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cineurin were shown to have attenuated cardiac hypertrophy in
response to pathophysiologic stimulation (7, 52, 72).
Perhaps the best-characterized target of calcineurin is the
nuclear factor of activated T cells (NFAT) transcription factor
family. Calcineurin directly dephosphorylates NFAT transcription factors, permitting their nuclear translocation and
participation in transcriptional regulatory complexes (13, 51).
Five members of the NFAT family have been identified in
mammals, including NFATc/2/c1, NFATp/1/c2, NFAT3/c4,
NFAT4/c3, and NFAT5 (29, 51). Calcineurin-mediated nuclear import of NFAT upregulates the expression of immune
response genes in T lymphocytes, including interleukin 2 (IL2), IL-3, IL-4, granulocyte-macrophage colony-stimulating factor, tumor necrosis factor alpha, and Fas ligand (5, 51).
Genes encoding the five NFAT proteins are expressed in
semirestricted patterns throughout the body. NFATc1, -c2, and
-c3 are most highly expressed in immune cells and skeletal
muscle, as well as weakly expressed in many other cell types,
whereas NFATc4 and NFAT5 are more evenly expressed
throughout the body (29, 51). Targeted disruption of NFATc1,
-c2, and -c3 genes has identified critical roles for these factors
in immune cell function and/or survival (19, 44, 46, 50, 67).
Disruption of the NFATc1 gene resulted in embryonic lethality
due to aberrant heart valve formation and cardiac insufficiency
(6, 48). More recently, NFATc2- and NFATc3-null mice were
shown to have defects in skeletal muscle fiber number or size
(21, 25), while NFATc2-null mice were also shown to undergo
aberrant chondrogenesis (49). Lastly, the combinatorial disruption of NFATc3/NFATc4 in mice resulted in embryonic
lethality due to vascular insufficiency, demonstrating a role for
NFAT factors in developmental patterning (15). Collectively,
NFAT factors are expressed in multiple cell types and at different developmental times, where they perform diverse functions.
While heart-specific activation of NFATc4 is sufficient to

Cardiac hypertrophy is defined by an increase in ventricular
wall thickness accompanied by an increase in cardiomyocyte
cell volume. Hypertrophic enlargement is precipitated by increased workload or by decreased efficiency within the heart,
conditions that are associated with hypertension, ischemic
heart disease, valvular insufficiency, neuroendocrine disruptions, or intrinsic defects in contractile proteins (reviewed in
reference 30). Although initially compensatory, sustained cardiac hypertrophy predisposes an individual to sudden death,
arrhythmias, functional decompensation, and overt heart failure (30).
Numerous regulatory pathways have been implicated in the
transduction of hypertrophic signaling, linking neuroendocrine
and mechanical stress stimuli to altered cardiac gene expression (reviewed in reference 40). Although numerous hypertrophic regulatory pathways have been identified, the recent characterization of the calcium-regulated phosphatase calcineurin
as an important signaling factor in the heart has generated
considerable interest. Transgenic mice expressing an activated
form of calcineurin in the heart developed robust hypertrophy
that quickly transitioned to dilation and failure (41). Subsequently, the calcineurin inhibitory drugs cyclosporine (Cs) and
FK506 were shown to inhibit or attenuate cardiac hypertrophy
or cardiomyopathy in most, but not all, rodent models of heart
disease, suggesting a necessary regulatory role for this signaling
pathway in the heart (reviewed in reference 39). More recently,
transgenic mice expressing either the calcineurin inhibitory
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A calcineurin-nuclear factor of activated T cells (NFAT) regulatory pathway has been implicated in the
control of cardiac hypertrophy, suggesting one mechanism whereby alterations in intracellular calcium handling are linked to the expression of hypertrophy-associated genes. Although recent studies have demonstrated
a necessary role for calcineurin as a mediator of cardiac hypertrophy, the potential involvement of NFAT
transcription factors as downstream effectors of calcineurin signaling has not been evaluated. Accordingly,
mice with targeted disruptions in NFATc3 and NFATc4 genes were characterized. Whereas the loss of NFATc4
did not compromise the ability of the myocardium to undergo hypertrophic growth, NFATc3-null mice demonstrated a significant reduction in calcineurin transgene-induced cardiac hypertrophy at 19 days, 26 days, 6
weeks, 8 weeks, and 10 weeks of age. NFATc3-null mice also demonstrated attenuated pressure overload- and
angiotensin II-induced cardiac hypertrophy. These results provide genetic evidence that calcineurin-regulated
responses require NFAT effectors in vivo.
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TABLE 1. Summary of the antibodies used in this study
a

Source
(catalog no.)

NFATc1
NFATc1
NFATc1
NFATc1
NFATc1
NFATc2
NFATc2
NFATc3
NFATc3
NFATc3
NFATc4
NFATc4
NFATc4
NFATc4
NFATc4
NFAT5
NFAT5

Santa Cruz (1789X)
Santa Cruz (1149X)
Santa Cruz (7294)
Orbigen (10195)
PharMingen (556602)
Santa Cruz (7295)
Noncommercial (1777)
Santa Cruz (8321)
Santa Cruz (1154)
Santa Cruz (8405)
Santa Cruz (1153)
Santa Cruz (13036X)
Oncogene (PC625)
Noncommercial (889)
Noncommercial (890)
Santa Cruz (13035X)
Oncogene (PC626)

Successful
EMSA

Yes
Yes
Yes

Yes

Successful Western
blot analysis

Yes
Yes
Yes

Yes

Yes

a
The noncommercial NFAT antibodies were a generous gift of Nancy R. Rice
(Harvard). All other commercial antibodies were used at the recommended
concentrations.

induce robust hypertrophy in transgenic mice (41), it is unknown whether NFAT factors are direct mediators of calcineurin-regulated cardiac hypertrophy. Here we show that
NFATc3-null mice are partially deficient in their ability to
undergo cardiac hypertrophy in response to calcineurin activation, providing genetic evidence that NFATc3 is a necessary
and direct downstream effector of calcineurin in the heart.
MATERIALS AND METHODS
NFATc4 gene targeting. A genomic clone was isolated from a sv/129 phage
library and mapped for construction of the NFATc4 targeting vector. The three
exons encoding the DNA-binding domain were chosen for targeted replacement.
The targeting arms were generated by PCR by using Expand high-fidelity polymerase (Boehringer Mannheim). Methods for electroporation of AB2.2 embryonic stem (ES) cells with the linearized targeting vector, growth of ES cells on
STO feeder fibroblast cells, and culturing conditions for G418 and FIAU resistance were described earlier in detail (38, 47). Two correctly targeted clones, D10
and D11, were used for injection into C57BL/6 blastocysts to generate chimeric
mice, which were bred with C57BL/6 females, resulting in germ line transmission
for both ES cell clones. All experimental protocols were approved by the Institutional Animal Care and Use Committee. The NFATc3 gene-targeted mice
were a gift from Laurie Glimcher (44).
Animal models. Abdominal aortic banding was performed on 8- to 12-weekold animals anesthetized with 2% isoflurane–70% O2. The abdominal aorta was
exposed with a left medial ventral incision caudal to the diaphragm and 7-0
prolene ligature was tied around a blunted 27-gauge needle just superior to the
celiac artery to create a defined constriction upon removal of the needle. Alzet
2002 osmotic minipumps were implanted in 8- to 12-week-old mice anesthetized
as described above and placed through a small dorsal incision into the subcutaneous space lateral to the spine. Pumps were filled with angiotensin II (432 g
kg⫺1 day⫺1 in 150 mM NaCl–0.01 N acetic acid).
Nuclear extraction and Western blotting. Mouse, rat, and human heart protein
extracts were prepared by a modification on the method of Liew and colleagues
(26). Briefly, crude nuclear extract was spun on a sucrose cushion for 1 h at 4°C
at 112,000 ⫻ g to band nuclei. Nuclei were then collected and lysed in lysis buffer
(10 mM Tris base, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate,
50 mM NaF, 100 M sodium orthovanadate, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 0.5 g of pepstatin, leupeptin, and aprotinin ml⫺1;
final pH, 7.6) and spun to clear the nuclear debris. Western blotting was performed as previously described (8). Antibodies used for blotting are described in
Table 1.
Dot blot analysis of hypertrophic markers. Total RNA was isolated from the
ventricular tissue of mice by using Trizol reagent (Gibco-BRL) according to the
manufacturer’s protocol. The RNA was resuspended in water, quantified, and

RESULTS
Targeted deletion of NFATc4 does not attenuate calcineurininduced cardiac hypertrophy. We began our investigation of
NFAT factors as cardiac hypertrophic effectors by generating
mice carrying a null mutation in NFATc4, which is the isoform
originally described to promote hypertrophy in the hearts of
transgenic mice (41). A NFATc4 genomic clone was isolated
and a targeting vector was designed to disrupt exons 3 to 5
encoding the Rel homology domain (Fig. 1A). By using a
probe external to the short arm, Southern blotting of EcoRIdigested ES cell DNA revealed two clones that had undergone
correct homologous recombination, each of which was used to
generate independent gene targeted mice (Fig. 1B). NFATc4null mice lacked NFATc4 mRNA (see Fig. 7) and were viable
well into adulthood without detectable phenotypic abnormalities. Western blotting was also performed with cardiac nuclear
protein extracts, which showed low levels of NFATc4 protein
expression in the hearts of wild-type mice, but no expression in
the hearts of null mice (Fig. 1C). NFATc4-null mice were also
recently generated by another group and shown to be overtly
normal (15).
To test the hypothesis that NFATc4 is a critical mediator of
calcineurin-induced cardiac hypertrophy, NFATc4-null mice
were crossed with cardiac-specific calcineurin-transgenic mice.
Calcineurin-transgenic mice express a truncated mouse cDNA
which encodes amino acids 1 to 398 of calcineurin A␣ under
the control of the alpha type of myosin heavy chain (␣-MHC)
promoter, resulting in profound cardiac hypertrophy (41). The
data demonstrated that the loss of NFATc4 did not diminish
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Isoform

denatured, and 2 g was blotted onto nitrocellulose filters by using a dot blot
filtration manifold (Bio-Rad, Melville, N.Y.). After the blotting step, the filters
were baked at 80°C for 2 h, prehybridized, hybridized, and washed as described
previously (23). The sequences of the oligonucleotide DNA probes were also
described previously (23). Hybridization signals were quantified by using a Storm
860 PhosphorImager and ImageQuant software (Molecular Dynamics) and then
normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
RT-PCR. Reverse transcription-PCR (RT-PCR) was performed by using a
Titan One-Tube RT-PCR kit (Boehringer Mannheim) according to the manufacturer’s protocol. Cycling conditions were as follows: 95°C for 25 s, 54°C for
30 s, and 68°C for 45 s for 31 cycles. Approximately 8 l of product was run on
a 0.5⫻ Tris-borate-EDTA–6% polyacrylamide gel. Primer sets were as follows:
NFATc1 (5⬘-CCTTCGGAAGGGTGCCTTTT-3⬘ and 5⬘-AGGCGTGGGGCC
TCAGCAGG-3⬘), NFATc2 (5⬘-TGGCCCGCGACATCTACCCT-3⬘ and 5⬘-TG
GTAGAAGGCGTGCGGCTT-3⬘), NFATc3 (5⬘-TGGATCTCAGTATCCTTT
AA-3⬘ and 5⬘-CACACGAAATACAAGTCGGA-3⬘), NFATc4 (5⬘-CATTGGC
ACTGCAGATGAG-3⬘ and 5⬘ CGTAGCTCAATGTCTGAAT-3⬘), and L7 (5⬘GAAGCTCATCTATGAGAAGGC-3⬘ and 5⬘-AAGACGAAGGAGCTGCAG
AAC-3⬘). Products were visualized by using a Storm 820 PhosphorImager
(Molecular Dynamics).
EMSA. Electrophoretic mobility shift assays (EMSAs) were performed by
using a double-stranded oligonucleotide containing a consensus NFAT binding
site from the IL-4 gene promoter as previously described (41). Briefly, 25 g of
neonatal rat heart nuclear protein extract or cultured cardiomyocyte whole-cell
extracts were incubated with 100,000 cpm of 32P-labeled double-stranded oligonucleotide, 1.25 g of poly(dI-dC)-poly(dI-dC), EMSA buffer (12 mM HEPES
[pH 7.9], 4 mM Tris [pH 7.9], 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol,
12% glycerol, and 2 g of aprotinin, leupeptin, and pepstatin/ml) on ice for 20
min in 20 l. A nondenaturing 5% polyacrylamide gel with 0.5⫻ Tris-borateEDTA was used to resolve the bound protein complexes from the free probe.
Antibodies used in the EMSAs are described in Table 1.
Statistical analysis. Differences between experimental groups were analyzed
by using either a two-tailed Student t test or one-way analysis of variance,
followed by Bonferroni’s post-test when appropriate by using InStat 3.0 software
(GraphPad Software, Inc., San Diego, Calif.).

VOL. 22, 2002

NFATc3 MEDIATES CALCINEURIN-INDUCED HYPERTROPHY

7605

cardiac hypertrophy directed by the calcineurin transgene at 18
days of age (Fig. 2A). NFATc4-null mice, and control wild-type
mice of the same genetic background were each characterized
by an ⬃3-fold increase in heart-to-body-weight ratio in the
presence of the calcineurin transgene (P ⬍ 0.05) (Fig. 2A).
Examination of younger mice (14 days) and older mice (28
days) from either genotype also failed to reveal any reduction
in calcineurin-mediated cardiac hypertrophy in NFATc4-null
mice (data not shown).
Histologic analysis of NFATc4-null mice and wild-type littermate mice, each with the calcineurin transgene, demonstrated identical cardiac pathology and morphologic hypertrophy (Fig. 2B). A similar degree of wall thickening, dilation, and
myofibrillar hypertrophy was observed at 18 days of age (Fig.
2B). Total RNA was collected for analysis of hypertrophic
gene expression by quantitative dot blotting. No significant
expression differences in b-type natriuretic peptide (BNP),
␣-skeletal actin, ␣-MHC, ␤-MHC, atrial natriuretic factor
(ANF), or phospholamban mRNA levels were observed between calcineurin transgene-containing NFATc4-null or wildtype mice at 18 days of age (Fig. 2C). These data suggest that
NFATc4 is not a downstream effector of calcineurin in the
postnatal heart or that loss of NFATc4 can be compensated for
by another cardiac-expressed NFAT factor (see Discussion).
Loss of NFATc4 does not compromise pathophysiologic cardiac hypertrophy. To investigate the role of NFATc4 in regulating cardiac hypertrophy due to physiologic stimuli, 8- to
12-week-old NFATc4-null mice were subjected to 14 days of

FIG. 2. Gravimetrical, histochemical, and molecular analysis of calcineurin-transgenic mice crossed into the NFATc4-null background.
(A) Heart weight/body weight ratios of 18-day-old wild-type, CnTG
NFATc4⫹/⫹, and CnTG NFATc4⫺/⫺ mice. The number of mice analyzed in each group is shown within each bar. (B) Representative
gross and microscopic (magnification, ⫻140) histologic heart sections
stained with hematoxylin and eosin. (C) Induction of hypertrophyassociated mRNA transcripts in CnTG NFATc4⫹/⫹ and CnTG
NFATc4⫺/⫺ mice as measured by RNA dot blot quantitation (i.e., the
fold increase over wild-type normalized to GAPDH; n ⫽ 4 for all
groups). HW, heart weight; BW, body weight; CnA TG, calcineurin
transgenic.

abdominal aortic constriction or continuous infusion of angiotensin II. Aortic banding in mice and rats and angiotensin II
stimulation of cultured cardiomyocytes have previously been
shown to activate calcineurin signaling (7, 27, 61). At 2 weeks
after aortic banding, NFATc4 wild-type mice demonstrated a
significant increase in heart weight/tibia length ratios compared to sham operated wild-type mice (P ⬍ 0.05) (Fig. 3A).
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FIG. 1. Targeted disruption of the murine NFATc4 gene. (A)
Genomic structure of the NFATc4 gene, the targeting vector, and the
theoretical targeted allele which deletes the Rel homology domain
(RHD) of NFATc4. (B) EcoRI-digested genomic Southern blot analysis of targeted ES cell clones D10 and D11 shows an endogenous
10-kb fragment (open arrow) and a targeted 5-kb fragment (solid
arrow). (C) NFATc4 Western blot from wild-type and NFATc4⫺/⫺
adult hearts. A positive control for NFATc4 protein migration was
generated by the transfection of Cos cells.
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An identical increase in cardiac hypertrophy was observed in
aortic-banded NFATc4-null mice, indicating that NFATc4 is
not required for the pressure overload response or that its
function is compensated for by another heart-expressed NFAT
factor (P ⬍ 0.05) (Fig. 3A).
NFATc4-null mice were also evaluated for the magnitude of
hypertrophy in response to continuous angiotensin II infusion
over a period of 2 weeks. Consistent with the aortic banding
data, angiotensin II infusion resulted in a nearly identical profile of cardiac hypertrophy between wild-type littermate controls and NFATc4-null mice (P ⬍ 0.05) (Fig. 3B). Quantitation
of the expression of ANF, skeletal ␣-actin, and ␤-MHC mRNA
levels demonstrated similar increases in both genotypes in response to angiotensin II infusion or aortic banding (data not
shown).
NFATc3 functions downstream of calcineurin in the heart.
Whereas NFATc4 was shown to be somewhat dispensable as
a downstream calcineurin effector in the heart, we hypothesized that another NFAT family member might be involved.
NFATc3, the closest structural homolog to NFATc4, had previously been shown to be expressed in the heart by Northern
blotting (28). Therefore, NFATc3 gene targeted mice were
obtained (44) and crossed with calcineurin-transgenic mice to
determine the necessity of this NFAT factor as a potential
downstream effector of calcineurin in the heart. In contrast to
the NFATc4-null mice, calcineurin transgene-induced hyper-

FIG. 4. Heart weight/body weight ratios of NFATc3⫹/⫹ and
NFATc3⫺/⫺ mice in the absence or presence of a heart-restricted
activated calcineurin transgene at 19 days, 26 days, 6 weeks, and 10
weeks of age. ❋, P ⬍ 0.05 versus NFATc3⫹/⫹ mice; #, P ⬍ 0.05 versus
CnTG NFATc3⫹/⫹ mice. The number of mice analyzed in each group
is shown within each bar. HW, heart weight; BW, body weight; CnA
TG, calcineurin transgenic.

trophy was attenuated by 42, 38, 28, 20, and 44% at 19 days, 26
days, 6 weeks, 8 weeks, and 10 weeks age, respectively, in mice
lacking NFATc3 (P ⬍ 0.05) (Fig. 4) (8-week time point [not
shown]). Histologic analysis of NFATc3-null calcineurin-transgenic hearts showed a noticeable reduction in gross heart size
compared to their wild-type transgenic counterparts at 6 weeks
of age (Fig. 5A). As a more quantitative evaluation of the
hypertrophy, cardiomyocyte cross-sectional areas were measured at both 6 (Fig. 5B) and 10 weeks (data not shown) of age.
The data demonstrate a significant reduction in calcineurininduced cellular hypertrophy, suggesting that the reduction in
heart size is not due to differences in cell number (P ⬍ 0.05)
(Fig. 5B). Finally, cardiac hypertrophy and chamber dilation
were measured by echocardiography, which identified a significant reduction in calcineurin-induced left ventricular wall and
septal thicknesses, as well as left ventricular chamber dimensions, in NFATc3-null hearts (P ⬍ 0.05) (Table 2). Despite the
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FIG. 3. Heart weight/tibia length ratios of 8- to 12-week-old
NFATc4⫺/⫺ and NFATc4⫹/⫹ mice subjected to 14 days of abdominal
aortic constriction (A) or angiotensin II infusion (432 g kg⫺1 day⫺1)
(B). (ⴱP ⬍ 0.05 versus sham- or vehicle-treated controls). The number
of mice analyzed in each group is shown within each bar. HW, heart
weight; TL, tibia length.
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reduction in calcineurin-induced cardiac hypertrophy discussed here, the loss of NFATc3 did not produce a statistically
significant rescue of fractional shortening. Collectively, these
data indicate that whereas the loss of NFATc3 is sufficient to
partially disrupt the hypertrophic response, it is not sufficient
to obviate the progression to dilated heart failure (Table 2).
The loss of NFATc3 partially diminished the hypertrophic
transcriptional program induced by the calcineurin transgene
at 10 weeks of age (Fig. 5C). Whereas the loss of NFATc3 did
not diminish expression of ␤-MHC, ANF, or BNP, it did result
in a significant decrease of ␣-skeletal actin mRNA levels (Fig.
5C). These results demonstrate a subtle and yet definable defect in the molecular program of cardiac hypertrophy in the
absence of NFATc3.
NFATc3 plays a role in pathophysiologic hypertrophy. Although the activated calcineurin transgene functions as a robust and myocyte-autonomous hypertrophic stimulus, it was of
interest to determine whether NFATc3 also regulated hypertrophy in response to more physiological stimuli. In this regard,
8- to 12-week-old NFATc3-null mice and wild-type controls
were subjected to abdominal aortic banding and angiotensin II
infusion. Unlike NFATc4-null mice, which showed no defect in
cardiac hypertrophy, NFATc3-null mice displayed a significant
reduction in heart weight/tibia length ratios in response to
aortic banding or angiotensin II infusion compared to wildtype controls (Fig. 6). These results demonstrate the require-

ment of NFATc3 for mediating pressure overload- or angiotensin II-induced hypertrophy.
It should be noted that heart weights were normalized to
tibia lengths for aortic banding and agonist infusion studies,
and yet they were normalized to body weights in the cal-

TABLE 2. Echocardiographic measurements in calcineurintransgenic mice crossed into the NFATc3-null
background at 10 weeks of agea
Mean ⫾ SEM in:
Parameter

NFATc3⫹/⫹
mice
(n ⫽ 5)

NFATc3⫺/⫺
mice
(n ⫽ 9)

CnTG
NFATc3⫹/⫹
mice
(n ⫽ 10)

CnTG
NFATc3⫺/⫺
mice
(n ⫽ 7)

Septum (mm)
LV free wall (mm)
LVEDD (mm)
LVESD (mm)
FS (%)

0.68 ⫾ 0.05
0.59 ⫾ 0.05
3.68 ⫾ 0.12
2.34 ⫾ 0.14
36.5 ⫾ 2.6

0.66 ⫾ 0.04
0.62 ⫾ 0.04
3.42 ⫾ 0.12
2.13 ⫾ 0.12
37.6 ⫾ 2.5

0.79 ⫾ 0.04ⴱ
0.71 ⫾ 0.04ⴱ
4.41 ⫾ 0.24ⴱ
3.30 ⫾ 0.17ⴱ
24.7 ⫾ 2.2ⴱ

0.68 ⫾ 0.04ⴱⴱ
0.56 ⫾ 0.05ⴱⴱ
3.83 ⫾ 0.28ⴱⴱ
2.95 ⫾ 0.20ⴱⴱ
22.5 ⫾ 2.5ⴱ

a
NFATc3 wild-type mice and NFATc3-null mice were compared at baseline or
when crossed into the calcineurin-transgenic background by echocardiography.
Each mouse was measured three times (5 to 10 mice in each group). LV, left
ventricle measured in diastole; LVEDD, left ventricular end-diastolic dimension;
LVESD, left ventricular end-systolic dimension. Fractional shortening (FS) was
calculated as (LVEDD ⫺ LVESD)/LVEDD ⫻ 100. ⴱ, P ⬍ 0.05 versus
NFATc3⫹/⫹ mice; ⴱⴱ, P ⬍ 0.05 versus CnTG NFATc3⫹/⫹ mice. n ⫽ number of
mice.
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FIG. 5. (A) Representative hematoxylin-and-eosin-stained gross histology from 6-week-old mice crossed with the heart-restricted calcineurin
transgene. (B) Myofibrillar cross-sectional areas measured by wheat germ agglutinin-TRITC (tetramethyl rhodamine isothiocyanate) staining of
histologic heart sections as previously described (27) (n ⫽ 250 fibers in each group). ❋, P ⬍ 0.05 versus nontransgenic mice; #, P ⬍ 0.05 versus
CnTG NFATc3⫹/⫹ mice. (C) Quantitation of RNA dot blot analysis of hypertrophy-associated transcripts from wild-type (n ⫽ 3), CnTG
NFATc3⫹/⫹ (n ⫽ 5), and CnTG NFATc3⫺/⫺ (n ⫽ 4) mice (i.e., the fold increase versus GAPDH ⫻ 10). ❋, P ⬍ 0.05 versus CnTG NFATc3⫹/⫹ mice.
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FIG. 6. Heart weight/tibia length ratios of wild-type and NFATc3⫺/⫺
mice subjected to 14 days of abdominal aortic constriction (A) or
angiotensin II infusion (432 g kg⫺1 day⫺1) (B). ❋, P ⬍ 0.05 versus
NFATc3⫹/⫹ mice untreated; #, P ⬍ 0.05 versus NFATc3⫹/⫹ mice
treated. The number of mice analyzed in each group is shown within
each bar. HW, heart weight; TL, tibia length.

cineurin transgene-crossed mice. While either normalization
strategy is acceptable, NFATc3-null mice displayed a variably
penetrant defect in skeletal muscle mass that generated greater
variability in body weights (for example, see reference 25). This
increased variability was more problematic for normalizing the
small 20 to 30% alterations in heart size associated with aortic
banding and agonist infusion, whereas the greater 200 to 300%
increases in heart size associated with the calcineurin transgene were easily normalized to either standard.
Analysis of NFAT mRNA isoforms in the heart. The differential hypertrophic regulatory roles of NFATc3 and NFATc4
suggested either a difference in gene function, a difference in
expression levels in the heart, or that one isoform might compensate for the loss of another. We first examined the possibility that the loss of NFATc4 might promote active compensation through increased expression of another NFAT gene in
the heart. By using RT-PCR, transcripts of all four calcineurinregulated NFAT genes were detected in the adult mouse heart
(Fig. 7). However, loss of either NFATc3 or NFATc4 did not
cause a change in the mRNA levels of the remaining NFAT
genes in the heart. Whereas such data do not rule out a compensation beyond the transcriptional level, they at least suggest
a lack of transcriptional dependency between NFATc3 and
NFATc4 in the heart.
Analysis of NFAT protein isoforms in the heart. Although
mRNA transcripts were detected for NFATc1, -c2, -c3, and c4

in the heart (Fig. 7 and references 20, 28, and 33), the presence
of each protein in the heart has not been reported. To address
this issue, nucleus-enriched protein extracts were generated
from normal adult human hearts and subjected to Western
blotting with a large array of commercially available antibodies. Human hearts were chosen because nearly all commercially available NFAT isoform-specific antibodies are made
against human epitopes. Since NFAT isoforms are expressed
at relatively low levels in the heart and since many of the
purchased antibodies proved ineffective (Table 1), NFAT migration standards were also employed (Fig. 8A). The data
demonstrate a definable band of the correct migration for
NFATc2, NFATc3, and NFATc4 in the heart (compared to
lysates of NFATc2- to -c4-transfectioned Cos cells), whereas
the migration of NFATc1 was slightly faster in the human
heart compared to a control extract of thymocytes (Fig. 8A).
This subtle difference in NFATc1 migration may be due to
differential splicing of the heart-expressed isoform versus the
NFATc1 isoform that is predominant in thymocytes or differential phosphorylation. Collectively, these results are consistent with the RT-PCR analysis and suggest that all four
NFATc gene isoforms are probably expressed in the myocardium.
The NFAT5 gene was recently cloned and determined to be
distantly related to NFATc1 to -c4. However, NFAT5 does not
contain many of the conserved regulatory domains present
within NFATc1 to -c4 (29). Indeed, NFAT5 was reported to be
constitutively nuclear in T cells, HeLa cells, and C2C12 myoblasts and not subject to calcineurin regulation or Cs inhibition
(29). Whereas NFAT5 mRNA is present in the heart (29), its
protein expression and potential localization has not been described. Accordingly, Western blotting identified NFAT5 protein of the predicted molecular weight in the nuclear protein
fraction of the human heart but not in the cytoplasmic fraction
(Fig. 8B). However, NFAT5 functions distinct from NFATc1
to -c4 and, hence, is unlikely to alter calcineurin–NFATc1 to
-c4 signaling in cardiac myocytes. For example, unlike NFATc1
to -c4, NFAT5 binds DNA as a homodimer to a unique asymmetric TonE DNA site involved in hypertonicity responses (58).
Although the Western data discussed above suggest that as
many as five different NFAT factors are expressed in the heart,
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FIG. 7. Semiquantitative RT-PCR analysis of NFATc1 to -c4 mRNA
levels from wild-type hearts (n ⫽ 4), NFATc4⫺/⫺ hearts (n ⫽ 3), and
NFATc3⫺/⫺ hearts (n ⫽ 3) at 6 weeks of age.
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DISCUSSION
FIG. 8. Western blots of NFAT protein expression in the heart.
(A) Nuclear protein extracts from adult human hearts were subjected
to Western blotting for NFATc1 to -c4. The positive control consisted
of Cos cells transfected with an expression vector for NFATc2 to -c4 or
thymocyte extract for NFATc1. (B) Western blot for NFAT5 from
human cytoplasmic or nuclear extracts. (C) Protein extracts from wildtype hearts (pool of seven) or ␣-MHC–CnA-transgenic hearts (pool of
six) were Western blotted for NFATc3. The various phosphorylation
states are designated by horizontal lines. Myosin, myosin protein that
cross-reacts with the NFATc3 primary antibody from the crude mouse
heart protein extracts.

the exact cell type of expression is uncertain. The heart contains fibroblasts, endothelial cells, and lymphocytes that are
each represented in the cardiac protein extracts used here. To
verify whether NFATc3 is expressed in cardiac myocytes,
which is the isoform shown to affect the hypertrophic response
in gene-targeted mice, we pooled 6-week-old calcineurin-transgenic hearts (n ⫽ 6) and wild-type control hearts (n ⫽ 7) to
make total protein extracts for Western blotting. Since the
activated calcineurin transgene is cardiomyocyte autonomous
(␣-MHC promoter), any alterations in NFAT levels or phosphorylation state likely reflect NFAT protein from cardiomyocytes and not another cell type. Indeed, the data show detectable NFATc3 protein in the adult heart from both wild-type
and calcineurin-transgenic mice (Fig. 8C). However, NFATc3
protein from calcineurin-transgenic hearts showed one isoform
that migrated more quickly compared to the isoforms detected
in the wild-type hearts, suggesting less phosphorylation. In
addition, the relative amount of NFATc3 protein present in
the total cardiac protein extract was higher in calcineurintransgenic hearts (24% increase), whereas control blotting for
calmodulin levels showed no change (Fig. 8C). The NFATc3
antibody also weakly cross-reacted with total myosin protein as
confirmed with a myosin standard (data not shown) (myosin
protein is also upregulated in the calcineurin-transgenic heart).
In summary, the data described here indicate that NFATc3
protein is expressed in cardiac myocytes and subject to calcineurin regulation.
Given the relatively faint Western blot signals shown above,

The initial report describing calcineurin and NFAT factors
as regulators of cardiac hypertrophy extended the hypothesis
that alterations in calcium handling underlie the initiation and
progression of certain forms of heart disease (41). However,
the downstream mechanism whereby calcium-induced calcineurin activation promotes or maintains the hypertrophic
state of the heart is currently uncharacterized. We show here

FIG. 9. EMSA for NFAT protein expression in the heart. Lanes 1
to 11 consisted of rat heart nuclear protein extracts that were incubated with a consensus NFAT binding site from the IL-4 promoter.
Lanes 12 to 14 consisted of protein extracts from cultured neonatal rat
cardiomyocytes. Although not all antibodies employed were capable of
“supershifting” the NFAT-DNA complexes, certain antibodies successfully shifted NFATc1 to -c4 but not NFAT5.
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we sought to further verify the expression of each isoform by
using an independent assay that was distinct from Western
blotting. EMSAs were performed by using neonatal rat heart
nuclear protein extracts or cultured cardiomyocyte protein extracts in the presence of antibodies for each NFAT isoform.
The shifted complex, which competes with self (lane 2) but not
a nonspecific site (lane 3), is somewhat diffuse given that it
contains multiple NFAT isoforms, each of which is differentially phosphorylated and spliced. In preliminary experiments,
a large panel of NFAT antibodies were employed to identify
those capable of supershifting in this assay (Table 1). In analyses with selected antibodies, the data demonstrate the presence of NFATc1 (lane 7), NFATc2 (lanes 8 and 9), NFATc3
(lanes 10 and 12), and NFATc4 (lane 13) in the heart by the
appearance of a more slowly migrating species (Fig. 9). These
analyses support the RT-PCR data and the Western data discussed above that collectively suggest expression all five NFAT
factors in the mammalian heart.
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NFAT factors as downstream effectors of calcineurin signaling in the heart. NFATc4 (NFAT3) was originally implicated
as a regulator of hypertrophic gene expression in the heart
based on its ability to physically interact with GATA4 and to
regulate expression of the BNP gene promoter (41). This initial
observation was extended in transgenic mice whereby overexpression of a constitutively nuclear mutant of NFATc4 induced
cardiac hypertrophy (41). However, overexpression of activated NFATc4 likely mimics the effects of any of the NFAT
factors given the relatively high degree of homology within the
DNA-binding domain of these factors (51). In addition,
mRNA and protein for all four calcineurin-regulated NFAT
genes has been detected in the heart, suggesting that any or
multiple NFAT factors might participate in regulating cardiac
gene expression (Fig. 7 and 8) (20, 28, 29, 33).
Although the mRNAs for NFATc1 to -c4 were readily detected in the mouse heart, two issues complicate the validation
of the relevant calcineurin-dependent isoform(s). First, definitive assessment of NFATc1 to -c4 protein expression in the
adult heart has not been previously described. Second, cell
types other than cardiac myocytes are present within the heart,
including fibroblasts, endothelial cells, and lymphocytes. We
were able to detect all four calcineurin-regulated NFATc factors, as well as NFAT5, by Western blot analysis of total human heart homogenates (either nuclear or cytoplasmic fractions). Our attempts to characterize which NFAT proteins are
expressed in the heart were initially unsuccessful, given that
most commercially available antibodies proved ineffective in
detecting the low levels of NFAT isoforms in the adult heart
(17 antibodies were examined). However, sensitive antibodies
were identified (Table 1) that reliably detected each NFAT
isoform in the heart (Fig. 8). This conclusion is further supported by the EMSA analysis, which showed detection of
NFATc1 to -c4 in rat heart protein extracts. Although NFAT5
protein was detected in the human heart within the nuclear
protein fraction, the NFAT oligonucleotide probe used in the
EMSA analysis is not recognized by NFAT5 (58). Indeed,
NFAT5 is of a divergent class of Rel homology domain-containing factors that functions distinctly from NFATc1 to -c4
and is not subject to significant calcineurin regulation (29, 58).
Although targeted disruption of NFATc4 did not diminish
the magnitude of calcineurin-dependent hypertrophy, NFATc3null mice showed a significant and long-standing reduction in
calcineurin-induced hypertrophy as far out as 10 weeks of age.
By this time in the calcineurin-transgenic mouse, cardiac hypertrophic growth has ceased and severe dilated heart failure is
manifested. These results indicate that loss of NFATc3 produces a fundamental deficit in the ability of these hearts to
maximally hypertrophy in response to calcineurin activation.
These data further establish NFATc3 as a critical downstream
mediator of calcineurin-regulated hypertrophy in the heart and
validate the original hypothesis that calcineurin mediates myocyte hypertrophy, in part, through NFAT transcription factors.
The hypothesis that NFAT is a critical mediator of calcineurin signaling is also supported by two recent studies in
which cardiac myocyte hypertrophic growth was reduced by
overexpression of glycogen synthase kinase 3␤ (GSK3␤).
GSK3␤ was previously shown to directly phosphorylate the
N-terminal regulatory domain of NFATc1, thus antagonizing
the action of calcineurin and inhibiting nuclear shuttling of
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that NFATc3, but not NFATc4, is a critical downstream effector of calcineurin-mediated hypertrophy. Given the side effects
currently associated with traditional calcineurin inhibitory
agents, our results suggest a more targeted approach for future
drug design aimed at either NFATc3 or its ability to interact
with calcineurin.
Calcineurin inhibitory agents and animal models of cardiac
hypertrophy. The hypothesis that calcineurin is a necessary
mediator of cardiac hypertrophy was based on the ability of Cs
to block agonist-induced cardiomyocyte hypertrophy in vitro
(41, 68). However, the effectiveness of Cs and FK506 as hypertrophic inhibitory agents in animal models of disease was
initially controversial. Whereas Cs and FK506 were first shown
to prevent hypertrophic and dilated cardiomyopathy in three
separate transgenic mouse models of intrinsic heart disease
and in a rat model of pressure overload hypertrophy (60), four
subsequent studies concluded that calcineurin inhibitors did
not reduce pressure overload hypertrophy in mice or rats (10,
31, 71; J. G. Müller, S. Nemoto, M. Laser, B. A. Carabello, and
D. R. Menick, Letter, Science 282:1007, 1998). More recently,
Cs treatment of ␣MyHC403 mutant mice was shown to actually
induce greater disease manifestation through further alterations in intracellular calcium handling (12). In contrast, 17
separate reports have shown that inhibition of calcineurin with
either Cs or FK506 does, in fact, diminish cardiac hypertrophy
or disease progression in diverse rodent models (9, 11, 14,
18, 24, 27, 34, 42, 53–57, 60, 62, 64, 69). Cs also prevented
exercise-induced cardiac hypertrophy in the rat (11), attenuated hypertrophy and histopathology in renin and angiotensinogen-transgenic rats (36), attenuated myocardial-infarction-induced cardiac hypertrophy in rats (43), and reduced
cardiac hypertrophy in activated G␣q-transgenic mice (35).
While most pharmacologic studies support the hypothesis
that calcineurin is a necessary regulatory of cardiac hypertrophy, the specificity of Cs and FK506 in the heart remains an
open question (12, 22). To address the issue of specificity,
three independent groups have recently reported heart-specific
transgenic mice with inhibited calcineurin activity in the heart.
Transgenic mice expressing the noncompetitive calcineurin inhibitory domains from Cain/Cabin-1 and AKAP79 in the heart
showed reduced hypertrophy in response to pressure overload
stimulation and agonist infusion (7). In addition, transgenic
mice expressing the calcineurin-negative regulatory protein
MCIP1 in the heart demonstrated reduced cardiac hypertrophy in response to stress stimulation or aortic banding (17, 52).
Finally, transgenic mice expressing a dominant-negative mutant of calcineurin in the heart also showed reduced cardiac
hypertrophy after aortic banding (72). Collectively, these four
different transgenic models have extended the hypothesis that
calcineurin is a necessary regulator of pathophysiologic hypertrophy and suggest that the inhibitory effects of Cs and FK506
are largely attributable to calcineurin blockade.
More recently, calcineurin A␤-null mice were generated and
characterized. calcineurin A␤-null mice are overtly normal but
display a significant reduction in heart weight in unstimulated
mice, suggesting that calcineurin might also regulate homeostatic heart size at baseline (4). More significantly, calcineurin
A␤-null mice failed to undergo cardiac hypertrophy in response to pressure overload, isoproterenol infusion, or angiotensin II infusion (4).
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calcineurin-regulated gene expression. Given the known toxicity associated with traditional calcineurin inhibitory agents, this
study suggests the design of novel agents that are directed at
NFATc3 or its interaction with calcineurin in affecting certain
biologic responses that depend on calcineurin or NFAT signaling.
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NFAT (2). Overexpression of GSK3␤ in cultured cardiomyocytes attenuated agonist-induced hypertrophy, in part, by
blocking NFAT nuclear translocation (16). More recently,
transgenic mice with GSK3␤ expression in the heart had reduced cardiac hypertrophy in response to the activated calcineurin transgene and in response to isoproterenol infusion
(1). Taken together with the results presented in the present
study, multiple lines of evidence implicate NFAT factors as
necessary mediators of calcineurin-regulated hypertrophic signaling.
Other effectors of calcineurin-regulated cardiac hypertrophy. Although NFATc3-null mice showed reduced hypertrophy
in response to the activated calcineurin transgene, the effect
was only partial, suggesting the necessity of other calcineurindependent regulatory factors in the heart. Indeed, NFATc3null mice containing the calcineurin transgene still showed an
approximately twofold increase in cardiac hypertrophy at each
time point examined. Cardiac hypertrophy was also not completely eliminated in NFATc3-null mice infused with angiotensin II, further suggesting the involvement of other regulatory
factors. The most straightforward interpretation of these data
are that NFATc1, NFATc2, or NFATc4 compensate, in part,
for the loss of NFATc3 in the heart. All four NFATc factors
are detectable in the heart and could easily participate in
mediating the residual twofold hypertrophic response observed
in the NFATc3-null mice crossed with the calcineurin transgene. Even though deletion of NFATc3 did not completely
block calcineurin-induced hypertrophy or its progression to
dilated heart failure, NFATc3-null mice displayed a reproducible reduction in hypertrophic growth of ⬇35% at multiple
time points. These data indicate that NFATc3 plays a more
pivotal role in regulating the hypertrophic program. In lymphocytes, NFATc3-null mice appear to display a phenotype
most consistent with calcineurin gene-targeted mice (44), collectively suggesting NFATc3 as a more critical calcineurin effector in multiple cell types.
Recent evidence has also implicated the myocyte enhancer
factor 2 (MEF-2) transcription factor family as downstream
transducers of calcineurin signaling in cardiac myocytes, skeletal muscle cells, neurons, and T lymphocytes (32, 45, 65, 70).
Specifically, the phosphorylation status of MEF2A and its
DNA-binding efficiency were shown to be Cs sensitive (32).
Calcineurin was also shown to directly complex with MEF2A
and to dephosphorylate it in skeletal muscle cells (66). Further
support for a MEF-2-calcineurin regulatory pathway was provided by the observation that cardiac- and skeletal musclespecific calcineurin-transgenic mice showed activation of a
MEF-2-dependent Lac-Z reporter transgene, directly demonstrating that MEF-2 transcriptional responses are modified by
calcineurin in vivo (45, 65). Lastly, MEF-2 was reported to
directly interact with NFAT factors in T lymphocyte hybridoma cells, suggesting the coregulation of two distinct calcineurin effector proteins (3). Given these reports, the remaining calcineurin-dependent hypertrophic response observed in
NFATc3-null mice might reflect the activity of MEF-2 factors
in the heart, NFATc1, NFATc2, NFATc4, or other regulated
factors such as NF-B and Elk-1 (37, 59, 63).
Whereas multiple regulatory factors are undoubtedly influenced by calcineurin in the heart, the present study establishes
the importance of NFAT factors as necessary transducers of
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