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The study investigated the role of genetic polymorphisms in four genes of the calcineurin pathway on
cardiac hypertrophy and dilated cardiomyopathy. The cardiac calcineurin pathway has been suggested to
play a role in the development of cardiac hypertrophy in response to a number of physiological and
pathological stimuli. Calcineurin, a heterodimeric protein composed of a catalytic and a regulatory
subunit, activates the nuclear factor NFATC4 which after translocation to the nucleus associates with the
transcription factor GATA4 to activate several cardiac genes involved in hypertrophic response. We have
screened the genes encoding the four major components of the heart calcineurin pathway in 95 individuals
and identified 27 polymorphisms. These polymorphisms were investigated in 400 selected subjects
obtained from a population-based study (LOVE) in relation to echocardiographic parameters. A Gly/Ala
substitution at position 160 of the NFATC4 protein (G160A) was associated with left ventricular mass and
wall thickness (P¼0.02 and 0.006, respectively, GA+AA vs GG), the minor allele (Ala) being associated with
lower mean values of these parameters. The other polymorphisms identified by the gene screen were not
associated with cardiac phenotypes. For the G160A polymorphism in NFATC4, genotype frequencies were
compared between patients with dilated cardiomyopathy and controls obtained from the CARDIGENE
Study. Allele A carriers were less frequent in the patient than in the control group (P¼0.04). Although the
strength of the associations was rather weak, these observations raise the hypothesis that the G160A
polymorphism of the NFATC4 gene plays a role in the development of human cardiac hypertrophy.
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Introduction
Hypertrophic growth is an adaptative response of the heart

to a variety of physiological and pathological stimuli,

including hypertension, myocardial infarction and endo-

crine disorders.

The hypertrophic response of cardiac myocytes to

hemodynamic overload, mechanical stress or humoral

factors is mediated by different signaling pathways.1

Experimental evidence suggests that calcium handling

may play an important role in cardiac hypertrophy.2 In

response to growth stimuli, cardiomyocytes increase their

cytosolic Ca2+ level, which in turn activates calcineurin, aReceived 5 December 2002; revised 17 March 2003; accepted 1 April 2003
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Ca2+/calmodulin-dependent protein phosphatase. Calci-

neurin is a heterodimeric protein composed of a catalytic

subunit, calcineurin A, also known as protein phosphatase

3, catalytic subunit and a regulatory subunit, calcineurin B,

also known as protein phosphatase 3, regulatory

subunit. Whereas calcineurin B is encoded by a single gene

(PPP3R1; OMIM #601302), calcineurin A subunits

can be coded by three different genes, respectively, PPP3CA

(isoform alpha; OMIM #114105), PPP3CB (isoform

beta; OMIM #114106) and PPP3CC (isoform gamma;

OMIM #114107).3 Molkentin et al4 reported that calcineur-

in plays a central role in the development of cardiac

hypertrophy through activation by dephosphorylation of

the nucleic factor of activated T cells (NFATC4). After

activation, NFATC4 translocates to the nucleus where it

associates with the transcription factor GATA-binding

protein 4 (GATA4), to induce several cardiac genes

involved in hypertrophic response. Given the potential

importance of the calcineurin pathway in cardiac hyper-

trophy in humans, we designed this study to investigate

the genetic variability of its major components PPP3CA,

PPP3CB, NFATC4, GATA4 and its possible association with

echocardiographic indexes of cardiac hypertrophy in a

subsample of subjects participating in the Glasgow Heart

Scan Study (LOVE Study). In addition, the NFATC4/G160A

polymorphism was further investigated in the CARDIGENE

Study to assess its possible association with dilated

myocardiopathy.

Methods
The LOVE Study

The LOVE Study is a substudy of the Glasgow Heart Scan

Study. This study has been previously described:5 1600

subjects (51% women) aged 25–74 years (mean age: 51714

years) from North Glasgow (UK), who had participated in

the Third Glasgow MONICA Risk Factors Survey in 1992,6

were randomly selected. Participants underwent a standard

echocardiography. Left ventricule mass (LVM) was indexed

on body surface area and wall thickness (WT) was indexed

on left ventricule telediastolic dimension. Ejection fraction

(EF) was calculated by the biplane disc summation method

(Simpson’s rule). DNA was not available for 39% of the

subjects. For the LOVE Study, 400 subjects (180 men, 200

women, mean age: 45713 years, not taking cardiovascular

drugs and whose body mass index (BMI) was o28 kg/m2),

were selected in order to study the variation of LVM, WT

and EF according to polymorphisms of candidate genes.

The CARDIGENE Study

This study has been already described.7 Briefly, 433 patients

with dilated cardiomyopathy (DCM), aged 18–65 years,

were recruited between 1994 and 1996 from 10 hospitals in

France. The diagnosis was based on an ejection fraction

p40 and left ventricular dilation (end-diastolic volume

4140ml/m2 on ventriculography or end-diastolic dia-

meter 434mm/m2 on echocardiography) confirmed over

a 6-month period. All subjects had to be born in France and

their parents had to be born in France or neighboring

countries. Controls (n¼ 433) free of hypertension were

recruited in Centres for Preventive Medicine all over

metropolitan France and were matched for age, sex and

region of birth. Their parents had to be born in France and

their four grandparents had to be born in Europe. Each

subject gave written informed consent.

Identification of polymorphisms

Genomic DNA was prepared from leukocytes. Polymorph-

isms discovery was performed in a sample of 95 indivi-

duals. In addition, in order to increase the power of

detecting relatively rare variants that are associated with

cardiac hypertrophy, these individuals were selected from

among individuals in the Glasgow Heart Scan Study whose

age-adjusted LVM (estimated by regression analysis) was in

the upper decile of the sex-specific distribution.

DNA was amplified by polymerase chain reaction (PCR).

All the primers used were designed to generate overlapping

fragments of o300bp spanning each exon of the four

genes as well as their promoter and intronic sequences

flanking exons (Table 1). The detection of sequence

Table 1 Description of the explored genes

Length explored (bp)

OMIM gene
name

OMIM
accession
number

Chromosome
location

Number of
exons 50 region 50UTR Exons

Flanking
intronic
region 30UTR 30 region

Analyzed-SSCP
fragments

PPP3CA 114105 4p21–q24 14 324 148 1566 1735 543 0 16
PPP3CB 114106 10q21–q22 14 1091 117 1521 1919 214 0 17
GATA4 600576 8p23.1–p22 6 0 240 1324 949 199 0 16
NFATC4 602699 14q11–2 10 544 141 2703 1213 53 94 18

OMIM, online Mendelian Inheritance in Man (site available at: http://www3.ncbi.nlm.nih.gov/Omim/); PPP3CA, protein phosphatase 3, catalytic
subunit, alpha isoform; PPP3CB, protein phosphatase 3, catalytic subunit, beta isoform; GATA4, GATA-binding protein 4; NFATC4, nuclear factor of
activated T cells, cytoplasmic, 4; UTR, untranslated region of the exon.
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variants was performed using the single-strand conforma-

tion polymorphism (SSCP) analysis followed by direct

sequencing of PCR fragments from patients with variable

electrophoretic patterns.

Genotyping

For the �83 repeat in the PPP3CA gene, genotypes were

deduced after an 8% polyacrylamide denaturing gel

electrophoresis (PAGE) of a radiolabeled PCR fragment.

The polymorphisms T+74/in1C and T+75/in1G in the

PPP3CA gene and A�131/in4G in the GATA4 gene could

not be genotyped by our routine techniques because of

their close proximity to another variant. All other poly-

morphisms were genotyped in the LOVE Study using

radiolabeled allele-specific oligonucleotides (ASO). Primers,

ASO, nomenclature of the polymorphisms and assay

conditions are available on our web site (http://genecan-

vas.idf.inserm.fr).

Statistical analysis

The fit of genotype distributions to Hardy–Weinberg ex-

pectations was tested by a w2 test with one degree of freedom

(except for the repeat). Pairwise linkage disequilibrium

coefficients (LDs) were calculated as reported as the ratio

of the unstandardized coefficients to their minimal/max-

imal values (|D0|).8 A positive (negative) value indicates that

the most frequent allele on locus 1 is preferentially linked to

the most (least) frequent allele on locus 2. Haplotype

frequencies were estimated using Arlequin software.9

Associations between genotypes and LVM, WT and EF

were tested by ANOVA, adjusted for age and sex. Genotype/

phenotype associations were also tested assuming an

additive effect of alleles, by entering the genotypes as a

continuous variable (ie, common homozygotes¼0, hetero-

zygotes¼1, minor homozygotes¼2) in the model, and

also by comparing all carriers of the minor allele vs

common homozygotes. To evaluate the possible impact

of the combination of polymorphisms, all pairs of poly-

morphisms including their interaction term were tested in

relation to echocardiographic variables using a General

Linear Model. To evaluate further the potential role of the

NFATC4/G160A polymorphism, its genotype frequencies

were also compared between patients with DCM and

controls in the CARDIGENE Study. The significance level

used was Po0.05.

Results
Description of gene polymorphisms

The molecular screening of the four genes of the

cardiac calcineurin pathway, performed on genomic DNA

obtained from 95 independent individuals of European

descent, resulted in the identification of 27 polymorph-

isms. The main characteristics of the investigated

genes and sequenced fragments are summarized in

Table 1. Among the observed variants, six were located in

the PPP3CA gene, two in the PPP3CB gene, twelve in the

GATA4 gene, and seven in the NFATC4 gene (Table 2). All

polymorphisms except three (for technical reasons) were

genotyped in the LOVE Study. Complete description of

the polymorphisms, linkage disequilibrium coefficients

and haplotype frequencies for each gene can be found on

our web site (http://genecanvas.idf.inserm.fr). All observed

genotype distributions were compatible with Hardy–

Weinberg equilibrium. Two polymorphisms, PPP3CA/

A83A and GATA4/N352N, detected by the gene screens,

were not present in the LOVE Study, probably because they

were rare.

The three repeats allele of the trinucleotides repeat

polymorphism at position �83 in the 50UTR region of the

PPP3CA gene was in complete negative LD with PPP3CA/

G�193T and PPP3CA/L365L. The two polymorphisms

found in PPP3CB were in complete negative LD, resulting

in only three haplotypes. Among the 12 polymorphisms

found in the GATA4 gene, two resulted in an amino-acid

change (GATA4/S377G and GATA4/A411V, with minor

allele frequencies of 0.11 and o0.01, respectively). The

GATA4 gene polymorphisms were in strong LD, the values

of all pairwise LD coefficients but one being in the range

0.8–1. In the second exon of the NFATC4 gene, an

insertion/deletion polymorphism with minor allele fre-

quency of 0.03 predicted the presence/absence of three

amino acids (Gly–Gly–Ala) at position 103 of the encoded

protein (AA103del/ins) and another polymorphism pre-

dicted a Gly/Ala substitution at position 160 (G160A). The

NFATC4/G160A polymorphism was nearly completely

concordant with the NFATC4/T607T polymorphism

(o5% recombinant), and was in strong positive LD

(between 0.8 and 1) with all other NFATC4 gene poly-

morphisms.

Associations of gene polymorphisms with
echocardiographic parameters

In the LOVE Study, NFATC4/G160A was the only

polymorphism associated with indexes of cardiac hyper-

trophy. Lower mean LVM and WT were observed in

carriers of the NFATC4/A160 allele (Table 3). The

association was statistically significant (comparing GG vs

GA+AA, P¼0.02 and 0.006 for LVM and WT respectively),

and the test of homogeneity between men and women

was not statistically significant. Further adjustment on

BMI, smoking and high physical activity did not affect the

results. The mean EF was similar across NFATC4/G160A

genotypes in both sexes. Association between cardiac

echographic parameters and pairs of polymorphisms

were also tested, but revealed no significant synergistic

effect. To evaluate its possible clinical relevance, the

NFATC4/G160A polymorphism was investigated in

patients with DCM (336 men and 84 women) and

controls (345 men and 88 women) participating in the
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CARDIGENE Study (Table 4). Carriers of the GA or AA

genotypes were less frequent in DCM patients than in

controls (P¼0.04), and the test of homogeneity

between men and women was not statistically significant.

The gender ratio, the percentage of smokers, and the mean

age, BMI and daily alcohol consumption were similar in

the 3 NFATC4/G160A genotypes in patients with DCM and

controls. In the CARDIGENE Study, 224 patients with DCM

had received a heart transplantation and 196 had not. In

nontransplanted patients, the GG/GA/AA genotype fre-

quencies were 37.3, 45.9 and 16.8%, respectively, whereas

in the transplanted patients they were 31.2, 43.3 and

25.5%, respectively (P¼0.032 for the GG+GA vs AA

comparison). In both groups of DCM patients, hetero-

zygote individuals where less frequent than in control

subjects (51.7%); however in nontransplanted patients,

AA homozygotes were also less common (16.8%) than in

controls (20.6%), whereas the reverse was observed in

transplanted patients (25.5%).

Discussion
The objective of this study was to test the possible

implication of polymorphisms of genes encoding compo-

Table 2 Description of the polymorphisms

Gene Polymorphism Position Type of variation Minor allele frequency

PPP3CA G�193T 50 region G/t 0.02
�83rpta 50UTR CGG repeat

(from one copy
up to four repeats)

1=0.69/2=0.30/3=0.01/4=0.0025

T+74/in1C (74th nucleotide of intron 1) Intron 1 T/c Not genotyped
T+75/in1G (75th nucleotide of intron 1) Intron 1 T/g Not genotyped
A83A Exon 2 G/a Not found in the LOVE Study
L365L Exon 10 G/c 0.02

PPP3CB G+10/in7C (10th nucleotide of intron 7) Intron 7 G/c 0.03
G+81A 30UTR G/a 0.02

GATA4 T233T Exon 2 G/a o0.01
C274C Exon 3 C/t o0.01
A+56/in4C (56th nucleotide of intron 4) Intron 4 A/c 0.44
180/in4/ins/del (180th nucleotide before
exon 5)

Intron 4 7A 0.31

A-139/in4T (139th nucleotide before exon 5) Intron 4 A/t 0.17
A-131/in4G (131st nucleotide before exon 5) Intron 4 A/g Not genotyped
T-128/in4C (128th nucleotide before exon 5) Intron 4 T/c 0.41
C-115/in4T (115th nucleotide before exon 5) Intron 4 C/t 0.28
N352N Exon 5 C/t Not found in the LOVE Study
S377G Exon 5 A/g 0.11
G-108/in5A (108th nucleotide of intron 5) Intron 5 G/a 0.46
A411V Exon 6 C/t o0.01

NFATC4 �586del/ins 50 region 7GGA 0.23
AA103del/ins Exon 2 Insertion of three amino

acids: G–G–A
0.03

G160A Exon 2 C/g 0.42
D187D Exon 2 C/t 0.31
T607T Exon 6 C/t 0.41
G700G Exon 9 T/c 0.06
G+41T 30UTR G/t 0.22

aPosition is indicated from start of translation.

Table 3 Echocardiographic parameters (mean, SEM) ac-
cording to NFATC4/G160A polymorphism in the LOVE Study

Left
ventricule mass

Wall
thickness

Ejection
fraction

Genotype
Mean
(SEM)

Mean
(SEM)

Mean
(SEM)

GG, n=123 74.8 (1.1) 0.679 (0.013) 47.6 (0.7)
GA, n=179 71.6 (0.9) 0.641 (0.010) 47.0 (0.6)
AA, n=63 71.8 (1.6) 0.622 (0.018) 47.0 (0.9)

ANOVA (2 DF) P=0.068 P=0.016 P=0.82
Additive effect
(1 DF)

P=0.054 P=0.005 P=0.59

Test GG vs GA+AA
(1 DF)

P=0.020 P=0.006 P=0.52

Means were adjusted for age and sex.
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nents of the heart calcineurin pathway in cardiac hyper-

trophy. Investigating the polymorphism of several genes in

the same pathway in relation to candidate phenotypes, as

we already did for the Receptor of Advanced Glycation

products,10 is based on the premise that the genetics of the

whole system is more relevant to the phenotype than the

variability of each gene considered separately as a con-

sequence of the possible additive or interactive effects on

the phenotype of the polymorphisms of the different

genes. In this particular study however, despite the

investigation of a fairly large number of polymorphisms,

only one among the four nonsynonymous polymorph-

isms, NFATC4/G160A, was associated with the investigated

phenotype and combined analysis of the different poly-

morphisms did not suggest any synergistic effect of the

different variants on cardiac echocardiographic para-

meters. Overall, the results show that compared to

noncarriers, carriers of the NFATC4/A160 allele have lower

mean LVM and WT in the LOVE Study and are less

frequently observed in patients with DCM than in controls

in the CARDIGENE Study. This may suggest that the A160

allele protects against cardiac hypertrophy. The observa-

tion that the difference between DCM patients and

controls was principally because of a lower frequency of

heterozygotes in patients, while AA160 homozygotes were

as frequent in cases as in controls is intriguing. However,

the increased frequency of homozygosity for the putatively

protective allele in heart-transplanted patients when

compared to controls, whereas the reverse was observed

in nontransplanted patients may reflect a survival bias

favoring carriers of the AA160 genotype in transplanted

patients. This hypothesis might be tested in an appropriate

prospective setting. Our results are only suggestive of a

potential beneficial effect of the A160 allele; indeed, as a

large number of polymorphisms were detected, the

number of statistical tests performed was accordingly large;

in addition, the associations reported with the NFATC4/

G160A polymorphism while coherent, are rather weak and

should therefore be tested in other appropriately designed

studies of relevant groups of patients. A major limitation of

this study is related to the particular groups of individuals

in whom the genetic polymorphisms were investigated and

to the measured phenotypes. The Glasgow Heart Scan

Study and the LOVE Substudy were designed to provide an

epidemiological description of cardiac echocardiographic

parameters in the population at large,5 this may not be the

most appropriate setup for investigating genetic factors

that might contribute to cardiac hypertrophy. The poly-

morphisms of the cardiac calcineurin pathway, in parti-

cular those encoding protein polymorphisms or located in

regulatory regions of the genes should also be investigated

in patients with other types of heart disease than DCM and

in situations where they could be response modifiers of

cardiac phenotypes, for example, in patients with genetic

disorders of the myocardium, in patients with a recent

myocardial infarction or in response to physical training.

The sequence of the NFATC4 protein is highly conserved

between mouse and human. The G160A polymorphism is

located within a stretch of 74 aminoacids that are common

to both species. The YREAG[A|G]QGGGA sequence that

encompasses the G160A polymorphism is identical in

human and mouse, with a G at position 160 in the mouse.

Despite this identity, 10 out of the 11 triplets of nucleic

acids encoding this sequence differ between both species.

This is likely the consequence of a strong resistance of the

protein sequence to evolutionary change, while synon-

ymous changes of the gene sequence are well tolerated.

Concerning codon 160, it may be proposed that either

GGC or GGT are the ancestral form to both human and

mouse whereas the G/C mutation that generated the GCC

(Alanine) codon occurred in the human lineage. While the

evolutionary arguments above may suggest that the region

of the NFATC4 gene encompassing the G160A polymorph-

ism is functionally important, the context in which this

functionality is manifest and the specific consequences of

the polymorphism are unknown. Members of the NFAT

protein family are ubiquitous regulators of cell differentia-

tion and adaptation,11 they possess several domains

responsible for binding with calcineurin, DNA binding,

interaction with transcription factors such as AP-1, GATA

or PPARg, translocation in and out of the nucleus, or for the

action of phosphatases;12 it appears that the G160A

polymorphism is not located within one of these func-

tional domains. The other polymorphisms reported in

Table 2 were also examined in terms of their putative

functionality based on in silico analysis. The nonsynon-

Table 4 Frequency (%) of NFATC4/G160A genotypes in cases with dilated cardiomyopathy and controls of the CARDIGENE
Study

Genotype frequency
GG GA AA

N (%) N (%) N (%) Allele A frequency

DCM cases n=420 143 (34.1) 187 (44.5) 90 (21.4) 0.44
Controls n=433 120 (27.7) 224 (51.7) 89 (20.6) 0.46

Odds ratio (95% CI) for dilated cardiomyopathy, adjusted for age and sex, associated with allele A carrying (GA+AA): 0.74 [0.55–0.99] P=0.040.
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ymous substitutions in the GATA4 gene S377G and A411V

are rather conservative changes based on the Blossom 62

substitution matrix;13 the G-193T polymorphism in the

promoter region of the PPP3CA gene is not located in a

known consensus sequence and there is no a priori

evidence that the different intronic polymorphisms found

in the PPP3CA, PPP3CB and GATA4 genes may affect

splicing.

In conclusion, we have screened four genes encoding the

major components of the the calcineurin pathway in the

heart and identified 27 polymorphisms. One of them,

G160A located in the NFATC4 gene is associated with

echocardiographic parameters of cardiac hypertrophy and

with DCM. This observation raises the hypothesis that this

polymorphism may play a role in the development of

human cardiac hypertrophy.
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N Chedru); CHU Pitié-Salpêtrière, Paris (R Dorent, M
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