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Abstract

Regulating adherens junction complex assembly/disassembly is critical to maintaining epithelial 

homeostasis in healthy epithelial tissues. Consequently, adherens junction structure and function is 

often perturbed in clinically advanced tumors of epithelial origin. Some of the most studied factors 

driving adherens junction complex perturbation in epithelial cancers are transcriptional and 

epigenetic down-regulation of E-cadherin expression. However, numerous reports demonstrate that 

post-translational regulatory mechanisms such as endocytosis also regulate early phases of 

epithelial-mesenchymal transition and metastatic progression. In already assembled healthy 

epithelia, E-cadherin endocytosis recycles cadherin-catenin complexes to regulate the number of 

mature adherens junctions found at cell-cell contact sites. However, following de novo epithelial 

cell-cell contact, endocytosis negatively regulates adherens junction assembly by removing E-

cadherin from the cell surface. By contrast, following de novo epithelial cell-cell contact, spatially 

localized β-actin translation drives cytoskeletal remodeling and consequently E-cadherin clustering 

at cell-cell contact sites and therefore positively regulates adherens junction assembly. In this 

report we demonstrate that dynamin-mediated endocytosis and β-actin translation dependent 

cadherin-catenin complex anchoring oppose each other following epithelial cell-cell contact. 

Consequently, the final extent of adherens junction assembly depends on which of these processes 

is dominant following epithelial cell-cell contact. We expressed β-actin transcripts impaired in 

their ability to properly localize monomer synthesis (Δ3′UTR) in MDCK cells to perturb actin 

filament remodeling and anchoring and demonstrate the resulting defect in adherens junction 

structure and function is rescued by inhibiting dynamin mediated endocytosis. Therefore, we 

demonstrate balancing spatially regulated β-actin translation and dynamin mediated endocytosis 

regulates epithelial monolayer structure and barrier function.
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Introduction

Adherens junctions are a major class of cell adhesion complexes observed in epithelial 

tissues (Nagafuchi 2001; Takeichi 2014). These complexes contain E-cadherin, a classical 

cell-cell adhesion molecule, and the adaptor proteins β-catenin and α-catenin. Dynamic 

interactions between cadherin-catenin complexes and linear actin filaments regulate 

epithelial homeostasis (Cavey et al. 2008; van Roy and Berx 2008). For instance, in several 

epithelial cancers, reduced E-cadherin expression correlates with increased metastatic 

potential (Blanco et al. 2002; Rosivatz et al. 2002). In addition to methylation of the E-

cadherin promoter (Lombaerts et al. 2006) and down-regulation by transcriptional repression 

(Blanco et al. 2002; Cano et al. 2000; Korpal et al. 2008), post-translational control of E-

cadherin regulates epithelial-mesenchymal transition and cancer invasion (Thiery 2003). 

Phosphorylation decreases the residence time of cadherin-catenin complexes at the cell 

surface reducing cell-cell adhesion strength and barrier integrity (Bertocchi et al. 2012). 

Additionally, activation of the Src oncogene or growth factors, such as TGF-β or HGF, cause 

targeted E-cadherin degradation in lysosomes which drives tumor and metastasis progression 

(Fujita et al. 2002; Janda et al. 2006; Kimura et al. 2006; Shen et al. 2008), as reviewed in 

(de Beco et al. 2012; Mosesson et al. 2008). Conversely, blocking E-cadherin recycling at 

the cell surface by inhibiting endocytosis increases E-cadherin trans-dimer formation 

(Troyanovsky et al. 2006) and F-actin anchoring thereby stabilizing adherens junction 

complexes (Harris and Tepass 2010). The contribution of E-cadherin endocytosis to the 

maintenance of mature adherens junctions in epithelia has been well studied (de Beco et al. 

2009). However, its role in balancing actin anchoring of cadherin-catenin complexes during 

de novo adherens junction formation is yet to be explored. We demonstrate that dynamin 

mediated endocytosis opposes F-actin anchoring of cadherin-catenin complexes, thus 

negatively regulating adherens junction assembly.

Epithelial cell-cell contact stimulates E-cadherin clustering causing a local increase in α-

catenin levels and driving actin filament remodeling from branched networks to linear 

bundles (Drees et al. 2005; Yamada et al. 2005). Linear actin bundles anchor cadherin-

catenin complexes, and hence positively regulate adherens junction assembly (Gloushankova 

et al. 1997; Krendel and Bonder 1999; Vasioukhin et al. 2000; Wu et al. 2015). E-cadherin 

clustering on the cell surface and actin filament remodeling, following de novo epithelial 

cell-cell contact, are interdependent processes driving adherens junction assembly/

disassembly dynamics. Actin cytoskeleton remodeling required for adherens junction 

assembly, is driven by a local increase in β-actin monomer concentration. Localizing β-actin 

mRNA translation governs monomer concentration at epithelial cell-cell contacts and 

regulates actin filament polymerization (Condeelis and Singer 2005; Gutierrez et al. 2014; 

Rodriguez et al. 2006). Knocking down β-actin (Baranwal et al. 2012) or mistargeting its 

synthesis (Gutierrez et al. 2014; Kislauskis et al. 1994) specifically impairs adherens 

junction assembly. Additionally, expressing β-actin mRNA lacking its 3′UTR (Δ3′UTR), and 

thus the mRNA zipcode, impairs actin filament remodeling at the cell periphery (Lyubimova 

et al. 1999), which results in reduced cadherin clustering at cell-cell contacts (Rodriguez et 

al. 2006).
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In this report, using Dynamin inhibitors: dynasore (Macia et al. 2006) and hydroxy-dynasore 

(McCluskey et al. 2013), we block endocytosis in MDCK cells with partial mislocalization 

of β-actin translation in order to increase cadherin clustering at the cell surface (Troyanovsky 

et al. 2006). We demonstrate that this tips the balance towards actin anchoring of cadherin-

catenin complexes and rescues adherens junction assembly defects in cells with partial 

mislocalization of β-actin translation. We also show that monolayer barrier integrity 

correlates with adherens junction assembly, as quantified with a new fluorescence 

microscopy-based covariance analysis. In addition, we demonstrate that a more complete 

mislocalization of β-actin translation is sufficient to prevent the rescue of adherens junction 

assembly by inhibiting endocytosis in cells. Finally, we demonstrate that the rescue of 

adherens junction assembly in monolayers composed of cells, which have partial 

mislocalization of β-actin translation, requires E-cadherin function using a function blocking 

antibody (Vestweber and Kemler 1985).

Results and Discussion

Partially mislocalizing β-actin translation in MDCK cells impairs their ability to assemble 
functional epithelial monolayers

The β-actin mRNA zipcode is a 28 nucleotide sequence present in the 3′ UTR. Expressing 3′ 

UTR deleted β-actin in cells results in partial mislocalization of β-actin translation 

(Gutierrez et al. 2014; Rodriguez et al. 2006). We observed significant morphological 

differences in MDCK monolayers assembled from cells able to target β-actin translation to 

cell-cell contacts versus cells impaired in their ability to target β-actin translation, even 

though the total actin expression in both populations is similar (Ballestrem et al. 1998; 

Gutierrez et al. 2014). MDCK monolayers assembled from cells that properly localize β-

actin translation to cell-cell contacts exhibit strong E-cadherin and F-actin colocalization at 

cell-cell contact sites. These cells also contain stress fibers in the basal cytoplasm (Figure 

1A). By contrast, we observed few stress fibers in the cytoplasm of MDCK monolayers 

composed of cells with partially mislocalized β-actin translation. However, these cells still 

showed significant, albeit weaker, E-cadherin and F-actin colocalization at cell-cell contacts. 

Importantly, in these cells we also observed lamellar protrusions that were largely absent in 

confluent monolayers assembled from MDCK cells that properly localize β-actin translation 

to cell-cell contacts (Figure 1B). E-cadherin clustering at cell-cell contact sites increases α-

catenin recruitment, which is required for inhibiting lamellar protrusions (Drees et al., 

2005). However, cells impaired in their ability to locally synthesize monomers exhibit 

reduced cadherin localization at the cell-cell contacts (Rodriguez et al. 2006). Thus 

epithelial monolayers composed of cells with partially mislocalized β-actin translation are 

unable to recruit and anchor α-catenin to cell-cell contacts and turn off lamellar protrusions 

following de novo contact.

Actin anchored cadherin-catenin complexes induce a myosin II dependent feed forward loop 

that drives additional cadherin-catenin/actin filament anchoring. The resulting expansion and 

maturation of adherens junctions is required for epithelial structure and function (Smutny et 

al. 2010; Yonemura et al. 2010). Conversely, E-cadherin that is not anchored at the cell 

surface is internalized by dynamin mediated endocytosis, and gets either recycled or 
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degraded (Cavey et al. 2008; Harris and Tepass 2010). To quantify the extent of E-cadherin 

anchoring to F-actin, we used compartment specific Pearsons Correlation Coefficient (PCC) 

analysis (Barlow et al. 2010; Costes et al. 2004). Other global pixel intensity-based statistics, 

such as Manders Overlap Coefficients or Manders Colocalization Coefficients (Dunn et al. 

2011; Manders et al. 1993), cannot distinguish between bona fide protein-protein 

interactions and non-specific overlap of the two fluorescent signals (Adler and Parmryd 

2010). Briefly, we obtained PCC values in the cell-cell contact zone (periphery) and the 

cytoplasm. Since a PCC value of 0.1 represents a very weak correlation, we set a lower 

bound on all PCC values to 0.1, (Zinchuk et al. 2013). We then derived a covariance 

measure, Fluorescence Covariance Index (FCI), by obtaining the logarithm transformed ratio 

of the PCC value in the periphery to the PCC value in the cytoplasm (Supporting 

Information Figure S1). MDCK monolayers impaired in their ability to localize β-actin 

translation had fewer cells with high FCI values (0.5 – 1.0) compared to monolayers 

composed of cells that properly localize β-actin translation (Figure 1C). In addition, 

compared to steady state monolayers, fewer cells had high FCI values following EGTA-

induced junction disassembly, indicating this frequency range is a useful measure of 

adherens junction assembly/disassembly (Supporting Information Figure S2). Cells with 

partially mislocalized β-actin translation had high cytoplasmic correlations between E-

cadherin and F-actin, generating low FCI values. These cytoplasmic correlations arise from 

overlap of lamellar protrusions, which are inhibited in cells that properly localize β-actin 

translation. Additionally, monolayers assembled from cells partially impaired in their ability 

localize β-actin translation were only ≈66% the height of monolayers assembled from cells 

that have no defects in localizing β-actin translation (Figure 1A and 1B). These results 

indicate that partial impairment in localizing β-actin translation causes defects in the 

junction maturation stage of adherens junction assembly. Additionally, the in vitro 
permeability to fluorescent dextran was ≈4 times higher in confluent monolayers assembled 

from cells with partially mislocalized β-actin translation (Figure 1D). Importantly, low FCI 

values correlate with reduced barrier integrity demonstrating this metric has value in 

quantifying gain or loss of monolayer function.

Inhibiting Dynamin mediated endocytosis rescues the epithelial adherens junction 
assembly defect caused by partially mislocalizing β-actin translation

To study adherens junction assembly dynamics in epithelial MDCK monolayers composed 

of cells with partially mislocalized β-actin translation, we performed calcium switch 

experiments (Volberg et al. 1986) and carried out FCI analysis for E-cadherin and F-actin. 

Typically, epithelial adherens junction assembly in vitro occurs in three phases – contact 

initiation, contact expansion and junction maturation (Adams et al. 1998; Baum and 

Georgiou 2011; Kovacs et al. 2002). Following calcium repletion, cells with partially 

mislocalized β-actin translation form initial contact within 1 hour and expand these contacts 

within 2 hours (Supporting Information Figure S3A). However, significant lamellar 

protrusions were observed 3 hours after calcium repletion. In addition, these cells fail to 

reach the height of monolayers assembled from cells which have no defects in localizing β-

actin translation (Figure 2A). Between 2 and 3 hours after calcium repletion, fluorescence 

correlations between E-cadherin and F-actin increased in the cytoplasm, while correlations 

at the periphery remained unchanged (Figure 2B). The changes in FCI values correlated with 
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morphological changes, increasing between 1 hour and 2 hours after calcium repletion and 

decreasing significantly 3 hours after calcium repletion (Figure 2C). These results indicate 

that following contact expansion, these cells form extensive lamellar protrusions, which 

contain nascent cadherin-catenin complexes anchored to F-actin (en face adhesions). Thus, 

cells with partial mislocalization of β-actin translation undergo contact expansion but fail to 

progress to junction maturation due to lamellar overlap.

To inhibit Dynamin mediated endocytosis, we used dynasore, a small molecule inhibitor of 

Dynamin’s GTPase function (Macia et al. 2006). At 80μM dynasore, we observed 

colocalization between E-cadherin and F-actin at cell-cell contacts and few lamellar 

protrusions 3 hours after calcium repletion (Figure 2D). Additionally, these cells were as tall 

as cells in monolayers assembled from cells with no defects in localizing β-actin translation 

(Figure 2D). The initial phases of adherens junction assembly: cell-cell contact formation, 

contact initiation and contact expansion were unaffected by endocytosis inhibition 

(Supporting Information Figure S3C). Fluorescence correlations for E-cadherin and F-actin 

remained low in the cytoplasm, while correlations at cell-cell contacts progressively 

increased from 1 to 3 hours after calcium repletion (Figure 2E). Consequently, FCI values 

remained high 3 hours after calcium repletion, indicating these cells successfully completed 

adherens junction maturation (Figure 2F). Treatment with vehicle only showed significantly 

fewer cells with high FCI values (0.5 – 1.0) 3 hours after calcium repletion. In contrast, cells 

treated with 80μM dynasore showed a progressive increase in high FCI values following 

calcium repletion (Figure 2G and 2H). These results indicate that inhibiting endocytosis 

rescues adherens junction assembly in cells with partially mislocalized β-actin translation.

Cells partially defective in their ability to localize β-actin translation also exhibited ≈6 fold 

higher permeability to fluorescent dextran 4 hours after calcium repletion compared to cells 

with no defects in localizing β-actin translation (Figure 2I and Supporting Information 

Figure S4). Inhibiting endocytosis during calcium repletion using dynasore (80μM) in cells 

with partially mislocalized β-actin translation rescued the barrier integrity defects within 3 

hours after calcium repletion (Figure 2I). These results further demonstrate that FCI values 

are predictive of monolayer barrier function.

Adding 40 μM dynasore, following calcium repletion, to cells with partial defects in 

localizing β-actin translation showed normal contact initiation followed by contact 

expansion (Supporting Information S5A). 3 hours after calcium repletion, the cells reached a 

height of 1.44μM similar to cells that target β-actin translation properly (Supporting 

Information S5A). However, these cells remained impaired in their ability to shut off 

lamellar protrusive activity on the basal surface (Supporting Information S5A). Consistent 

with the presence of lamellar protrusions (en face adhesions), E-cadherin and F-actin 

fluorescence correlations increased in the cytoplasm, which resulted in low FCI values, 

although correlations at cell-cell contacts increased (Supporting Information S5B and S5C). 

The proportion of cells with high FCI values (0.5 – 1.0) between 2 hours and 3 hours after 

calcium repletion with 40μM dynasore decreased, demonstrating a defect in adherens 

junction maturation at this concentration of dynasore (Supporting Information S5D).
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Further, we increased the concentration of dynasore to 160μM during calcium repletion in 

cells with partially mislocalized β-actin translation. Morphologically, during contact 

initiation and contact expansion, these cells showed no significant changes compared to cells 

treated with lower doses of dynasore (Supporting Information Figure S6A). There were no 

observable lamellar overlaps during junction maturation, and the height of the cells was 

comparable to cells that have no defects in localizing β-actin translation (Supporting 

Information Figure S6A). However, fluorescence correlations between E-cadherin and F-

actin in the periphery 3 hours after calcium repletion were lower with 160μM dynasore as 

compared to 80μM dynasore. This indicates very high doses of dynasore increase F-actin 

and E-cadherin localization to the cell-cell interface without a corresponding increase in the 

association of these two proteins (Supporting Information Figure S6B). Moreover, mean FCI 

values and the proportion of cells with high FCI (0.5 – 1.0) values increased between 2 and 3 

hours after calcium repletion, consistent with adherens junction maturation in cells treated 

with 160μM dynasore (Supporting Information S6C and S6D).

To further validate our observations, we used a new generation Dynamin inhibitor – 

Hydroxy-Dynasore aka Dyngo 4a (McCluskey et al. 2013), and the results obtained were 

similar to those observed following dynasore treatment. Contact initiation and contact 

expansion were observed 1 and 2 hours following calcium repletion with 80μM hydroxy-

dynasore in cells with partially mislocalized β-actin translation (Supporting Information 

Figure S7A). 3 hours after calcium repletion, these cells had few lamellar protrusions, and 

reached a height similar to cells that had no defects in localization of β-actin translation 

(Supporting Information Figure S7B). Fluorescence correlations between E-cadherin and F-

actin remained low in the cytoplasm, while correlations at the cell-cell contact increased. 

Consequently, FCI values increased between 1, 2 and 3 hours after calcium repletion 

(Supporting Information Figure S7B and S7C). Lastly, the proportion of cells with high FCI 

values (0.5 – 1.0) increased between 2 and 3 hours after calcium repletion (Supporting 

Information Figure S7D). These results confirm that inhibiting Dynamin mediated 

endocytosis rescues adherens junction assembly defects caused by partially mislocalizing β-

actin translation.

β-actin mRNA zipcode function and Dynamin mediated endocytosis balance each other to 
drive adherens junction maturation

Previously we showed expression of the 3′UTR truncated β-actin contributes to 

approximately 20% of the total β-actin content in the cells (Gutierrez et al. 2014). 

Consequently, 80% of β-actin mRNA in these cells is endogenous and contains the zipcode. 

This endogenous β-actin mRNA localizes to cell-cell contacts to produce actin filaments, 

which when combined with decreased endocytosis, tips the balance towards anchoring 

cadherin-catenin complexes. In order to achieve mislocalization of endogenous β-actin 

mRNA we used antisense oligonucleotides that mask the β-actin mRNA zipcode (Gutierrez 

et al. 2014; Shestakova et al. 2001). Pretreating MDCK cells partially defective in localizing 

β-actin translation with β-actin mRNA zipcode antisense oligonucleotides resulted in 

significant lamellar protrusive activity 3 hours after calcium repletion (Figure 3A). Adding 

80μM dynasore to cells treated with antisense oligonucleotides resulted in taller cells, but 

lamellar protrusive activity was still present 3 hours after calcium repletion (Figure 3B). FCI 
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values remained low after calcium repletion even in the presence of 80μM dynasore (Figure 

3C, 3D and Supporting Information Figure S8). A more complete mislocalization of β-actin 

translation using β-actin mRNA zipcode antisense oligonucleotides abolished the rescue of 

barrier integrity observed by inhibiting endocytosis (Figure 3E c.f. Figure 2I). These results 

show that partial mislocalization of β-actin translation can be compensated by inhibiting 

endocytosis, whereas a complete mislocalization of β-actin translation blocks the rescue of 

adherens junction assembly and epithelial function.

The dynasore dependent rescue of adherens junction assembly in Δ3′UTR β-actin mRNA 
expressing cells requires functional E-cadherin

Dynamin inhibitors block the recycling of several transmembrane proteins including E-

cadherin. To test whether global inhibition of dynamin mediated endocytosis or more 

specifically, E-cadherin function at the cell surface, was required for rescuing adherens 

junction assembly in cells with partial defects in localizing β-actin translation, we used 

DECMA-1, an E-cadherin function blocking antibody (Vestweber and Kemler 1985). We 

performed live cell imaging experiments following calcium repletion with cells expressing 

Δ3′UTR β-actin mRNA that encodes β-actin with an eGFP –fusion tag. In cells treated with 

vehicle alone, contact initiation followed by contact expansion was observed as an increase 

in distance between cell-cell vertices (Figure 4A Arrows). However, soon after this phase, 

the cells continued to overlap contacting neighboring cells and failed to reach the junction 

maturation phase (Figure 4A). Cells treated with 80μM dynasore during calcium repletion, 

also exhibited normal contact initiation followed by normal contact expansion. This was 

followed by junction maturation seen as the accumulation of linear actin cables running 

along the cell-cell interface. Additionally, the lamellar protrusive activity was shut off as the 

cells reached the junction maturation stage 3 hours after calcium repletion (Figure 4B). By 

contrast, treating cells with DECMA-1 and 80μM of dynasore during calcium repletion not 

only abolished the rescue of junction maturation, but also inhibited contact expansion 

(Figure 4C). These data show that inhibiting Dynamin mediated endocytosis requires E-

cadherin function to rescue adherens junction assembly in cells with partially mislocalized 

β-actin translation.

Actin-anchoring and endocytosis: The Yin and Yang of adherens junction assembly

E-cadherin endocytosis contributes significantly to the dynamics of adherens junctions 

(Troyanovsky et al. 2006). While endocytosis is required for redistributing E-cadherin at 

mature junctions (de Beco et al. 2009), constitutively active Rac1 depletes E-cadherin from 

cell-cell contacts by increasing its internalization (Akhtar and Hotchin 2001), suggesting 

two roles for E-cadherin endocytosis. The first is a rapid turnover during the initial phase of 

adherens junction assembly following cell-cell contact where Rac1 activity is high, and the 

second is to recycle E-cadherin at mature junctions following disassembly of trans dimers 

(Figure 5). In fact, non-trans interacting E-cadherin is preferentially internalized (Izumi et al. 

2004). We report a model of adherens junction assembly where in, β-actin translation 

dependent actin filament remodeling drives E-cadherin clustering at the cell surface to 

oppose the negative contributor, endocytosis of E-cadherin, and drives adherens junction 

assembly in epithelial cells (Figure 5). The balance tips if filament assembly and remodeling 

is blocked either pharmacologically using Latrunculin A (Wu et al. 2015) and Cytochalasin 
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B (Krendel and Bonder 1999) or by inhibiting cell-cell contact localized β-actin monomer 

synthesis (Gutierrez et al. 2014). The result is that cells are unable to transition from contact 

initiation to contact maturation owing to endocytosis of cadherin-catenin complexes, which 

now dominates actin anchoring of these complexes. Utilizing a new fluorescence 

microscopy based covariance analysis to determine the extent of adherens junction assembly, 

we show that FCI values correlate with barrier integrity and therefore are a useful measure 

of epithelial functionality.

Materials and Methods

Cell culture and stable cell lines

MDCK – NBL2 cells (ATCC® CCL-34™) were cultured in DMEM supplemented with 10% 

(v/v) FBS and 100 I.U./mL Penicillin and 100μg/mL Streptomycin. Transfection of these 

cells with eTC GFP β-actin full length and eTC GFP β-actin ΔZip – (Δ3′UTR) (Addgene 

Plasmid #27123, #27124 and (Rodriguez et al. 2006)) was carried out using Lipofectamine® 

2000 (Life Technologies) as per manufacturer’s specifications. Transfected cells were 

selected using 500μg/mL G418 (Sigma-Aldrich). Flow cytometry was used to sort cells and 

obtain a homogeneous population of cells expressing GFP-β-actin.

Calcium switch experiments

Cells were plated at a density of 250,000 cells per well in a 6 well plate onto a 22X22mm 

No.1 coverslip (Fisher Scientific) and grown 48 hours. Cells washed with 1XPBS and 

medium without serum and supplemented with 4mM EGTA was added for 1 hour. Regular 

growth medium was added to initiate de novo adherens junction assembly. Additionally, 

either DMSO (0.5% v/v) (Sigma-Aldrich) or Dynasore (Sigma-Aldrich) at a concentration 

of 40μM/80μM/160μM or 4-Hydroxy Dynasore at a concentration of 80μM (Sigma-Aldrich) 

was added.

Pretreatment of cells with β-actin mRNA zipcode antisense oligonucleotide treatment was 

carried out in regular growth medium with 8μM of oligonucleotides for 12 hours prior to 

start of the experiment with fresh oligonucleotides being added every 4 hours. This was 

followed by a calcium switch as described above, maintaining oligonucleotides in the 

medium throughout the course of the experiment.

Live cell imaging

Cells were seeded at a density of 250,000 in 35mm MatTek dishes with glass cover bottom 

(MatTek Corp.) for 48 hours and treated subject to low calcium treatment as described 

above. FluorBrite DMEM (Life Technologies) supplemented with 10% FBS and OxyFluor 

(Oxyrase) at 1% (v/v) was used as calcium repletion medium to minimize photoxicity and 

photobleaching. Images were acquired on an inverted wide field Zeiss microscope (Zeiss 

AxioObserver.Z1) equipped with an incubator chamber (37 ºC and 5% CO2) was used. A 

63X water immersion objective, NA 1.33 was used. QuantEM 512SC camera (Photometrics) 

was used with no binning. Time-lapse images were taken in GFP channel (Filter Set 38HE, 

item number 489038-9901-000, Carl Zeiss, Inc) at 5 minute intervals for 12 hours. 

DECMA-1 antibody (Sigma-Aldrich) was used at 100μg/mL following calcium repletion.
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Immunofluorescence and imaging

Cells were fixed at room temperature in 4% (w/v) paraformaldehyde in 1XPBS (pH 7.2) for 

20 minutes. 0.5% Triton-X was used to permeablize the cells for 1 minute at room 

temperature. Followed by blocking in 1% (w/v) BSA, cells were incubated in mouse 

monoclonal anti-E-cadherin primary antibody (1:200 dilution in blocking solution, BD 

Biosciences, #610181) overnight at 4°C. Cells were then incubated with goat anti-mouse 

Cy5 (Life Technologies) conjugated secondary antibody (1:1000 dilution in blocking 

solution, Life Technologies) for 1½ hours at room temperature. Rhodamine-Phalloidin (1:40 

dilution in 1X PBS, Life technologies) was used to stain F-actin for 40 minutes at room 

temperature. DAPI or Hoechst 33342 was used to stain the nucleus following which 

coverslips were mounted using Prolong® Gold (Life Technologies). Images were acquired 

using a Zeiss AxioObserver.Z1 microscope and a 63X oil immersion lens (NA 1.4). Z-stacks 

were acquired using QuantEM 512SC camera (Photometrics) or Cool Snap HQ2 

(Photometrics) at a Z-depth of 240μm per slice.

Image processing and quantitative analysis

Images were processed using the Zeiss AxioVision 4.8.2 Deconvolution algorithm with the 

following parameters – Autolinear normalization, Noise regularization: Manual Strength – 6 

and Constrained Iterative deconvolution. Processed images were exported into Volocity® 6.1 

(PerkinElmer). Two distinct cellular compartments – cell periphery and the cytoplasm 

(interior of the cell excluding the periphery and the nucleus) were defined using the ROI tool 

and the Pearson’s Correlation Coefficient (for E-cadherin and F-actin) was computed using 

the object co-localization tool. The data for all the cells was analyzed using MATLAB and 

graphed using GraphPad Prism 5 software.

In vitro permeability assay

MDCK cells expressing Δ3′UTR β-actin were plated at 700,000 cells per Transwell® 

support (0.4μm pore size, Corning) in a 6 well plate and incubated for 48 hours. A calcium 

switch was performed as described above and 5mg/mL of 3000MW TRICT-dextran was 

added in 1, 2, 3 or 4 hours after calcium repletion in the top compartment for 2 hours. 200 μl 

samples were taken from the top and bottom compartments and fluorescence intensity was 

measured using a GloMax plate reader (Promega). The ratio of the fluorescence intensities 

in the bottom and top compartments was taken. The contribution of TRITC-dextran in the 

bottom chamber was used as a proxy to assess the barrier functionality of a monolayer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MDCK cells with partially mislocalized β-actin translation show adherens junction 
defects measured using Fluorescence Covariance Index
(A) MDCK cells with proper localization of β-actin translation (expressing full length β-

actin mRNA) fixed at steady state and immunostained for F-actin (Green), E-cadherin (Red), 

and Nucleus (Blue). Stress fibers are visible in the basal compartment, while E-cadherin and 

F-actin co-stain cell-cell interfaces in the apical and basal compartments. (B) MDCK cells 

with partially mislocalized β-actin translation (expressing Δ3′UTR β-actin mRNA) fixed at 

steady state and stained for F-actin (Green), E-cadherin (Red) and Nucleus (Blue). Lamellar 

overlap from neighboring cells is visible in the basal compartment although E-cadherin and 

F-actin still stain the cell-cell interfaces. Scale bars = 10μm. Dotted lines indicate cell 

boundaries and * indicates nucleus of individual cells. ΔZ represents the distance between 

the apical and basal planes in μm. Cells that properly localize β-actin translation (expressing 

full length β-actin mRNA) are taller than those with partially mislocalized β-actin translation 

(expressing Δ3′UTR β-actin mRNA), indicating defects in apical lifting in these cells. (C) 

Frequency distributions of FCI values for E-cadherin and F-actin for cells fixed in steady 

state (expressing full length β-actin expressing cells N = 29 cells and Δ3′UTR β-actin 

expressing cells N= 314 cells). Bin size = 0.3. Red box indicates the proportion of cells with 

high FCI values. (D) Percentage of TRITC-Dextran in the bottom compartment in an in vitro 
permeability assay for MDCK cells in steady state with and without partial defects in 

localizing β-actin translation. Bars represent Mean ± S.E.M.
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Figure 2. Inhibiting dynamin mediated endocytosis with 80μM dynasore rescues the adherens 
junction assembly defects caused by partially mislocalizing β-actin translation
(A) MDCK cells with partially mislocalized β-actin translation (expressing Δ3′UTR β-actin 

mRNA) fixed 3 hours after calcium repletion with DMSO (0.5% v/v) and immunostained 

for F-actin (Green), E-cadherin (Red), and Nucleus (Blue). (B) Change in PCC values for F-

actin and E-cadherin in the periphery and the cytoplasm measured for cells with partially 

mislocalized β-actin translation (expressing Δ3′UTR β-actin mRNA) fixed 1, 2 and 3 hours 

after calcium repletion with DMSO (0.5% v/v). Points represent Mean ± SEM. Note 3 hours 

after calcium repletion PCC values in the periphery do not increase while PCC values in the 

cytoplasm increase due to lamellar overlap from neighboring cells. (C) Mean FCI values. 

Bars represent Mean ± 95% C.I. One-way ANOVA result: p value < 0.0001. Tukey’s post-

hoc multiple comparison test results with * p < 0.05, *** p < 0.0001 are indicated on the 

graph. (D) MDCK cells with partially mislocalized β-actin translation (expressing Δ3′UTR 

β-actin mRNA) fixed 3 hours after calcium repletion with 80μM dynasore and 

immunostained for F-actin (Green), E-cadherin (Red), and Nucleus (Blue). (A, D) Scale bars 
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= 10μm. Dotted lines indicate cell boundaries and * indicates nucleus of individual cells. ΔZ 

represents the distance between the apical and basal planes in μm. Note the lamellar overlap 

of cells treated with 0.5% v/v DMSO. Cells treated with 80μM dynasore show no such 

overlap. (E) Change in PCC values for F-actin and E-cadherin in the periphery and the 

cytoplasm measured for cells with partially mislocalized β-actin translation (expressing 

Δ3′UTR β-actin mRNA) fixed 1, 2 and 3 hours after calcium repletion with 80μM dynasore. 

Points represent Mean ± SEM. Note 3 hours after calcium repletion PCC values in the 

periphery increase while PCC values in the cytoplasm remains low. (F) Mean FCI values. 

Bars represent Mean ± 95% C.I. One-way ANOVA result: p value < 0.0001. Tukey’s post-

hoc multiple comparison test results with *** p < 0.0001 are indicated on the graph. (G) 

Frequency plots for high FCI values of F-actin and E-cadherin in cells with partially 

mislocalized β-actin translation (expressing Δ3′UTR β-actin mRNA) following calcium 

repletion with DMSO (0.5% v/v). 1 hour (N = 97); 2 hours (N = 229); 3 hours (N = 192). 

Bin size = 0.3. Note 3 hours after calcium repletion with DMSO the proportion of cells with 

high FCI values decreases. (H) Frequency plots for high FCI values of E-cadherin and F-

actin in cells with partially mislocalized β-actin translation (expressing Δ3′UTR β-actin 

mRNA) following calcium repletion with 80μM dynasore. 1 hour (N = 201); 2 hours (N = 

147); 3 hours (N = 112). Bin size = 0.3. Note 3 hours after calcium repletion with 80μM 

dynasore the proportion of cells with high FCI values is maintained indicating adherens 

junction recovery. (I) Percentage of TRITC-Dextran in the bottom compartment in an in 
vitro permeability assay for MDCK cells with partially mislocalized β-actin translation in 

steady state (expressing Δ3′UTR β-actin mRNA), treated with DMSO or 80μM dynasore. 

The bars represent values for cells with partially mislocalized β-actin translation (expressing 

Δ3′ UTR β-actin mRNA) relative to cells without any defects in localizing β-actin translation 

(expressing full length β-actin mRNA). Note treating cells with partially mislocalized β-actin 

translation with 80μM dynasore rescues the barrier integrity defect.
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Figure 3. Completely mislocalizing β-actin translation blocks adherens junction assembly even 
with endocytosis inhibition
MDCK cells with partially mislocalized β-actin translation (expressing Δ3′UTR β-actin 

mRNA) were pretreated with β-actin mRNA zipcode antisense oligonucleotides and fixed 3 

hours after calcium repletion with: (A) DMSO (0.5% v/v) or (B) 80μM dynasore; and 

immunostained for F-actin (Green), E-cadherin (Red), and Nucleus (Blue). Scale bars = 

10μm. Dotted lines indicate cell boundaries and * indicates nucleus of individual cells. ΔZ 

represents the distance between the apical and basal planes in μm. Note the lamellar overlap 

in the cells seen in the basal compartment. (C) Mean FCI values. Bars represent Mean 

± 95% C.I. One-way ANOVA results for Dynasore with β-actin mRNA zipcode antisense 

oligonucleotides treatment indicates no significant difference with time in FCI values. 

Cruz et al. Page 16

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Unpaired Student t test indicates no significant variation between Dynasore with antisense 

oligonucleotides and DMSO with antisense oligonucleotides treatment 3 hours following 

calcium repletion. (D) Frequency distribution of FCI values for E-cadherin and F-actin 

following calcium repletion with either Dynasore (1 hour N = 29; 2 hours N = 29; 3 hours N 

= 28) or DMSO treatment (3 hours N = 22). Bin size = 0.3. Note the proportion of cells with 

high FCI values remains very low during calcium repletion. (E) Percentage of TRITC-

Dextran in the bottom compartment in an in vitro permeability assay following calcium 

repletion for cells with partially mislocalized β-actin translation (expressing Δ3′UTR β-actin 

mRNA) and pretreated with β-actin mRNA zipcode antisense oligonucleotides as well as 

80μM Dynasore following calcium repletion. The bars are relative to values for cells without 

any defects in localization of β-actin translation (expressing full length β-actin mRNA). Note 

barrier integrity fails to recover following calcium repletion upon a more complete 

mislocalization of β-actin translation with zipcode antisense oligonucleotides.
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Figure 4. Blocking endocytosis and E-cadherin function are both required for rescuing adherens 
junction assembly in cells with partially mislocalized β-actin translation
Montage of MDCK cells with partially mislocalized β-actin translation (expressing Δ3′UTR 

β-actin mRNA that encodes an eGFP-fusion tag), following calcium repletion. Cells were 

treated with: (A) 0.5% (v/v) DMSO or (B) 80μM Dynasore or (C) 80μM DMSO 

+ 100μg/mL DECMA-1, following calcium repletion. Time is indicated as duration post 

initial contact (hh:mm). L is an estimate of contact length and ΔL represents the increase in 

length with respect to the previous frame. Arrows point to expanding contacts. Note in cells 

treated with DMSO, there is overlap of neighboring cells while in cells treated with 80μM 

dynasore, contact expansion is followed by retraction of the protrusion (dotted line). 

Treating cells with DECMA-1 completely abolishes contact expansion as seen by the lack of 

continued expansion of the filamentous actin along the cell-cell interface. The data 

represents qualitative assessment of retraction followed by contact expansion upon inhibition 
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of endocytosis in cells expressing Δ3′UTR β-actin mRNA following calcium repletion. 

Three independent experiments were performed for each condition in A, B and two 

independent experiments for C.
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Figure 5. Actin mediated E-cadherin clustering and E-cadherin endocytosis balance each other 
during adherens junction assembly
Schematic showing the three stages of de novo adherens junction assembly – contact 

initiation, contact expansion and junction maturation. Contact initiation is characterized by 

branched actin network at the leading edge of the cells. E-cadherin clustering mediates actin 

filament remodeling from branched array to linear filaments which anchor adherens 

junctions complexes, leading to the contact expansion phase. This is followed by an 

inhibition of protrusive activity and junction maturation. Endocytosis acts to remove E-

cadherin-catenin complexes that are not actin anchored during contact expansion thus 

contributing negatively to contact expansion. The actin driven clustering supersedes 

endocytosis mediated removal of E-cadherin at the cell surface to drive adherens junction 

assembly.
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