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Background: �4 integrin phosphorylation regulates hemidesmosome disassembly, a process necessary for migration and
carcinoma invasion.
Results: Inhibition of calcineurin increases �4 phosphorylation, hemidesmosome disassembly, and migration. Activating cal-
cineurin stabilizes hemidesmosomes.
Conclusion: The calcium/calcineurin pathway stabilizes hemidesmosomes and controls migration by regulating �4
phosphorylation.
Significance:These findings help understanding how cells modulatemovement by assembling/disassembling anchorage struc-
tures, with interesting implications in calcineurin-inhibitor induced cancer.

Cell migration depends on cells being able to create and dis-
assemble adhesive contacts.Hemidesmosomes aremultiprotein
structures that attach epithelia to basal lamina and disassemble
during migration and carcinoma invasion. Phosphorylation of
the �4 integrin, a hemidesmosome component, induces disas-
sembly. Although kinases involved in �4 phosphorylation have
been identified, little is known about phosphatases countering
kinase action. Here we report that calcineurin, a serine-threo-
nine protein phosphatase, regulates �4 phosphorylation. Cal-
cineurin inhibitor cyclosporin A (CsA) and calcineurin-siRNA
increase �4 phosphorylation, induce hemidesmosome disas-
sembly, and increasemigration inHaCat keratinocytes, suggest-
ing that calcineurin negatively regulates �4 phosphorylation.
We found no direct dephosphorylation of �4 by calcineurin or
associationbetween�4 and calcineurin, suggesting indirect reg-
ulation of �4 phosphorylation. We therefore assessed calcineu-
rin influence on MAPK and PKC, known to phosphorylate �4.
CsA increased MAPK activity, whereas MAPK inhibitors
reduced CsA-induced �4 phosphorylation, suggesting that cal-
cineurin restricts �4 phosphorylation by MAPK. Calcineurin is
activated by calcium. Increased [Ca2�]i reduces �4 phosphory-
lation and stabilizes hemidesmosomes, effects that are reversed
by CsA, indicating that calcineurin mediates calcium effects on
�4. However, MAPK activation is increased when [Ca2�]i is
increased, suggesting that calcineurin activates an additional
mechanism that counteracts MAPK-induced �4 phosphoryla-
tion. Interestingly, in some squamous cell carcinoma cells,
which have reduced hemidesmosomes and increased �4 phos-
phorylation, an increase in [Ca2�]i using thapsigargin, brady-
kinin, or acetylcholine can increase hemidesmosomes and

reduce�4 phosphorylation in a calcineurin-dependentmanner.
These findings have implications in calcineurin-inhibitor
induced carcinoma, a complication of immunosuppressive
therapy.

Hemidesmosomes (HD)2 are specialized multiprotein com-
plexes that mediate attachment of epithelial cells to the under-
lying basement membrane (1–3). These structures provide
stability andmechanical strength to epithelia and are disassem-
bled in migrating cells during wound healing and carcinoma
invasion (3–5). HD are composed of several transmembrane
and cytoplasmic proteins that connect the cytokeratin network
to the extracellular matrix. Tissue fragility and blistering dis-
ease develop when hemidesmosomal components are geneti-
cally altered, indicating the significance of HD in maintaining
epithelial tissue integrity (6, 7). The main organizer and nucle-
ator of HD is the a6�4 integrin, a laminin receptor (8–10). This
integrin recruits the HD component plectin, which then facili-
tates further association of the integrin with components
BPAG1 and BPAG2 (8, 11). The cytokeratin network connects
the HD through BPAG1 and plectin (11).
Although HD provides a stable anchor, its components

undergo a rapid turnover, indicating a dynamic equilibrium
(12, 13). This rapid turnover might allow epithelial cells to effi-
ciently switch between a stationary and a migratory state by
quickly changing the balance toward disassembly. Disassembly
of HD becomes important during wound healing to allow cell
migration and re-epithelialization (4). Importantly, disassem-
bly of HD is also seen during carcinoma invasion, where a
reduction of HD can predict metastatic potential (5).
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Most of the efforts to understand the regulation of HD dis-
assembly have focused on the main organizer of the HD, the
a6�4 integrin. The phosphorylation of the �4 integrin subunit
has been shown to be an important mechanism to induce HD
disassembly (Refs. 14–21 and reviewed in Ref. 3). Growth fac-
tors that are secreted during wound healing or carcinoma inva-
sion can induce the phosphorylation of the �4 integrin on ser-
ine and tyrosine residues and promote HD disassembly (16, 17,
22). Most of the phosphorylation on the �4 integrin occurs on
serine residues of the connecting segment domain (17). A clus-
ter of serines at the beginning of the connecting segment,
Ser1356-Ser1360-Ser1364, as well as at a nearby site, Ser1424 (17–
20), or a threonine at the C-tail (21), have been shown to play an
important role in HD stability. Mutation on some of these ser-
ine residues to alanine to impede phosphorylation reduces the
disruptive activity of EGF on HD, increases the interaction of
�4 and plectin, and can inhibit cell migration by stabilizingHD,
indicating a function of �4 serine phosphorylation in HD reg-
ulation (17–20). In contrast, mutation of these sites into aspar-
tate, which mimics phosphorylation, increases HD disruption
and plectin dissociation. Importantly, some of these sites are
found hyperphosphorylated in invasive squamous cell carci-
noma (SCC), suggesting that �4 phosphorylation plays a role in
carcinoma invasion (23). In vitro, SCC cells show an increase in
�4 phosphorylation when compared with keratinocytes. Inter-
estingly, �4 seems to be preferentially phosphorylated in cer-
tain areas of the cells, such as trailing edges and retraction
fibers, where previous studies have shown that HD disassemble
as the cell moves forward (13, 18, 23). This distinct distribution
of �4 phosphorylation suggests that local factors such as trac-
tion forces or calcium fluxes may be regulating �4 phosphory-
lation (24).
An important aspect of protein function regulation through

phosphorylation is its reversibility. Although several kinases,
such as PKC and the MAPK ERK1/2 and RSK2, have been
shown to be involved in serine phosphorylation of �4 (16–20),
little is known about the pathways that lead to dephosphory-
lation. Based on mutational studies, it can be asserted that
dephosphorylation of the �4 integrin is necessary to stabilize
HD (17–20). There is little information about serine-threonine
protein phosphatases (PPP) thatmight be involved in this proc-
ess. PPP inhibitors, such as okadaic acid and calyculin, have
been shown to increase �4 phosphorylation as well as destabi-
lize HD, implicating protein phosphatase 2a and or protein
phosphatase 1 (18, 19). In the present study we addressed
whether anothermajor PPP, calcineurin (CN), is involved in the
dephosphorylation and function of the �4 integrin. CN is a
heterodimeric serine/threonine phosphatase, and it is the only
PPP known to become highly stimulated in response to Ca2�

signals because of the direct binding of Ca2� and calmodulin
(25). CN is one of the key players directing the flow of informa-
tion from local or global calcium signals to effectors that con-
trol immediate cellular responses and alter gene transcription.
This may be of particular relevance to �4 function given that
local factors seem to regulate �4 phosphorylation (18). Inter-
estingly, CN inhibitors that are commonly used in immunosup-
pressive therapy, such as cyclosporin A (CsA), are known to
increase the incidence of SCC (26), a type of tumor that, as

mentioned above, shows increasedmigration through�4 phos-
phorylation and HD disassembly (23). Therefore, a study of the
relationship between CN and �4 phosphorylation should
improve our understanding of CN inhibitor-induced SCC. (24)
In this study, we have found that CN negatively regulates �4

phosphorylation and increases HD stability, whereas reducing
cell migration. The effect of CN on �4 phosphorylation is indi-
rect and occurs through two different pathways. In one case,
CN inhibits theMAPKpathway,where ERK1/2 has been shown
to directly phosphorylate �4. A second route is independent of
MAPK,whereCN seems to positively promote�4 dephosphor-
ylation, probably regulating a downstream phosphatase. We
also show that calcium flows affect �4 phosphorylation through
CNandcalmodulinand thatmembrane receptorsmodulatingcal-
cium, such as the bradykinin and acetylcholine receptors, can also
regulate �4 phosphorylation andHD stability through CN. Inter-
estingly, the activation of Ca/CN pathway can reduce the
hyperphosphorylation of �4 in SCC cells and increase HD sta-
bility as well as reduce migration. Our results show that CN
plays an important role in HD function through regulation of
�4 phosphorylation and may be of particular relevance in SCC
carcinoma induced by CN inhibitors.

EXPERIMENTAL PROCEDURES

Cells and Reagents—HaCat keratinocytes were obtained
from Dr. S. La Flamme (Albany Medical College, Albany, NY).
Squamous cell carcinoma cell lines were obtained as follows:
A431 cells (vulvar SCC origin) were obtained from ATCC;
Colo-16 (skin SCC origin) was obtained from Dr. N. Hail (Uni-
versity of Colorado, Denver, CO); and SCC-25 cells (head and
neck SCC origin) were provided by Dr. A. M. Mercurio (Uni-
versity of Massachusetts Medical School, Worcester, MA).
Cos-7 cells were provided by Dr. Pierre Kinet (Beth Israel Dea-
coness Medical Center, Boston, MA). Cells were maintained in
DMEM with 10% fetal calf serum, except SCC25 cells, which
were grown in DMEM/Ham’s F12 (1:1) containing hydrocorti-
sone (400 ng/ml) and 10% fetal bovine serum. Antibodies were
as follows: 3E1 (�4, Chemicon); GoH3 (�6, Chemicon); rabbit
anti-�4 (16); anti-BPAG1 (27); and anti-plectin (Santa Cruz
Biotechnology). Affinity-purified phospho-specific rabbit poly-
clonal Ab (anti- phospho-Ser1356 Ab) was previously character-
ized (23). Anti-phospho ERK1/2 and anti-ERK1/2 Abs were
from Cell Signaling Technology. Cyclosporin A, BAPTA-AM,
thapsigargin, bradykinin, and acetylcholine were from Sigma.
Inhibitors for PKC (Go6983), MEK (U0126), and calmodulin
(W13) were from Enzo Biochemicals.
Plasmids and Transfections— Full-length cDNA calcineurin

(PPP3CA, Open Biosystems) was used to produce a constitu-
tively active form containing amino acids 1–390 (28) and fused
to Myc using a Myc-pcDNA4 plasmid (Invitrogen). Transfec-
tion of the plasmid was performed using Lipofectamine 2000
(Invitrogen) according to themanufacturer’s instructions. ON-
TARGETplus SMARTpool human PPP3CA (Dharmacon) was
transfected using Lipofectamine� RNAiMAX, and cells were
grown for 48 h before experiments. An AllStars negative con-
trol siRNA (Qiagen) was used to control siRNA transfections.
Indirect Immunofluorescence—Cells were stained as de-

scribed previously (16, 29). Briefly, cells grown on coverslips
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were extracted or not with detergent buffer containing 0.5%
Triton X-100, 100 mM KCl, 200 mM sucrose, 10 mM EGTA, 2
mMMgCl2, and 10mMPIPES at pH 6.8 for 1min and then fixed
using paraformaldehyde or methanol. Cells were rinsed,
blocked, and stained with the indicated Abs and Cy2/Cy3-con-
jugated secondary antibodies. Slides were analyzed using fluo-
rescence microscopy. Quantitative analysis of HD-like struc-
tures was performed as described previously (23). Briefly,
collected images of cells stained for �4 integrin were back-
ground-subtracted and thresholded, and fluorescence-inte-
grated density per cell was calculated using the ImageJ software
(National Institutes of Health). At least 100 cells were analyzed
in each experiment.
In Vitro Wound Healing Assay—Cells grown to confluency

were scratched with a yellow tip, and new medium containing
inhibitors or not was added. Image records were collected at
time 0. Wounded plates were incubated for 8–24 h. Images
were collected, and the percentage of wound closure was deter-
mined by digital analysis.
Biochemical Analyses—Cells subjected to the treatments

indicated in the figures were extracted directly using sample
buffer, and aliquots were processed for Western analysis using
standard techniques. Tomeasure calcineurin activity, we used a
calcineurin cellular activity assay kit (Enzo Biochemicals) and
followed the manufacturer’s instructions.
Statistics—Statistical analyses were performed using Stu-

dent’s t test. Statistical significance was set at a p value less than
0.05. Results are expressed as mean � S.D. obtained from three
or more independent experiments.

RESULTS

Calcineurin Inhibitors Induce the Phosphorylation of the �4
Integrin on Ser1356 in HaCat Keratinocytes—In previous work,
we andothers havedetermined that EGF induces thephosphor-
ylation of the �4 integrin on Ser1356 in HaCat keratinocytes,
resulting in the destabilization of HD (20, 23). This phosphor-
ylation can be mediated by PKC and MAPK (20, 23). Because
reversible protein phosphorylation catalyzed by protein kinases
and protein phosphatases regulates numerous cellular pro-
cesses including�4 function, we sought to determine the role of
phosphatases in Ser1356 phosphorylation. The serine-threonine
protein phosphatase calcineurin (CN, also known as protein
phosphatase 2b) is known to play an important role in the
dephosphorylation of a significant number of proteins and reg-
ulates a variety of signaling networks (25, 30). CN is regulated
byCa2� through calmodulin, and it is inhibited by immunosup-
pressive drugs such as CsA and Tacrolimus (FK506) (25). We
began by analyzing the effect of CN inhibitors on �4 phosphor-
ylation and HD in HaCat keratinocytes. We found that CN
inhibitor CsA can efficiently induce Ser1356 phosphorylation
for relatively long periods of time (Fig. 1A). We then evaluated
the effects of CsA on HD-like structures (HD-LS). HD-LS can
be visualized by IF as characteristic plaques stained with
anti-�4 Ab on the basal aspect of the cell as described previ-
ously (23).Moreover, by extracting unbound�4with detergent,
most of the detergent-resistant �4 colocalizes with plectin (23),
and therefore, quantitation of detergent-resistant�4 provides a
good estimate of HD-LS. Our results show that CsA induces

disruption of HD-LS (Fig. 1, B and C), suggesting that CN is
involved in stabilizing HD. Moreover, CsA can increase �4
phosphorylation induced by EGF (Fig. 1A). FK506 showed a
similar effect (data not shown). CsA did not significantly affect
Ser1424 phosphorylation, indicating specificity (data not
shown). Interestingly, CsA can potentiate the effect of low con-
centrations of EGF (1 ng/ml) on keratinocyte migration (Fig.
1D), consistent with the idea thatHDdisassembly has a positive
effect on migration andmight be related to its potential to pro-
mote invasive SCCs. This may be particularly relevant in
patients receiving CN inhibitors as the drug might enhance the
migratory capability of SCC cells even when there is a low con-
centration of growth factors in the microenvironment.
To corroborate that the effects of CsA on �4, HD disassem-

bly, and cell migration are specifically mediated through inhi-
bition of CN, we silenced the catalytic subunit of CN, PPP3CA,
using siRNA technology. As shown in Fig. 1, E–G, the
CN-siRNA, but not the negative control siRNA, was capable of
reducing CN expression and increasing �4 phosphorylation, as
well as reducing HD stability and enhancing cell migration
induced by EGF in HaCat keratinocytes.
CN Regulates �4 Phosphorylation Indirectly through MAPK

and PKC-dependent Pathways—To understand the mecha-
nismbywhichCNmight be preventing�4 phosphorylation, we
analyzedwhetherCNdirectly dephosphorylates the�4 integrin
(on Ser1356 and Ser1424) or can associate with the integrin. Co-
immunoprecipitation analyses could not detect association
between CN and �4, and in vitro dephosphorylation analysis
showed no direct dephosphorylation of �4 by CN-calmodulin
complexes (data not shown), suggesting that CN inhibits the
phosphorylation of �4 indirectly, by either negatively regulat-
ing the kinases involved in �4 phosphorylation or positively
regulating the phosphatases that dephosphorylate �4. Both
PKC and MAPK are activated by EGF and have been shown to
directly phosphorylate �4 (17, 18, 20, 23). We therefore tested
whether CsA effects on �4 phosphorylation are mediated
through PKC or MAPK.We found that inhibitors of both PKC
(Go6983) and MEK (U0126) are able to reduce the phosphory-
lating activity induced by CsA (Fig. 2A). However, the MEK
inhibitor was much more efficient. This is consistent with pre-
vious findings that show ERK1/2 can phosphorylate Ser1356
(20). We therefore analyzed whether CsA may be inducing
ERK1/2 activity. CsA induced ERK1/2 activity to a lesser extent
than EGF, although it potentiated EGF effects when combined
at some time points (Fig. 2B), suggesting that CN may be con-
stantly guarding against kinase activity and counteracting EGF
actions. This CsA-induced ERK1/2 phosphorylation was
reducedwith PKC inhibitor (Fig. 2A, bottompanels), suggesting
that PKC mediates CsA effects upstream of the MAPK path-
way. As expected, the MEK inhibitor abrogated phospho-ERK
signal (Fig. 2A, bottom panels).
Ca2� Signaling Regulates �4 Phosphorylation and HD Sta-

bility through CN Regulation of a MAPK-independent
Pathway—Our previous work on the distribution of �4 phos-
phorylation suggests that local factors such as tension or trac-
tion may be regulating �4 phosphorylation (18, 23). Ca2� sig-
naling is likely to be involved in this type of local process.
Because CN activity is tightly regulated by Ca2�, we evaluated
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the influence of Ca2� signaling on �4 phosphorylation and HD
stability. As shown in Fig. 3, A and D, an increase in [Ca2�]i
using thapsigargin (THG) significantly inhibited the phos-
phorylation of �4 induced by EGF or phorbol 12-myristate

13-acetate. Notably, the effect was reversed by CsA (Fig. 3B),
suggesting that the effects ofCa2�on�4 aremediated byCN. In
contrast, the depletion of [Ca2�]i using BAPTA-AM had the
opposite effect (Fig. 3A), increasing phospho-Ser1356 by itself,

FIGURE 1. CN regulates �4 phosphorylation and HD stability. A, effects of CN inhibitor CsA on �4 phosphorylation (Ser1356). HaCat cells were treated for
different lengths of time with CsA (1 �M), EGF (50 ng/ml), or a combination of both and were analyzed by Western blot. B, effects of CsA on HD stability.
Quantitative IF analysis of detergent-resistant �4 was used to estimate HD-LS. Cells were treated with CsA (1 �M), EGF at low concentration (1 ng/ml), or a
combination of both for the indicated time intervals and then detergent-extracted, fixed, and processed for IF using �4 Ab to measure fluorescence-integrated
density per cell. C, representative IF images quantified in B. Bar � 10 �m. D, effects of CsA on EGF-induced migration. Cell migration was tested using wound
healing assays in the presence or absence of EGF (1 ng/ml) and/or CsA (*, p � 0.05 versus control; **, p � 0.05 versus EGF or CsA). E, effects of CN-siRNA on �4
phosphorylation. HaCat keratinocytes were transfected with CN- or negative control siRNA and analyzed after 48 h for �4 phosphorylation by Western blot.
F, effects of CN-siRNA on HD-LS. Control or CN-siRNA transfectants were analyzed for HD-LS abundance using quantitative IF (*, p � 0.05 versus control siRNA;
**, p � 0.05 versus control siRNA�EGF or CN-siRNA). G, effects of CN-siRNA on keratinocyte migration using wound healing assays. HaCat keratinocytes
transfected with control or CN-siRNA were grown to confluency for 48 h before performing wound healing assays in the presence of EGF (1 ng/ml) for 18 h. (*,
p � 0.05 versus control siRNA; **, p � 0.05 versus control siRNA�EGF or CN-siRNA)

FIGURE 2. CN regulates �4 phosphorylation through MAPK- and PKC-dependent pathways. A, HaCat keratinocytes were preincubated or not in the
presence of MAPK inhibitor U0126 (10 �M) or PKC inhibitor Go6983 (1 �M) for 20 min before adding CsA for an additional 20 min and analyzed by Western blot
using the indicated Abs. pS1356, Ser(P)1356; pERK, phospho-ERK. B, time course analysis of MAPK pathway activation. HaCat keratinocytes were treated with CsA
(1 �M), EGF (50 ng/ml), or a combination and then stained with phospho-ERK1/2 or total ERK Abs and analyzed by Western blot.
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and had an additive effect on EGF-induced phosphorylation.
To further support the involvement of Ca2� and CN in �4
phosphorylation, we assessed whether inhibition of calmodu-
lin, a Ca2� sensor and partner/activator of CN (25), affects
phosphorylation of �4. As shown in Fig. 3F, W13, a calmodulin
inhibitor, recapitulated several of the effects of CN inhibition; it
increased �4 phosphorylation by itself, and it reversed THG
inhibition of EGF-induced phosphorylation of �4. However, it
did not seem to enhance EGF-induced phosphorylation as CsA,
suggesting that other calmodulin targets may be influencing �4
phosphorylation as well. Altogether, these data indicate the
involvement of a Ca2�/calmodulin/CN pathway in the regula-
tion of �4 phosphorylation.
We next addressed how the MAPK pathway is affected by a

[Ca2�]i rise. As shown in Fig. 3B (bottom panels), THG itself
increased MAPK activation. These results indicate that
although THG reverts EGF-induced phosphorylation of �4
through CN, it does not reduce EGF stimulation of MAPK
activity, suggesting an alternative pathway to induce dephos-
phorylation, as for example, through promoting the activation
of a CN-dependent phosphatase stimulated byCa2� that would
counter �4 phosphorylation by ERK1/2. In contrast, BAPTA-
induced phospho-Ser1356 is accompanied by ERK1/2 activa-
tion, and it is inhibited by UO126 (Fig. 3E), consistent with the
idea that a reduction of calcium may disable the CN-mediated
inhibition of MAPK.
Ca2� effects on the stability of the HDwere noteworthy (Fig.

3C), with THG substantially increasing the number of HD-LS
and opposing the disruptive activity of EGF, whereas
BAPTA-AMhad the opposite effect, disruptingHD-LS by itself
or enhancing the disruptive effects of EGF. Altogether, these
results suggest that CN may use two pathways to prevent �4
phosphorylation: one by inhibiting the MAPK pathway and

another that induces dephosphorylation, probably involving
the activation of a phosphatase.
Ca2�/Calcineurin Pathway Reduces Hyperphosphorylation

of �4 Integrin in Squamous Carcinoma Cells and Increases HD
Stability—We have previously shown that �4 Ser1356 is hyper-
phosphorylated in SCC cells, explaining in part why in these
cells HD are reduced and migration is increased (23). This
increased phosphorylation of �4 is promoted by intrinsic fac-
tors as it can be detected in the absence of serum. We were
therefore interested in assessing the effects of [Ca2�]i modula-
tion on �4 phosphorylation in SCC cells. We used A431, SCC-
25, and Colo-16 squamous cell carcinoma cells as a model. As
shown in Fig. 4A, THG was highly inhibitory on phospho-
Ser1356 in the three SCC cells lines tested, and this inhibition
was completely reversed by CsA, suggesting that CN mediates
the effects of Ca2�. Moreover, when treated with THG, SCC
cells showed increased HD stability (Fig. 4B) and reduced
migration potential (Fig. 4C). Because Ca2�-induced inhibition
of �4 phosphorylation seems to be mediated by CN, we tested
whether the high phosphorylation of �4 in SCC is due to a
deficient activity of CN. As shown in Fig. 4D, CN activity was
not only present but slightly elevated in SCC cells when com-
pared with keratinocytes. Moreover, CsA did not increase �4
phosphorylation as much as in keratinocytes (Fig. 4A versus
Fig. 1A), suggesting that in SCC cells, the inhibitory effect of
CN is overpowered by the kinases responsible for �4 phos-
phorylation and that the slight increase in CN activity may be
the result of a negative feedback loop trying to balance
hyperphosphorylation.
Because SCCs differ fromkeratinocytes in some of themech-

anisms inducing �4 phosphorylation, we addressed whether
THG is inhibiting �4 phosphorylation by affecting MAPK
activity differently from keratinocytes. We analyzed phospho-

FIGURE 3. Ca2� signaling regulates �4 phosphorylation and HD stability through CN. A, effects of [Ca2�]i modulation on EGF-induced phosphorylation of
�4. HaCat keratinocytes were preincubated in the presence or not of THG (1 �M), which increases [Ca2�]i, or BAPTA-AM (10 �M), which reduces [Ca2�]i, and then
stimulated or not with EGF for 20 min. Cell lysates were analyzed with the indicated Abs. pS1356, Ser(P)1356.B, inhibition of EGF-induced �4 phosphorylation by
THG is reversed by CsA. Cells were preincubated with or without THG and/or CsA for 10 min before stimulation with EGF (50 ng/ml) for 20 min. pERK,
phospho-ERK. C, effects of [Ca2�]i modulation on HD stability. HaCat keratinocytes were preincubated in the presence or not of THG, CsA, or BAPTA-AM, before
stimulation with EGF for 20 min, then processed for quantitative IF analysis of HD-LS (*, p � 0.05 versus control; **, p � 0.05 between bracketed columns).
D, effects of [Ca2�]i modulation on �4 phosphorylation induced by PKC. Cells were preincubated in the presence or not of THG for 10 min before stimulation
with phorbol 12-myristate 13-acetate (PMA) (25 ng/ml) for 30 min. E, MAPK dependence of BAPTA effects on �4 phosphorylation. Cells were preincubated with
MAPK inhibitor U0126 for 20 min and then treated with BAPTA-AM and analyzed by Western blot. F, analysis of calmodulin inhibition on �4 phosphorylation.
Cells were preincubated in the presence or not of calmodulin inhibitor W13 (15 �g/ml) and/or THG for 20 min before stimulation with EGF for 20 min and
analyzed by Western blot.
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ERK1 inA431 SCC cells treatedwith THG.As shown in Fig. 4E,
THG increased ERK activity considerably, indicating that the
inhibitory effect of Ca2� on �4 phosphorylation does not go
through inhibition of the MAPK pathway, but through a paral-
lel pathway that counters the simultaneous activation of
MAPK, such as the stimulation of a phosphatase.
Modulators of Calcium Influx, Such as Bradykinin and Ace-

tylcholine, Can Regulate �4 Phosphorylation, HD Stability, and
CellMigration in Keratinocytes and SCCCells—Wewere inter-
ested to see whether physiologic ligands that mostly modulate
Ca2� signalingwould be able to recapitulate the effects of THG.
We tested some of the Ca2� agonists that are known to be
elevated during wound healing, such as bradykinin (BK) and
acetylcholine, both of which have receptors in keratinocytes
that increase [Ca2�]i (31–34). Both were able to down-modu-
late EGF-induced �4 phosphorylation (Fig. 5A for BK, acetyl-
choline not shown). BK strongly inhibited EGF responsemostly
in the first fewminutes after stimulation, and then the BK effect
was gradually reduced. We then evaluated the effects of BK on
EGF-induced HD disruption. At short times (10 min), BK was
able to reverse EGF-induced disassembly of HD-LS in HaCat
keratinocytes (Fig. 5B). However, this short inhibitory effect on
�4 phosphorylation did not seem to affect the long-term EGF-
induced HD disassembly (not shown).
We then analyzed howBK affects�4 phosphorylation as well

as HD stability in SCC cells Colo-16 and SCC-25. The results
were varied. In SCC25, BK inhibited �4 phosphorylation for
only a short period of time, whereas in Colo-16, there was a
long-term inhibition (Fig. 5, C and E). In the case of SCC25,
there was increased HD stabilization at early time intervals,
which subsequently reverted to original levels (Fig. 5E). Inter-
estingly, HD stability in Colo-16 increased with longer time
intervals of BK, reflecting the long-term reduction of �4 phos-

phorylation (Fig. 5E). We evaluated whether the inhibitory
effect of BK on �4 phosphorylation at early time intervals was
mediated by CN. As shown in Fig. 5D, CsA reverted the inhib-
itory effects of BK in the two SCC cell lines. To assess whether
BK effects on HDmay have repercussions in cell migration, we
performed in vitrowound healing assays onHaCat andColo-16
cells (Fig. 5F). BK substantially reduced migration in Colo-16
cells, which is consistent with the long-term HD-stabilization
effects of BK on these cells. In contrast, HaCat keratinocytes,
which are inhibited only for a short period of time, did not show
significant changes inmigration.We also evaluatedwhether BK
exerts its inhibitory effects on�4 phosphorylation by inhibiting
MAPK through CN or, as seen with Ca2�, through an inde-
pendent pathway. We assessed ERK1/2 activation after BK
treatment in HaCat (Fig. 5A) and SCC (Fig. 5C). In all cases, BK
induced ERK1/2 activity, suggesting that BK, through CN,
inhibits �4 phosphorylation through stimulation of a MAPK-
independent dephosphorylation pathway that counters the
effects of a simultaneously activated ERK1/2. These results sug-
gest that�4 phosphorylation can bemodulated by extracellular
signals that regulate [Ca2�]i. However, the data suggest that the
effect of Ca2� regulators on long-term behaviors (such as
migration) might be cell type-specific.
Constitutively Activated CN Inhibits �4 Phosphorylation and

Increases HD-LS—In view of these results, we hypothesized
that overexpression of a Myc-tagged constitutively active form
of CN (caCN-Myc (28)) might reduce �4 phosphorylation in
EGF-stimulated normal or transformed cells and increase HD
formation.We first co-expressed caCN-Mycwith�6�4 inCos7
cells, a model that allowed us to achieve a higher number of
transfectants and perform a biochemical evaluation. As shown
in Fig. 6A, when the transfected cells were stimulatedwith EGF,
there was a strong inhibition of �4 phosphorylation.

FIGURE 4. Increased [Ca2�]i in SCC cells stabilizes HD and reduces �4 phosphorylation and migration potential. A, SCC cells were incubated in the
presence or absence of THG and/or CsA for 20 min as indicated and analyzed by Western blot. pS1356, Ser(P)1356. B and C, IF analysis of HD-LS (B) or wound
healing assay (C) of SCC cells incubated in the presence or absence of THG. D, CN activity analysis of SCC cells. Cell lysates obtained from SCC cell lines were
analyzed for CN activity using a colorimetric assay kit. E, THG effects on �4 phosphorylation and ERK1/2 activation in A431 cells. Cells were incubated in the
presence or absence of THG for 20 min and analyzed by Western blot (*, p � 0.05 versus respective controls). pERK, phospho-ERK.
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We then transfected caCN-Myc into HaCat keratinocytes
and SCC cells. HaCat keratinocytes expressing caCN-Myc
showed a consistent reduction of �4 phosphorylation and well
formed HD (Fig. 6B). In SCC cells, particularly Colo-16 cells,
there was a reduction of �4 phosphorylation and an increase in
HD, whereas in A431 cells, only a reduction of �4 phosphory-
lation was apparent (Fig. 6B). These results are consistent with
the idea that CN can stabilize HD, although it may vary accord-
ing to cell type.

DISCUSSION

A hallmark of many regulatory signal transduction pathways
is the reversible phosphorylation of several of their compo-
nents, often functioning as a binary switch that controls activa-
tion/deactivation. The opposing function of protein kinases
and phosphatases balances and fine-tunes the flow of chemical
messages through the signaling pathway. The phosphorylation
of the �4 integrin plays an important role in HD stability and
cell migration, and although we have knowledge of kinases
involved in this process, there is little information about the
phosphatases that balance �4 phosphorylation status. Here, we
have studied the role of the Ser/Thr PPP CN on �4 phosphor-
ylation and function. Our results show that CN controls the
phosphorylation status of the �4 integrin, as indicated by the
increase of �4 phosphorylation on Ser1356 produced by CN
inhibitors and by the inhibitory effect of constitutively activated
CNon�4 phosphorylation. The inhibition of CNpromotesHD

disruption, whereas the opposite is observed when constitu-
tively active CN is expressed, which is consistent with the idea
that serine phosphorylation of�4 controlsHD stability, thereby
affecting migration. Notably, the effect of lower concentration
of EGF on cell migration is potentiated by CN inhibitors. This
may be clinically relevant because CN inhibitors used during
immunosuppressive therapy are known to increase up to 100
times the risk of SCC (26), and it has been shown that �4 phos-
phorylation correlates with SCC invasiveness, facilitating SCC
migration in vitro (23). Previous work has identified a primary
mechanism for CN inhibitors to induce SCC, namely an
increase in ATF3 expression, which suppresses p53-dependent
senescence and enhances tumorigenic potential (35). CN inhib-
itor-induced �4 phosphorylation and HD disruption may fur-
ther contribute to the dissemination of the tumor by facilitating
migration. Interestingly, �4 is known to activate p53, thus pro-
moting apoptosis (36), and therefore, it would be valuable to
determine whether phosphorylation can modify this capability
and add to the effects of ATF3.
The interactions between integrins and calcineurin have

been scarcely addressed. The most prominent study suggests
that CN promotes migration in neutrophils in part by promot-
ing detachment of the trailing edge by internalization of the �v�3
(37). These findings contrast with our results whereCN inhibitors
increase cellmigration andCN itself increases the stability of�4 in
HD, suggesting that CN effects are cell type-specific.

FIGURE 5. BK induces CN-dependent inhibition of �4 phosphorylation and stabilizes HD in keratinocytes and SCC; effects on migration are cell
type-dependent. A, BK modulation of EGF effects on �4 phosphorylation. HaCat cells were preincubated in the presence or not of BK (0.1 �M) before
stimulating with EGF(50 ng/ml) for the indicated times. pS1356, Ser(P)1356; pERK, phospho-ERK. B, BK modulation of EGF effects on HD-LS stability. HaCat cells
were preincubated in the presence or not of BK before stimulating with EGF for 10 min and being processed for HD-LS analysis (*/**, p � 0.05 between
bracketed columns). C, effects of BK on �4 phosphorylation in SCC cells. SCC cells were treated for the indicated times with BK and processed for Western analysis
using the indicated Abs. D, dependence of BK effects on CN. SCC cells were preincubated in the presence or not of CsA for 10 min and then stimulated with BK
for 5 min. E, effects of BK on HD-LS stability versus b4 phosphorylation in SCC cells. SCC cells were treated with BK for the indicated times and then processed
for a HD-LS analysis using quantitative IF (relative fluorescence-integrated density) or processed for Western analysis (relative densitometric ratios). pS,
phospho-serine. F, effects of BK on cell migration. Wound healing assays were performed on HaCat keratinocytes or SCC Colo-16 cells in the presence or
absence of BK, and closure of the wound was measured as described under “Experimental Procedures” (*, p � 0.05 versus respective controls).
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CN is known to associate with several of its targets through
two known consensus-binding sequences (25, 30). The �4
integrin has one of the consensus sites (LXVP) on the fourth
fibronectin III repeat. However, we were unable to find any
association between �4 and CN or a direct dephosphorylation
of �4 by CN (data not shown), suggesting that �4 is not a direct
target of CN and that the observed effects of CN on �4 phos-
phorylation are indirect. Two possible scenarios are that CN
may be inhibiting the kinase or kinases involved in the phos-
phorylation of �4 or that it may be stimulating a specific phos-
phatase. Previous works have identified PKC and MAPK as
kinases involved in Ser(P)1356 phosphorylation (17, 20). ERK1/2
has been shown to directly phosphorylate Ser1356 (20). Our
results showed that �4 phosphorylation induced by CN inhib-
itors is inhibited by both PKC andMAPK inhibitors, suggesting
that CN may be inhibiting the �4 phosphorylation activity of
these kinases. MAPK inhibitors were more potent. Given that
CN inhibitors strongly stimulate MAPK activity and that PKC
inhibitors attenuate this effect, a possible scenario is that PKC
mediates in part the CsA-dependent stimulation ofMAPK, and

therefore, CNmay be inhibitingMAPKby inhibiting PKC. PKC
can feed positive signals into theMAPKkinase pathway by acti-
vating Raf kinase (38). However, the PKC inhibitor effects are
partial, and therefore, other pathways that contribute toMAPK
activation may also be inhibited by CN.
The existence of an alternative pathway for CN to inhibit �4

phosphorylation is suggested by the fact that under certain cir-
cumstances, CN may inhibit �4 phosphorylation when MAPK
is active.We derive this idea from the fact that influx of calcium
by either THG or bradykinin can both inhibit �4 phosphoryla-
tion in a CN-dependent manner and at the same time activate
MAPK in either keratinocytes or SCC cells. One possible sce-
nario is that a phosphatase that dephosphorylates �4 is acti-
vated by CN, counteracting the �4-phosphorylating activity of
the simultaneously activated MAPK. CN is known to activate
some phosphatases such as Slingshot, although there is no evi-
dence that this phosphatase targets anything other than cofilin
(39). Future work will be needed to identify the phosphatase
involved in Ser(P)1356 dephosphorylation and define its
dependence on CN.

FIGURE 6. caCN-Myc inhibits �4 phosphorylation and increases HD stability. A, Cos7 cells cotransfected with �6, �4, � or � caCN-Myc, or mock plasmid
(Mock) were treated with EGF and analyzed by Western blot. pS1356, Ser(P)1356. B, HaCat keratinocytes or SCC cells were transfected with caCN-Myc and
processed for IF analysis using the indicated Abs (green, anti-�4; red, anti-Ser(P)1356; blue, anti-Myc). HaCat cells were incubated in serum-containing medium
to induce phosphorylation of the �4 integrin, whereas SCC cells were in serum-free medium. Notice that Myc-positive cells (cyan outline) have reduced
phosphorylation of the �4 integrin, whereas preserving or increasing HD-LS characteristic plaques (yellow arrowheads) when compared with the Myc-negative
neighbor cells (magenta arrowheads). Bar � 10 �m.
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CN is primarily regulated by Ca2� and calmodulin (25). We
therefore made efforts to address whether modulation of cal-
cium affected �4 in a CN-dependent manner. Our results show
that raising [Ca2�]i by either THGor bradykinin results in inhi-
bition of EGF-induced �4 phosphorylation in keratinocytes or
inhibition of �4 hyperphosphorylation in SCC cells. This effect
was highly dependent on the activity of CN because it was sig-
nificantly reduced in the presence of CsA. Consistently, elevat-
ing calcium resulted in an increase in HD stability and inhibi-
tion of migration. Conversely, reduction of calcium using
BAPTA-AM resulted in an increase of �4 phosphorylation and
disruption of HD. BAPTA-AM increased EGF-induced phos-
phorylation�4. However, BAPTA-AM inhibited cell migration
as well, suggesting that disruption of HD is not sufficient to
promote migration and that, not surprisingly, there are other
factors involved in migration that are calcium-dependent. Cal-
cium effects on CN are mediated by calmodulin, which associ-
ates with CN (25). Our results show that by inhibiting calmod-
ulin, there is an increase in the phosphorylation of �4. Once
calmodulin is inhibited, �4 is no longer inhibited by THG, con-
sistentwith the idea that the calciumeffect on�4 is conveyed by
a calmodulin/CN pathway.
Interestingly, the intracellular activity of endogenous CN in

SCC cells is slightly elevated when compared with HaCat kera-
tinocytes. One possible scenario is that CN may be part of a
feedback loop trying to compensate for a hyperactive signaling
pathway that results in the phosphorylation of �4.

Calcium influx is regulated through a large number of mem-
brane receptors, including the bradykinin and the acetylcholine
receptor, which are present in keratinocytes (33, 34). When
engaged, these receptors were able to inhibit �4 phosphoryla-
tion induced by EGF in a CN-dependent manner, as suggested
by the fact that CsA reverted this inhibition. The effect was cell
type-specific. Keratinocytes and SCC-25 responded in a rela-
tively similar fashion, by inhibiting the phosphorylation of �4
induced by EGF only during the first few minutes. In contrast,
Colo-16 cells showed a persistent inhibition of �4 phosphory-
lation. These time-related effects are reflected inHDdisruption
by EGF or cell migration, where keratinocytes and SCC-25
show a temporal inhibition of HD disruption induced by EGF
and no effect on cell migration, whereas in Colo-16, HDdisrup-
tion is inhibited for a long period of time and cell migration is
inhibited as well. The precise role of BK receptors in keratino-
cyte function is not completely understood, although it is
thought that they may play a role during wound healing, when
the ligands are elevated (32). The reason why Colo-16 is differ-
ent from the other cells needs further exploration, although it is
important to mention that when compared with other SCC
cells, Colo-16 shows a high rate of metastasis (40), and there-
fore, the observation that BK may hinder Colo-16 migration
might be of value as BK could be potentially used as an inhibitor
of tumor dissemination, thus warranting further investigation.
In summary, our data provide insight into the delicate bal-

ance of signals that regulate HD through �4 phosphorylation.
Although the phosphatases that directly dephosphorylate �4
remain unidentified, we show that certain phosphatases, such
as CN, may play an indirect but important role in this system

that may have implications in those cancers produced by inhi-
bition of CN.
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