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Epithelial adherens junctions (AJs) and tight junctions (TJs)
undergo disassembly and reassembly during morphogenesis
and pathological states. The membrane–cytoskeleton interface
plays a crucial role in junctional reorganization. Protein 4.1R
(4.1R), expressed as a diverse array of spliceoforms, has been
implicated in linking the AJ andTJ complex to the cytoskeleton.
However, which specific 4.1 isoform(s) participate and the
mechanisms involved in junctional stability or remodeling
remain unclear. We now describe a role for epithelial-specific
isoforms containing exon 17b and excluding exon 16 4.1R
(4.1R�17b) in AJs. 4.1R�17b is exclusively co-localized with the
AJs. 4.1R�17b binds to the armadillo repeats 1–2 of�-catenin via
its membrane-binding domain. This complex is linked to the
actin cytoskeleton via a bispecific interactionwith an exon 17b–
encoded peptide. Exon 17b peptides also promote fodrin–actin
complex formation. Expression of 4.1R�17b forms does not
disrupt the junctional cytoskeleton and AJs during the steady-
state or calcium-dependent AJ reassembly. Overexpression of
4.1R�17b forms, which displace the endogenous 4.1R�17b forms
at the AJs, as well as depletion of the 4.1R�17b forms both
decrease junctional actin and attenuate the recruitment of spec-
trin to the AJs and also reduce E-cadherin during the initial
junctional formation of the AJ reassembly process. Expressing
4.1R�17b forms in depleted cells rescues junctional localization
of actin, spectrin, and E-cadherin assembly at theAJs. Together,
our results identify a critical role for 4.1R�17b forms inAJ assem-
bly and offer additional insights into the spectrin–actin–4.1R-
basedmembrane skeleton as an emerging regulator of epithelial
integrity and remodeling.

Epithelial cells attach to one another through their lateral
membranes and organize as single cell layered epithelial sheets
that form boundaries between different environments within a
tissue so that the exchange of nutrients and metabolites is

tightly controlled (1). The assembly of adhesive contacts at dis-
crete contact regions between neighboring cells is critically
important for the integrity and barrier properties of epithelial
layers. Cell–cell adhesion in epithelial cells is facilitated by sev-
eral junctional complexes, such as tight junctions (TJs),2 adhe-
rens junctions (AJs), and desmosomes that span the lateral
plasma membrane and interact with the corresponding junc-
tions from the opposite cell (2). The establishment of AJs is
generally a prerequisite for the development and maintenance
ofTJs anddesmosomes (3).These cell–cell junctionsplay indis-
pensable roles in regulation and control of epithelial cell polar-
ization, tissue morphogenesis, differentiation, proliferation,
and motility (4).
AJs are a central feature of epithelial sheets and consist of

multiple protein complexes. Themajor component of theAJs is
the cadherin–catenin adhesion complex that serves as a bridge
connecting the actin cytoskeleton of adjacent cells. The single-
pass transmembrane E-cadherin molecule forms homo-cis-
dimers; their trans-interactions through the extracellular
region trigger cell–cell adhesion. Upon establishment of inter-
cellular contacts, E-cadherin clusters and stabilizes at the
plasma membrane via interaction between the cytoplasmic tail
of E-cadherin and cytosolic scaffold proteins �, �, and p120-
catenin, which in turn link to the actin cytoskeleton (5, 6). Bind-
ing of additional regulatory proteins and signaling molecules
results in a mature AJ (7). The variety of protein interactions
utilizing the AJ platform provides for the delicate regulation of
AJ complexes. Cadherin-mediated cell–cell contacts increase
the junctional stability that is critical for epithelial sheet integ-
rity and function. The AJ is also highly dynamic, enabling reor-
ganization and cell movement in epithelial and endothelial tis-
sues. Embryonic development and epithelial–to–mesenchymal
transition require the regulation and restructuring of cell adhe-
sions through cadherins (8). A continuous remodeling of junc-
tional complexes is closely associated with changes in cell size,

This work was supported by National Institutes of Health Grants HL44985 and
HL24385 (to E. J. B.) and HL60519 and a Claudia Barr Award (to S. C. H.). The
authors declare that they have no conflicts of interest with the contents of
this article. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institutes of
Health.

1 To whom correspondence should be addressed: Dept. of Medical Oncol-
ogy, Dana-Farber Cancer Institute, 450 Brookline Ave., Boston, MA
02215. Tel: 617-632-6965; Fax: 617-632-4850; E-mail: shu-ching_huang@
dfci.harvard.edu.

2 The abbreviations used are: TJ, tight junction; 4.1R, protein 4.1R; AJ, adher-
ens junction; DMEM, Dulbecco’s modified Eagle’s medium; GST, glutathi-
one S-transferase; PVDF, polyvinylidene difluoride; FERM, 4.1/Ezrin/Ra-
dixin/Moesin; NF2, neurofibromatosis 2; bp, base pair; Ab, antibody; HP,
headpiece; MBD, membrane-binding domain; CTD, C-terminal domain;
NTD, N-terminal domain; ARM, armadillo domain; 4.1R�17b, exon 17b-con-
taining 4.1R; RFP, red fluorescent protein; MDCK, Madin-Darby canine kid-
ney; Ab, antibody; SAB, spectrin–actin binding domain; EGFP, enhanced
GFP; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; aa, amino
acid; HUVEC, human umbilical vein endothelial cell.

croARTICLE

J. Biol. Chem. (2020) 295(1) 191–211 191
© 2020 Huang et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

This is an Open Access article under the CC BY license.

mailto:shu-ching_huang@dfci.harvard.edu
mailto:shu-ching_huang@dfci.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.009650&domain=pdf&date_stamp=2019-11-27
http://creativecommons.org/licenses/by/4.0/


cell shape, and cell movement that occur during normal epithe-
lial morphogenesis and diseased tissue repair (9–12).
The dynamics of AJs require the coordinated interplay

between the reorganization of the peri-junctional F-actin cyto-
skeleton and the remodeling of the plasma membrane (9, 10,
13). The linkage of the AJ complex to actin filaments forms
AJ–cytoskeletal intersections critical for transducing signals
that in turn enable cells to sense and respond to physical
changes in their environment and drive the remodeling of epi-
thelial junctions (9–12, 14).
Several lines of evidence support the role of actin filaments in

regulation of AJs. Disruption of actin filaments causes rapid AJ
disassembly (15, 16) and impairs re-establishment of intercel-
lular contacts (11, 17, 18). Studies of the reorganization of the
cadherin–catenin complex in AJs have identified actin-polym-
erizing, bundling, and motor proteins associated with AJs. For
example, formin-1 is an actin nucleator that binds �-catenin
and localizes to AJs (19), and cortactin is recruited to cell–cell
adhesive contacts and binds to p120-catenin upon homophilic
cadherin interaction (20). Disruption of the �-catenin–
formin-1 interaction blocks assembly of radial actin cables and
perturbs intercellular junction adhesion (19). Inhibition of cor-
tactin activity reduces E-cadherin–mediated contact formation
and actin reorganization (21).
Molecular details of the interactions between the epithelial

AJ and the peri-junctional actin cytoskeleton have recently
emerged. Various molecular components of the membrane
skeleton have been implicated in linking the actin filaments to
the cytosolic face of the plasma membrane. Among them, the
significance of the spectrin skeleton has been well-docu-
mented. Spectrin links a number of filament systems to the cell
membranes and contributes to membrane organization and
stability (22, 23). In erythrocytes, spectrin–actin membrane
skeletal proteins link to the plasma membrane and play a
critical role in maintaining cell morphology and membrane
mechanical properties (23). In epithelial cells, spectrin assem-
bled in the regions of cadherin-mediated cell–cell contacts are
essential for formation of a stable contact (24). Studies on AJs
revealed the importance of the spectrin-based membrane skel-
eton in epithelial morphogenesis; depletion of spectrin results
in AJ disassembly in follicle epithelia in Drosophila (25). Junc-
tional recruitment and stabilization of �II-spectrin at the cell–
cell contact are critical for the formation of AJs in human epi-
thelia (26).
Spectrins are composed of two �- and �-spectrin het-

erodimers and assemble as tetramers that weakly bind to actin
at each end. Several accessory proteins, such as ankyrin-G (27),
adducin (26, 28), and FERM (4.1, ezrin, radixin, and moesin)
family proteins (29–31), not only enhance the association of
spectrinwith actin filaments but also link spectrin to the plasma
membrane through their dual affinity for the spectrin–actin
cytoskeleton and the cytoplasmic domains of transmembrane
proteins (22, 23). Ankyrin-G binds to the cytoplasmic domain
of E-cadherin, recruits �II-spectrin to E-cadherin/�-catenin
complexes, and links to the actin cytoskeleton (27). The coor-
dinated effects of ankyrin-G and �II-spectrin are required for
membrane biogenesis and proper AJ assembly in both cultured
cells and mouse embryos (27). Adducin possesses actin fila-

ment bundling and capping activities (32, 33). It mediates the
recruitment of spectrin to actin filaments and co-localizes
with E-cadherin/�-catenin atAJs. The spectrin–adducin-based
membrane skeleton serves as an important regulator of AJ
integrity and remodeling (28). Its disruption impairs forma-
tion of the highly-ordered spectrin lattice at the plasma
membrane of contacting cells and results in attenuated junc-
tional assembly.
FERM proteins support the linkage between proteins

attached to or embedded in the plasma membrane and the
underlying actin cytoskeleton and stabilize E-cadherin–
containing cell–cell contacts (30). The neurofibromatosis 2
(NF2) tumor suppressor protein, merlin, interacts with �II-
spectrin and is directly involved in actin–cytoskeleton organi-
zation (31).NF2 deficiency promotes tumorigenesis andmetas-
tasis by destabilizing AJs (30). Protein 4.1R (4.1R) is amolecular
scaffold in the membrane skeleton that stabilizes the spectrin–
actin network at the plasma membrane (23). Erythroid differ-
entiation stage-specific inclusion of exon 16 generates 4.1R iso-
forms vital for the stabilization of the spectrin–actin complex
and for the maintenance of the red blood cell cytoskeleton (34,
35). Exon 16–encoded peptides are also required to stimulate
fodrin/F-actin association in nonerythroid cells (36). It has
been recognized that 4.1R forms are enriched at cell–cell con-
tacts in cultured epithelial cells (37) and mouse gastric epithe-
lial cells (38). 4.1R is expressed as a diverse array of isoforms,
within which the expression of exon 17b–containing forms is
epithelial cell-specific (39) and localized at theAJs (38). 4.1Rhas
been shown to link the AJ complex to the cytoskeleton. Histo-
logical examination revealed that cell–cell contacts are
impaired, and gastric glands are disorganized in 4.1R null stom-
ach epithelia (38). The spectrin–actin–4.1R-based membrane
skeleton and adherens junctional affiliation are well-recog-
nized, but the specific role of 4.1R remains poorly understood.
Studies on the structure–function relationships involving a

plethora of 4.1R isoforms have resulted in elucidation of the
diverse functions of 4.1R in cellular processes, such as inmRNA
splicing (40), nuclear assembly (41), cell division (42, 43), and
interaction with components of the contractile apparatus in
skeletal myofibers (44). Similarly, AJs consist of multiple pro-
tein complexes; within each component, multiple isoforms
have been identified. For example, cadherin isoform switching
occurs during the epithelial–to–mesenchymal transition,
which allows cell types to separate from one another (45). Dif-
ferent roles of p120–catenin isoforms are linked to cell viabil-
ity, proliferation, and invasiveness in carcinogen-induced rat
skin tumors (46). Furthermore, the Ca2�-independent adhe-
sion molecule nectin and an actin filament–binding afadin
localize at cadherin-based AJs. Afadin has two splice variants:
l-afadin has an actin filament-binding domain, whereas s-afa-
din lacks this domain (47). The challenge is to identify the pre-
cise roles of each specific isoform of each component expressed
in AJs in order to understand the AJ physiology. This report
focuses on the 4.1R component.
In this study, we examined the role of 4.1R in remodeling of

AJs in cultured MDCK epithelial cells. We now describe the
function of epithelial-specific exon 17b–containing 4.1R
(4.1R�17b) forms in AJs. 4.1R�17b forms are exclusively co-lo-
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calized and associated with AJ proteins, linking the armadillo
repeats 1–2 of �-catenin, via the 4.1R membrane-binding
domain, to the actin cytoskeleton, via an exon 17b-encoded
peptide.We show that 4.1R�17b positively impacts calcium-de-
pendent AJ assembly, most likely by governing assembly of
peri-junctional F-actin bundles and recruiting �II-spectrin to
the areas of cell–cell contact.Our results offer new insights into
the biological function of 4.1R�17b forms in stabilization of
E-cadherin–dependent adhesion and suggest a molecular
mechanism by which 4.1Rmodulates AJ assembly during junc-
tional remodeling.

Results

4.1R isoforms expressed during cell density–dependent
growth arrest of epithelial cells

4.1R is known to be expressed as a diverse array of isoforms
transcribed from three alternative promoters coupled with
alternative splicing (48, 49). We first analyzed 4.1R localization
in different confluent stages of MDCK cells using an anti-exon
13 antibody that detects all 4.1R isoforms. Actively-proliferat-
ing MDCK cells exhibited intense staining of 4.1R in the inter-
phase nucleus, spindle poles of mitotic cells, and at the sites of
cell–cell contact (Fig. 1A). The intensity of nuclear staining
decreased and eventually disappeared, while the staining in the
periphery remained intense as cells achieved confluence (Fig.
1A). The nuclear localization of 4.1R correlated with the rapid
proliferation status of cells while the predominant cell–cell
contact staining of 4.1R was associated with growth-arrested
cells (Fig. 1B). The peripheral localization of 4.1R could be
reversed when cells were sub-cultured at a lower density. Thus,
the localization of 4.1R in MDCK is cell density–dependent in
MDCK cells.
We next characterized the 4.1R isoforms expressed in epi-

thelial cells at each stage. 4.1R is composed of five chymotryp-
sin-digested domains: the headpiece (HP); membrane-binding
domain (MBD); 16-kDa domain; spectrin–actin binding
domain (SAB); and C-terminal domain (CTD) (Fig. 1D). Tran-
scription from promoter 1A dictates exon 2� exclusion, which
omits an upstream translation initiation site (AUG-1) and pro-
duces the “small” (80 kDa) isoform (48, 49). Conversely, tran-
scription from promoter 1B or 1C results in exon 2� inclusion
and utilization of the upstream translation initiation site (AUG-
1), producing the “large” (135 kDa) isoform (Fig. 1D) (48, 49).
We examined 4.1R isoforms expressed in MDCK by RT-PCR
using primer sets that would amplify full-length coding
sequences originating from either the upstream AUG-1 or the
downstream AUG-2. Two major amplified bands separated by
�450 bp were detected in products transcribed from all three
promoters 1A, 1B, and 1C (Fig. 1C). Both small and large class
4.1R forms lacked exons 3, 14, 15, and 17a. Two major splicing
events affected exon 16 and 17b, and although both exons were
omitted simultaneously in some form, the presence of exon 16
and 17b was mutually exclusive (Fig. 1D). Three 4.1R variants
with either inclusion or exclusion of exons 16 and 17b from
each large (4.1R135, 4.1R135�16, and 4.1R135�17b) and small class
(4.1R80, 4.1R80�16, and 4.1R80�17b) were found to be the pre-
dominant forms. Minor forms of 4.1R demonstrated varying

inclusions of exons 17b and 18. Of note, exon 16–encoded
peptides are important for spectrin–actin interaction (34, 35).
Exon 17b encodes 150 amino acids whose expression has been
shown to be epithelial differentiation stage-specific (39) but
with no known functions.
To assess changes in exon 16 and exon 17b expression during

the confluence stages, a limiting cycle amplification protocol
(50) was used to maintain the PCR within its linear range on
RNA isolated fromnonconfluent, sub-confluent, and confluent
MDCK. Approximately 14.1% of exon 16-containing 4.1R
mRNA was detected in nonconfluent cells. Exon 16 expression
diminished as cells reached further confluence; it fell to 8.7% in
sub-confluent cells and was almost completely extinguished
when cells were confluent (Fig. 1E). In contrast, the expression
of exon 17b gradually increased throughout theMDCK conflu-
ence process from 8.7% in nonconfluent to 59.7% in confluent
cells (Fig. 1E). Thus, the inverse reciprocal exclusion of exon 16
and the inclusion of exon 17b are themajor splicing events that
occur during MDCK maturation.
A panel of 4.1R- the exon-specific antibodies was used to

detect proteins isolated from different stages of confluence. An
antibody specific for the universally expressed exon 13 detected
four forms (Fig. 1F,�-ex13). A 135-kDa form is the only isoform
detected in nonconfluent cells, albeit at a low expression level.
In addition to the more abundant 135-kDa form, two major
160- and 100-kDa forms and a minor 80-kDa form were
detected in sub-confluent cells. As cells reached confluence,
both the 160- and 100-kDa forms increased while the 135- and
80-kDa forms decreased (Fig. 1F, �-ex13). The nature of these
formswas analyzedwith an anti-HPAb specific for the peptides
between the first and second translation initiation sites. It dis-
tinguishes 4.1R large forms (160 and 135 kDa) from small forms
(100 and 80 kDa). As expected, 160- and 135-kDa forms
detected by anti-ex13 Ab belong to the large 4.1R group as they
also reacted with the anti-HP Ab (Fig. 1F, �-HP). However,
further analyses with an �-ex16 Ab suggest that the 135 kDa
from the nonconfluent cells is the sole form that contained the
alternatively-spliced exon 16; no detectable forms from sub-
confluent and confluent cells were observed (Fig. 1F, �-ex16).
This is consistent with the RNA results that demonstrate
decreased expression of exon 16 associated with increased cell
confluency (Fig. 1E). Finally, the 160- and 100-kDa forms, but
not the 135- and 80-kDa forms, reacted to an anti-ex17b anti-
body. In keeping with the RNA results, the 17b-containing
formswere almost undetectable in nonconfluent cells, but their
expression increased and represented the major forms as cells
became confluent (Fig. 1F, �-ex17b). Exon 17b encodes an 150-
amino acid polypeptide, which most likely accounts for the
molecular weight differences between 4.1R135 and 4.1R160 and
between 4.1R80 and 4.1R100.
When the intracellular localization of the identified 4.1R iso-

formswere examined, they all localized at the cell–cell contacts
of confluent cells regardless of whether exon 16 or exon 17b
was present (Fig. 1G). As reported previously (51), exon 5 is
required for targeting 4.1R to the cell–cell contacts as isoforms
without exon 5 were never detected there (Fig. 1G, 135�5).
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4.1R�17b isoforms co-localize and associate with E-cadherin
and�-catenin

Exon 17b expression is epithelial-specific; it is identified in
differentiating but not proliferating human mammary epithe-
lial cells (39) and in mouse gastric epithelia (38). Our results
showed increased expression of exon 17b-containing 4.1R

forms in confluent MDCK cells (Fig. 1). However, how exon
17b-containing 4.1R (4.1R�17b) functions in epithelia has not
yet been characterized.
We analyzed the localization of 4.1R�17b using an exon 17b–

specific antibody. It exclusively localized to the periphery of
confluent cells. Calcium deprivation caused the disappearance
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of 4.1R�17b signal from cell–cell contact due to internalization.
4.1R�17b regained its cell contact localization �8 h after cal-
cium replenishment (Fig. 2A). As with the AJ proteins, the cell–
cell contact localization of 4.1R was calcium-dependent. As
shown in Fig. 2A, E-cadherin disengaged from cell contacts in
low-calciummedium and reappeared at cell–cell contacts after
calcium replenishment.
We have shown that 4.1R is a component of the TJs and

co-localizes with ZO-1 and ZO-2 (37). It has also been shown
that 4.1R links the E-cadherin/�-catenin complex to the cyto-
skeleton in gastric epithelial cells (38). We then examined
4.1R�17b localization relative to that of the AJs and TJs.
4.1R�17b and �-catenin or E-cadherin co-localize at the cell–
cell contacts (Fig. 2B). XZ projections of the images show the
co-localization of 4.1R and �-catenin or E-cadherin at the AJ
along the lateral membrane of the cells (Fig. 2B). However,
4.1R�17b exclusively localized at the AJs and was not present at
the TJs as no co-localization with ZO-1 was observed (Fig. 2B).

We subsequently examined whether 4.1R�17b associated
with AJ proteins in co-immunoprecipitation assays using
MDCK lysates and anti-E-cadherin, anti-�-catenin, or anti-
4.1R (anti-HP, anti-ex13, and anti-ex17b) Abs. All three 4.1R
antibodies efficiently co-precipitated E-cadherin and�-catenin
(Fig. 2C). In addition to precipitating itself, both E-cadherin and
�-catenin Abs precipitated exon 17b-containing 160-kDa 4.1R
when detected with an anti-HP Ab, including both exon 17b
containing forms (160 and 100 kDa) as detected with an ex17b
antibody (Fig. 2C, ex17b). These results suggest that 4.1R forms
containing exon 17b and the AJ proteins �-catenin and E-cad-
herin associate in the same complex.

Membrane-binding domain of 4.1R interacts with the
�-catenin armadillo domain repeats 1–2

The MBD of 4.1R is known to interact with �-catenin (38).
We mapped the domain of �-catenin responsible for interact-
ing with 4.1R–MBD. �-Catenin consists of an NTD that har-

Figure 1. Protein 4.1R isoform expression and localization during different confluent states of MDCK. A, immunofluorescence staining of 4.1R with an
�-exon 13 Ab in sub-confluent and confluent MDCK cells. Bar, 10 �m. B, cell-cycle profiles of sub-confluent and confluent MDCK cells. C, RT-PCR 4.1R products
amplified using an exon 21 antisense primer with an exon 1A, 1B, or 1C sense primer generated two major species with a 450-bp difference from all sets of
primers. Molecular markers (kb) are provided at the left margin of the gels. D, major 4.1R isoforms expressed in MDCK cells. Schematic diagram of 4.1R and its
domains. Constitutive exons are indicated as dark gray boxes, and alternatively-spliced cassettes are depicted as light gray boxes. Exon numbers are indicated.
E, reciprocal expression of exons 16 and 17b in maturing MDCK cells. Schematic representation of regions between exons 13 and 18 of 4.1R and the primer sets
used in PCR. RNA isolated from nonconfluent (non-), sub-confluent (sub-), and confluent (con-) MDCK cells were analyzed for exon 16 (E16) and 17b (E17b)
expression by RT-PCR. E16 or E17b inclusion was calculated as the percent of total RNA products containing exon 16 or exon 17b, respectively. Averages and
S.D. were obtained from three independent experiments (n� 3) and presented at the bottom of each lane. Molecular markers (bp) are provided at the right
margin of the gels. F, 4.1R protein isoforms expression during MDCK maturation. Lysates from different confluency MDCK probed with anti-ex13, anti-HP,
anti-ex16, and anti-ex17b Abs. �-Actin served as a loading control. Molecular mass markers (kDa) are provided at the left margin of the blots. G, exon 5 is
required for the localization of 4.1R at the cell– cell contacts in confluent MDCK cells. MDCK 4.1R isoforms with exon compositions as indicated in D were fused
with EGFP, transfected into MDCK, and examined for their subcellular localization as revealed by Zeiss microscopy. 135�5, 4.1R 135-kDa form without exon 5.
Bar, 10 �m.

Figure 2. 4.1R�17b forms localize and associate with AJ proteins in MDCK cells. A, subcellular localization of 4.1R�17b and E-cadherin in low and normal
calcium medium. MDCK cells grown to a confluent state on a coverslip in normal medium (untreated) were switched to low-calcium medium for 20 h (lowCa2�)
and returned to normal calcium medium for 8 h (normal Ca2�). Cells were stained with anti-ex17b or anti-E-cadherin Abs and analyzed with Zeiss microscopy.
Bar, 10 �m. B, intracellular localizations of 4.1R�17b, �-catenin, E-cadherin, and ZO-1 were examined using its respective antibody in XY and XZ sections and
revealed with Zeiss microscopy. XZ sections showed ex17b and E-cadherin or �-catenin, but not ZO-1, co-localized at the AJ. Green, ex17b; red, E-cadherin,
�-catenin, or ZO-1. Bar, 10 �m. C, association of 4.1R�17b and AJ proteins in co-immunoprecipitation assays. MDCK cell lysates were precipitated (IP) with an
anti-E-cadherin, anti-�-catenin, a control mouse IgG (MIg), anti-HP, anti-ex13, anti-ex17b, or a control rabbit IgG (RIg) Ab. The input extracts and immunopre-
cipitates were examined by immunoblotting (IB) with its respective antibodies. Molecular mass markers (kDa) are provided at the right margin of each blot.
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bors two GSK3 phosphorylation sites (Ser-33 and Ser-37) (52),
an armadillo (ARM) domain binding to axin, APC, �-catenin,
BCL9, ICAT (53), and a CTD domain.
GST attached to intact 4.1R isoforms, GST attached to indi-

vidual domains of 4.1R, or GST alone were bound to GSH-
agarose beads, then incubated with 35S-labeled in vitro–
translated full-length�-catenin, and examined for the presence
of�-catenin bound to theGST fusions.�-Cateninwas detected
with GST–4.1R135 and GST–4.1R80 harboring the MBD or
GST–MBDbut notwith theHP, 16-kDa, SAB, orCTDdomains
(Fig. 3A). These results confirm the interaction between the
4.1R–MBD and �-catenin.When the full-length or the individ-
ual NTD, ARM, or CTD of�-catenin was examined for binding
to 4.1R–MBD, only the full-length and ARM domain of
�-catenin were detected with GST–MBD (Fig. 3B). The inter-

action of �-catenin with 4.1R–MBD is thusmost likely through
the armadillo domain.
The armadillo domain is composed of 12 tandemrepeats that

form a super-helix of helices and is proposed to mediate the
interaction of �-catenin with its ligands. We then determined
the repeats responsible for the 4.1R–MBD interaction in yeast
two-hybrid assays. 4.1R–MBD fusedwithGal4DNA-BDvector
pGBKT7 or pGBKT7 alone was co-transformed with the full-
length armadillo domain fusedwithGal4DNA-AD inpGADT7
(1–12/pGADT7) or its repeat-deletion constructs (1–10/
pGADT7, 1–8/pGADT7, 1–4/pGADT7, 1–2/pGADT7, 3–12/
pGADT7, and 5–12/pGADT7) and analyzed for �-gal activity.
The �-gal activity was detected in 1–12/pGADT7 and the par-
tial constructs 1–10/pGADT7, 1–8/pGADT7, 1–4/pGADT7,
and 1–2/pGADT7 but not 3–12/pGADT7 or 5–12/pGADT7

Figure 3. MBD domain of 4.1R interacts with the�-catenin armadillo domain repeats 1–2. A, 35S-labeled in vitro–translated full-length �-catenin (�-cat)
was incubated with GST– 4.1R135 and GST– 4.1R80 (left) or its individual domains (right) bound to GSH-Sepharose beads and analyzed for the presence of
�-catenin with the GST fusions in GST-pulldown analyses. Upper panel, Coomassie Blue–stained GST fusions. Lower panel, GST-pulldown analyzed for the
presence of �-catenin with GST– 4.1R fusions.B, 35S-labeled in vitro–translated full-length �-catenin or its individual NTD, ARM, or CTD domains were incubated
with GST–MBD bound to GSH-Sepharose beads and examined for the presence of �-catenin or its domain(s) in each input and with GST–MBD fusions (bead).
C, analyses of the repeats within the armadillo domain responsible for 4.1R–MBD interactions in yeast two-hybrid assays. 4.1R–MBD fused with pGBKT7 was
co-transformed with the full-length armadillo domain fused with Gal4 DNA-AD in pGADT7 (1–12/pGADT7) or its repeat-deletion constructs (1–10/pGADT7,
1–8/pGADT7, 1–4/pGADT7, 1–2/pGADT7, 3–12/pGADT7, and 5–12/pGADT7) and analyzed for �-gal activity. Transformation of pGBKT7 or pGADT7 vector
without fusion protein served as a negative control. Co-transformation of p53/pGBKT7 and large T-antigen/pGADT7 served as a positive control.D, interaction
of 4.1R–MBD and the armadillo domain repeats was confirmed in GST-pulldown analyses. 35S-Labeled in vitro–translated full-length or its repeat-deletion
�-catenin armadillo domains were incubated with GST–MBD bound to GSH-Sepharose beads and analyzed for the presence of �-catenin repeats with the
GST–MBD fusions (bead). Molecular mass markers (kDa) are provided at the left of each blot.
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(Fig. 3C). These results showed that the interaction of�-catenin
with 4.1R–MBD involves repeats 1–2 of the armadillo domain.
The interaction between MBD and armadillo domain 1–2
repeats was further verified in GST–MBD pulldown assays
(Fig. 3D).

Exon 17b encoded peptide interacts with actin

Exon 17b-containing 4.1R localized to the lateral membrane
and co-localized and associated with �-catenin and E-cadherin
(Fig. 2). No known exon 17b binding partners are known.
Therefore, we analyzed exon 17b interactions in yeast two-hy-
brid analyses using a Match Marker pre-transformed human
kidney library (Clontech). Among several interactors, the 308–
377 amino acids of cytoplasmic �-actin interacted with the
50–150 amino acids of exon 17b (Fig. 4A). The interaction was
further evaluated in gel overlay assays. Actin and BSA were
fractionated by SDS-polyacrylamide gel and stained with Coo-
massie Blue for protein loading (Fig. 4C, left). Proteins on a
replica gelwere transferred to a PVDFmembrane, overlaidwith
purified exon 17b–encoded peptides, and analyzed byWestern
blotting with an anti-ex17b antibody for the binding of actin to
exon 17b peptide (Fig. 4C, left). Actin, but not BSA, was clearly
recognized by exon 17b peptides. In a reverse gel overlay, a
membrane on which fractionated GST�17b and GST was
overlaid with biotinylated actin and probed with HRP-strepta-
vidin (Fig. 4C, right). GST�17b, but not GST, was recognized
by biotinylated actin. These results suggest a direct interaction
between actin and exon 17b peptides. Additionally, GST-pull-

down using GST�17b and actin and then subsequently probed
with an anti-actin Ab also confirmed the interaction between
actin with exon 17b–encoded peptide (Fig. 4D). The above in
vitro experiments were performed with polymerized actin fila-
ments; these results implicate that the exon 17b–encoded pep-
tide is capable of binding actin in filamentous form. Taken
together, these data show that exon 17b directly interacts with
actin while the MBD domain interacts with armadillo domain
1–2 repeats of �-catenin, thereby connecting AJ complexes to
the actin cytoskeleton.

Reduction of endogenous 4.1R�17b and E-cadherin
localization at the cell–cell contacts in exogenous 4.1R�17b-
expressing cells

4.1R�17b formsnot only interactwith�-catenin and the actin
cytoskeleton (Figs. 3 and 4) but also respond to calcium con-
centration in a similar manner to that of AJ proteins (Fig. 2).
This led us to further analyzewhether 4.1R�17b forms function-
ally link with the epithelial AJs. MDCK cells transfected with
overexpressing 4.1R isoforms with or without exon 17b identi-
fied in Fig. 1D (4.1R135, 4.1R135�17b, 4.1R80, 4.1R80�17b) were
examined for their localization compared with that of the
endogenous 4.1R�17b as well as in relation to that of E-cad-
herin or �-catenin. A mix of expressing and nonexpressing
cells within the same field were analyzed for their respective
differences.
In EGFP–4.1R135 cultures, the endogenous exon 17b was

detected at the cell–cell contacts of the nonexpressing cells, but
its signal was drastically reduced in the overexpressing cells
where EGFP–4.1R135 was located (Fig. 5A). The XZ sections
showed that the endogenous exon 17b–containing forms were
clearly located at the lateral membrane of the nonexpressing
cells but were replaced with EGFP–4.1R135 in the expressing
cells (Fig. 5A, ex17b). When the AJ proteins were examined,
E-cadherin was localized at the cell–cell contacts of the nonex-
pressing cells, but the signal was significantly reduced in
expressing cells (Fig. 5A, E-cadherin). TheXZ sections revealed
significant reduction of E-cadherin at the AJs of EGFP–
4.1R135–expressing cells when compared with that of nonex-
pressing cells (Fig. 5A, E-cadherin). Interestingly, the lateral
membrane localization of �-catenin was not altered in EGFP–
4.1R135–expressing cells (Fig. 5A,�-catenin) despite the reduc-
tion of E-cadherin.
Similar localization of EGFP–4.1R80 at the cell–cell contacts

and the displacement of the endogenous 4.1R�17b forms and
reduction of E-cadherin from the lateral membrane were also
noticed in EGFP–4.1R80–expressing cells (Fig. 5B). The local-
ization of AJs marker �-catenin was not affected in EGFP–
4.1R80–expressing cells (Fig. 5B). These results suggest that
4.1R�17b form(s) are critical for E-cadherin localization to the
lateralmembrane, because its replacementwith 4.1R�17b forms
attenuates E-cadherin localization at the AJs while having no
effect on �-catenin.
To verify that the reduction in the E-cadherin signal is due to

the occupation of 4.1R�17b forms at the cell–cell contacts, we
expressed exon 17b-containing EGFP–4.1R135�17b or EGFP–
4.1R80�17b forms and examined its effect on the localization of
E-cadherin and �-catenin in similar experiments. Both EGFP–

Figure 4. Exon 17b–encoded peptides interact with actin. A, schematic
diagram of the interacting regions of exon 17b and actin. Number of amino
acid residues is indicated. The 50 –150 amino acids of exon 17b fused with
pGBKT7 was co-transformed with a human kidney library in pGADT7 and
analyzed for �-gal activity. Positive actin clones were sequenced, and the
region for interacting with exon 17b peptide was identified. B, purified exon
17b peptides cleaved from GST– exon 17b used in gel overlay assays. C, blot
overlay assays for the interaction between exon 17b and actin. Actin and BSA
(left) or GST�17b and GST (right) are shown by Coomassie Blue staining. A
duplicate gel with the same amount of proteins as in the Coomassie Blue–
stained gel was separated by SDS-PAGE. Actin and BSA on the membrane
were overlaid with exon 17b peptide (left), and GST�17b and GST on the
membrane was overlaid with biotinylated actin (right), and followed by West-
ern blotting with an anti-ex17b antibody (left) or horseradish peroxidase-
streptavidin (right). D, GST-pulldown analyses for the interaction between
exon 17b encoded peptide and actin. GST– exon 17b or GST immobilized on
GSH-Sepharose beads were incubated with actin and analyzed for the pres-
ence of actin with the beads with an anti-actin antibody. Molecular mass
markers (kDa) are provided at the left margin of each blot.
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4.1R135�17b–expressing and -nonexpressing cells stained pos-
itive for exon 17b and localized to the lateral membrane at the
cell–cell contacts as revealed in XZ sections (Fig. 5C). In con-
trast to EGFP–4.1R135–expressing cells, EGFP–4.1R135�17b

cells exhibited normal E-cadherin localization at the cell–cell
contacts in both XY and XZ sections (Fig. 5C). EGFP–
4.1R135�17b also co-localized with �-catenin at the cell–cell
contacts (Fig. 5C). EGFP–4.1R80�17b–expressing cells behaved
the same way (Fig. 5D). These results further confirm that the
occupation of 4.1R�17b forms but not 4.1R�17b forms at the
cell–cell contacts reduce the recruitment of E-cadherin to
the AJs. This is consistent with an earlier report (54) that deple-
tion of E-cadherin does not result in noticeable AJ defects in
mature junctions as the intensity and localization of �-catenin
was not affected.

4.1R�17b isoforms are functionally linked to reassembly of
E-cadherin to the AJs
Differences in the E-cadherin signal at the cell–cell contacts

observed between overexpression of 4.1R�17b and 4.1R�17b
forms were further investigated during junctional remodeling
(assembly and disassembly) in calcium-switch assays. The cal-
cium-switch assay involved removal of extracellular calcium to
trigger disassembly of preformed AJs followed by calcium re-
addition to the culturemedium (calcium repletion) to assemble
junctional structure. Cultures with mixed expressing and non-
expressing populations were analyzed in the same field for
potential differences between them.
In control pEGFP-transfected cells, the EGFP signal distrib-

uted throughout the entire cell during the calcium-switch pro-
cess. No differences in the distribution of E-cadherin were

Figure 5. Reduction of endogenous 4.1R�17b and E-cadherin at AJs of EGFP–4.1R�17b–expressing cells but not that of EGFP–4.1R�17b–
expressing cells. MDCK cells were transfected with EGFP– 4.1R135 (A), EGFP– 4.1R80 (B), EGFP– 4.1R135�17b (C), or EGFP– 4.1R80�17b (D) and immunoflu-
orescently-stained for the presence of the endogenous 4.1R�17b with an anti-ex17b and AJs with anti-E-cadherin or anti-�-catenin antibody in XY and
XZ sections 36 h post-transfection and revealed with Zeiss microscopy. Regions were selected that contained a mix of transfected and untransfected
cells. A and B, EGFP– 4.1R135 (A) or EGFP– 4.1R80 (B) displace endogenous 4.1R�17b forms at cell– cell contacts (upper), diminish E-cadherin signals at the
AJs (middle), but do not alter the localization of �-catenin (lower) at the AJs in expressing cells. Green, EGFP– 4.1R135 or EGFP– 4.1R80; red, ex17b,
E-cadherin, or �-catenin. Bar, 10 �m. C and D, expression of EGFP– 4.1R135�17b (C) or EGFP– 4.1R80�17b (D) does not alter the endogenous 4.1R�17b,
E-cadherin, and �-catenin at the AJs of expressing cells compared with that of nonexpressing cells. Green, EGFP– 4.1R135�17b or EGFP– 4.1R80�17b; red,
ex17b, E-cadherin, or �-catenin. Bar, 10 �m.
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found between the EGFP-expressing and -nonexpressing cells.
E-cadherin localized at the cell–cell contacts in normal calcium
medium (Fig. 6A,NC) and became internalized in low-calcium
medium (Fig. 6A, 0 h). Rapid formation of the circumferential
E-cadherin at the junctions occurred 0.5 h after calcium replen-

ishment (Fig. 6A, 0.5 h). E-cadherin was well-organized to the
AJ of all cells at 1 h (Fig. 6A, 1 h) and continued to accumulate at
the cell–cell contacts at 2 h and any time greater than 2 h after
calcium replenishment (Fig. 6A, 2 h). The percentage of junc-
tion assembled was scored by the ratio of the E-cadherin–
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labeled length over the length of the cell periphery from 50
EGFP� cells overtime from the time course of junctional
assembly. At 0.5 and 1–4 h after calcium replenishment,
EGFP� cells showed �86, 94, 97, 98, and 98% of junction
assembled, respectively (Fig. 6D). The expression of EGFP
alone did not interfere with the reassembly process of E-cad-
herin to the AJ.
When EGFP–4.1R80 cells were analyzed, significant reduc-

tions of E-cadherin at the cell–cell contacts of the expressing
cells were observed when grown in normal calcium medium
(Fig. 6B, NC). E-cadherin and EGFP–4.1R80 became internal-
ized in both expressing and nonexpressing cells in low-calcium
medium (Fig. 6B, 0 h). However, substantial differences in the
timing of E-cadherin appearance between the expressing and
nonexpressing cells were observed during the AJ reassembly
process (Fig. 6B). E-cadherin in nonexpressing cells, but not in
expressing cells, started to organize to the cell–cell contacts
0.5 h after calcium repletion (Fig. 6B, 0.5 h). Although the inter-
nalization of E-cadherin in the EGFP–4.1R80–expressing cells
persisted, E-cadherin organized at the cell–cell contacts of
nonexpressing cells 2 h after calcium repletion (Fig. 6B, 2 h).
Three hours after calcium repletion, E-cadherin was com-
pletely organized at the cell–cell contacts of the nonexpressing
cells but with a much less detectable signal at the cell–cell con-
tacts of the expressing cells (Fig. 6B, 3 h). The distinct E-cad-
herin intensity and localization pattern continued for several
hours until a confluent monolayer of epithelia with cell–cell
contact localization of EGFP–4.1R80 was formed (Fig. 6B, 8 h).
Reduction of E-cadherin localization at the cell–cell contacts
are clearly apparent in exogenous 4.1R80-expressing cells.
Quantification analyses also showed that significant reduction
in junction assembly was observed in EGFP–4.1R80–over-
expressing cells with �10, 12, 16, 13, and 18% of junction
assembled at 0.5 and 1–4 h after calcium replenishment,
respectively (Fig. 6D). Similar reductions of E-cadherin at cell–
cell contacts during the reorganization of AJ was also observed
in EGFP–4.1R135–expressing cells (data not shown). These
results suggest that EGFP–4.1R�17b localization at the cell–
cell contacts prevents the recruitment of E-cadherin to cell–
cell contacts at the initial reassembly and continues to interfere
with mature AJ junction formation.
We then examined the EGFP–4.1R80�17b culture. E-cad-

herin localized to the AJs of both expressing and nonexpressing
cells in normal calcium medium (Fig. 6C, NC). EGFP–

4.1R80�17b disengaged from the membrane along with E-cad-
herin and became internalized in a low-calcium medium (Fig.
6C, 0 h). As with control vector pEGFP-transfected cells (Fig.
6A), restoration of normal calcium significantly re-established
the junctional localization of E-cadherin in both EGFP–
4.1R80�17b–expressing and -nonexpressing cells in 0.5 h and
completely localized to the AJs in 2 h (Fig. 6C). When quanti-
fied, EGFP–4.1R80�17b overexpression resulted in�61, 70, 97,
100, and 98% junction assembly at 0.5 and 1–4 h post-calcium
replenishment, respectively. Although the junction assembly
was reduced at the early 0.5- and 1-h time points, junction
assembly exhibited the same percentage at 2 h as that of the
EGFP� cells after calcium replenishment (Fig. 6D). Similar
reassembly of E-cadherin at the AJ was also observed in EGFP–
4.1R135�17b–expressing cells (data not shown). Taken
together, these results suggest that 4.1R�17b forms are impor-
tant for the recruitment of E-cadherin at the initial and subse-
quent reassembly of the AJs.

Exon 17b-containing 4.1R forms are critical for the
organization of the actin cytoskeleton and junctional
recruitment of�II-spectrin

We next sought to dissect the mechanisms that might
account for the observed difference in E-cadherin reassembly in
4.1R�17b- and 4.1R�17b-expressing cells. The membrane–
cytoskeleton interface plays a crucial role in junctional reorga-
nization. 4.1R135 and 4.1R80 forms lack both exons 16 and 17b.
Given the known role of 4.1R exon 16 in regulating the spectrin-
based plasmamembrane skeleton (34, 36) and our findings that
exon 17b–encoded peptides interact with actin, it is reasonable
to postulate that expression of 4.1R forms lacking both exons 16
and 17b may have a negative effect on the organization of the
membrane-associated cytoskeleton.
We first examined whether the expression of 4.1R forms

affects the protein levels of the AJ and the actin cytoskeleton by
evaluating the presence of E-cadherin, �-catenin, �-actin, and
spectrin in EGFP–4.1R (4.1R80, 4.1R80�17b, 4.1R135, and
4.1R135�17b) cell lysates. No major differences in protein levels
were observed in 4.1R-expressing cultures when compared
with control vector-transfected cells (Fig. 7A).
We next analyzed whether expression of 4.1R forms lacking

both exon 16 and 17b can impact epithelial junctions by affect-
ing the organization of the spectrin lattice in the area of cell–
cell contacts. Actin and �II-spectrin are closely co-localized

Figure 6. 4.1R�17b forms functionally connect to the reassembly of E-cadherin at the AJs. MDCK cells transfected with pEGFP (A), EGFP– 4.1R80 (B), or
EGFP– 4.1R80�17b (C) were examined for junctional reassembly at the indicated period of time after calcium repletion in immunofluorescence-labeled analyses
using an anti-E-cadherin antibody. Regions were selected that contained a mix of transfected and untransfected cells. A, no difference in reassembly of
E-cadherin at the AJs in vector pEGFP-expressing and -nonexpressing cells. Reassembly of E-cadherin to the cell– cell contacts of both expressing and
nonexpressing cells was detected 0.5 h after calcium repletion. E-cadherin continues to reassemble to AJs after 1 h and significantly accumulates at newly
assembled AJs of all cells after 2 h of calcium repletion. Intense E-cadherin localizes at the AJs at 3 h and at any time greater than 3 h after calcium repletion. B,
expression of EGFP– 4.1R80 causes reduced E-cadherin at the cell– cell contacts of the expressing cells but not that of nonexpressing cells throughout the AJ
reassembly process. Fluorescent labeling shows rapid formation of circumferential E-cadherin at the junction of the nonexpressing cells (arrows) but not that
of expressing cells (arrowheads) 0.5 h after calcium repletion. The occurrence persists all the way through confluent monolayer maturation 8 h after calcium
repletion. C, expression of EGFP– 4.1R80�17b does not affect the reassembly of E-cadherin at the cell– cell contacts of the expressing cells when compared with
that of the nonexpressing cells. E-cadherin appears at the cell– cell contacts of all cells 0.5 h after calcium repletion. Mature monolayer cells with equal intensity
of E-cadherin at AJs of all cells 3 h after calcium repletion. Composite images were generated by superimposition of the EGFP (green) and E-cadherin (red)
signals; areas of overlap appear yellow. Bar, 10 �m. D, quantification of percent of junction assembly after calcium switch. The outline of the cell was drawn as
the length of the cell periphery, and the regions of cell– cell contact labeled by E-cadherin were drawn as labeled length. Fifty EGFP� cells were measured for
both cell periphery length and E-cadherin–labeled length. The percentage of junction assembled was obtained by the ratio of the E-cadherin–labeled length
over the length of the cell periphery, and the data were analyzed using GraphPad Prism 8 software and expressed as mean� S.E. of mean. Asterisks indicate
statistical significance (***, p� 0.001).
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with �-catenin in controlMDCK cells (Fig. 7B). Although actin
localized at the cell–cell contacts of EGFP–4.1R135�17b–
expressing cells, a slightly-reduced actin signal at the cell–cell
contacts was observed in EGFP–4.1R135 cells (Fig. 7C). When
�II-spectrin was examined, it accumulated at AJs in EGFP–
4.1R135�17b cells. By contrast, �II-spectrin was retained in the

perinuclear compartment, diffusely distributed over the cyto-
plasm, and did not completely translocate to the intercellular
junctions in EGFP–4.1R135–expressing cells (Fig. 7D). Similar
differences in actin and �II-spectrin distribution were found in
EGFP–4.1R80�17b- and EGFP–4.1R80–expressing cells (data
not shown). The replacement of 4.1R�17b forms by 4.1R�17b at
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the cell–cell contacts resulted in reduced cell–cell organiza-
tion of actin filaments and impaired recruitment of�II-spectrin
to theAJs. These results suggest that 4.1R�17b forms are critical
for the membrane–cytoskeleton interface in AJs.
It has been shown that �-actin filaments are selectively

enriched and associated with newly-assembled and mature AJs
(55).Down-regulation of cytoplasmic actin attenuates reassem-
bly of the peri-junctional actomyosin belt and negatively affects
AJ biogenesis (55). We thus examined the behavior of actin
during the reassembly of AJs in relation to that of E-cadherin
during calcium-switch assays. Both actin and E-cadherin were
recruited to the cell–cell contacts within 0.5 h and completely
reassembled at the AJ 2 h after calcium repletion (Fig. 7E). The
extent of E-cadherin and actin localization to cell–cell contact
during the AJ reassembly process was quantified by measuring
the fluorescence intensity between cell–cell contacts and the
cytoplasm for each protein from the same frame. The ratio of
fluorescence intensity (cell–cell contacts versus cytoplasm) for
each protein at each time point during calcium switch was cal-
culated from 50 cells (Fig. 7F). These results confirm that actin
and E-cadherin are recruited to the cell–cell contact at similar
rates during the AJ assembly process. Overexpression of
4.1R�17b forms reduced the cell–cell contact localization of
�-actin (Fig. 7C). The interaction of 4.1Rwith actin through the
exon 17b region thus appears to be important for the reassem-
bly and integrity of AJs.

4.1R�17b forms a complex with fodrin and promotes fodrin–
actin–4.1R ternary complex formation in the absence of exon
16

We asked whether 4.1R�17b forms can associate in vivo with
fodrin and actin in co-immunoprecipitation assays. MDCK cell
extracts were precipitated with anti-actin, anti-�-spectrin,
anti-ex17b, or control MIgG and RIgG Abs and examined for
the presence of precipitated proteins with its respective Abs.
�-Actin was identified in anti-�-actin, anti-�-spectrin, and
anti-ex17b precipitates. Anti-�-spectrin antibody detected an
�240-kDa protein and a smaller�150-kDa protein, which cor-
respond to an intact and a degraded �-spectrin form, respec-
tively. An �160- and �100-kDa 4.1R isoform were readily
detected in both anti-actin and anti-�-spectrin immunopre-
cipitates (Fig. 8A, left). Additionally, an anti-�II-spectrin Ab
detected an�280-kDa�II-spectrin in anti-actin, anti-�II-spec-
trin, and anti-exon 17b precipitates (Fig. 8A, right). No immu-
noreactive band was detected in MIgG or RIgG precipitates

(Fig. 8A). Collectively, these findings suggest that exon 17b-
containing 4.1R isoforms occur in vivo in a supramolecular
complex with �- and �II-spectrin tetramers and actin
filaments.
The association of 17b-containing formswith spectrin–actin

in a complex prompted us to inquire whether exon 17b could
stimulate the fodrin–actin–4.1R ternary complex formation in
the absence of exon 16.We generated variousGST–4.1R–exon
16–17�17b recombinant peptides that carried distinct combi-
nations of the alternatively-spliced exons 16–17�17b (Fig. 8, B
and C), and their ability to promote fodrin/actin association
was tested in co-sedimentation assays (Fig. 8D). As noted in an
earlier report (36), �55–65% of fodrin remained in the super-
natant when fodrin and actin were sedimented without the
addition of 4.1R. 4.1R–SAB peptides (Ex16/17) carried the
alternatively-spliced exon 16 along with the constitutive exon
17–sedimented fodrin to the pellet fraction with only �10%
remaining in the supernatant. When exon 16 was omitted
(Ex17), �65% of fodrin was detected in the supernatant and
35% in the pellet fraction. The inclusion of exon 17b in the
absence of exon 16 (Ex17/17b) resulted in a shift of�90% fodrin
from the supernatant to the pellet. Thus, exon 17b–encoded
peptides behaved similarly to that of exon 16 and stimulated
co-sedimentation of fodrin and F-actin. It is interesting to note
that exon 17 (Ex17b) also contributed to the sedimentation of
fodrin and actin as its absence suppressed the binding (Fig. 8D).
Altogether, these results show that sequences carried by exon
17 in conjunctionwith either exon 16 or exon 17b are necessary
and sufficient to stimulate fodrin/actin association. A graphic
presentation of the percentage of pelleted fodrin following
stimulation with the various 4.1R-exon 16–17�17b peptides is
shown in Fig. 8E.

Depletion of 4.1R�17b forms affects the organization of
spectrin–actin cytoskeleton and attenuates the initial
recruitment of E-cadherin to the AJs

To ensure physiological relevance of the results obtained
from overexpression of 4.1R�17b or 4.1R�17b forms, we further
analyzed the effects of 4.1R�17b silencing and its rescue on the
dynamics of epithelial AJs using the inducible Tet-On shRNA
knockdown or transfection of siRNA.
MDCK Tet-On stable lines with a control shRNA or exon

17b shRNA in pTRIPZwere generated. Red fluorescent protein
(RFP) served as an expression marker. 4.1R�17b knockdown
and rescue were validated in immunofluorescence staining and

Figure7. Expressionof4.1R�17bor4.1R�17b formsdoesnot impede theprotein levels ofAJandspectrin–actin cytoskeleton,but4.1R�17b expression
affects the organization of the spectrin lattice in the area of cell–cell contacts.MDCK cells transfected with EGFP– 4.1R�17b or EGFP– 4.1R�17b forms were
analyzed for AJ and spectrin–actin protein levels as well as for the intracellular localization of actin and �II-spectrin 36 h post-transfection. A, Western blotting
analyses for AJ and actin skeleton proteins from MDCK cells transfected with EGFP– 4.1R80, EGFP– 4.1R80�17b, EGFP– 4.1R135, or EGFP– 4.1R135�17b. Equal
amounts of lysates from each transfected culture were immunoblotted with anti-GFP, �-spectrin, �II-spectrin, �-actin, E-cadherin, or �-catenin Ab. GAPDH
served as a loading control. Molecular mass markers (kDa) are provided. B, F-actin and �II-spectrin co-localize with �-catenin at the AJs of MDCK cells. MDCK
were plated on coverslips and stained with Alexa Fluor 488 phalloidin for actin or anti-�II-spectrin Ab for �II-spectrin. Both were dual-immunolabeled for
�-catenin and revealed with a Zeiss microscope. Bar, 10 �m. C, reduction of actin at AJs of EGFP– 4.1R135– expressing cells but not that of EGFP– 4.1R135�17b–
expressing cells. MDCK cells transfected with EGFP– 4.1R135�17b or EGFP– 4.1R135 were labeled with Alexa Fluor 568 phalloidin for actin. D, EGFP– 4.1R135 but
not EGFP– 4.1R135�17b expression transforms junctional localization of �II-spectrin into diffuse cytoplasmic accumulation. MDCK cells transfected with EGFP–
4.1R135�17b or EGFP– 4.1R135 were labeled for the presence of �II-spectrin. Bar, 10 �m. E, presence of actin at the cell– cell contacts coincides with that of
E-cadherin during the AJ reassembly process. MDCK cells were stained for actin and E-cadherin at the indicated time after calcium repletion. Note: fluorescence
labeling shows formation of the circumferential F-actin and E-cadherin at the AJs after 0.5 h of calcium repletion (arrows) and persists through the AJ
maturation process.Bar, 10 �m. F, ratio of the fluorescence intensity of E-cadherin and actin at the cell– cell junction (redboxed regionofpanel E) versus adjacent
cytoplasm (yellow boxed region of panel E) was measured (n� 50). (F.I., fluorescence intensity; Mem, membrane; Cyto, cytoplasm). Values are mean� S.E.
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immunoblot assays. In the absence of doxycycline, no RFP�
cells were detected in 17b shRNA cells and they had nearly
equal 17b intensity at the cell–cell contacts (Fig. 9A,�dox). In
the presence of doxycycline, significantly decreased exon 17b
signals were found at the cell–cell contacts of the RFP� cells
but not that of RFP� cells (Fig. 9A, �dox). Co-expression of a
4.1R135�17b rescue construct resulted in the reappearance of
the 17b signal at the cell borders of the RFP� cells (Fig. 9A,
�dox 4.1Rres). 4.1R�17b protein was effectively knocked down
by greater than 95% in 17b shRNA cells in the presence of doxy-
cycline (Fig. 9B). 4.1R�17b rescue constructs expressed almost
the same amount as that of the endogenous forms (Fig. 9B).
When the AJ and spectrin/actin cytoskeleton proteins were
examined, 4.1R�17b depletion and rescue did not affect the sup-
ply of the AJ and actin cytoskeletal proteins, as no significant
differences in E-cadherin, �-catenin, �- and �II-spectrin, and
�-actin levels were observed (Fig. 9B).
We next analyzed whether 4.1R�17b depletion had any effect

on F-actin and �II-spectrin localization. Evaluating the actin
fluorescence at cell–cell contacts of a mix of RFP� and RFP�
populations showed strong actin staining in RFP� and RFP�
cell contacts, whereas a reduction of actin signal occurred at the

shared RFP� and RFP� cell borders (Fig. 9C, upper panel).
Intensity was notably reduced when both neighboring cells
were depleted of 4.1R�17b in the RFP� cell borders (Fig. 9C,
upper panel). Actin signal reappeared to the full extent at the
cell borders of RFP� cells when 4.1R135�17b rescue construct
was expressed in the knockdown cells (Fig. 9C, upper panel).
The cell–cell junctions marked by �II-spectrin staining were
different in RFP� and RFP� cell borders. In RFP� cells, there
was no obvious cytoplasmic localization of �II-spectrin; inter-
cellular contacts exhibited normal �II-spectrin staining (Fig.
9C, lower panel). In RFP� cells, �II-spectrin largely diffused
throughout the cytoplasmic compartment with no distinguish-
able junctional staining (Fig. 9C, lower panel). 4.1R135�17b res-
cue restored the cell–cell contact localization of�II-spectrin in
RFP� cells (Fig. 9C, lower panel). These results confirm the
overexpression data (Fig. 7, C andD) and suggest an important
role of 4.1R�17b forms in the junctional organization of the
actin–spectrin cytoskeleton.
We examined whether the altered actin and �II-spectrin

localization occurring in response to 4.1R�17b depletion
impacted the reassembly of AJs.MDCK transfected with a con-
trol siRNA or an ex17b-specific siRNA in the absence or pres-

Figure 8. 4.1R forms carrying exon 17b associate with spectrin and actin and induce fordin–actin–4.1R ternary complex formation. A, association of
endogenous 17b-containing 4.1R forms, actin, and spectrin was analyzed in an immunoprecipitation assay. Left, MDCK cell lysates were immunoprecipitated
with a control MIgG, anti-�-actin, anti-�-spectrin, anti-ex17b Ab, or a control RIgG and examined with their respective antibodies for the presence of the
precipitated protein. Right, MDCK lysates precipitated with MIgG, anti-�-actin, anti-�II-spectrin, anti-ex17b Ab, or RIgG and immunoblotted with an anti-�II-
spectrin Ab for its presence in each precipitate. Molecular mass markers (kDa) are provided. B, schematic diagram of GST– 4.1R– exon 16 –17�17b constructs
carrying various exon compositions used for the sedimentation assays. C, Coomassie Blue-stained gel of bacterially-expressed GST fusion proteins of different
combinations of exon 16 –17�17b peptides.Arrowhead,degradation product in purified GST–Ex17/17b fusion. Molecular mass markers (kDa) are provided.D,
co-sedimentation assays using GST– 4.1R peptides, rat brain fodrin, and F-actin followed by separation of supernatant (S) and pellet (P) fractions by ultracen-
trifugation and analysis by SDS-PAGE. Three independent experiments were performed. E, graphic presentation of the results obtained in D using National
Institutes of Health Image software for quantitation of the fodrin band present in the pellet fraction.

Protein 4.1R isoforms promote adherens junction assembly

J. Biol. Chem. (2020) 295(1) 191–211 203



ence of a 4.1R135�17b rescue construct was used for these stud-
ies. The control siRNA cells expressed both 160- and 100-kDa
4.1R, whereas the exon 17b-siRNA sample reduced the 160 kDa
to almost 0% and the 100 kDa by greater than 90% as assessed
with an anti-ex17b antibody (Fig. 9D). The rescue construct
4.1R135�17b was thus effectively expressed in siRNA-treated
cells (Fig. 9D).

In calcium-switch assays, E-cadherin disengaged from the
cell–cell contacts and became internalized in all treatments at
0 h (Fig. 9E, Ctrl). In control cells, E-cadherin started to appear
at the cell–cell contacts of some cells 0.5 h after calcium replen-
ishment, and the number of cells with E-cadherin at the cell–
cell contacts increased substantially 1 h after calcium replenish-
ment. Finally, E-cadherin appeared at the cell–cell contacts of
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the majority of cells after 2 h, and exclusively localized at the
cell–cell contacts of all cells by 3 h after calcium was replen-
ished (Fig. 9E,Ctrl). In ex17b–siRNA cells, the first appearance
of E-cadherin at the cell–cell contacts was observed 2 h after
calcium replenishment, an �1.5-h delay when compared with
that of the control cells (Fig. 9E, siRNA). E-cadherin appeared at
the cell–cell contacts of many more ex17b–siRNA cells by 3 h
and on themajority of the cells 4 h after calcium replenishment
(Fig. 9E, siRNA). The ex17b–siRNA with 4.1R135�17b-rescued
cells behaved similarly to that of the control cells with the reap-
pearance of E-cadherin at 0.5 h and proceeded to localize at the
cell–cell contacts of all cells 3 h after calcium replenishment
(Fig. 9E, siRNA 4.1Rres).
Quantification analyses of the percentage of junction assem-

bled during the time courses after calcium replenishment was
measured by the ratio of the E-cadherin–labeled length versus
the length of the cell periphery from 50 cells with its respective
treatment (Fig. 9F). At 0.5 and 1–4 h after calcium replenish-
ment, the junctions assembled in each treatment were as fol-
lows:�70, 87, 99, 100, and 98% in control cells;�0.9, 8.1, 38, 77,
and 96% in siRNA knockdown cells; and �53, 83, 97, 98, and
99% in rescue cells. A drastic reduction of E-cadherin at 0.5, 1,
and 2 h after calcium replenishment in 4.1R siRNA knockdown
was notedwhen comparedwith that of control and rescue cells.
However, the siRNA knockdown cells reached a delayed per-
centage of junctions assembled after 3 h of calcium replacement
that was nearly as high as control (Fig. 9F).
Like 4.1R80- and 4.1R135-expressing cells, ex17b–siRNA-

depleted cells reduced E-cadherin intensity at the cell–cell con-
tacts at the initial reassembly 0.5 and 1 h after replenishment
with normal calciummedium. In contrast to that of 4.1R80- and
4.1R135-expressing cells where there is a persistent lack of
E-cadherin at the cell–cell contacts throughout the reassembly
of AJs, the ex17b–siRNA knockdown cells eventually exhibited
E-cadherin recruitment to the cell–cell contacts (after 3 h). The
occupancy of EGFP–4.1R�17b at the cell–cell contacts of the
overexpressing cells but not that of ex17b–siRNA knockdown
cells may play a role in such discrepancy. Nonetheless, the crit-
ical role for 4.1R�17b forms in AJ assembly seems to be at the
initial junctional formation when actin also participates in the
assembly process (Fig. 7E). Together, these results show that

4.1R�17b is important for the formation of normal apical AJs in
the MDCK cell monolayer.

Discussion

Interplay between the peri-junctional F-actin cytoskeleton
and the plasma membrane is essential for the integrity and
remodeling of epithelial AJs during normal epithelial morpho-
genesis. Disruption of this interplay causes pathological abnor-
malities. Finding the components that link epithelial junctions
and the actin cytoskeleton will improve our understanding of
the regulation of AJs. 4.1R has been implicated in linking the AJ
(38) complex to the cytoskeleton. However, the precise 4.1R
isoform(s) participating, and the mechanisms involved in junc-
tional stability or remodeling, remained unclear prior to this
study. Our results offer the first direct evidence that epithelial-
specific 4.1R�17b forms are key molecular constituents of the
membrane skeleton involved in regulating AJs. 4.1R�17b iso-
forms are exclusively co-localized and associated with the AJ
proteins. The membrane-binding domain of 4.1R links to the
armadillo repeats 1 and 2 of �-catenin, whereas exon 17b–
encoded peptides interact with actin and form a spectrin–
actin–4.1R ternary complex. Lack of 4.1R�17b isoforms signif-
icantly attenuated initial calcium-dependent AJ assembly, and
its re-expression restored AJ junctional dynamics. The effects
of 4.1R�17b on epithelial junctions are likely mediated by
recruitment and/or stabilization of�-catenin and the spectrin–
actin cytoskeleton to the areas of cell–cell contact.
Some 4.1R isoforms serve as adapters that link the actin-

based cytoskeleton to plasma membrane proteins (29, 34–36).
Exon 16 of 4.1R is vital for the stabilization of the spectrin–actin
complex in the red blood cell cytoskeleton (34, 35) and modu-
lates the membrane mechanical properties of neuronal cells
(36). However, exon 17b-containing 4.1R�17b isoforms are the
predominant forms expressed in confluent MDCK cells. Our
results show that an inverse reciprocal expression of decreased
exon 16 and increased exon 17b occurs during confluence of
MDCK. Exon 17b–encoded peptide interacted with �-actin
and formed 4.1R–fodrin–actin ternary complexes in the
absence of exon 16. The binding properties of exon 17b thus
appear to compensate for the lack of exon 16 in promoting
fodrin/actin associations in epithelial cells. Examination of

Figure 9. Down-regulation of 4.1R�17b expression affects the organization of the spectrin–actin skeleton at cell–cell contacts and attenuates the
initial reassembly of E-cadherin at the AJs. A–C, MDCK Tet-On stable lines were generated with a control scramble shRNA (Ctrl) or 4.1R-exon 17b shRNA
(sh17b) in pTRIPZ where RFP served as an expression marker. sh17b lines grown in the absence (�dox) or presence (�dox) of doxycycline (dox) and sh17b line
co-expressing rescue construct 4.1R135�17b grown in the presence of doxycycline (�dox 4.1Rres) were analyzed. A, 4.1R�17b is silenced at the intercellular
junctions, and 4.1R135�17b rescue restores its expression at the cell– cell contacts. sh17b lines with indicated treatments were immunofluorescently-stained
with an anti-ex17b antibody and revealed with a Zeiss microscope. Bar, 10 �m. B, 4.1R�17b silence and rescue do not affect the protein levels of the AJs and
spectrin–actin cytoskeleton. Western blotting of cell lysates from control and sh17b cell lines treated as indicated were analyzed for ex17b, 4.1R rescue forms
(Flag), E-cadherin, �-catenin, �-spectrin, �II-spectrin, and �-actin with its respective antibody. GAPDH served as a loading control. Molecular mass markers
(kDa) are provided. C, immunofluorescence staining for actin and �II-spectrin in sh17b cells treated as indicated (�dox and�dox 4.1Rres) and revealed with a
Zeiss microscope. Upper panel, depletion of 4.1R�17b forms results in the reduction of actin at the AJs, and 4.1R135�17b expression restores cell– cell contact
localization of actin. Lower panel,�II-spectrin in 4.1R�17b-depleted cells largely distribute in the cytoplasmic compartment, and 4.1R135�17b expression restores
cell– cell contact localization of �II-spectrin. Bar, 10 �m. D and E, 4.1R�17b knockdown was achieved by exon 17b-specific siRNA (siRNA), and rescue was
accomplished by co-expression rescue construct 4.1R135�17b (siRNA 4.1Rres). A scramble nontargeting siRNA served as a control (Ctrl). D, siRNA-mediated
knockdown of 4.1R�17b forms reduces 4.1R135�17b and 4.1R80�17b expression, and rescue construct restores 4.1R135�17b expression in MDCK. Cell lysates from
MDCK with indicated treatments were analyzed with an anti-ex17b antibody. GAPDH served as a loading control. Molecular mass markers (kDa) are provided.
E, knockdown of 4.1R�17b forms delays the initial recruitment of E-cadherin to cell– cell contacts, and 4.1R135�17b expression restores the normal reassembly
process. MDCK cells treated as indicated and subjected to calcium switch were immunofluorescently-stained for E-cadherin. Note: E-cadherin localizes at cell
peripheries at early time points (0.5 and 1 h) in both control and rescue cells but not in ex17b–siRNA knockdown cells. E-cadherin recruits to cell border of all
treatments 4 h after calcium repletion. Bar, 10 �m. F, quantification of percent of junction assembly after calcium switch. Data are shown as mean� S.E. of 50
cells. Asterisks indicate statistical significance (***, p� 0.001).
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actin-binding motifs shows a sequence similarity between
amino acids 94–118 (ALKFSVSPASSQRQLGEKKAESSEE) of
exon 17b and known actin-binding sites on the Carcinoembry-
onic Antigen Cell Adhesion Molecule 1 (CEACAM1) (56),
caldesmon (57), myosin II (58), and villin (59). Whether this
exon 17b sequence or a different motif within it is responsible
for interaction with actin is under investigation.
We studied the contribution of 4.1R�17b forms tomatureAJs

by expressing 4.1R�17b or depleting 4.1R�17b forms in MDCK
cells. Both resulted in impaired F-actin cytoskeleton organiza-
tion similar to that of 4.1R gene knockout in mouse gastric
epithelia (38). E-cadherin signal is reduced at the AJs in this
study, whereas theweakened attachment of E-cadherin to cyto-
skeleton is identified in the previous report (38). In contrast to
the earlier report, we observed no significant differences in
�-catenin protein level and localization at the AJs in the pres-
ence or absence of 4.1R�17b forms. Whether the discrepancy
is due to difference between the gastric and renal epithelia
remains to be further examined.
The prior study of 4.1R in epithelial AJs in situ (38) revealed

a possible role of 4.1R in epithelial biology; however, that in situ
analysis does not allow for examination of the mechanisms
involved in junctional stability or remodeling. We explored the
participation of 4.1R�17b forms in the regulation of the dynam-
ics of AJs induced by calcium switch in MDCK cells expressing
4.1R�17b forms or knockdown 4.1R�17b forms. E-cadherin was
delayed in its participation in the initial reassembly of AJs in
both EGFP–4.1R80–expressing and ex17b–siRNA knockdown
cells. It ultimately associated with the AJ in exon 17b knock-
down cells, but was almost absent at the cell–cell contacts in
EGFP–4.1R80–expressingcells throughout the reassemblypro-
cess. This difference might be because the 4.1R paralogues
4.1G, 4.1B, and 4.1N are also expressed in epithelia (60). Both
4.1R and 4.1N are localized at the lateralmembrane of epithelial
cells (60). The MBD, SAB, and CTD are highly-conserved
among 4.1 family members. We speculate that the function of
4.1R�17b at the AJs might be replaceable by redundancy among
other 4.1 family members. In the overexpression studies, the
occupation of EGFP–4.1R80 at the cell–cell contacts may pre-
vent the recruitment of 4.1R paralogues to the sites. In contrast,
the knocked down cells would have sites available for paralogue
binding. Thismay also explainwhy 4.1R homozygous knockout
mice are viable (61) despite the evidence from the earlier report
(38) and current studies that 4.1R is involved in the assembly
and stabilization of AJs in the epithelial integrity. Whether any
of these family members might compensate is under further
investigation.
Recent studies have emphasized the importance of the asso-

ciation between epithelial junctions and the membrane skele-
ton in AJ assembly. Adducin mediates spectrin–actin interac-
tions and links the complex to themembrane (26). Depletion of
adducin significantly attenuated calcium-dependent AJ assem-
bly. Ankyrin-G provides a direct link between E-cadherin and
the spectrin/actin cytoskeleton by recruiting �II-spectrin to
E-cadherin–�-catenin complexes (27). E-cadherin requires
both ankyrin-G and �II-spectrin for its cellular localization as
depletion of either ankyrin-G or �II-spectrin blocks the accu-
mulation of E-cadherin at sites of cell–cell contacts. Spectrin is

also a major component of the erythrocyte cytoskeleton. 4.1R
binds to spectrin (62) and promotes the binding to actin (63).
These components play an essential role in the maintenance
of the mechanical stability and shape of the cell membrane.
Depletion of 4.1R�17b diminishes junctional recruitment of
�II-spectrin, reduces peri-junctional actin bundles, and pre-
vents the assembly of E-cadherin at cell–cell contacts. Like the
spectrin–adducin–ankyrin complex, the spectrin–4.1R�17b-
based membrane cytoskeleton complex may also be needed for
AJ integrity and remodeling. Additional studies in a system that
investigates the behavior of the actin–spectrin-based mem-
brane associationwith 4.1R and the effects of actin and spectrin
manipulations in AJ assembly would be needed to provide
mechanistic insight into how 4.1R organizes the actin or spec-
trin cytoskeleton.
We reported earlier that 4.1R localizes at the TJ and associ-

ateswithZO-2 through theCTDdomain (37). The specific 4.1R
isoform(s) in TJs have not been characterized. AJ assembly is
known to be a prerequisite for subsequent formation of TJs (3).
The impairment of AJ establishment in the absence of 4.1R�17b
formsmost likely attenuates TJ assembly. It will be of interest to
discern the precise 4.1R form(s) inTJs and to compare the func-
tional differences between 4.1R forms in the TJs and AJs.
The splicing switch involving the exclusion of exon 16 and

inclusion of exon 17b of 4.1R coincideswith nuclear to cell–cell
contact localization and cell density–dependent growth arrest
of epithelial cells. It is known that cooperation between two
motifs in exons 5 and 16 are required for the nuclear location of
4.1R in proliferating cells (64). Because exon 5 is included in
nearly all isoforms in MDCK cells, the shift in localization in
confluent cells is at least partly accomplished by isoform switch
from exon 16 inclusion to exclusion in confluent cells. Regu-
lated alternative splicing thus plays a critical role in mediating
temporal and/or spatial splicing decisions of 4.1R during
maturation of epithelial cells. Multiple cis- and trans-acting
factors have been shown to regulate exon 16 expression (50,
65). In contrast, the control of exon 17b inclusion has not
been characterized. It would be of interest to know whether
an epithelial-specific splicing factor is involved in exon 17b
expression and how the coordinated splicing regulation
between exon 16 exclusion and exon 17b inclusion is medi-
ated during differentiation.
Protein 4.1R is a member of the FERM protein family. The

FERM domain is a common protein module involved in local-
izing proteins to the plasma membrane where they function as
membrane–cytoskeletal linkers and regulators of multiple sig-
naling pathways (66, 67). Somemembers of this family have also
been implicated in tumor progression (68). 4.1R was found to
be involved in meningioma pathogenesis (69) and ependymal
tumors (70). Despite extensive research on 4.1R’s role as a
tumor suppressor, the mechanism by which 4.1R suppresses
tumorigenesis has remained elusive. The NF2 tumor suppres-
sor merlin is a critical suppressor of meningiomas and schwan-
nomas (71). It is absent in virtually all schwannomas, andmany
meningiomas and ependymomas (72, 73). Merlin physically
interacts with and stabilizes actin filaments in vitro (74) and
interactswith�II-spectrin (31). The direct involvement ofmer-
lin in actin–cytoskeleton organization suggests that alterations
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in the cytoskeleton are an early event in the pathogenesis of
some tumor types (31). Interestingly, merlin also localizes to
AJs and associates withAJ components (75).Merlin controls AJ
assembly and contact-dependent growth inhibition directly
from sites of cell–cell contact. Its deficiency promotes tumor-
igenesis and metastasis by destabilizing AJs (30). It is tempting
to speculate that 4.1R functions as a tumor suppressor in a
similar manner.
In summary, this study demonstrates that 4.1R�17b stabilizes

the AJs by linking the cytoskeleton to the membrane. This in
turn impacts the process of assembly and disassembly of AJs.
Further elucidation of the underlying mechanisms should pro-
vide important insights into the regulation of epithelial AJ
remodeling and biological role of 4.1R.

Experimental procedures

Plasmid constructs

All DNA constructs were made using standard cloning
procedures and confirmed by sequencing. 4.1R mini-cDNA
libraries were amplified from MDCK RNA using oligo(dT)
for RT, and the antisense primer located at the end of coding
sequences (D4.1R-21K-As, 5�-TTGGTACCTCATTCCTCAG-
AGATTTCAGTCTCCTGA-3�) (GenBankTM accession number
NM_001003362.1) and the sense primer 1A (D4.1R-Ex1A-S,
5�-TGGCAGGAACCTCTTAAAGGGCGAGA-3�); 1B (D4.1R-
Ex1B-S, 5�-ATGTGTCCCTGTGATGGCTCCACGGCTTCT-
3�), or 1C (D4.1R-Ex1C-S, 5�-CCTTCTCCTGCCATTGTTCCT-
CG-3�) (GenBankTM accession number NC_006584.3) for PCR.
The products were cloned into TOPO-TA vector (Invitrogen).
Approximately 100 4.1R clones positive for the constitutive exon
13 from each group were transferred to Hybond N�membranes
and then probed for alternative spliced exons (exon 5, 14, 15, 16,
17a, 17b, 18, and 19) using DIG nucleic acid detection kit (Roche
Applied Science). The identified representative species of 4.1R
isoforms were subsequently cloned in-frame with EGFP into
pEGFP-C1 (Clontech) or pcDNA3.1(�)-3Flag (76).
The 135-kDa (1–862 aa), 80-kDa (210–862 aa), HP (1–209

aa), MBD (210–507 aa), 16-kDa (508–614 aa), SAB (615–714
aa), and CTD (715–862 aa) of 4.1R (GenBankTM accession
number NM_001166005.1) were amplified from HUVEC and
cloned into pGEX-6P1 vector (Amersham). The GST–4.1R–
SAB with or without exon 16 was amplified from pGEX-2T-
10kd(�/�/�) or 10kd(�/�/�) (36) and subcloned into
pGEX-6P1 to form Ex16/17/GST and Ex17/GST, respectively.
Ex17/17b or Ex17b was cloned into pGEX-6p1 using primers
D4.1R-17-S (5�-CGGAATTCGATTTAGACAAAAGTCAA-
GAAGAGA-3�) or D4.1R�17b-S (5�-CACCCTCATTCGAA-
GTTTCCAGGTCGACAA-3�) andD4.1R�17b-As (5�-TTGT-
CGACCTGGAAACTTCGAATGAGGGTG-3�) for Ex17/17b/
GST and Ex17b/GST, respectively. The full-length first 100
amino acids or the last 100 amino acids of exon 17bwere cloned
into yeast two-hybrid Gal4 DNA-BD vector pGBKT7 (Clon-
tech) for yeast two-hybrid assays. Similarly, theMBDdomain of
4.1Rwas cloned into pGBKT7 for its interactionwith the arma-
dillo repeats cloned into Gal4 DNA-AD vector pGADT7.
The full-length (1–781 aa), NTD (1–140 aa), armadillo

domain (141–664 aa), and CTD (665–781 aa) of �-catenin

(GenBankTM accession number NM_001137652.1) were
amplified from HUVEC and cloned into pCl-neo vector (Pro-
mega) to generate CTNNB-FL/pCl-neo, CTNNB-NTD/pCl-
neo, CTNNB-ARM/pCl-neo, and CTNNB-CTD/pCl-neo for
in vitro transcription and translation. The full-length armadillo
domain or its repeat deletions were cloned into pGADT7 fused
with Gal4 DNA-AD to produce 1–12/pGADT7, 1–10/
pGADT7, 1–8/pGADT7, 1–4/pGADT7, 1–2/pGADT7, 3–12/
pGADT7, and 5–12/pGADT7 for yeast two-hybrid assays.
Exon 17b shRNA with the targeted nucleotide sequences

CCTGTCGGAGTCTCCACAAAG (sh121) were cloned into
pTRIPZ lentiviral shRNAmir vector (OpenBiosystems) to form
pTRIPZ-4.1Rex17b shRNA. Packaging, transduction, and induc-
tion of pTRIPZ shRNAmir are as described in themanufacturer’s
instructions. 4.1R rescueplasmidswere constructed in theTet-On
inducible expression vector pTRIPO, in which the AgeI–MluI
fragment of pTRIPZ (containing the TurboRFP tag and the
5�mir30/3�mir30 sequences) was replaced by an AgeI–HpaI–
XhoI–EcoRI–MluI polylinker sequence. Establishment of the
inducible pTRIPO-3Flag-4.1R160res and pTRIPO-3Flag-4.1R100res
was constructed by two-step cloning: pcDNA3.1–3Flag-4.1R160res
andpcDNA3.1–3Flag-4.1R100reswith theunderlinedmutations at
the shRNA target sequences (CCTGTCGGAATCTCCGCA-
AAG). These were incorporated into pcDNA3.1–3Flag-4.1R and
subsequently cloned into pTRIPO.

RT-PCR analyses

RT-PCR analysis of exon 16 and exon 17b expression was per-
formed using a limiting cycle amplification protocol that obtains
the PCR product within its linear range (50). RNAs from noncon-
fluent, sub-confluent, and confluent MDCK cells were reverse-
transcribed using the oligo(dT) primer. PCRs were performed
with Ex13-S (5�-AGAGCCCACAGAAGTGTGGA-3�) and
Ex17-As (5�-AGCTCACTGATGCTGGCATGAT-3�) for exon
16 and with Ex17-S (5�-AATGGGCAGCTTCCCACAGGA-3�)
andEx18-As (5�-GTTTGAGTCTTCACCAGGGGA-3�) forexon
17b. PCR products were fractionated on 2% agarose gels or
5% DNA polyacrylamide gels and quantified using analytic
software from a ChemiImagerTM 5500 System (Alpha Inno-
tech Co.). Two samples were performed with each confluent
stage in each experiment. Each experiment was repeated
three times. Averages and standard deviations (S.D.) were
calculated from three independent experiments (n� 3). E16
or E17b inclusions were calculated as the percent of exon 16
inclusion (�E16)/total products (set as 100%) or exon 17b
inclusion (�E17b)/total products in individual lanes.

Cell culture and induction of junctional remodeling

MDCK II provided by Drs. Alan Fanning and James Ander-
son (University of North Carolina, Chapel Hill) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum (Sigma), penicillin (50
�g/ml), and streptomycin (50 �g/ml). MDCK cells were plated
on glass coverslips at three different densities. The density of
confluent cells was 10 times higher than that of sub-confluent
cells and 50 times higher than that of nonconfluent cells. To
study the formation of epithelial AJs, confluent MDCK mono-
layers were first depolarized by overnight incubation in low-
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calcium medium (calcium-free Eagle’s minimal essential
mediumand 2%dialyzed fetal bovine serum, pH7.4). To induce
junctional reassembly, the cells were returned to normal cell
culture media with 1.8 mM calcium concentration for the indi-
cated times (referred to hereafter as “calcium repletion”).
MDCKcells were transducedwith pTRIPZ-4.1Rex17b shRNA

or control scramble shRNA and selected for stable cell lines
with puromycin. shRNA expression was induced with 200
ng/ml doxycycline where RFP served as an shRNA expression
marker. To rescue 4.1R�17b expression in knockdown cells,
pTRIPZ-4.1Rex17b shRNA MDCK was either transfected with
pcDNA3.1–3Flag-4.1R160res and pcDNA3.1–3Flag-4.1R100res

or transduced with inducible lentiviral pTRIPO-4.1R160res and
pTRIPO-4.1R100res or an empty vector and selected for stable
lines. 4.1R160res or 4.1R100res expression was induced in the
presence of doxycycline in growth medium.

Co-immunoprecipitation and immunoblotting

Co-immunoprecipitation of 4.1R and adherens junction pro-
teins was performed using MDCK cell lysates. Cell lysates or
immunoprecipitates were analyzed by 10 or 15% SDS-PAGE
and electrotransferred onto a polyvinylidene difluoride (PVDF)
(Millipore) or nitrocellulose membrane (Maine Manufactur-
ing, LLC). The detection of 4.1R forms, �-catenin, E-cadherin,
�-actin, spectrin, andGAPDHwas carried out by immunoblot-
ting with the following: anti-4.1R-HP, anti-4.1R-exon 13, anti-
4.1R-exon 16, anti-4.1R-exon 17b, and anti-�-catenin (BD
Transduction Laboratories); anti-E-cadherin (rr1, Develop-
mental Studies Hybridoma Bank (DSHB)); anti-ZO1 (61-7300,
Thermo Fisher Scientific); anti-�-actin (A2228, clone AC-74,
Sigma); anti-spectrin �-chain (nonerythroid) (MAB 1622,
Chemicon); anti-�-spectrin II (612563, BD Transduction Lab-
oratories); and anti-GAPDH (SAB2100894, Sigma) antibody
diluted in either 4%milk in TBST (20mMTris-HCl, pH 7.6, 140
mM NaCl, 0.1% Tween 20) or in antibody enhancer diluent
(Amresco, Inc., Solon, OH), and developed using an ECL detec-
tion kit (Amersham Biosciences). The presence of exogenously
expressed Flag-4.1R160res and 4.1R100res proteins was detected
with anti-FLAG (F7425, F3165, Sigma) antibody. VeriBlot sec-
ondary antibodies (ab131366 or ab131368, Abcam) were used
for co-immunoprecipitation Western blotting analyses.

Indirect immunofluorescence and imaging

For immunolabeling experiments, MDCK cells were grown
on either collagen-coated permeable polycarbonate filters
(0.4-�m pore size; Costar, Cambridge, MA) or on collagen- or
poly-D-lysine–coated coverslips. Cells were fixed in PBS con-
taining 4% paraformaldehyde for 15 min and then permeabi-
lized in 0.25% Triton X-100 in PBS for 5 min at room temper-
ature. Cellswere then blocked in 10%goat serum for 30min and
exposed to primary and secondary antibodies at room temper-
ature for 1 h each. Alexa Fluor 568 goat anti-mouse, Alexa Fluor
568 goat anti-rabbit, Alexa Fluor 488 goat anti-mouse, Alexa
Fluor 488 goat anti-rabbit secondary antibody, and Alexa Fluor
488 phalloidinwere obtained from Invitrogen.All sampleswere
counterstained with 4,6-diamidino-2-phenylindole. The sam-
ples were viewed with a Zeiss Axiovert 200M inverted micro-

scope or a Zeiss Axio Imager.Z1 microscope (Zeiss, Inc.). The
images were collected using SlideBookTM 4.0 or AxioVision
Rel. 4.8 software and processed using Photoshop software
(Adobe Systems, Inc.).
Quantification of junction assembly during the calcium

switch was carried out with ImageJ software as described (77).
In brief, the outline of the cell was drawn as the length of the cell
periphery, and the regions of cell–cell contact labeled by E-cad-
herin were drawn as the labeled length. Five EGFP� cells/field
(overexpressing) or five exon 17b negative cells/field (siRNA
knockdown) (10 fields for each sample; total 50 cells) weremea-
sured for both cell periphery length and E-cadherin–labeled
length. The percentage of junction assembled was obtained by
the ratio of the E-cadherin–labeled length over the length of the
cell periphery.
To analyze the extent of actin and E-cadherin localization to

cell–cell contact during calcium switch, the fluorescence inten-
sity between cell–cell contacts and the cytoplasm for both pro-
teins from the same frame was measured as described (78). In
brief, the pixels from an area (6 	 1 �m) on cell–cell contacts
and its adjacent area (6 	 1 �m) on the cytoplasm were
obtained using ImageJ software. The ratio of fluorescence
intensity (cell–cell contacts versus cytoplasm) for each time
point for each protein during calcium switch was calculated
from 50 cells.

Statistical analysis

Data were analyzed using GraphPad Prism 8 software
(GraphPad Software, Inc., La Jolla, CA). All values were
expressed as mean� S.E. of the mean (S.E.). Statistical signifi-
cance of quantitative data was determined by Student’s t test.
The level of significance difference was determined at p �
0.001.

Gel overlay assays

GST and ex17b/GST fusion proteins were affinity-purified
via coupling to GSH-Sepharose beads, and ex17b was cleaved
from ex17b/GST fusions using PreScission Protease (GE
Healthcare). Gel overlay assays were performed as described
previously (36). �-Actin and BSA were fractionated on a 12%
SDS-polyacrylamide gel and either stained with Coomassie
Blue dye or electrotransferred onto a PVDF membrane. The
membrane was incubated in blocking buffer (50 mM Tris-HCl,
pH 7.5, 140 mM NaCl, 0.1% Tween 20, 0.5% Nonidet P-40, 3%
BSA, 0.5% gelatin, and 2 mM DTT) for 12 h at 4 °C and was
overlaid with 3 �g/ml ex17b peptide in binding buffer (50 mM

Tris-HCl, pH 7.5, 140 mM NaCl, 0.5% Nonidet P-40, 1% BSA,
0.25% gelatin, 2 mM ATP, and 2 mM DTT) for 3 h in 4 °C. The
membrane was then washed with washing buffer (50 mM Tris-
HCl, pH 7.5, 140mMNaCl, 1.0%Nonidet P-40, and 2mMDTT)
and followed byWestern blotting using an anti-ex17b antibody.
For gel-overlay with actin, GST�17b and GST were fraction-
ated on a 12% SDS-polyacrylamide gel, overlaid with biotiny-
lated actin (Cytoskeleton, Inc.), incubated with streptavidin-
horseradish peroxidase (Sigma), and developed using enhanced
chemiluminescence.
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Yeast two-hybrid assays

The Gal-4 based two-hybrid system encoding the Gal4-BD
andGal4-AD, respectively, was used to express hybrid proteins.
To find proteins that interacted with the 4.1R exon 17b–
encoded peptide, a human kidney cDNA library in Gal4-AD
vector pACT2 (Clontech) was screened using either the full-
length or the C-terminal region 100 amino acids of exon 17b
cloned into Gal4-BD vector (pGBKT7) as the bait. They were
co-transformed into yeast and assayed for �-gal activity on
nitrocellulose filters as described in the Clontechmanual. DNA
from positive clones were amplified by standard PCR followed
by DNA sequencing.
For mapping �-catenin armadillo domain repeats that interact

with 4.1R–MBD, the MBD domain of 4.1R was inserted into
pGBKT7 as the bait and the armadillo domain or its repeat-dele-
tions were inserted into pGADT7 (1–12/pGADT7, 1–10/
pGADT7, 1–8/pGADT7, 1–4/pGADT7, 1–2/pGADT7, 3–12/
pGADT7, and 5–12/pGADT7) and analyzed. Co-transformation
ofp53/pGBKT7and largeT-antigen/pGADT7servedasapositive
control.Negativecontrolswereperformedby transformationwith
pGBKT7-MBD or 1–12/pGADT7 alone.

Recombinant protein productions and GST-pulldown assays

4.1R/GST fusion and their deletion derivatives were affi-
nity-purified via coupling to GSH-Sepharose beads (GE Health-
care) according to the manufacturer’s protocol. Full-length
�-catenin, its individual domains, and the armadillo repeat
deletion derivatives cloned in pCl-neo or PCR-generated DNA
fragments were used for in vitro transcription and translation
using the TNT Quick Coupled Transcription/Translation Sys-
tem (Promega) in the presence of [35S]methionine to radiolabel
newly-synthesized proteins according to the manufacturer’s
protocol. GST-pulldown analyses were performed as reported
previously (37) with modifications. TNT-produced proteins
were incubated with 4.1R/GST fusion proteins coupled to Sep-
harose beads for 1 h at 4 °C in binding buffer (50mM potassium
phosphate, pH 7.3, 140mMNaCl, 10mMKCl). Themixturewas
washed five times with binding buffer in the presence of 1%
Triton X-100, and the bound proteins were analyzed on a gel,
treated with Enlightening (PerkinElmer Life Sciences), and
visualized by fluorography.
For actin pulldown, 5 �M GST or 17b/GST fusion proteins

were incubated with 5 �M actin in 60 �l of binding buffer (20
mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40,
pH8.0) at 4 °C for 2 h. The proteinmixwas incubatedwith 60�l
of GSH-agarose beads for an additional 1 h. The beads were
thenwashed four timeswith awashing buffer (20mMTris-HCl,
20 mM KCl, 0.1% Triton X-100, 1 mM DTT, pH 8.0). The pres-
ence of actin bound to 17b/GST was detected byWestern blot-
ting using an anti-�-actin Ab.

Co-sedimentation assays

Commercially obtained F-actin was polymerized at a con-
centration of 1mg/ml, according to themanufacturer’s instruc-
tions (Cytoskeleton, Denver, CO). Fodrin purification from rat
brain was carried out as described (36). Purified brain fodrin,
recombinant GST fusion polypeptides, and F-actin were subse-
quently dialyzed against several changes of binding buffer (130

mMKCl, 25mMNaCl, 2mMMgCl2, 0.4mMDTT, 0.2mMCaCl2,
20 mM Hepes, pH 7.2) (79) at 4 °C. Co-sedimentation assays
were performed in 50�l of binding buffer in the presence of 0.2
�M fodrin, 5.7 �M F-actin, and 1.4 �M GST–Ex16/17, GST–
Ex17, GST–Ex17/17b, GST–Ex17b, or GST-alone polypep-
tides. The reaction mixtures were incubated at room tempera-
ture for 45min and then centrifuged at 4 °C for 1 h at 100,000	
g in a Beckman 42.2Ti rotor. Equivalent portions of superna-
tants and pellets were subsequently fractionated by 10%
SDS-PAGE.
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