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Abstract Epithelial tissues acquire their integrity and function through the apico- basal polariza-
tion of their constituent cells. Proteins of the PAR and Crumbs complexes are pivotal to epithelial 
polarization, but the mechanistic understanding of polarization is challenging to reach, largely 
because numerous potential interactions between these proteins and others have been found, 
without a clear hierarchy in importance. We identify the regionalized and segregated organization of 
members of the PAR and Crumbs complexes at epithelial apical junctions by imaging endogenous 
proteins using stimulated‐emission‐depletion microscopy on Caco- 2 cells, and human and murine 
intestinal samples. Proteins organize in submicrometric clusters, with PAR3 overlapping with the 
tight junction (TJ) while PALS1- PATJ and aPKC- PAR6β form segregated clusters that are apical of the 
TJ and present in an alternated pattern related to actin organization. CRB3A is also apical of the TJ 
and partially overlaps with other polarity proteins. Of the numerous potential interactions identified 
between polarity proteins, only PALS1- PATJ and aPKC- PAR6β are spatially relevant in the junctional 
area of mature epithelial cells, simplifying our view of how polarity proteins could cooperate to drive 
and maintain cell polarity.

Editor's evaluation
This important work advances our understanding of how apical polarity proteins are organized in 
epithelia using advanced, super- resolution imaging. The microscopy performed in this study is skillful 
and beautifully presented and clarifies the view of how polarity proteins may interact in mature 
epithelia. This article will be of interest to cell biologists, especially those interested in cell polarity 
and tissue architecture.

Introduction
In epithelial tissues, cells coordinate their organization into a polarized sheet of cells. Each cell acquires 
an apico- basal organization and specialized lateral junctions, namely, tight junctions (TJs, also known 
as zonula occludens), adherens junctions, and desmosomes (Farquhar and Palade, 1963). This orga-
nization is key to the development, maintenance, and function of epithelial tissues.

Over the past two decades, several proteins have been discovered to be pivotal to epithelial polar-
ization, such as PAR3, PAR6, aPKC (PAR complex), Crumbs, PATJ, PALS1 (Crumbs complex), Scribble, 
LGL, and DLG (Scribble complex) in mammals (for review, see Assémat et al., 2008; Pickett et al., 
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2019; Rodriguez- Boulan and Macara, 2014). These proteins are remarkably well conserved over 
the animal kingdom (Belahbib et al., 2018; Le Bivic, 2013). Deletion or depletion of one of these 
proteins usually results in dramatic developmental defects (Alarcon, 2010; Charrier et  al., 2015; 
Hakanen et al., 2019; Lalli, 2012; Park et al., 2011; Sabherwal and Papalopulu, 2012; Tait et al., 
2020; Whiteman et al., 2014).

In the quest to understand the role of polarity proteins, numerous genetic and biochemical studies 
have been carried out. We and others have found that these proteins interact to form multiprotein 
complexes. Pioneering studies defined three core complexes based on the discovery of protein inter-
actions or localization: the PAR complex consisting of PAR3, PAR6, and aPKC proteins (Joberty et al., 
2000; Lin et al., 2000), the Crumbs complex consisting of CRUMBS, PALS1, and PATJ (Bhat et al., 
1999; Makarova et al., 2003; Roh et al., 2002b), and the Scribble complex consisting of Scribble, 
LGL, and DLG (Bilder et al., 2000). However, this view became more complex over the years as many 
interactions between proteins of different complexes can occur (Assémat et al., 2008; Hurd et al., 
2003; Lemmers et al., 2004), and interactions of polarity proteins with cytoskeleton regulators and 
lateral junction proteins are common (Assémat et al., 2008; Chen and Macara, 2005; Itoh et al., 
2001; Médina et al., 2002; Michel et al., 2005; Roh et al., 2002a; Takekuni et al., 2003; Tan et al., 
2020). A current limitation in the understanding of polarization is that there is no clear hierarchy of 
the importance of these numerous interactions. Potential interactions revealed through biochemical 
assays do not necessarily reflect relevant interactions in cells and do not specify when nor where in the 
cell these interactions could be relevant.

Polarity proteins have been localized with classical light microscopy, and remarkably, they are often 
found concentrated at the apical junction, a key organizational landmark of epithelial cells. To under-
stand how polarity proteins cooperate to orchestrate cell polarization, one needs to understand how 
precisely polarity proteins organize with respect to apical junctions or the cytoskeleton. However, 

eLife digest Many of our organs, including the lungs and the intestine, are lined with a single layer 
of cells that separate the inside of the organ from the surrounding environment inside the body. These 
so- called epithelial cells form a tightly packed barrier and have a very characteristic organization.

The apical surface faces the outside world, while the basal surface faces the inner tissues. These 
different interfaces are reflected in the organization of the cells themselves. The shape, composition, 
and role of the apical cell surface are distinct from those of the basal surface, and they also contain 
different proteins. In some epithelial cells, the apical surface specializes and forms protruding struc-
tures called microvilli. Thus, epithelial cells are said to be polarized along this apical–basal axis. Over 
the last 30 years, many labs have identified and studied which proteins help epithelial cells become 
and stay polarized.

Previous biochemical experiments showed that these so- called polarity proteins interact with each 
other in many different ways. But it remains unclear whether some of these interactions are more 
important than others, and where exactly in the apical or basal membranes these interactions take 
place.

Mangeol et al. used super- resolution microscopy to observe the polarity of proteins at the apical 
membranes of both human and mouse cells from the small intestine to answer these questions. They 
focused on areas called tight junctions, where the intestinal cells connect with each other to form the 
barrier between the outside and the inside. First, all the polarity proteins clustered together in various 
formations, they were not distributed uniformly. For example, one protein called PAR3 was at the 
level of the tight junctions, whereas other proteins were closer to the apical surface and the outside 
world. Only two pairs of proteins – PAR6 and aPKC, and PALS1 and PATJ – formed stable clusters with 
each other. This finding was unexpected because previous biochemical experiments had predicted 
multiple interactions. Third, the PALS1/PATJ complexes stayed at the bottom of the microvilli protru-
sions, whereas PAR6/aPKC were inside the protrusions.

Taken together, these experiments reveal a detailed snapshot of how the polarity proteins them-
selves are organized at the apical surface of epithelial cells. Future work will be able to address how 
these protein complexes behave over time.

https://doi.org/10.7554/eLife.62087
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except for a few limited cases (Hirose et al., 2002; Izumi et al., 1998; Tan et al., 2020), the precise 
localization of polarity proteins at these organizational landmarks is missing. Moreover, knowing how 
polarity proteins organize in relation to each other in the cell should enable us to decipher from their 
plentiful known potential interactions, which ones are more relevant in specific subregions of the cell.

To tackle these challenges, we decided to systematically localize with stimulated‐emission‐deple-
tion (STED) microscopy the polarity proteins that are key to the establishment of the apical pole of 
epithelia: PAR3, aPKC, PAR6β, PATJ, PALS1, and CRB3A. These proteins localize at the apical junc-
tion region of epithelial cells. Because how proteins interact and localize is likely to depend on cell 
differentiation, we decided to focus here on mature epithelia, a state where we hypothesize that 
protein interactions and localization are stationary. Using human and murine intestine and Caco- 2 
cells, we first imaged endogenous polarity proteins with respect to the TJ to appreciate their overall 
organization in the region. Second, we localized these proteins two- by- two to uncover relevant apical 
polarity protein subcellular associations. Finally, we focused on the organization of polarity proteins 
with respect to the actin cytoskeleton. We find that polarity proteins localize in distinct subregions 
that do not reflect the canonical definition of polarity protein complexes. In addition, their localization 
with respect to the cytoskeleton emphasizes some emerging roles of polarity proteins as regulators 
of actin organization.

Results
Polarity proteins are localized in separate subdomains in the apical 
junction region
To obtain a first estimate of polarity protein localization in the TJ region, we systematically imaged 
each polarity protein with respect to a marker of the TJ. To this end, each apical polarity protein and 
a TJ marker (ZO- 1 or Occludin) were immunostained and imaged together using STED microscopy 
(Hell and Wichmann, 1994; Figures 1 and 2, Figure 1—figure supplement 1, Figure 2—figure 
supplement 1). STED images were acquired in the TJ region both in the apico- basal and the planar 
orientations of cells in human and mouse intestinal biopsies (Figure 1) and Caco- 2 cells (Figure 2). To 
optimize the sample orientation, samples were cryo- sectioned when needed, in particular to obtain 
apico- basal orientation. Since we focused on mature epithelia, intestinal cells were observed exclu-
sively in villi and Caco- 2 cells were seeded on filters and grown over 14 days to allow sufficient differ-
entiation (Pinto et al., 1983). Because the resolution of STED microscopy followed by deconvolution 
was, in our hands, about 80 nm in each color channel, the gain of resolution compared to classical 
confocal microscopy approaches was threefold in the planar orientation and sevenfold along the 
apico‐basal axis.

We found that the localization of each polarity protein was conserved across all samples and 
species (Figures 1 and 2). All proteins were concentrated in the TJ region as clusters of typically 
80–200 nm in size (the smallest cluster size found is likely due to the imaging resolution limit), but 
their precise localization was protein- dependent. We could group proteins into three main localization 
types. While we mostly found PAR3 at the TJs (Figures 1A, C, D, and F and 2A and C), PAR6β and 
aPKC were at the TJ level and apical of the TJ (Figures 1A and C and 2A and C). We found CRB3A, 
PALS1, and PATJ almost exclusively apical of the TJ (Figures 1A, C, D, and F and 2A and C). Interest-
ingly, we often found PAR6β, aPKC, CRB3A, PALS1, and PATJ separated laterally from the TJ since we 
frequently detected clusters of these proteins 100–200 nm away from the TJ (Figures 1A, B, D, and 
E and 2A and E). There were some slight differences between intestinal samples and Caco- 2 cells; 
in particular, CRB3A was more spread from the apical to the TJ domain in Caco- 2 cells (Figure 2C). 
These differences may originate from sample preparation or differences in cell organization due to 
tissue maturation. These first results show that polarity proteins organize in separate subdomains in 
the TJ region, namely, PAR3 at the TJ, and the other polarity proteins studied mostly apical of the TJ.

Confirmation of the cluster organization by alternative methods
The observation that polarity proteins can organize as clusters has been reported in Caenorhabditis 
elegans (Dickinson et al., 2017; Wang et al., 2017), but it is still possible that in our case clustering is 
an artifact of antibody staining. Antibody staining is known to generate artifacts because of permea-
bilization, fixation, and antibody specificity (Schnell et al., 2012), even though a comparison between 

https://doi.org/10.7554/eLife.62087
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Figure 1. Polarity proteins localize in separate subdomains in the tight junction (TJ) region in human (A–C) and murine (D–F) small intestine biopsies. 
(A, D) STED images of protein localization in the TJ area. TJ proteins in green, polarity proteins in magenta. Top row: apico- basal orientation; middle 
row: planar orientation; bottom row: estimates of average protein localization in the apico- basal orientation perpendicular to the junction, obtained 
by multiplying average localizations estimated in (B) and (C) for human biopsies and (E) and (F) for murine biopsies. Top row and middle row, scale bar 

Figure 1 continued on next page
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antibody staining and fluorescence tagging in mammalian cells has found very good agreement when 
using confocal microscopy (Stadler et al., 2013). We used two different approaches to assess whether 
protein clusters were due to our labeling protocol.

First, we prepared a CRISPR- Cas9 knock- in Caco- 2 cell line expressing PAR6β tagged with the fluo-
rescent protein Citrine (see ‘Materials and methods’ for preparation details). To compare how proteins 
localized when imaged with their fluorescent tag or with antibody staining, we achieved the following: 
we first imaged live PAR6β tagged with Citrine with STED, then fixed, permeabilized, and labeled the 
cells with antibodies against PAR6β. We finally came back to the same cells observed live and imaged 
them with STED, this time using Alexa Fluor- 568 conjugated antibody. We find a very good agreement 
between images observed live with Citrine or fixed with Alexa Fluor- 568 (Figure 3A). In particular, we 
find that PAR6β organizes in clusters in live images, and most clusters found with live imaging can be 
found again with immunolabeling.

Second, to further examine whether permeabilization with detergent can generate clusters, we 
chose to permeabilize fixed cells by freezing them in liquid nitrogen and thawing them at room 
temperature. Such treatment is known to destabilize cell membranes (Steponkus and Lynch, 1989). 
After this treatment, we labeled cells with antibodies against PATJ and observed the preparation with 
STED (Figure 3B). Images obtained with this protocol or the one using detergent gave comparable 
results. Clusters of proteins can also be observed without the use of detergent.

We conclude that the clustered organization of proteins we observe is not due to methodological 
artifacts as we can find the same clusters of PAR6β proteins in live and fixed CRISPR- Cas9 knock- in 
Caco- 2 cells, and the absence of detergent when staining cells with antibodies against PATJ does lead 
to the same organization as the one observed with detergent.

Redefining relevant interactions between polarity proteins from 
colocalization analysis
The organization of proteins in separate subdomains led us to investigate how polarity proteins were 
organized within these subdomains, and more specifically how clusters of polarity proteins were local-
ized with respect to each other. To tackle this question, we imaged polarity proteins two- by- two 
in Caco- 2 cells and quantified the extent of their colocalization using the protein–protein proximity 
index developed in Wu et al., 2010, providing a quantitative estimate of protein proximity (Figure 4). 
Because of the organization of protein clusters, different proteins that localize at the same level on 
the apico- basal axis may appear as overlapping ‘more’ when observed in the apico- basal orientation 
rather than when they are observed in the planar orientation (Figure 4—figure supplement 1); this 
is because the axial resolution (about 550 nm) is sevenfold lower than the planar resolution (about 
80 nm). To circumvent this limitation, we minimized the apparent colocalization for each protein pair 
by orienting our sample either in the planar or apico- basal orientation, wherever apparent colocaliza-
tion was lowest.

First, we found that some of the proteins colocalize strongly: PALS1 with PATJ and aPKC with 
PAR6β, presumably in both cases forming a complex, as the literature suggests (Joberty et al., 2000; 

1 µm; bottom row, scale bar 200 nm. (B, E) Average localization of polarity proteins in the planar orientation, obtained by measuring the intensity profile 
of proteins perpendicular to the junction, using the TJ protein position as a reference. (C, F) Average localization of polarity proteins in the apico- basal 
orientation, obtained by measuring the intensity profile of proteins along the apico- basal orientation, using the TJ protein position as a reference. In 
(B, C, E, F), on a given position dark colors represent average intensity values, and lighter colors the average added with the standard deviation. We 
used three biological replicates for each human and mouse experiment (details in Figure 1—source data 1). Details of the analysis are specified in the 
‘Materials and methods’ section.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Details of the number of junctions used in each replicate.

Source data 2. Estimate of the average density versus localization for each protein. 

Figure supplement 1. Localization of ZO- 1 vs. Occludin in the human small intestine and E- cadherin vs. ZO- 1 in human and mouse small intestine.

Figure supplement 1—source data 1. Details of the number of junctions used in each replicate.

Figure supplement 1—source data 2. Estimate of the average density versus localization for each protein.

Figure 1 continued

https://doi.org/10.7554/eLife.62087
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Lin et al., 2000; Roh et al., 2002b; Figure 4A). Surprisingly, we found PALS1- PATJ and aPKC- PAR6β 
well segregated from each other when we observed them in the planar orientation. They sometimes 
appeared as alternating bands along the junction with a spatial repeat in the range of 200–300 nm 
(zooms in Figure 4A). In some cases, these bands seemed formed by clusters facing each other in 
neighboring cells, indicating potential coordination of polarity protein organization between adjacent 
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Figure 2. Polarity proteins localize in separate subdomains in the tight junction (TJ) region in Caco- 2 cells. (A) Stimulated‐emission‐depletion (STED) 
images of protein localization in the TJ area. TJ proteins in green, polarity proteins in magenta. Top row: apico- basal orientation (obtained from cryo- 
sectioning cells grown on filter); middle row: planar orientation; bottom row: estimates of average protein localization in the apico- basal orientation 
perpendicular to the junction, obtained by multiplying average localizations estimated in (B) and (C). Top row and middle row, scale bar 1 µm; bottom 
row, scale bar 200 nm. (B) Average localization of polarity proteins in the planar orientation obtained by measuring the intensity profile of proteins 
perpendicular to the junction, using the TJ protein position as a reference. (C) Average localization of polarity proteins in the apico- basal orientation 
obtained by measuring the intensity profile of proteins along the apico- basal orientation, using the TJ protein position as a reference. In (B, C), on a 
given position dark colors represent average intensity values, and lighter colors the average added with the standard deviation. We used three cell 
culture replicates (details in Figure 1—source data 1). Details of the analysis are specified in the ‘Materials and methods’ section.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Details of the number of junction used in each replicate.

Source data 2. Estimate of the average density versus localization for each protein.

Figure supplement 1. Localization of ZO- 1, Occludin, and E- cadherin ZO- 1 Caco- 2 cells.

Figure supplement 1—source data 1. Details of the number of junction for each replicate.

Figure supplement 1—source data 2. Estimate of the average density versus localization for each protein.

https://doi.org/10.7554/eLife.62087
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Figure 3. Confirmation of the cluster organization by alternative methods. (A) Two examples of stimulated‐emission‐depletion (STED) images obtained 
on living Caco- 2 cells expressing PAR6β-Citrine that were then fixed and immunolabeled and zoom on junctions (insets). Imaging of the same cells 
shows that clusters are observed in live and fixed conditions (arrows pointing at the same clusters in both conditions). (B) Images showing that 
permeabilization using freeze- and- thaw or detergent lead to very similar results, showing that detergents are not the cause of protein clustering. Scale 
bars: 2 µm. We obtained the same conclusions on three independent cell culture replicates.
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Figure 4. Proximity analysis of polarity proteins redefines protein complexes. The analysis is carried out in 
Caco- 2 cells, where we used the concept of protein–protein proximity index (PPI) introduced by Wu et al., 2010, 
indicating the proximity of two different protein populations. PPI of 0 indicates no proximity (or no colocalization), 
and PPI of 1 indicates perfect proximity (or perfect colocalization); intermediate values give an estimate of 
the fraction of a given protein being in close proximity (or colocalize) with another one. Here, the result of the 
proximity analysis is represented graphically with color- coded values and Venn diagrams as depicted on the top 
of the figure (details in ‘Materials and methods’). The analysis has been carried out on apico- basal (AB) or planar 
(PL) orientation images to minimize apparent colocalization due to overlapping in different planes; this is reported 
in the representative image of each experiment. (A) Proximity analysis for PATJ, PALS1, aPKC, and PAR6β and 
corresponding representative images. Zoomed images (PATJ/aPKC and PALS1/PAR6β) illustrate the segregation 
of these proteins. (B) Proximity analysis for CRB3A and the other polarity proteins. (C) Proximity analysis for PAR3 
with PALS1, aPKC, and Occludin. (D) Control experiment with PATJ labeled with an Alexa 532 secondary antibody 
and an Alexa 568 tertiary antibody. We used three cell culture replicates for each protein pair (details in Figure 4—
source data 1). The details of the analysis are specified in ‘Materials and methods.’ Scale bars: 1 µm.

Figure 4 continued on next page
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cells. Second, we found that only a minority of CRB3A colocalized with any of the other polarity 
proteins (Figure 4B). These observations are also surprising because CRB3A has been reported to 
strongly interact both with PALS1 and PAR6 (Hayase et al., 2013; Lemmers et al., 2004; Li et al., 
2014; Makarova et al., 2003). This could mean that these interactions are mostly transient or that 
they are not prominent in the TJ area. This result questions the stability and functional cellular meaning 
of the canonical CRB3- PALS1- PATJ complex and the CRB3- PAR6 interaction. Finally, when localizing 
PAR3 along with PALS1 or aPKC, we found that PAR3 is hardly found with either of these proteins 
(Figure 4C). These data show that PAR3, aPKC, and PAR6β do not associate in a static complex as has 
been suggested in several non- mammalian models (Afonso and Henrique, 2006; Harris and Peifer, 
2005; Morais- de- Sá et al., 2010; Rodriguez et al., 2017). It appears, in our conditions, that aPKC 
and PAR6β are likely linked in the apical TJ region, whereas PAR3 is poorly associated with them. 
Again, it is possible that the interaction between PAR3 and PAR6β-aPKC is mostly transient or that it 
is not relevant in the TJ area. We conclude that PAR3 is largely excluded from other polarity proteins 
at the TJ and that PALS1- PATJ, PAR6β-aPKC, and CRB3 form three spatially separated entities in the 
apical region of the TJ.

PATJ localization in the TJ region with electron tomography
In the generally accepted description of the canonical Crumbs complex, PALS1 binds to the trans-
membrane protein CRB3A and PATJ binds to PALS1 (Roh et al., 2002b). Therefore, PALS1 and PATJ 
are thought to be in close vicinity of the membrane since CRB3A is a short transmembrane protein. 
Moreover, it was proposed that PATJ links CRB3A- PALS1 to the TJ area (Michel et al., 2005) because 
of the direct interaction of PATJ with the TJ protein ZO- 3 and Claudin1 (Roh et  al., 2002a). Our 
protein- proximity analyses, however, raise the question of whether PALS1/PATJ interact with CRB3A 
in the TJ region (Figure 4), and our localization of PATJ with STED suggests that most PATJ proteins 
are often too far from the TJ to interact with this structure (Figures 1 and 2). Therefore, to obtain a 
more complete understanding of PATJ localization in the TJ region, we observed PATJ with electron 
tomography using immunogold labeling in Caco- 2 cells (Figure 5).

Consistent with what we observed with STED, we often found PATJ organized in clusters apical of 
the TJ (Figure 5A). We started by quantifying PATJ position with respect to the TJ, using as a refer-
ence the most apical part of the TJ (defined morphologically as the most apical position of contact 
between neighboring cells’ plasma membranes) (Figure 5B). We found that most PATJ proteins were 
about 80 nm away from the TJ (Figure 5C). Although PATJ molecular structure is not known, given 
its sequence including multiple potent unstructured domains between PDZ domains, it is likely that 
as a folded protein its size cannot fill the 80 nm gap we find. Therefore, our data suggest that most 
PATJ molecules do not interact directly with TJ proteins. We found instead most PATJ proteins were 
close to the apical membrane and that only a small fraction was present in microvilli or the cytoplasm 
(Figure 5D). Previous observations that PATJ associates with ZO- 3 or Claudin1 might depend on the 
cellular state, or these interactions could be transient.

CRB3A is thought to anchor PALS1 and PATJ to the plasma membrane. However, given our results 
showing a minor colocalization of PATJ and PALS1 with CRB3A, it is unlikely to be the case for most 
PALS1 and PATJ molecules. Therefore, the localization of PATJ close to the apical membrane led us to 
wonder whether PATJ together with PALS1 could be associated with the apical plasma membrane via 
interactors that remain to be discovered. Thus, we measured the distance of the immunogold label 
of PATJ to the plasma membrane (Figure 5E) and found that the distance of the gold label is in most 
cases compatible with the association of PATJ and PALS1 with the apical plasma membrane (123/169 
≈ 73% of gold particles were less than 38 nm away from the plasma membrane, corresponding to the 

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Details of the number of junctions for each repicate.

Source data 2. PPI index for each protein couple.

Figure supplement 1. Protein–protein proximity index (PPI) analysis on the orientations can lead to artificially 
higher PPI because of higher protein overlap.

Figure supplement 1—source data 1. Details of the number of junctions for each replicate.

Figure 4 continued

https://doi.org/10.7554/eLife.62087
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size of the primary and gold- labeled secondary antibody combination added with the size of PALS1). 
We conclude that PATJ and PALS1 are likely to be anchored to the apical membrane not by CRB3A 
but by yet unknown apical membrane proteins.

Organization of PATJ-PALS1, PAR6β-aPKC, and the actin cytoskeleton
Because polarity proteins play a key role in the epithelial organization, we wondered how these 
proteins were organized with respect to the actin cytoskeleton. Actin is very densely packed in the 
TJ region, which makes challenging the identification of where polarity proteins are localized with 
respect to the actin structure, if not impossible, with 2D STED. Indeed, the method leads to overlaps 
between actin structures that are then very difficult to extricate. Therefore, we chose to use 3D STED, 
which has a planar resolution lower than 2D STED (about 120 nm) but a much higher axial one (about 
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Figure 5. Electron tomography shows that PATJ localizes as clusters at the plasma membrane apically of the tight junction (TJ) in Caco- 2 cells. 
(A) Representative image of PATJ labeled with gold particles (arrowheads pointing at single particles or clusters of particles). The bracket with TJ 
indicates the TJ. Minimum intensity projection of a 150- nm- thick tomogram, scale bar: 100 nm. (B) Localization of gold particles labeling PATJ with 
respect to the TJ both in the apico- basal and lateral directions. (C) Distance between the center of gold particle labels and the TJ. (D) Summary of gold 
particles localization in the microvilli, in the vicinity of the plasma membrane and the cytoplasm. (E) Distance between gold particles and the apical 
surface. In amber, the region of distances compatible with PATJ epitope being at the apical surface, between 3 nm (radius of gold particles) and 37 nm 
(size of the primary and gold- labeled secondary antibody combination added with the presumed size of PALS1; Li et al., 2014). Tomograms of 300 nm 
in thickness of 12 junctions were used to extract the position of 169 gold particles labeling PATJ proteins. These junctions were obtained from one cell 
culture.

The online version of this article includes the following source data for figure 5:

Source data 1. Individual distance of gold particles versus the tight junction and the apical membrane.

https://doi.org/10.7554/eLife.62087
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140 nm), making it a tool of choice to decipher how polarity proteins organize together with actin in 
three dimensions.

We find that in the region where PATJ, PALS1, 
PAR6β, and aPKC are located, the actin cytoskel-
eton identified with 3D STED consists mostly of 
microvilli structures (Figure 6A). PATJ and PALS1 
are found mostly at the base of microvilli or in 
between microvilli (Figure 6), in agreement with 
what we found on PATJ localization with elec-
tron microscopy (Figure  5). PAR6β and aPKC 
are mostly found within microvilli or close to the 
base of microvilli, but hardly between microvilli 
(Figure  6). This result reinforces our previous 

A

B

F-actin PALS1 F-actin PATJF-actin PAR6β F-actin aPKC

0

25

50

75

100

PAR6β aPKC PALS1 PATJ

C
lu

st
er

 lo
ca

liz
at

io
n 

fra
ct

io
n microvilli

microvilli base
microvilli vicinity

AB

PL

AB

PL

AB

PL

AB

PL

Figure 6. Organization of PAR6β, aPKC, PATJ, and PALS1, with respect to the actin cytoskeleton. (A) 3D stimulated‐emission‐depletion (STED) imaging 
of cells labeled with Phalloidin and antibodies against polarity proteins with (top) top view and (bottom) side view on cell–cell junctions. Scale bars: 
top 2 µm, bottom 1 µm. (B) Localization analysis of PAR6β, aPKC, PATJ, and PALS1 vs. microvilli organization. We used three independent cell cultures. 
Detailed counts of clusters are given in Figure 6—source data 1.

The online version of this article includes the following source data for figure 6:

Source data 1. Contingency table of the number of counts of polarity proteins in the different microvilli regions. 

CRB3A
PALS1-PATJ
PAR6�-aPKC
PAR3

Figure 7. Organizational model of polarity proteins in 
the tight junction (TJ) region.
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observations that PATJ- PALS1 and PAR6β-aPKC form separate clusters as we find them at different 
locations within the apical region of the junction.

Discussion
In this study, we have systematically localized polarity proteins with super- resolution microscopy in 
epithelial cells. We observed endogenous PAR3, aPKC, PAR6β, PATJ, PALS1, and CRB3A in the human 
intestine and Caco- 2 cells, and PAR3 and PALS1 in the mouse intestine. We found the following 
(Figure 7): (1) all these polarity proteins organize as submicrometric clusters concentrated in the TJ 
region. PAR3 localizes at the TJ, aPKC, and PAR6β localize at the TJ level, but mostly apically of the 
TJ, while PATJ, PALS1, and CRB3A are apical of the TJ (Figures 1 and 2). (2) PAR6β-aPKC and PATJ- 
PALS1 form two pairs that are often respectively found in the same clusters (Figure 4A), strongly indi-
cating that these respective proteins form a stable and major complex in this region of the cells (i.e., 
the PAR6- aPKC complex and the PALS1- PATJ complex). (3) Unexpectedly, PALS1- PATJ and PAR6β-
aPKC clusters are segregated from each other (Figure 4A). Our data show that these clusters are 
concentrated in the first one or two rows of microvilli, with the PAR6β-aPKC complex localized at the 
base and within microvilli, whereas the PALS1- PATJ complex is localized at the base and in between 
these microvilli (Figures 5 and 6), further showing that the PAR6β-aPKC complex and the PALS1- 
PATJ complex are spatially separated in the cell. (4) CRB3 shows little association with any of the 
other polarity proteins (Figure 4B), questioning how PALS1- PATJ and PAR6β-aPKC are mechanistically 
recruited to the plasma membrane and localized to the apical surface.

Previous studies were largely based on biochemical approaches. The first interactions found 
defined canonical polarity protein complexes, while subsequent studies highlighted the numerous 
potential interactions that can be found with such approaches, between polarity proteins of different 
complexes (Assémat et  al., 2008; Bhat et  al., 1999; Hurd et  al., 2003; Joberty et  al., 2000; 
Lemmers et al., 2004; Lin et al., 2000; Makarova et al., 2003; Roh et al., 2002b), as well as between 
polarity proteins and other interactors (Chen and Macara, 2005; Itoh et al., 2001; Médina et al., 
2002; Michel et al., 2005; Roh et al., 2002a; Takekuni et al., 2003; Tan et al., 2020). Altogether, 
these studies provide a complex potential model of molecular interactions. However, in most cases, 
we do not know to what extent and where these interactions do occur in cells and whether they are 
transient or permanent. Notably, most of these previous studies used overexpression to identify the 
interactors of a given protein; this methodological limitation might have introduced biases in some 
cases. If we focus only on proteins observed in this article, these studies concluded that PAR6β can 
interact with PAR3, aPKC, PALS1, PATJ, and CRB3A; aPKC can additionally interact with PAR3, and 
PALS1 can interact with CRB3A and PATJ. Our results show that of these eight potential interactions, 
only two, namely, PAR6β-aPKC and PALS1- PATJ, are likely to be stable or spatially restricted, clarifying 
the current view on how polarity proteins interact in the apical junction area of the cell. We question 
the existence of the canonical Crumbs and PAR complexes as previously described and propose that 
only PAR6β-aPKC and PALS1- PATJ can be defined as major structural complexes. The other numerous 
possible interactions that have been claimed previously may exist transiently and our approach cannot 
rule out that they occur at other locations in the cell, but it questions their relevance to the under-
standing of the epithelial cell junctions.

The interaction between PAR3, PAR6, and aPKC is key to epithelial polarization (Horikoshi et al., 
2009; Joberty et  al., 2000) but the permanence of these interactions has been discussed in the 
past. In mammalian epithelial cells, PAR3, PAR6, and aPKC have been thought to interact at apical 
junctions as these proteins concentrate there, but only PAR6 and aPKC are found at the apical surface 
(Martin- Belmonte et al., 2007; Satohisa et al., 2005). Moreover, in a few non- mammalian systems, 
PAR3 was observed as segregated from PAR6 and aPKC at epithelial apical junctions: when observed 
with confocal microscopy, PAR3 is basal of PAR6 and aPKC in the apical junctions of Drosophila mela-
nogaster embryos during cellularization (Harris and Peifer, 2005), as well as in chick neuroepithelial 
cells (Afonso and Henrique, 2006). Our data suggest that the segregation of PAR3 from PAR6- aPKC 
is likely to be a conserved principle of organization in polarized epithelia. Even if the interaction of 
PAR3 with PAR6- aPKC is central to polarization, it is likely to be transient. The mechanistic basis 
for the transient character of the interaction between PAR3 and PAR6- aPKC in mammalian epithelia 
may be similar to the Cdc- 42- dependent mechanisms found in D. melanogaster (Morais- de- Sá et al., 
2010) or C. elegans (Rodriguez et al., 2017; Wang et al., 2017). Interestingly, studies in C. elegans 

https://doi.org/10.7554/eLife.62087


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  13 of 22

also found that polarity proteins can organize in clusters (Dickinson et al., 2017; Wang et al., 2017). 
Although this was observed in very different conditions, this points to a potentially conserved mecha-
nism on how polarity proteins organize.

Our finding that PAR3 localizes at the TJ confirms previous observations using electron microscopy 
in rat small intestine (Izumi et al., 1998) and MDCK cells. One recent study found a small fraction of 
PAR3 at the level of the adherens junction (Tan et al., 2020). Even though STED allows for a much 
larger volume to be probed compared to electron microscopy, we did not observe PAR3 basal of the 
TJ. The localization of PAR3 may depend on the cell type as well as its maturation state, but inter-
estingly PAR3 is never found in the region apical of the TJ, where we find the other polarity proteins.

Because CRB3 is a transmembrane protein and several studies reported its interaction with 
PALS1, it was thought to anchor PALS1 and PATJ to the apical membrane (Makarova et al., 2003; 
Roh et al., 2002b). Similarly, it is suggested in D. melanogaster that Crb recruits Par- 6 and aPKC 
to the apical membrane (Morais- de- Sá et al., 2010). Our study suggests that the recruitment of 
PALS1, PATJ, PAR6β, and aPKC to the plasma membrane is unlikely to be due to CRB3A because 
CRB3A poorly colocalizes with these proteins. Nevertheless, our data suggest that PALS1- PATJ are 
localized at the plasma membrane, perhaps confined in this area by another set of interactors to 
be uncovered. This last observation is likely to be similar for PAR6- aPKC. We cannot rule out both 
for PALS1- PATJ and PAR6β-aPKC that the interaction with CRB3A could be transient, and that this 
transient interaction would be sufficient to localize these protein complexes in the apical surface 
area.

The importance of polarity proteins for the epithelial organization points to the fact that these 
proteins are likely to play a key role in the organization of the cytoskeleton. Several proteins having 
a role in actin regulation have been shown to interact with polarity proteins (Bazellières et  al., 
2018; Médina et al., 2002), but how polarity proteins could influence actin organization is largely 
unknown. The correlation of organization between the actin cytoskeleton and PAR6- aPKC and 
PALS1- PATJ clusters points to a potential structural or instructional role of these proteins in the 
cytoskeleton organization. These findings call for further investigations, including functional and 
structural approaches.

We have shown that our observations were not the consequence of methodological artifacts, as 
live imaging on PAR6β-Citrine CRISPR- Cas9 knock- in and immunolabelling gave very similar results 
on the same cells, and permeabilization with or without detergent allowed us to observe the same 
organization of PATJ (Figure 3). Nevertheless, because of the size of antibodies, the combination of 
primary and secondary antibodies displaces the fluorescent signal from the epitope it targets by about 
25 nm. Can this displacement alter our conclusions regarding protein organization? The fluorescent 
densities observed with STED are very likely to be the result of the clustering of tens of fluorophores, 
therefore tens of antibodies recognizing tens of polarity proteins. Because these densities are created 
by tens of antibodies, we speculate that these antibodies are oriented isotropically in space. As a 
result, the use of antibodies might slightly increase the size of polarity protein clusters, but the fluores-
cence created by antibodies in images is well centered on polarity protein clusters, making antibodies 
a tool of choice for this study.

Are clusters of polarity proteins smaller than the diffraction limit? It is often not the case, as many 
fluorescent densities can be as large as twice the diffraction limit and often display complex shapes, 
indicating clusters of polarity proteins larger than 80 nm. It would be very valuable to understand how 
these clusters are organized at a smaller scale, and how other proteins are implicated, including cyto-
skeletal proteins. Moreover, single- molecule approaches used in Dickinson et al., 2017 could help to 
further identify the nature of polarity protein clusters and their stoichiometry.

In this study, we define endogenous polarity protein organization and how polarity proteins are 
likely to interact. The early concept of polarity protein complexes introduced by biochemical studies 
is impractical today because of the very large number of potential interactions between proteins 
discovered. Additionally, it omits important features, such as the dynamics of interaction and their 
reality in relation to cell subregions. Our study proposes a snapshot of the polarity organization in 
mature intestinal epithelial cells that calls for a novel, more dynamic definition of interactions between 
polarity proteins and associated proteins that will be needed to uncover the mechanistic basis of cell 
apico- basal polarization.

https://doi.org/10.7554/eLife.62087
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Materials and methods
Cell culture
A clone of Caco- 2 cells, TC7, was used in this study because differentiated TC7 cells form a regular 
epithelial monolayer (Chantret et al., 1994). Caco- 2/TC7 cells were kindly provided by Dr. A. Zwei-
baum (INSERM, U170, Villejuif, France) and were identified as Caco- 2 cells by STR profiling (DSMZ ACC 
169). Cells were tested negative for mycoplasma with Mycostrip kits (Invivogen). Prior experiments, 
cells were seeded at a low concentration of 105 cells on a 24 mm polyester filter with 0.4 µm pores 
(3450, Corning Inc, Corning, NY). Cells were maintained in Dulbecco’s modified Eagle’s minimum 
essential medium supplemented with 20% heat- inactivated fetal bovine serum and 1% non- essential 
amino acids (Gibco, Waltham, MA), and cultured in 10% CO2/90% air. The medium was changed every 
48 hr.

Preparation of the CRISPR-Cas9 PAR6β-Citrine knock-in
The Caco- 2 PAR6β Citrine knock- in cell line expressing PAR6β Citrine from the human PARD6B locus 
was prepared by genome editing with the CRISPR- Cas9 method (Sandoz et al., 2019). Chemically 
modified guide RNA (gRNA) and Streptococcus pyogenes Cas9 protein were purchased from Synthego. 
This gRNA targeted the stop codon region of the PARD6B exon 3 with this sequence:  ATCA  TAAC  ATTA  
TGAA  ACCG  (TGG). The donor plasmid was constructed with Citrine coding sequences inserted at the 
position of the PAR6DB STOP codon and flanked by the 5′ homology arm chr20: 50749657–50750486 
(PARD6B) and 3′ homology arm chr20: 50750962–50750487 (PARD6B) (see Appendix 1). The donor 
plasmid was purchased from Twist Bioscience. The gRNA was diluted following the manufacturer’s 
instruction and ribonucleoprotein complexes were formed with 30 pmoles of gRNA and 12 pmoles of 
spCas9. 106 Caco- 2 cells were transfected with ribonucleoprotein (RNP) and 5 µg donor plasmid using 
Amaxa Nucleofector (kit T, B24 and T20 programs). Transfected cells were seeded in Petri dishes. 
After 15 days, fluorescent cells were sorted by a cytometer FACSAriaII and cloned in 96- well plates. 
After the expansion of the fluorescent clones, the screening of PAR6β Citrine KI cells was performed 
by Western blot analysis with anti- PAR6β and anti- GFP antibodies (see Appendix 1). The targeted 
insertion was confirmed by PCR amplification of the expected junction fragments followed by Sanger 
sequencing (Eurofins). A clone (A6) that expresses PAR6β Citrine but no longer expresses PAR6β (due 
to the modification of both PARD6B gene alleles) was used for further experiments (see Appendix 1).

Sample preparation for immunostaining
Human sample preparation
Human intestine biopsies were obtained under the agreement IPC- CNRS- AMU 154736/MB. Intestinal 
samples were fixed in paraformaldehyde (PFA 32%, Fisher Scientific) 4% in phosphate- buffered saline 
(PBS, Gibco) for 1 hr at 20°C. Biopsies were embedded in optimal cutting temperature compound 
(OCT compound, VWR) and frozen in liquid nitrogen.

Mouse sample preparation
Mouse intestine samples were obtained following local ethical guidelines. After washing with PBS, 
intestinal samples were fixed in PFA 4% in PBS for 20 min at room temperature. Samples were then 
embedded in OCT compound and frozen in liquid nitrogen.

Cell culture preparation for optical microscopy
Cells were washed in PBS and then fixed in PFA 4% in PBS for 20 min at room temperature. When 
apico- basal orientation observations were needed, cells were sectioned along the apico- basal axis. 
Before sectioning, cells were embedded in OCT compound and frozen in liquid nitrogen.

Samples sectioning
When needed, samples were sectioned with a cryostat (Leica CM 3050S, Leica Biosystems, Germany). 
10 µm sections were transferred to high- precision 1.5H coverslips (Marienfeld, Germany) previously 
incubated with poly- l- lysine solution (P- 4832, Sigma- Aldrich, St. Louis, MO).

https://doi.org/10.7554/eLife.62087
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Immunostaining for optical microscopy
Intestinal sections and cultured cells were prepared similarly. Intestinal sections were permeabi-
lized in 1% SDS (Sigma- Aldrich) in PBS for 10 min. In cultured cells, 10 min of permeabilization was 
achieved with 1% SDS in PBS for CRB3A antibody, as well as PAR6β and aPKC antibodies when 
used in combination with TJ markers; otherwise, all other protein labeling protocols included 1% 
Triton X100 (Sigma- Aldrich) in PBS at permeabilization for 10 min. After washing with PBS, samples 
were saturated with 10% fetal bovine sera (Gibco) in PBS (‘saturation buffer’) over an hour at 
room temperature. Primary antibodies were diluted in the saturation buffer and incubated over-
night at 4°C. In more details: rabbit anti- ZO- 1 (1/500, 61- 7300, Invitrogen), mouse anti- Occludin 
(1/500, 331500, Invitrogen), mouse anti- E- cadherin (1/500, 610181, BD Biosciences), rabbit 
anti- PAR3 (1/200, 07- 330, Sigma- Aldrich), rabbit anti- PAR6β (1/200, sc- 67393, Santa- Cruz), rabbit 
anti- PKCζ (1/200, sc- 216, SantaCruz), mouse anti- PKCζ (1/200, sc- 17781, SantaCruz), chicken 
anti- PALS1 (1/200, gift of Jan Wijnholds Kantardzhieva et  al., 2005), rabbit anti- PATJ (1/200, 
Massey- Harroche et  al., 2007; Michel et  al., 2005), rat anti- CRB3A (1/50 MABT1366, Merck; 
see antibody validation in Appendix 1). Secondary antibodies were incubated for 1 hr at room 
temperature. Alexa Fluor 568 conjugated to antibodies raised against mouse, rabbit, and rat, and 
Alexa Fluor 532 conjugated to antibodies raised against mouse and rabbit (Invitrogen) were used 
at 1/200 dilution in the saturation media. Phalloidin Alexa Fluor A532 (Invitrogen) was mixed with 
secondary antibodies and used at 1/100 dilution. After each incubation, samples were rinsed four 
times with PBS. Samples were finally mounted in Prolong Gold antifade mountant (Invitrogen) at 
37°C for 45 min.

STED microscopy
Images of samples were acquired with a STED microscope (Leica TCS SP8 STED, Leica Microsys-
tems GmbH, Wetzlar, Germany), using a ×100 oil immersion objective (STED WHITE, HC PL APO 
×100/1.40, same supplier). Two‐color STED was performed with Alexa Fluor 532 excited at 522 nm 
(fluorescence detection in the 532–555 nm window), and Alexa Fluor 568 excited at 585 nm (fluores-
cence detection in the 595–646 nm window). To minimize the effect of drifts on imaging, both dyes 
were imaged sequentially on each line of an image and depleted using the same 660 nm laser. Detec-
tion was gated to improve STED signal specificity. The parameter used to generate 3D STED was set 
to 100% in LASX. To ease the analysis, when imaging with 3D STED, we picked junctions where micro-
villi were vertical, while in other imaging analyses the orientation of microvilli was unknown because 
of the lack of actin labeling.

Live-STED microscopy
Citrine fluorescent proteins were imaged similarly to organic dyes. Citrine was excited at 507 nm, 
depleted at 592 nm, and fluorescence was detected in the 517–582 nm range. Special care was taken 
to limit cell damage as we found that too high STED laser excitation led to major cell damage.

Cultured cell preparation for electron microscopy
Cells were washed in PBS and then fixed in PFA 4% in PBS for 20 min at room temperature. After 
rinsing with PBS, cells were put into a sucrose gradient to reach 30% sucrose overnight. Cells were 
then frozen in liquid nitrogen and immediately thawed at room temperature. Immunostaining was 
carried out without permeabilization step, directly with primary antibodies (rabbit anti- PATJ 1/100, for 
3 hr at room temperature). After the washing steps, cells were incubated with a secondary antibody 
carrying 6  nm gold particles (goat anti- rabbit 1/20, 806.011, Aurion, The Netherlands). A tertiary 
antibody was used to observe where gold particles were localized on a macroscopic level (Alexa 568 
conjugated donkey anti- goat 1/200 from Invitrogen, for 1 hr at room temperature).

Cells were then prepared specifically for electron microscopy. They were fixed in 2.5% glutaralde-
hyde, 2% PFA, and 0.1% tannic acid in sodium cacodylate 0.1 M solution for 30 min at room tempera-
ture. After washing steps, cells were post- fixed in 1% osmium in sodium cacodylate 0.1 M solution for 
30 min at room temperature and contrasted in 2% uranyl acetate in water solution for 30 min at room 
temperature. Cells were then dehydrated in ethanol and embedded in Epon epoxy resin.
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Electron microscopy
Cells were observed with a transmission electron microscope, FEI Tecnai G2 200 kV (FEI, The Neth-
erlands), in an electron tomography mode. Tomograms were reconstructed using the Etomo tool of 
the IMOD software.

Data analysis
Analysis of protein density
To quantify the density and positions of polarity proteins with respect to TJ markers, we used custom- 
made ImageJ macros and Python programs. In each case, the reference protein was a TJ protein 
(ZO- 1 or Occludin) that was localized precisely, defining a reference position along the junction from 
which intensity measurement was done. For planar orientations, the reference was the maximum 
intensity of the TJ marker along the junction; intensity measurements consisted in getting the intensity 
profiles of proteins perpendicular to the junction, all along the junction. For apico- basal orientations, 
we measured intensity profiles on the apico- basal axis, all along the junction. On a given profile, the 
reference was taken at the most apical point where the TJ marker intensity was a third of its maximum 
intensity; the reason for this choice is that TJs spread along the apico- basal axis tended to vary up 
to threefold from one cell to another and this definition of the reference allowed us to define a 
reproducible apical edge of the TJ. In the process, we used bilinear interpolation to obtain subpixel 
quantification. The results of analyses were then normalized for intensity for each junction to avoid 
junction- to- junction intensity variation. Because we used a reference protein for each junction, we 
could then align all results based on the reference position of the reference protein and pool all results 
into a single protein density plot. Since we used either ZO- 1 or Occludin as references, we controlled 
that these proteins are localized similarly in Figure 1 and Figure 2—figure supplement 1.

Protein–protein proximity analysis
The principle of quantification of protein–protein proximity was introduced by Wu et al., 2010. The 
authors of this method observed that the autocorrelation of a given image or the cross- correlation 
between two images coming from two different channels showed a peak at its center. The ratio of 
amplitude between the peaks of the cross- correlated and autocorrelated images gave a good esti-
mate of protein proximity, which they coined the protein–protein proximity index. This index is similar 
to more classical colocalization coefficients, but we found that the method of Wu et al., 2010 was well 
suited for proteins distributed along a junction.

In practice, we extracted junctions from two- color images, restricting the analysis to a band of 
400 nm centered on the reference given by the TJ (as defined earlier). As we found the analysis to be 
dependent on orientation, when planar orientation was used, we excluded junctions that were not 
straight. All extracted junctions of a given protein pair to be examined were then concatenated into 
one large two- channel image on which we achieved autocorrelation and cross- correlation analysis 
(autocorrelation is achieved on each channel, and cross- correlation is achieved with both channels). 
We extracted the amplitude of peaks obtained in each of the autocorrelated and cross- correlated 
images as proposed in Wu et al., 2010. Therefore, when analyzing protein 1 and protein 2 proximity, 
we obtain the amplitude A1 and A2 from the autocorrelation of images of protein 1 and protein 2, 
respectively, and the amplitude C12 from the cross- correlation analysis. One evaluates the fraction of 
protein 1 colocalizing with protein 2 with the protein–protein proximity index P1 = C12/A2, and the 
fraction of protein 2 colocalizing with protein 1 with the protein–protein proximity index P2 = C12/A1.

In Figure 4, we color- coded the values of these indices. To obtain an absolute representation of 
these values, we additionally used Venn diagrams to represent graphically for each protein the frac-
tion of colocalizing and non- colocalizing protein.

Acknowledgements
We would like to thank Flora Poizat for the human biopsies, Charlotte Mourry for help during the 
PAR6β CRISPR- Cas9 knock- in screening, and the Le Bivic and Lenne groups for discussion. Biop-
sies were obtained with the agreement IPC- CNRS- AMU 154736/MB. We acknowledge the IBDM 
imaging facility, member of the national infrastructure France- BioImaging supported by the French 
National Research Agency (ANR- 10- INBS- 04). PM was supported by ITMO Cancer (Plan Cancer), 

https://doi.org/10.7554/eLife.62087


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  17 of 22

Ligue Nationale Contre le Cancer, and the French National Research Agency (ANR- T- JUST, ANR- 17- 
CE14- 0032). The project was developed in the context of the LabEx INFORM (ANR- 11- LABX- 0054) 
and the A*MIDEX project (ANR- 11- IDEX- 0001- 02), funded by the 'Investissements d’Avenir' French 
Government program.

Additional information

Funding

Funder Grant reference number Author

Agence Nationale de la 
Recherche

ANR-10-INBS-04 Pierre Mangeol

Agence Nationale de la 
Recherche

ANR-17-CE14-0032 Pierre Mangeol

Instituts thematiques multi-
organismes

Plan Cancer Pierre Mangeol

Agence Nationale de la 
Recherche

ANR-11-LABX-0054 Pierre Mangeol

Agence Nationale de la 
Recherche

ANR-11-IDEX-0001-02 Pierre Mangeol

Ligue Contre le Cancer Post doctoral grant Pierre Mangeol

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Pierre Mangeol, Conceptualization, Resources, Data curation, Software, Formal analysis, Funding 
acquisition, Investigation, Visualization, Methodology, Writing - original draft, Writing – review and 
editing; Dominique Massey- Harroche, Methodology, Writing – review and editing; Fabrice Richard, 
Jean- Paul Concordet, Methodology; Pierre- François Lenne, André Le Bivic, Conceptualization, Super-
vision, Funding acquisition, Validation, Methodology, Writing – review and editing

Author ORCIDs
Pierre Mangeol    http://orcid.org/0000-0002-8305-7322
Pierre- François Lenne    http://orcid.org/0000-0003-1066-7506

Ethics
Human biopsies were obtained with the agreement IPC- CNRS- AMU 154736/MB between the lab of 
the authors and the Paoli- Calmettes institute (Marseilles, France).

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.62087.sa1
Author response https://doi.org/10.7554/eLife.62087.sa2

Additional files
Supplementary files
•  Transparent reporting form 

•  Source code 1. ImageJ marco toolsets to extract intensities from images and Python script to 
compute cross- correlation used in proximity analysis. 

Data availability
All data generated or analyzed during this study are included in the manuscript and supporting files.

https://doi.org/10.7554/eLife.62087
http://orcid.org/0000-0002-8305-7322
http://orcid.org/0000-0003-1066-7506
https://doi.org/10.7554/eLife.62087.sa1
https://doi.org/10.7554/eLife.62087.sa2


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  18 of 22

References
Afonso C, Henrique D. 2006. Par3 acts as a molecular organizer to define the apical domain of chick 

neuroepithelial cells. Journal of Cell Science 119:4293–4304. DOI: https://doi.org/10.1242/jcs.03170, PMID: 
17003110

Alarcon VB. 2010. Cell polarity regulator PARD6B is essential for trophectoderm formation in the 
preimplantation mouse embryo. Biology of Reproduction 83:347–358. DOI: https://doi.org/10.1095/ 
biolreprod.110.084400, PMID: 20505164

Assémat E, Bazellières E, Pallesi- Pocachard E, Le Bivic A, Massey- Harroche D. 2008. Polarity complex proteins. 
Biochimica et Biophysica Acta 1778:614–630. DOI: https://doi.org/10.1016/j.bbamem.2007.08.029, PMID: 
18005931

Bazellières E, Aksenova V, Barthélémy- Requin M, Massey- Harroche D, Le Bivic A. 2018. Role of the Crumbs 
proteins in ciliogenesis, cell migration and actin organization. Seminars in Cell & Developmental Biology 81:13–
20. DOI: https://doi.org/10.1016/j.semcdb.2017.10.018, PMID: 29056580

Belahbib H, Renard E, Santini S, Jourda C, Claverie JM, Borchiellini C, Le Bivic A. 2018. New genomic data and 
analyses challenge the traditional vision of animal epithelium evolution. BMC Genomics 19:393. DOI: https:// 
doi.org/10.1186/s12864-018-4715-9, PMID: 29793430

Bhat MA, Izaddoost S, Lu Y, Cho KO, Choi KW, Bellen HJ. 1999. Discs lost, a novel multi- PDZ domain protein. 
Establishes and Maintains Epithelial Polarity. Cell 96:833–845. DOI: https://doi.org/10.1016/S0092-8674(00) 
80593-0, PMID: 10102271

Bilder D, Li M, Perrimon N. 2000. Cooperative regulation of cell polarity and growth by Drosophila tumor 
suppressors. Science 289:113–116. DOI: https://doi.org/10.1126/science.289.5476.113, PMID: 10884224

Chantret I, Rodolosse A, Barbat A, Dussaulx E, Brot- Laroche E, Zweibaum A, Rousset M. 1994. Differential 
expression of sucrase- isomaltase in clones isolated from early and late passages of the cell line caco- 2: 
evidence for glucose- dependent negative regulation. Journal of Cell Science 107:213–225. DOI: https://doi. 
org/10.1242/jcs.107.1.213, PMID: 8175910

Charrier LE, Loie E, Laprise P. 2015. Mouse crumbs3 sustains epithelial tissue morphogenesis in vivo. Scientific 
Reports 5:1–16. DOI: https://doi.org/10.1038/srep17699, PMID: 26631503

Chen X, Macara IG. 2005. Par- 3 controls tight junction assembly through the Rac exchange factor Tiam1. Nature 
Cell Biology 7:262–269. DOI: https://doi.org/10.1038/ncb1226, PMID: 15723052

Dickinson DJ, Schwager F, Pintard L, Gotta M, Goldstein B. 2017. A single- cell biochemistry approach reveals 
PAR complex dynamics during cell polarization. Developmental Cell 42:416–434.. DOI: https://doi.org/10. 
1016/j.devcel.2017.07.024, PMID: 28829947

Farquhar MG, Palade GE. 1963. Junctional complexes in various epithelia. The Journal of Cell Biology 17:375–
412. DOI: https://doi.org/10.1083/jcb.17.2.375, PMID: 13944428

Hakanen J, Ruiz- Reig N, Tissir F. 2019. Linking cell polarity to cortical development and malformations. Frontiers 
in Cellular Neuroscience 13:244. DOI: https://doi.org/10.3389/fncel.2019.00244, PMID: 31213986

Harris TJC, Peifer M. 2005. The positioning and segregation of apical cues during epithelial polarity 
establishment in Drosophila. The Journal of Cell Biology 170:813–823. DOI: https://doi.org/10.1083/jcb. 
200505127, PMID: 16129788

Hayase J, Kamakura S, Iwakiri Y, Yamaguchi Y, Izaki T, Ito T, Sumimoto H. 2013. The WD40 protein Morg1 
facilitates par6- apkc binding to CRB3 for apical identity in epithelial cells. The Journal of Cell Biology 200:635–
650. DOI: https://doi.org/10.1083/jcb.201208150, PMID: 23439680

Hell SW, Wichmann J. 1994. Breaking the diffraction resolution limit by stimulated emission: stimulated- 
emission- depletion fluorescence microscopy. Opt Lett 19:780–782. DOI: https://doi.org/10.1364/ol.19.000780, 
PMID: 19844443

Hirose T, Izumi Y, Nagashima Y, Tamai- Nagai Y, Kurihara H, Sakai T, Suzuki Y, Yamanaka T, Suzuki A, Mizuno K, 
Ohno S. 2002. Involvement of ASIP/PAR- 3 in the promotion of epithelial tight junction formation. Journal of 
Cell Science 115:2485–2495. DOI: https://doi.org/10.1242/jcs.115.12.2485, PMID: 12045219

Horikoshi Y, Suzuki A, Yamanaka T, Sasaki K, Mizuno K, Sawada H, Yonemura S, Ohno S. 2009. Interaction 
between Par- 3 and the apkc- PAR- 6 complex is indispensable for apical domain development of epithelial cells. 
Journal of Cell Science 122:1595–1606. DOI: https://doi.org/10.1242/jcs.043174, PMID: 19401335

Hurd TW, Gao L, Roh MH, Macara IG, Margolis B. 2003. Direct interaction of two polarity complexes implicated 
in epithelial tight junction assembly. Nature Cell Biology 5:137–142. DOI: https://doi.org/10.1038/ncb923, 
PMID: 12545177

Itoh M, Sasaki H, Furuse M, Ozaki H, Kita T, Tsukita S. 2001. Junctional adhesion molecule (JAM) binds to Par- 3: 
a possible mechanism for the recruitment of Par- 3 to tight junctions. The Journal of Cell Biology 154:491–497. 
DOI: https://doi.org/10.1083/jcb.200103047, PMID: 11489913

Izumi Y, Hirose T, Tamai Y, Hirai S, Nagashima Y, Fujimoto T, Tabuse Y, Kemphues KJ, Ohno S. 1998. An atypical 
PKC directly associates and colocalizes at the epithelial tight junction with ASIP, a mammalian homologue of 
Caenorhabditis elegans polarity protein PAR- 3. The Journal of Cell Biology 143:95–106. DOI: https://doi.org/ 
10.1083/jcb.143.1.95, PMID: 9763423

Joberty G, Petersen C, Gao L, Macara IG. 2000. The cell- polarity protein Par6 links Par3 and atypical protein 
kinase C to Cdc42. Nature Cell Biology 2:531–539. DOI: https://doi.org/10.1038/35019573, PMID: 
10934474

Kantardzhieva A, Gosens I, Alexeeva S, Punte IM, Versteeg I, Krieger E, Neefjes- Mol CA, den Hollander AI, 
Letteboer SJF, Klooster J, Cremers FPM, Roepman R, Wijnholds J. 2005. MPP5 recruits MPP4 to the CRB1 

https://doi.org/10.7554/eLife.62087
https://doi.org/10.1242/jcs.03170
http://www.ncbi.nlm.nih.gov/pubmed/17003110
https://doi.org/10.1095/biolreprod.110.084400
https://doi.org/10.1095/biolreprod.110.084400
http://www.ncbi.nlm.nih.gov/pubmed/20505164
https://doi.org/10.1016/j.bbamem.2007.08.029
http://www.ncbi.nlm.nih.gov/pubmed/18005931
https://doi.org/10.1016/j.semcdb.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29056580
https://doi.org/10.1186/s12864-018-4715-9
https://doi.org/10.1186/s12864-018-4715-9
http://www.ncbi.nlm.nih.gov/pubmed/29793430
https://doi.org/10.1016/S0092-8674(00)80593-0
https://doi.org/10.1016/S0092-8674(00)80593-0
http://www.ncbi.nlm.nih.gov/pubmed/10102271
https://doi.org/10.1126/science.289.5476.113
http://www.ncbi.nlm.nih.gov/pubmed/10884224
https://doi.org/10.1242/jcs.107.1.213
https://doi.org/10.1242/jcs.107.1.213
http://www.ncbi.nlm.nih.gov/pubmed/8175910
https://doi.org/10.1038/srep17699
http://www.ncbi.nlm.nih.gov/pubmed/26631503
https://doi.org/10.1038/ncb1226
http://www.ncbi.nlm.nih.gov/pubmed/15723052
https://doi.org/10.1016/j.devcel.2017.07.024
https://doi.org/10.1016/j.devcel.2017.07.024
http://www.ncbi.nlm.nih.gov/pubmed/28829947
https://doi.org/10.1083/jcb.17.2.375
http://www.ncbi.nlm.nih.gov/pubmed/13944428
https://doi.org/10.3389/fncel.2019.00244
http://www.ncbi.nlm.nih.gov/pubmed/31213986
https://doi.org/10.1083/jcb.200505127
https://doi.org/10.1083/jcb.200505127
http://www.ncbi.nlm.nih.gov/pubmed/16129788
https://doi.org/10.1083/jcb.201208150
http://www.ncbi.nlm.nih.gov/pubmed/23439680
https://doi.org/10.1364/ol.19.000780
http://www.ncbi.nlm.nih.gov/pubmed/19844443
https://doi.org/10.1242/jcs.115.12.2485
http://www.ncbi.nlm.nih.gov/pubmed/12045219
https://doi.org/10.1242/jcs.043174
http://www.ncbi.nlm.nih.gov/pubmed/19401335
https://doi.org/10.1038/ncb923
http://www.ncbi.nlm.nih.gov/pubmed/12545177
https://doi.org/10.1083/jcb.200103047
http://www.ncbi.nlm.nih.gov/pubmed/11489913
https://doi.org/10.1083/jcb.143.1.95
https://doi.org/10.1083/jcb.143.1.95
http://www.ncbi.nlm.nih.gov/pubmed/9763423
https://doi.org/10.1038/35019573
http://www.ncbi.nlm.nih.gov/pubmed/10934474


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  19 of 22

complex in photoreceptors. Investigative Ophthalmology & Visual Science 46:2192–2201. DOI: https://doi.org/ 
10.1167/iovs.04-1417, PMID: 15914641

Lalli G. 2012. Crucial polarity regulators in axon specification. Essays in Biochemistry 53:55–68. DOI: https://doi. 
org/10.1042/bse0530055, PMID: 22928508

Le Bivic A. 2013. Evolution and cell physiology. 4. why invent yet another protein complex to build junctions in 
epithelial cells? American Journal of Physiology. Cell Physiology 305:C1193–C1201. DOI: https://doi.org/10. 
1152/ajpcell.00272.2013, PMID: 24025867

Lemmers C, Michel D, Lane- Guermonprez L, Delgrossi MH, Médina E, Arsanto JP, Le Bivic A. 2004. Crb3 binds 
directly to Par6 and regulates the morphogenesis of the tight junctions in mammalian epithelial cells. Molecular 
Biology of the Cell 15:1324–1333. DOI: https://doi.org/10.1091/mbc.e03-04-0235, PMID: 14718572

Li Y, Wei Z, Yan Y, Wan Q, Du Q, Zhang M. 2014. Structure of crumbs tail in complex with the pals1 PDZ- SH3- GK 
tandem reveals a highly specific assembly mechanism for the apical crumbs complex. PNAS 111:17444–17449. 
DOI: https://doi.org/10.1073/pnas.1416515111, PMID: 25385611

Lin D, Edwards AS, Fawcett JP, Mbamalu G, Scott JD, Pawson T. 2000. A mammalian PAR- 3- PAR- 6 complex 
implicated in Cdc42/Rac1 and aPKC signalling and cell polarity. Nature Cell Biology 2:540–547. DOI: https:// 
doi.org/10.1038/35019582, PMID: 10934475

Makarova O, Roh MH, Liu CJ, Laurinec S, Margolis B. 2003. Mammalian crumbs3 is a small transmembrane 
protein linked to protein associated with lin- 7 (Pals1). Gene 302:21–29. DOI: https://doi.org/10.1016/ 
s0378111902010843, PMID: 12527193

Martin- Belmonte F, Gassama A, Datta A, Yu W, Rescher U, Gerke V, Mostov K. 2007. Pten- Mediated apical 
segregation of phosphoinositides controls epithelial morphogenesis through Cdc42. Cell 128:383–397. DOI: 
https://doi.org/10.1016/j.cell.2006.11.051, PMID: 17254974

Massey- Harroche D, Delgrossi MH, Lane- Guermonprez L, Arsanto JP, Borg JP, Billaud M, Le Bivic A. 2007. 
Evidence for a molecular link between the tuberous sclerosis complex and the Crumbs complex. Human 
Molecular Genetics 16:529–536. DOI: https://doi.org/10.1093/hmg/ddl485, PMID: 17234746

Médina E, Williams J, Klipfell E, Zarnescu D, Thomas CM, Le Bivic A. 2002. Crumbs interacts with moesin and 
beta (heavy) -spectrin in the apical membrane skeleton of Drosophila. The Journal of Cell Biology 158:941–
951. DOI: https://doi.org/10.1083/jcb.200203080, PMID: 12213838

Michel D, Arsanto J- P, Massey- Harroche D, Béclin C, Wijnholds J, Le Bivic A. 2005. Patj connects and stabilizes 
apical and lateral components of tight junctions in human intestinal cells. Journal of Cell Science 118:4049–
4057. DOI: https://doi.org/10.1242/jcs.02528, PMID: 16129888

Morais- de- Sá E, Mirouse V, St Johnston D. 2010. Apkc phosphorylation of bazooka defines the apical/lateral 
border in Drosophila epithelial cells. Cell 141:509–523. DOI: https://doi.org/10.1016/j.cell.2010.02.040, PMID: 
20434988

Park B, Alves CH, Lundvig DM, Tanimoto N, Beck SC, Huber G, Richard F, Klooster J, Andlauer TFM, 
Swindell EC, Jamrich M, Le Bivic A, Seeliger MW, Wijnholds J. 2011. Pals1 is essential for retinal pigment 
epithelium structure and neural retina stratification. The Journal of Neuroscience 31:17230–17241. DOI: 
https://doi.org/10.1523/JNEUROSCI.4430-11.2011, PMID: 22114289

Pickett MA, Naturale VF, Feldman JL. 2019. A polarizing issue: diversity in the mechanisms underlying apico- 
basolateral polarization in vivo. Annual Review of Cell and Developmental Biology 35:285–308. DOI: https:// 
doi.org/10.1146/annurev-cellbio-100818-125134, PMID: 31461314

Pinto M, Robine- Leon S, Appay MD, Kedinger M, Triadou N, Dussaulx E, Lacroix B, Simon- Assmann P, Haffen K, 
Fogh J, Zweibaum A. 1983. Enterocyte- like differentiation and polarization of the human colon carcinoma cell 
line caco- 2 in culture. Biology of the Cell 47:323–330.

Rodriguez J, Peglion F, Martin J, Hubatsch L, Reich J, Hirani N, Gubieda AG, Roffey J, Fernandes AR, 
St Johnston D, Ahringer J, Goehring NW. 2017. Apkc cycles between functionally distinct PAR protein 
assemblies to drive cell polarity. Developmental Cell 42:400–415.. DOI: https://doi.org/10.1016/j.devcel.2017. 
07.007, PMID: 28781174

Rodriguez- Boulan E, Macara IG. 2014. Organization and execution of the epithelial polarity programme. Nature 
Reviews. Molecular Cell Biology 15:225–242. DOI: https://doi.org/10.1038/nrm3775, PMID: 24651541

Roh MH, Liu CJ, Laurinec S, Margolis B. 2002a. The carboxyl terminus of zona occludens- 3 binds and recruits a 
mammalian homologue of discs lost to tight junctions. The Journal of Biological Chemistry 277:27501–27509. 
DOI: https://doi.org/10.1074/jbc.M201177200, PMID: 12021270

Roh MH, Makarova O, Liu CJ, Shin K, Lee S, Laurinec S, Goyal M, Wiggins R, Margolis B. 2002b. The maguk 
protein, pals1, functions as an adapter, linking mammalian homologues of crumbs and discs lost. The Journal of 
Cell Biology 157:161–172. DOI: https://doi.org/10.1083/jcb.200109010, PMID: 11927608

Sabherwal N, Papalopulu N. 2012. Apicobasal polarity and cell proliferation during development. Essays in 
Biochemistry 53:95–109. DOI: https://doi.org/10.1042/bse0530095, PMID: 22928511

Sandoz J, Nagy Z, Catez P, Caliskan G, Geny S, Renaud JB, Concordet JP, Poterszman A, Tora L, Egly JM, 
Le May N, Coin F. 2019. Functional interplay between TFIIH and KAT2A regulates higher- order chromatin 
structure and class II gene expression. Nature Communications 10:1288. DOI: https://doi.org/10.1038/ 
s41467-019-09270-2

Satohisa S, Chiba H, Osanai M, Ohno S, Kojima T, Saito T, Sawada N. 2005. Behavior of tight- junction, adherens- 
junction and cell polarity proteins during HNF- 4alpha- induced epithelial polarization. Experimental Cell 
Research 310:66–78. DOI: https://doi.org/10.1016/j.yexcr.2005.06.025, PMID: 16098509

Schnell U, Dijk F, Sjollema KA, Giepmans BNG. 2012. Immunolabeling artifacts and the need for live- cell 
imaging. Nature Methods 9:152–158. DOI: https://doi.org/10.1038/nmeth.1855, PMID: 22290187

https://doi.org/10.7554/eLife.62087
https://doi.org/10.1167/iovs.04-1417
https://doi.org/10.1167/iovs.04-1417
http://www.ncbi.nlm.nih.gov/pubmed/15914641
https://doi.org/10.1042/bse0530055
https://doi.org/10.1042/bse0530055
http://www.ncbi.nlm.nih.gov/pubmed/22928508
https://doi.org/10.1152/ajpcell.00272.2013
https://doi.org/10.1152/ajpcell.00272.2013
http://www.ncbi.nlm.nih.gov/pubmed/24025867
https://doi.org/10.1091/mbc.e03-04-0235
http://www.ncbi.nlm.nih.gov/pubmed/14718572
https://doi.org/10.1073/pnas.1416515111
http://www.ncbi.nlm.nih.gov/pubmed/25385611
https://doi.org/10.1038/35019582
https://doi.org/10.1038/35019582
http://www.ncbi.nlm.nih.gov/pubmed/10934475
https://doi.org/10.1016/s0378111902010843
https://doi.org/10.1016/s0378111902010843
http://www.ncbi.nlm.nih.gov/pubmed/12527193
https://doi.org/10.1016/j.cell.2006.11.051
http://www.ncbi.nlm.nih.gov/pubmed/17254974
https://doi.org/10.1093/hmg/ddl485
http://www.ncbi.nlm.nih.gov/pubmed/17234746
https://doi.org/10.1083/jcb.200203080
http://www.ncbi.nlm.nih.gov/pubmed/12213838
https://doi.org/10.1242/jcs.02528
http://www.ncbi.nlm.nih.gov/pubmed/16129888
https://doi.org/10.1016/j.cell.2010.02.040
http://www.ncbi.nlm.nih.gov/pubmed/20434988
https://doi.org/10.1523/JNEUROSCI.4430-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22114289
https://doi.org/10.1146/annurev-cellbio-100818-125134
https://doi.org/10.1146/annurev-cellbio-100818-125134
http://www.ncbi.nlm.nih.gov/pubmed/31461314
https://doi.org/10.1016/j.devcel.2017.07.007
https://doi.org/10.1016/j.devcel.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28781174
https://doi.org/10.1038/nrm3775
http://www.ncbi.nlm.nih.gov/pubmed/24651541
https://doi.org/10.1074/jbc.M201177200
http://www.ncbi.nlm.nih.gov/pubmed/12021270
https://doi.org/10.1083/jcb.200109010
http://www.ncbi.nlm.nih.gov/pubmed/11927608
https://doi.org/10.1042/bse0530095
http://www.ncbi.nlm.nih.gov/pubmed/22928511
https://doi.org/10.1038/s41467-019-09270-2
https://doi.org/10.1038/s41467-019-09270-2
https://doi.org/10.1016/j.yexcr.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16098509
https://doi.org/10.1038/nmeth.1855
http://www.ncbi.nlm.nih.gov/pubmed/22290187


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  20 of 22

Stadler C, Rexhepaj E, Singan VR, Murphy RF, Pepperkok R, Uhlén M, Simpson JC, Lundberg E. 2013. 
Immunofluorescence and fluorescent- protein tagging show high correlation for protein localization in 
mammalian cells. Nature Methods 10:315–323. DOI: https://doi.org/10.1038/nmeth.2377, PMID: 23435261

Steponkus PL, Lynch DV. 1989. Freeze/thaw- induced destabilization of the plasma membrane and the effects of 
cold acclimation. Journal of Bioenergetics and Biomembranes 21:21–41. DOI: https://doi.org/10.1007/ 
BF00762210, PMID: 2651425

Tait CM, Chinnaiya K, Manning E, Murtaza M, Ashton JP, Furley N, Hill CJ, Alves CH, Wijnholds J, Erdmann KS, 
Furley A, Rashbass P, Das RM, Storey KG, Placzek M. 2020. Crumbs2 mediates ventricular layer remodelling to 
form the spinal cord central canal. PLOS Biology 18:e3000470. DOI: https://doi.org/10.1371/journal.pbio. 
3000470, PMID: 32150534

Takekuni K, Ikeda W, Fujito T, Morimoto K, Takeuchi M, Monden M, Takai Y. 2003. Direct binding of cell polarity 
protein PAR- 3 to cell- cell adhesion molecule nectin at neuroepithelial cells of developing mouse. The Journal 
of Biological Chemistry 278:5497–5500. DOI: https://doi.org/10.1074/jbc.C200707200, PMID: 12515806

Tan B, Yatim SMJM, Peng S, Gunaratne J, Hunziker W, Ludwig A. 2020. The mammalian Crumbs complex defines 
a distinct polarity domain apical of epithelial tight junctions. Current Biology 30:2791–2804.. DOI: https://doi. 
org/10.1016/j.cub.2020.05.032, PMID: 32531288

Vacca B, Bazellières E, Nouar R, Harada A, Massey- Harroche D, Le Bivic A. 2014. Drebrin E depletion in human 
intestinal epithelial cells mimics Rab8a loss of function. Human Molecular Genetics 23:2834–2846. DOI: https:// 
doi.org/10.1093/hmg/ddt670, PMID: 24399445

Wang SC, Low TYF, Nishimura Y, Gole L, Yu W, Motegi F. 2017. Cortical forces and CDC- 42 control clustering of 
PAR proteins for Caenorhabditis elegans embryonic polarization. Nature Cell Biology 19:988–995. DOI: https:// 
doi.org/10.1038/ncb3577, PMID: 28737772

Whiteman EL, Fan S, Harder JL, Walton KD, Liu CJ, Soofi A, Fogg VC, Hershenson MB, Dressler GR, 
Deutsch GH, Gumucio DL, Margolis B. 2014. Crumbs3 is essential for proper epithelial development and 
viability. Molecular and Cellular Biology 34:43–56. DOI: https://doi.org/10.1128/MCB.00999-13, PMID: 
24164893

Wu Y, Eghbali M, Ou J, Lu R, Toro L, Stefani E. 2010. Quantitative determination of spatial protein- protein 
correlations in fluorescence confocal microscopy. Biophysical Journal 98:493–504. DOI: https://doi.org/10. 
1016/j.bpj.2009.10.037, PMID: 20141764

https://doi.org/10.7554/eLife.62087
https://doi.org/10.1038/nmeth.2377
http://www.ncbi.nlm.nih.gov/pubmed/23435261
https://doi.org/10.1007/BF00762210
https://doi.org/10.1007/BF00762210
http://www.ncbi.nlm.nih.gov/pubmed/2651425
https://doi.org/10.1371/journal.pbio.3000470
https://doi.org/10.1371/journal.pbio.3000470
http://www.ncbi.nlm.nih.gov/pubmed/32150534
https://doi.org/10.1074/jbc.C200707200
http://www.ncbi.nlm.nih.gov/pubmed/12515806
https://doi.org/10.1016/j.cub.2020.05.032
https://doi.org/10.1016/j.cub.2020.05.032
http://www.ncbi.nlm.nih.gov/pubmed/32531288
https://doi.org/10.1093/hmg/ddt670
https://doi.org/10.1093/hmg/ddt670
http://www.ncbi.nlm.nih.gov/pubmed/24399445
https://doi.org/10.1038/ncb3577
https://doi.org/10.1038/ncb3577
http://www.ncbi.nlm.nih.gov/pubmed/28737772
https://doi.org/10.1128/MCB.00999-13
http://www.ncbi.nlm.nih.gov/pubmed/24164893
https://doi.org/10.1016/j.bpj.2009.10.037
https://doi.org/10.1016/j.bpj.2009.10.037
http://www.ncbi.nlm.nih.gov/pubmed/20141764


 Research article      Cell Biology

Mangeol et al. eLife 2022;11:e62087. DOI: https://doi.org/10.7554/eLife.62087  21 of 22

Appendix 1
Characterization of the rat monoclonal anti-CRB3 antibody
Rat monoclonal anti- CRB3 (obtained by Le Bivic Team after immunization with 15 amino acids from 
the C- terminal region of human CRB3) is now commercialized by Merck. To characterize this antibody, 
Caco- 2 cells were transfected with siRNA control and siCRB3 by electroporation using Amaxa 
technology (kit T, B24 program) as described previously in Vacca et al., 2014. After 3 days, CRB3 
levels of transfected cells were analyzed with the rat monoclonal anti- CRB3 antibody by Western 
blot assay (n = 3 independent experiments) and immunofluorescence (Appendix 1—figure 1).

The siRNA sequences used were: siCT (5′- CGUA CGCG GAAU ACUU CGAt t-3′, Ambion), siCRB3 
(5′- GCAA AUAC AGAC CACU UCU-3′, 5′- CUGC UAUC AUCG UGGU CUU-3′, 5′- GUGC GGAA GCUU 
CGGG AGA-3′, 5′- GCUU AAUA GCAG GGAA GAA-3′, Dharmacon [On- Target plus Smart Pool]).
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Appendix 1—figure 1. Characterization of α-CRB3 antibody. (A) Immunoblot analysis of CRB3 expression level in 
CT (siCT) and CRB3 knock- down (siCRB3) Caco- 2 cells with the rat monoclonal α-CRB3 antibody. α-Tubulin is used 
as a loading control. (B) Quantification of CRB3 in siCT and siCRB3 cells. (C) Confocal imaging of siCT and siCRB3 
Caco- 2 cells labeled with the rat monoclonal α-CRB3 antibody. Scale bars: 20 µm.

The online version of this article includes the following source data for appendix 1—figure 1:

Appendix 1—figure 1—source data 1. Unnanotated blots in white light, fluorescence and annotated blots.

https://doi.org/10.7554/eLife.62087
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Characterization of the CRISPR/Cas9 Caco-2Par6β::Citrine cells
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Tubulin

αGFP
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PAR6β
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αTub
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Gggaggcgttcgggccacagcggata50749657AGAAGAAGCAGACTACAGTGCCTTTGGTACAGACACGCTAATAAAGAAGAAG
AATGTTTTAACCAACGTATTGCGTCCTGACAACCATAGAAAAAAGCCACATATAGTCATTAGTATGCCCCAAGACTTTAGACC
TGTGTCTTCTATTATAGACGTGGATATTCTCCCAGAAACGCATCGTAGGGTACGTCTTTACAAATACGGCACGGAGAAACCCC
TAGGATTCTACATCCGGGATGGCTCCAGTGTCAGGGTAACACCACATGGCTTAGAAAAGGTTCCAGGGATCTTTATATCCAGG
CTTGTCCCAGGAGGTCTGGCTCAAAGTACAGGACTATTAGCTGTTAATGATGAAGTTTTAGAAGTTAATGGCATAGAAGTTTC
AGGGAAGAGCCTTGATCAAGTAACAGACATGATGATTGCAAATAGCCGTAACCTCATCATAACAGTGAGACCGGCAAACCAGA
GGAATAATGTTGTGAGGAACAGTCGGACTTCTGGCAGTTCCGGTCAGTCTACTGATAACAGCCTTCTTGGCTACCCACAGCAG
ATTGAACCAAGCTTTGAGCCAGAGGATGAAGACAGCGAAGAAGATGACATTATCATTGAAGACAATGGAGTGCCACAGCAGAT
TCCAAAAGCTGTTCCTAATACTGAGAGCCTGGAGTCATTAACACAGATAGAGCTAAGCTTTGAGTCTGGACAGAATGGCTTTA
TTCCCTCTAATGAAGTGAGCTTAGCAGCCATAGCAAGCAGCTCAAACACGGAATTTGAAACACATGCTCCAGATCAAAAACTC
TTAGAAGAAGATGGAACAATCATAACATTA50750486GgatccATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCC
ATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAA
GCTGACCCTGAAGTTCATCTGCACAACAGGAAAACTGCCTGTTCCTTGGCCTACACTTGTTACAACATTTGGATACGGCCTGA
TGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGC
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGA
GCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA
TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTTGCT
GATCATTATCAGCAGAATACACCTATTGGAGATGGACCTGTTCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCACT
GAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACG
AGCTGTACAAGTAAggatcctaggtgag50750487tgaAAtCGcGGTTTGAATGTTTTCAGAGTGAGGATGCCATGAGGACTTGT
ACATTTGGCTAGTTTAAAAGCATATATACCTCTGACCAGTGACGTGGAATAGGCATGAGACGAGTAACGTTGCAAGCTTACAA
TATTATTAAAGTAGTAGTTTGATAATTGTTAATATAAACTTTGGTGGATCAGAGGTGAATTTAAGTCCAAAACAAAGGGGCCT
TTGCTGATGAAGTTACGTGCTTTTGCTGTTTTGTCTGTGGAGAATCAGATGTTAAAGCACATTCTTGGAACTATGTGAGAAGA
CTAGATCATTTCTGTTGGAAGTGGTTGCATATTTAACCTGCTGTGCAGAGCCCAGTTAATTTTTCCTTTAACTGTATTTTTAA
AATTCTAATGTGAAGTCTGATTCTCTCTTGTGGTACATTGGGGvACCTCAGCTCTTAAAGGTCTCATGTTCCCAATATTTTATT
TTGATTTTTTTTT50750962Gcaccgctgtggcccgaacgcctccc
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Appendix 1—figure 2. Characterization of the CRISPR/Cas9 Caco- 2Par6β::Citrine cells. (A) Donor Par6β-Citrine 
sequence: letters in red, universal guide sequence used by Cas9 to release the plasmid repair matrix into 
transfected cells; in black, sequence of homology arms; in green, GS peptide linker (and BamHI site to replace 
the Citrine sequence with another cDNA); in black underlined, Citrine sequence; in bold red, stop codon; in bold 
violet, a sequence including a STOP codon in each reading phase; in green highlight, sequence matching the 
gRNA. Mutations (in bold lowercase) were introduced in the noncoding part so that the gPARD6 guide could not 
lead to a cut (by Cas9) in the donor or modified genomic sequence after insertion. (B) Immunoblot analysis of 
PAR6β expression level in wild- type and Caco- 2Par6β::Citrine Caco- 2 cells. α-Tubulin is used as a loading control. (C) 
Immunoblot analysis of PAR6β-Citrine expression level in wild- type and Caco- 2Par6β::Citrine cells Caco- 2 cells. B and C 
deposits were independent.
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