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Evidences from model systems and humans have suggested that genetic alterations in cell-ECM inter-
actions and matrix-mediated cellular signaling cascades impact different aspects of metabolism and
thereby life span. In this frame, a genetic variant (rs1981429) in the SDC4 gene encoding for syndecan-4,
a central mediator of cell adhesion, has been associated with body composition in children and coronary
artery disease in middle-age subjects. In order to test the hypothesis that syndecans might affect life span
by affecting metabolic endophenotypes, 11 SNPs within the SDC4 gene were tested for association with

i?;:’gords" longevity in a cohort of 64-107 aged individuals. We then determined whether the longevity-associated
Longevity SNPs were correlated with metabolic parameters in the age group 64-85 years. RobustSNP association
Extracellular matrix tests showed that rs1981429 was negatively associated with longevity (Theop=0.028), but also with
Metabolism high levels of triglyceride (Theop=0.028) and low levels of low-density lipoprotein-cholesterol (LDL-
Syndecans C) (Theop =0.009). On the other hand, rs2251252 was found to be positively correlated with longevity

(Theop=0.018) and high LDL-C (Theop =0.022). On the whole, our results suggest that SDC4 alleles affect

lipid profile in elderly subjects and may in part mediate the link between LDL-C and longevity.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Genetic differences among individuals explain as much as
20-30% of the variability in life span in natural populations (Finch
and Tanzi, 1997; Hjelmborg et al., 2006). Genes that were shown
to be critical in modulating life span include those involved in
cellular maintenance and repair, oxidative stress response, and
metabolic pathways, especially those related to nutrient-sensing
signaling pathways (Barzilai et al., 2012; Montesanto et al., 2012;
Murabito et al., 2012; Dato et al., 2013; Moskalev et al., 2014).
Within the metabolism related genes, the application of data min-
ing/systems biology approaches to aging research has provided
intriguing evidence suggesting that proteins involved in cell-cell
and cell-extracellular matrix (ECM) interactions may be associ-
ated with longevity and age-related disease (Wolfson et al., 2009).
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The ECM is an intricate network of macromolecules that pro-
vides structural and anchoring support to cells and controls many
aspects of the cell’s dynamic behavior through adhesion proteins,
such as integrins and syndecans (SDCs) (Daley et al., 2008). SDCs
belong to the family of heparan sulfate proteoglycans (HSPGs) that
also include glycosylphosphatidylinositol-anchored glypicans and
secreted proteoglycans found in the ECM (e.g., agrin, collagen XVIII,
and perlecan)(Morganetal.,2007; Xian etal., 2010). Across species,
all HSPGs are characterized by an extracellular domain with attach-
ment sites for heparan sulfate polysaccharide chains that mediate
interactions with a wide array of ligands, including soluble growth
factors, morphogens, chemokines, and cytokines (Morgan et al.,
2007; Xian et al.,2010). However, unlike the other HSPGs, SDCs also
contain highly conserved transmembrane domains and short cyto-
plasmic tails. These cytoplasmic domains allow SDCs to function
independently and in synergy with integrin-mediated signaling to
control cell adhesion and behavior (Morgan et al., 2007; Xian et al.,
2010).

Given that signaling between cells and the ECM plays a pivotal
role in tissue/organ homeostasis (Bonnans et al., 2014), it is perhaps
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not surprising that genetic perturbation of these interactions might
influence life span. To this end, De Luca et al. (2010) and Wilson
et al. (2013) recently reported that hypomorphic mutations in the
Drosophila Sdc gene reduce life span in flies. Notably, Sdc mutant
flies also display less fat and glycogen reserves and lower metabolic
activity than control flies (De Luca et al., 2010), suggesting that Sdc
might influence life span through a role in metabolism.

Unlike invertebrates, humans contain four SDC genes. Three of
them, SDC1,SDC2, and SDC3, are expressed in a tissue-specific man-
ner, whereas the fourth, SD(4, is expressed in a variety of cell
types (Xian et al., 2010). Previously, common genetic variants in
the human SDC4 gene were significantly associated with adipos-
ity, fasting glucose, and energy expenditure in American children
(De Luca et al., 2010). Association analysis in a cohort of middle-
aged Finnish subjects also reported associations between SDC4
rs1981429 and hypertension, body mass index (BMI), and coronary
heart disease (CHD) (Kunnas and Nikkari, 2014). It is well estab-
lished that the ectodomain of all SDCs can be released from the cell
surface by metalloproteinase-mediated cleavage (Fitzgerald et al.,
2000). Once released, the ectodomain can compete for ligand bind-
ing with the remaining cell-surface SDCs (Fitzgerald et al., 2000).
Recent in vitro studies have implicated insulin in the control of
SDC4 ectodomain shedding from adipocytes (Reizes et al., 2006).
These studies also indicate that shed adipocyte syndecans associate
with the lipoprotein lipase and stabilize its activity, highlighting the
importance of syndecans in lipid metabolism (Reizes et al., 2006).
Based on these observations, the findings in D. melanogaster, and
the human genetic studies mentioned above, we reasoned that
genetic variation in SDC4 might affect inter-individual differences
in metabolic risk factors and thereby influence the odds of becom-
ing a centenarian. Thus, we investigated this idea in the frame
of a collaborative study aimed at analyzing the effect of ECM on
metabolism and on metabolic impairments. In particular we tested
a total of 11 SNPs spanning the SDC4 gene for association with
longevity in a cohort of healthy elderly subjects (aged 64-107). We
then determined whether the SNPs found to be associated with old
age were also associated with risk factors of CHD, including BMI,
lipid profile, and HbA1c, in a subgroup of elderly subjects (64-85
years of age).

2. Methods
2.1. Study subjects

The study was carried out in a cohort of 624 unrelated subjects
(287 males and 337 females, age range 64-107 years; median ages
83.56 (+12.15) and 87.48 (+11.12) years, respectively). All subjects
were born in Calabria (South Italy) and their parents and grandpar-
ents were native of the same area; samples were collected within
the framework of several recruitment campaigns carried out for
monitoring the quality of aging in the whole Calabria region from
1999 onwards. Details of the recruitment process were reported in
Crocco et al. (2015). All subjects included in the present study did
not manifest any major age-related pathology (e.g., cancer, type-
2 diabetes, and cardiovascular diseases). White blood cells (WBC)
from blood buffy coats were used as source of DNA. The recruit-
ment campaigns received the approval of the Ethical committee of
the University of Calabria, Italy. A written informed consent was
obtained from all participants before enrolling in the study.

2.2. Phenotypic measurements

Phenotypic measurements included height, weight, BMI and
serum lipid risk factors for CHD: total cholesterol (TC), LDL-
cholesterol (LDL-C), HDL-cholesterol (HDL-C), and triglycerides

(TG). HbA1c was chosen as a clinical marker of CHD because levels
of HbA1c between 6.0 and 6.5% were previously associated with
increased risk of CHD among healthy, non-diabetic subjects (Pai
etal.,2013). Height and weight were measured while subjects were
dressed in light indoor clothes and without shoes. Blood samples
were withdrawn after 12-h overnight fast and biochemical mea-
surements were performed at the Italian National Research Centre
on Ageing (Cosenza) using standard protocols as described else-
where (Garasto et al., 2003).

2.3. SNPs selection and genotyping

SNPs within the SDC4 gene were prioritized by a tagging
approach, attempting to pick those most likely to be of functional
relevance (for instance nonsynonymous SNPs or SNPs located in the
5" and 3’ UTR regions). SNPs previously investigated in association
studies were also selected. Public databases (http://www.ncbi.nih.
gov/; http://www.hapmap.org/) were used to collect information
about SNPs. SNPs with a minor allele frequency (MAF) less than 10%
were excluded from the analysis. The selected SNPs are reported in
Table S1.

The SNP’s genotypes were determined by Sequenom MassAR-
RAY method (Sequenom iPLEX Assay; Sequenom, San Diego, CA,
USA) according to the manufacturer’s instruction. Sequenom Mas-
SARRAY Assay Designer software (version 3) was used to design
primers for PCR and single base extension. Multiplex reactions
were used in the whole process. Standard procedures were used
to amplify PCR products, PCR production purification with the
shrimp alkaline phosphatase (SAP) and a primer extension reac-
tion using the mass extension primer and the terminator. The
primer extension products were then desalted on resin, and spot-
ted onto the 384-element SpectroCHIP (Sequenom) for MALDI-TOF
analysis using SpectroACQUIRE v3.3.1.3 (Sequenom). Spectra were
analyzed using MassARRAY Typer v 4.0.Software (Sequenom).
Approximately 8% of the samples were analyzed in duplicate, and
the concordance rate of the genotypes was higher than 99%. Eleven
of the 12 SNPs analyzed showed call rate higher than 95%; however,
genotyping completion rate was lower than 65% for rs6104125.

2.4. Statistical analyses

The analyses were carried out by dividing the sample in cases
(350 subjects, age >85 years; median 92.25+4.02) and controls
(274 subjects, age <85 years; 73.60+5.70). For each SDC4 SNP,
allele frequencies were estimated by counting the observed geno-
types. Hardy—-Weinberg equilibrium was assessed using the exact
test proposed by Wigginton et al. (2005). Standard errors for alle-
les were computed according to the hypothesis of the multinomial
distribution. The RobustSNP algorithm, implemented in the R pack-
age, which is a robust association test suitable for quantitative and
binary traits (So and Sham, 2011), was used to test the association
between each SDC4 SNP and the trait of interest using different
genetic models (additive, dominant, and recessive). We denote the
minor allele as the effect allele and the major allele as the non-
effect allele. In regression models, the genotype was coded as the
number of the minor allele (0, 1, 2) in the additive model, whereas
in the dominant and recessive models the genotype was coded as 0
or 1 depending on whether the subject carried the minor allele
(genotype =1 if minor allele carrier, O if not [dominant model];
genotype= 1 if homozygous for minor allele, 0 if not, [recessive
model]). For each model, a z-score was returned, representing the
z-statistics for the regression analyses, with a p model referred to
the p value for the most likely genetic model.

The p-value based on the maximum of the three genetic models,
adjusted for multiple testing (theoP) was obtained. In the regression
models used for testing the association between the variability of
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analyzed polymorphisms and the human longevity, the variable sex
was used as covariate. Age, sex and BMI were used as covariates
when analyzing the association with serum lipid concentrations.

D’ linkage disequilibrium coefficients were assessed using
Haploview 4.2 (Barrett et al., 2005). In order to model the effect
of the SDC4 haplotypes on the probability to attain longevity we
used the haplo.stats package of R.

2.5. Bioinformatic analyses

To investigate the functions of our candidate SNPs or SNPs in
LD (1% > 0.8), we explored the ENCODE (https://genome.ucsc.edu/
ENCODE/) (ENCODE Project Consortium et al., 2012) and 1000
Genomes Project (http://www.1000genomes.org/) (McVean and
the 1000 Genomes Project Consortium, 2012) data implemented in
the public databases HaploReg v3 (http://www.broadinstitute.org/
mammals/haploreg/haploreg_v3.php) (Ward and Kellis, 2012) and
RegulomeDB (http://www.regulomedb.org/) (Boyle et al., 2012).
Moreover, to determine whether SNPs influenced gene expression,
we explored the Genotype-Tissue Expression (GTEx) eQTL (Expres-
sion Quantitative Trait Loci) database (http://www.ncbi.nlm.nih.
gov/gtex/GTEX2/gtex.cgi).

3. Results
3.1. SCD4 association with longevity

The anthropometric and metabolic characteristics of the study
subjects are reported in Table 1.

All SNPs were in Hardy-Weinberg equilibrium (p >0.05). First,
single SNP analyses were conducted to find associations with
longevity. After fitting dominant, recessive, and additive mod-
els and adjusting for sex, we found that rs1981429, rs2267871,
1s2251252, and rs6130811 were associated with the analyzed
phenotype (Table 2). The association between rs2267871 and
longevity, however, was not significant after adjusting for multi-
ple testing (Table 2); hence, caution is needed in interpreting this
finding. The z-statistics of these models indicated that subjects
homozygous for the G allele at rs1981429 (recessive model) have
a lower probability to be part of the oldest group (negative score;
pModel =0 013), while carriers of the A allele at rs2251252 and the
G allele at rs6130811 (dominant models) showed a higher proba-
bility to be part of the oldest group (positive scores; pModel = 0,008
and pMedel = 0,009, respectively).

Fig. 1 shows the linkage disequilibrium (LD) pattern among
the 11 genotyped SNPs. No significant LD (2 <0.8) was detected
between markers, except for the pair rs1981429 and rs2228384.
The haplotype analysis for these two polymorphic sites revealed
that, although the global p-value was 0.082, the major haplo-
type, G (rs1981429)-T (rs2228384), was significantly associated
with a decreased probability of attaining longevity (negative score;
p = 0.015)(Table 3). Thus, haplotype analysis confirmed association
results with the single markers.

Next, in the 64-85 year old group of healthy subjects we tested
for association between the three SNPs found to be associated
with old age and metabolic parameters which are risk factors
for several age-related diseases that impart significant morbid-
ity and mortality among elderly individuals. After adjusting for
sex, age, and BMI, we found that the minor rs1981429 G allele,
negatively correlated with survival after 85 years of age, was
also correlated with higher serum triglyceride (TG) levels (posi-
tive score; pAdditiveModel -9 024). Interestingly, the same G allele
was also associated with low LDL-Cholesterol (LDL-C) levels (neg-
ative score; pPominantModel -9 009) (Table 4). On the other hand,
the minor allele A of rs2251252, which was positively associated
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Fig. 1. Schematic diagram showing the location and linkage disequilibrium pattern
of the SDC4 SNPs genotyped in a cohort of Italian elderly subjects. Numerical values
shown correspond to r? values.

with longevity, was correlated with higher levels of LDL-C (pos-
itive score; pRecessive Model =0 022). A similar result was found for
the minor allele G of rs6130811, but the association was not signif-
icant after adjusting for multiple testing (Table 4). Finally, there was
no significant association between any of the three longevity-SDC4
polymorphisms with BMI or HbA1c (Table 4).

3.2. Exploring the functional consequences of SDC4 variants

Given that the phenotype-associated SNPs are all intronic, it is
possible that they are not causal variants but are in LD with the
functional polymorphism(s) elsewhere in the genome. However,
we cannot exclude the possibility that these SNPs regulate gene
activity at the transcript level. Therefore, we used regulatory infor-
mation from ENCODE data using HaploReg v3 and RegulomeDB
databases (Ward and Kellis, 2012; Boyle et al., 2012) to investi-
gate the possible functional impact of these SNPs and their proxies
in high LD (72 > 0.8 in Europeans from the 1000 Genomes Project).
Detailed results for all analyzed SNPs are given in Table S2. LD pat-
terns showed that the SNPs in LD with the phenotype-associated
SNPs rs1981429, 152251252, and rs6130811 were all in non-coding
regions of SDC4. Additionally, we found unlike the other SNPs in LD
with rs1981429, rs1981429 itself has functional implication since
it was previously reported to be an eQTL-SNP in the liver of Cau-
casians (Schadt et al., 2008). Furthermore, it acts as a trans-eQTL
associated with changes in the expression of the retinoid X recep-
tor gamma (RXRG) gene, which is located on chromosome 1 (Schadt
et al., 2008). The functional implication of rs1981429 is further cor-
roborated by RegulomeDB results showing that it is “likely to affect
binding and linked to expression of a gene target” (score 1f). As for
rs1981429, SNPrs2251252, which is in LD with only one other SNP,
is also likely to be of functional importance as it was classified as
“likely to affect binding” (score 2b).

Twenty-three SNPs were identified that were proxies with the
phenotype-associated SNP rs6130811 (score 5: minimal binding
evidence). Three of them, rs6094129, rs6104120 and rs2267868,
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Table 1

Anthropometric and metabolic characteristics of the study cohort stratified according to age groups.

64-85 year old subjects (N=274) 86-107 year old subjects (N=350) p-value
Age 73.60+5.70¢ 92.25+4.02 <0.001
n Male/Female 148/126 139/211 <0.001
Height (cm) 161.50 £8.99 151.81+9.11 <0.001
Weight (kg) 71.49 +13.42 54.61+12.04 <0.001
BMIP (kg/m2) 27.33+4.23 23,57 +4.11 <0.001
T-Chol° (mg/dl) 203.29+42.62 197.41 +42.65 0.089
TG (mg/dl) 125.95+55.61 121.45+55.99 0.165
HDL-C¢ (mg/dl) 56.43 £ 14.76 57.72+£15.13 0.252
LDL-C' (mg/dl) 122.19+35.08 115.94+36.77 0.039
HbA1c® (%) 5.67+£0.91 5.12+2.72 <0.001
4 Mean + SE.
b BMI: body mass index.
¢ T-Chol: total cholesterol.
4 TG: triglyceride.
¢ HDL-C: HDL-cholesterol.
f LDL-C: LDL-~cholesterol.
& HbA1c: Hemoglobin Alc.
Table 2
Results of robust association tests between SDC4 SNPs and longevity.
SNP MAF Z%.add Z.rec Z.dom PP.add P.rec P.dom Theop©
152228384 0.38 (C) 1.821 1.276 1.634 0.069 0.202 0.102 0.140
152072785 0.40 (T) 1.270 —0.041 1.881 0.204 0.967 0.060 0.124
rs1981429 0.44 (G) -1.385 —2.495 0.018 0.166 0.013 0.986 0.028
152267871 0.30 (T) -1.761 —0.589 —2.055 0.078 0.556 0.040 0.082
152251252 0.47 (A) 2.245 0.950 2.663 0.025 0.342 0.008 0.018
152284277 0.21 (A) —0.530 —-0.412 —0.457 0.596 0.680 0.648 0.836
rs6130811 0.31(G) 2.456 0.994 2.609 0.014 0.320 0.009 0.020
152070639 0.49 (T) -1.630 —1.443 -1.209 0.103 0.149 0.227 0.203
rs4599 0.21 (G) —0.690 0.328 —0.985 0.490 0.743 0.325 0.545
rs749111 0.16 (T) -0.854 -0.744 -0.712 0.393 0.457 0.477 0.630
rs11697824 0.16 (A) —0.580 —0.073 —0.644 0.562 0.942 0.519 0.769
In bold, p-value significant after adjusting for multiple comparisons.
MAF: Minor Allele Frequency in our control group.
a Z-score represents the z-statistics under the additive, recessive and dominant models.
b p-value calculated for each genetic model.
¢ Theop refers to the p-value adjusted for multiple comparisons (due to the three different tested genetic models).
Table 3
Estimation of haplotype frequencies in the SDC4 SNPs and association with longevity in the analyzed sample.
SNPs rs2228384 rs1981429 Freq?® Score P-value”
T G 0.41452 —2.42697 0.01523
T T 0.18413 0.97116 0.33147
C G 0.01198 1.00192 0.31638
C T 0.38937 1.44286 0.14906

Note: p-value of global score statistics based on 10 replications was p =0.082.
a Estimated haplotype frequency.
b Monte-Carlo p-value from 10* replications.

had a score of 3a (less likely to affect binding); therefore, we cannot
exclude that one of these markers may be the actual causal variant.

4. Discussion

Growing evidence from model systems and humans suggest that
genetic alterations in cell-ECM interactions and matrix-mediated
cellular signaling cascades impacts the decline of age-dependent
physiological performance and thereby life span (Goddeeris et al.,
2003; Hansen et al., 2005; Wolfson et al., 2009; De Luca et al.,
2010, 2011; Wilson et al., 2013; Kumsta et al., 2014; Nishimura
et al.,, 2014). Consistently, here we report that common genetic
variants in the SDC4 gene affect human longevity. Specifically, we
found that Italian elderly subjects homozygous for the G-allele of
SDC4 151981429 had a lower likelihood of becoming long-lived
than those carrying the T-allele. Furthermore, G allele carriers had
higher levels of TG. This is particularly intriguing since we previ-
ously showed that American children (age 7-12 years) homozygous

for the minor G-allele of rs1981429 had more intra-abdominal fat
and less lean tissue mass (De Luca et al., 2010). Data on visceral fat
were not available in the Italian cohort so we could not test for asso-
ciation between this trait and rs1981429. However, the association
of rs1981429 G-allele with high serum TG levels, which is one of
the major risk factors for cardiovascular disease (Miller et al., 2011),
suggests that this SDC4 genetic variant might predispose to disease
and reduce longevity. Somewhat counter intuitive is the fact that
the same G allele atrs1981429 had opposite direction effect for LDL-
C, given that high levels of LDL-Crather than low levels are generally
associated with increased mortality in middle-aged individuals.
However, epidemiological studies of older populations have led
to conflicting conclusions on the relationship between LDL-C and
all-cause mortality. For instance, some studies reported that high
levels of LDL-C were associated with increased risk for CHD mor-
bidity and mortality or all-cause mortality, while other studies
found association between low levels of LDL-C and increased risk
of death in elderly people (Aronow and Ahn, 1994; Schupf et al.,
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Table 4

Results of the RobustSNP association test with the hematological variables (total cholesterol, triglyceride, HDL cholesterol, LDL cholesterol, Fasting glucose and Hemoglobin

Alc) in the control group.

SNP Z°.add Z.rec Z.dom PP.add P.rec P.dom Theop©
Total cholesterol rs1981429 —1.496 -0.315 -2.091 0.135 0.753 0.036 0.077
rs2251252 1.043 1.948 -0.029 0.297 0.051 0.977 0.108
rs6130811 1.148 1.612 0.566 0.251 0.107 0.572 0.212
Triglyceride rs1981429 2251 1.779 2.168 0.024 0.075 0.030 0.049
rs2251252 —-1.238 -0.716 -1.291 0.216 0.474 0.197 0.356
rs6130811 -1.167 -1.862 -0.659 0.243 0.063 0.510 0.129
HDL cholesterol rs1981429 -0.451 0.461 —1.087 0.652 0.645 0.277 0.463
rs2251252 0.479 0.429 0.372 0.632 0.668 0.710 0.859
rs6130811 0.665 0.709 0.463 0.506 0.478 0.643 0.715
LDL cholesterol rs1981429 —-2.318 -1.226 —2.626 0.020 0.220 0.009 0.020
rs2251252 1.397 2.288 0.241 0.162 0.022 0.809 0.049
rs6130811 1.369 1.981 0.675 0.171 0.048 0.499 0.101
Fasting glucose rs1981429 —-0.306 —0.098 —0.382 0.760 0.922 0.703 0.907
1s2251252 0.064 0.994 —-0.909 0.949 0.320 0.363 0.528
rs6130811 0.294 0.877 -0.400 0.769 0.381 0.689 0.603
Hemoglobin Alc rs1981429 —-0.198 -0.190 -0.140 0.843 0.849 0.889 0.975
1s2251252 -0.728 0.524 —1.446 0.467 0.600 0.148 0.274
rs6130811 —0.008 0.855 —0.748 0.993 0.392 0.455 0.614

In bold, p-value significant after adjusting for multiple comparisons.

a Z-score represents the z-statistics under the additive, recessive and dominant models.

b p-value calculated for each genetic model.

¢ Theop refers to the p-value adjusted for multiple comparisons (due to the three different tested genetic models).

2005; Tikhonoff et al.., 2005; Razzolini et al., 2007; Cabrera et al.,
2012; Bathum et al., 2013; Charach et al., 2014). Consistently, high
levels of cholesterol and LDL-C were reported to predict survival
in the oldest old (Cevenini et al.,, 2014). Based on these observa-
tions, our results imply that high levels of LDL-C in elderly subjects
benefit their longevity and that SDC4 alleles might mediate this
relationship. This is further corroborated by the fact that the SDC4
rs2251252-A allele, which we report increasing the likelihood of
become a centenarian, was also associated with higher levels of
LDL-C.

It is important mentioning that we are aware that our results,
as most of those regarding association studies, will need further
support from additional studies, possibly with larger population
samples. However, it is of note that our study was “hypothesis
driven”, that all the results obtained were in keeping with previ-
ous results and, consequently, with the driving hypothesis of the
study and, finally, that the population sample has been collected
from a selected population, quite homogeneous where there has
been no significant immigration in the last century and therefore
the chances of age related stratifications are limited. An additional
limitation of the study is the lack of an in vitro evidence of func-
tionality of the SDC4 SNPs correlated with longevity and metabolic
phenotypes. However, the in silico functional prediction for these
SNPs and their LD proxies provided significant findings. One inter-
esting result was that all the SNPs in LD with our associated variants
were located in the SDC4 gene, suggesting a direct role of SDC4 in
the traits analyzed. Moreover, the in silico analysis revealed that
SDC4 rs1981429 could have a potential regulatory role (Table S2).
Specifically, previous work by Schadt et al. (2008) reported that
rs1981429 might function as a trans-eQTL SNP associated with
the expression of the Retinoic acid receptor-gamma (RXRG) gene
expression in the liver of Caucasians. RXRG encodes a member of
the RXR nuclear receptors that function as metabolic regulators to
control a variety of physiological processes (Lefebvre et al., 2010).
For example, RXR heterodimerizes with the 1,25-dihydroxyvitamin
D-activated vitamin D receptor (VDR) to stimulate the expression
of genes responsible for vitamin D-induced phenotypes (Pike and
Meyer, 2010). Interestingly, interactions between RXRG alleles and
alleles at the VDR locus have been recently shown to influence vari-

ability in lipid outcomes and waist-hip ratio in a British cohort
(Vimaleswaran et al., 2014). In addition, genetic variants in the
RXRG gene were significantly associated with familial combined
hyperlipidemia (Sentinelli et al., 2013). Robust epidemiological
data also support a role of vitamin D in reducing the incidence
of cardiovascular morbidity and mortality (Gunta et al.,, 2013).
Thus, the potential relationship between SDC4 and Vitamin D via
RXRG, suggested by our findings, could also help explain why the
rs1981429 T-allele (instead of the G-allele) was found associated
with CHD in the Finnish cohort (Kunnas and Nikkari, 2014). Because
of inadequate sunlight exposure in wintertime, vitamin D insuffi-
ciency is common in northern countries (Laaksi et al., 2006) and
thereby different mechanisms by which the SDC4 alleles might
have become linked to metabolic risk factors are plausible. We
found very interesting that also the DNA region containing the
rs2251252 was potentially bound by Retinoic acid receptor-alpha
(RXRA), and had the potential to alter the affinity of binding for the
VDR. Hence, it is quite likely that RXR-VDR represents the molecular
link between SDC4 and lipid profile.

In conclusion, taken together, our results unveil a role for SDC4
in lifespan regulation that is likely dependent on its function on
the metabolic control of lipid homeostasis. The exact mechanism
behind our genetic findings is unknown to date. However, consid-
ering the consistent finding across widely phylogenetically distant
species of a role for SDCs in life span determination, our results
strongly motivate further studies to determine how SDC4 geno-
types can affect human health span and longevity.
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