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Calcium functions as a trigger for the switch between epithelial cell
growth and differentiation. We report here that the calciumy
calmodulin-dependent phosphatase calcineurin is involved in this
process. Treatment of primary mouse keratinocytes with cyclo-
sporin A, an inhibitor of calcineurin activity, suppresses the ex-
pression of terminal differentiation markers and of p21WAF1/Cip1

and p27KIP1, two cyclin-dependent kinase inhibitors that are usu-
ally induced with differentiation. In parallel with down-modula-
tion of the endogenous genes, suppression of calcineurin function
blocks induction of the promoters for the p21WAF1/Cip1 and loricrin
differentiation marker genes, whereas activity of these promoters
is enhanced by calcineurin overexpression. The calcineurin-
responsive region of the p21 promoter maps to a 78-bp Sp1ySp3-
binding sequence next to the TATA box, and calcineurin induces
activity of the p21 promoter through Sp1ySp3-dependent tran-
scription. We find that the endogenous NFAT-1 and -2 transcription
factors, major downstream targets of calcineurin, associate with
Sp1 in keratinocytes in a calcineurin-dependent manner, and cal-
cineurin up-regulates Sp1ySp3-dependent transcription and p21
promoter activity in synergism with NFAT1y2. Thus, our study
reveals an important role for calcineurin in control of keratinocyte
differentiation and p21 expression, and points to a so-far-unsus-
pected interconnection among this phosphatase, NFATs, and Sp1y
Sp3-dependent transcription.

Primary mouse keratinocytes provide a well established sys-
tem to study control of epithelial cell growth and differen-

tiation. Addition of calcium to these cultures induces a terminal
differentiation program similar to that observed in the upper
epidermal layers, including specific structural changes, cell cycle
withdrawal, and induction of differentiation-related genes (1).
Intracellularly, induction of tyrosine phosphorylation and phos-
pholipase C activation occur as early and specific events in
keratinocyte differentiation, together with phosphatidylinositol
turnover and increase of intracellular calcium, probably by
mobilization from intracellular stores (1). A direct influx of
extracellular calcium through voltage-independent channels also
has been reported, but it may occur as a relatively late event,
which could account for a second and sustained increase in
intracellular calcium levels (2). Increased intracellular calcium
could in turn activate several calcium-dependent pathways, such
as calciumycalmodulin-dependent kinases and phosphatases (3).
Surprisingly little is known about the involvement of any of these
enzymes in further transduction of the keratinocyte differenti-
ation signal(s).

The calciumycalmodulin-dependent phosphatase calcineurin
(PP2B) is the only serineythreonine phosphatase under calciumy
calmodulin control and its molecular structure is unique within
the phosphatase family, because it consists of two subunits with
catalytic and regulatory activity, respectively (4). The calcineurin
A subunit contains an amino-terminal catalytic region and a
carboxy-terminal regulatory region. The regulatory region can
be further subdivided in three distinct domains: a calcineurin
B-binding site, an autoinhibitory region, and a calmodulin-

binding domain. Deletion of the autoinhibitory and calmodu-
lin-binding domains results in a constitutively active form of the
enzyme, which still depends on its binding to the calcineurin B
subunit for activity (4). The calcineurin B subunit belongs to the
family of EF-hand calcium-binding proteins, and contains four
sites that bind calcium with different affinity (4).

Calcineurin has a relatively narrow substrate specificity. Among
the proteins that are dephosphorylated as a consequence of cal-
cineurin activation are transcription factors such as Elk-1 and
NFAT, although a wide range of other substrates has been discov-
ered (4). The dephosphorylation of NFATs by calcineurin unmasks
the nuclear localization signal of NFAT, allowing its import into the
nucleus and induction of specific genes carrying NFAT-responsive
elements (5). After NFAT dephosphorylation, cytosolic calcineurin
can also translocate to the nucleus in the form of a complex with
NFAT itself (6). Calcineurin suppresses export of NFAT from the
nucleus, masking the nuclear export signal of this molecule by a
noncatalytic mechanism (6).

Studies on the biological function of calcineurin have been greatly
facilitated by the use of the inhibitory drugs cyclosporin A (CsA)
and FK506, which bind and suppress calcineurin activity as a
complex with cyclophilins and FK-binding protein, respectively
(7, 8). The immunosuppressive effects of these drugs have been
studied in great detail in T cells and can be attributed, at least in
part, to inhibition of calcineurin-dependent activity of NFAT
transcription factors (9). CsA also inhibits the expression of myo-
genic markers of commitment to differentiation, which can be
induced by increased calcineurin expression (10). Similarly, during
erythropoiesis, CsA treatment inhibits the commitment to differ-
entiation by relieving the calcineurin-dependent down-modulation
of the c-fos and egr-1 transcription factors (11).

CsA and FK506 are widely used for therapy of a variety of
dermatological diseases, including psoriasis, alopecia areata, and
ichthyosis (12). The effectiveness of these drugs generally has
been attributed to inhibition of T cell function. However, a
common side effect of both CsA and FK506 in the skin is
induction of hair growth. This side effect is probably indepen-
dent of the immune system, because it occurs also in T cell-
deficient nude mice (13, 14). Moreover, to which extent CsA
treatment can directly affect keratinocyte growthydifferentia-
tion control and the role that calcineurin plays in this process
have not been investigated in any detail. The present study was
designed to address this question.

Experimental Procedures
Cell Culture. Primary keratinocytes were prepared from newborn
Sencar mice and grown as described (15). The Drosophila cell
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line SL2 was a gift of K. White (Harvard Medical School,
Boston) and grown at room temperature in Drosophila serum-
free medium (GIBCOyBRL).

Plasmids. Luciferase reporter plasmids for the human p21 pro-
moter were described (16). Expression plasmids for constitutive
active mouse calcineurin Aa (CNA) and the calcineurin B
subunit (CNB) were described (17, 18). The reporter plasmid for
the loricrin promoter was obtained by PCR amplification of a
2.6-kb fragment of the mouse loricrin promoter region (19) with
the oligonucleotide 59-AGCTGTCTCTTTTGAGACTATC-
CCGGGGCCTAG-39 as forward primer and 59-TGTTTAAG-
GAGAAGGAAGCTTCTGGAAGAAGAG-39 as reverse
primer. Expression plasmids for the human Sp1 and Sp3 cDNAs
(20, 21), the Sp1 and Sp3-Gal4 fusion proteins (22), the
pcDNA3-GFP-NFAT4 construct (6), the mammalian expression
vectors for the human NFAT1 and NFAT2 (23, 24), and the
eukaryotic expression vector GFP-VIVIT and the GFP control
vector (25) have been described previously.

Antibodies. Affinity-purified rabbit antisera against K1, K5, lori-
crin, and filaggrin were raised against the published protein
sequence (26–28). Rabbit antiserum against involucrin was
purchased from Babco (Richmond, CA). Goat polyclonal anti-
bodies against Sp1, mouse monoclonal antibodies against Sp1
and p21, and rabbit polyclonal antibodies against cdk2 were
purchased from Santa Cruz Biotechnology. Monoclonal M2
anti-FLAG was purchased from Sigma, and the monoclonal anti
NFAT2 was a gift of G. R. Crabtree (Howard Hughes Medical
Institute, Stanford, CA). Monoclonal antibodies against E-
cadherin and p27 were purchased from Transduction Labora-
tories (Lexington, KY).

Coimmunoprecipitation Experiments. At 48 h after transfection, 293
cells were collected and lysed in Nonidet P-40 lysis buffer (29,
30). Same protein amounts (1 mg) were incubated overnight at
4°C with 5 mg of mouse monoclonal antibodies against Sp1 or
affinity-purified mouse IgGs followed by incubation with pro-
tein-G Sepharose beads for 1 h at 4°C. For coimmunoprecipi-
tation of the endogenous proteins, keratinocytes were lysed with
Nonidet P-40 buffer. Two milligrams of proteins were immuno-
precipitated with mouse monoclonal antibodies against NFAT2
or affinity-purified mouse IgGs for 1 h at 4°C, followed by
incubation with protein-G Sepharose beads for 1 h at 4°C.

Results
Calcineurin-Dependent NFAT Transcription Is Induced in Differentiat-
ing Keratinocytes. Primary mouse keratinocytes provide a well
defined system to study the switch between epithelial cell growth
and differentiation (1). In an initial set of experiments we tested
whether the activity of a well characterized family of calcineurin-
responsive transcription factors, NFAT (5), increases in differ-
entiating keratinocytes, and whether this increase can be blocked
by CsA, a specific inhibitor of calcineurin activity (7). Primary
mouse keratinocytes were transfected with a luciferase reporter
plasmid with a minimal NFAT-responsive promoter (pGL3-
NFATyAP1). As expected, the activity of this promoter was
induced in keratinocytes by the concomitant expression of
exogenous calcineurin A and B, and this increase was blocked by
CsA treatment (Fig. 1A). Activity of the NFAT reporter was also
substantially increased in keratinocytes induced to differentiate
by exposure to high extracellular calcium (2 mM), and this
increase was blocked by treatment of these cells with CsA (Fig.
1B). Keratinocytes were transfected with an expression vector
for the NFAT4 isoform fused to green fluorescent protein (GFP)
(6). Along with NFAT promoter activation in response to
calcium treatment, GFP-NFAT4 was found in the cytoplasm of

growing keratinocytes but exhibited nuclear localization in dif-
ferentiating cells (Fig. 1C).

Suppression of Calcineurin Activity by CsA Interferes with Induction of
Terminal Differentiation Markers and Cell Cycle Inhibitors. The re-
sults above indicate that calcium-induced keratinocyte differen-
tiation is associated with an increase in calcineurin-dependent
NFAT transcription. To test whether suppression of calcineurin
function can directly affect differentiation, primary keratino-
cytes were pretreated with increasing concentrations of CsA
followed by induction of differentiation by increased extracel-
lular calcium. The establishment of cadherin-mediated intercel-
lular junctions is one of the earliest structural changes induced
by increased extracellular calcium (31, 32). Immunofluorescence
analysis with anti-E-cadherin antibodies indicated that inhibition
of calcineurin activity by CsA treatment exerted no effect on the
establishment of keratinocyte cellycell adhesion (data not
shown). By contrast, immunoblotting with antibodies against
biochemical markers of differentiation revealed that induction of
the keratin 1 and loricrin markers by high calcium exposure is
severely reduced by CsA treatment in a dose- and time-
dependent manner (Fig. 2A). Relative to these markers, filaggrin
expression was suppressed to a lesser extent by CsA treatment,
whereas involucrin expression was not significantly affected.

Fig. 1. Calcineurin-dependent NFAT transcriptional activity in differentiat-
ing mouse keratinocytes. (A) Primary keratinocytes were transfected with a
luciferase reporter plasmid (1 mg) carrying a minimal TK promoter linked to
four tandemly repeated NFAT-binding sites (pGL3-NFATyAP1), plusyminus
expression vectors for a constitutively active form of the CNA and CNB subunits
(2 mg). Promoter activity was measured at 72 h after transfection in cells
untreated or treated with increasing concentrations of CsA for the last 24 h of
the experiment. Control cells were cotransfected with the reporter plasmid
plus empty vector control DNA. Each condition was tested in triplicate wells,
and the results are representative of three independent experiments. (B)
Keratinocytes were transfected with the pGL3-NFATyAP1 reporter alone, and
maintained in low-calcium conditions (0.05 mM) or switched to high-calcium
concentration (2 mM) for 48 h before termination of the experiment. Cells
were treated with CsA at the indicated concentrations 2 h before addition of
calcium. (C) Keratinocytes were transfected with an expression vector for the
NFAT4 isoform fused to GFP (6). Cells were either kept in low-calcium condi-
tions or treated with calcium for 48 h. Samples were counterstained with
To-pro-3-Iodide for nuclear identification and analyzed by confocal micros-
copy. Green (GFP-NFAT4) and red (nuclei) images were superimposed, so that
sites of overlap are visualized as yellow. The photographs are representative
of 20 independent fields with an average of 5–10 GFP-positive cells in each
field.
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Expression of keratin 5, which is a marker of the basal epidermal
layers constitutively expressed in cultured mouse keratinocytes,
was also unaffected (Fig. 2 A). Similar suppression of terminal
differentiation markers also was observed after treatment of
keratinocytes with the unrelated calcineurin inhibitor FK506
(data not shown).

In addition to exposure to extracellular calcium, expression of
terminal differentiation markers is strongly enhanced in kera-
tinocytes that spontaneously detach from the dish in cultures
under low-calcium conditions (33). Even in this case, keratino-
cyte differentiation is associated with increases in intracellular
calcium concentrations (33). CsA treatment exerted inhibitory
effects on terminal differentiation marker expression in the
spontaneously detached keratinocyte population similar to the
attached calcium-treated cells (Fig. 2B).

Besides biochemical markers of differentiation, the onset of
keratinocyte differentiation is associated with the induction of
the cyclin-dependent kinase inhibitors p21WAF1/CIP1 and p27KIP1,
which contribute to growth arrest of these cells (15, 34). Immu-
noblotting with antibodies against p21 and p27 revealed that
expression of both proteins was decreased by CsA treatment in

keratinocytes under growing conditions, and higher CsA con-
centrations were required to cause a similar suppression of p21
and p27 expression in keratinocytes induced to differentiate by
high extracellular calcium (Fig. 2C). Levels of cyclin-dependent
kinase 2 were little or not affected by the CsA treatment in both
growing and differentiating cells (Fig. 2C).

Suppression of Calcineurin Activity by CsA Blocks Activation of the
p21WAF1/CIP1 and Loricrin Promoters, Whereas Activity of These Pro-
moters Is Induced by Calcineurin Overexpression. Induction of bio-
chemical markers of differentiation and p21 expression occur at
the transcriptional level (1). To test whether the effects of CsA
on the expression of these genes also occur at the level of
transcription, keratinocytes were transiently transfected with a
luciferase reporter plasmid carrying either a 225-bp region of the
p21 promoter (16) or the 2.4-kb region of the loricrin promoter
(19), and promoter activity was measured in cells under basal
conditions and after calcium treatment, in the presence or
absence of CsA. As shown in Fig. 3 A and B, CsA treatment
blocked the increase in p21 and loricrin promoter activity
associated with calcium-induced differentiation in a dose-
dependent fashion, whereas it had little or no effect on basal
activity of these promoters. Similar inhibitory effects on p21
promoter activity also were observed after treatment of kera-
tinocytes with FK506 (Fig. 3A Right).

To test whether increased calcineurin activity may induce
activity of these promoters by itself, keratinocytes were tran-
siently transfected with the p21 and loricrin promoters plusy
minus expression vectors for the constitutive active CNA and
CNB (17, 18). Expression of CNA and CNB was sufficient to
transactivate both loricrin and p21 promoters to levels similar or

Fig. 2. Inhibition of calcineurin activity by CsA suppresses biochemical
markers of differentiation, as well as p21 WAF1/CIP1 and p27KIP1 expression. (A)
Keratinocytes were pretreated with increasing concentrations of CsA for
either 24 h or 48 h (asterisk) before induction of differentiation by calcium for
12 h. The same amount of total cell extracts (35 mg) was analyzed by SDSy7.5%
polyacrylamide gel and immunoblotted with antibodies specific for the indi-
cated differentiation markers. Filaggrin is synthesized as a high-molecular-
weight precursor, profilaggrin, which is subsequently processed. The diffused
bands correspond to the multiple products of this processing. LC, control cells
in low-calcium conditions. (B) Keratinocytes were treated for 24 h with dif-
ferent CsA concentrations. The spontaneously detached cell populations were
collected at the end of the treatment and analyzed by immunoblotting with
antibodies against the indicated differentiation markers. (C) Keratinocytes
were treated with CsA for 24 h at increasing concentrations and further
incubated in medium at low- or high-calcium concentration for 12 h. Total cell
extracts (25 mg) were analyzed by SDSy12% polyacrylamide gel and immuno-
blotted with antibodies against p21 and p27.

Fig. 3. Suppression of calcineurin activity by CsA blocks activation of the
p21WAF1/CIP1 and loricrin promoters, whereas activity of these promoters is
induced by calcineurin overexpression. (A) Keratinocytes were transfected
with a luciferase reporter plasmid carrying a 225-bp region of the p21 pro-
moter, and maintained in low-calcium conditions or treated with calcium for
the last 24 h of the experiment (72 h after transfection). CsA (Left) or FK506
(Right) was added at increasing concentrations 2 h before calcium. (B) Kera-
tinocytes were transfected with a luciferase reporter plasmid carrying the
2.4-kb region of the loricrin promoter and treated as in A, except that high
calcium exposure was for 48 h. (C and D) Keratinocytes were transfected with
reporters for the 225-bp p21 promoter (C) or loricrin promoter (D), plusyminus
CNA and CNB expression plasmids (2 mg), either alone or together. Each
condition was tested in triplicate wells, and results are representative of three
independent experiments.
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higher than those induced by increased extracellular calcium
(Fig. 3 C and D). Expression of the CNA subunit alone was not
able to transactivate the p21 and loricrin promoters, whereas the
regulatory CNB subunit was sufficient to elicit an induction
similar to that observed after coexpression of the A and B
subunits (Fig. 3 C and D).

Calcineurin Transactivates the p21 Promoter through Sp1ySp3-Depen-
dent Transcription. To gain mechanistic insights into the role of
calcineurin in keratinocyte growthydifferentiation control, we
focused on calcineurin-dependent induction of the p21 pro-
moter. The minimal region of the p21 promoter that retains full
responsiveness to calcium-induced differentiation consists of a
stretch of 78 nucleotides next to the TATA box, which serve as
binding sites for Sp1ySp3 transcription factors (16). Expression
of the CNA and CNB subunits or CNB alone transactivated this
minimal p21 promoter to an extent similar to larger promoter
regions (Fig. 4A). To test whether this effect is mediated by
Sp1ySp3-dependent transcription, Drosophila Schneider cells
that are devoid of endogenous Sp1ySp3 (35) were transfected
with the p21 promoter plusyminus expression vectors for Sp1y
Sp3 and calcineurin. Unlike in keratinocytes, in Drosophila cells
calcineurin transactivated the p21 promoter only when Sp1 or
Sp3 were also coexpressed (Fig. 4B).

To test whether calcineurin also induces Sp1- and Sp3-
dependent transcription in keratinocytes, these cells were co-
transfected with a luciferase reporter plasmid carrying five
consensus Gal4 DNA-binding sites (pGL5-Gal4), and expression
vectors for Sp1 or Sp3 fused to a Gal4 DNA-binding domain
(22). Activity of the Gal4-Sp1 and -Sp3 transcription factors was
significantly increased by coexpression of the CNA and CNB

subunits and, as with the p21 promoter, these enhancing effects
also were observed after expression of CNB alone (Fig. 4C).

Sp1ySp3 and NFAT1y2 Transcription Factors Functionally Interact in a
Calcineurin-Dependent Manner. The phosphorylation state, relative
abundance, and DNA-binding activity of endogenous Sp1ySp3 are
not modulated in keratinocytes in response to calcium (ref. 16;
unpublished observations). An attractive possibility is that the
observed enhancement of Sp1ySp3 activity by calcineurin is medi-
ated by calcineurin-responsive NFATs. As an initial test of whether
Sp1 can associate with NFAT1y2 factors, 293 cells were cotrans-
fected with the corresponding cDNAs. Immunoprecipitation with
Sp1 followed by immunoblotting with antibodies against either
NFAT1 or NFAT2 showed that these factors can be recovered in
the same immunocomplexes (Fig. 5A). An important question was
whether association of the endogenous proteins also exists in
keratinocytes and whether this association is under calcineurin
control. Accordingly, primary keratinocytes under low- versus
high-calcium conditions and plusyminus CsA treatment were im-
munoprecipitated with antibodies against NFAT2 followed by
immunoblotting with antibodies against Sp1. Association between
NFAT2 and Sp1 was already detected in keratinocytes under
growing conditions and was further increased in the differentiating
cells (Fig. 5B Left). There was no coimmunoprecipitation of the two
transcription factors in CsA-treated keratinocytes, implicating a
calcineurin-dependent mechanism for their association (Fig. 5B
Right).

To test whether the interaction between Sp1ySp3 and NFATs
is of functional significance, keratinocytes were transfected with
the Gal4 reporter plasmid and expression vectors for Gal4-Sp1
and -Sp3 plusyminus NFAT1, NFAT2, and calcineurin, in var-
ious combinations. Sp1-dependent transcription was increased
by overexpression of NFAT1 alone, and a much stronger induc-
tion was observed when calcineurin was coexpressed (Fig. 6A).
Unlike NFAT1, NFAT2 expression did not increase Sp1-
dependent transcription by itself, but did so in combination with
calcineurin. Analogous results were observed in the analysis of
Sp3-dependent transcription (Fig. 6A). Similar transient trans-
fection experiments were performed plusyminus CsA treatment
(Fig. 6B). CsA had no effect on basal Sp1- or Sp3-dependent
transcription, whereas it suppressed the enhancing effects of
calcineurin alone or in combination with NFAT1 (Fig. 6B). As

Fig. 4. Calcineurin activates the p21 promoter through Sp1ySp3-dependent
transcription. (A) Keratinocytes were transfected with the 78-bp minimal
region of the p21 promoter next to the TATA box (pWAF-78) (16) plusyminus
2 mg CNA and CNB expression plasmids either alone or together. (B) Drosoph-
ila Schneider cells were transfected with the 225-bp p21 promoter (1 mg)
plusyminus expression vectors for Sp1ySp3 (2 mg) and calcineurin subunits (2
mg) in various combinations. Each condition is the result of two independent
experiments. (C) Keratinocytes were transfected with 1 mg of a luciferase
reporter plasmid carrying five consensus Gal4 DNA-binding sites (pGL5-Gal4)
and 2 mg of expression vectors for Sp1 or Sp3 fused to Gal4 DNA-binding
domain, plusyminus CNA and CNB (2 mg) in various combinations. Each
condition was tested in triplicate wells, and results are representative of three
independent experiments.

Fig. 5. Physical association between the Sp1 and NFAT1y2 transcription
factors. (A) 293 cells were cotransfected with 10 mg of mammalian expression
vectors for Sp1 and either NFAT1 or NFAT2. Cell lysates were immunoprecipi-
tated with mouse monoclonal antibodies against Sp1 or affinity-purified
mouse IgG1. Immune complexes were analyzed by SDSy6% polyacrylamide
gel and sequential immunoblotting with the indicated proteins. Similar results
were obtained in three independent experiments. (B) Primary keratinocytes
were either left under low- or high-calcium conditions for 48 h (Left), or were
treated with calcium for 48 h plusyminus CsA (10 mM). Two milligrams of total
cell lysates were immunoprecipitated with mouse monoclonal antibodies
against NFAT2 or affinity-purified mouse IgG1. Immune complexes were
analyzed by SDSy6% polyacrylamide gel and immunoblotting with the goat
polyclonal antibodies against Sp1 or mouse monoclonals against NFAT2.
Similar results were obtained in a third independent experiment.
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an alternative to CsA treatment, cells were transfected with the
above-mentioned combination of plasmids plus an expression
vector for a GFP-fusion peptide (GFP-VIVIT), which functions
as a specific inhibitor of calcineurin-dependent NFAT activation
(25). Like CsA treatment, expression of GFP-VIVIT did not
decrease basal Sp1-dependent transcription, but suppressed
induction of Sp1 activity by calcineurin expressed alone or in
combination with NFAT (Fig. 6C). In parallel with the respon-
siveness of the minimal p21 promoter region (pWAF78) to

Sp1ySp3- and calcineurin-dependent transcription, activity of
this promoter was also suppressed by GFP-VIVIT expression in
keratinocytes in high-calcium medium and, to a lesser extent,
under low-calcium conditions (Fig. 6D).

Discussion
Like other complex biological processes, the switch between
epithelial cell growth and differentiation is controlled by several
signaling pathways functioning in both sequential and parallel
fashion. Calcium-induced differentiation of primary mouse ker-
atinocytes provides a well defined system to dissect these path-
ways (1). In this context, involvement of calciumycalmodulin-
dependent kinases or phosphatases has not been explored in any
detail. We have shown here that at least one of these enzymes,
calcineurin, is likely to play an important role in keratinocyte
differentiation control, acting downstream of cellycell adhesion
formation and affecting Sp1ySp3-dependent transcription in
synergism with NFAT activation.

One of the major known targets of calcineurin is the NFAT
family of transcription factors (5) and, consistent with an en-
hancement of calcineurin activity in differentiating keratino-
cytes, NFAT-dependent transcription increases in these cells,
and this increase can be blocked by calcineurin inhibition
through CsA treatment. Calcineurin inhibition produced no
apparent effect on the structural changes associated with dif-
ferentiation including cadherin-mediated cellycell adhesion, but
blocked expression of specific differentiation markers and ex-
pression of p21WAF1/CIP1 and p27KIP1, two cyclin-dependent
kinase inhibitors, which are usually induced with differentiation
(15, 34). Inhibition of endogenous p21 and loricrin expression
was paralleled by decreased promoter activities of their corre-
sponding genes, whereas calcineurin overexpression was suffi-
cient to cause transactivation of these promoters. p21 and
loricrin promoter activity were not induced by a constitutively
active form of CNA expressed by itself, whereas they were
strongly induced after overexpression of CNB either in combi-
nation with the A subunit or alone. This finding suggests that
CNB plays a preferential regulatory function in this context
andyor its concentration is rate-limiting.

The minimal region of the p21 promoter under calcineurin
control is the same as that required for induction by increased
extracellular calcium (16). This region consists of a short stretch
of 80 nt around the TATA box, characterized by GC-rich repeats
and bound by Sp1 and Sp3 transcription factors (16). By using
Schneider cells, which lack endogenous Sp1 and Sp3 (35), we
have shown that induction of the p21 promoter by calcineurin is
mediated by Sp1ySp3-dependent transcription. Additionally,
Sp1ySp3-dependent transcription in keratinocytes, as assessed
by the activity of Sp1- and Sp3-Gal4 fusion proteins, was
enhanced by calcineurin overexpression. Because the phosphor-
ylation state and the relative abundance of endogenous Sp1ySp3
do not seem to be affected in response to calcium (ref. 16;
unpublished observations), calcineurin might control specific
transcription factors that bind directly or indirectly to Sp1ySp3,
andyor affect the interactions of Sp1ySp3 with the basal tran-
scription apparatus. In fact, Sp1 family members have been
reported to regulate transcription through direct association
with components of the basal transcription machinery (36, 37),
and other transcription factors such as NF-kB, c-jun, E2F1, pRb,
and YY1 (20, 38–41). We have provided here the first evidence
that members of the NFAT family can also associate with Sp1
and enhance Sp1- and Sp3-dependent transcription in a cal-
cineurin-dependent manner. NFAT family members have been
shown to regulate transcription through the cooperative binding
to a specific DNA recognition sequence in concert with other
transcription factors, such as AP1, GATA, and EGR-1 (5). The
present findings suggest that the direct binding of NFAT to the
DNA is dispensable and can be replaced by the interaction of

Fig. 6. Functional interaction between the Sp1ySp3 and NFAT1y2 transcrip-
tion factors and NFAT-dependent control of the p21 promoter. (A) Keratin-
ocytes under low-calcium conditions were transfected with the Gal4 reporter
plasmid and expression vectors for Gal4-Sp1 or Gal4-Sp3, NFAT1 or NFAT2, and
CNB in various combinations as indicated; promoter activity was determined
72 h after transfection. Results are representative of three independent
experiments. (B) Keratinocytes were transfected with the Gal-4 reporter and
various expression plasmids as in A. Keratinocytes were untreated or treated
with 10 mM CsA for the last 24 h of the experiment. Results are representative
of two independent experiments. (C) Keratinocytes were transiently trans-
fected with the same plasmids as in A and B, plusyminus the mammalian
expression vector for GFP-VIVIT (2 mg) (25). As control for GFP-VIVIT, cells were
transfected with the same vector expressing GFP alone. (D) Keratinocytes were
transiently transfected with 1 mg of the minimal region of the p21 promoter
(pWAF-78) plusyminus 2 mg of the NFAT inhibitor GFP-VIVIT. Keratinocytes
were either kept under low-calcium conditions or exposed to high-calcium
concentrations (2 mM) for the last 48 h before termination of the experiment
(72 h). Similar results were obtained in a second independent experiment.
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these factors with Sp1ySp3. The notion that NFAT family
members can function as coactivators of other DNA-binding
transcription factors also is supported by recent evidence in T
cells, where the Nur77 promoter is transactivated by NFAT in
synergism with MEF2D (42). At the level of the p21 promoter,
the same minimal region responsive to calcium in mouse primary
keratinocytes coincides with that responsive to transforming
growth factor-b in the HaCaT keratinocyte cell line (16, 43). Our
finding of a functional cross talk among calcineurin, Sp1ySp3,

and NFAT have revealed a unique mode of regulation of the p21
gene with its critical role in cell growth and differentiation.
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