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Plakophilin 3 and Par3 facilitate desmosomes’
association with the apical junctional complex
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ABSTRACT Desmosomes (DSMs), together with adherens junctions (AJs) and tight junctions
(TJs), constitute the apical cell junctional complex (AJC). While the importance of the apical
and basolateral polarity machinery in the organization of AJs and TJs is well established, how
DSMs are positioned within the AJC is not understood. Here we use highly polarized DLD1
cells as a model to address how DSMs integrate into the AJC. We found that knockout (KO)
of the desmosomal ARM protein Pkp3, but not other major DSM proteins, uncouples DSMs
from the AJC without blocking DSM assembly. DLD1 cells also exhibit a prominent extraDSM
pool of Pkp3, concentrated in tricellular (tC) contacts. Probing distinct apicobasal polarity
pathways revealed that neither the DSM'’s association with AJC nor the extraDSM pool of
Pkp3 are abolished in cells with defects in Scrib module proteins responsible for basolateral
membrane development. However, a loss of the apical polarity protein, Par3, completely
eliminates the extraDSM pool of Pkp3 and disrupts AJC localization of desmosomes, dispers-
ing these junctions along the entire length of cell-cell contacts. Our data are consistent with
a model whereby Par3 facilitates DSM assembly within the AJC, controlling the availability of
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an assembly competent pool of Pkp3 stored in tC contacts.

INTRODUCTION

The integrity of epithelial tissues depends on the joint activity of
three major junctional structures: tight junctions (TJs), adherens
junctions (AJs), and desmosomes (DSMs). These junctions exhibit
a stereotypical organization along the apical end of the cell lat-
eral membrane: TJs are most apical, followed by AJs and then
DSMs (Farquhar and Palade, 1963). Together, these three junc-
tion types organize the so-called apical junctional complex (AJC),
which defines the boundary between two functionally and struc-
turally distinct cell domains: the apical, facing the lumen, and the
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basolateral, involved in communication with other cells and the
extracellular matrix. The assembly and maintenance of AJs and
TJs in the AJC require a signaling network of polarity proteins
(reviewed in Tepass et al., 2001; Dow and Humbert, 2007; Gold-
stein and Macara, 2007; Bonello and Peifer, 2019). Two groups of
these proteins, apical polarity proteins (which are subdivided into
Crumbs and Par complexes) and basolateral proteins in the Scrib
complex, mutually exclude each other from their respective cell
domains, thereby maintaining the identity of the apical and baso-
lateral plasma membranes. It is well established that this signal-
ing network directly determines the sites of TJ and AJ assembly.
However, in spite of the fact that DSMs are an essential compo-
nent of the polarized AJC, how these junctions are integrated
into and controlled by the apical or basolateral polarity machin-
ery is unknown. In this work we sought to address this gap in our
understanding of the relationship between DSMs and polarity
signaling.

In addition to polarity proteins, another cytoarchitectural com-
ponent that coordinates coupling of TJs and AJs is the cortical
actomyosin cytoskeleton, which is tightly associated with and
plays a key scaffolding role in their formation and maintenance
(Campbell et al., 2017; Garcia et al., 2018). In contrast, adhesion
receptors of DSMs, desmoglein (Dsg) and desmocollin (Dsc), in-
teract with intermediate filaments (IFs) through the linker protein
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desmoplakin (Dsp). While this association plays a critical func-
tional role in tissue integrity, DSM-like structures still form in cells
lacking IFs or Dsp (Vasioukhin et al., 2001; Sumigray and Lechler,
2012; Bar et al., 2014). Some data suggest that cross-talk between
DSMs and other components of AJCs occurs through direct inter-
actions between extracellular regions of Dsg and an AJ adhesive
receptor, E-cadherin (Shafraz et al., 2018). How this interaction
contributes to initiation of DSM assembly and the extent to which
other intracellular DSM protein(s) initiate and support Dsg and
Dsc clustering and formation of IF-bound DSM plaques is still
poorly understood.

Identification of the intracellular proteins responsible for coordi-
nating desmosomal cadherin clustering with plaque assembly will
be critical for untangling the mechanisms of DSM assembly and
regulation. Indeed, a loss of function of a key F-actin-binding AJ
protein o-catenin completely abolished AJ assembly (Ozawa, 1998;
Imamura et al., 1999). DSM assembly, by contrast, is extremely ro-
bust—the inactivation of any of the major intracellular DSM proteins
or associated keratin IFs, while resulting in clear defects in DSMs, is
unable to abolish their formation (reviewed in Holthofer et al., 2007;
Green et al., 2010). Furthermore, clustering of desmosomal cadher-
ins and Dsp appears to precede elaboration of IFs at the plasma
membrane (Moch et al., 2020). The only way to abolish DSM forma-
tion appears to be the combinatorial knockdown of the DSM plaque
proteins plakophilins (Pkp; Todorovic et al., 2014; Fujiwara et al.,
2015).

Pkp1, Pkp2, and Pkp3 are important constituents of DSM plaques
and belong to the p120 subfamily of the ARM repeat domain pro-
teins. A striking feature of these proteins is their involvement in di-
verse and apparently distinct processes ranging from regulation of
transcription and translation to growth factor signaling (Gerull et al.,
2004; Hatzfeld et al., 2014; reviewed in Hofmann, 2020). Evidence
supports a role for Pkps in the early stages of DSM plaque precursor
assembly as well as in helping link the Dsg- and Dsc-associated pro-
tein plakoglobin (Pg) to Dsp (Godsel et al., 2010; Broussard et al.,
2015). It was also suggested that Pkps interact with the juxtamem-
brane region of desmosomal cadherins to promote Dsc clustering
(Troyanovsky et al., 1994; Fujiwara et al., 2015). Finally, the role of
Pkp1 in Dsg clustering has been suggested by a cross-linking analy-
ses (Fuchs et al., 2019). Altogether, the data support the idea that
the combined function of Pkps is crucial for the initial steps of DSM
assembly and therefore an important intermediate in the coordi-
nated assembly of the AJC.

Here we use a well-established in vitro model of simple polar-
ized epithelial cells to reveal a mechanism by which desmosomal
Pkps cooperate with the classic apical polarity machinery to inte-
grate DSMs into the AJC. We demonstrate that while the joint ac-
tivity of Pkp2 and Pkp3 is essential for DSM formation, Pkp3 activ-
ity is uniquely required to recruit DSMs to the AJC. We also identify
a significant extraDSM pool of Pkp3 that is concentrated in the
cortex of tricellular (tC) contacts. While the basolateral polarity
Scrib module is required for proper localization of the entire AJC,
genetic interference with Scrib proteins fails to uncouple DSMs
from the AJC or abolish this cortical extraDSM pool of Pkp3. In
contrast, the apical membrane identity protein, Par3, is critical for
both DSM association with the AJC and concentrating Pkp3 in tC
contacts. Altogether, our data uncover a role for classic polarity
protein machinery, in association with desmosomal Pkp3, in coor-
dinating DSM assembly into, and maintenance in, the AJC proper.
These data fill a gap in our understanding of how these “newest”
vertebrate intercellular junctions map onto the more ancient AJ
and TJ network.

Volume 32 September 1, 2021

RESULTS

DSMs of DLD1 cells are organized in AJC-associated linear
arrays

Double staining for the AJC and TJ protein component, ZO1, and
the DSM protein, Dsg2 (Figure 1A) in the DLD1 colon carcinoma
cell line, shows that the spatial organization of DSMs in these cells
corresponds to that known for simple epithelia (Farquhar and
Palade, 1963). Similar to what was reported in this classic study, the
majority of DSMs in DLD1 cells were observed to be arranged in
arrays, typically aligned with a single circumferential TJ belt along
the apical end of cell lateral membrane. We observed that align-
ment between the DSM array and the TJs in 2D images can deviate
from one another, in some cases, up to several um (Figure 1A, cell
b, arrows). However, analysis of confocal z slices showed that all
DSM arrays were located at the apical end of the lateral membrane
(marked by an arrow in Figure 1C). This could be appreciated by
comparing the cumulative projections of three optical z slices span-
ning the apical 1.5 pm of the cell membrane (“apical” portion) and
remaining slices of the “basal” portion, spanning about 4-6 pm of
the basolateral membrane (Figure 1C and Supplemental Figure
S1). The majority of DSMs were observed to localize with other
components of AJC, TJs, and AJs in the apical portion. The basal
portion exhibited either none or just isolated DSMs that are smaller
than DSMs detected in the apical portion (see also below). Overall,
the majority of DSMs in DLD1 cells were observed to be integrated
into the AJC as in epithelial tissues, making these cells a conve-
nient cell culture model to study the process of spatial organization
of DSM as well as interdependence of cell-cell junctions in simple
epithelia.

Pkp3 contributes to the integration of DSM into AJC
Association of DSMs with AJC suggests that the assembly of these
structures is coordinated. To determine the extent to which DSM
proteins contribute to coordination mechanisms, we applied the
CRISPR-Cas? genetic approach to create DSM molecule-specific
KO lines. To determine which genes to delete, we first carried out
RNA-seq analyses of DLD1 cells and found that they express a rep-
ertoire of major DSM proteins typical for simple epithelia: Dsg2,
Dsc2 (a and b variants), Dsp and Pg (two transcription variants of
each), and single transcriptional variants of Pkp2 and Pkp3 (see
Figure 2A). Based on these data, we produced four DLD1-KO cell
sublines, each lacking an individual member of the identified DSM
proteins (Figure 2B). Confocal immunofluorescence microscopy
with an anti-Dsg2 antibody showed that all generated cell lines
formed bright Dsg2-containing puncta (Figure 3, A and B), referred
to below as rudimentary DSMs (rDSMs). This observation indicated
that none of the tested proteins are essential for generating Dsg2
clusters, one of the critical steps in DSM assembly. In the Dsp-KO,
the rDSMs were obviously smaller than wt DSMs and the level of
Dsg2 staining in the membrane outside of rDSMs increased. How-
ever, these cells, despite such abnormalities, were able to organize
their rDSMs into arrays located at the apex of the lateral mem-
brane. Virtually no rDSMs were present in the remaining “basal”
portion of the cells (Figure 3B). The dramatic difference in rDSM
numbers and DSM fluorescence intensities along the apicobasal
axes in wt DLD1 and Dsp-KO cells was also revealed by quantifica-
tion of rDSMs through confocal optical slices of 50 x 50 um imag-
ing fields, each containing up to eight cells (Figure 3, C and D).
While the number of rDSMs in the “basal” portion in Pg-KO and in
Pkp2-KO cells increased, rDSMs in these cells also showed a clear
preference for the most apical regions of the lateral membranes
(Figure 3, A-C).
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Overall distribution of DSMs in DLD1 cells. (A) Representative widefield images of
DLD1 in cell culture showing ZO1-stained TJs (green) and Dsg2-stained DSMs (red). Higher
magnification of two cells, marked “a” and “b,” are shown in the right panels. Note that in a
majority of the cells shown here, DSMs are arranged into linear arrays that tightly align with TJs
(cell “a"). In some cases, as in the cell “b,” the DSM array deviates from TJs. Bars, 20 pm.
(B) Confocal images of DLD1 cells stained for the AJ marker E-cadherin (E-cadherin, green) and
Dsg2 (red). Projections of all x-y optical slices are shown. Bar, 10 um. The optical z—cross-sections
along the white line of the merged image are shown at the bottom. Note that the linear arrays
of DSMs are aligned with AJs. (C) The zoomed area indicated by the dashed box in B.
Projections of optical z slices spanning apical (apical) and basal (basal) portions of the cells are
presented. The apical region is reconstructed by a projection of three optical z slices spanning
the most apical 1.5 um of the cells. The basal region is a projection of all nine remaining optical z
slices spanning 4.5 pm of the cell positioned between the apical region and the basal cell
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In Pkp3-KO cells the number of rDSMs
was dramatically decreased and the remain-
ing sparse rDSMs did not form clear AJC-
associated arrays. Instead, the rDSMs were
irregularly positioned along the lateral
membrane (Figure 3, A and B, quantified in
Figure 3, C and D). Overall, our genetic
analysis raises the possibility that Pkp3 is in-
volved in integrating DSMs into the AJC. A
significant increase in the abundance of
basal DSMs in Pkp2-KO cells suggests that
Pkp2 may play a cooperative role in spatial
DSM organization. It is also important to
note that E-cadherin staining was not de-
tectably changed in these cells, showing
that apically located zonula adherens and
numerous so-called spotlike AJs were still
abundant along the lateral membrane.

Joint function of Pkp2 and Pkp3 is
essential for DSM assembly

If Pkp2 and Pkp3 play complementary roles
in mechanisms leading to the association of
DSMs with AJC, their joint inactivation
should completely abolish this process. In-
deed, it has been shown that simultaneous
silencing of Pkp2 and Pkp3 completely dis-
rupts DSM assembly (Todorovic et al., 2014;
Fujiwara et al., 2015). To verify that DLD1
cells are not an exception, we generated
DLD1 cells in which both Pkp2 and Pkp3
were knocked out (Figures 2 and 4, Pkp2/3-
KO). These cells showed no significant
changes in their general morphology or or-
ganization of their cell-cell contacts, as
could be judged by E-cadherin or ZO1 dis-
tribution (Figure 4). Further, no changes
were detected in the expression of other
tested DSM proteins (Figure 2B). However,
in agreement with previous observations,
these cells were unable to form DSMs. In-
stead, Dsg2 in these cells was broadly dis-
tributed along both the basolateral and the
apical membranes of the cells (Figure 4).
The surface localization of Dsg2 in these
cells was further validated by staining
nonpermeabilized cells with an antibody
specific for the extracellular Dsg2 region
(Supplemental Figure S2). This result shows
that a joint function of Pkp2 and Pkp3 is es-
sential for DSM assembly. Furthermore, the
observation that Dsg2 is still delivered to
the surface and no longer restricted to
the lateral membrane, despite apparently

membrane. Note that even those DSM arrays
that deviate from the AJC (arrow) are located
within the apical section of the cells.
Apicobasal distribution of desmosomes is
quantified in Figure 3, C and D. Bar, 10 pm.
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FIGURE 2: Expression profile of DSM proteins in DLD1 cells and their KO progenitors.

(A) FPKM for each of DSM protein genes obtained from the RNA-seq analyses of DLD1 cells.
(B) Western blot characterization of the major DSM proteins expressed in wt DLD1 cells and in
their progenitors obtained after KO of specific DSM proteins, Pg-KO, Pkp2-KO, Pkp3-KO,
Pkp2/3-KO, and Dsp-KO. The presented Western blots were obtained from the same
experiment using the same set of protein samples for each blot. B-Tubulin staining (BTub) serves
as a loading control. Data are representative of three independent experiments. Note that the
lack of any of the major DSM proteins does not significantly change the expression levels of

other tested proteins.

unperturbed formation of AJs, suggests that interactions mediated
by the Dsg2 ectodomain, including its adhesive interactions
(Harrison et al., 2016) and its cis interactions with E-cadherin
(Shafraz et al., 2018), are too weak to entrap this protein in cell-cell
contacts.

Pkp3 is localized at cell-cell contacts in two distinct,
DSMe-associated and extraDSM pools

Since Pkp3 KO led to the most severe abnormalities in apicobasal
distribution of DSMs, we next analyzed whether Pkp3 itself exhib-
ited any kind of apicobasal polarity (ABP) in wt DLD1 cells. In agree-
ment with previous studies, immunofluorescence microscopy
showed that Pkp3 was a constituent of nearly all DSMs, which were
identified using Dsg2 (Figure 5A) or Dsp (Supplemental Figure S1)
antibodies. However, Pkp3 also resided in additional locations. In
fact, the brightest Pkp3 staining was associated not with DSMs but
with cell vertices, also known as tC contacts, where the corners of
three or more cells meet. These Pkp3-enriched contacts often ex-
hibited no detectable Dsg2 or Dsp fluorescence (arrowheads in
Figure 5B and Supplemental Figure S1). Furthermore, Pkp3 localiza-
tion was not restricted to DSMs along the bicellular (bC) contacts:
Pkp3 was also evident between and around DSMs (arrows in Figure
5B). Interestingly, a significant pool of Pkp3 in both tC and bC con-
tacts was often more apical than DSMs, as clearly seen in optical
sections (Figure 5, A and B) or in the Z-plane view of a selected
cell-cell contact (Figure 5C).

We further assessed the size of the extraDSM Pkp3 pool by cal-
culating the Pearson’s correlation coefficient (PCC) between Dsp or
Dsg2, which marked DSMs, and Pkp3. The average Pearson’s values
(~0.6-0.7 for both Dsp-Pkp3 and Dsg2-Pkp3) were significantly
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diameter, areas around each of tC contacts
present in the same images (Figure 5D). The
centers of the “tC circles” were positioned
at the intersections of the three or more cell
borders. The greatest overlap (~0.7) be-
tween Dsp (or Dsg2) and Pkp3 was detected
in the bC areas.

To specify the localization of Pkp3 in tC
contacts, we analyzed the relative distribu-
tion of Pkp3 with tC TJs and AJs (tC-TJs and
tC-AJs). Interestingly, neither of these two
junction types completely matched the tC
pool of Pkp3. However, staining for the tC-
TJ marker MARVELD-2 (known also as tri-
cellulin) showed that tC-TJs were typically
located at the core of the Pkp3 tC pool,
while the sites enriched with vinculin, the
marker of tC-AJs, were often at the periph-
ery of this pool (Figure 5E). As expected, a
PCC determined for Pkp3 and MARVELD-2
fluorescence in the tC area was significantly
higher than that for Dsp and MARVELD-2
(Figure 5D).

Taken together, the immunolocalization
data strongly suggest that the extraDSM
pool of Pkp3 at least partially associates with
both tC-TJs and tC-AJs. To validate this
point, we used an in situ proximity ligation
assay (PLA). The PLA fluorescent signal is
generated by the rolling cycle amplification reaction between a pair
of oligonucleotide-labeled secondary antibodies. The reaction effi-
ciently proceeds only when two probed antigens are < 40 nm of
each other. Here we used three different rabbit antibodies, directed
against Dsg2, ZO1, and B-catenin, combined with the same mouse
anti-Pkp3 antibody. After performing the amplification reaction, the
rabbit antibody was additionally stained by anti-rabbit IgG to allow
us to assign the PLA signal to specific junctions. As a negative con-
trol, DLD-Pkp3-KO cells were used. The PLA detected Pkp3 in prox-
imity to all three major AJC junctions (Figure 5, F and G). As ex-
pected, of these three, the Dsg-Pkp3 probe produced the brightest
signal. However, the majority of signals generated by ZO1-Pkp3 re-
sided along the cell-cell contacts, while Dsg2-Pkp3 signals were
more broadly distributed. Quantification of the tC/outside tC PLA
index, determined as a ratio of the PLA signal detected within 5 pm
tC circles centered at tC junctions (positioned as indicated above) to
the total signal outside of these circles, showed that ZO1-Pkp3 and
B-catenin-Pkp3 pairing was 10 and 3 times more specific to tC junc-
tions than that of Dsg2-Pkp3 (Figure 5G).

Pkp2

Pkp3

Dsp

Pkp2 and Pkp3 position in DLD1 cells is controlled
independently

It was reported that Pkp3-enriched DSMs are concentrated within
tC-DSMs in keratinocytes, and that Pkp1 KO results in redistribution
of Pkp3 away from tC contacts toward bC-DSMs (Keil et al., 2016).
In contrast to keratinocytes, our results show that in DLD1 cells Pkp3
is not only enriched in DSMs but also abundant in the extraDSM
pool, which is especially pronounced in tC contacts. To address
whether Pkp2 and Pkp3 localization and/or functions are interde-
pendent in DLD1 cells, we first stained wt DLD1 cells for Pkp2.
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Spatial organization of DSMs in cells on KO of major DSM proteins. (A) DLD1 cells deficient for each of four
major DSM proteins (Dsp-KO, Pg-KO, Pkp2-KO, and Pkp3-KO) were stained for Dsg2 (green) and E-cadherin (red) as
shown for wt DLD1 cells in Figure 1B. Projections of all x-y optical slices are shown. Bar, 10 pm. The optical z—cross-
sections along the white dashed lines (depicted in Dsg2 images) are shown at the bottom. (B) The cell areas indicated
by dashed boxes in A were split into two “apical” and “basal” halves as in Figure 1C for wt DLD1 cells. Note that DSMs
are significantly more abundant in the apical region in Dsp-KO, Pg-KO, and Pkp2-KO cells. This situation is reversed in
the Pkp3-KO cells. Note that the heights of the cells slightly vary from sample to sample, resulting in different numbers
of confocal slices. Bar, 5 pm. (C) Apicobasal plots of DSM fluorescence intensity (bars of different colors represent
individual DSMs) and (D) their abundance along the confocal slices (the step is 0.5 um). The graphs quantify the full-view
images (50 x 50 pm?) presented in A and the control WT DLD1 cells presented in Figure 1B. Note that each image
contains about eight cells. The slice numbering starts from the slice in which the most apical features in at least one cell
are in focus. The slices presenting AJC are highlighted with a red line. The slightly different number of slices is due to
some variability in the cell heights. A.U., arbitrary unit. Data are representative of three independent experiments.

Immunofluorescence microscopy showed that in formaldehyde-
fixed cells, Pkp2 localization in both DSMs and tC contacts was sig-
nificantly weaker than Pkp3 (Figure 6A, some of Pkp2-enriched tCs
are indicated by arrows). This weak Pkp2 staining was specific since
it was completely undetectable in Pkp2-KO cells (Figure 6B). It is
likely that weak Pkp2 staining was caused by epitope masking since
it was dramatically increased using an alternative fixation protocol
(see Supplemental Figure S2C). No obvious differences in Pkp2 dis-
tribution were detected in Pkp3-KO cells by visual inspection of the
samples (Figure 6C).

We then tested whether KO of Pkp2, similar to KO of Pkp1 in
keratinocytes, depleted the tC pool of Pkp3. Immunolocalization of
Pkp3 in PKP2-KO cells showed that the lack of Pkp2 did not abolish
Pkp3 enrichment at tC contacts (Figure 6, D and E). Thus, localiza-
tion of Pkp2 and Pkp3 in DLD1 cells is controlled in a largely inde-
pendent manner. Nevertheless, their shared localization at tC con-
tacts and the cumulative effect of their loss on DSM assembly
suggest that they can cooperate functionally (see above).
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Polarity proteins from Scrib module play a minor role in
Pkp3 localization

The results described above indicate that Pkp3 KO disturbs integra-
tion of DSMs into the AJC (Figure 3) and that a significant fraction of
Pkp3, especially pronounced in tC contacts, resides outside of
DSMs. This extraDSM fraction overlaps with tC-TJs and/or tC-AJs.
These observations suggested that Pkp3 might link DSM assembly
with ABP mechanisms, which guide the localization of AJs and TJs
(Dow and Humbert, 2007; Tepass et al., 2001). Little is known about
the role of ABP polarity proteins in global organization of DSMs.
First we validated that the presence of extraDSM pool is not a spe-
cific feature of DLD1 cells, but also is prominent in three other polar-
ized epithelial cell lines: immortalized epithelial kidney cells, MDCK,
human bronchial epithelial cells, HBE, and another colon carcinoma
cellline, Caco2 (Supplemental Figure S3A). We then tested whether
the overall distribution of DSMs and/or Pkp3 localization in tC
contacts depended on the core ABP signaling proteins. To this end,
two types of DLD1 cell mutants, characterized in our recent paper

Molecular Biology of the Cell



E-cadherin

FIGURE 4: Dsg2 and Dsp in DLD-Pkp2/3-KO cells. (A) The Pkp2/3-KO cells were stained for
Dsg2 (green) and E-cadherin (red) and imaged by confocal microscopy. Projections of all x-y
optical slices are shown. Bar, 10 pm. The optical z—cross-sections along the white dashed line
(depicted in the Dsg2 image) are shown at the bottom. (B) Representative widefield image of
DLD1 cell culture showing ZO1-stained TJs (red) and Dsp-stained DSMs (green). Bar, 10 pm.
(C) Representative optical z—cross-sections of wt DLD cells stained as in A are shown for
comparison. (D) The ratios of the apical to cytosolic Dsg2 fluorescence in WT and Pkp2/3-KO
DLD1 cells. The measured apical areas do not include cell-cell contacts. Black bar shows t test

p values.

(Choi et al., 2019), were evaluated for DSM and Pkp3 subcellular
distribution.

We first tested Llgl1/2-deficient DLD1 cells. We previously
showed that the apical identity Par complex (determined by Par6-
aPKC) is depolarized in these cells and expanded from the apical
into the lateral membrane. Despite these polarity defects, Ligl1/2-
KO cells show no significant disorganization of TJs or AJs (Choi
et al., 2019). Here, staining for DSM markers showed that the api-
cally located DSM arrays were largely preserved in these cells
(Figure 7A). The apicobasal analyses of DSM distribution confirmed
a predominant localization of DSM in the apically located slices of
the confocal z-stacks (Figure 7E). The Lgl1/2-KO cells also exhibited
a pronounced extraDSM pool of Pkp3 in tC contacts, which was
even more prominent than that in the wt DLD cells (Figure 7A and
arrowhead in Figure 7B). In agreement with this observation, the
average Dsp-Pkp3 Pearson’s correlation in tC contacts of these cells
(Figure 7F) was significantly lower (just 0.12) than that in the wt cells
(0. 22). Furthermore, the bC contacts of these cells, while still exhib-
iting a high Dsp-Pkp3 correlation (~0.65), also clearly displayed a
DSM-free pool of Pkp3 (see arrows in Figure 7B). Double staining for
Pkp3 and TJ markers ZO1 and MARVELD-2 demonstrated that this
extraDSM Pkp3 pool was in proximity to TJs (Figure 7, A and B).

We next tested DLD20-2 cells, deficient for three LAP proteins,
Scrib, Erbin, and LANO. We previous reported that in these cells
both Par6-aPKC and Crumbs (detected by the protein PALS) com-
plexes are depolarized. We previously showed that these cells ex-
hibit a dramatic depolarization of the AJC, with pronounced frag-
mentation of TJs and expansion of the TJ fragments from the apical
to more basal regions of the lateral membrane (Choi et al., 2019).
Here, immunofluorescence analysis showed that DSMs in these cells
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also lost apical localization and could be ob-
served in the middle section of their lateral
membranes (Figure 7C, see optical cross-
sections, and Figure 7E). However, while
misplaced, the majority of DSMs were still
organized in linear arrays along TJs, clearly
detectable using both anti-Dsp (Figure 7C)
or anti-Dsg2 (Supplemental Figure S3B) an-
tibodies. The extraDSM pool of Pkp3 was
pronounced in tC contact areas of these
cells and co-localized with  MARVELD-2
(Figure 7, C and D). Furthermore, this ex-
traDSM pool was often notable in bC areas
(arrow in Figure 7D, and Supplemental
Figure S3B). In line with the general disorga-
nization of TJs, the positions of tC junctions
in DLD20-2 cells did not always coincide
with the geometrical intersections of cell
borders. Therefore, to compare the Pear
o son’s correlation between tC and bC con-
tacts in DLD20-2 cells, 5 pm-wide tC circles
were positioned based on MARVELD-2 lo-
calization using triple-stained (Dsp/Pkp3/
MARVELD-2) samples. This assessment indi-
cated that DLD20-2 cells have the lowest
correlation value, just 0.08, between Dsp
and Pkp3 in tC contacts (Figure 7F).

Collectively, these data confirm that loss
of function of the Scrib polarity module re-
sults in general disorganization of the AJC
without disrupting association of DSM ar-
rays with TJs or overall integrity of the tC-
TJs, suggesting that the mechanisms responsible for coordinated
assembly of AJC components are largely preserved in these cells.
Further, the extraDSM pool of Pkp3 still localized, and was even
enhanced, in tC compared with wt cells. The latter observation is
consistent with the possibility that the extraDSM pool of Pkp3 is
under negative control of Scrib module proteins.

apical membrane/cytosol
o = N
o o o

Organization of the extraDSM pool of Pkp3 is controlled by
the apical identity protein Par3

TJs demarcate the border between apical and basolateral regions
of the cell and also provide a scaffold for localization and function of
one of the key apical polarity proteins, Par3. Proximity of Pkp3 to
ZO1, which is indicated by a strong ZO1-Pkp3 PLA signal, sug-
gested that Pkp3 could directly encounter Par3. To address this pos-
sibility, we carried out PLA analysis for Pkp3 and Par3. As predicted,
the Par3-Pkp3 antibody pairing resulted in a high PLA signal in wt
cells, but not in Pkp3-KO cells (Supplemental Figure S4, A and B).
These data prompted us to test the contribution of Par3 to DSM
organization. To this end, the major Par3 parolog, PARD3A, was
knocked out by oligonucleotide targeting all 6 PARD3A variants
identified in DLD cells by RNA-seq (see Supplemental Figure S4C,
D). Using these cells as a negative control in Par3-Pkp3, PLA experi-
ments demonstrated that the PLA signal for this antibody pair is
specific (Supplemental Figure S4). Importantly, in agreement with
published data (Joberty et al., 2000; Hirose et al., 2002; Chen and
Macara, 2005), the resulting Par3-KO cells showed gross abnormali-
ties in general organization characterized by fragmentation of TJs
(Figure 8) and disintegration of the beltlike apical AJs. AJs were re-
tained at the lateral cell membranes, however (Supplemental Figure
S4). Staining for the set of apical and basolateral polarity proteins
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Dual localization of Pkp3 and other junctional proteins in DLD1 cells. (A) Wt DLD1 cells were stained for
Dsg2 (green) and E-cadherin (red). Projections of all x-y optical slices are shown. Bar, 10 um. The optical z—cross-sections
along the white dashed lines (depicted in Dsg2 image) are shown at the bottom. (B) The cell areas indicated by dashed
boxes in A were split into two “apical” and “basal” halves as described in Figure 1C. Note that the majority of Pkp3 is
localized in the apical cell portion together with Dsg2-enriched puncta. However, Pkp3 was also located outside of
desmosomal puncta in both bC contacts (arrow) and tC contacts (arrowhead). The optical z—cross-sections show that a
proportion of Pkp3 is more apical than DSMs. Bar, 5 pm (C) A Z-plane slice of the cell-cell contact marked by dashed
line in A. Bar, 3 pm. Note that the majority of DSMs are located within a single confocal frame (arrowhead), while Pkp3 is
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confirmed that the apical domain of these
cells was severely affected and acquired
traits of the basolateral membrane. Indeed,
the apical identity polarity protein, PALS,
which is located at the apical membrane in
control cells, became cytosolic and was re-
placed with basolateral Scrib module pro-
teins, Llgl1/2 and Scrib (Supplemental
Figure S4, E ands F).

Staining these cells for DSM markers re-
vealed a remarkable disorganization of
DSMs. A distinguishing feature of the Par3-
KO cells was that a significant fraction of
Dsg2 was broadly dispersed along the apical

Pkp2 and Pkp3 localizations are

Dsg2-Pkp3 mutually independent. Representative
—50.0001 widefield images of corresponding cell
cultures are shown. The tC contact areas
= ¥ indicated by dashed boxes are zoomed in the

right panels. Bars, 10 um. (A) Wt DLD1 cells
are co-stained for Pkp2 (red) and either for
Dsg2 (Dsg2) or tC-TJs marker MARVELD-2
(MARV). Note that Pkp2 in tC contacts
(arrows), similar to Pkp3, is localized outside
of Dsg2-marked DSMs and roughly overlaps
with tC-TJs marked by MARVELD-2.

(B) Double staining for Pkp2 (Pkp2, red) and
ZO1 (ZO1, green) in Pkp2-KO cells. A
complete absence of Pkp2 staining in these
cells demonstrates specificity of Pkp2
staining in the control wt DLD1 cells
presented in A. (C) Dsg2-sPkp2 staining in
Pkp3-KO cells. Note that the lack of Pkp3 did
not abolish foci of Pkp2 staining at tC
contacts (one example is indicated by an
arrow in the zoomed area). (D) DLD-Pkp2-KO
cells were co-stained for Pkp3 (Pkp3, red) and
Dsg2 (Dsg2, green). Note that Pkp3 in these
cells is still enriched in the tC areas (arrows).
(E) PCC for Dsg2-Pkp3 pair taken from
randomly selected images (Total), only for bC
contacts (bC), or only for tC contacts (tC).
The blue bar represents one-way ANOVA

p value.

P —————
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also abundant in one additional apical frame (arrows). (D) PCC for Dsp-Pkp3, Dsg2-Pkp3, Dsp-Dsg2 pairs quantified for
full-view images (Total), only for bC contacts (bC), or only for tC contacts (tC). PCC for Dsp-MARVELD-2 (MARV) and for
Pkp3-MARVELD2 was taken only for tC contacts. For quantification details, see Materials and Methods. Blue and black
bars represent one-way ANOVA or t test p values, correspondingly. (E) DLD1 cells were double stained for Pkp3 (red)
and for markers of tC-TJs, MARVELD-2 (MARVELD-2, green) or tC-AJs, vinculin (vinculin). Note that MARVELD-2 is
typically located at the center, while vinculin could be seen at the periphery of the Pkp3 tC-enriched zone. Bars, 5 pm
(F) PLA with DLD1 cells using rabbit Dsg2 (Dsg), ZO1 (ZO1), B-catenin (BCat) antibodies, and mouse anti-Pkp3 antibody.
Rabbit antibodies were visualized by anti-rabbit IgG (green). Note that the ZO1-Pkp3 PLA signal is enhanced in tC
contacts. (G) The PLA signal was quantified in two different ways. Left diagram (The average PLA signal, total) shows
the average PLA signal per image in a confluent culture (90 pm x 67 pm). In the right diagram (The average PLA signal in
tC and outside tC), the PLA signal was split between tC contacts (determined as a 5-pym circle around a point of tC
contacts) and the remaining area in each image. Black bars represent t test p values.
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Basolateral identity proteins from the Scrib module are not essential for tC localization of Pkp3 and
localization of DSMs in the AJC. (A) Ligl-deficient DLD1 cells (LIgl1/2-KO) were triple stained for Dsp, Pkp3, and ZO1, or
double stained for MARVELD-2 (MARV) and Pkp3 and imaged in the confocal (in the first) or widefield (in the second
case) microscopy. Note that Pkp3 is enriched in tC junctions and DSMs are organized into apical arrays as it is the case
for wt DLD1 cells. Bars, 10 pm. (B) The localization of Desmoplakin (Dsp), Dsp and Pkp3 (Dsp+Pkp3), ZO1 and Pkp3
(ZO1+Pkp3), and all three markers together (Dsp+ZO1+Pkp3) for cell area are indicated by dashed boxes in the
triple-stained image in A. Note that different pools of Pkp3 are co-localized with both DSMs and TJs. (C) LAP protein-
deficient DLD20-2 cells (Scrib/Erbin/LANO-KO) were stained as indicated in A. Note that despite the significant
disorganization of the cells, DSMs still align with TJs and PKP3 is enriched in tC contacts, where it partially overlaps with
MARVELD-2. (D) The zoomed area indicated by the dashed box in (C) is presented in four staining combinations as
indicated in B. (E) The apicobasal plots of DSM distribution and their abundance derived from the full-view confocal
images presented in A and in (C). See Figure 3 for details. (F) PCC for Dsp-Pkp3 taken for the entire images (total), only
for bC contacts (bC), or only for tC contacts (tC). In the case of Scrib/Erbin/Lano-KO cells, the tC contacts were selected
based on MARVELD-2 staining. The blue bar represents one-way ANOVA p value.
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and lateral cell membranes (Figure 8A). This abnormal localization,
which was not observed in Scrib module-deficient cells (see Supple-
mental Figure S2), made it difficult to define individual DSMs based
on Dsg2 staining. However, using staining for Dsp, numerous DSM-
like puncta were detectable (Figure 8, B and C). Plotting the Dsp
puncta along the optical z-slices revealed that they lost the preferred
localization at the cell apex and were also abundant in the middle
sections of the lateral membrane (Figure 8E). It should also be noted
that in these cells a strong Dsp and Dsg2 signal derived not only from
lateral but also the apical surface of these cells (arrows in Figure 8A).
These apical Dsp puncta in Par3-KO cells may represent nonadhesive
cis-clusters of DSM proteins or abnormal DSMs formed between jux-
taposed folds of the same membrane.

Despite such abnormalities, the Dsp-containing DSM puncta in
the Par3-KO cells clearly incorporated Pkp3 (Figure 8, B and C) with
an average Pearson Dsp-Pkp3 correlation value of 0.6, the same as
in wt DLD cells (Figure 8F). A striking feature of Par3-KO cells that
distinguishes them from cells defective for Scrib polarity module
was a complete absence of tC-TJs defined by MARVELD-2 staining
(Figure 8D). The extraDSM pool of Pkp3 was also undetectable,
consistent with a role for Par3 in maintaining this pool (Figure 8, B
and C). Consistently, Pearson’s Pkp3-Dsp correlation for tC contacts
(defined by geometrical criteria since MARVELD-2 was absent)
showed no difference from that of the bC contacts (Figure 8F). Alto-
gether, our data showed that Par3 deficiency led to significantly
more dramatic DSM and Pkp3 abnormalities than Scrib module
deficiency.

Finally, to validate that the observed DSM phenotype in Par3-KO
cells was specific, we expressed GFP-tagged Par3 in the Par3-KO
cells. The resulting stably transfected cell line exhibited a complete
restoration of TJs (Figure 8H and Supplemental Figure S4D). Cor-
respondingly, the DSMs in these cells became detectable by Dsg2
staining (Supplemental Figure S4G) and showed a clear preference
for the apical portions of the lateral membranes (Figure 8E). Further-
more, reintroduction of Par-3 also rescued the tC contact-located
extraDSM pool of Pkp3 as observed by visual inspection (Figure 8G)
as well as by differences in Pearson’s Pkp3-Dsp correlation between
tC and bC contacts (Figure 8F).

DISCUSSION

Desmosomes are evolutionarily recent innovations, having joined
AJs and TJs as part of the polarized AJC in simple epithelia of ver-
tebrates (Ribsam et al., 2018). While mechanisms dictating the po-
larized distribution of AJs and TJs in the apical region of the baso-
lateral membrane have been uncovered, how DSMs might be
integrated with this network was unknown. The role of Dsp in this
process has been suggested by recent BiolD proximity proteomics
that shows a juxtapositioning of this DSM protein with some polarity
proteins, such as Par3 or Scribble (Badu-Nkansah and Lechler, 2020).
The work described here suggests that interplay between another
DSM protein, Pkp3, and that apical polarity protein, Par3, could play
a fundamental function in coordinating DSM assembly into, and
maintenance in, the AJC proper.

It has been shown that TJs and AJs are localized at the apical
end of the lateral membrane in DLD1 cells, making these cells suit-
able to study ABP (Abe and Takeichi, 2008; Choi et al., 2019). Here
we show that DSMs, the third component of AJC, are assembled
along TJs and AJs within the AJC of DLD1 cells. Consistent with
previous genetic data, the individual inactivation of any major DSM
protein in DLD1 cells does not abolish DSM assembly. However, KO
of Pkp3, while not disturbing TJs and AJs, uncouples DSMs from the
AJC, leading to spreading of DSM complexes all along the basolat-
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eral membrane domain. Genetic ablation of other DSM molecules
did not interfere with DSM’s association with the AJC. This observa-
tion establishes Pkp3 as unique among the DSM molecules tested
in functionally linking DSMs with the polarized AJC.

Although loss of Pkp2 did not uncouple DSMs from the AJC, the
joint inactivation of both Pkp2 and Pkp3 completely abolished DSM
assembly, including the formation of rDSMs marked by Dsg2 clus-
ters. This observation is in line with previous work showing that co-
operation among Pkps is essential for DSM formation (Todorovic
etal., 2014; Fujiwara et al., 2015) and desmosomal cadherin cluster-
ing (Fujiwara et al. 2015). A critical role of Pkps in Dsg clustering is
also supported by the Pkp2-induced clustering of Dsg2 in Pkp-defi-
cient HT1080 cells (Koeser et al., 2003) and Pkp1-dependent clus-
tering of Dsg as demonstrated by cross-linking analyses (Fuchs
et al., 2019). Taken together with our biochemical data showing a
remarkably broad binding capacity of Pkps (Chen et al., 2002;
Bonné et al., 2003;), the available data suggest that Pkps provide an
essential “structural framework” for Dsg and Dsc clusters. Further-
more, the observation that DSMs fail to become polarized in Pkp3-
KO cells suggests that Pkp2, while partially compensating for Pkp3
in DSM assembly, cannot build such a “framework” in conjunction
with the polarity machinery.

Immunostaining for Pkp3 shows that its localization is not re-
stricted to DSMs. Inspection of confocal stacks, Pearson’s Pkp3-
Dsg2/Dsp correlations, and PLAs indicate that an extraDSM pool of
Pkp3 is closely associated with TJs and/or AJs in the AJC. This pool
is especially prominent in tC contacts, where it partially overlaps
with the specific tC-TJ marker, MARVELD-2. Accordingly, the Pkp3-
ZO1 PLA signal is enhanced in tC-contacts, while the Dsg2-Pkp3
PLA signal is not. Future work is required to understand how this
extraDSM pool of Pkp3 is formed. It is possible that the cortical lo-
calization of extraDSM pool of Pkp3 is partially mediated by direct
interactions of Pkp3 with the plasma membrane due to Pkp3 palmi-
toylation (Roberts et al., 2014) and further enhanced by specific pro-
tein—protein interactions. Interestingly, in keratinocytes Pkp3 is also
targeted to tC contacts, but in this case to tC-DSMs. This tC-DSM
targeting of Pkp3 in keratinocytes is suppressed by Pkp1-KO and is
facilitated by a specific phosphorylation of Pkp3 (Keil et al., 2016;
Rietscher et al., 2018). While Pkp3 in tC contacts in DLD1 cells re-
sides outside of DSMs and is Pkp1 independent, it is plausible that
tC contact enrichment of Pkp3 in keratinocytes and in DLD1 cells
could be mechanistically related.

An important question is whether these two Pkp3 pools, one that
is required for DSM assembly and another that is found in tC-con-
tacts, are functionally interconnected. Our data support the idea
that these two pools are both regulated by the ABP signaling ma-
chinery. Consistent with this, DSMs in Pkp3-KO cells are no longer
restricted to the AJC, becoming more scattered along the lateral
plasma membrane. In addition, the observed ZO1-Pkp3 and
Par3-Pkp3 PLA signals suggest that the extraDSM pool of Pkp3 is
proximal to TJs, which not only separate apical and basolateral cell
domains but also actively participate in ABP signaling. More direct
evidence comes from our experiments comparing the response of
DSMs to loss of function of apical versus basolateral polarity ma-
chinery. Despite prominent changes in overall AJC distribution,
DLD1 cells deficient for components of the basolateral polarity Scrib
module, either Ligl1 and LIgl2 or the LAP proteins (Scrib, Erbin, and
Lano), do not show notable disturbances in the alignment of DSMs
and TJs. Furthermore, the extraDSM pool of Pkp3 located in the
MARVELD-2-positive tC contacts is preserved and even enhanced
if judged by both visual inspection and Pierson’s Pkp3-Dsg/Dsp cor-
relation, even though the extraDSM pool also becomes distributed
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Par3-KO cells are unable to correctly organize DSMs and Pkp3. (A) Par3-deficient DLD1 cells were stained
for Dsg2 and processed by confocal microscopy. Two optical confocal cross-sections (along the white lines) are
presented at the bottom and right margins. The zoomed region of one of the cross-sections is shown below. Note that
Dsg2-stained DSMs are hardly visible because of high membranous Dsg2 staining. Also note that Dsg2 also exhibits
apical membrane staining. Arrows show two DSM-like puncta on the apical membrane. Bar, 10 pm (B) Confocal image of
Par3-KO cells triple stained for Dsp, Pkp3, and ZO1. Bar, 10 pm. (C) The zoomed area indicated by the dashed box in
(B) is presented in four staining combinations as indicated in Figure 7B. Note that no extraDSM Pkp3 staining is
detectable in tC contacts. (D) The Pkp3 in Par3-KO cells was co-stained with the tC-TJ marker MARVELD-2. Bar, 10 pm.
One of the tC contact areas is magnified in the left panel. No MARVELD-2-enriched tC-TJs could be detected in these
areas. (E) The apicobasal plots of DSM distribution and abundance derived from the full-view confocal images of
Par3-KO cells (Par3-KO) and the same cells after re-expression of GFP-tagged Par3 (Par3-GFP). (F) Pearson’s Dsp-Pkp3
correlation coefficient taken for the entire image (Total), only for bC contacts bC), or only for tC contacts (tC, based on
geometric criteria). Blue bars represent one-way ANOVA p value. (G) The GFP-tagged version of Par3 (Par3-GFP) was
reintroduced in the Par3-KO cells and the cells were imaged using confocal microscopy for GFP, Pkp3, and Dsp. Bar
10 pm. The zoomed region indicated by dashed square is shown below.
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along the bC contacts. Altogether, these data show that lateral iden-
tity proteins control neither Pkp3-dependent integration of DSM
into AJC nor the Pkp3 extraDSM pool.

In contrast to the observed preservation of DSM alignment with
TJs in cells lacking the basolateral polarity machinery, loss of the api-
cal polarity protein Par3 clearly impaired Pkp3-dependent associa-
tion of DSMs with AJC and localization of the Pkp3 extraDSM pool.
As expected from previous data (Goldstein and Macara, 2007), the
apical membrane of Par3-KO DLD cells acquires clear traits of the
lateral membrane—the apical PALS protein disappears and is re-
placed with the lateral identity proteins Ligl1/2 and Scribble. Conse-
quently, these cells, similarly to cells lacking lateral polarity determi-
nants, exhibit disintegration of the honeycomblike pattern of AJC
distribution, which becomes fragmented and redistributed along the
entire cell—cell contact region. In addition, the DSM phenotype of
these two types of cells appeared very different: in contrast to the
LAP protein-deficient DLD20-2 cells, Dsg2 in the Par3-KO DLD cells
disperses into numerous small clusters, present not only at the lateral
cell membranes but also on the apical cell surface. It seems plausible
that this phenotype reflects an uncontrolled formation of rDSMs,
possibly resulting from deregulation of Pkp3. Another unique feature
of the Par3-KO cells is a complete disappearance of the extraDSM
pool of Pkp3. Underscoring the relationship between this Pkp3 pool
and TJs, MARVELD-2 is also not detectable in the tC-TJ in these
cells. Whether such mutual disappearance occurred because one of
these structures depends on the other, or they both are independent
downstream targets of Par3, is a subject for future research. Since
formation of DSMs is reported to depend on AJs, it is important to
emphasize that both types of cells (LAP protein deficient and Par3
deficient) formed very prominent E-cadherin-based AJs, whereas
the DSM phenotype of these two types of cells appeared very differ-
ent. Nevertheless, we cannot rule out a possible contribution of local
changes in AJs to the observed DSM alterations.

Taken together, our data show that the Par3-KO cells exhibit si-
multaneous defects in two Pkp3-related processes. First, DSMs are
dispersed and lose their alignment with TJs. Second, Pkp3 can no
longer be targeted into the DSM-free tC contact-associated pool.
While more research is needed to understand whether these two
events are functionally interconnected, their parallel occurrence
raises the possibility that they are. A possible explanation for such
an interrelationship is that Par3 maintains Pkp3 in an “inactive”
state, which is unable to interact with DSM targets. In an established
polarized epithelial sheet, which we study here, this pool of Pkp3 is
concentrated in tC contact areas where no other core DSM proteins
are detected. Only a fraction of Pkp3 escapes this Par3-mediated
inactivation and functions in DSM assembly. In Par3-KO cells, the
majority of Pkp3 is converted to an assembly competent state that
is highly active with respect to interactions with DSM proteins
(Figure 9). The questions remain: how does Par3 maintain Pkp3 in
the tC contact-associated inactive state and how does Pkp3 pro-
mote DSM assembly? Based on our understanding of E-cadherin-
based adhesion mechanisms (Green et al., 2010; Brasch et al., 2012;
Troyanovsky, 2012), it is possible that Pkps produce a cortical pro-
tein framework that provides the optimal spacing and stability for
cadherin trans bonds. And from our work here, specific Par3-depen-
dent modifications may create a Pkp3 pool that is concentrated in
tC contacts and unable to assemble into this framework and thus
unable to position DSM cadherins in a manner that allows clustering
(Figure 9). One of the most attractive modifications that should be
tested in future experiments is phosphorylation of Pkp3 by aPKC.
This kinase is activated on association with Par3 specifically in TJs
(Humbert et al., 2006; Harris, 2017).
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FIGURE 9: Hypothetical model for Pkp3-mediated regulation of DSM
assembly. Our data are consistent with the idea that Pkp3 exists in at
least two differently located forms. One of these forms (DSM-
associated Pkp3) interacts with DSM proteins and is essential
component of DSMs (DSM). Another pool of Pkp3 (extraDSM Pkp3) is
stored in a vicinity to tC-TJs (tC-TJs). Pkp3 of this pool is unable to
associate with DSM proteins. This tC pool, which is “inactive” with
respect to DSM assembly, is maintained by a Par3-dependent apical
polarity mechanism. Based on this model, a pathway “X"” blocks the
Par3-dependent negative regulation of Pkp3, which results in
conversion of Pkp3 into its DSM assembly-competent form. The
active Pkp3 form organizes DSM cadherins into the clusters that are
compatible with their adhesive function.

In conclusion, here we take an important step in understanding
how cells build their architecture. We pinpoint the signaling process,
including a Par3 polarity component, that functions to spatially or-
ganize DSMs. Our data also suggest that this process is based on
the interplay between two, possibly functionally distinct, pools of
Pkp3 that are located in different cell compartments under control
of the polarity apparatus.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids

PRcCMV-GFP-Par3 was generated using pK-myc-Par3 plasmid (gift
from . Macara, Vanderbilt University, Nashville, TN; 58738; Add-
gene). The myc portion of this plasmid was replaced with the cor-
responding one of mGFP (amplified from 21948, pCAG-mGFP-ac-
tin; Addgene; a gift from R. Yasuda, Duke University, Durham, NC),
and the entire insert of the resulting plasmid was then inserted into
the pRcCMV vector (Invitrogen) using Hindlll/Xbal sites.

Cell culture and transfection

Transfection and growth of DLD1, MDCK, HBE, and CaCo2 cells
and their progenitors were carried out as described (Choi et al.,
2019). After antibiotic selection, the cells expressing Par3-GFP were
sorted for moderate transgene expression by FACS. The levels and
sizes of the recombinant proteins were analyzed by Western blot-
ting. For KO experiments, DLD1 cells stably transfected with the
plasmid encoding Flag-tagged Cas9 were used (Choi et al., 2019).
Genome editing of these cells was performed using the Alt-R
CRISPR-Cas9 System (IDT) also as described (Choi et al., 2019). In
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brief, the cells were transfected with an RNA complex consisting of
a gene-specific CRISPR RNA (crRNA; designed by software of Broad
Institute of Harvard and Massachusetts Institute of Technology) and
transactivating RNA (tracrRNA). The following crRNAs were used:
Dsp, 5-CGTGATCACCGACCAAGAACT-3; Pg, 5-CATGGCCT-
CCCGCACCCGTT-3; Pkp2, 5-CGGCTACATCCGGACCGTCC-3
Pkp3, 5-GAAACCTGTCTCGGAACGCT-3; and Par3, 5-CCGGGT-
CCGTCCGAAGCACA-3’. The KO cell clones (at least three for each
gene) were then selected through cloning, immunofluorescence,
and verified by Western blotting. All independently obtained cell
lines lacking a particular protein exhibited the same phenotype.

RNA-seq

About 1 1/2 million frozen DLD1 cells were sent to ACGT, Inc.
(Wheeling, IL), which performed RNA-Seq analysis of the sample
according to the company protocol. In brief, extracted RNA was
used for constructing uniquely barcoded sequencing library using
the NEXTflex Rapid mRNA-Seq Kit. The library was evaluated by
Qubit and 2100 bioanalyzer and sequenced using the lllumina
NextSeq flow cell. Bel2fastq was used to demultiplex over 147 mil-
lion paired end reads. Adapters, low-quality sequences (<Q30), and
short reads (< 50 bp) were trimmed and filtered out using Trim Ga-
lore. The trimmed reads were mapped and aligned to the human
genome using STAR aligner. Standard GATK guidelines were used
to identify transcription variants and final reads were annotated and
counted using GATK HaplotypeCaller and VCFtools vcf-annotate
utility. The end product obtained from ACGT, Inc was a chart pre-
senting relative expression of each transcript presented as a FPKM
value (fragments per kilobase of transcript per million mapped
reads).

Immunofluorescence microscopy

For widefield immunofluorescence, cells were cultured on glass
coverslips for 48-64 h. The cells were fixed with 2% formaldehyde
(10 min) and then permeabilized with 1% Triton X-100 and stained
for corresponding antibodies (see Indra et al., 2013 for details). The
images were taken using an Eclipse 80i Nikon widefield microscope
(objective lenses: Plan Apo 100x 1.40 NA; Figures 4B, 5F, 6, and 7;
MARVELD-2 staining; Figure 8D; Supplemental Figures S1C, S2, S3,
and S4G; and Plan Apo 40x 1.0; Figure 1A and Supplemental Figure
S4A) and a digital camera (CoolSNAP HQ2; Photometrics). For con-
focal microscopy, the cells were cultured 48-64 h on glass-bottom
dishes (P35G-1.5; MatTek) and fixed as described above if not spe-
cifically indicated. Immediately before imaging, the dishes were
filled with 87% glycerol. The images were taken using a Nikon A1
laser scanning confocal microscope (Z step size was 0.5 um in all
cases) equipped with a Plan Apo TIRF 100x 1.45 NA objective lens.
To image the surface-located Dsg2, the cells on the coverslips were
incubated with anti-Dsg2 ectodomain antibody (PA5-21444; Invitro-
gen) for 30 min on ice. Then the cells were washed with the culture
media and stained as described above.

The following antibodies were used: guinea pig anti-Dsp and
anti-cingulin (DP-1 and GP26; Progen); goat anti-occludin anti-
body (sc-8145, Santa Cruz Biotechnology); rabbit antibodies:
anti-Scrib and anti-LIgl1 (ab36708 and ab18302; Abcam), anti-
ZO1, anti-MARVELD-2, anti-Par3, anti-B-catenin (40-2200,
700191, PA5-56475, MA5-14461, Invitrogen); anti-Dsg2 (21880-
1-AP, Proteintech), anti-vinculin (SAB5500192, Sigma); mouse
antibodies: anti-Pkp2 (651101S, Progen); anti-E-cadherin (clone
HECD1; Zymed Laboratories); anti-GFP, anti-Pals1, anti-Pkp3
(sc-9996, sc-365411, sc-166655, correspondingly; Santa Cruz
Biotechnology). Specificity of all these antibodies, except anti-
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GFP and MARVELD-2, was tested by a combination of Western
blotting and specific CRISPR/Cas? KO. All secondary anti-
bodies were produced in Donkey (Jackson ImmunoResearch
Laboratories).

In situ PLA

Cells were fixed and permeabilized as indicated above and incu-
bated for 30 min with the indicated rabbit antibody and mouse
monoclonal anti-Pkp3 antibody (Santa Cruz). Ligation and amplifica-
tion were performed as described in the manufacturer’s protocol
(Duolink PLA; Sigma-Aldrich) using the following reagents: PLA
probe anti-rabbit plus, PLA probe anti-mouse minus, and detection
reagent Red. After PLA, the samples were incubated for additional
30 min with FITC-labeled donkey antibody against rabbit IgG.

Image processing

The images were processed and analyzed using Nikon's NIS-
Elements version 5.02 platform. All sets were equally adjusted for all
samples. For obtaining the apicobasal DSM plots, confocal images
(representing 50 um x 50 pm squares of cell culture) that are repre-
sentative of three independent experiments were used. Background
subtraction was done using a constant value of 400 for all frames
that removed most of the non-DSM membrane staining. All images
were then converted to 2D "Volume View" in which the x-axis rep-
resented X-Y grids drawn with same density as Z-stacks (0.5 pm).
The y-axis represented the z-axis of the original image. This mea-
surement quantifies the number of grids (0.5 x 0.5 pm) within each
confocal slice for which fluorescence exceeds the selected threshold
(number of DSMs) and the fluorescence intensity of each of these
grids (intensity of DSMs). The result was transferred to Microsoft ex-
cel to plot the chart.

Quantification of the apical to cytosolic Dsg2 fluorescence ratio
in WT and Pkp2/3-KO DLD1 cells was obtained using a total fluores-
cence of the 5 pm x 5 pm squares taken from the confocal slices of
the apical membrane versus that of the identical squares taken from
slices crossing the cytosol of the same cells. Ten ratios obtained for
each of three experiments were used to determine three indepen-
dent averages, which were then used for plotting the graphs and for
statistics. The PCC were determined based on entire images (con-
taining about 8-10 cells each) or separately for tC and bC contacts
taken by the 100x objectives using either widefield or confocal mi-
croscopes. Four images from each of three independent experi-
ments were analyzed for total PCC. The same images were used for
PCC analyses of the bC and tC contacts (10 contacts of each type
for each of the experiments). Three averages determined for each of
the experiment were then used in the graphs. The PLA signals were
selected by a thresholding function and the number of particles was
counted by an object-counting function. All PCC values were mea-
sured after subtraction of background fluorescence (based on cyto-
solic fluorescence). Three independent experiments were per-
formed for each PLA. Four independent images from each of them
were used for quantification of total PLA signals and 15 bC and tC
contacts were quantified within each group. All graphs, chards, error
bars, and statistics were plotted using GraphPad Prism 9.1.1.225.
Quantitative data are presented as the mean and SE. Statistical sig-
nificance was analyzed using the Student's two-tailed t test for two
groups and ANOVA analysis for more groups. Corresponding p val-
ues are indicated in the figure legends.
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