold Spring Harbor Perspectives in Biology. 10, a018275 (2018). 5 

21.  S. Fujiwara, S. Deguchi, T. M. Magin, Disease-associated keratin mutations reduce traction 

forces and compromise adhesion and collective migration. Journal of Cell Science. 133, 

jcs243956 (2020). 

22.  M. Joy-Immediato, M. J. Ramirez, M. Cerda, Y. Toyama, A. Ravasio, P. Kanchanawong, C. 

Bertocchi, Junctional ER Organization Affects Mechanotransduction at Cadherin-Mediated 10 

Adhesions. Front Cell Dev Biol. 9, 669086 (2021). 

23.  A. W. Vogl, K. Lyon, A. Adams, M. Piva, V. Nassour, The endoplasmic reticulum, calcium 

signaling and junction turnover in Sertoli cells. Reproduction. 155 (2018), doi:10.1530/rep-17-

0281. 

24.  C. Hetz, K. Zhang, R. J. Kaufman, Mechanisms, regulation and functions of the unfolded protein 15 

response. Nature Reviews Molecular Cell Biology. 21, 421–438 (2020). 

25.  E. J. van Bodegraven, S. Etienne-Manneville, Intermediate Filaments from Tissue Integrity to 

Single Molecule Mechanics. Cells. 10, 1905 (2021). 

26.  C. J. Redmond, P. A. Coulombe, Intermediate filaments as effectors of differentiation. Curr Opin 

Cell Biol. 68, 155–162 (2021). 20 

27.  N. A. Evtushenko, A. K. Beilin, A. v Kosykh, E. A. Vorotelyak, N. G. Gurskaya, Keratins as an 

Inflammation Trigger Point in Epidermolysis Bullosa Simplex. International Journal of 

Molecular Sciences. 22, 12446 (2021). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

25 

 

28.  M. Savignac, M. Simon, A. Edir, L. Guibbal, A. Hovnanian, SERCA2 Dysfunction in Darier 

Disease Causes Endoplasmic Reticulum Stress and Impaired Cell-to-Cell Adhesion Strength: 

Rescue by Miglustat. Journal of Investigative Dermatology. 134, 1961–1970 (2014). 

29.  KowalczykLab/Desmosome-ER: v1.0.1 (2022), , 

doi:https://zenodo.org/record/6802941#.YsXzcHbMIuU. 5 

30.  G.-J. Kremers, K. L. Hazelwood, C. S. Murphy, M. W. Davidson, D. W. Piston, 

Photoconversion in orange and red fluorescent proteins. Nature Methods. 6, 355–358 (2009). 

31.  J. García-Nafría, J. F. Watson, I. H. Greger, IVA cloning: A single-tube universal cloning system 

exploiting bacterial In Vivo Assembly. Scientific Reports. 6, 27459 (2016). 

32.  S. Baddam, P. Arsenovic, V. Narayanan, N. Duggan, C. Mayer, S. Newman, D. Abutaleb, A. 10 

Mohan, A. Kowalczyk, D. Conway, The Desmosomal Cadherin Desmoglein-2 Experiences 

Mechanical Tension as Demonstrated by a FRET-Based Tension Biosensor Expressed in Living 

Cells. Cells. 7, 66 (2018). 

33.  M. G. Gustafsson, L. Shao, P. M. Carlton, C. J. Wang, I. N. Golubovskaya, W. Z. Cande, D. A. 

Agard, J. W. Sedat, Three-dimensional resolution doubling in wide-field fluorescence 15 

microscopy by structured illumination. Biophys J. 94, 4957–4970 (2008). 

34.  C. S. Xu, K. J. Hayworth, Z. Lu, P. Grob, A. M. Hassan, J. G. García-Cerdán, K. K. Niyogi, E. 

Nogales, R. J. Weinberg, H. F. Hess, Enhanced FIB-SEM systems for large-volume 3D imaging. 

Elife. 6 (2017), doi:10.7554/elife.25916. 

35.  D. G. Lowe, Distinctive image features from scale-invariant keypoints. International Journal of 20 

Computer Vision. 60, 91–110 (2004). 

36.  S. Saalfeld, R. Fetter, A. Cardona, P. Tomancak, Elastic volume reconstruction from series of 

ultra-thin microscopy sections. Nature Methods 2012 9:7. 9, 717–720 (2012). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

26 

 

37.  S. Preibisch, S. Saalfeld, P. Tomancak, Globally optimal stitching of tiled 3D microscopic image 

acquisitions. Bioinformatics. 25, 1463 (2009). 

38.  T. Pietzsch, S. Saalfeld, S. Preibisch, P. Tomancak, BigDataViewer: visualization and processing 

for large image data sets. Nature Methods 2015 12:6. 12, 481–483 (2015). 

39.  L. Heinrich, D. Bennett, D. Ackerman, W. Park, J. Bogovic, N. Eckstein, A. Petruncio, J. 5 

Clements, S. Pang, C. S. Xu, J. Funke, W. Korff, H. F. Hess, J. Lippincott-Schwartz, S. Saalfeld, 

A. v Weigel, R. Ali, R. Arruda, R. Bahtra, D. Nguyen, Whole-cell organelle segmentation in 

volume electron microscopy. Nature. 599, 141–146 (2021). 

40.  I. Belevich, M. Joensuu, D. Kumar, H. Vihinen, E. Jokitalo, Microscopy Image Browser: A 

Platform for Segmentation and Analysis of Multidimensional Datasets. PLOS Biology. 14, 10 

e1002340 (2016). 

41.  Dragonfly 2020.2 [Computer software]. Object Research Systems (ORS) Inc, Montreal, Canada 

(2020), (available at http://www.theobjects.com/dragonfly). 

42.  A. Krull, T. O. Buchholz, F. Jug, Noise2void-Learning denoising from single noisy images. 

Proceedings of the IEEE Computer Society Conference on Computer Vision and Pattern 15 

Recognition. 2019-June, 2124–2132 (2019). 

43.  J. Chen, H. Sasaki, H. Lai, Y. Su, J. Liu, Y. Wu, A. Zhovmer, C. A. Combs, I. Rey-Suarez, H.-Y. 

Chang, C. C. Huang, X. Li, M. Guo, S. Nizambad, A. Upadhyaya, S.-J. J. Lee, L. A. G. Lucas, 

H. Shroff, Three-dimensional residual channel attention networks denoise and sharpen 

fluorescence microscopy image volumes. Nature Methods. 18, 678–687 (2021). 20 

44.  R. F. Laine, K. L. Tosheva, N. Gustafsson, R. D. M. Gray, P. Almada, D. Albrecht, G. T. Risa, 

F. Hurtig, A.-C. Lindås, B. Baum, J. Mercer, C. Leterrier, P. M. Pereira, S. Culley, R. Henriques, 

NanoJ: a high-performance open-source super-resolution microscopy toolbox. Journal of Physics 

D: Applied Physics. 52, 163001 (2019). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

27 

 

45.  J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, C. 

Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri, P. 

Tomancak, A. Cardona, Fiji: an open-source platform for biological-image analysis. Nature 

Methods. 9, 676–682 (2012). 

46.  S. Klein, M. Staring, K. Murphy, M. A. Viergever, J. P. W. Pluim, Elastix: A toolbox for 5 

intensity-based medical image registration. IEEE Transactions on Medical Imaging. 29, 196–205 

(2010). 

47.  S. Berg, D. Kutra, T. Kroeger, C. N. Straehle, B. X. Kausler, C. Haubold, M. Schiegg, J. Ales, T. 

Beier, M. Rudy, K. Eren, J. I. Cervantes, B. Xu, F. Beuttenmueller, A. Wolny, C. Zhang, U. 

Koethe, F. A. Hamprecht, A. Kreshuk, ilastik: interactive machine learning for (bio)image 10 

analysis. Nature Methods. 16, 1226–1232 (2019). 

  

Acknowledgments: The authors are grateful to Drs. D. Lerit (Emory University), K. Green and 

L. Godsel (Northwestern University), and Thomas Magin (University of Leipzig) for instrument 

use, reagents, and advice. We thank Nate Sheaffer and Joseph Bednarczyk from Penn State 15 

College of Medicine’s Flow Cytometry Core for assistance with cell sorting. This research 

project was supported in part by the Emory University Integrated Cellular Imaging Core. 

 

Funding: This work was supported by: 

National Institutes of Health grant R01AR048266 (APK). 20 

Natural Sciences and Engineering Research Council of Canada Discovery Grant RGPIN-

2018-14 03727 (AWV). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

28 

 

CryoSIM and FIB-SEM imaging were done in collaboration with the Advanced Imaging 

Center at Janelia Research Campus, a facility jointly supported by the Gordon and Betty 

Moore Foundation and the Howard Hughes Medical Institute. 

Author contributions:  

NKB, SNS, APK were involved with project conception. 5 

NKB and APK wrote the manuscript with input from all co-authors. 

NKB and WG were involved with experimental design, image acquisition and analysis, writing 

the methods section, and making figures and movies. 

TLC supervised CryoSIM and FIB-SEM workflow. 

JSA was involved with Cryo light microscopy image acquisition/processing, FIB-SEM data 10 

acquisition. 

SK was involved with CryoSIM/ FIB-SEM sample preparation including cell culture/labeling, 

high-pressure freezing, sample trimming. 

CPT, SS, and AVW supervised ER segmentation in FIB-SEM datasets. 

SP, ET, and DB were involved with FIB-SEM data pre-processing. 15 

DB and ET organized FIB-SEM data and data attributes. 

WP and AP provided manual annotations, evaluations, and proofreading. 

DB built the data management infrastructure. 

LH and SS developed machine learning algorithms; LH performed network training and 

predictions. 20 

DA and SS developed refinement and analysis algorithms; DA analyzed data. 

JB and SS developed automated CLEM registration algorithms; JB performed automated 

CLEM registration. 

AWV was involved with Transmission EM acquisition in Fig. S1. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.07.499185


Submitted Manuscript: Confidential 

Template revised February 2021 

29 

 

APK and SNS were involved with funding acquisition. 

SNS and KG reviewed the manuscript. 

APK supervised the project. 

Competing interests: The authors declare that they have no competing interests. 

Data and materials availability: All plasmid maps, code, and macros are available at (29). 5 

Raw FIB-SEM datasets are hosted on: https://openorganelle.janelia.org. Supplementary 

Movies S1-S10 can be accessed at: 

https://youtube.com/playlist?list=PLRVCHiGokrM5RSn2HAUap7ZJBbr82HdKu. An MTA 

may be required for transfer of some reagents.  

Supplementary Materials 10 

Materials and Methods 

Figs. S1 to S7 

Tables S1 to S5 

Movies S1 to S10 

 15 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2022. ; https://doi.org/10.1101/2022.07.07.499185doi: bioRxiv preprint 

https://openorganelle.janelia.org/
https://youtube.com/playlist?list=PLRVCHiGokrM5RSn2HAUap7ZJBbr82HdKu
https://doi.org/10.1101/2022.07.07.499185

