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The association of the cytoskeleton with the cadherin—catenin complex is essential for strong
cell-cell adhesion in epithelial cells. In this study, we have investigated the effect of microtubule
organization on cell-cell adhesion in differentiating keratinocytes. When microtubules of normal
human epidermal keratinocytes (NHEKSs) grown in low calcium media (0.05 mM) were disrupted
with nocodazole or colcemid, cell-cell adhesion was induced through relocalization of the E-
cadherin-catenin-actin complex to the cell periphery. This was accompanied by actin polymer-
ization. Also, it was found that microtubule disruption-induced cell-cell adhesion was signifi-
cantly reduced in more advanced differentiated keratinocytes. For example, when NHEK cells
cultured under high calcium (1.2 mM) for 8 d and then in low calcium for 1 d were treated with
nocodazole, there was no induction of cell-cell adhesion. Also long-term treatment of a phorbol
ester for 48 h inhibited nocodazole-induced cell-cell adhesion of NHEK. Furthermore, this no-
codazole-induced cell-cell adhesion could be observed in squamous cancer cell lines (A431 and
SCC-5, -9, and -25) under low calcium condition, but not in the keratinocyte cell lines derived from
normal epidermis (HaCaT, RHEK). On the other hand, HaCaT cells continuously cultivated in low
calcium media regained a less differentiated phenotype such as decreased expression of cytoker-
atin 10, and increased K5; these changes were accompanied with inducibility of cell-cell adhesion
by nocodazole. Together, our results suggest that microtubule disruption can induce the cell-cell
adhesion via activation of endogenous E-cadherin in non- or early differentiating keratinocytes.
However, this is no longer possible in advanced terminally differentiating keratinocytes, possibly

due to irreversible changes effected by cell envelope barrier formation.

INTRODUCTION

Cell-cell adhesion is critical to many aspects of multicellular
existence, including morphogenesis, tissue integrity, cell-cell
communication, normal cell growth, and differentiation
(Takeichi, 1995; Vleminckx and Kemler, 1999; Gumbiner,
2000). Cadherins are major cell-cell adhesion molecules in-
volved in the development and maintenance of all solid
tissues (Takeichi, 1991; Gumbiner, 1996). They carry a large
extracellular domain, a short transmembrane domain, and a
cytoplasmic tail. The extracellular domain is composed of
five cadherin repeats that mediate calcium-dependent ho-
mophilic cell-cell adhesion. The cytoplasmic tail domain
directly interacts with B-catenin or plakoglobin, which in
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turn associates with a-catenin. The latter appears to link this
cadherin—-catenin complex to the actin cytoskeleton directly
or indirectly through other cytoskeletal proteins such as
a-actinin and vinculin. This link between cadherin and the
actin cytoskeleton via catenins is essential for strong and
rigid adhesion (Fukata ef al., 1999).

Cell-cell adhesion mediated by E-cadherin is closely re-
lated with terminal differentiation of the skin by regulation
through the extracellular calcium concentration (Yuspa et al.,
1989). In a low calcium environment, normal primary kera-
tinocytes isolated from fresh skin are in a hyperproliferative
state and there is no apparent adhesion between them. By
increasing the calcium concentration of the media, keratin-
ocyte proliferation is retarded and cells become adhesive
without any change of E-cadherin expression level. Coinci-
dent with adhesion, normal keratinocytes initiate terminal
differentiation processes in a high calcium environment, and
begin to express a variety of proteins and enzymes required
for barrier formation. However, the acquisition of an inva-
sive phenotype in various epithelial cancer cell types has
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been associated with the loss or alteration of E-cadherin
and/or their associated proteins (Takeichi, 1993). Down-
regulation of E-cadherin in human carcinomas and in exper-
imental model systems is usually linked to loss of differen-
tiation (Navarro ef al., 1991, Gamallo et al., 1993).

Cadherin regulation has been examined in numerous
model systems and several different mechanisms have been
proposed. Because complex formation between cadherin,
catenin, and the cytoskeleton is required for strong cell-cell
adhesion, changes in the composition of the complex, phos-
phorylation of components in the complex, and alterations
in the interaction of the complex with the actin cytoskeleton
have all been suggested to play a role in regulation of
adhesion. In certain cells, epidermal growth factor and scat-
ter factor/hepatocyte growth factor induce decreased cell-
cell contact (Weinder et al., 1990; Shibamoto ef al., 1994), and
tyrosine phosphorylation of -catenin correlates with inhi-
bition of cadherin-mediated adhesion (Behrens et al., 1993;
Shibamoto et al., 1994). However, the underlying molecular
regulation for cell-cell adhesion seems to be complicated and
diverse. For example, endogenous nonfunctional E-cadherin
in Chinese hamster ovary cells can be activated by stimula-
tion of ectopically expressed muscarinic acetylcholine recep-
tor through protein kinase C (PKC) activation (Shafer et al.,
1999). On the other hand, adhesive activity of Colo205 tumor
cells can be activated with staurosporine, which is a serine
kinase inhibitor (Aono et al., 1999).

Recently, several studies have suggested that Rho family
GTPases are required for cadherin-mediated cell-cell adhe-
sion. Microinjection of C3 exozyme (an inhibitor of Rho) or
RacIN17 (negative dominant mutant form of Racl) inhibits
the accumulation of E-cadherin at sites of cell-cell contact
when keratinocytes are transferred from low calcium me-
dium to standard medium (which restores calcium-depen-
dent cell-cell adhesion) (Braga et al., 1997). In fibroblasts,
microtubule disruption strongly induces actin polymeriza-
tion (stress fiber formation) and focal adhesion (Bershadsky
et al., 1996), and these phenomena were inhibited by micro-
injection with C3 exozyme (Liu ef al., 1998), again indicating
RhoA mediation.

Considering such phenomena, we postulated that micro-
tubule disruption might induce cell-cell adhesion of keratin-
ocytes. This study demonstrates that microtubule disruption
induces cell-cell adhesion through activation of E-cadherin
in addition to actin stress fiber formation in normal human
epidermal keratinocytes (NHEKS) cultured in low calcium
environment. Also, we report that cell-cell adhesion induced
by microtubule disruption was influenced by the differenti-
ation status of keratinocytes.

MATERIALS AND METHODS

Cells

NHEKSs (Clonetics, San Diego, CA) were propagated on the collag-
en-coated dishes (0.1 mg/ml, collagen type I; Sigma, St. Louis, MO)
with the use of serum-free keratinocyte growth medium supple-
mented with 0.05 mM CaCl,, bovine pituitary extract, epidermal
growth factor, insulin, hydrocortisone, transferrin, epinephrine, and
gentamicin (KGM; Clonetics, San Diego, CA) and used for experi-
ments at passage 2 or 3. Primary human keratinocytes isolated from
neonatal foreskins in our laboratory were also used for comparison
with Clonetics keratinocytes. Foreskin keratinocytes were propa-
gated on uncoated dishes with the use of K-SFM (Life Technologies,
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Grand Island, NY), which was supplemented with 0.05 mM CaCl,,
bovine pituitary extract, and epidermal growth factor. We show
only the results of experiments done with NHEK cells since similar
results were obtained with both cells.

Several keratinocyte cell lines were used. Among them, A431,
SCC-4 (ATCC no. CRL-1624), SCC-9 (CRL-1629), and SCC-25 (CRL-
1628) were derived from a squamous cancer of the oral cavity
(Rheinwald and Beckett, 1981), whereas HaCaT (Boukemp et al.,
1988) and RHEK (Rhim ef al., 1985) were derived from normal skin.
These cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum. All cells
were grown under 5% CO, atmosphere in humidified incubator.

Chemicals and Antibodies

Microtubule-disrupting agents nocodazole and colcemid were used
at the final concentration of 33 uM and 1 pg/ml, respectively. For
actin disruption, cytochalasin B (25 uM) was used. Phorbol 12-
myristate 13-acetate (PMA), a PKC activator, was used at the con-
centration of 10 nM. GF190203X, a PKC antagonist, was used at 1
uM. All chemicals were purchased from Calbiochem (La Jolla, CA).

Monoclonal antibodies (mAb) against the C-terminal region of
E-cadherin, B-catenin, and phosphotyrosine (PY20) were purchased
from Transduction Laboratories (San Diego, CA). mAbs against
B-tubulin and pan-keratin (AE1/AE3) were from Roche Molecular
Biochemicals (Indianapolis, IN). mAbs against tyrosinated tubulin,
acetylated tubulin, vinculin, and cytokeratins were from Sigma.
Goat antisera against a-catenin was from Santa Cruz Biotechnolo-
gies (Santa Cruz, CA). Anti-involucrin antibody was from NeoMar-
ker (Fremont, CA) and antiloricrin was purchased from Babco
(Richmond, VA). Species-specific fluorescein isothiocyanate (FITC)-
or Texas Red-conjugated secondary antibodies were purchased
from Vector Laboratories (Burlingame, CA). Peroxidase-conjugated
secondary antibody was from Bio-Rad (Hercules, CA). FITC-conju-
gated phalloidin (Sigma) was used for immunofluorescence staining
of actin fibers.

Induction of Cell-Cell Adhesion

NHEKs were grown on coverslips or tissue culture dishes in low
calcium KGM until they reached 60-70% confluency and then
treated with various chemicals for 1-48 h. Because confluent growth
of keratinocytes induced some cell-cell adhesion even in low cal-
cium condition, we did not use cells that had grown >70% conflu-
ency. The treated cells were analyzed for E-cadherin accumulation
between cell-cell boundaries by immunofluorescence (IF) assay. To
analyze the effects of keratinocyte differentiation on the cell-cell
adhesion induced by microtubule disruption, NHEK cells were
induced to differentiate with KGM containing high calcium (1.2
mM) for up to 8 d and then transferred to low calcium KGM to
dissociate adhesive keratinocytes into individual cells. Usually, cul-
ture for 24 h in low calcium KGM was sufficient to dissociate cells.
After microscopic confirmation of cell dissociation, cell-cell adhe-
sion was induced as mentioned above.

In all other cell lines, cells were grown at 50% confluency, trans-
ferred from 10% DMEM containing high calcium to low calcium
KGM, and cultured for 24 h to dissociate cell-cell adhesion. Because
the cell lines have higher growth rates than NHEKSs, we performed
experiments with the use of less confluent grown cells than NHEKs.
Cell-cell adhesion was induced as above.

IF Assay

For IF staining, cells were plated, grown, and treated with various
chemicals. Cells were rinsed with ice-cold phosphate buffered saline
(PBS, pH 7.4) and fixed with 4% paraformaldehyde in PBS. In some
experiments, cells were pretreated with 0.4% Triton X-100 in PBS for
3 min to remove soluble cytosolic proteins before fixation. For the
clear visualization of actin accumulation at the cell-cell adhesion
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sites, cells were incubated with the cell permeable cross-linking
agent dithiobis(succinimidyl propionate) (Pierce, Rockford, IL) be-
fore fixation. Briefly, rinsed cells were incubated with 10 ug/ml
dithiobis(succinimidyl propionate) in Hanks’ balanced salt solution
for 15 min in a 37°C incubator and then washed with PBS containing
1% Triton X-100 three times. After fixation, cells were permeabilized
by incubation with 0.4% Triton X-100 in PBS. Permeabilized cells
were incubated with 5% bovine serum albumin in PBS containing
0.05% Tween 20 for 30 min and then reacted with corresponding
primary antibodies diluted in blocking solution. After washing
three times with PBS containing 0.05% Tween 20, the binding of the
primary antibodies was detected by species-specific fluorochrome-
conjugated antibodies (Texas-red or FITC). These stained cells were
mounted onto the slide glass with the use of mounting medium
(Vectashield; Vector Laboratories) and then observed by fluores-
cence microscopy (MicrophoT-FXA; Nikon, Tokyo, Japan). For the
actin staining, phalloidin conjugated with FITC was used.

Western Blot and Immunoprecipitation Analyses

For Western blot analysis of cytokeratin expression in keratinocytes,
Triton X-100 insoluble fractions were used. Briefly, keratinocyte
cultures in dishes were rinsed with cold PBS and incubated with 1%
Triton X-100 in Tris-buffered saline containing protease inhibitor
cocktail (Roche Molecular Biochemicals) by shaking in a cold room
for 30 min. Cells collected by scraping were centrifuged at 20,000 X
g for 15 min and pellets were used as Triton X-100 insoluble frac-
tions. This contained almost all cytokeratins. For Western blot anal-
ysis of modified tubulin, total cell lysates extracted from cultured
cells with the use of lysis buffer (6.25 mM Tris [pH 6.8], 2% SDS, 100
uM B-mercaptoethanol) were used. PAGE and transfer to nitrocel-
lulose membranes were performed with the use of the manufactur-
er’s protocols (Novex, San Diego, CA). Blocking, primary, second-
ary antibody, and chemiluminescence substrate reactions were
performed as described previously (Kee et al., 1998).

For immunoprecipitation, Triton X-100 soluble fractions were used.
These fractions were precleaned by incubation with 5 ul of normal
mouse serum and protein A-agarose beads (Santa Cruz Biotechnolo-
gies) for 2 h at 4°C. Anti-E-cadherin antibody (1 ug) was mixed with
this precleaned lysate for 1 h in ice and antigen—antibody complexes
were precipitated with protein A-agarose beads. After extensive wash-
ing of precipitates with Tris-buffered saline containing 1% Triton X-100,
bound proteins were eluted with SDS gel sample buffer (Novex) and
subjected to Western blot analysis.

RESULTS

Disruption of Microtubules Induces Cell-Cell
Adhesion in Normal Epidermal Keratinocytes

We are interested in exploring some of the molecular events
that occur during the earliest stages of initiation of terminal
differentiation in epidermal keratinocytes. It is now well
known that within 1 d of initiation of this process, a wide
range of new proteins and enzymes are expressed that are
subsequently used for effective barrier formation (Nemes
and Steinert, 1999; Steinert, 2000). However, one striking,
much earlier event concerns cell adhesion. For example,
keratinocytes such as normal mouse or human epidermal
keratinocyte cells grown under subconfluent proliferating
conditions in low calcium media do not adhere to each
other. But within <1 h after transferance to high calcium
media, they move together, start to adhere, and form des-
mosomes and other junctions (Hennings et al., 1980), a pro-
cess that is complete within ~12 hr.

In this study, we have explored the role of microtubule
organization on cell-cell adhesion in keratinocytes. As an
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initial step, we treated subconfluent NHEK cells grown in
low calcium media with microtubule disruption agents (no-
codazole and colcemid), and an F-actin disruption agent
(cytochalasin B), and then assayed the role of E-cadherin in
cell-cell adhesion by IF. Within 1 h after treatment with
nocodazole or colcemid, cell-cell adhesion between virtually
all cells could be observed by phase contrast microscopy
(our unpublished results). E-cadherin accumulation at cell-
cell junction completely correlated with this adhesion (Fig-
ure 1, b and c¢). However, the dimethyl sulfoxide (DMSO)
(vehicle) control and cytochalasin B treatment did not in-
duce cell-cell adhesion at all (Figure 1, a and d). Nocodazole
and colcemid collapsed the microtubules almost completely
(Figure 1, f and g), whereas these structures were main-
tained in DMSO and cytochalasin B treatment (Figure 1, e
and h). Microtubule disruption in NHEK cells also induced
strong actin polymerization within 1 h after treatment (Figure
1,j and k), in comparison to DMSO and cytochalasin B-treated
NHEKSs (Figure 1, i and 1). Similar effects have been reported in
fibroblasts (Bershadsky et al., 1996; Liu et al., 1998).

In contrast, when NHEK cells are transferred into high
calcium medium (1.2 mM), up to 12 h is required for com-
plete cell adhesion and formation of regularly shaped colo-
nies (Figure 2A), as expected. As a control, NHEK cells
grown in low calcium medium with nocodzole for 12 h
maintained cell adhesion in colonies, whereas only a small
proportion of cells failed to adhere (Figure 2B). It is well
known that microtubules play direct or cooperative roles in
cellular migration in many cell types (Gotlieb et al., 1983;
Liao et al., 1995; Ballestrem et al., 2000). We therefore set out
to explore the basis of this very rapid nocodazole-induced
cell adhesion phenomenon.

Members of Cadherin—Catenin Protein Complex
Accumulate at Cell Junctions in Nocodazole-treated
NHEK Cells

E-cadherin accumulation at cell-cell adhesion sites is known
to be accompanied with other components of cadherin-
catenin complexes. Therefore, we explored whether these
complexes were formed in microtubule-disrupted NHEK
cells grown in low calcium media. The accumulation of a-
and B-catenin could be observed at cell-cell adhesion sites in
1 h after nocodazole treatment (Figure 3A, a, b, and ¢).
Vinculin and tyrosyl phosphorylated proteins were also
found at cell-cell adhesion sites in addition to focal adhesion
plaques (Figure 3A, d, e, and f). It is known that vinculin
plays roles in both cell-cell and cell-matrix adhesion (Gum-
biner, 2000) and mediates association of actin with the cad-
herin-catenin complex (Hazan et al., 1997). Therefore, our
results suggest that the nocodazole-induced cell-cell adhe-
sion involving E-cadherin occurred while maintaining an
intact cadherin-catenin complex.

Notably, all of these events occurred without any changes
in E-cadherin expression levels, as shown by Western blot
analysis of treated cells (Figure 3B)

Calcium-induced Terminal Differentiation of NHEK
Cells Decreased Nocodazole-induced Cell-Cell
Adhesion

Stimulation of primary epidermal keratinocytes to enter a
terminal differentiation program can be achieved in several
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ways, including transference to high calcium medium. Some
cells stratify as they terminally differentiate and slough into
the medium, whereas most cells retain proliferation poten-
tial for many days after induction (Hennings et al., 1980;
Yuspa et al., 1989). Therefore, we investigated whether the
differentiation status of keratinocytes could influence no-
codazole-induced cell-cell adhesion. Western blot analysis
showed that cytokeratin 10 (K10) and loricrin expression
were up-regulated in NHEK 4 d after induction of differen-
tiation with high calcium (1.2 mM), and achieved a maximal
level of expression in ~8 d (Figure 4A), as expected (Hohl et
al., 1991). For the analysis of nocodazole effects on these
cells, we first treated cells that had been in high calcium

Figure 2. Comparison of cell morphology between high calcium
and nocodazole-induced cell-cell adhesion of NHEK. (A) Cell ad-
hesion induced 1.2 mM calcium in 12 h. (B) Cell adhesion induced
by nocodazole in 12 h. Cells were visualized by IF staining with
anti-E-cadherin antibody. Bar, 50 um.
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Figure 1. Microtubule disrup-
tion induced cell-cell adhesion in
NHEK cells. NHEK cells cultured
in low calcium media (KGM)
were treated with DMSO (vehicle
control) (a, e, and i), nocodazole
(b, f, and j), colcemid (c, g, and k),
and cytochalasin B (d, h, and 1) for
1 h. The treated cells were visual-
ized by IF staining with anti-E-
cadherin (a—d), anti-B-tubulin
(e-h) antibodies and FITC-conju-
gated phalloidin for F-actin (i-1).
Bar, 20 pm.

medium for 4 d with low calcium KGM. This enabled re-
moval of terminally differentiated stratified cells, and the
remaining proliferating cells that still possessed tight cell-
cell adhesions (Figure 4B, a and d) could be almost com-
pletely dissociated in low calcium medium (Figure 4B, b).
Interestingly, these cells could be induced to adhere by
nocodazole treatment (Figure 4B, c). In contrast, more dif-
ferentiated NHEK (8 d culture in high calcium) could not be
dissociated completely (Figure 4B, e) and the proportion of
adhesive cells (~20-30%) did not increase after nocodazole
treatment (Figure 4B, f). These results suggest that important
molecular changes accompanying keratinocyte differentia-
tion, possibly related to cell envelope barrier formation
(Steinert and Marekov, 1999) have an inhibitory effect on
nocodazole-induced cell-cell adhesion.

Protein Kinase C-induced Differentiation Decreased
Nocodazole-induced Cell-Cell Adhesion

PKC activation is known to play a critical role in keratinocyte
differentiation (Dotto, 1999; Mitev and Miteva, 1999). Thus, we
asked whether nocodazole-induced cell-cell adhesion occurs in
PKC-induced differentiation of keratinocytes. First, we checked
the possibility whether intrinsic PKC activity was required for
nocodazole-induced cell-cell adhesion. Cotreatment of NHEK
in low calcium KGM with nocodazole and GF109203X, a spe-
cific PKC inhibitor, did not inhibit cell adhesion at all (Figure
5A, a and b), suggesting that nocodazole-induced cell-cell ad-
hesion did not require PKC activity. But treatment of NHEKs
with PMA, a PKC activator, did induce cell-cell adhesion (Fig-
ure 5A, ¢). However, the PMA effect was abolished in a few
hours, whereas nocodazole-induced cell-cell adhesion main-
tained for more than 24 h (our unpublished results), suggesting
a different mode of cell-cell adhesion.
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Figure 3. Various components of
the cadherin-catenin complex local-
ized at cell junctions in nocodazole-
treated NHEK cells. (A) NHEK cells
in KGM were treated with DMSO (a
and d) and nocodazole (b, ¢, e, and f)
for 1 h, and then examined by IF
with: anti-B-catenin (a and b), anti-a-
catenin (c), antivinculin (d and e),
and anti-PY20 antibodies (f). All
these antibodies detected proteins ac-
cumulated at cell-cell adhesion sites.
(B) Expression levels of E-cadherin
were not changed with various
chemical treatments. E-cadherin in
NHEK cells was immunoprecipitated
and analyzed by Western blot assay
with anti-E-cadherin mAb. NHEK
treated with DMSO (lane 1), nocoda-
zole (lane 2), colcemid (lane 3), and
cytochalasin B (lane 4).

B 2
- e

E-cadherin

Next, we analyzed the long-term effect of PKC activation on
nocodazole-induced cell-cell adhesion. Treatment with PMA
induced increased expression of involucrin and loricrin in a
time-dependent manner, and reached the maximum level at
48 h after treatment of NHEKs in low calcium (Figure 5B).
These PMA-treated NHEK cells for 48 h did not show cell-cell
adhesions by nocodazole treatment (Figure 5C, b). However,
cell-cell adhesion was maintained when NHEK were cotreated
with GF109203X together with PMA (Figure 5C, c), but
GF109203X could no longer reverse the inhibition of cell-cell
adhesion when GF109203X had been treated after PMA treat-
ment for 48 h (Figure 5C, d). These data suggest that the
inhibitory effect of PMA is irreversible. Together, these results
suggest that PKC activity itself is not required for nocodazole-
induced cell-cell adhesion. However, activation of PKC for 48 h
in low calcium renders the NHEK cells unable to adhere to
each other after microtubules were disrupted.

Nocodazole-induced Cell-Cell Adhesion Occurs in
Keratinocyte Tumor Cell Lines but not in Cell Lines
Derived from Normal Epidermis

Epithelial carcinongenesis is accompanied by loss of differ-
entiation (Gamallo et al., 1993; Takeichi, 1993). We asked
whether there is difference in induciblity of cell-cell adhe-
sion with nocodazole between cancer derived- and normal
skin-derived cell lines. To check this, cell lines that were
derived from normal epidermis (HaCaT and RHEK) or
squamous cancers (A431, SCC-4, SCC-9, and SCC-25) were
used. HaCaT and SCC-9 cells that were maintained in con-
ventional media (DMEM containing 10% fetal bovine se-
rum), expressed E-cadherin at cell-cell junctions (Figure 6, a
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and e), and were almost completely dissociated by cultiva-
tion in low calcium KGM for 24 h (Figure 6, b and f). HaCaT
cells in KGM showed no significant reduction of viability
and growth rates, and mitotic cells could be found fre-
quently in samples stained with B-tubulin antibody (Figure
6d). Microtubules were properly disrupted with nocodazole
in SCC-9 cells (Figure 6h). All cell lines showed similar
results. Interestingly, however, HaCaT cells did not show
any cell-cell adhesion after nocodazole treatment (Figure 6¢).
Another normal skin-derived cell line, RHEK, displayed the
same result (our unpublished results). However, nocoda-
zole-induced cell-cell adhesion did occur in SCC-9 cells (Fig-
ure 6g), as well as in the other cancer-derived cell lines A431,
SCC-4, and SCC-25 (our unpublished results).

It is generally believed that cancer cells have acquired de-
differentiation phenotypes in comparison to normal cells of
origin (Gumbiner, 2000). Our results indicate that nocoda-
zole-induced cell-cell adhesion is correlated to the de- or
undifferentiation status of keratinocyte cell lines because
only cancer cell lines showed inducibility of cell-cell adhe-
sion by nocodazole.

Continuous Culture of HaCaT Cells in KGM
Showed Acquired Nocodazole-induced Cell-Cell
Adhesion

For verification of the above-mentioned hypothesis, we
tried to induce dedifferentiation features in HaCaT cells
through continuous cultivation in KGM, and analyzed the
nocodazole effect. HaCaT cells were grown in low calcium
KGM media, and when growth of cells reached 80-90%
confluency, they were trypsinized and one-third were
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regrown. At each passage, we analyzed cytokeratin ex-
pression (Figure 7A) and nocodazole effects (Figure 7B).
The expression patterns of K8 and K10 were decreased
from the first passage but K10 expression was not com-
pletely abolished even after the 5th passage. K8 is known
to be usually expressed in simple epithelia, and K10 is
usually expressed in suprabasal epidermal cells. In the
case of K5, which is known to be expressed in basal cells
of stratified epithelia, expression began to appear after the
4th passage and expression of K6, which is known to be
related with hyperproliferation, increased from the first
passage and then slightly decreased. After the 5th pas-
sage, the proliferation rate was significantly reduced.
Thus, because of the decreased level of K10, and increased
expression of K5, HaCaT cells multiply-passaged in low
calcium KGM this way mimicked the undifferentiated
features of keratinocytes. Interestingly, starting from the
3rd passage, HaCaT cells become inducible for cell-cell
adhesion by nocodazole treatment, and >50% cells
showed nocodazole-induced cell-cell adhesion in the 5th
passage (Figure 7B). These results suggest that dediffer-
entiated cells acquire the susceptibility for nocodazole-
induced cell-cell adhesion.

Nocodazole-induced Cell-Cell Adhesion Does Not
Correlate with Posttranslational Modification of
Microtubules

Microtubule structure is profoundly influenced by cell-cell
contacts. For example, cell-cell contacts make microtubules
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Figure 4. Long-term culture of
NHEK in high calcium media (1.2
mM) decreased potential for cell-cell
adhesion with nocodazole. (A) West-
ern blot analyses for K10 and loricrin
expression were performed with the
use of Triton X-100 insoluble fraction
(K10) or whole cell lysates (loricrin).
NHEKs were cells cultured in low
calcium or high calcium media for
indicated time. (B) NHEK cells
grown in high calcium media for 4 d
(top) or 8 d (bottom) were transferred
into low calcium media to dissociate
cells and then analyzed for nocoda-
zole effects. NHEK cells grown in
high calcium media (a and d), low
calcium media with DMSO (b and e),
and with nocodazole (c and f) were
subjected to IF staining with anti-E-
cadherin antibody. Bar, 20 um.

stable and less dynamic, which is accompanied by posttrans-
lational modification of tubulin (Kreis, 1987; Nagasaki ef al.,
1992). On the basis of the hypothesis that posttranslational
modifications could affect the interaction of microtubules
with different cellular factors that have the potential to alter
inducibility of cell-cell adhesion, we asked whether nocoda-
zole-induced cell-cell adhesion was affected by tubulin mod-
ification. First, the extent of tubulin modification in relation
to differentiation was analyzed with the use of NHEK cells
cultured in high calcium KGM. Western blot analyses
showed that expression of tyrosinated and acetylated forms
of tubulin increased from 12 h and 5 d, respectively, after
increasing the calcium concentration in the media although
B-tubulin expression was not changed (Figure 8A). In NHEK
cells, the acetylation pattern of tubulin was similar to that of
K10 expression (Figure 4A), suggesting a correlation with
terminal differentiation. However, in the case of keratinocyte
cell lines, the extent of tubulin modification was not corre-
lated with inducibility of nocodazole-induced cell-cell adhe-
sion. Western blot analyses with the use of whole cell ex-
tracts showed that the extent of tyrosination of tubulin was
similar among the six cell lines, including the keratinocyte
cell lines (HaCaT and RHEK) (Figure 8B). The extent of
acetylation was also similar except for two cancer-derived
cell lines (SCC-9 and -25), which showed much less extent of
acetylation than other cell lines (Figure 8B). Because all four
cancer cell lines have potential for cell-cell adhesion by
nocodazole treatment, these results indicate that tubulin
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Figure 5. Effects of PKC agonist
and antagonists on nocodazole-in-
duced cell-cell adhesion in NHEK B
cells. (A) NHEK cells were treated
with DMSO (a), GF109203X at the
concentration of 1 uM (b), and 10
nM PMA (c) for 1 h. PMA itself in-
duced cell-cell adhesion. (B) Western
blot analyses for involucrin and lori-
crin expression after PMA treatment.

PMA

C, NHEK cells were treated with no- Involucrin
codazole for 48 h (a), PMA for 48 h

and then treated with nocodazole for ~ C

1h (b), PMA and GF109203X for 48 h Nocodazole

followed by nocodazole treatment
for 1 h (c), and PMA for 48 h fol-
lowed by treatment of GF109203X
and nocodazole for 1 h (d). All cells
were visualized by IF staining with
anti-E-cadherin. GF10903X could not
reverse the long-term inhibitory ef-
fect of PMA on nocodazole-induced
cell-cell adhesion. Bar, 20 um.

modification is unlikely to be directly involved in inducibil-
ity of cell-cell adhesion by nocodazole.

DISCUSSION

Microtubules affect cell shape, cell motility, and cell divi-
sion (Nogales, 2000). Also microtubules respond to sig-
naling pathways by changing their dynamics and organi-
zation in ways that may contribute to the signal
transduction pathway. It is known that cell-cell contacts
decrease the level of stabilized microtubules and alter the

Figure 6. Nocodazole effects on ker-
atinocyte cell lines. HaCaT and SCC-9
cell lines cultured in DMEM contain-
ing 10% fetal bovine serum were
transferred into KGM media to disso-
ciate cells and then analyzed for the
nocodazole effects. Cells were grown
in DMEM (a and e), in KGM (b and c),
and in KGM containing nocodazole (c
and g) for 1 h and visualized by IF
staining with anti-E-cadherin anti-
body. Nocodazole-induced cell-cell
adhesions only in SCC-9 cells. B-Tu-
bulin IF staining of HaCaT cells in
KGM (d) and SCC9 cells in KGM con-
taining nocodazole (h). Mitotic cells
were frequently found in cells grown
in KGM (d, arrow). Bar, 20 pwm.

HaCaT
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distribution of detyrosinated microtubules (Nagasaki et
al., 1992). However, the precise role of microtubules in
cell-cell adhesion is not yet clear. As an initial step to
investigate the possible role of microtubules in cell adhe-
sion, we studied the relationship between microtubule
organization and cell-cell adhesion in keratinocytes. This
report shows that in NHEK cells, microtubule disruption
can generate the signals for cell-cell adhesion through
activation of E-cadherin. Moreover, this was suppressed
in terminally differentiating keratinocytes.

Nocodazole [-tubulin
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Figure 7. (A) Continuous culture of HaCaT in KGM. Triton X-100
insoluble fractions from HaCaT cells after various passages were
subjected to Western blot analysis with the use of various cytoker-
atin antibodies. Lanes 1 and 7, HaCaT cells cultured in DMEM; lane
2, HaCaT at 1st passage in KGM; lane 3, 2nd passage; lane 4, 3rd
passage; lane 5, 4th passage; lane 6, 5th passage. (B) Nocodazole-
induced cell-cell adhesion of HaCaT cells after various passages.
Control was nocodazole-treated HaCaT cells in KGM for 1 d after
transferance from DMEM to KGM, 3rd, 4th, and 5th means passage
number of HaCaT cells in KGM. Cells were visualized by IF staining
with anti-E-cadherin antibody. Bar, 30 um.

Cytoskeleton and Nocodazole-induced Cell-Cell
Adhesion

This phenomenon in epidermal keratinocytes could be due
to changes in other cytoskeletal components such as actin
filaments. Because the various major cytoskeletal elements
involved in cellular organization can cross-talk with each
other, disruption of microtubules could influence other cy-
toskeletal components. Actin microfilaments, which are
known to play an important role in cell-cell adhesion, coor-
dinate with microtubules in numerous cellular events such
as cellular morphogenesis, migration, and focal adhesion
contacts (Waterman-Storer and Salmon, 1999). Indeed, our
results showed that microtubule disruption in NHEK in-
duced strong actin polymerization in addition to actin accu-
mulation at cell-cell contact sites (Figures 1, j and k, and 3B).
Other studies have demonstrated that circumferential corti-
cal actin filaments are a prerequisite for the targeting of the
cadherin—-catenin complex to the cell surface in kidney epi-
thelial cells and this was not interfered by microtubule or
stress fiber disruption (Quinlan and Hyatt, 1999). Generally,
it is believed that stress fiber formation is more related to
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Figure 8. Western blot analyses of modified tubulin with the use of
whole cell extracts from keratinocytes. (A) Whole cell extracts from
NHEK cells of various differentiation statuses were subjected to
Western blot analysis with the use of anti-tyrosinated tubulin, anti-
acetylated tubulin, and anti-g-tubulin mAbs. Keratinocyte differen-
tiation was achieved by high calcium (1.2 mM) cultivation according
to indicated times after increasing calcium concentration in media.
L and L9 denote keratinocytes grown in low calcium media before
increasing calcium concentration, and continuous growth in low
calcium media for further 9 d, respectively. (B) Expression patterns
of modified tubulin in two keratinocytes cell lines from normal skin
(HaCaT and RHEK) and four cancer cell lines (A431, SCC-4, -9, and
-25). Cell-cell adhesion by microtubule disruption (could not be
induced in HaCaT and RHEK cells [Figure 6]). There is no apparent
correlation between the extent of tubulin modification and induc-
ibility of cell-cell adhesion by microtubules in the cancer cell lines.

cell-matrix adhesion than cell-cell adhesion (Hall, 1998).
Thus, the relationship of stress fiber formation and cell-cell
adhesion in nocodazole-treated NHEK is not yet clear.
Another possibility is that microtubules trap E-cadherin in
dissociated cells and the release of E-cadherin from micro-
tubules by nocodazole may result in cell-cell adhesion. Re-
cently, it was reported that muscle type cadherin (M-cad-
herin) and catenin complex interacts with microtubules in
skeletal muscle (Kaufmann et al., 1999). This interaction was
suggested as an underlying mechanism for the role of M-
cadherin in the fusion of mononucleated myoblasts into
multinucleated myotubes (Zeschnigk et al., 1995). However,
this interaction was muscle-specific because neither M-cad-
herin nor E-cadherin could be found in a complex with
microtubules in epithelial cells ectopically expressing M-
cadherin (Kaufmann ef al., 1999). In fact, we could not find
any evidence for association between E-cadherin and micro-
tubules in keratinocytes (our unpublished results). Thus, the
nocodazole-induced cell-cell adhesion phenomenon is not
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based on simple association or dissociation processes be-
tween E-cadherin and microtubules.

A third possibility is that affinity differences between mi-
crotubules and associated proteins expressed in keratino-
cytes could account for the observed phenomenon. It is
known that microtubule structure is profoundly influenced
by cell-cell contact, morphogenesis, and differentiation
through posttranslational modification of tubulin (Bulinski
and Gunderson, 1991). There are two kinds of microtubules:
dynamic and stable. Stabilized microtubules exhibit a half
life on the order of hours rather than the minutes typical of
usual dynamic microtubules (Schulze et al., 1987; Webster et
al., 1987), and they show increased resistance to microtubule
antagonists. Stabilization of microtubules has been known to
correlate with accumulation of posttranslationally modified
tubulin (Bulinski and Gunderson, 1991). We demonstrate
here that NHEK cells showed increased proportions of ty-
rosinated and acetylated tubulin during differentiation and
in a time-dependent manner (Figure 8), suggesting in-
creased microtubule stability. Therefore, it seems that the
structural regulation of microtubules and association with
microtubule associated proteins could be a plausible cause
for nocodazole-induced cell-cell adhesion. In contrast, the
proportion of modified tubulin in total tubulin was variable
among six keratinocyte cell-lines used in this report. Corre-
lation between the extent of tubulin modification (tyrosi-
nated and acetylated forms) and nocodazole-induced cell-
cell adhesion could not be found (Figure 8).

Finally, it is possible that microtubule disruption effects
unknown signal pathways for cell-cell adhesion, and that
these signals are lost in advanced differentiating keratino-
cytes. Recent studies have revealed the critical roles of mi-
crotubules in the spatial organization of signal transduction
(Gunderson and Cook, 1999). Among the signal transducing
molecules that are related with microtubules are RhoA fam-
ily GTPases. It has been reported that microtubule disrup-
tion induced stress fiber formation and focal adhesion
through RhoA activation in fibroblasts (Bershadsky et al.,
1996; Liu et al., 1998). In addition, RhoA is thought to play a
role in cell-cell adhesion of epithelial cells (Braga et al., 1997).
Stress fiber formation in NHEK cells after nocodazole treat-
ment suggests the possibility that microtubule disruption
activates RhoA in keratinocytes. We therefore set out to
perform a series of experiments to test this concept. How-
ever, we were unable to find any evidence for RhoA involve-
ment in this process. For example, transient expression of
the RhoA dominant negative mutant form (N19-RhoA) in
NHEK cells did not inhibit nocodazole induced cell-cell
adhesion, although stress fiber formation was significantly
reduced (our unpublished results). Therefore, at present, our
data suggest that RhoA is not directly involved in this
process. Nevertheless, we cannot exclude the possibility of a
more complex indirect role of RhoA activation in microtu-
bule disrupted NHEK cells, for which additional detailed
experiments seem to be warranted.

Loss of Nocodazole-induced Cell-Cell Adhesion in
Advanced Differentiating Cells

Our results showed that nocodazole-induced cell-cell adhe-
sion was profoundly influenced by the degree of keratino-
cyte differentiation. PKC-induced differentiation of NHEK
interferred with nocodazole-induced cell-cell adhesion. This
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role of PKC was different from the previously reported role
of PKC in cell-cell adhesion. It has been reported that acti-
vation of PKC with the use of PMA could induce cell-cell
adhesion in epithelial cells that were defective in cell-cell
adhesion even under a high calcium environment (Williams
et al., 1993; Shafer et al., 1999). This PMA-induced cell-cell
adhesion could be observed in NHEKs grown in a low
calcium environment. In comparison with nocodazole-in-
duced cell-cell adhesion, PMA-induced cell-cell adhesion
was transitory and PMA could induce cell-cell adhesion in
HaCaT cells (our unpublished results), whereas nocodazole
could not. In our hands, long-term treatment of PMA in
NHEKSs showed irreversible inhibitory effects on nocoda-
zole-induced cell-cell adhesion (Figure 5). These results sug-
gest that PKC induced some unknown molecular changes,
which in turn inhibited nocodazole-induced cell-cell adhe-
sion. This unknown molecular event must be tightly regu-
lated by the differentiation status of keratinocytes.

In addition, we showed that nocodazole-induced cell-cell
adhesion diminished as NHEK cells became more differen-
tiated. Notably, this correlated with increasing expression of
advanced terminal differentiation cell envelope products
such as loricrin (Figures 4 and 5). Previously, we have dem-
onstrated that after several days in high calcium medium,
NHEK cells begin to acquire a cell envelope barrier structure
made insoluble by extensive irreversible transglutaminse
cross-linking of cell peripheral proteins. In fact, insoluble
cell envelopes initially appear as double membrane struc-
tures with recognizable desmosomal entities (Steinert and
Marekov, 1999). This indicates that a large array of cell
peripheral proteins must have become cross-linked, and
indeed, proteins such as plakoglobins, desmocolin, desmo-
glein 3, E-cadherin, and others have been identified as cross-
linked products in these structures (Robinson ef al., 1997;
Steinert and Marekov, unpublished results). Thus, we pro-
pose that as differentiation proceeds, the cell periphery
changes markedly during cell envelope barrier formation,
with the consequent loss of the dynamic interactions be-
tween the cytoskeleton and cell periphery. Similar observa-
tions are apparent for the HaCaT and RHEK keratinocyte
cell lines. However, other epithelial cancer cell lines or cells
of simple epithelia do not typically make barrier structures.
Thus, the loss of nocodazole-induced cell-cell adhesion in
advanced differentiated cells is likely due to the irreversible
modification of the cell periphery to make the cell envelope
barrier.

NHEK Cells Behave Differently from Newt Lung
Epithelial Cells

Recently, breakage of cell-cell adhesion in nocodazole-
treated newt lung epithelial cells was reported (Waterman-
Storer ef al., 2000). It was demonstrated that cell-cell contacts
made the microtubule plus end less dynamic, and disrup-
tion of the microtubules broke cell-cell contacts. These re-
sults suggest that microtubule growth is required for main-
tenance of cell-cell contacts. These observations are the
opposite of our findings described here. The most likely
reasons for the differences are origin of species (newt vs.
human), organs (lung vs. skin), and culture systems, includ-
ing temperature for optimal cell growth (20 vs. 37°C). For
example, cell-cell adhesion in mammary epithelial cells was
not perturbed by microtubule disruption (Quinlan and
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Hyatt, 1999). In addition, the behavior of F-actin is different
between newt and mammary epithelial cells. Treatment of
newt lung epithelial cells with nocodazole resulted in an
increase of stress fibers within 15 min but stress fibers began
to disassemble afterward, and within 1 h, almost all were
lost (Waterman-Storer et al., 2000). In contrast, in NHEK,
nocodazole-induced stress fibers maintained their structure
for several hours. Other reports have shown that stress fibers
induced with various stimulations, including microtubule
disruption, were maintained for at least 1 h (Bershadsky et
al., 1996; Strassheim et al., 1999). Furthermore, culture tem-
perature could be a possible reason for the different obser-
vations. Recent studies showed that cell-cell adhesion in
mammalian epithelial cells is dynamic and cadherins un-
dergo regulated trafficking to and from surface. This cad-
herin trafficking was suppressed when culture temperature
was shifted from 37 to 18°C, and an increased proportion of
cadherin accumulated in the cytoplasm as an internalized
pool at 18°C. For example, in Madin-Darby canine kidney
cells, up to 80% of surface biotinylated E-cadherin was in-
ternalized after 2-h incubation at 18°C (Le et al., 1999). Con-
sidering this observation, optimal temperature (<20°C) for
growth of newt epithelial cells could perturb the E-cadherin
trafficking. Altogether, it seems that newt cells might have
unique features in cytoskeletal regulation for cell-cell adhe-
sion compared with usual mammalian cells.

In conclusion, our results document that the differentia-
tion status of keratinocytes influences cell-cell adhesion that
can be induced by disruption of microtubules. Furthermore,
we suggest that this model can serve as a new tool for
studying the mechanisms of keratinocyte cell adhesion.
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