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Plakoglobin (PG) is a member of the Armadillo family of adhesion�
signaling proteins and has been shown to play a critical role in the
organization of desmosomes and tissue integrity. Because disso-
lution of intercellular junctions is frequently an initial step in the
onset of epithelial cell migration, we examined whether loss of PG
promotes cell motility by compromising adhesive strength. Kera-
tinocyte cultures established from PG��� mice exhibited weak-
ened adhesion and increased motility in transwell migration as-
says; both were restored by reintroducing PG through adenoviral
infection. Interestingly, single PG��� cells also exhibited increased
motility, which was suppressed by reintroducing PG, but not the
closely related �-catenin. Whereas both N- and C-terminally trun-
cated PG deletion mutants restored adhesion, only N-terminally
deleted PG, but not C-terminally deleted PG, suppressed single-cell
migration. Furthermore, both the chemical inhibitor PP2 and dom-
inant-negative Src tyrosine kinase inhibited single-cell motility in
PG��� cells, whereas constitutively active Src overcame the in-
hibitory effect of PG. These data demonstrate that PG strengthens
adhesion and suppresses motility in mouse keratinocytes, through
both intercellular adhesion-dependent and -independent mecha-
nisms, the latter of which may involve suppression of Src signaling
through a mechanism requiring the PG C terminus.

P lakoglobin (PG) is a member of the Armadillo family of
dual-functioning adhesion and signaling proteins. Similar to

the closely related �-catenin, PG contains a central Armadillo
repeat domain mediating the majority of its protein–protein
interactions (1), f lanked by N- and C-terminal domains, which
are thought to regulate PG’s function (2). PG can be found both
in adherens junctions and desmosomes (3), where it links the
cytoplasmic tail of classic or desmosomal cadherins to �-catenin
or desmoplakin, which, in turn, associates with actin or inter-
mediate filaments, respectively (1). PG’s critical role in main-
taining tissue integrity is underscored by skin and heart dys-
function in PG-null mice and patients with pathogenic
homozygous mutations (4–7). In addition, keratinocyte cultures
established from PG-null mice exhibit reduced adhesion in a
mechanical dissociation assay (8).

The modulation of intercellular adhesion plays a central role
in epithelial-to-mesenchymal transition, tumor progression and
wound healing, and intercellular junction dissolution is thought
to represent an important initial step in the onset of cell
migration. The loss or inactivation of classic cadherins has been
linked with tumor progression and increased cell migration (9).
Likewise, a reduction in desmosomes or desmosomal proteins
has been observed in certain tumors (10–13). Uncoupling des-
mosome attachment to intermediate filaments through expres-
sion of a dominant-negative (DN) desmoplakin (14) or loss of
the desmosomal cadherin associated protein plakophilin 1 re-
sults in increased cell migration (15) correlated with a decrease
in adhesive strength (16). These observations raise the question

as to whether PG can also regulate cell motility through its
regulation of intercellular adhesive strength.

Here, we directly examined PG’s role in regulating cell motility
by using keratinocyte cultures established from the skin of PG
knockout mice. Our initial results show that PG suppresses
keratinocyte motility in transwell migration assays in a calcium-
dependent manner. However, further analysis of single-cell
motility led to the unexpected finding that PG also suppresses
motility through an intercellular adhesion-independent mecha-
nism. Whereas both N- and C-terminally truncated PG deletion
mutants restore adhesion, N-terminally deleted PG (�NPG), but
not C-terminally deleted PG (�CPG), or the closely related
�-catenin, is able to suppress single-cell motility. In addition,
inhibition of the nonreceptor tyrosine kinase Src in PG��� cells
suppressed single-cell motility, whereas constitutively active
(CA) Src antagonized the inhibitory effect of PG on cell motility
in PG��� cells. We conclude that PG strengthens adhesion and
suppresses motility in keratinocytes, and that both cell–cell
adhesion-dependent and -independent mechanisms contribute
to PG’s ability to suppress cell migration. Furthermore, our
evidence is consistent with a mechanism by which PG suppresses
single-cell motility through regulation of Src kinase-dependent
signaling.

Materials and Methods
Cell Culture and Reagents. Keratinocyte cultures established from
PG knockout (���) or heterozygous control (���) mouse skin
(8) were cultured in CnT-02 medium (CellnTEC Advanced Cell
Systems). In experiments where calcium concentrations were
varied, cells were switched to calcium-free keratinocyte SFM
(GIBCO�BRL and Invitrogen), supplemented with 10 ng�ml
EGF and 10�10 M cholera toxin, and the calcium level was
adjusted by using 1 M CaCl2. Kinase inhibitors PP2, SP600125,
LY294002, U0126, and SB203580 were purchased from
Calbiochem.

Generation of Adenoviruses and Adenoviral Transduction. The
pAdeasy adenovirus-packaging system was kindly provided by
W. G. Tourtellotte (Northwestern University Feinberg School of
Medicine). Previously characterized myc-tagged, full-length
(PGmyc), and N- (�NPGmyc), or C-terminal (�CPGmyc) de-
letion mutants of human PG (17) were used to generate recom-
binant viruses according to published protocols (18). Infection
rates were monitored by using the GFP expressed in tandem with
the construct of interest, and �90% infection was achieved for
all constructs in all experiments. DN and CA Src adenoviruses
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were kindly provided by P. L. Stein (Northwestern University
Feinberg School of Medicine).

Western Blot and Immunofluorescence. Western blot and immuno-
fluorescence were performed as described (16). Primary anti-
bodies used were: PG, 1407 (19); �-catenin, c-2206 (Sigma);
rabbit anti-myc (20); GFP, JL-8 (Becton Dickinson); and rabbit
anti-GAPDH (Novus Biologicals, Littleton, CO), mouse anti-v-
Src (Oncogene Science, Cambridge, MA).

Dispase-Based Dissociation and Transwell Migration Assays. The
dispase-based dissociation assay was performed as described
(16). The transwell migration assay was modified from a pub-
lished protocol (21). The undersides of Biocoat Cell Environ-
ment (Becton Dickinson) control inserts (24-well plates with a
pore size of 8.0 �m) were coated with 0.1 mg�ml human placenta
collagen (Sigma) at 37°C for 1 h. A total of 105 cells were plated
into each insert and allowed to migrate at 37°C for 48 h.
Migrating cells were fixed and stained with a DiffQuik kit (Dade
Behring, Newark, DE). The total number of cells from 12 �20
microscopic fields on each membrane was counted. Each exper-
iment was performed in triplicate and the averages were com-
pared by using Student’s t test.

Colloidal Gold Migration Assay. The colloidal gold migration assay
was modified from a published protocol (22). Keratinocytes in
single-cell suspension were plated onto colloidal gold-coated
coverslips and incubated at 37°C for 18 h. Images were taken
with a Leica (Deerfield, IL) DMR microscope�Orca
Hamamatsu (Ichinocho, Japan) digital camera system, and the
area of individual tracks were measured by using OPENLAB
(Improvision, Lexington, MA). For colloidal gold migration
assays using adenovirus-infected PG��� cells, only the tracks of
GFP-positive cells were counted. The average areas were com-
pared by using Student’s t test.

Results
PG Strengthens Keratinocyte Intercellular Adhesion in a Calcium-
Dependent Manner. Previous studies (5) demonstrated that loss of
PG expression caused severe skin fragility in PG knockout mice
and decreased adhesion in keratinocytes established from the
skin of these mice (8). Despite the lack of PG in PG��� cells,
the protein level and cellular localization of the closely related
�-catenin were comparable in keratinocyte cultures established
from the skin of PG knockout mice (PG���) and heterozygote
control mice (PG���) (Fig. 7A, which is published as support-
ing information on the PNAS web site). To confirm the role of
PG in maintaining keratinocyte intercellular adhesion, we first
compared the adhesive strength of PG��� and PG��� cells by
using a dispase-based mechanical dissociation assay. Keratino-
cyte monolayers were lifted from culture dishes by using dispase,
a recombinant protease that cleaves cell–matrix, but not cell–
cell, adhesion molecules. The resulting cell sheets were then
subjected to mechanical stress and the number of fragments was
used as an indicator of intercellular adhesive strength as de-
scribed (16, 23). At 0.05 mM calcium, neither adherens junction
nor desmosome components accumulated at cell–cell borders,
based on immunofluorescence analysis (data not shown). Under
these conditions, both PG��� and PG��� cell sheets dissoci-
ated into numerous fragments under sheer stress. At 0.2 mM
calcium, a concentration at which adherens junction proteins
were recruited to cell–cell borders in both cell lines, whereas
desmosome formation was impaired in PG��� cells (T.Y. and
K.J.G., unpublished data), the integrity of epithelial cell sheets
derived from both PG��� and PG��� cells increased dramat-
ically and continued to increase with increasing calcium up to 1.2
mM (Fig. 1A). However, PG��� sheets fragmented more than
PG��� sheets under all conditions that allowed intercellular

junction formation (Fig. 1 A), supporting the idea that PG is
required for strong intercellular adhesion. Moreover, we were
able to manipulate intercellular adhesive strength by adjusting
extracellular calcium concentration.

The weakened adhesion in PG��� cells was due to the loss
of PG because reintroducing PG into PG��� cells through
adenoviral transduction (Fig. 7B) efficiently reduced the number
of fragments to the level of PG��� cells (Fig. 1B). Although
�-catenin has been found in a complex with desmoglein in
keratinocytes from PG��� mice and was thought to compen-
sate for PG’s role in adhesion (24), overexpressing �-catenin in
PG��� cells did not restore adhesion (Fig. 1B). Therefore, PG
strengthens intercellular adhesion in keratinocytes and its ad-
hesion function cannot be replaced by �-catenin.

PG Suppresses Motility in a Transwell Migration Assay in a Calcium-
Dependent Manner. Because cell dissociation is an initial step in
cell migration, we tested whether weakened adhesion in PG���
cells facilitates cell migration. A transwell migration assay was
adopted as a model in which calcium-dependent intercellular
contacts are present, thus allowing us to compare the impact of
intercellular interactions on the overall migratory ability of two
different cell populations. PG��� and PG��� cells were
plated densely onto the porous membrane of tissue culture
inserts and allowed to migrate for 48 h. Examination of the final
cell numbers 48 h after plating in parallel cultures demonstrated
that proliferation was comparable in the two cell lines during the
assay period (data not shown). Because increasing extracellular
calcium led to an increase in adhesive strength (Fig. 1A), we
compared the ability of PG��� and PG��� to migrate in a
range of calcium concentrations. In medium containing 0.2 mM
calcium, 7-fold more PG��� cells migrated through the filter
than PG��� cells. In medium containing 1.2 mM calcium, the
motility of PG��� cells was reduced to 50% of that in 0.2 mM

Fig. 1. PG strengthens intercellular adhesion in mouse keratinocytes in a
calcium-dependent manner. (A) Integrity of PG��� and PG��� cell mono-
layers at the indicated calcium concentration was assessed by using a dispase-
based mechanical dissociation assay. Because the total fragment number at
0.05 mM calcium exceeded 500 for both PG��� and PG��� cells, precise
values were not determined. (B) Adhesive strength of PG���, PG���, and
PG��� cells 24 h after infection with adenoviruses encoding GFP, �-catenin,
or PG at 0.65 mM calcium concentration was examined by using the dispase-
based dissociation assay. The y axis represents the total number of fragments
in A and the percentage of fragments generated in response to mechanical
stress compared with PG��� cells in B.
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calcium, but was still 4-fold greater than the PG��� cells (Fig.
2A). The direct parallel relationship between the increase in
intercellular adhesive strength (Fig. 1A) and decrease in motility
exhibited by PG��� cells at 1.2 mM calcium supports the idea
that adhesion may negatively regulate motility. On the other
hand, the motility of PG��� cells was not greatly affected by the
elevated calcium level (Fig. 2 A), although the adhesive strength
in these cells increased �40-fold over this same range of calcium
concentrations (Fig. 1A).

The increased motility of PG��� cells was due to the loss of
PG function as the motility of PG��� cells infected with virus
(v)PG was reduced by 80% compared with PG��� cells infected
with the GFP control viruses. �-catenin overexpression did not
affect the motility of PG��� cell in the transwell migration
assay at 0.2 mM (Fig. 2B) or 0.65 mM calcium (data not shown),
but did partially inhibit motility at 1.2 mM calcium (Fig. 2B).

PG Suppresses Single-Keratinocyte Motility Independent of Calcium
Concentration. To determine whether the mechanism by which
PG regulates motility wholly depends on intercellular adhesive
strength, we examined the migration of single keratinocytes with
a colloidal gold migration assay. Single-cell suspensions of
PG��� and PG��� cells were plated sparsely onto gold
particle-coated coverslips. The areas of the phagocytic tracks left
by solitary migrating cells were measured after 18 h and used as
an indicator of cell motility. Tracks left by single PG��� cells
covered six times more area than the PG��� cells. In contrast
to results obtained in the transwell migration assay, increasing
calcium concentration did not affect single-cell motility in
PG��� or PG��� cells (Fig. 3A).

We then expressed PG in PG��� cells through adenoviral
transduction and repeated the colloidal gold assay, again com-

paring with cells transduced with GFP or �-catenin. Expression
of PG, but not �-catenin or GFP, efficiently reduced single-cell
motility to the level of PG��� cells (Fig. 3B), demonstrating
that PG also regulates single keratinocyte motility in a manner
that is likely independent of �-catenin.

The N- and C-Terminal Domains Are Dispensable for PG-Dependent
Strengthening of Intercellular Adhesion. To determine the func-
tional domains of PG that regulate intercellular adhesion and
cell motility, we generated adenoviruses encoding either an N-
or a C-terminal deletion mutant PG (�NPGmyc and �CPGmyc)
both of which retain the central Arm domain (Fig. 4A). Both
mutant proteins were expressed at a level comparable to the
wild-type protein and localized to cell–cell borders (Fig. 4B). In
addition, both mutants restored adhesive strength to a level
comparable with that of wild-type PG at 0.65 mM calcium (Fig.
4C). �NPGmyc was reproducibly less efficient than wild-type PG
in restoring adhesive strength, but this difference was not always
statistically significant (Fig. 4D).

The C-Terminal Domain Is Required for PG-Dependent Suppression of
Single-Keratinocyte Motility but Not Motility of Keratinocytes in
Contact. To test whether the deletion mutants have similar effects
on cell motility, PG��� cells were infected with wild-type,
�NPG, �CPG, or GFP control viruses, and then examined in the
colloidal gold assay. Whereas PG lacking the N-terminal domain
suppressed motility similar to wild-type PG, PG deletion mu-
tants lacking the C-terminal domain failed to do so (Fig. 5A).
However, �CPGmyc effectively inhibited migration in the trans-
well assay (Fig. 5B), possibly due to strengthened adhesion,
which hampered the initiation of motility. Although �NPGmyc

Fig. 2. PG suppresses keratinocyte motility in a transwell migration assay in
a calcium-dependent manner. (A) Motility of PG��� and PG��� cells was
compared in a transwell migration assay at 0.2 and 1.2 mM calcium. The y axis
represents the percentage of migrated cells compared with PG��� cells at 0.2
mM calcium. (B) Motility of PG��� cells transduced with adenoviruses en-
coding GFP, �-catenin, or PG was examined by using a transwell migration
assay at 0.2 and 1.2 mM calcium. The y axis represents the percentage of
migrated cells compared with vGFP-transduced PG��� cells at 0.2 mM cal-
cium. Asterisks represent statistically significant difference when compared
with vGFP-transduced cells at the same calcium concentration by using Stu-
dent’s t test (t �0.05).

Fig. 3. PG suppresses single-keratinocyte motility in a calcium-independent
manner. (A) Single-cell motility of PG��� and PG��� cells at 0.07 and 0.65
mM calcium concentration, respectively. (B) Single-cell motility of PG���,
PG���, and PG��� cells transduced with adenoviruses encoding GFP, �-cate-
nin, or PG at a 0.07-mM calcium concentration. In A and B, the y axis represents
the percentage of the average area of individual tracks compared with
PG��� cells at 0.07 mM calcium. Asterisks represent a statistically significant
difference by using Student’s t test (t �0.05).
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was sufficient to suppress single-cell motility, it did not inhibit
motility in the transwell assay as efficiently as the wild-type PG.
This finding may relate to �NPGmyc’s somewhat reduced ability

to restore adhesion (Fig. 4C), possibly due to compromised
association with desmosomal cadherins.

Role of Src Kinase in PG-Dependent Suppression of Single-Cell Motil-
ity. To test whether PG suppresses single-cell motility by inter-
fering with signaling pathways known to regulate cell motility, we
examined single PG��� cell motility in the presence of various
kinase inhibitors. Among the inhibitors we tested, the Src family
inhibitor PP2 (25) efficiently suppressed motility of single
PG��� cells to the level of PG��� cells. The mitogen-activated
protein kinase kinase 1�2 inhibitor U0126 (26) also significantly
decreased motility in PG��� cells, although only by 60%.
Meanwhile, inhibiting phosphoinositide 3 kinase, Jun N termi-
nus kinase, and p38 by LY294002, SP600125, and SB203580
(27–29), respectively, did not significantly affect PG��� motil-
ity in the colloidal gold migration assay (Fig. 6A).

Overexpressing a DN Src (30) by means of adenoviral infec-
tion efficiently suppressed single PG��� cell motility (Fig. 6B),
supporting the idea that elevated Src activity contributes to the
increased motility observed in PG ��� cells. To test whether PG
suppressed motility through the Src signaling pathway, PG���
cells were coinfected with adenoviruses encoding PG and CA Src
(30). Expression of CA Src overcame the inhibitory effect of PG
on cell motility in PG��� cells (Fig. 6B). These data suggest that
PG may suppress single-cell motility by interfering with Src
signaling in mouse keratinocytes.

Discussion
Intercellular adhesion molecules have long been touted as key
regulators of cell motility, particularly during epithelial-to-
mesenchymal transition, and loss of E-cadherin has been con-
sidered a hallmark of tumor metastasis (31). Although the
importance of desmosomes in maintaining the noninvasive state
is not as well understood, it has been shown that desmosomal
molecules are down-regulated in certain cancers such as oral
squamous cell carcinomas. Overexpression of desmosomal cad-
herins has been inversely correlated with invasive potential (32)
and reduced motility (33). Here, we show that the desmosomal
cadherin-associated protein PG suppresses motility in a transwell
migration assay in a calcium-dependent manner that parallels its
ability to restore adhesive strength in PG-null keratinocytes.

Fig. 4. Restoration of adhesive strength in cells expressing PG deletion mutants. (A) A diagram representing the N- or C-terminal deletion mutants of PG.
PG���, PG���, and PG��� cells transduced with vGFP, v�-catenin, vPG, v�NPG, or v�CPG were subjected to Western blot and immunofluorescence analyses
to examine the expression of exogenous protein in B, and adhesive strength at the 0.65-mM calcium level was examined by using dispase-based dissociation assay
in C. (D) Adhesive strength at 0.65 mM calcium in PG��� cells transduced with vPG, v�NPG, or v�CPG was examined by using a dispase-based dissociation assay.
The number of rotations was increased to generate more sheer stress in this experiment.

Fig. 5. The PG C terminus is required to suppress motility in the colloidal gold
assay, but not the transwell assay. Motility of PG��� cells transduced with
vGFP, vPG, v�NPG, or v�CPG was examined by using the colloidal gold assay
at 0.07 mM calcium in A and the transwell migration assay at 0.65 mM in B. The
y axis in A represents the percentage of average area of individual tracks
compared with vGFP-infected cells. The y axis in B represents the percentage
of the average number of migrated cells compared with vGFP-infected cells.
The asterisks represent the statistically significant difference from vGFP by
using Student’s t test (t �0.05). The number of migrating cells expressing
v�NPG and v�CPG were also compared with vPG by using Student’s t test. �,
statistically significant difference (t �0.05).
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More surprising, however, we also observed that PG regulates
the intrinsic cell motility of single keratinocytes. Although PG
expression has been positively correlated with cell transforma-
tion in certain cases (34), our findings are more consistent with
the reported loss of PG in certain malignant tumors (4, 35) and
invasive MCF-7 cells stably transfected with the human growth
hormone gene (36).

In this study, variation of calcium levels was used as a tool
to adjust intercellular adhesive strength, and its consequent
effects on cell motility were assessed. Because calcium is a
known regulator of integrin function (37), which plays a critical
role in cell motility through the regulation of cell–matrix
adhesion, it is possible that the inverse correlation between
calcium level and migration in the transwell migration assay
ref lected the effects of calcium on cell–matrix adhesion.
However, cell motility was not detectably affected by altering
calcium concentrations in the single-cell colloidal gold migra-
tion assay, where cells were only in contact with the substrate.
Thus, although we cannot rule out some effect of calcium on
cell–substrate interactions in the transwell migration assay, our
observations are consistent with the idea that increasing

calcium concentration suppressed motility, at least in part, by
strengthening intercellular adhesion.

The data presented here demonstrate that a desmosomal
adhesion molecule can regulate single-cell motility in an adhe-
sion-independent manner. Both p120 and �-catenin have been
shown to promote motility, in the case of p120, in single-cell
assays (38–40). However, unlike these Armadillo family mem-
bers, PG suppresses, rather than promotes, motility. Also, be-
cause overexpressing �-catenin did not affect single-cell motility
in PG��� cells, it seems unlikely that PG is regulating kera-
tinocyte motility through �-catenin signaling, as has been sug-
gested to occur under certain circumstances (41, 42).

We identified the C-terminal domain of PG as being required
to inhibit single-cell motility. The C terminus has been shown to
regulate binding of PG to the lymphoid enhancer factor�T cell
factor�DNA complex (41), and PG has been reported to either
promote or interfere with �-catenin signaling, depending on
cellular context (43). However, expression of a DN-TCF (44) had
no detectable effect on motility of PG��� or PG��� cells in
the single-cell assay, providing further support for the idea that
PG does not suppress motility through �-catenin signaling (data
not shown). Consistent with this hypothesis, �-catenin’s role in
migration did not require LEF�TCF signaling (38).

Among the kinase inhibitors we tested, the Src family kinase
inhibitor PP2 was the most potent inhibitor of cell motility in
PG��� cells. U0126, the specific MEK1�2 inhibitor also inhib-
ited single-cell motility, although not as efficiently as PP2. Taken
together with previous findings that Src acts upstream of MEK
pathway in promoting cell motility (45, 46), this observation
suggests that Src may promote motility via the activation of
multiple downstream pathways. Meanwhile, the fact that CA Src
abrogated the inhibitory effects of PG introduced into null cells
suggests that PG may suppress keratinocyte motility through
inhibition of Src signaling. Given that Src specifically phosphor-
ylates PG at Tyr-643 (47), it is plausible that PG may sequester
Src from activating the motility machinery, and thus, inhibit
migration in keratinocytes. Tyr-643 is located toward the end of
the Armadillo domain, and the C terminus of PG has been shown
to regulate the protein interactions in which the Armadillo
domain takes part (2). Therefore, losing the C-terminal domain
may hamper PG’s interaction with Src, thus rendering �CPG
incapable of suppressing single-cell motility.

In summary, we have shown that PG strengthens intercellular
adhesion and inhibits motility of both cells in contact and single
mouse keratinocytes. Recently, intravital imaging by using mul-
tiphoton microscopy revealed that during metastasis, carcinoma
cells migrate away from the tumor mass as solitary amoeboid
cells instead of a collection of cells in vivo (48). These data
suggest that loss of PG in tumors may not only contribute to
tumor progression by regulating cell growth (49, 50) but also cell
invasion and metastasis through the regulation of adhesion and
single cell motility.
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