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ABSTRACT

Epithelial cell-cell contact stimulates actin cytoskeleton remodeling to down-regulate branched filament polymerization-driven
lamellar protrusion and subsequently to assemble linear actin filaments required for E-cadherin anchoring during adherens
junction complex assembly. In this manuscript, we demonstrate that de novo protein synthesis, the β-actin 3′ UTR, and the β-
actin mRNA zipcode are required for epithelial adherens junction complex assembly but not maintenance. Specifically, we
demonstrate that perturbing cell-cell contact-localized β-actin monomer synthesis causes epithelial adherens junction
assembly defects. Consequently, inhibiting β-actin mRNA zipcode/ZBP1 interactions with β-actin mRNA zipcode antisense
oligonucleotides, to intentionally delocalize β-actin monomer synthesis, is sufficient to perturb adherens junction assembly
following epithelial cell-cell contact. Additionally, we demonstrate active RhoA, the signal required to drive zipcode-mediated
β-actin mRNA targeting, is localized at epithelial cell-cell contact sites in a β-actin mRNA zipcode-dependent manner.
Moreover, chemically inhibiting Src kinase activity prevents the local stimulation of β-actin monomer synthesis at cell-cell
contact sites while inhibiting epithelial adherens junction assembly. Together, these data demonstrate that epithelial cell-cell
contact stimulates β-actin mRNA zipcode-mediated monomer synthesis to spatially regulate actin filament remodeling, thereby
controlling adherens junction assembly to modulate cell and tissue adhesion.

Keywords: RhoA and Src signaling; actin cytoskeleton regulation; actin mRNA zipcodes; adherens junction assembly; translation
regulation

INTRODUCTION

Epithelial cell-cell adhesion is important in multicellular
organisms for normal tissue homeostasis during adulthood
and to establish tissue boundaries during embryonic develop-
ment. Throughout an organism’s life, its epithelial tissues bal-
ance dynamic cell rearrangement with barrier maintenance.
Epithelial adherens junction complex assembly/disassembly
dynamically modulates cell-cell adhesion by regulating the
recruitment and anchoring of multiprotein cadherin/catenin
adhesion complexes to contact localized actin filaments. In
fact, epithelial cell-cell contact simulates numerous signal
transduction pathways to coordinate cadherin/catenin com-
plex assembly and anchoring to actin filaments, leading to
adherens junction assembly and cell adhesion (Braga et al.
1997; McLachlan et al. 2007; Yamada and Nelson 2007;
Harris and Tepass 2010).
Epithelial adherens junction assembly occurs in three stag-

es: contact initiation, contact expansion, and junction matu-

ration. During all the stages of adherens junction assembly,
cadherin/catenin complexes accumulate in close proximity
to actin cytoskeleton remodeling sites. For example, E-cad-
herin directly regulates actin filament polymerization during
the contact initiation stage of epithelial adherens junction as-
sembly by binding and localizing Arp2/3 complexes to cell-
cell contact sites (Kovacs et al. 2002b). Also during the contact
initiation stage of adherens junction assembly, post-trans-
lationally arginylated-β-actin monomers polymerize into
branched filament arrays driving lamellar protrusion in areas
with high concentrations of activated Arp2/3 complexes
(Kovacs et al. 2002a; Karakozova et al. 2006; Saha et al.
2010). Thereafter, E-cadherin homophilic interactions stimu-
late accumulation of other actin-binding proteins includ-
ing formin, mDia, and Ena/Vasp to the contact zone, where
they stimulate linear filament polymerization to drive contact
expansion (Sahai and Marshall 2002; Kobielak et al. 2004;
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Scott et al. 2006; Carramusa et al. 2007). Thus, E-cadherin
adherens junction complexes direct actin cytoskeleton re-
modeling by coordinating actin-binding protein accumula-
tion at cell-cell contact sites. Moreover, during the contact
expansion stage of adherens junction assembly, E-cadherin/
α-catenin adherens junction complex anchoring to the newly
remodeled actin cytoskeleton increases α-catenin levels local-
ly, inactivating Arp2/3 complex activity and consequently
branched actin filament polymerization. Therefore, in addi-
tion to their “traditional” role in cell adhesion, adherens junc-
tion complex proteins at cell-cell contact sites also stimulate
branched filament disassembly to inhibit lamellar protrusion
and establish favorable conditions for contact expansion
(Drees et al. 2005).

Dynamic actin filament remodeling, therefore, regulates
the transition from contact initiation to contact expansion.
Consequently, actin filament polymerization inhibitors per-
turb cell-cell adhesion (Jaffe et al. 1990; Angres et al. 1996).
In fact, directed actin filament polymerization is a well-estab-
lished force driving epithelial cell-cell adhesion (Vasioukhin
et al. 2000). During the contact expansion stage of epithelial
adherens junction assembly, linear actin filaments, E-cad-
herin, and β-catenin colocalize at cell-cell contact sites in nu-
merous cell types (Gloushankova et al. 1997; Zhang et al. 2005;
Rodriguez et al. 2006; Cavey et al. 2008). Importantly, actin
filament polymerization is spatially regulated by controlling
the location of β-actin monomer synthesis (Shestakova et al.
2001; Rodriguez et al. 2006, 2008; Yao et al. 2006).

A 28-nt sequence in the 3′ untranslated region (UTR) of β-
actinmRNA, called the zipcode, is the cis element used to spa-
tially regulate β-actin monomer synthesis (Rodriguez et al.
2006, 2008). The trans factor, Zipcode Binding Protein-1
(ZBP1), binds this zipcode sequence to inhibit mRNA trans-
lation during transport through the cytoplasm (Huttelmaier
et al. 2005). Active RhoA is the signal required to localize the
translationally repressed β-actin mRNA to the cell periphery
(Latham et al. 2001). Subsequently, β-actinmonomer synthe-
sis is initiated at the appropriate cytoplasmic location by
relieving translation inhibition via Src-mediated phosphory-
lation of ZBP1 (Huttelmaier et al. 2005). As a result, adherens
junction assembly in N-cadherin expressing myoblast cells
is impaired when β-actin monomer synthesis is delocalized
by β-actin mRNA zipcode deletion (Rodriguez et al. 2006).
These data demonstrate that cell-cell contact initiates 3′

UTR–dependent β-actin monomer synthesis to stimulate
cadherin accumulation and anchoring at cell-cell contact
sites. However, the specific role of the β-actin mRNA zipcode
following epithelial cell-cell contact has yet to be investigated.

In this report, we demonstrate that de novo protein synthe-
sis, the β-actin 3′ UTR, and the β-actin mRNA zipcode are all
required for epithelial adherens junction assembly but not
maintenance. Mechanistically, we demonstrate that the β-ac-
tin 3′ UTR and, more specifically, the β-actin mRNA zipcode
sequence regulate the spatial distribution of β-actinmonomer
synthesis to locally increase β-actin monomer levels, thereby

stimulating filament polymerization and adherens junction
complex assembly at epithelial cell-cell contact sites. Ad-
ditionally, we demonstrate that the localization of the active
RhoA signal, required for zipcode mRNA targeting to cell-
cell contact sites, itself requires expression of β-actin mRNA
with a functional zipcode sequence. Moreover, we demon-
strate active Src, whose kinase activity is required to relieve
ZBP1-mediated translation inhibition, is required to stimu-
late epithelial cell-cell contact site-localized β-actinmonomer
synthesis and adherens junction assembly. These results es-
tablish a key role for the β-actin mRNA zipcode in spatially
regulating β-actin monomer synthesis, to organize localized
actin filament polymerization and control epithelial adherens
junction assembly.

RESULTS

The β-actin mRNA 3′ UTR is required for epithelial
adherens junction complex assembly

Previously, we demonstrated that deleting the β-actin mRNA
3′ UTR in a TC-GFP-β-actin reporter delocalizes β-actin
monomer synthesis and perturbs myoblast adherens junc-
tion complex assembly (Rodriguez et al. 2006). To investigate
the extent to which the β-actin mRNA 3′ UTR is required
for epithelial adherens junction assembly, we generated stable
MDCK cell lines expressing TC-GFP-β-actin with or without
the β-actin 3′ UTR and investigated junction assembly using
the Ca2+ switch method (Fig. 1). At steady state, MDCK cells
expressing full-length TC-GFP-β-actin assemble a confluent
monolayer with strong E-cadherin/F-actin/β-actin colocali-
zation observed at cell-cell contact sites (Fig. 1A, FL SS).
After 1 h in low calcium media, this confluent monolayer
disassembles, characterized by reduced E-cadherin/F-actin/
β-actin colocalization at the cell periphery (Fig. 1A, FL LC).
After switching to Ca2+-containing recovery media for 180
min, this confluent monolayer reassembles, characterized
by TC-GFP-β-actin colocalization with a subset of phalloi-
din-stained cell-cell contact-localized actin filaments 3 h
post-contact (Fig. 1A, FL Rec 180, cf. F-actin and β-actin).
Additionally, E-cadherin also colocalizes with TC-GFP-β-ac-
tin and, consequently, with a subset of phalloidin-stained ac-
tin filaments at cell-cell contact sites 3 h post-contact (Fig. 1A,
Rec 180, cf. E-cadherin to β-actin and F-actin). In contrast, at
steady state,MDCKcells expressing 3′UTR–deletedTC-GFP-
β-actin are unable to assemble a confluent monolayer with E-
cadherin andTC-GFP-β-actin exhibiting low levels of cell-cell
contact site colocalization (Fig. 1A, Δ3′ UTR SS). After 1 h in
low calcium media, the Δ3′ UTR β-actin MDCK cells remain
nonadherent and exhibit a rounded phenotype (Fig. 1A, Δ3′

UTR LC). After switching to Ca2+ recovery media for 180
min, MDCK cells expressing Δ3′ UTR TC-GFP-β-actin were
unable to assemble a confluent monolayer and exhibit low
levels of cell-cell contact-localized β-actin/E-cadherin coloc-
alization (Fig. 1A, Δ3′ UTR Rec 180, cf. β-actin and F-actin).
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As a consequence, in 3′ UTR–deleted TC-GFP-β-actin-ex-
pressing MDCK cells, E-cadherin does not colocalize with
cell-cell contact-localized actin filaments, reducing its accu-
mulation at the contact zone 3 h post-contact (Fig. 1A, cf.
E-cadherin to β-actin and F-actin). These data demonstrate
that the β-actin 3′ UTR is required for E-cadherin/F-actin
cell-cell contact site colocalization and, consequently, epithe-
lial adherens junction assembly 3 h post-contact.

New protein synthesis is required for epithelial
adherens junction complex assembly but not
maintenance

Since the β-actin mRNA 3′ UTR controls the spatial distribu-
tion of β-actin monomer synthesis through mRNA zipcode/
zipcode binding protein 1 (ZBP1)-regulated mRNA trans-
lation, we investigated the extent to which de novo protein
synthesis is required for epithelial adherens junction assem-
bly using the Ca2+ switch method. MDCK cells expressing
full-length TC-GFP-β-actin were Ca2+-switched, and adhe-
rens junction assembly was assessed by quantifying coloca-
lization between immunofluorescence-labeled E-cadherin
and phalloidin-labeled actin filaments (Fig. 2A). At steady

state, E-cadherin and F-actin exhibit strong colocalization at
cell-cell contact sites (Fig. 2A, SS, cf. E-cadherin and F-actin).
After 1 h in low Ca2+ media, E-cadherin and F-actin colocal-
ization is significantly reduced, and the cellular monolayer is
disrupted (Fig. 2A, LC). After 180min in Ca2+ recoverymedia
with the global translation inhibitor cycloheximide, E-cad-
herin and F-actin fail to reestablish strong colocalization at
cell-cell contacts sites, and the organization of the monolayer
remains perturbed (Fig. 2A, Rec180+Inh). In contrast, after
180 min in Ca2+ recovery media without inhibiting transla-
tion, E-cadherin and F-actin begin to reestablish strong coloc-
alization at cell-cell contact sites as the organization of the
monolayer is restored (Fig. 2A, Rec180-Inh). Significantly,
inhibiting translation with cycloheximide in steady-state
MDCK monolayers for 3 h, without first disassembling the
adherens junction complexes with low Ca2+, does not signifi-
cantly reduce E-cadherin/F-actin colocalization at cell-cell
contact sites or perturb monolayer integrity (Fig. 2A, SS
+Inh). To quantify the extent of adherens junction assem-
bly/disassembly, we derived a mathematical measure of E-
cadherin/F-actin colocalization called the asymmetry coeffi-
cient. The asymmetry coefficient is the ratio of the Pearson’s
correlation of colocalization for E-cadherin and F-actin fluo-
rescence staining at cell-cell contact sites divided by their
cytoplasmic Pearson’s correlations (Supplemental Fig. 1).
Consequently, to assess adherens junction assembly during
Ca2+ switch experiments, we divided the steady-state asym-
metry coefficient by the asymmetry coefficient 3 h post-con-
tact and multiply by 100 to derive the adherens junction
complex percent recovery (Fig. 2B,C; Supplemental Fig. 1).
As shown in Figure 2B, E-cadherin and F-actin strongly coloc-
alize at cell contact sites (AC > 1) during steady state, but this
contact-localized colocalization is lost following 1 h in low
Ca2+ media or 3 h post-contact (AC < 1) when cells are incu-
bated in Ca2+ recovery media containing translation inhibi-
tors (Fig. 2B, cf. SS, LC, and Rec+Inh). In contrast, in
epithelial cells treated with Ca2+ recovery media without
translation inhibitors, E-cadherin/F-actin colocalization re-
covers to near steady-state levels (AC > 1) 3 h post-contact
(Fig. 2B, Rec-Inh). Importantly, inhibiting global transla-
tion with cycloheximide or puromycin for 3 h in steady-
state epithelial monolayers had no significant effect on E-
cadherin/F-actin colocalization (AC > 1), demonstrating that
de novo protein synthesis is not required to maintain pre-
existing epithelial adherens junctions (Fig. 2C). These data
are summarized in Figure 2D, where the addition of trans-
lation inhibitors duringCa2+ recovery is shown to significantly
inhibit adherens junction assembly, but their addition to
steady-state epithelial monolayers has no significant effect
on the integrity of preexisting adherens junction complexes
(Fig. 2D). Incredibly, even though these data demonstrate a
vital role for new protein synthesis during epithelial adherens
junction assembly, Western blots with antibodies against
the adherens junction proteins, E-cadherin, β-catenin, and
β-actin demonstrate no significant difference in their total

FIGURE 1. β-actin monomers incorporate into filaments at cell con-
tacts in MDCK cells in a 3′ UTR–dependent manner. (A) De-convolved
single plane epifluorescence image of MDCK cells expressing full-length
β-actin GFP (green) at steady state (SS), in 1 h low Ca2+ (LC), or 3 h
post-Ca2+ switch experiment (Rec 180). F-actin was stained by
Alexa350 (blue) and E-cadherin using Cy3 (red). (B) De-convolved sin-
gle plane epifluorescence image of MDCK cells expressing Δ3′ UTR β-
actin (green) at steady state (SS), in 1 h low Ca2+ (LC), or 3 h post-Ca2+

switch experiment (Rec 180). F-actin was stained by Alexa350 (blue)
and E-cadherin using Cy3 (red). Arrows indicate the places where
puncta of β-actin GFP are incorporated into filaments along the contact.
Note asterisks, which indicate holes in the monolayer. Scale bars, 20 μm.

RNA zipcodes and adherens junction assembly

www.rnajournal.org 691



expression levels during any stages of the Ca2+ switch experi-
ment with or without translation inhibitors (Supplemental
Fig. 2). These data demonstrate that de novo protein synthesis
is specifically required for epithelial adherens junction com-
plex assembly but not maintenance and that this mechanism
does not significantly alter the total cellular levels of the
adherens junction complex proteins E-cadherin, β-catenin,
or β-actin.

The β-actin mRNA zipcode regulates epithelial
cell-cell contact-stimulated β-actin monomer
synthesis

Having established that new protein synthesis and the β-actin
mRNA 3′ UTR are required for normal epithelial adherens
junction assembly, we investigated the spatial distribution of
β-actin monomer synthesis sites in MDCK cells expressing
TC-GFP-β-actin 3 h post-contact using theCa2+ switchmeth-
od and β-actin translation site imaging (Fig. 3). In MDCK

cells expressing full-length TC-GFP-β-actin, β-actin mono-
mer synthesis is stimulated throughout the cytoplasm out
to and including cell-cell contact sites 3 h post-contact
(Fig. 3A, FL, β-actin). In contrast, deleting the β-actin 3′

UTR or masking the β-actin mRNA zipcode with β-actin zip-
code antisense oligonucleotides significantly decreases cell-
cell contact-localized β-actin monomer synthesis while in-
creasing perinuclear-localized monomer synthesis 3 h post-
contact (Fig. 3A, Δ3′ UTR β-actin and FL β-actin + β-actin
zipcode AS). Importantly, adding β-actin mRNA zipcode
antisense oligonucleotides has no effect on β-actin mRNA
transcription site activation but does reduce β-actin mRNA
reporter targeting to epithelial cell-cell contact sites (Supple-
mental Fig. 3). In fact, accumulation of GFP-β-actin at cell-
cell contact sites requires β-actin mRNA zipcode sequence
(Supplemental Fig. 4). In contrast, β-actin mRNA zipcode
sense oligonucleotides increase the number of contact local-
ized β-actin monomer synthesis sites 3 h post-contact (Fig.
3A, FL, β-actin + β-actin zipcode sense). To quantify the

FIGURE 2. De novo protein synthesis is required to assemble but notmaintain epithelial AJ complexes. (A) De-convolved epifluorescence images of a
single plane of MDCK cells at steady state (SS), cells treated with low Ca2+ media for 1 h (LC), or cells after 3 h in Ca2+-containing recovery media
without (Rec 180-Inh) or with (Rec 180-Inh) cycloheximide during Ca2+ switch experiments. F-actin (green) is stained with Alexa488-phalloidin, and
E-cadherin is stained by immunofluorescence (red), with numerous AJ complexes (yellow) observed at cell contact sites. Cycloheximide was also
applied to monolayers at steady state (SS + Inh) for 3 h. (Boxed panel) Graphs represent the asymmetry coefficient (AC) and percent recovery (%
Rec) during MDCK Ca2+switch experiments. (B) AC during Ca2+ switch experiments without translation inhibitors (gray bar) or with translation
inhibitors, cycloheximide (black bars), or puromycin (striped bars). (C) AC when translation inhibitors cycloheximide (black bars) or puromycin
(striped bars) are added to steady state MDCK monolayers without undergoing a Ca2+ switch. (D) Summary of the %Rec for the Ca2+ switch
with and without translation inhibitors, including the direct application of translation inhibitors to the steady-state monolayers. Scale bars,
20 μm. Error bars represent mean ± SEM based on five cells from three independent experiments. (∗) P < 0.05.
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difference in the number of contact localized β-actin mono-
mer synthesis sites, we performed Ca2+ switch experiments
in our MDCK cell lines and counted the number of transla-
tion sites in a fixed volume at cell-cell contacts (Fig. 3B). In
sense-treated and -untreated full-length TC-GFP-β-actin-ex-
pressing cells, there were approximately sevenfold more con-
tact localized β-actin translation sites compared to antisense-
treated full-length and Δ3′ UTR TC-GFP-β-actin-expressing
cells (Fig. 3B). Since∼20% of the β-actin expressed in our sta-
ble cell lines is from our reporter, we used the observed num-
ber of β-actin translation sites 3 h post-contact to estimate the
theoretical number of monomers synthesized per unit vol-
ume at cell-cell contact sites (Fig. 3C,D; see Materials and

Methods). These data demonstrate that
the β-actin mRNA zipcode is required
to stimulate epithelial cell-cell contact-
localized β-actin monomer synthesis 3 h
post-contact.

The β-actin mRNA zipcode is
required for epithelial adherens
junction complex assembly but not
maintenance

Having established the β-actin mRNA
3′ UTR–localized zipcode sequence is
required for cell-cell contact-stimulated
monomer synthesis, we investigated the
effects of β-actin mRNA zipcode anti-
sense oligonucleotide-induced β-actin
monomer synthesis delocalization dur-
ing epithelial adherens junction assembly
and maintenance. Adherens junction
assembly was investigated using the Ca2+

switch method, E-cadherin indirect im-
munofluorescence, GFP-β-actin fluo-
rescence, and asymmetry coefficient
analysis in TC-GFP-β-actin-expressing
MDCK cells (Fig. 4). Under normal con-
ditions, E-cadherin and β-actin colocalize
at cell-cell contact sites and within the
perinuclear cytoplasm in steady-state ep-
ithelial monolayers (Fig. 4A, FL SS). After
1 h in low Ca2+ media, the epithelial cell
monolayer is disassembled, and there is
little E-cadherin/β-actin colocalization
in the peripheral cytoplasm (Fig. 4A, FL
LC). After 180 min in Ca2+ recovery me-
dia, E-cadherin and β-actin recover their
steady-state distributions, with strong
colocalization observed at cell-cell con-
tact sites and in the perinuclear cytoplasm
within an organized epithelial monolayer
(Fig. 4A, FL Rec 180). In contrast, in the
Δ3′ UTR TC-GFP-β-actin MDCK cells

after 180 min in Ca2+ recovery media, β-actin is diffusely lo-
calized throughout the entire cytoplasm, and E-cadherin is
also diffusely localized with no obvious cell-cell contact site
localization (Fig. 4A, Δ3′ UTR Rec 180). To investigate adhe-
rens junction assembly with greater time resolution, we per-
formed Ca2+ switch experiments and asymmetry coefficient
analysis on samples fixed at various time points in the
MDCKcells expressing full-length orΔ3′UTRTC-GFP-β-ac-
tin (Fig. 4B). The full-length TC-GFP-β-actin-expressing cells
exhibit 10%of the steady-state adherens junction levels after 1
h in low Ca2+ media, then progressively assemble adherens
junctions after switching to Ca2+ recovery media, with 40%
recovery at 1 h, 75% recovery at 2.5 h, and 100% recovery

FIGURE 3. Epithelial cell-cell contact stimulates β-actin mRNA zipcode-mediated local mono-
mer synthesis. (A) De-convolved epifluorescence images of a single plane of MDCK cells after 3 h
in Ca2+ recovery media stained for de novo β-actin monomer synthesis (red) and mature GFP-β-
actin (green). Top left: Untreated MDCK cells expressing FL β-actin (FL β-actin). Bottom left:
Untreated MDCK cells expressing β-actin with a deleted 3′ UTR (Δ3′ UTR β-actin). Top right:
MDCK cells expressing FL β-actin treated with β-actin zipcode antisense oligonucleotides during
Ca2+ recovery (FL β-actin + β-actin zipcode AS). Bottom right: MDCK cells expressing FL β-actin
treated with β-actin zipcode sense oligonucleotides (FL β-actin + β-actin Sense). Arrows show cell
contact sites and arrowheads point to prominent β-actin synthesis sites near cell contact sites. (B)
Graph of the average number of β-actin monomer synthesis sites per cell contact. (C) Estimated
number of contact site-localized β-actin monomers synthesized during 3 h post-contact derived
from the number of observed β-actin monomer synthesis sites for the experiments shown in pan-
el A. (D) Western blots representing the amount of FL β-actin and Δ3′ UTR β-actin being stably
expressed in MDCK cells. Scale bars, 10 μm. Error bars represent mean ± SEM based on five cells
from three independent experiments. (∗) P < 0.001.
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by 3 h (Fig. 4B, solid bars; Supplemental Fig. 5). In contrast,
the Δ3′ UTR MDCK cells exhibit 10% recovery after 1 h in
low Ca2+ media but then remain near 10% recovery for the
next 3 h, even after the switch to Ca2+ recovery media (Fig.
4B, striped bars). Together, these data demonstrate that the
β-actin 3′ UTR is necessary to assemble epithelial adherens
junction complexes 3 h post-contact. To investigate the extent
to which the phenotype observed in the Δ3′ UTR TC-GFP-β-
actin-expressing cells is mediated by the β-actin mRNA zip-
code, we tested the effects of adding β-actin mRNA zipcode
antisense or sense oligonucleotides to Ca2+ recovery media
following epithelial cell-cell contact (Fig. 4A, FL Rec 180 +
Antisense and FL Rec 180 + Sense). Adding β-actin mRNA
zipcode antisense oligonucleotides to Ca2+ recovery media
impairs monolayer assembly and causes β-actin and E-cad-
herin to diffusely localize throughout the cytoplasm. Addi-
tionally, there is little E-cadherin/β-actin colocalization at

cell-cell contact sites, as the cells appear elongated, and areas
of the culture dish exhibit significant cellular overlap (Fig. 4A,
Rec 180 + Antisense). In contrast, adding β-actin mRNA
zipcode sense oligonucleotides to Ca2+ recovery media stim-
ulates monolayer assembly and causes β-actin and E-cadherin
to localize at cell-cell contact sites with significant levels of
colocalization observed (Fig. 4A, Rec 180 + Sense). Signifi-
cantly, wild-type MDCK cells treated with β-actin mRNA
zipcode sense, scrambled, or antisense oligonucleotides ex-
hibit similar phenotypes in terms of adherens junction assem-
bly to those observed in our TC-GFP-β-actin-expressing
MDCK cells, demonstrating the importance of spatially reg-
ulating β-actin monomer synthesis in wild-type MDCK
cells (Supplemental Fig. 6). Importantly, MDCK cells at
steady state treated with sense, scrambled, or antisense β-
actin mRNA zipcode oligonucleotides for 3 h maintain their
adherens junction complexes, demonstrating that contact-

FIGURE 4. Contact-localized β-actin monomer synthesis stimulates epithelial AJ assembly. De-convolved epifluorescence images of a single plane of
MDCK cells during a Ca2+ switch experiment with β-actin (green) labeled with GFP and E-cadherin (red) labeled by immunofluorescence. AJ com-
plexes are identified by β-actin/E-cadherin colocalization (yellow) at cell contact sites. (A) Images are of MDCK cells in a monolayer at steady state
expressing FL β-actin (FL SS), 1 h in low Ca2+ media (FL LC), and 3 h post-Ca2+ switch experiment (FL Rec 180). MDCK cells expressing Δ3′ UTR β-
actin are shown after 3 h in recovery media (Δ3′ UTR Rec 180). Additionally, MDCK cells were treated with either zipcode antisense (FL Rec 180 +
Antisense) or sense (FL Rec 180 + Sense) oligonucleotides during the recovery of a Ca2+ switch experiment. (B) Graph representing the %Rec
throughout various time points during a Ca2+ switch experiment in cells either expressing FL β-actin (solid blue) or Δ3′ UTR β-actin (striped
blue). (C) %Rec of MDCK cells expressing FL β-actin treated with antisense, sense, and scrambled oligonucleotides for 3 h at SS. Measurements
were normalized relative to untreated FL β-actin expressing cells. (D) Graph of the relative %Rec of MDCK cells treated with antisense, sense,
and scrambled oligonucleotides. This is the quantification for the phenotype observed in panel A. (E) Dose-dependent curve measuring the %Rec
relative to the concentration of zipcode-specific antisense oligonucleotides 3 h post-Ca2+ switch experiment. Scale bars, 20 μm. Error bars show
means ± SEM based on five cells in three independent experiments. (∗) P < 0.05.
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localized β-actin monomer synthesis is not required to main-
tain epithelial adherens junctions, confirming the results ob-
tained with global translation inhibitors in Figure 2 (Fig. 4C;
Supplemental Fig. 7). In contrast, treating TC-GFP-β-actin
MDCK cells with β-actin mRNA zipcode antisense oli-
gonucleotides during the Ca2+ recovery inhibits adherens
junction assembly to a similar extent as 3′UTRdeletion, while
the control scrambled and sense oligonucleotides have no
effect on junction assembly (Fig. 4A,D; Supplemental Fig.
8). Lastly, to investigate the extent to which the β-actin
mRNA zipcode regulates epithelial adherens junction assem-
bly, we determined the dose response curve for adherens
junction assembly as a function of the concentration of β-
actin mRNA zipcode antisense oligonucleotides during
Ca2+ recovery. As demonstrated in Figure 4E, increasing the
concentration of β-actin mRNA zipcode antisense oligo-
nucleotides decreases epithelial adherens junction assembly
in a dose-dependent manner. Interestingly, perturbing β-
actin mRNA zipcode function inMDCK cells significantly al-
ters their epithelial morphology, causing them to elongate.
For example, β-actin 3′ UTR deletion, masking the β-actin
mRNA zipcode, or inhibiting the signaling pathways that
drive mRNA zipcode-mediated targeting, or spatially local-
ized translation, all significantly increase the length-to-width
ratio of our MDCK cell lines (Supplemental Fig. 9). These
data demonstrate that a functional β-actin mRNA zipcode is
required to assemble but not maintain epithelial adherens
junction complexes.

The β-actin mRNA zipcode is required to
localize active RhoA, the signal driving
β-actin mRNA targeting, to epithelial
cell-cell contact sites

Typically, epithelial cells switch from contact initiation to
contact expansion in response to down-regulation of Rac1
activity and contact localization of active RhoA, the signal re-
quired for zipcode mRNA targeting. In fact, active RhoA is a
component of maturing adherens junction assembly sites.
Consequently, we investigated the effects of β-actin mRNA
zipcode antisense oligonucleotide-induced β-actin monomer
synthesis delocalization on contact-localized RhoA activity
using a FRET-based RhoA activity biosensor (Fig. 5). RhoA
activity was assessed in MDCK cells expressing a bimolecu-
lar FRET RhoA biosensor during Ca2+ switch experiments
(Fig. 5B). At steady state, active RhoA is diffusely localized
throughout the cytoplasm (Fig. 5B, SS). Following Ca2+ re-
covery, active RhoA is localized to cell-cell contact sites in
the untreated and β-actin mRNA zipcode sense oligonucleo-
tide-treated MDCK cells (Fig. 5B, Rec 280 and Rec + Sense).
In contrast, following the switch to Ca2+ recovery media con-
taining β-actin mRNA zipcode antisense oligonucleotides,
active RhoA is localized throughout the cytoplasm, failing
to significantly accumulate at cell-cell contact sites (Fig. 5B,
Rec + Antisense). Quantifying the percent of cells with active

RhoA localized to contact site plasma membranes confirms
low levels of active RhoA at cell contacts at steady state and
after 1 h in low Ca2+ media, with a progressive localization
of active RhoA to cell contact beginning at 30min andpeaking
around 4.5 h post-contact (Fig. 5C). Interestingly, comparing
the percent of cells with contact-localized active RhoA in the
β-actin mRNA zipcode sense and antisense oligonucleotide-
treated samples demonstrates delocalizing β-actin monomer
synthesis with β-actin mRNA zipcode antisense oligonucleo-
tides significantly reduces localization of active RhoA to cell-
cell contact sites (Fig. 5D). These data demonstrate that the
β-actin mRNA zipcode is required to localize the signal re-
quired for β-actin mRNA targeting, active RhoA, to cell-cell
contact sites.

FIGURE 5. Active-RhoA accumulates and persists at cell contact sites
during the contact expansion stage of epithelial AJ assembly. An inter-
molecular FRET-based RhoA biosensor was expressed in MDCK cells
to visualize the subcellular localization of active-RhoA following epi-
thelial cell contact. (A) The intermolecular FRET-based RhoA biosen-
sor consists of RhoA tagged to CFP (donor) and the amino acids 7–89
of Rhotekin fused to Ypet (acceptor). The activation-dependent bind-
ing of the donor and acceptor was visualized by sensitized-emission
FRET microscopy. (B) RhoA activity is targeted to contact site-localized
plasma membrane during cell junction formation. Under steady state
(SS) conditions in confluent epithelial cell monolayers, active-RhoA
is uniformly distributed throughout the cytoplasm. During junction as-
sembly following incubation in Ca2+ recovery media (Rec 280), active-
RhoA is targeted to regions of the plasma membrane adjacent to sites of
cell contact. MDCK cells expressing the RhoA biosensor were treated as
indicated, and RhoA activity was imaged by sensitized-emission mi-
croscopy. Sense oligonucleotides illustrated contact-localized active-
RhoA at the cell contact (Rec + Sense). Antisense oligomers targeting
β-actin zipcode mRNA prevent recruitment of active RhoA to the plas-
ma membrane (Rec + Antisense). MDCK cells expressing the RhoA
biosensor were treated as indicated, and RhoA activity was imaged be-
tween 1 and 2 h following the return to the Ca2+ recovery media. The
images were pseudocolored according to the scale to the right of the fig-
ure. Scale bars, 5 µm. Arrowheads indicate regions of active RhoA at the
plasma membrane. (C) Quantification of RhoA activity distribution
during cell junction formation. (∗) P < 0.05 vs. LC. Error bars show
means ± SEM based on a minimum of 37 cells. (D) The distribution
of RhoA activity was quantified in cells treated as indicated. (∗) P <
0.05 vs. WT sense. Error bars show means ± SEM based on a minimum
of 17 cells.
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Inhibiting the Src kinase signal required to
initiate β-actin translation delocalizes β-actin
monomer synthesis and perturbs adherens junction
assembly

During transcription, ZBP1 interacts with the β-actin mRNA
zipcode to inhibit translation prior to mRNA targeting.
Translation is initiated when ZBP1 is phosphorylated by Src,
causing dissociation of the translationally inhibited ZBP1/
β-actin mRNA complex (Huttelmaier et al. 2005). Conse-
quently, we investigated the distribution of β-actin monomer
synthesis following epithelial cell-cell contact in MDCK cells
treated with increasing concentrations of the Src inhibitor
(Fig. 6; Supplemental Fig. 10). At low concentrations of Src
inhibitor, β-actin monomer synthesis is active throughout
the cytoplasm out to and including cell-cell contact sites 3 h
post-contact (Fig. 6A, 0 nM Src Inh and 44 nM Src Inh). Con-
sequently, at low concentrations of the Src inhibitor, adherens
junction assembly proceeds normally (Fig. 6B, 0 nM Src Inh
and 44 nM Src Inh). In contrast, at higher concentrations of
the Src inhibitor, β-actin monomer synthesis is significantly
reduced, with low levels of monomer synthesis observed
throughout the cytoplasm and at cell-cell contact sites 3 h

post-contact (Fig. 6A, 88 nM Src Inh). Consequently, at high-
er concentrations of the Src inhibitor, adherens junction as-
sembly is significantly perturbed 3 h post-contact (Fig. 6B,
88 nM Src Inh). Using the number of observed translation
sites, we estimated the number of contact localized mono-
mers synthesized at cell-cell contact sites as a function of Src
inhibitor concentration. Increasing the amount of Src inhib-
itor significantly decreases the number of newly synthe-
sized monomers localized to cell-cell contact sites (Fig. 6C,
D). To assess the effects of decreasing contact-localized β-
actin monomer synthesis on adherens junction assembly,
we quantified junction assembly using E-cadherin immuno-
fluorescence and GFP-β-actin fluorescence in a Ca2+ switch
with asymmetry coefficient analysis (Fig. 6E). Quantifying
the percent recovery of E-cadherin/β-actin colocalization as
a function of the concentration of Src inhibitor shows that
adherens junction assembly requires active Src 3 h post-con-
tact (Fig. 6D). Together, these data demonstrate that active
Src controls cell-cell contact-localized β-actin monomer syn-
thesis to regulate adherens junction assembly.

DISCUSSION

The β-actin mRNA 3′ UTR and
zipcode sequence regulate epithelial
adherens junction assembly
but not maintenance

The β-actin mRNA zipcode is a 3′ UTR–
localized sequence responsible for reg-
ulating mRNA targeting and monomer
synthesis through reversible binding to
the translation inhibitor ZBP1 (Kislaus-
kis et al. 1994; Huttelmaier et al. 2005;
Rodriguez et al. 2006). Translationally
inhibited zipcode-containing mRNAs lo-
calize to the peripheral cytoplasm in re-
sponse to active RhoA (Latham et al.
2001). Localized translation is initiated
by Src-mediated phosphorylation of
ZBP1, causing mRNA/ZBP1 complex
dissociation (Huttelmaier et al. 2005).
Interestingly, the mRNAs for the adhe-
rens junction proteins, E-cadherin,β-cat-
enin, andβ-actin containputative zipcode
sequences indicating adherens junc-
tion complex assembly may be regulated
by spatially regulated protein synthesis
(Rodriguez et al. 2008). In fact, ZBP1
pull-down assays confirm interactions
between this translation regulator and
the adherens junction mRNAs E-cad-
herin, β-catenin, and β-actin (Gu et al.
2009). Consequently, we investigated the
roles of de novo protein synthesis, the β-

FIGURE 6. Inhibiting Src activity decreases contact-localized β-actin monomer synthesis to
perturb epithelial adherens junction assembly. (A) De-convolved epifluorescence images of
MDCK cells 3 h after the return to Ca2+ recovery media without (0 nM Src Inh) or with (44
nM Src Inh and 88 nM Src Inh) Src-1 inhibitor. β-actin monomer synthesis sites are in red
and mature β-actin is in green. Scale bars, 10 μm. (B) De-convolved epifluorescence images
of MDCK cells 3 h post-Ca2+ experiment illustrating β-actin (green) and E-cadherin (red) with-
out (0 nM Src Inh) or with (44 nM Src Inh or 88 nM Src Inh) Src-1 inhibitor. Scale bars, 20 μm.
(C) Graph of the average number of β-actin monomer synthesis sites per cell contact. (D) Dose-
dependent curve shows the effects of increased concentrations of Src-1 inhibitor on the estimat-
ed number of contact-localized β-actin monomers. Scale bars, 10 μm. (E) Dose-dependent curve
showing the relationship between increased Src-1 inhibitor on the %Rec of MDCKmonolayer in
3 h after a Ca2+ experiment. Error bars mean ± SEM based on five cells in three independent
experiments. (∗) P < 0.05.
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actin 3′ UTR, and the β-actinmRNA zipcode sequence during
epithelial adherens junction complex assembly and mainte-
nance. Importantly, inhibiting translationwith cycloheximide
or puromycin, deleting the β-actin 3′UTR, ormasking β-actin
mRNA zipcode/ZBP1 binding with β-actin mRNA zipcode
antisense oligonucleotides all significantly inhibit de novo
epithelial adherens junction assembly. In fact, β-actin
mRNA zipcode antisense oligonucleotides inhibit adherens
junction assembly in a dose-dependent manner, demonstrat-
ing that the β-actinmRNAzipcode can control adherens junc-
tion complex assembly following epithelial cell contact. In
contrast, inhibiting translation with cycloheximide or puro-
mycin or masking β-actin mRNA zipcode/ZBP1 binding
withβ-actin zipcode antisense oligonucleotides in steady-state
monolayers has no immediate effect on adherens junction
complex maintenance. These data demonstrate that the β-ac-
tinmRNA zipcode is required for epithelial adherens junction
assembly but not maintenance. Interestingly, E-cadherin
siRNA knockdown (another zipcode-containing mRNA)
does not cause disassembly of established adherens junction
complexes but does prevent denovoadherens junction assem-
bly, demonstrating that E-cadherin expression is also required
for epithelial adherens junction assembly but not mainte-
nance (Capaldo andMacara 2007). Together, these data dem-
onstrate a critical role for zipcode-containing mRNAs during
epithelial adherens junction assembly but not maintenance.

The β-actin mRNA zipcode mediates spatially
localized β-actin monomer synthesis to locally
regulate β-actin filament polymerization at cell-cell
contact sites

As discussed above, the β-actin mRNA zipcode is required
for contact-localized β-actin monomer synthesis (Rodriguez
et al. 2006). Consequently, we determined the spatial dis-
tribution of β-actin monomer synthesis in untreated full-
length TC-GFP-β-actin, β-actin mRNA zipcode antisense ol-
igonucleotide-treated full-length TC-GFP-β-actin, β-actin
mRNA zipcode sense oligonucleotide-treated full-length
TC-GFP-β-actin, and Δ3′ UTR TC-GFP-β-actin-express-
ing MDCK cells. Incredibly, the untreated and sense-treated
cells exhibited significant levels of cell-cell contact-localized
β-actinmonomer synthesis 3hpost-contact. In contrast,β-ac-
tin mRNA zipcode antisense oligonucleotide-treated and Δ3′

UTR β-actin-expressing cells exhibit significant increases in
the level of perinuclear localized β-actin monomer synthesis
and significant decreases in cell-cell contact-localized mono-
mer synthesis 3 h post-contact. Extrapolating the observed
levels of β-actin monomer synthesis over the 3-h recovery
period demonstrates that untreated full-length β-actin ex-
pressing- (∼85 monomers/µm3) and β-actin mRNA zip-
code sense oligonucleotide-treated (∼100 monomers/µm3)
MDCK cells can synthesize sufficient β-actin to exceed the
critical concentration for actin filament polymerization
from barbed ends (61 monomers/µm3) (Bonder et al. 1983).

In contrast, β-actin mRNA zipcode antisense oligonucleo-
tide-treated (∼5 monomers/µm3) and Δ3′ UTR β-actin-
expressing (∼15 monomers/µm3) MDCK cells do not
synthesize sufficient β-actin to exceed the critical concentra-
tion for actin filament polymerization from barbed ends.
Consequently, linear actin filament assembly at cell-cell con-
tact sites is high in the untreated full-lengthβ-actin-expressing
and sense-treated full-length β-actin-expressing MDCK cells
and low in the antisense-treated full-lengthβ-actin-expressing
andΔ3′ UTR β-actin expressingMDCK cells. Taken together,
these data demonstrate that a functional β-actin mRNA zip-
code is required to synthesize sufficient spatially localized β-
actin monomers to stimulate barbed end actin filament poly-
merization at cell-cell contact sites.

Perturbing β-actin mRNA zipcode activity causes
a dominant negative epithelial adherens junction
assembly phenotype

It is well established that the extent of actin filament poly-
merization depends on the local concentration of available
monomer (Lanni and Ware 1984; Cao et al. 1993). In fact,
actin filament polymerization from barbed ends requires at
least a fivefold lower critical concentration of available mono-
mer than polymerization from pointed ends (Pollard and
Mooseker 1981; Bonder et al. 1983). The geometry of actin fil-
ament arrays is determined by the specific actin binding pro-
teins localized near polymerization sites; for example, Arp2/3
complexes stimulate branched filament array assembly, and
mDia/formin proteins stimulate linear filament array assem-
bly (Chhabra andHiggs 2007). In non-contactingmotile cells,
persistent directional movement requires β-actin mRNA zip-
code-mediated leading edge localized β-actin translation to
provide a source of available monomer and spatially localized
Arp2/3 complex activity to stimulate branched filament array
assembly to specify the direction of lamellar protrusion (Bailly
et al. 1998; Shestakova et al. 2001). In contrast, following ep-
ithelial cell-cell contact, branched actin filament arrays are
disassembled by α-catenin-mediated inhibition of Arp2/3
complex activity, significantly decreasing lamellar protrusion
(Drees et al. 2005). Subsequently, linear actin filament arrays
are assembled as a result of mDia and/or formin activity, pro-
viding the cytoskeletal scaffold for E-cadherin anchoring at
cell-cell contact sites required for adherens junction assembly
(Sahai and Marshall 2002; Kobielak et al. 2004). Also, chem-
ically perturbing actin filament polymerization properties
with cytochalasins potently inhibits adherens junction assem-
bly in contacting epithelial cells (Vasioukhin et al. 2000).
Consequently, the amount and types of actin filament arrays
assembled is determined by the local availability of actin
monomer coupled to the spatial and temporal regulation of
actin binding protein activity.
The importance of spatially regulating β-actin monomer

availability following epithelial cell-cell contact is illustrated
by the dominant negative adherens junction assembly
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phenotype observed in ourΔ3′UTR β-actin reporter-express-
ingMDCK cells. This cell line expresses β-actin at similar lev-
els as wild-type and full-length β-actin-expressing MDCK
cells since the reporters contain the endogenous β-actin pro-
moter and, therefore, are subject to the endogenous feedback
inhibition pathway that controls the total β-actin transcript
number in living cells (Ballestrem et al. 1998). We estimate
that ∼20% of the β-actin transcribed in our Δ3′ UTR β-actin
MDCK cell line lacks the β-actin zipcode mislocalizing their
monomer synthesis sites to the perinuclear cytoplasm, with
the remaining 80% of zipcode-containing transcripts main-
taining their cell-cell contact-localized synthesis (Fig. 3). As
a result, the final level of cell-cell contact site-localized β-actin
monomer synthesis is significantly lower in theΔ3′UTR β-ac-
tin cells. As a consequence of lowering the level of cell-cell
contact site-localized β-actin monomer synthesis, the total
amount of available monomer at these sites decreases. This
decrease in available monomer perturbs the timely assembly
of linear actin filament arrays, and consequently, E-cadherin
anchoring causing a dominant negative phenotype in terms of
adherens junction assembly. In fact, we can recapitulate this
dominant negative adherens junction assembly phenotype
by inhibiting β-actin mRNA zipcode/ZBP1 interaction with
β-actin mRNA zipcode antisense oligonucleotides. As seen
in Figure 4, increasing the concentration of β-actin mRNA
zipcode antisense oligonucleotides reduces adherens junction
assembly in a dose-dependent manner. As a consequence, in-
creasing the concentration of β-actin mRNA zipcode anti-
sense oligonucleotides decreases the amount of monomer
available at the contact site, slowing the rate of barbed end po-
lymerization. This lowers the levels of linear actin filament ar-
ray assembly at cell-cell contact sites, causing the observed
adherens junction assembly defects (Fig. 4). Thus, we hypo-
thesize that the function of the β-actinmRNA zipcode in con-
tacting epithelial cells is to spatially localize β-actin monomer
synthesis at cell-cell contact sites to establish and sustain the
driving force for linear actin filament array assembly required
for E-cadherin anchoring and epithelial adherens junction
assembly.

The signaling pathways that target and regulate
the translation of zipcode mRNAs are required
for epithelial adherens junction assembly

As discussed previously, contact localization of active RhoA
is required to target zipcode mRNAs to the cell periphery,
and active Src is required to initiate translation of the targeted
mRNAs (Latham et al. 2001; Huttelmaier et al. 2005). In fact,
assessing the distribution of active RhoA using a FRET-based
biosensor demonstrates active RhoA localized to cell-cell con-
tact sites in untreated full-length TC-GFP-β-actin-expressing
MDCK cells post-contact. Importantly, there is very little ac-
tive RhoA localized to cell-cell contact sites in steady state
MDCK cells and in antisense-treated full-length TC-GFP-β-
actin-expressing cells post-contact. In contrast, there is strong

localization of active RhoA to cell-cell contact sites in sense-
treated full-length TC-GFP-β-actin-expressing MDCK cells
post-contact. Moreover, the percentage of cells with cell-cell
contact-localized active RhoA steadily increases post-contact.
Incredibly, there is a significant decrease in the percentage
of cells with cell-cell contact-localized active RhoA when
MDCK cells treated with antisense oligonucleotides are com-
pared to cells treated with sense oligonucleotides post-contact
(Fig. 5). Together, these data demonstrate that the β-actin
mRNA zipocode is required to localize the signal required
for targeting zipcode-containing mRNAs to cell-cell contact
sites during adherens junction assembly. Importantly, the ac-
tive Src signal required to initiate translation of zipcode-
containing mRNAs regulates adherens junction assembly.
Low concentrations of Src inhibitor cause a significant de-
crease in the amount of cell-cell contact-localized β-actin
monomer synthesis. In contrast, high concentrations of
Src inhibitor strongly inhibit β-actin monomer synthesis
throughout the entire cytoplasm. Incredibly, the decrease in
cell-cell contact-localized β-actin translation inversely corre-
lates with epithelial adherens junction assembly, with signi-
ficant junction assembly observed in the presence of low
concentrations of Src inhibitor and progressively fewer junc-
tions assembled in the presence of high concentrations of
Src inhibitor (Fig. 6). Taken together, these data demonstrate
that active Src is required to locally initiate β-actin monomer
synthesis at cell-cell contact sites and increase the available β-
actinmonomer concentration to stimulate filament polymer-
ization and adherens junction assembly.

The β-actin mRNA zipcode integrates the RhoA
and Src signaling pathways to spatially regulate
actin cytoskeleton remodeling and stimulate
epithelial adherens junction assembly

Epithelial adherens junction assembly requires E-cadherin-
mediated actin filament remodeling from branched to linear
filaments to decrease membrane protrusion and stabilize na-
scent junction complexes (Drees et al. 2005). A significant
proportion of β-actin protein at the leading lamella prior
to cell-cell contact and adherens junction assembly is post-
translationally arginylated, preventing tight packing and con-
sequently favoring branched filament polymerization (Kara-
kozova et al. 2006). In contrast, linear actin filaments,
required to stabilize and anchor adherens junction complex-
es, are assembled from nonarginylated β-actin monomers
(Saha et al. 2010). Consequently, we hypothesize that the
monomer required for linear actin filament polymerization
at cell contact sites during adherens junction assembly are
products of locally translated β-actin. Intriguingly, we observe
GFP-β-actin hotspots in close proximity to β-actin monomer
synthesis sites post-contact. In fact, masking β-actin mRNA
zipcode/ZBP1 interaction with β-actin mRNA zipcode anti-
sense oligonucleotides in fibroblast cells is sufficient to deloc-
alize actin filament polymerization sites (Shestakova et al.
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2001). Interestingly, the critical concentration for barbed end
actin filament polymerization when converted to number of
monomers per unit volume is 61 monomers/µm3 (Bonder
et al. 1983). Consequently, following de novo contact between
untreated full-length (∼100 monomers/µm3) or sense-treat-
ed (∼85 monomers/µm3) epithelial cells, there are sufficient
monomers to induce polymerization from the barbed end
of the filament but not from the pointed end (∼360 mono-
mers/µm3). In contrast, following de novo contact between
antisense-treated (∼5 monomers/µm3) or Δ3′ UTR– (∼15
monomers/µm3) expressing epithelial cells there are insuffi-
cient monomers to induce polymerization from either the
barbed or pointed end of the actin filament. Newly synthe-
sized nonarginylated β-actin monomers, thus, stimulate line-
ar filament polymerization to stabilize adherens junction
complex assembly at cell-cell contact sites. These results agree
with the observation that actin barbed end binding proteins
such as Ena/Vasp or mDia/formin-1 regulate linear filament
polymerization and, consequently, are required for adherens
junction assembly (Sahai and Marshall 2002; Kobielak et al.
2004; Scott et al. 2006; Carramusa et al. 2007). Interestingly,
although scrambled sequence oligonucleotides do not per-
turb adherens junction complex assembly, we observe β-actin
mRNA zipcode sense oligonucleotides increase contact-local-
izedmonomer synthesis and adherens junction assembly.We
propose this effect may be due to an antisense-sense duplex-
mediated regulation of β-actin transcript levels in cells (Rosok
and Sioud 2004). In this model, the sense oligonucleotides
sequester endogenous antisense oligonucleotides, effectively
increasing the available template mRNA available for transla-
tion. In addition to β-actin, ZBP1 associates with mRNAs
coding for other proteins of the adherens junction complex.
Notable among them are E-cadherin and β-catenin (Rodri-
guez et al. 2008; Gu et al. 2009, 2012). Consequently, we pos-
tulate mRNA zipcode/ZBP1 interactions regulate epithelial
adherens junction complex assembly by converting the sig-
nals generated by E-cadherin homophilic adhesion into
site-specific adherens junction complex protein translation.
In this report, we provide evidence demonstrating spatially
regulated β-actin monomer synthesis hardwires E-cadherin
homophilic contact-induced RhoA and Src signals into local-
ized actin filament remodeling to stimulate adherens junction
complex assembly at epithelial cell-cell contact sites.

MATERIALS AND METHODS

Plasmids and antibodies

The following antibodies were used for immunofluorescence stain-
ing: anti-E-cadherin (1:250; BD Biosciences), anti-β-catenin (1:250;
BD Biosciences), anti-α-catenin (1:250; Sigma Aldrich), anti-
Phospho-Src Tyr416 (1:50; Cell Signaling), Cy5 conjugated donkey
anti-rabbit (1:800; Jackson Laboratory), and Cy3 conjugated goat
anti-mouse (1:1000; Invitrogen). In addition, Alexa488 conjugated
phalloidin (1:40; Invitrogen) was used to stain actin filaments.

pRBD-YPet was constructed by inserting the cDNA sequence en-
coding aa 7–89 of mouse rhotekin into the EcoRI/BamHI sites of
pYPet-N1. The YPet sequence was amplified from pCEP4YPet-
MAMM (Addgene plasmid 14032) and cloned into AgeI/NotI sites
of pEYFP-N1 (Clontech), generating the pYPet-N1 (Nguyen and
Daugherty 2005). The pECFP-RhoA construct was previously de-
scribed (Picard et al. 2009).

Cell culture, transfection, and calcium switch

MDCK (Madin-Darby canine kidney) epithelial cells were cultured
inDMEMcontaining 10%FBSwith antibiotics. Cells were transfect-
ed with reporter plasmids using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s guidelines. G418 sulfate was used to
select transfected clones of the full-length- and Δ3′ UTR β-actin-ex-
pressing MDCK cell lines. For Ca2+ switching, cells were plated on
glass coverslips until an 85%–95% confluent monolayer assembled.
These monolayers were incubated with DMEM with 2–4 mM
EGTA for 1 h. To begin cell contact, the cells were returned to
Ca2+-containing DMEM for 3 h (Volberg et al. 1986).

β-actin mRNA zipcode oligonucleotide treatments

Phosphorothioate modified antisense 5′-CGCAACTAAGTCATA
GTC-3′, sense 5′-GACTATGACTTAGTTGCG-3′, and scrambled
5′-ACTGCAACGTCGTATACA-3′ oligonucleotides were added to
the cells in accordance with Shestakova et al. (2001). To determine
the dose response curve for β-actin mRNA antisense oligonucleo-
tides as a function of adherens junction assembly, MDCK cells
were treated with Ca2+ recovery media containing 2 μM, 4 μM, 8
μM, or 16 μM oligonucleotides once every 4 h for 12 h during
Ca2+ switch experiments.

Translation site imaging and quantification

MDCK cells expressing FL β-actin or Δ3′ UTR β-actin were plated at
300,000 cells per cover slip and incubated for 48 h. The cells under-
went a Ca2+ switch containing the biarsenical dye, FlAsH, for 1 h (2
mM EGTA, 0.9 μM FlAsH, 12.5 μM stain stock, in Reduced Media
OptiMEM). Staining stock is 11.9 mM EDT2 in DMSO. After 1 h
in low Ca2+ media with FlAsH, the cells were washed three times
for 5min each with 1× PBS, pH 7.4, then returned to recovery media
(DMEM containing high glucose, 1% pen/strep, and 10% FBS) for
2.5 h. Recovery was followed by treatment in a chase solution (1
μM ReAsH, 12.5 μM stain stock, 100 μg/mL cycloheximide, and
DMEM) for 30 min. Cells were then de-stained for 10 min at 37°C
with de-staining solution (600 μM de-stain stock and Reduced
Media OptiMEM). De-stain stock is 9.9 µM of BAL (2,3-dimercap-
topropanol) in DMSO. They werewashed three times for 5min each
with 1× PBS, pH 7.4 and fixed with paraformaldehyde in 1× PBS, pH
7.4 for 20 min. As a control to show these were, indeed, translation
sites, 200 μg/mL of puromycin was added to the recovery media. If
using antisense, sense, or scrambled, cells were kept in media con-
taining the oligonucleotide until ready for fixation. For Src inhibitor
experiments, the cells were treated with Src-1 inhibitor (Sigma) at
various concentrations (11 nM, 22 nM, 44 nM, 66 nM, 88 nM, or
110 nM) after the switch into regular media and kept in the inhibitor
until fixation. Contact-localized translation sites were determined by
drawing a ROI from the cell contact until 5 μm back. To determine
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the estimated number of translation sites and monomers/μm3, we
used the formula below:

EstimatedTS = ObservedTS × 5†,

Monomers

mm3
=

(EstimatedTS × totalNC) × 180 min

ratet

( )

660mm3
.

EstimatedTS = estimated # of translation sites in 180min of recovery,
† = accounting for endogenous β-actin as determined by Western
blot (Fig. 2D),
ObservedTS = number of translation sites counted at the contact,
totalNC = number of nascent chains from a single mRNA (Rodrig-
uez et al. 2006),
ratet = rate of translation (Rodriguez et al. 2006), and
660 μm3 = observation volume in all experiments.

Fluorescence in situ hybridization

MDCK cells expressing full-length β-actin eGFP were hybridized
with Cy5-labeled probes directed against the GFP coding sequence
(Femino et al. 2003; Rodriguez et al. 2006). Three probes antisense
to the GFP coding sequence were used: GFP-1, GGGTCTTGTA
GTTGCCGTCGTCCTTGAAGAAGATGGTGCG; GFP-2, GGCTG
TTGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTT; and GFP
-3, TCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTT
GT. Images were acquired using a Zeiss wide field AxioObserver
Z.1 microscope with a Cy5 filter set. The acquired images were pro-
cessed using the 3D de-convolution algorithm.

Image processing

Images were taken on an inverted Zeiss microscope using Axiovision
4.8.2 software (Zeiss). Using a 63× oil immersion objective, 30 slices
were taken for each slidewith a step size of 0.24 μm.For the immuno-
flourescence experiments, binning was set to 2 × 2, and the digital
gain was 2 using a Cool Snap HQ2 (Photometrics). Imaging of the
translation sites was done using a QuantEM:512SC (Photometrics)
with a gain of 300–600. De-convolution was iterative for all images,
and arrangements were done using Adobe Photoshop CS5 and
ImageJ (NIH).

Asymmetry coefficient analysis

De-convolved Z-stacks were imported into Volocity 6.0 to calculate
the Pearson’s correlation values for cells (colocalization of adheren
junction complex proteins and actin) at the various time-points of
the calcium switch. Free-hand drawn regions on the junction or
the cytoplasm of the cells were used to collect the Pearson’s correla-
tion values for each region. The asymmetry coefficient (AC) is the
ratio of junction to cytoplasm values that were averaged (see Supple-
mental Fig. 1). An AC value > 1 indicates that the colocalization of
the two proteins is at the junction as opposed to the cytoplasm,
while for AC values < 1, colocalization is within the cytoplasm.
Note: Pearson’s correlation values for E-cadherin/actin colocaliza-
tion were always positive and ranged from 0.1–1. To calculate per-
cent recovery, we divided the AC of the recovery by the AC of
steady state, and multiplied it by 100 (see Supplemental Fig. 1).
Data calculations and graphs were made using Microsoft Excel.

Western blotting

The total cell lysates for various time points during the Ca2+ switch
assay were collected and probed for various AJ components by im-
munoblot. Briefly, the cells were harvested at the indicated time
points, and lysed in lysis buffer with protease inhibitors (Pierce
Biotechnology). The protein concentration was measured using
the BiCinchoninic Acid (BCA) assay method as per the manufactur-
er’s specifications (Fisher Scientific). The samples were denatured
using sample loading buffer. Equal total protein for each sample
(7.5 µg) was loaded into each well of a 10% or 12% SDS-polyacryl-
amide gel, and proteins were separated using electrophoresis.
Proteins were transferred onto a PVDF membrane, and the mem-
brane was then blocked in 5% skim milk. The membrane was incu-
bated with mouse monoclonal primary antibodies E-cadherin
(1:4000), β-catenin (1:4000), β-actin (1:4000), GFP (1:4000), or
tubulin (1:3000) (BD Biosciences) for 2 h at room temperature or
overnight at 4°C. Primary antibody was followed by incubating
with secondary antibody goat anti-mouse tagged to horseradish
peroxidase (1:4000 or 1:5000) or goat anti-rabbit tagged to horse-
radish peroxidase (1:5000) for 2 h at room temperature (GE
Healthcare). This was then followed by chemiluminescence detec-
tion (using Pierce Western blotting substrate as per the manufactur-
er’s specifications) of the secondary, exposure on X-ray film, and
quantification of the antigen probed using Image J (NIH) gel anal-
ysis software.

Imaging RhoA activity in MDCK cells using
a FRET-based biosensor

Confluent monolayers of MDCK cells, transfected with pRBD-Ypet
and CFP-RhoA, were either untreated or treated with control or an-
tisense oligonucleotides and then subjected to Ca2+ switch experi-
ments. The activation-dependent binding of CFP-RhoA to RBD-
YPet in live cells was visualized by imaging the sensitized emission
of RBD-YPet (Kraynov et al. 2000). Images were captured using a
LSM 510 NLO META with a Plan Apochromat 40× 1.0 NA oil
objective (Carl Zeiss), using a 457-nm and 514-nm argon laser to
excite the FRET pair. Processing of the FRET images was accom-
plished using the LSM FRET Tool macro (Carl Zeiss).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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