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Summary
Objective: Cystatin C, a protein coded by CST3 gene, is 
implicated in adipose tissue biology. Our hypothesis is 
that common variants in CST3 gene could play a role in 
the development of corpulence during lifetime. Meth-

ods: Two tag SNPs were selected to capture all SNPs in 
the CST3 region. We first investigated the association 
of the two tag SNPs individually and combined into 
 haplotypes with corpulence related phenotypes in 4,288 
French subjects (BMI = 24.31  3.74 kg/m2). Significant 
findings were replicated in five independent populations 
– 790 Danish lean men (BMI = 24.63  2.30 kg/m2), 672 
Danish obese men (BMI = 33.23  2.34 kg/m2), 763 Swed-
ish women (BMI = 21.73  2.87 kg/m2), 1,848 Danish lean 
women (BMI = 22.66  2.85 kg/m2) and 2,061 Danish 
obese women (BMI = 37.01  3.59 kg/m2). Results: 
Rs2424577 was associated with BMI in three independ-
ent populations – G/G carriers were less corpulent than 
A/A carriers in the French individuals (p = 0.045) and in 
the Danish lean men (p = 0.021), and they were more 
corpulent in the group of Swedish women (p = 0.004). 
This phenomenon has been described as a flip-flop phe-

nomenon, probably caused by a multi-locus effect. Con-

clusion: CST3 rs2424577 is associated with BMI in a 
complex fashion. This association is probably caused by 
the interaction between several functional variants.

Introduction

Obesity is due to a large number of causes that can be sum-
marized as an interaction between a ‘deleterious’ environ-
ment and a predisposing genetic background. Depending on 
individuals, genetic background and environmental factors 
are forces driving energy imbalance, and participate in energy 
storage in adipose tissue. There is a wide spectrum ranging 
from genetically determined obesity to environmentally de-
termined obesity with most individuals containing a complex 
mix of these factors (i.e. many individual effects of genes, en-
vironmental influences and the complex interaction between 
these). While epidemiological approaches, including twin 
studies, showed that genetic factors could cause 57–86% of 
BMI variations [1], there have been more than 400 genes ref-
erenced in the ‘NCBI gene’ database (www.ncbi.nlm.nih.gov/
sites/entrez) as being associated with obesity, but each of these 
genes individually has a small effect on BMI variance. This is 
very well illustrated by the results of genome wide associa-
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tions on large populations which have investigated the impli-
cation of several hundreds of thousands SNPs in BMI vari-
ance [2–5]. New variants influencing BMI were discovered, 
nevertheless, these variants even if combined only explain a 
very small part of the observed BMI variations. Therefore, it 
seems that most of the causal variants are still to be discov-
ered. It is most likely that most of the variance of BMI attrib-
utable to genetic factors is due to a large number of variants, 
each of which has a very small effect [6–8]. Nevertheless most 
of these studies have been limited to data that was gathered at 
only a single time point and therefore only few studies have 
investigated the potential contribution of genetic factors to 
the development of corpulence during lifetime [9–11]. Under-
standing the mechanisms that underlie development of adi-
pose tissue would certainly provide help to identify novel 
genes involved in BMI and fat mass variations during life. 
Using a large scale transcriptomic approach in human adipose 
tissue, we identified Cathepsin S as a novel biomarker of adi-
posity [12] with a correlation between Cathepsin S gene 
(CTSS) expression in adipose tissue and BMI in obese sub-
jects. Cathepsin K or L knockout mice are protected against 
diet induced obesity, which highlights the potential role of 
Cathepsin S and K in obesity [13]. Cathepsins’ enzymatic ac-
tivity is regulated by endogenous inhibitors, the most power-
ful being cystatin C, which is coded by the CST3 gene [14]. 
Emerging results from mice and cellular models suggest that 
cathepsin family members and cystatin C are involved in adi-
pose tissue physiology, obesity and related complications. 
Several epidemiological studies have reported associations 
between obesity or increased adiposity and cystatin C circu-
lating levels. Positive associations of serum cystatin C with 
BMI were found in an elderly population [15] and in the gen-
eral population [16] and with body weight in a large popula-
tion of European origin [17]. In apparently healthy subjects, 
higher waist circumference, an index of visceral adiposity, and 
increased % body fat were also associated with higher serum 
cystatin C [18, 19]. Recently, a graded association between 
higher BMI and elevated serum cystatin C was reported in 
American adults [20]. In addition, cystatin C appears to be a 
biomarker associated with vascular diseases known to be 
strongly associated with obesity [21]. Our team confirmed the 
associations between circulating cystatin C and corpulence in 
two populations of severely and moderately obese persons. 
Importantly, we showed that adipose tissue contributes to this 

significant elevation. Obese patients had both higher expres-
sion rates in adipose tissue and higher circulating levels of 
cystatin C compared to lean subjects [22]. In addition we ob-
served that cystatin C is expressed and released by human 
preadipocytes differentiated in vitro [23]. Based on these find-
ings, our main aim was to evaluate if CST3 (the gene that 
codes for cystatin C) is one of the numerous genetic factors 
that causes BMI variation in individuals. In this study, we thus 
searched for association between common variants (SNPs) 
 located in the CST3 gene and BMI development during time 
in several populations from different European countries.

Participants and Methods

Study Design
We carried out a two stage study, the first stage was a discovery stage and 
the second one was a replication stage – only associations that were nomi-
nally significant in the discovery stage were thus tested in the replication 
stage. 

In the first stage we investigated the association of two selected CST3 
tag SNPs individually and then combined into haplotypes with corpulence 
related phenotypes – BMI, waist circumference, hip circumference and 
waist to hip ratio in a group of 4,288 French individuals from the SUVI-
MAX study. In the second stage, we only tested the association of the 
variants that were found to be associated with corpulence related pheno-
types at a 0.05 significance threshold in the first stage. These variants 
were tested in five independent populations of European ancestry – 763 
Swedish women from the Stockholm Pregnancy And Women’s Nutrition 
study (SPAWN), a group of 790 Danish lean men, a group of 672 Danish 
obese men and two groups of Danish women from the Danish National 
Birth Cohort (DNBC) (1,848 lean and 2,061 obese women). In the Dan-
ish men and the Swedish women from the SPAWN cohort, BMI, waist 
circumference, hip circumference and waist to hip ratio were available. In 
the two groups of Danish women from the DNBC cohort, only BMI and 
waist circumference were available.

Populations
We selected these populations because BMI measures were available at 
several time points for each of them. BMI at each exam was calculated as 
weight (kg) divided by height (m) squared. The discovery population was 
a group of 4,288 French individuals from the SUVIMAX study [24, 25], a 
group representative of the French general population in many aspects. 
Only 4.4% of investigated participants were obese at inclusion in 1994–
1995. Height of all participants was measured at inclusion. This study 
lasted 13 years. Participants were invited to a follow-up exam at year 2, 4, 
6 and 13 of the study. At each exam, participants were weighed. Their 
waist and hip circumference were measured at each exam with an inelas-
tic tape measure using standardized methods. This population is de-
scribed in table 1.

Table 1. Evolution of corpulence related phenotypes of French individuals (SUVIMAX, N = 4,300)

Exam ID Exam type Exam description Age, years BMI, kg/m2 Waist circumference,  
cm

Hip circumference,  
cm

Waist to hip ratio

1 follow-up  2 years 51.58  6.24 24.31  3.74 82.29  12.13 98.84  7.27 0.83  0.089
2  4 years 53.58  6.24 24.55  3.80 81.79  12.26 98.49  8.02 0.83  0.094
3  6 years 55.58  6.24 24.92  3.99 83.88  12.56 98.17  8.55 0.85  0.091
4 13 years 62.10  6.18 25.47  4.16 87.33  12.50 98.83  8.53 0.88  0.091
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Table 2. Evolution of corpulence related phenotypes in replication populations

Exam ID Exam type Exam description Age, years BMI, kg/m2 Waist  
circumference,  
cm

Hip  
circumference,  
cm

Waist to hip  
ratio

Danish men (lean) n = 790
 1 school health record birth  0 – – – –
 2  6 years  6 15.36  1.05 – – –
 3  7 years  7 15.62  1.10 – – –
 4  8 years  8 16.06  1.18 – – –
 5  9 years  9 16.47  1.47 – – –
 6 10 years 10 16.91  1.65 – – –
 7 11 years 11 17.32  1.85 – – –
 8 12 years 12 17.86  2.02 – – –
 9 13 years 13 18.45  2.15 – – –
10 14 years 14 19.09  1.90 – – –
11 follow-up 1943–1977 19.98  1.89 24.63  2.30 – – –
12 1981–1983 37.16  8.51 24.65  3.08 – – –
13 1992–1994 47.79  8.55 26.13  3.60 93.49  10.53 100.26  7.30 0.93  0.07
14 1998–2000 49.75  6.13 26.18  3.81 93.94  10.83  98.08  6.94 0.95  0.06

Danish men (obese) n = 672
 1 school health record birth  0 – – – –
 2  6 years  6 17.76  1.97 – – –
 3  7 years  7 18.54  2.39 – – –
 4  8 years  8 19.69  2.51 – – –
 5  9 years  9 20.63  2.65 – – –
 6 10 years 10 21.59  2.79 – – –
 7 11 years 11 22.68  2.93 – – –
 8 12 years 12 24.02  3.08 – – –
 9 13 years 13 25.09  3.12
10 14 years 14 26.25  3.27 – – –
11 follow-up 1943–1977 19.84  1.81 33.23  2.34    
12 1981–1983 32.52  6.2 33.60  5.06
13 1992–1994 43.00  6.23 35.61  5.64 116.89  14.08 114.75  11.18 1.02  0.09
14 1998–2000 47.46  5.21 36.01  5.88 118.12  14.34 114.14  11.67 1.03  0.07

Swedish women (SPAWN) n = 750
1 before pregnancy 1984 29.16  4.54 21.73  2.87 – – –
2 follow-up 1 year later 30.16  4.54 22.41  3.28 – – –
3 2000–2001 46.12  4.62 24.64  4.10 – – –
4 2001–2002 45.96  5.20 24.30  4.14 81.96  10.94 99.53  9.17 0.82  0.07

Danish women (DNBC lean) n = 1,848
1 before pregnancy before pregnancy 29.64  4.21 22.66  2.85 – – –
2 during pregnancy 12th gestational week 29.87  4.17 23.68  2.71 – – –
3 30th gestational week 30.24  4.22 25.35  2.49 – – –
4 after pregnancy 6 months after birth 31.02  4.13 23.30  3.02 – – –
5 18 months after birth 32.16  4.20 23.05  3.09 79.14  8.70 – –
6 7 years after birth 36.72  4.12 23.44  2.90 82.42  8354 – –

Danish women (DNBC obese) n = 2,061
1 before pregnancy before pregnancy 29.31  4.24 37.01  3.59 – – –
2 during pregnancy 12th gestational week 29.55  4.25 36.89  3.69 – – –
3 30th gestational week 29.91  4.23 37.83  4.14 – – –
4 after pregnancy 6 months after birth 30.72  4.24 36.07  3.83 – – –
5 18 months after birth 31.81  4.14 35.85  3.91 104.88  12.70 – –
6 7 years after birth 36.53  4.16 36.95  4.79 110.04  12.65 – –
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longitudinal study addressing the impact of intrauterine exposures on the 
health of the offspring. Data was available at 6 time points – before preg-
nancy, at the 16th gestational week, at the 30th gestational week as well as 
6 months, 18 months and 7 years after birth. Participants provided their 
height and weight during telephone interviews except for the 7-year fol-
low-up, which was a web-based questionnaire. They also provided their 
waist circumference at the 2 last exams (18 months and 7 years after birth).

Phenotypes of Interest
Four phenotypes were studied in the French SUVIMAX group – BMI, 
waist circumference, hip circumference and waist to hip ratio. In the 
groups of Danish lean and obese men and in the group of Swedish women 
from the SPAWN cohort, BMI was available at each follow-up time 
point. Waist circumference, hip circumference and waist to hip ratio were 
also available in these populations but not at each time point. BMI was 
also available in the two groups of Danish women from the DNBC cohort 
at each time point. Waist circumference was also available in these two 
groups but not at each time point.

The first and second replication populations were 2 samples of Danish 
men – 790 lean and 672 obese subjects. Both of these groups were part of 
a study carried out in Denmark; participants were recruited between 1943 
and 1977, they underwent 3 follow-up exams – one in 1981–1983, one in 
1992–1994, and one in 1998–2000. At each exam, they were weighed and 
measured [10]. Data concerning their height and weight during childhood 
were also available (from 6 to 14 years old, measured once a year). These 
populations are described in table 2.

The third replication population included 763 Swedish women (1.8% 
of whom were obese at inclusion) from the SPAWN cohort [26] described 
in table 2. These women were part of a longitudinal study describing the 
development of corpulence after pregnancy; they underwent four exams 
– before pregnancy (1984), at least 1 year after pregnancy, in 2000–2001 
and in 2001–2002. Height and weight were measured at inclusion and 
 participants were weighed again at each exam.

The two last replication populations were two samples of Danish preg-
nant women from the DNBC [27] – a group of 1,848 lean women and a 
group of 2,061 obese women (table 2). These women were involved in a 

Table 3. Description of CST3 variability in study populations.

 French individuals  
(SUVIMAX)

Danish men  
(lean)

Danish men  
(obese)

Swedish women  
(SPAWN)

Danish women  
(DNBC lean)

Danish women  
(DNBC obese)

rs2424577
A

frequency 0.61 0.61 0.61 0.62 0.59 0.60
G

frequency 0.39 0.39 0.39 0.38 0.41 0.40
A/A

frequency 0.38 0.36 0.35 0.38 0.35 0.36
n 1,600 289 236 288 641 744

A/G
frequency 0.46 0.49 0.51 0.49 0.49 0.48
n 1,916 379 345 372 899 983

G/G
frequency 0.16 0.15 0.14 0.13 0.17 0.16
n 653 122 91 101 308 334

rs3827143
A

frequency 0.80 – – – – –
G

frequency 0.20 – – – – –
A/A

frequency 0.62 – – – – –
n 2,588 – – – – –

A/G
frequency 0.34 – – – – –
n 1,438 – – – – –

G/G
frequency 0.04 – – – – –
n 147 – – – – –

LD
r2 0.41 – – – – –

Haplotype
Estimated frequencies

AA 0.6117 – – – – –
AG 0.0007 – – – – –
GA 0.1806 – – – – –
GG 0.2069 – – – – –
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CST3 variant BMI, kg/m2 Waist  
circumference, cm

Hip  
circumference, cm

Waist to hip ratio

rs2424577
A/A vs. A/G

p 0.535 0.484 0.324 0.853
estimate –0.096 –0.225 –0.262 0.000
95% CI lower –0.347 –0.968 –0.767 –0.004
95% CI upper 0.155 0.518 0.243 0.003

A/A vs. G/G
p 0.045 0.009 0.099 0.009
estimate 0.359 1.139 0.609 0.007
95% CI lower 0.015 0.257 –0.086 0.002
95% CI upper 0.703 2.021 1.303 0.012

A/G vs. G/G
p 0.111 0.032 0.339 0.011
estimate 0.263 0.912 0.347 0.006
95% CI lower –0.073 0.051 –0.331 0.001
95% CI upper 0.599 1.772 1.024 0.011

A/A and A/G vs. G/G (dominant)
p 0.055 0.011 0.170 0.005
estimate 0.307 1.015 0.466 0.006
95% CI lower –0.009 0.205 –0.172 0.002
95% CI upper 0.623 1.825 1.103 0.011

A/A vs. A/G and G/G (recessive)
p 0.217 0.13 0.164 0.266
estimate 0.163 0.458 0.350 0.002
95% CI lower –0.073 –0.146 –0.126 –0.002
95% CI upper 0.399 1.062 0.825 0.005

rs3827143
A/A vs. A/G

p 0.780 0.955 0.959 0.981
estimate 0.035 –0.057 –0.016 0.000
95% CI lower –0.210 –0.685 –0.510 –0.004
95% CI upper 0.280 0.570 0.477 0.003

A/A vs. G/G
p 0.574 0.378 0.973 0.099
estimate –0.180 –0.766 –0.015 –0.008
95% CI lower –0.807 –2.376 –1.281 –0.017
95% CI upper 0.447 0.843 1.251 0.001

A/G vs. G/G
p 0.511 0.400 0.958 0.108
estimate 0.215 0.709 –0.001 0.008
95% CI lower –0.426 –0.936 –1.295 –0.002
95% CI upper 0.856 2.354 1.292 0.017

Haplotypes
AA

p 0.552 0.859 0.681 0.857
estimate –0.231 0.175 0.329 –0.001
95% CI lower –0.993 –1.755 –1.239 –0.012
95% CI upper 0.530 2.105 1.897 0.010

AG
p   –   –   –   –
estimate   –   –   –   –
95% CI lower   –   –   –   –
95% CI upper   –   –   –   –

Table 4. Genotype 
phenotype and haplo-
type phenotype 
 association results in 
the discovery stage 
(significant results 
are shown in italics)

Table 4 continued on next page
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CST3 variant BMI, kg/m2 Waist  
circumference, cm

Hip  
circumference, cm

Waist to hip ratio

GA
p 0.260 0.351 0.208 0.741
estimate –0.151 –0.321 –0.342 –0.001
95% CI lower –0.414 –0.995 –0.875 –0.005
95% CI upper 0.112 0.354 0.190 0.003

GG
p 0.192 0.393 0.271 0.697
estimate 0.172 0.288 0.294 0.001
95% CI lower –0.086 –0.373 –0.229 –0.003
95% CI upper 0.431 0.950 0.817 0.004

Table 5. Genotype phenotype association results in the replication stage (significant results are shown in italics)

Population and phenotype CST3 rs2424577

A/A vs. A/G A/A vs. G/G A/G vs. G/G A/A and A/G  
vs. G/G (dominant)

A/A vs. A/G and G/G  
(recessive)

Danish men (lean) BMI
 p 0.010 0.022 0.670 0.181 0.004
 estimate –0.510 –0.621 0.111 –0.332 –0.537
 95% CI lower –0.895 –1.153 –0.402 –0.819 –0.901
 95% CI upper –0.125 –0.089 0.624 0.155 –0.173

Danish men (lean) waist circumference
 p 0.027 0.040 0.634 0.211 0.012
 estimate –1.784 –2.298 0.515 –1.283 –1.907
 95% CI lower –0.206 –0.100 2.633 0.729 –0.413
 95% CI upper –3.361 –4.497 –1.604 –3.294 –3.400

Danish men (lean) waist to hip ratio
 p 0.025 0.027 0.535 0.158 0.010
 estimate –0.011 –0.015 0.004 –0.009 –0.012
 95% CI lower –0.001 –0.002 0.017 0.003 –0.003
 95% CI upper –0.021 –0.028 –0.009 –0.021 –0.021

Danish men (obese) BMI
 p 0.355 0.655 0.260 0.370 0.534
 estimate 0.263 –0.186 0.449 –0.341 0.169
 95% CI lower 0.822 0.631 1.231 0.406 0.703
 95% CI upper –0.295 –1.003 –0.333 –1.089 –0.365

Danish men (obese) waist circumference
 p 0.635 0.605 0.377 0.435 0.820
 estimate 0.561 –0.895 1.456 –1.230 0.258
 95% CI lower 2.886 2.497 4.691 1.864 2.482
 95% CI upper –1.763 –4.286 –1.779 –4.323 –1.966

Danish men (obese) waist/hip ratio
 p 0.946 0.461 0.411 0.401 0.860
 estimate 0.000 –0.007 0.007 –0.007 –0.001
 95% CI lower 0.013 0.012 0.025 0.010 0.011
 95% CI upper –0.012 –0.026 –0.010 –0.024 –0.013

Swedish women BMI
 p 0.297 0.019 0.090 0.027 0.165
 estimate 0.143 0.846 –0.704 0.766 0.293
 95% CI lower –0.350 0.119 –1.409 0.094 –0.178
 95% CI upper 0.636 1.574 0.002 1.437 0.763

Table 4. Continued

Table 5 continued on next page
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Population and phenotype CST3 rs2424577

A/A vs. A/G A/A vs. G/G A/G vs. G/G A/A and A/G  
vs. G/G (dominant)

A/A vs. A/G and G/G  
(recessive)

Swedish women waist circumference
 p 0.514 0.131 0.046 0.058 0.945
 estimate –0.623 2.186 –2.808 2.540 –0.063
 95% CI lower –2.495 –0.654 –5.562 –0.091 –1.857
 95% CI upper 1.250 5.025 –0.055 5.171 1.732

Swedish women waist to hip ratio
 p 0.164 0.363 0.993 0.676 0.146
 estimate –0.008 –0.008 0.000 –0.003 –0.008
 95% CI lower –0.020 –0.025 –0.024 –0.020 –0.019
 95% CI upper 0.003 0.009 –0.017 0.013 0.003

Danish women (DNBC lean) BMI 
 p 0.425 0.989 0.537 0.711 0.532
 estimate 0.117 0.003 0.114 –0.064 0.086
 95% CI lower –0.171 –0.376 –0.248 –0.405 –0.184
 95% CI upper 0.404 0.382 0.476 0.276 0.357

Danish women (DNBC lean) waist circumference
 p 0.957 0.900 0.863 0.870 0.995
 estimate –0.032 0.097 –0.129 0.115 0.003
 95% CI lower –1.190 –1.425 –1.595 –1.260 –1.083
 95% CI upper 1.126 1.619 1.337 1.490 1.089

Danish women (DNBC obese) BMI
 p 0.666 0.413 0.236 0.270 0.961
 estimate 0.078 –0.202 0.280 –0.247 0.008
 95% CI lower –0.277 –0.686 –0.184 –0.686 –0.328
 95% CI upper 0.434 0.282 0.744 0.192 0.345

Danish women (DNBC obese) waist circumference
 p 0.994 0.140 0.025 0.040 0.908
 estimate 0.893 –1.914 2.807 –2.411 0.107
 95% CI lower –1.058 –4.455 0.353 –4.708 –1.723
 95% CI upper 2.845 0.628 5.262 –0.114 1.937

Table 5. Continued

[29]. Associations between haplotypes and phenotypes were tested with 
HAPSTAT 3.0 [30].

Statistical Analysis
All statistical analysis was performed with R 2.10.1 [31]. Hardy-Weinberg 
(HW) equilibrium was tested for each SNP in each population by chi-
square test. This test provided exact p values (without Yates’ correction 
for continuity). Deviation from HW equilibrium was considered as sig-
nificant for p < 0.025 in the discovery sample and for p < 0.05 in the repli-
cation samples.

Normality of the distribution of each phenotype was tested by Cramer 
von Misses test. Phenotypes were transformed either logarithmically or 
by box cox method, using R car package [32], in order to obtain a normal 
distribution.

Associations between phenotypes and genotypes were tested by linear 
mixed models assuming an additive model using R nlme package [33] as 
recommended in the case of longitudinal observational studies [34].

The model that was used for the linear mixed models procedure was phe-
notype = genotype + exam ID indicator + age + population specific covari-
ates, random effects = Individual ID; this model only contains main effects.

SNP Selection
Tag SNPs were selected using data from 60 unrelated individuals from the 
CEU HapMap population (HapMap Data Rel 27 Phase II + III, February 
2009 on NCBI B36 assembly, dbSNP B126) using the tagger pairwise 
method in order to capture all SNPs in the CST3 gene sequence and 
nearby flanking sequences (chromosome 20; 20p11.2; position 23559434 
to 23569433) that are referenced in HapMap and that have a minor allele 
frequency equal or above 5%. We required the minimum estimated r2 be-
tween the tagged and tag SNPs sets to be > 0.90, implying only a slight 
loss of power in typing only tags.

Genotyping
Genotypes were determined for all individuals either by Taqman semi 
quantitative PCR assays (Applied Biosystem) according to the manufac-
turer’s instructions, by SNPlex™at INTEGRAGEN facility (Evry, 
France) or using the Illumina 610-QUAD chip.

LD Measure and Haplotype Reconstruction
The amount of linkage disequilibrium (LD) between tag SNPs was meas-
ured by computing the r2 correlation coefficient [28] with FAMHAP 18 
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Results

Two tag SNPs were selected in order to capture all SNPs 
 referenced in HapMap that are located in CST3 gene and 
nearby flanking sequences – rs2424577 (HapMap reference 
allele: G) and rs3827143 (HapMap reference allele: A). SNP 
rs2424577 captured no other SNP, whereas rs3827143 cap-
tured five other SNPs – rs3787499, rs3827142, rs3787498, 
rs35610040 and rs3827141 – all with r2 = 1. Tag SNP frequen-
cies, haplotype frequencies, and LD between both tag SNPs 
(r2) are described in table 3. All genotyped SNPs were found 
to be in HW equilibrium except for rs3827143 which deviated 
moderately from HW equilibrium in the discovery sample. 
Association tests carried out in each population are summa-
rized in tables 4 and 5.

All models were adjusted for age. Models were also adjusted for gen-
der in the French SUVIMAX group, for number of children in the Swed-
ish women group (SPAWN cohort) and for number of pregnancies and 
number of children in the two groups of Danish women from the DNBC 
cohort. 

When phenotype data was only available at one time point (waist 
 circumference, waist to hip ratio in the group of Swedish women) asso-
ciations between phenotypes and genotypes were tested by linear regres-
sion with the following model: phenotype = genotype + age + number of 
children.

P values < 0.05 were considered significant since we carried out a dis-
covery analysis followed by a replication stage. The significant findings 
were then tested assuming a dominant and recessive model in the discov-
ery population and tested in the five independent replication groups. Im-
portantly, a meta-analysis was performed on the estimates from the 
mixed models carried out in each study using standard procedures for 
meta-analysis using R rmeta package [35].

Fig. 1. Evolution of BMI according to CST3 
rs2424577 genotypes.
Evolution (means  SE) of BMI according to 
rs2424577 genotype (A/A: red circle, A/G: blue 
triangle and G/G: green diamond) during study 
period in a French individuals from the SUVI-
MAX group (2 to 13 years follow-up), b the 
group of Danish lean men, and c Swedish 
women from the SPAWN group (1984–2000) 
(exams are described in table 1 and 2).  
G/G and A/G carriers had a lower BMI than 
A/A carriers at each exam in the group of 
French individuals and in the group of Danish 
lean men. On the contrary, G/G carriers had a 
higher BMI at each exam than A/G and A/A 
carriers in the group of Swedish women.  
*Significant p values.
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A/A and A/G carriers. When carrying out the analysis under 
a dominant model (A/A and A/G vs. G/G), the association 
with BMI was of borderline significance and the associations 
with waist circumference and waist to hip ratio remained sig-
nificant (table 4). No association was found when carrying 
out the analysis in a recessive manner (A/A vs. A/G and 
G/G). BMI accounts for general corpulence, whereas waist 
circumference, hip circumference and waist to hip ratio ac-
count for abdominal adiposity which is a risk factor for obe-
sity associated co-morbidities. In order to investigate the spe-
cific influence of rs2424577 on adiposity while taking global 
corpulence into account we tested for association between 
rs2424577 and waist circumference as well as hip circumfer-

Discovery Sample (French SUVIMAX Population)

All tests carried out in this population were adjusted for age 
and gender; all results are for genotype main effects.

Association between CST3 rs2424577 and Corpulence Related 
Phenotypes
We found significant association between rs2424577 and BMI 
as well as waist circumference and waist to hip ratio in the 
SUVIMAX population. At each time point of the study, G/G 
carriers had significantly lower BMI (fig. 1a, table 4) than 
A/A carriers. G/G carriers also had lower waist circumfer-
ence (fig. 2a, table 4) and waist to hip ratio (table 4) than 

Fig. 2. Evolution of 
waist circumference 
according to CST3 
rs2424577 genotypes.
Waist circumference 
(means  SE) accord-
ing to rs2424577 
 genotype (A/A: red, 
A/G: blue and G/G: 
green) in a the group 
of French individuals 
(SUVIMAX) during 
study period (2–13 
years follow-up),  
b the group of 
 Danish obese women 
(DNBC obese), 18 
months and 7 years 
after birth, c the 
group of Danish lean 
men in 1992–1994 
and in 1998–2000, 
and in D) the group 
of Swedish women 
(SPAWN) in 2001–
2002 (all exams are 
described in table 1 
and 2). G/G carriers 
have a lower waist 
circumference than 
A/G and A/A carri-
ers in the group of 
French individuals, 
the group of Danish 
obese women and the 
group of Danish lean 
men. However, G/G 
carriers have higher 
waist circumference 
than A/A and A/G 
carriers in the group 
of Swedish women. 
*Significant p values.
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ence (table 5, fig. 2c) and waist to hip ratio (table 5) than A/A 
carriers. A/G carriers also had lower waist circumference 
(table 5, fig. 2c) and waist to hip ratio (table 5) than A/A car-
riers. When carrying out the analysis under a dominant model 
(A/A and A/G vs. G/G), the associations with waist circum-
ference and waist to hip ratio were no longer significant, but 
when the analysis was carried out under a recessive model 
(A/A vs. A/G and G/G), the association with waist circumfer-
ence and waist to hip ratio were significant (table 5). In con-
trast to lean men, we found no association between rs2424577 
and BMI, waist circumference and waist to hip ratio in the 
group of Danish obese men (table 5).

Swedish Women (SPAWN)
In the third replication group (763 women from the SPAWN 
cohort), CST3 rs2424577 was significantly associated with 
BMI (table 5, fig. 1c) and with waist circumference (table 5, 
fig. 2d). Surprisingly, G/G carriers were more corpulent than 
A/A carriers (table 5, fig. 1c and 2d). When carrying out the 
analysis under a dominant model (A/A and A/G vs. G/G), 
only the association with BMI remained significant (table 5), 
but when the analysis was carried out under a recessive model 
(A/A vs. A/G and G/G), these associations were no longer 
significant.

Danish Women (DNBC)
In the two last replication cohorts, associations between 
rs2424577 and BMI as well as waist circumference were inves-
tigated. No significant result was found in the 1,848 lean 
women from the DNBC cohort (table 5). However, in the 
2,091 obese women from the DNBC cohort, waist circumfer-
ence was significantly associated with rs2424577 – as found in 
other groups, G/G carriers had a lower waist circumference 
than A/G carriers (table 5, fig. 2b). When carrying out the 
analysis under a dominant model (A/A and A/G vs. G/G), the 
association with waist circumference remained significant 
(table 5, fig. 2b). 

Gene  Gender  Age Interactions

Since our results were heterogeneous, we decided to perform 
additional investigations. First we searched for a gender spe-
cific action of CST3 rs2424577 on BMI that could explain the 
different findings. We investigated the role of CST3 rs2424577 
on BMI separately in men and women in our discovery sam-
ple (French SUVIMAX group). In men, G/G carriers had a 
lower BMI than A/A and A/G carriers (data not shown), but 
this difference did not reach statistical significance. In women, 
we found that G/G carriers had a significantly lower BMI than 
A/A and A/G carriers (p = 0.045 under a dominant model – 
A/A and A/G vs. G/G; data not shown). 

Second, we searched for gene  gender, gene  age and 
gene  age  gender interactions in the French cohort, fo-

ence and waist to hip ratio, and we included BMI as a cofac-
tor in each model; no significant association was found; how-
ever, the association between rs2424577 and waist to hip ratio 
when including BMI as cofactor in the model was of border-
line significance (p = 0.0534, data not shown) when carrying 
out the analysis in a dominant manner (G/G vs. AG and 
A/A). This probably suggests that the associations found with 
markers of body fat distribution strongly depend on global 
corpulence (i.e. BMI) in this population. Although G/G car-
riers already had a lower BMI at baseline, this difference did 
not reach statistical significance. Nevertheless it appeared 
that the association between rs2424577 and corpulence was 
stable during lifetime.

Association between CST3 rs3827143 and Corpulence Related 
Phenotypes
No significant associations between CST3 rs3827143 and any 
of the investigated phenotypes were found in this population.

Association between CST3 Haplotypes and Corpulence 
Related Phenotypes
Moderate LD was found between the two tag SNPs (table 2). 
Because of their ability to capture LD more informatively, 
testing associations with haplotypes may be more powerful 
than those with individual SNPs. We hence reconstructed 
CST3 haplotypes in order to investigate their role in the phe-
notypes of interest. In order to look for specific haplotype 
 effects beyond the already identified SNP effects, we added 
this variant as an extra cofactor in the haplotype analysis. No 
association was found. Thus only CST3 rs2424577 was investi-
gated in our five replication samples.

Replication Samples

We investigated the association between rs2424577 and three 
corpulence related phenotypes – BMI, waist circumference 
and waist to hip ratio (when available) – in the five replication 
populations. 

Danish Men
Analysis in the group of Danish lean men revealed an associa-
tion between rs2424577 and BMI (fig. 1b) in the same way as 
in the SUVIMAX group – G/G carriers were less corpulent 
than A/A carriers (table 5). In addition, we also found that 
A/G carriers were significantly less corpulent than A/A carri-
ers (table 5). In this group, when carrying out the analysis 
under a dominant model (A/A and A/G vs. G/G), the associa-
tion with BMI was no longer significant, but when the analysis 
was carried out under a recessive model (A/A vs. A/G and 
G/G), the association with BMI was significant (table 5). We 
also found an association between rs2424577 and both waist 
circumference and waist to hip ratio in the same way as in the 
SUVIMAX group. G/G carriers had lower waist circumfer-
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difference in BMI between A/A and G/G carriers and be-
tween A/G and G/G carriers (p = 0.0261 and p = 0.0088, re-
spectively). Age influenced the difference in waist circumfer-
ence between A/A and A/G carriers (p = 0.032) in the group 
of Danish lean women and the difference in waist circumfer-
ence between A/A and A/G carriers (p = 0.007) and between 
A/A and G/G carriers (p = 0.03) in the group of Danish 
obese women.

Meta-Analysis of the Association of rs2424577 and BMI

To substantiate our results, we carried out a meta-analysis on 
the difference in BMI between A/A and G/G carriers for 
rs2424577 in our six cohorts (fig. 3). The association between 
BMI (at each available time point in each population of our 
study) and rs2424577 remains significant, and the G/G geno-
type is associated with a lower BMI (meta p value = 0.0312, 
meta estimate = –0.18, 95% CI = –0.37 to 0.02).

Discussion

In our study we have identified a relationship between a vari-
ant in the CST3 gene – rs2424577 – and corpulence related 
phenotypes in four independent populations. Nevertheless the 
contribution of this SNP remains unclear since G/G genotype 
was associated with a protective effect in the French SUVI-
MAX, Danish lean men and Danish obese women groups and 
a deleterious effect in the Swedish female SPAWN cohort. 
G/G carriers had lower BMI, waist circumference and waist to 
hip ratio in the French SUVIMAX and the Danish lean men 
groups, lower waist circumference in the group of Danish 
obese women (DNBC), but they had higher BMI and waist 
circumference in the group of Swedish women (SPAWN). 

This type of result is described in the literature as a ‘flip-
flop phenomenon’. Lin et al. [36] demonstrated that such find-
ings may arise from a multi-locus effect, implying a change in 
LD pattern between the two markers in the different studied 
populations. Nevertheless Zaykin et al. [37] demonstrated 
that such findings could simply be due to a change in haplo-
type frequencies in the different populations. Finally, our ob-
servations could simply be random findings. However, Clarke 
et al. [38] calculated the probability of obtaining such findings 
due to a true association or at random. They demonstrated 
that under the null hypothesis of no association, the probabil-
ity of a significant allele flip is always 2/2 = 0.00125, whereas, 
in the case of a true association, the probability of such obser-
vation depends on the power of the study. In other words, it 
appeared that the probability to randomly obtain such find-
ings is negligible [38]. Such flip-flop associations have already 
been reported for several other complex diseases including 
autism and late onset Alzheimer’s disease. In autism, both the 
long and short allele at the HTTLR locus of the serotonin 

cusing on the association between rs2424577 (data not 
shown) and BMI, waist circumference and waist to hip ratio. 
We thus added a ‘gene  age’ or a ‘gene  gender’ or ‘gene  
age  gender’ interaction term to the model described in 
‘Participants and Methods’ (see above). While the ‘gene  
gender’ interaction term did not reach statistical signifi-
cance, the ‘gene  age’ interaction term yielded several sig-
nificant results – age of the individuals apparently influ-
enced the difference in BMI between A/G and G/G carriers 
(p = 0.0432), the difference in waist circumference between 
A/A and G/G carriers (p = 0.0358), the difference in waist 
circumference between A/G and G/G carriers (p = 0.0333) 
and the difference in waist to hip ratio between A/A and 
G/G carriers (p = 0.0493). The ‘gene  age  gender’ inter-
action term also yielded several significant results – the 
 interaction between age and gender influenced the differ-
ence in waist circumference between A/A and G/G carriers 
(p = 0.0126) and between A/G and G/G carriers (p = 
0.0045). In this model, gender influenced the difference in 
waist circumference between A/A and G/G carriers and 
 between A/G and G/G carriers (p = 0.008 and p = 0.0039, 
respectively). The interaction between age and gender influ-
enced the difference in waist to hip ratio between A/G and 
G/G carriers (p = 0.0294). In this model, gender also signi-
ficantly influenced the difference in waist to hip ratio be-
tween A/G and G/G carriers (p = 0.0314).

Third, we tested for gene  age interactions in the associa-
tion between rs2424577 and BMI, waist circumference and 
waist to hip ratio in our replication cohorts. In the group of 
Danish lean men, age also significantly influenced the differ-
ence in BMI between A/A and A/G carriers and between 
A/A and G/G carriers (p = 0.0007 and p = 0.022, respec-
tively). In the group of Swedish women, age influenced the 

Fig. 3. Meta analysis of CST3 rs2424577 A/A versus G/G association 
with BMI.
Estimates (black rectangles)  95% CI (grey lines) for CST3 rs2424577 
G/G versus A/A comparison in each group and global estimate (black 
diamond). The overall estimate of G/G versus A/A is –0.18 (95% CI –0.37 
to 0.02) and the overall p value is 0.0312. Globally, G/G carriers have a 
significantly lower BMI than A/A carriers.
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and the two other cultures a B/B phenotype (high intracellu-
lar retention). This result suggested that only one allele of 
CST3 could be alternatively expressed [47]. The G73A vari-
ant was also associated with differences in cystatin C circulat-
ing levels, with the B/B genotype associated with lower cysta-
tin C circulating levels [49, 50]. This polymorphism was also 
identified as associated to frontotemporal lobar degeneration 
[51] and to age related macular degeneration [52]. Impor-
tantly and similarly to our findings with corpulence related 
parameters, Crawford et al. [53] also found an association be-
tween this SNP and Alzheimer’s disease, but in the opposite 
direction. A/A genotype was associated with an increased risk 
of developing Alzheimer’s disease [53]. These findings bring 
evidence of association between CST3 genotypes and Alz-
heimer’s disease, but in different ways depending on the 
 studied populations. The G73A variant is referenced in 
dbSNP (www.ncbi.nlm.nih.gov) as rs1064039. This variant has 
not been genotyped in any of the HapMap populations; there-
fore, we have no information concerning LD between this 
variant and the SNPs that are investigated in our study. Two 
other SNPs  located in CST3 promoter, –82G/C and –78T/G, 
have been described by Eriksson et al. [54] and are associated 
with cystatin C circulating levels in healthy individuals and pa-
tients with  recent myocardial infarctions. The authors showed 
that in vitro these two polymorphisms influenced the binding 
of nuclear factors and affected the basal rate of gene tran-
scription in an allele specific manner. Additional SNPs such as 
–82G/C, –5G/A and +4A/C were also associated with cystatin 
C circulating levels [55]. These polymorphisms were in LD in 
the population studied, and individuals who carry two copies 
of the major haplotype (–82G –5G +4A) had 12.4% higher 
circulating levels of cystatin C than non-carriers. Individuals 
who were heterozygous for this haplotype displayed an inter-
mediate phenotype.

Unfortunately, none of these SNPs are referenced in Hap-
Map. Thus no information concerning LD between these 
SNPs and the SNPs investigated in our study is available. We 
cannot exclude that other functional variants, affecting other 
genes located nearby CST3, might explain our findings. More 
explorations are necessary to understand the functional rele-
vance of our findings.

In conclusion, we found an association between a CST3 
variant and corpulence during life. The complexity of this as-
sociation can be explained by a combination of variants with 
functional effects and by the fact that in vivo CST3 could 
 undergo an alternative expression.
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transporter gene have been reported as risk alleles for autistic 
disorders [39–44]. In late onset Alzheimer’s disease, two inde-
pendent studies report the opposite allele at the same SNP in 
the glutathione-S-transferase omega-1 gene (GSTO1)  to be 
positively associated with age at onset of the disease [45, 46]. 
Based on these previous studies, our observation could there-
fore be considered as relevant. Importantly, we found signifi-
cant gene  age interactions in the association with corpulence 
traits in the different and heterogeneous populations we ex-
plored. Age might influence the association between CST3 
rs2424577 and corpulence related phenotypes. However, a 
gene  age interaction seems quite unlikely to explain the flip-
flop phenomenon observed in this study since, when consider-
ing the age fitted values of BMI, we still retrieved the flip-flop 
effect, i.e. G/G carriers were still more corpulent in the group 
of Swedish women and less corpulent in the other groups. We 
carried out a meta-analysis to get an overview of the global 
significance of our findings. Since there is some evidence that 
CST3 could undergo alternate expression (see below and 
[47]), we decided to carry out this analysis on the results that 
we obtained for CST3 rs2424577 A/A versus G/G (homozy-
gotes subjects only) and searched for an overall association 
with BMI in our six longitudinal studies. According to this 
meta-analysis, the overall association of CST3 rs2424577 and 
BMI was significant with G/G genotype asso ciated to a lower 
BMI.

While the effect of the actual causal variant might be small, 
our study may nevertheless highlight an implication of CST3 
– the gene that codes for cystatin C – on the level of corpu-
lence during life time. Since cystatin C is the most powerful 
endogenous inhibitor of cathepsin S, K and L [14], one might 
speculate that the causal variant could influence corpulence 
by affecting the ability of cystatin C to inhibit cathepsin 
activity.

In our study, we used tag SNPs, which actually reflect ge-
netic variation of the entire CTS3 region. It is now crucial to 
identify the variants with functional consequences in CST3 
gene that are in LD with rs2424577 in order to confirm their 
role in corpulence related phenotypes. The contribution of 
CST3 gene variants has been previously described, mainly in 
neurological diseases and cardiovascular pathologies. The 
functional G73A polymorphism in CST3 gene that codes for 
an alanine to threonine change in position 25 was associated 
to Alzheimer’s disease, with homozygosity for the B haplo-
type (containing the A nucleotide) as a risk factor [48]. Be-
nussi et al. [47] carried out an in vitro analysis with this SNP, 
and it appeared that B/B human primary epithelial fibroblasts 
displayed a higher intracellular retention of the protein 
through a less efficient cleavage of the signal peptide than 
A/A cells (homozygous for the G nucleotide) which is possi-
bly due to a change in hydrophobicity in the signal peptide. 
However, they report that in A/B cells, while expected to 
have an intermediate phenotype, two out of the four analyzed 
cultures had A/A cells phenotype (low intracellular retention) 
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