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Paracingulin is a 160-kDa protein localized in the cytoplasmic
region of epithelial tight and adherens junctions, where it regu-
lates RhoA and Racl activities by interacting with guanine
nucleotide exchange factors. Here, we investigate the molecular
mechanisms that control the recruitment of paracingulin to
cell-cell junctions. We show that paracingulin forms a complex
with the tight junction protein ZO-1, and the globular head
domain of paracingulin interacts directly with ZO-1 through an
N-terminal region containing a conserved ZIM (ZO-1-Interac-
tion-Motif) sequence. Recruitment of paracingulin to cadherin-
based cell-cell junctions in Ratl fibroblasts requires the ZIM-
containing region, whereas in epithelial cells removal of this
region decreases the junctional localization of paracingulin at
tight junctions but not at adherens junctions. Depletion of
Z0-1, but not ZO-2, reduces paracingulin accumulation at tight
junctions. A yeast two-hybrid screen identifies both ZO-1 and
the adherens junction protein PLEKHA?7 as paracingulin-bind-
ing proteins. Paracingulin forms a complex with PLEKHA7 and
its interacting partner p120ctn, and the globular head domain
of paracingulin interacts directly with a central region of
PLEKHA?7. Depletion of PLEKHA?7 from Madin-Darby canine
kidney cells results in the loss of junctional localization of parac-
ingulin and a decrease in its expression. In summary, we char-
acterize ZO-1 and PLEKHA?7 as paracingulin-interacting pro-
teins that are involved in its recruitment to epithelial tight and
adherens junctions, respectively.

Tight junctions (TJ)*> and adherens junctions (A]) are key
elements of the apical junctional complex of vertebrate epithe-
lial cells and are of fundamental importance in the morphogen-
esis and homeostasis of epithelial tissues. T] and AJ carry out
several functions: canonical roles in cell-cell adhesion and tis-
sue sorting (AJ]), cell polarization and permeability barrier func-
tions (TJ), and signaling functions through pathways that con-
trol the organization of the cytoskeleton and the activity of
transcription factors (for review, see Refs. 1-10). All of these
functions are orchestrated by complexes of transmembrane,
cytoplasmic, and cytoskeletal proteins. Transmembrane pro-
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teins of T] are anchored to the actin cytoskeleton by cytoplas-
mic scaffolding proteins, among which ZO-1 and ZO-2 play a
critical role (11-13). The major transmembrane proteins of AJ
are E-cadherin and nectin, which are anchored to the actin and
microtubule cytoskeletons by distinct cytoplasmic protein
complexes (9, 10). The linkage of E-cadherin to microtubules is
mediated by a newly characterized protein complex, compris-
ing p120ctn and PLEKHA?7 (14).

The formation and maintenance of epithelial junctions
require the activity of small GTPases of the Rho family (RhoA,
Racl, and Cdc42), which control the assembly and contractility
of the actin cytoskeleton and, ultimately, cell adhesion, cell
shape, and morphogenesis (15, 16). Several junction-associated
proteins are implicated, directly or indirectly, in the control of
the activity of Rho family GTPases in epithelia (8, 16-23).
Among these, cingulin and paracingulin (also known as cingu-
lin-like protein 1, CGNL1, or JACOP) (24 -27) play an impor-
tant role in the regulation of RhoA and Racl activities (27-30).
For example, both cingulin and paracingulin recruit GEF-H1, a
RhoA activator, to junctions, resulting in the down-regulation
of RhoA activity in confluent monolayers (28, 29, 31). In addi-
tion, paracingulin promotes the activation of Racl during junc-
tion formation upon calcium switch, by recruiting the Racl
activator Tiam1 to junctions (29).

The junctional targeting of paracingulin is of paramount
importance to spatially define its regulation of Racl and RhoA
activities. However, nothing is known about the molecular
interactions that control the recruitment of paracingulin to
junctions. Paracingulin shares with cingulin a similar dynamic
behavior and domain organization, with globular head and tail
domains, and a coiled-coil rod domain, but unlike cingulin, it is
localized not only at TJ, but also at AJ (26, 27, 32). Although the
TJ protein ZO-1 is required for the efficient recruitment of
cingulin to TJ (13, 33, 34), it is not known whether paracingulin
interacts with ZO-1 and whether this interaction is important
for its recruitment to TJ. Furthermore, the question remains
open about any potential molecular mechanism of association
of paracingulin with AJ. In this paper we address these ques-
tions, and we discover that paracingulin interacts not only with
Z0-1, but also with the AJ protein PLEKHA?7 (14, 35) and that
these molecular interactions play a mechanistic role in the
recruitment of paracingulin to junctions.

EXPERIMENTAL PROCEDURES

Antibodies—Polyclonal and monoclonal antibodies against
PLEKHA?7 were described previously (35). Other antibodies
were cingulin (Invitrogen/Zymed Laboratories 36-4401), CGNL1
(rabbit 20983, in-house), ZO-1 (R40-76, a kind gift from D.

JOURNAL OF BIOLOGICAL CHEMISTRY 16743


http://www.jbc.org/cgi/content/full/M111.230862/DC1

Paracingulin Interacts with ZO-1 and PLEKHA7

Goodenough, Harvard Medical School), ZO-2 (Santa Cruz Bio-
technology 71-1400), afadin (Sigma A-0224), Myc tag (9E10
clone, in-house), His tag (Santa Cruz Biotechnology), and
p120ctn (mouse 15D2 and 8D11, a kind gift from Dr. A. Reyn-
olds, Vanderbilt University). Fluorescein isothiocyanate- and
tetramethylrhodamine isothiocyanate-labeled secondary anti-
bodies were from Jackson Immunoresearch Laboratories.

Recombinant Protein Expression and Glutathione S-Trans-
ferase (GST) Pulldown Assays—GST fusion protein constructs
were obtained by cloning PCR amplicons in the pGEX4T1 vec-
tor, in-frame with GST. Purification of GST fusion proteins and
GST pulldowns were as described previously (29, 36). Full-
length PLEKHA?7 and paracingulin were expressed in baculovi-
rus-infected Sf29 insect cells, after cloning full-length cDNAs
into the pFastBacHT vector in-frame with the N-terminal His
tag, and transfection of cells with bacmid DNA (32, 36). Cells
were lysed in LBT buffer (150 mm NaCl, 20 mm Tris-HCI, pH
7.5,5mMEDTA, 1% Triton X-100, 1 mm PMSF), and the lysates
were centrifuged at 100,000 X g to remove insoluble material,
prior to pulldown assays. At least two biological repeats were
performed for each experimental set.

Yeast Two-hybrid Screen—The globular head domain of
human paracingulin (residues 1-603) was fused C-terminally
to LexA in the pB27 vector. This construct was used to screen a
human placenta library in the presence of 0.5 mm 3-amino-
1,2,4-triazole (Hybrigenics, Paris, France). A high confidence
interaction (based on the PIM biological score) (37) was
detected with four distinct clones of human ZO-1, containing
sequences between nucleotides 5468 and 7049, corresponding
to residues 1455-1736 of ZO-1. A very high confidence inter-
action was detected with five distinct clones of human
PLEKHA?7, containing sequences between nucleotides 1868
and 2321, corresponding to residues 602—892 of human
PLEKHA?7.

Cell Culture and Transfection—MDCK cells, Caco-2 cells,
and Rat1 fibroblasts were cultured in DMEM (containing pyru-
vate for Caco-2 cells) supplemented with FBS, 100 units/ml
penicillin, 100 ug/ml streptomycin, and 1X minimal essential
medium (MEM), nonessential amino acids. MDCK and Ratl
cell lines expressing either full-length or N-terminal deletions
(A1-110, A1-209) of YFP-tagged canine CGNL1 (generated in
the vector pTRE2Hyg) were obtained by transfection with
Lipofectamine 2000 and selection in hygromicin. mpkCCDc,,
cells were cultured as described (35). MDCK cell clones
depleted of PLEKHA7 were obtained by transfection of wild-
type MDCK cells with the pTER vector, containing an insert
designed to target the sequence(s) AACCTGCCAAGTGAC-
TACAAGT and ATCGCAGTCACGAGGATTCCTT. Stable
transfectants were generated by selection in zeocin (29), and
individual clones were isolated by cloning rings. Stable MDCK
celllines depleted of ZO-1, ZO-2, or p120ctn were gifts of Dr. A.
Fanning (University of North Carolina) (13) and Dr. A. Reyn-
olds (Vanderbilt University) (38), respectively.

Immunoprecipitation and Immunoblotting—For immuno-
precipitations, cells were washed twice in ice-cold PBS and
lysed in coimmunoprecipitation buffer (150 mm NaCl, 20 mm
Tris-HCI, pH 7.5, 1% Nonidet P-40, 1 mM EDTA, and complete
protease inhibitor) for 15 min at 4 °C. Lysates were clarified by
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centrifugation for 15 min at 13,000 rpm. Antibodies (5 ul of
rabbit serum anti-PLEKHA?7, anti-CGN, anti-CGNL1, and pre-
immune sera, 2 ug of anti-p120ctn 15D2 and 8D11) were cou-
pled with 20 ul of pre-washed G-protein Dynabeads (Invitro-
gen) (1 hat4 °C) and then incubated with either mpkCCDc; , or
MDCK lysates (16 h at 4 °C). Beads were washed in coimmuno-
precipitation, and proteins were eluted by boiling in SDS sam-
ple buffer and analyzed by SDS-PAGE and immunoblotting. At
least three biological repeats were performed for each experi-
mental set.

Immunofluorescence Microscopy—Cells on coverslips were
fixed with cold methanol for 10 min at —20 °C, washed with
PBS, incubated with primary antibody (1 h at 30 °C), washed,
incubated with secondary antibody (30 min at 37 °C), and
mounted with Vectashield medium (Reactolab). Specimens
were analyzed with Axiovert S100 or Zeiss 510 META micro-
scopes. For semiquantitative analysis of junctional labeling, we
compared the junctional labeling of CGN with afadin, and
CGNLL1 with E-cadherin, reference proteins whose junctional
localization was not affected by either ZO-1 or ZO-2 depletion.
Five confocal images for each double-immunolabeled sample
were analyzed with Image] software. Pixel intensity for each
channel was measured in the selected junctional area, and the
averaged background signal was subtracted. Relative signal was
expressed as a ratio between CGN/afadin and CGNL1/E-cad-
herin, calculated over the five different images for each sample.
At least three biological repeats were performed for each
experiment.

Quantitative RT-PCR—Quantitative RT-PCR (qRT-PCR)
was used to assess mRNA expression in MDCK cell clones.
Total RNA was prepared using the RNeasy mini kit (Qiagen),
retrotranscribed using iScript cDNA synthesis kit (Bio-Rad),
and analyzed by SYBR Green-based PCR as described (39). The
following primers were used: PLEKHA?7, forward 5'-ATT GCT
CAC CAG CAG AGG TT-3' and reverse 5'-TTC CAG GCA
TTT TCC ATC TC-3'; CGNLL1 forward 5-CTC AAG GAC
CTG GAA TAC GAG C-3' and reverse 5'-TCC GAG AGC
AAATCCGAGTT-3'; Hypoxantine-guanine phosphoribosyl-
transferase forward 5'-TGG ACA GGA CTG AGC GGC-3'
and reverse 5'-TGA GCA CAC AGA GGG CTA CG-3'. C,
AC, AAC, and -fold changes were calculated as described (39).

RESULTS

Paracingulin Interacts with ZO-1 through the ZIM-contain-
ing Region of the Globular Head Domain and Is Recruited to
ZO-1-containing Junctions in a ZIM-dependent Manner—To
ask whether paracingulin can interact with ZO-1, we first
examined whether paracingulin and ZO-1 form a complex.
Immunoblotting analysis of immunoprecipitates prepared
from mouse kidney epithelial cells showed that ZO-1 is
detected both in cingulin and paracingulin immunoprecipitates
(Fig. 14), indicating that ZO-1 forms complexes with both
proteins.

The ZIM sequence, which is involved in the junctional
recruitment and interaction of cingulin with ZO-1 (33), is pres-
ent in the N-terminal region of the head domain of paracingulin
and shows 75% identity to the homologous sequence of cingulin
(Fig. 1B). We asked whether the ZIM-containing region is
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FIGURE 1. CGNL1 interacts with ZO-1 and is recruited to junctions through the ZIM domain. A, CGNL1 forms a complex with ZO-1 and CGN. Immunoblot
(IB) analysis was performed with antibodies against ZO-1, CGN, and CGNL1, of immunoprecipitates (IP) prepared from mpkCCD, , (mouse kidney) cell lysates,
using antibodies against CGN and CGNLT1 (a rabbit preimmune serum was used as a negative control). Input was 1/10 of the volume used for the immuno-
precipitation. B, ZIM-containing region is required for the interaction between the head region of CGNL1 and ZO-1. Top panel, ZIM sequences (33) of human
paracingulin (residues 37-51) and human cingulin (residues 40 -54) are aligned, with amino acid identities indicated by cross-bars. Middle panel, diagrams show
schematically full-length CGNL1 and CGN (with head, rod, and tail domains), and head GST fusion constructs used in GST pulldowns. The ZIM sequence (in red)
isin the N-terminal region of the head domain. The interaction with ZO-1 is scored on the right (interaction: very strong, + + +; strong, + +; none detected, —).
Bottom panel, ZO-1 immunoblotting (top) and Ponceau S staining (bottom, for normalization of total GST fusion proteins) of GST pulldowns of full-length ZO-1
used GST fusion proteins of CGNLT and CGN (numbers indicate residues) as bait. Numbers on the right indicate migration of molecular size markers. C, ZIM
domain is required for CGNL1 recruitment to AJ in Rat1 fibroblasts. Immunofluorescence microscopy, with anti-ZO-1 antibodies, of Rat1 fibroblasts expressing
exogenous YFP-tagged CGNL1 constructs is shown: full-length (FL), deletion of residues 1-110 (A1-110), and deletion of residues 1-209 (A1-209). All of these
constructs target actin stress fibers (arrowheads), but only the full-length CGNL1, which contains the ZIM sequence, colocalizes with ZO-1 at the spot-like AJ
(arrows). Scale bar, 10 um, D, ZIM domain is required for CGNL1 recruitment to TJ in MDCK cells. Immunofluorescence microscopy, with anti-ZO-1 antibodies,
of MDCK cells expressing YFP-tagged CGNL1 constructs (see C) is shown. Arrows indicate colocalization with ZO-1. Arrowheads indicate junctional staining that

is not colocalized with ZO-1. Scale bar, 10 um.

implicated in the interaction of paracingulin with ZO-1 by car-
rying out GST pulldown assays (Fig. 1B). Bacterially expressed
constructs of the head domain of paracingulin were used as
baits to pull down full-length ZO-1, expressed in baculovirus-
infected insect cells. As a control, we used bacterially expressed
constructs of cingulin. The globular head domains of cingulin
and paracingulin interacted strongly with ZO-1 (Fig. 1B) (see
also Ref. 25), and removal of the ZIM-containing N-terminal
region abolished this interaction (Fig. 1B) (33). A 110-residue
N-terminal fragment of the paracingulin head domain, which
contains the ZIM sequence, was sufficient to interact with
ZO-1 (Fig. 1B). Fragments of the rod domain of paracingulin
did not interact with full-length ZO-1 (data not shown). In
addition, a C-terminal fragment of human ZO-1 (residues
1455-1736) was found to interact with the globular head
domain of paracingulin with a high confidence score, in a yeast
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two-hybrid screen. In summary, the head domain of paracingu-
lin interacts directly with the C-terminal region of ZO-1, and
the ZIM-containing N-terminal region of the head domain of
paracingulin is necessary and sufficient for this interaction.

To establish whether the interaction between paracingulin
and ZO-1 is physiologically relevant, we tested whether the
ZIM-containing region is required for paracingulin recruit-
ment to junctions. To this purpose, we first expressed fluores-
cently tagged paracingulin in Rat1 fibroblasts. Rat1 fibroblasts
do not have TJ and TJ proteins, but form spot-like AJ at sites of
cell-cell contact which contain ZO-1, allowing one to examine
the interaction of exogenous proteins with ZO-1, indepen-
dently of TJ (33, 40, 41). Importantly, spot-like AJ of Rat-1 fibro-
blasts do not contain the AJ protein PLEKHA7, which in these
cells is only detectable at centrosomes (data not shown and Ref.
14), in agreement with the notion that PLEKHA?7 is confined to
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FIGURE 2. Depletion of ZO-1, but not ZO-2, negatively regulates the junctional recruitment of CGNL1. A, depletion of either ZO-1 or ZO-2 does not
affect CGNL1 and CGN protein levels. Immunoblotting analysis of lysates from MDCK cells, either wild-type (wt) or stable lines depleted of either ZO-1
(ZO-1 kd, clone 1), or ZO-2 (ZO-2 kd, clone 1) was performed with antibodies against ZO-1, ZO-2, CGN, CGNL1. B-Tubulin was used as loading control.
B, CGNL1 junctional labeling increases at longer times after plating in ZO-1 kd cells. Double immunofluorescence microscopy analysis of MDCK cell lines
(wt, ZO-1 kd, and ZO-2 kd) labeled with antibodies against CGNL1 and ZO-1 was performed after 1, 2, or 3 days in culture following plating. Arrows
indicate normal junctional labeling, and arrowheads indicate decreased junctional labeling of CGNL1. Scale bar, 10 um. C, CGN junctional labeling is
decreased in ZO-1-, but not ZO-2-depleted cells. Double immunofluorescent microscopy analysis of MDCK cells grown for 2 days after plating (wt, ZO-1
kd, ZO-2 kd) was performed with antibodies against CGN and ZO-2. Arrowheads indicate reduced junctional labeling for CGN. Arrows indicate normal
junctional labeling for CGN in wt and ZO-2 kd cells. Scale bar, 10 wm. D and E, semiquantitative analysis of the junctional labeling for CGNL1 (D) and CGN
(E) in wt MDCK cells and in different clones of ZO-1 kd cells (clones 1, 2, and 3) and ZO-2 kd cells (clones 1, 2, and 3) was performed. Junctional labeling
is expressed as a ratio between labeling of either CGNL1 and E-cadherin (D) or CGN and afadin (E) (see “Experimental Procedures”). D, ratio of CGNL1 to
E-cadherin was decreased 57% in ZO-1 kd clones compared with the wild-type (wt = 0.73 = 0.05; ZO-1 kd clones = 0.32 = 0.06, p value < 0.001), but
notin ZO-2 kd clones (0.71 = 0.12). E, ratio of CGN to afadin was decreased 80% in ZO-1 kd clones compared with the wild-type (wt = 0.66 * 0.12; ZO-1

kd clones = 0.15 = 0.04, p value < 0.001), but not in ZO-2 kd clones (0.74 = 0.10).

belt-like AJ and absent from spot-like AJ (35). Immunofluores-
cence microscopy showed that in Ratl fibroblasts full-length
paracingulin was colocalized with ZO-1 at sites of cell-cell contact
and along actin stress-fibers (Fig. 1C, FL, arrows and arrowheads,
and magnified inset). In contrast, two distinct constructs lacking
the ZIM sequence localized only along stress fibers (Fig. 1C,
A1-110 and A1-209, arrowheads), and failed to colocalize with
Z0O-1 (Fig. 1C, A1-110 and A1-209, arrows, and magnified insets).
Next, we asked whether the ZIM-containing region is
required for the localization of paracingulin at junctions of epi-
thelial renal (MDCK) cells that contain belt-like AJ and
TJ. Immunofluorescence microscopy showed that exogenous
full-length paracingulin was localized at junctions, and the
paracingulin labeling significantly colocalized with ZO-1 label-
ing (Fig. 1D, FL, arrows, and magnified inset). In contrast, the
paracingulin constructs lacking the ZIM-containing region
were not colocalized with ZO-1 (Fig. 1D, A1-110 and A1-209,
arrowheads, and magnified insets), albeit they were still de-
tected in a junctional localization. This suggested that ZIM-
independent protein interactions can recruit paracingulin to
junctions in epithelial cells, but not in Rat1 fibroblasts.
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Paracingulin Junctional Recruitment Is Decreased in ZO-1-
depleted, but Not ZO-2-depleted, Cell Lines—Next, to examine
in more detail the role of ZO-1 in the junctional recruitment of
paracingulin in epithelial cells, we analyzed the expression
and localization of cingulin and paracingulin in MDCK cells
depleted of ZO-1. As a control, we used cells depleted of ZO-2.
Previous studies showed either a loss or a decrease in the junc-
tional labeling of cingulin in cells devoid or depleted of ZO-1
(13, 34).

Immunoblotting (Fig. 24) and qRT-PCR analysis (data not
shown) showed that the levels of expression of cingulin and
paracingulin were not affected by either ZO-1 or ZO-2 deple-
tion. Immunofluorescence microscopy showed decreased junc-
tional labeling for both paracingulin and cingulin in ZO-1-de-
pleted cells (Fig. 2, Band C, and supplemental Fig. 14, ZO-1 kd,
arrowheads), but not in ZO-2-depleted cells (Fig. 2, B and C,
and supplemental Fig. 14, ZO-2 kd, arrows), when cells were
grown for 1 or 2 days after plating. However, the junctional
labeling for paracingulin, but not cingulin, increased as junc-
tions matured, because 3 days after plating the labeling for junc-
tional paracingulin was almost as strong as wild-type cells (Fig.
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FIGURE 3. CGNL1 forms a complex with PLEKHA7 and p120ctn and interacts with PLEKHA7 through its globular head domain. A, CGNL1 forms a
complex with PLEKHA7. Immunoblotting (/B) analysis was performed (using antibodies against PLEKHA7, CGNL1, and p120ctn) of immunoprecipitates (/P)
obtained from lysates of mpkCCD_,, cells, using either anti-PLEKHA7 or anti-CGNL1 antibodies (preimmune sera were used as controls). Note that CGNL1 and
p120ctn are detected in the PLEKHA7 immunoprecipitates and PLEKHA7 and p120ctn in CGNLT immunoprecipitates. B and C, association of CGNL1 with the
p120ctn complex is specific. B, immunoblotting analysis was performed (using antibodies against either CGNL1 or p120ctn) of immunoprecipitates from
lysates of human intestinal cells (Caco-2), using monoclonal antibodies that bind to (15D2) or do not bind to (8D11) human p120ctn. Note that CGNL1 is
specifically coimmunoprecipitated only with the monoclonal anti-p120ctn antibody that recognizes the human isoform (15D2). C,immunoblotting analysis of
immunoprecipitates from lysates of either wild-type MDCK cells (wt) or MDCK cell lines depleted of p120ctn (kd), using the 8D11 anti-p120ctn monoclonal
antibody is shown. CGNL1 is detected only inimmunoprecipitates from wt cells and not in cells depleted of p120ctn. D, CGNL1 interacts with PLEKHA7 through
its globular head domain, independently of the ZIM-containing region. Top, schematic diagrams full-length CGNL1 and regions used for the generation of GST
fusion proteins used in pulldown experiments. Numbers on the left indicate amino acid residues, and their interaction with full-length PLEKHA7 (for CGNL
constructs) by GST pulldown is scored on the right (+ + +, strong; +, detected; +/—, weak; —, none detected). Bottom, immunoblotting analysis (using either
anti-His antibodies or anti-PLEKHA7 antibodies) of GST pulldowns of His-tagged, full-length PLEKHA7 used GST fusions of the indicated constructs. Input was
1/10 of the volume used for each pulldown. E, PLEKHA7 interacts with CGNL1 through its central domain, containing proline-rich and coiled-coil domains. Top,
schematic diagrams full-length PLEKHA7, with tryptophane domains (ww), pleckstrin-homology (PH) domain, proline-rich (Pro), coiled-coil (cc) domains, and
regions used for the generation of GST fusion proteins from pulldown experiments. Numbers on the left indicate amino acid residues, and their interaction with
full-length CGNLT1 either by GST pulldown (residues 1-350, 351-820, 821-1121) or yeast two-hybrid screen (Y-2H) is scored on the right. Bottom, immunoblot-
ting analysis was performed (using anti-His antibodies) of GST pulldowns of His-tagged, full-length CGNL1, using GST fusions of the indicated constructs of

PLEKHA7.

2B), suggesting that depletion of ZO-1 results in a delay rather
than a block of the junctional recruitment of paracingulin. In
contrast, depletion of either ZO-1 or ZO-2 did not affect the
junctional localization of AJ markers, such as p120ctn, afadin,
and PLEKHA?7 (supplemental Fig. 1B) and E-cadherin (data not
shown), in agreement with the notion that ZO-1 specifically
controls the assembly and function of TJ, but not AJ (13, 42).
Thus, ZO-1 is required for the efficient junctional recruitment
of cingulin and, to a lesser extent, paracingulin.

To compare more quantitatively the effect of ZO-1 depletion
on the junctional recruitment of paracingulin and cingulin, we
measured the intensity of their junctional labeling in different
clones of either ZO-1-depleted or ZO-2-depleted cells, using as
a reference E-cadherin and afadin. In ZO-1-depleted cells, the
labeling for both paracingulin (Fig. 2D) and cingulin (Fig. 2E)
was significantly decreased, whereas no significant change was
observed in ZO-2-depleted cells. However, whereas cingulin
labeling was decreased, on average, by about 77% upon ZO-1
depletion in cells grown for 2 days, the labeling for paracingulin
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was decreased by about 57%, confirming that ZO-1 has a stron-
ger impact on the junctional recruitment of cingulin than that
of paracingulin. Finally, we examined the localization of a ZIM-
deleted construct of paracingulin (A1-209) in cells depleted
either of ZO-1 or ZO-2. Based on the colocalization with occlu-
din and E-cadherin, the full-length paracingulin construct was
targeted to both TJ and AJ in wild-type cells and ZO-2-depleted
cells, but only to AJ in ZO-1-depleted cells (supplemental Fig.
2A). Deletion of the ZIM-containing region resulted in reduced
or no colocalization with occludin, without decreasing the
colocalization with E-cadherin (supplemental Fig. 2B). Taken
together, these results indicate that the ZIM-containing region
specifically targets paracingulin to T] and is not required for
paracingulin recruitment to AJ.

Paracingulin Forms a Complex with PLEKHA7 and p120ctn
at Epithelial Adherens Junctions and Interacts Directly with
PLEKHA7—To identify novel interacting protein partners that
may be important for the recruitment of paracingulin to AJ, we
carried out a yeast two-hybrid screen in which the globular
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FIGURE 4. PLEKHA? is required for CGNL1 recruitment to AJ. A, establishment of PLEKHA7-kd MDCK cell clones. Immunoblotting analysis, using antibodies
against PLEKHA7, CGNL1, ZO-1, p120ctn, and B-tubulin of lysates of wild-type MDCK cells and MDCK cell clones (A-C) depleted of PLEKHA7 by expression of shRNA
was performed (see “Experimental Procedures”). B, decreased junctional labeling of CGNL1 in PLEKHA7 kd cells. Immunofluorescence microscopy analysis of wild-type
MDCK cells and stable MDCK cells depleted of PLEKHA7, was performed using antibodies against PLEKHA7, CGNL1 (double immunofluorescent labeling for PLEKHA7
and CGNL1), p120ctn, and ZO-1. C,immunoblotting analysis, using antibodies against p120ctn, PLEKHA7, CGNL1, ZO-1, and B-tubulin of lysates of wild-type MDCK
cells and p120ctn kd cells. D, immunofluorescence microscopy analysis of wild-type MDCK cells and MDCK cells depleted of p120ctn, using antibodies against
p120ctn, PLEKHA7, CGNL1 (double immunofluorescent labeling for PLEKHA7 and CGNL1) and ZO-1. Scale bars, 10 um.

head domain of paracingulin was used as a bait to screen a
human placenta library. A very high confidence interaction was
detected with PLEKHA7, a recently described A] protein,
which interacts with p120ctn (14, 35). To test whether the
PLEKHA7-p120ctn complex associates with paracingulin in
vivo, we analyzed immunoprecipitates of either paracingulin or
PLEKHA?7, prepared from lysates of human intestinal epithelial
cells. Immunoblot analysis detected PLEKHA7 and p120ctn
in paracingulin immunoprecipitates and paracingulin and
p120ctn in PLEKHA7 immunoprecipitates (Fig. 34), demon-
strating that the three proteins exist in a complex. The associ-
ation of paracingulin with p120ctn is specific because it was
only detected with an antibody (15D2) that recognizes human
p120ctn and not with an antibody (8D11) that does not recog-
nize human p120ctn (Fig. 3B). In addition, depletion of p120ctn
resulted in the disappearance of paracingulin from immuno-
precipitates (Fig. 3C).

Next, we used GST pulldown experiments to identify the
regions of paracingulin and PLEKHA7 that are involved in their
association. The globular head domain of paracingulin and its
N-terminal fragment (residues 1-250) interacted strongly with
full-length PLEKHA?7 (Fig. 3D). Additional fragments of the
globular head domain of paracingulin (e.g. residues 209 —603
and 421-603) also interacted with PLEKHA?7, albeit more
weakly (Fig. 3D), whereas fragments of the rod domain of parac-
ingulin did not interact with PLEKHA7 (Fig. 3D). Moreover, the
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ZIM-containing region of paracingulin (residues 1-110) did
not interact with PLEKHA?7 (Fig. 3D), indicating that paracin-
gulin interacts with ZO-1 and PLEKHA?7 through structurally
distinct regions of its head domain. Taken together, these
results indicate that the region of the paracingulin head domain
that interacts with PLEKHA7 with highest affinity is comprised
within residues 110-250. In turn, only the central region of
PLEKHAY7 (residues 351-820), which comprises a proline-rich
domain and a coiled-coil domain, interacted strongly with full-
length paracingulin (Fig. 3E). This region overlaps with the
PLEKHA?7 fragment (residues 602—892) that interacts with
paracingulin by the two-hybrid screen assay, suggesting that
residues 602— 820 comprise the sequences that are sufficient for
the interaction of PLEKHA7 with paracingulin. In summary,
paracingulin forms a complex with PLEKHA7 and p120ctn, and
the globular head domain of paracingulin interacts with the
central region of PLEKHA7 in a ZIM-independent manner.

PLEKHA7 but Not p120ctn Is Required to Maintain the
Expression and Junctional Association of Paracingulin—
PLEKHA?7 is exclusively localized at belt-like AJ in epithelial
cells (35), and p120ctn was reported to recruit PLEKHA7 to AJ
in intestinal cells (14). To test the role of PLEKHA7 and
p120ctn in the recruitment of paracingulin to AJ, we analyzed
the localization of paracingulin in different stable clones of
MDCK cells depleted of either PLEKHA7 or p120ctn.
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FIGURE 5. Molecular interactions of paracingulin at TJ and AJ. Simplified
scheme, showing the association of paracingulin with ZO-1 at TJ, and with
PLEKHA? at AJ. Paracingulin and cingulin are partially recruited to TJ through
Z0-1 and through additional unknown interactions (dotted lines). ZO-1 is
shown as part of a dimer with ZO-2 and interacting with the C-terminal cyto-
plasmic tail of TJ membrane proteins (claudins and JAM). The TJ-associated
protein complex is linked to actin filaments. E-cadherin interacts with actin
filaments through different protein complexes, including a-catenin, and link-
age to microtubules occurs through the PLEKHA7-nezha complex (14).
PLEKHA? is recruited to AJ through p120ctn in intestinal cells (14) and
through additional unknown interactions (dotted lines).

Depletion of PLEKHA7 by expression of shRNA resulted in
an 80-90% decrease in PLEKHA?7 protein levels in different
stable clones (Fig. 4A4), and a dramatic decrease in the immuno-
fluorescent staining for PLEKHA?7 at junctions (Fig. 4B).
Paracingulin expression was also decreased by about 50%, as
determined by immunoblotting and qRT-PCR (Fig. 4A and
data not shown), and paracingulin junctional staining was also
dramatically decreased (Fig. 4B). This indicated that PLEKHA7
is required for both the expression and the junctional localiza-
tion of paracingulin. In contrast, the immunofluorescent local-
izations of p120ctn, ZO-1 (Fig. 4, A and B), E-cadherin, a-
catenin, and 3-catenin (supplemental Fig. 3, A and B) were not
dramatically affected by depletion of PLEKHA?7.

Depletion of p120ctn did not result in changes in the levels of
protein expression of PLEKHA7, paracingulin, and ZO-1, or
their junctional localization (Fig. 4, C and D), whereas it nega-
tively regulated the expression and the junctional localization
of B-catenin and E-cadherin (supplemental Fig. 3, C and D), as
previously shown (38). In contrast, depletion of either paracin-
gulin or cingulin did not affect the junctional localization and
expression of PLEKHA7 and p120ctn (supplemental Fig. 4). In
summary, in MDCK cells PLEKHA7 promotes the expression
of paracingulin and its recruitment to AJ, and neither cingulin
nor paracingulin affects the junctional recruitment of T] and AJ
proteins (see also Refs. 29, 31, 32).

DISCUSSION

In this paper we address the molecular mechanisms of
recruitment of paracingulin to epithelial junctions, and we
characterize PLEKHA7 and ZO-1 as interacting partners of
paracingulin, which are implicated in the targeting of paracin-
gulin to epithelial A] and T7J, respectively (Fig. 5).

A major new finding reported here is the identification of
PLEKHAY as a protein that interacts with paracingulin and is
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required for its expression and junctional recruitment. This
is a novel function for PLEKHA?7, a protein that was indepen-
dently identified through its binding to the N-terminal domain
of p120ctn (14). PLEKHA?7 plays a fundamental role in the
junctional recruitment of paracingulin in epithelial cells
because the presence of ZO-1 at junctions was not sufficient to
rescue the expression and junctional localization of paracingu-
lin in PLEKHA7-depleted cells. Interestingly, the p120ctn-
PLEKHA?7 complex is linked to microtubules through nezha
(14), and the junctional accumulation of paracingulin is
severely decreased by disruption of the microtubule cytoskele-
ton (32). This indicates that the integrity of the complex among
microtubules, PLEKHA?7, and associated proteins is essential to
recruit and stabilize paracingulin at AJ. Together with our pre-
vious observation that paracingulin forms a complex with
E-cadherin (32), the data presented here provide the first bio-
chemical and mechanistic evidence for the reported association
of paracingulin with AJ (26).

Paracingulin also interacts with ZO-1, based on immunopre-
cipitation, in vitro binding, and yeast two-hybrid screen assays.
The yeast two-hybrid screen analysis indicates that paracingu-
lin interacts with the C-terminal domain of ZO-1, a region that
has been reported to interact with actin, cortactin, protein 4-1,
and cingulin (43, 44) and is therefore a key structural module in
the interaction of ZO-1 with the actomyosin cytoskeleton.
However, the paracingulin-interacting region of ZO-1 (resi-
dues 1455-1736) does not overlap with the actin binding region
(residues 1152-1371) (45), suggesting that ZO-1 can interact
simultaneously with paracingulin and actin. In fact, disruption
of actin microfilaments breaks up the linear distribution of
paracingulin at junctions without affecting its association with
cingulin and ZO-1 (32). Therefore, the integrity of the actin
cytoskeleton is not required to maintain the association of
paracingulin with the protein complexes at T] and AJ. More-
over, the localization of exogenous paracingulin at actin stress
fibers in transfected Rat1 fibroblasts indicates that paracingulin
can interact with the actomyosin cytoskeleton independently of
ZO-1. Further studies should address the mechanisms and
functional relevance of the interaction of paracingulin with the
actin cytoskeleton.

The ZIM-containing, N-terminal region of the globular
head domain of paracingulin is a key structural module that
controls its recruitment to ZO-1-containing junctions, but
not to PLEKHA7-containing AJ. Indeed, in spot-like AJ of
Ratl fibroblasts, which do not contain PLEKHA?7, the ZIM-
containing region is absolutely required for junctional tar-
geting of paracingulin. However, in epithelial cells, when the
Z0O-1-paracingulin interaction is inhibited, either through
deletion of the ZIM-containing region or through depletion
of ZO-1, paracingulin can still be recruited to belt-like AJ
junctions. Consistent with this finding, constructs of the
globular head domain of paracingulin that lack the ZIM-
containing region can still interact with PLEKHA?7 in vitro.
In addition, in cells depleted of ZO-1, the junctional local-
ization of both cingulin and paracingulin is not abolished,
suggesting that redundant ZIM-mediated interactions can
recruit these proteins to TJ (Fig. 5). Thus, the impact of ZO-1
on the junctional localization of paracingulin is cell context-
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dependent, and multiple interactions can recruit paracingu-
lin to T7, although neither cingulin nor ZO-2 is involved (see
also Ref. 32).

In summary, we identify paracingulin as a component of the
macromolecular complex that links AJ to microtubules, and
we show that PLEKHA7, and, to a lesser extent, ZO-1, are
required to recruit paracingulin to epithelial junctions effi-
ciently. Because paracingulin functions as an adaptor protein
for guanine nucleotide exchange factors that regulate Racl and
RhoA activities in epithelial cells (29), these results provide
important new information on the molecular mechanisms
through which cell-cell junctions spatially regulate the activa-
tion of Rho family GTPases.
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