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We previously reported a genomewide linkage study for human
longevity using 308 long-lived individuals (LLI) (centenarians or
near-centenarians) in 137 sibships and identified statistically sig-
nificant linkage within chromosome 4 near microsatellite D451564.
This interval spans 12 million bp and contains ~50 putative genes.
To identify the specific gene and gene variants impacting lifespan,
we performed a haplotype-based fine-mapping study of the in-
terval. The resulting genetic association study identified a haplo-
type marker within microsomal transfer protein as a modifier of
human lifespan. This same variant was tested in a second cohort of
LLI from France, and although the association was not replicated,
there was evidence for statistical distortion in the form of Hardy-
Weinberg disequilibrium. Microsomal transfer protein has been
identified as the rate-limiting step in lipoprotein synthesis and may
affect longevity by subtly modulating this pathway. This study
provides proof of concept for the feasibility of using the genomes
of LLI to identify genes impacting longevity.

he ability to survive to old age is partially under genetic

influence, and the heritability of average life expectancy has
been estimated to be ~25% (1-4). The genetic influence of
achieving extreme old age might be even greater (5). Male and
female siblings of centenarians have a 17- and 8-fold greater
relative risk, respectively, of surviving to age 100 and about half
the death rate from age 20 to age 100 of birth cohort-matched
individuals (6).

Despite the challenges of studying complex traits such as
lifespan, an increasing number of genetic studies are reporting
genes influencing human longevity. These genes include ApoE,
ApoB, and klotho (7-10), although only the ApoE association has
been reproduced consistently. To achieve their extreme age,
centenarians likely lack numerous gene variants that are asso-
ciated with premature mortality, and they may be more likely to
carry protective variants as well (11, 12).

We recently reported the results of a genomewide linkage scan
using 308 extremely long-lived individuals (LLI) in 137 sibships.
The results indicated linkage to exceptional longevity (defined as
living beyond the 5% survival tail) at chromosome 4 near
microsatellite D4S1564 with a maximum logarithm of odds score
of 3.65 (P = 0.044 genomewide with nonparametric analysis)
(13). No other chromosomal region achieved statistically signif-
icant linkage in this study. There are ~50 putative genes in the
12 million bp spanning the 85% confidence interval of this
linkage peak, and a priori it was difficult to exclude any of the
genes based on functional considerations. In addition, it was
possible that the polymorphism underlying the linkage was not
within any of these 50 putative genes. Therefore, an unbiased,
systematic fine-mapping of the region was desired.

In the current study, a systematic exploration of the chromo-
some 4 linkage peak has identified a single gene, microsomal
transfer protein (MTP), as a modifier of lifespan in a cohort of
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LLI from the U.S. A follow-up study investigating LLI from
France also demonstrated statistical distortion at MTP, but did
not completely confirm the observations from the U.S. cohort.

Methods

Sample Ascertainment and Phenotyping. U.S. cohort. The study sam-
ple consists of 653 individuals (197 males and 456 females) 98
years and older (mean 100.8) recruited through Elixir Pharma-
ceuticals, Beth Israel Deaconess Medical Center, Children’s
Hospital of Boston, and the New England Centenarian Study
previously of Beth Israel Deaconess Medical Center and now of
Boston University Medical Center. Individuals were identified
and recruited by a variety of methods including institutional web
sites, direct mailings, and advertisements in newspapers target-
ing potential participants or organizations involved with the
aging community. Physical and cognitive health were not used as
participation criteria. All participants and/or their legally au-
thorized representatives took part in the written informed
consent process, as required by the Institutional Review Boards
of the aforementioned institutions. Additional data collected
included health and socio-demographic histories, proof of age,
usually in the form of a birth certificate, a three-generation
pedigree, and measures to assess functional independence and
cognitive status. Anonymous controls, self-identified as “Cau-
casian” and <50 years of age (with an average age of 38.6 years),
were obtained from several anonymous sources in the U.S.
French cohort. For the follow-up study, we accessed 564 French
LLI who consented through the Chronos Project at the Foun-
dation Jean Deausset. The cohort consisted of 92 men and 472
women, all Caucasian, and at least 99 years of age (mean 103.1)
at the time of blood collection. Controls were selected from 564
unrelated Caucasians born in France and matched to the cohort
with respect to geographic origin. The average age of this control
group was 51.2 years (ages 18-70) at the time of sample
collection.

Genotyping. Potential single-nucleotide polymorphisms (SNPs)
were retrieved from the Human Genome Draft database. Assays
were designed to be multiplexed up to five times with SPEC-
TRODESIGNER software (Sequenom, San Diego).

SNP genotyping on the U.S. cohort was performed by Seque-
nom’s chip-based matrix-assisted laser desorption/ionization
time-of-flight MS (DNA MASSARRAY) on PCR-based extension
products from individual DNA samples. Cases and controls were
always run on the same chip to avoid potential artifacts caused
by chip-specific miss-calls.

Abbreviations: LLI, long-lived individuals; MTP, microsomal transfer protein; SNP, single-
nucleotide polymorphism; HWE, Hardy-Weinberg equilibrium.
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Genotyping of the —493G/T and 95H markers for the French
cohort was performed on the TagMan platform (Applied Bio-
systems) based on PCR sequence amplification of genomic
DNA followed by fluorometric detection using allele-specific
TagMan Minor Groove Binder fluorescence-labeled probes.
Complete details of the protocol are available at http://home.
appliedbiosystems.com, protocol 4332856.

Sequencing. Sequencing was performed on the AB 3100 by using
a Big Dye termination (version 3) chemistry on RapXtract
(Prolinx, Bothell, WA)-purified PCR products. The PHRED
program (Codoncode, Dedham, MA) was used for quality
scores, and SEQUENCER (Gene Codes, Ann Arbor, MI) was used
for sequence comparisons and SNP detection.

Haplotype Reconstruction. We genotyped 19 familial trios
(mother, father, and offspring) at densely spaced SNP markers
to create a haplotype map of the 12 million-bp region of interest.
For each trio, we determined the parental origin of offspring
alleles for all cases where phase could be resolved unambigu-
ously. In cases where phase was ambiguous (i.e., triple heterozy-
gotes), the data were treated as missing. By applying this method,
four parental chromosomes were reconstructed, with intermit-
tent missing allele data. A haplotype was defined as a contiguous
region of DNA with little evidence (<2.5%) for meiotic recom-
bination within the common genetic history of the individuals
genotyped.

In situations where the boundaries were ambiguous, a second
heuristic was applied that assigned boundaries in such a way as
to minimize the size (i.e., base pairs) within each block. With
haplotype boundaries assigned, haplotype frequencies were es-
timated for each haplotype allele by using an expectation
maximization algorithm (14). Any haplotype that had a fre-
quency of <2.5% was excluded from further analysis to avoid
possible errors in either the genotyping or the estimation pro-
cess. Within each haplotype block, between two and six common
SNP-based haplotypes were observed, and each of these haplo-
types could be used as genetic markers tested for association.

To reconstruct haplotypes for the case/control association
studies, the haplotype boundaries and allele frequency estimates
established in the trios were used as initial parameters to seed the
haplotype allele frequency estimations for genotyping the cases
and controls. In cases where haplotype data could not be
estimated with >95% confidence, the haplotype allele was
treated as missing.

Tests of Association. The G test with Williams correction (a
statistic following a x? distribution) was used to test inferences
about associating genetic markers (haplotype or SNP) with the
longevity phenotype (15). For each allele, 2 X 2 contingency
tables were constructed as * allele vs. = longevity. For tests
where only one direction of allele frequency difference was
tested, P values were divided by two.

Testing for Stratification. For the U.S. cohort, 60 random SNP
markers were genotyped in all cases and controls, and x? values
were calculated from the allele counts. Because these SNPs were
selected at random, any differences in allele frequencies were
inferred as representative of the differences in genetic back-
grounds between cases and controls. If the genetic backgrounds
of the two-armed study were perfectly matched, the mean y? of
the G test statistics for these markers has an expected value
of 1.0.

For the French cohort, 57 microsatellites, from the Applied
Biosystems LMS-MD10 panel, located on six different chromo-
somes (chromosomes 2, 9, 10, 11, 17, and 18) were tested on all
cases and controls and checked for stratification by the above
method.
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Proactive Sample Matching. Sixty random SNP markers (nonover-
lapping with the stratification panel described above) were
genotyped in 250 cases and 463 controls of the U.S. collection.
Homozygotes for the minor allele were assigned the value —1,
heterozygotes 0, and major allele homozygotes 1. Based on the
multivariate means calculated from this coded data, a subgroup
of the 250 controls was selected that minimized the Mahalanobis
distance with respect to the case samples. The Mahalanobis
distance is a measure of distance between two multivariate
means that normalizes each dimension based on the covariance
matrix:

D* =V, = VS 'V, = )T, [1]

where I} is a vector representing the mean genotyping values of
the cases, V> is the mean vector for the controls, and S~! is the
inverse of the covariance matrix. No proactive sample matching
was required for the French cohort as there was no detectable
stratification between the cases and controls (see Results).

Results

We undertook fine-mapping of the chromosome 4 locus to
identify specific gene variants associated with exceptional lon-
gevity in a U.S. population. With this aim, 2,000 SNPs (an
average of 1 every 6 kb) within the longevity linkage locus were
selected from the SNP consortium database. Based on our
experience with an earlier pilot study, we expected that only a
fraction of these markers would be useful in an association study.
To screen this initial set of SNPs, 19 familial trios (mother,
father, and offspring) acquired from the Centre d’Etude du
Polymorphisme Humain repository were genotyped at all se-
lected markers. Of these 2,000 markers, 1,494 had high confi-
dence calls on the MASSARRAY platform. Of these markers, 990
had a minor allele frequency of at least 5%. SNPs of lower
heterozygosity were excluded because of the reduced power of
such markers with respect to mapping complex traits in associ-
ation studies of limited sample size. Of the remaining SNPs, 113
were eliminated because the frequency distribution of the ho-
mozygotes and heterozygotes was not statistically compatible
with Hardy—Weinberg equilibrium (HWE). These failures were
attributed to systematic artifacts introduced by the genotyping
platform. The use of familial trios allowed a Mendelian check on
the validity of each SNP assay. If more than one Mendelian
inheritance error per assay was detected within the 19 trios, the
assay was judged unreliable.

From SNPs to Haplotypes. Haplotype-based approaches applied to
smaller genomic regions have been successfully demonstrated by
others (16-18), and advantages over single markers have been
shown (19-21). In addition, the diversity of the genome can be
effectively captured by reducing it to sequential segments of
limited diversity (18, 22, 23). Once the common haplotypes
within a block have been defined, SNPs within the same block
redundant for discriminating between the different haplotypes
can be omitted from subsequent typing and analysis. After
removing the redundant SNPs, 875 validated SNPs and =700
“maximally informative SNPs” remained for the association
studies.

Testing for Association. By densely genotyping across the 12
million-bp region previously identified through the linkage
study, we were able to reconstruct a rough draft of the underlying
haplotype structure. A total of 195 blocks were defined within
the 12 million-bp region, with 2 to 15 SNPs per block. Approx-
imately 75% of the mapped region was within regions of strong
linkage disequilibrium. Using this carefully reconstructed as-
sortment of SNP-based haplotype markers, we initiated a case/
control association study between groups of unrelated LLI (age
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Table 1. Haplotype allele counts/frequencies for U.S. cohort

LLI Controls
Allele rs2866164-C rs2866164-G rs2866164-C rs2866164-G
Q95 256 (74%) 61 (18%) 244 (67 %) 104 (29%)
H95 0 29 (8%) 0 16 (4%)

Shown are counts/frequencies for the two-SNP haplotype formed by com-
bining alleles of these SNPs in cases (LLI) and controls. Only three of the four
haplotypes were observed, fulfilling the criteria of no historic recombination
between the two SNPs. As discussed in the text, the haplotype composed of
the rs2866164-G allele and Q95 allele is underrepresented in LLI, suggesting
this variant confers mortality risk. P = 0.0005.

98 and older) and a much younger control population (<50 years
of age) from a U.S. cohort.

To reduce genotyping costs and increase the power by con-
firming the hypothesis in independent populations, the study was
divided in two sequential tiers of samples, with the first tier
comparing 190 LLI with 190 controls at SNP-based haplotype
markers. The first tier was intended as a screen to generate the
hypotheses tested in the second tier, thereby greatly reducing the
statistical penalty for testing a large number of associations.
Although several SNPs and haplotype markers were significant
at P < 0.05, the marker showing the strongest association (P =
0.0005) was the SNP rs1553432, located 72 kb upstream from
MTP. Other SNPs demonstrating statistical distortion include
1rs750032 (P = 0.0029), rs951085 (P = 0.0041), and rs752766 (P =
0.0058). The rs1553432 association provided a potentially inter-
esting first hypothesis to pursue with dense genotyping and
haplotype mapping of the nearby genes, although this result was
not statistically significant after correcting for multiple testing.

In the 250-kb region bracketing rs1553432, 60 SNPs were
identified and assays were validated. Several of these densely
spaced SNPs showed strong associations when analyzed in the set
of 190 cases and controls used above; most of these markers were
located near the 5" end of MTP or just upstream of this gene and
were particularly dense near the promoter region. All of the
identified associations were in strong linkage disequilibrium with
1s1553432 (e.g., they fell on the same “long-range” haplotype).
With interest narrowing in on a single gene, all known SNP
polymorphisms for MTP and its promoter were genotyped in the
original 190 cases and 190 controls. After haplotype reconstruc-
tion of the area was completed, a single haplotype (see Fig. 1a,
which is published as supporting information on the PNAS web
site), underrepresented in the LLI (P = 0.0005, Table 1), could
account for the majority of the variation at the locus. This risk
haplotype was initially defined as the minor allele of rs2866164
paired with the major allele of MTP Q/H 95. Both of these SNP
markers had been previously identified by other groups;
1rs2866164 is an MTP promoter mutation and MTP Q/H 95 is a
semiconservative mutation in exon 3 of MTP (glutamine to
histidine at amino acid 95). Evidence for association was present

Table 2. Risk SNP allele counts/frequencies for U.S.-based
collection

SNP allele Controls LLI
rs2866164-C 245 (66%) 259 (74%)
rs2866164-G 121 (34%) 91 (26%)
MTP Q95 361 (95%) 343 (92%)
MTP H95 19 (5%) 31 (8%)

Shown are counts/frequencies for rs2866164 and MTP Q/H. Note that the
rs2866164 SNP has multiple “twins" displaying identical statistical behavior,
including the —493G/T SNP. For rs2866164, P = 0.034, and for MTP Q/H,
P =0.071.
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Table 3. Allele counts and frequencies for U.S. confirmatory
sample set

SNP allele Controls LLI
rs2866164-C 241 (67 %) 282 (76%)
rs2866164-G 119 (33%) 88 (24%)
MTP Q95 275 (94%) 348 (94%)
MTP H95 19 (6%) 24 (6%)

See Table 2 for details. For rs2866164, P = 0.0027, and for MTP Q/H, P =
0.55.

when each of these SNPs was analyzed separately (P = 0.034 for
152866164, P = 0.071 for MTP 95Q/H, Table 2). Goodness-of-fit
analysis indicated that neither SNP alone was likely to explain
the statistical distortion between cases and controls as well as the
two-SNP haplotype (P = 0.007). RS2866164 is perfectly corre-
lated with another MTP promoter SNP, rs1800591 (also known
as —493 G/T) that has been previously associated with several
phenotypes including lipoprotein profiles, central obesity, and
insulin resistance (see Discussion).

Genotyping an additional set of 190 cases and controls (re-
ferred to hereafter as the second tier; see Tables 3 and 4)
strengthened the evidence for an association with longevity at
the two-SNP haplotype (P = 0.0006, Table 4, one-sided G test).
Because a single hypothesis was tested with this independent set
of samples, there was no need to correct for multiple tested
hypotheses. In the second tier of samples, rs2866164 was mar-
ginally less associated with lifespan (P = 0.0027, Table 3) than
when analyzed as part of the two-SNP risk haplotype identified
in the first tier. MTP Q/H 95 alone showed no association (P =
0.55, Table 3).

Genetic Stratification and Controlling Type | Error. Genetic associ-
ation studies have been plagued with false positive or otherwise
irreproducible results (24, 25). A recognized problem affecting
genetic association studies is the failure to adequately match the
genetic backgrounds of the cases and controls, a phenomenon
called stratification. Our association studies comparing individ-
uals born decades apart can be potentially vulnerable to this
confounder because the geographic distribution of ethnicities
has changed in the U.S. over the past 100 years. Specifically, our
case population reflects the ethnic distribution of the U.S. near
the beginning of the last century, whereas our control population
was sampled from more recent generations. To minimize this
problem, we only used DNA from people who identified them-
selves as Caucasian, but this is obviously a diverse group.
Consequently, our cases and controls would differ not only
with respect to the longevity phenotype but also have ethnicity
as an uncontrolled confounder. If the effect is strong enough,
associations will be found that reflect these ethnic differences
rather than differences in lifespan. The mean x? for randomly
selected SNP markers (representing differences in genetic back-
ground) for the 190 cases and controls used for the first screening
showed absence of stratification (x> mean of 1.07 compared with
an expected value of 1.0). Unfortunately, the second set of 190
LLI and controls used to replicate the hypothesis showed

Table 4. Allele counts and frequencies for U.S. confirmatory
sample set: Two-SNP haplotype

LLI Controls

MTP rs2866164-C rs2866164-G rs2866164-C rs2866164-G

Q95 280 (77%)
H95 0

63 (17%) 241 (67 %)
23 (6%) 0

98 (27%)
21 (6%)

P = 0.0006. See Table 1 for details.
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Table 5. Risk allele frequency differences in proactively matched
LLI and controls (U.S.-based)

SNP allele Controls LLI

Table 7. rs2866164 frequency differences in French LLI cohort
and controls

SNP allele Controls LLI

rs2866164-C
rs2866164-G

316 (67%)
146 (34%)

365 (76%)
123 (24%)

rs2866164-C
rs2866164-G

812 (73.6%)
292 (26.4%)

835 (74.7%)
283 (25.3%)

The minor allele of rs2866164 is underrepresented in LLI compared to
controls (P = 0.0144). There is no evidence in thissample set that the haplotype
explains the association better than rs2866164 alone.

moderate stratification (x> mean of 1.7). Although modest, any
amount of stratification is undesirable, and the methods of
correcting for this potential confounder have not been well
validated empirically.

To avoid correcting for the hundreds of partially independent
hypotheses tested with the original sample set and to simulta-
neously eliminate stratification as a problem, 250 cases were
proactively matched (see Methods) against a new set of 463
controls. Using the approach discussed in Methods, a subgroup
of 250 controls was selected that best matched the cases with
respect to genetic background. The mean y? for this group of
samples (measured using a second, independent set of 60 SNPs)
was 0.92, indicating a very high level of genetic balance. It should
be emphasized that none of these samples were used in tier I to
generate the single inference that the risk allele was underrep-
resented in LLI. The association at rs2866164 was confirmed
with this well-matched group of cases and controls (P = 0.0144
by one-sided G test, relative risk = 0.69, Table 5). The two-SNP
haplotype also demonstrated an association (P = 0.0124,
Table 6).

MTP Resequencing. Although the two-SNP haplotype was suffi-
cient to account for all of the association at the locus, it is
imprudent to conclude that this polymorphism was causative
with respect to longevity. In particular, a few “twins” (SNPs
whose alleles are perfectly correlated) of —493 G/T and
152866164 were identified that could equally explain the data.

To search for additional SNPs that could explain the associ-
ation as well as or better than rs2866164, we sequenced 12 DNA
samples within the 12-kb risk block and the 72-kb block of DNA
extending up to the initial rs1553432 SNP. In addition, all 18
exons of MTP were sequenced in a group of 50 LLI to search for
rare functional polymorphisms that would not fall on well-
defined haplotypes. Altogether, 104 SNPs were identified, al-
though none explained the association better than rs2866164.
Sixty-one of these SNPs (named MTP001, MTP002 etc.), were
novel to our study (i.e., they were not included within the
December 2001 Human Genome Draft). After adding the
additional SNPs to the map, a new block structure was defined
with significant changes (Fig. 1b).

Testing in a New Cohort. Because of the potential unpredictable
bias that affects association studies, we attempted to confirm the
observation in a group of matched LLI from the Centre d’Etude
du Polymorphisme Humain centenarian cohort. Because an

Table 6. Risk allele frequency differences in proactively matched
LLI and controls (U.S.-based): Two-SNP haplotype

LLI Controls
MTP rs2866164-C rs2866164-G rs2866164-C rs2866164-G
Q95 365 (75%) 94 (19%) 316 (68%) 117 (25%)
H95 0 29 (6%) 0 29 (6%)

P =0.0124. The two-SNP haplotype is underrepresented in LLI compared to
controls.
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The minor allele of rs2866164 is underrepresented in LLI compared to
controls, but the effect is not statistically significant (P = 0.54).

effort was made to collect geographically matched controls,
stratification was not evident in this study. Testing 57 microsat-
ellite markers, the x> mean between cases and controls was 1.00.

Tables 7 and 8 show the genotyping results for rs2866164 and
the haplotype composed of rs2866164 and MTP Q/H 95. Neither
the minor allele of rs2866164 nor the rs2866164-G/MTP-H95
haplotype is significantly underrepresented in the French LLI.
Interestingly, as shown in Table 9, the rs2866164-G/MTP-H95
haplotype (HI) is out of HWE with the other haplotypes (HII,
collectively) in the LLI (P = 0.0164) but not in controls (P =
0.5923). The departure from HWE observed in the LLI can be
entirely explained by an excess of HI/HI homozygotes. Allele
frequencies out of HWE are suggestive of either genotyping
artifact or selective pressure (26). A genotyping artifact was
ruled out by typing the —493G/T polymorphism. As expected,
this marker was perfectly correlated with rs2866164, arguing
against marker-specific systematic error. The modest departure
from HWE in the cases and lack of statistical distortion in the
controls argue in favor of selective pressure at this locus that
manifests itself as a population ages.

Multiple Associations? After fully characterizing the MTP finding,
there remained the possibility that one or more additional genes
associated with longevity could be contributing to the linkage
peak. To address this, any SNP or SNP-based haplotype geno-
typed in the first tier of samples associated at P < 0.05 was
genotyped in the second tier of 190 cases and controls. None of
these putative associations was replicated.

How adequately did the maximally informative SNPs cover the
area under the linkage peak? There were inevitable gaps in the
haplotype map, because of incomplete sequences of the human
genome in this region, areas with few documented SNPs, and
regions where our genotyping was not successful. Attempting
anything near 100% statistical coverage of the region would have
been prohibitively expensive and time consuming given the
extensive sequencing and genotyping required. As a compro-
mise, we attempted to genotype, in 190 cases and controls (first
tier), at least five SNPs near all of the well-characterized genes
under the locus (including the alcohol dehydrogenase cluster and
NF-«kB), which involved assaying an additional 55 SNP markers.
This effort yielded no additional associations, leaving MTP as the
lone candidate to explain the original linkage result. We recog-
nize that a study with denser genotyping, larger sample sizes, or
more extreme ages may have produced additional candidates.

Discussion

We have shown a statistically significant underrepresentation of
a risk allele in a group of LLI compared with younger controls

Table 8. Two-SNP haplotype frequency differences in French LLI
cohort and controls

LLI Controls

MTP rs2866164-C rs2866164-G rs2866164-C rs2866164-G

Q95 826 (73.2%)
H95 0

228 (20.2%) 835 (74.0%)
72 (6.3%) 0

221 (19.6%)
65 (5.8%)

Geesaman et al.
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Table 9. Haplotype-based counts and frequencies from the
French LLI cohort and controls

Haplotype-based genotype Controls LLI
HIl/HI 360 369
HI/HII 177 159
HI/HI 24 33
HWE P(x?) value 0.93 0.02

HI represents the rs2866164-G/MTP-H95 haplotype, and HIl collectively
represents the other two haplotypes.

in a U.S.-based longevity study. Although there was evidence of
statistical distortion at this locus in a French-based longevity
study, there was no significant difference in allele frequencies
with respect to the risk haplotype identified from the former
study. Although apparently a discrepancy (a significant and
replicated finding not validated in a third sample), the most likely
explanation is a lack of power of individual studies. If one
examines the odds ratios estimated for the two unstratified U.S.
studies [combined OR 0.72 (0.58, 0.89)] and the French study
[OR 0.94 (0.78, 1.14)] we see their confidence bounds overlap
significantly (suggesting no discrepancy necessarily exists). Tak-
ing a plausible intermediate genetic model to explain this
association to exceptional longevity consistently (e.g., fre-
quency = 0.70, genotype relative risk = 0.83), we find that even
a sample as large as the French replication sample of 500 cases
and 500 controls would have only 50% power to reach nominal
statistical significance (P < 0.05) given the modest individual
effect of this allele. Thus, even if we assume the effect is true and
present equally in all study samples, half of all studies of this
magnitude will record a nominally “negative” result (P > 0.05).
This calculation underscores the general observation that asso-
ciation studies of complex phenotypes are likely to require
extremely large samples to convincingly elucidate the modest
genetic influences involved.

Although not necessary to explain the data, it is worth noting
that other factors could very likely contribute to inconsistency
among the studies. Among the possibilities relevant to this
particular study are two worth noting:

(i) An observed covariate may be modulating the impact of the
risk allele in the different populations. Diet is one obvious
possibility; the culinary tastes of Europeans and Americans may
place different stresses on equivalent genetic backgrounds. The
interaction between the ApoE gene, diet, genetic background,
and other covariates has now been well documented (27, 28), and
it is reasonable to assume that much of the variance in human
longevity will be explained by complex interactions between
environment and genetics.

(i) The American and French samples have important phe-
notypic differences. For example, the average age of the Amer-
ican controls was much younger than the French controls.
Second, the French study involved a smaller fraction of male
centenarians compared with the American study. Because the
ascertainment strategies were different for the two studies, this
may at least partially explain this discrepancy.

MTP Biology and Previous Associations. The gene product of MTP
has been well characterized since the mid-1980s for its role in
lipoprotein assembly and is an investigational target for treating
combined hyperlipidemia and obesity (29, 30). MTP is thought
to be the rate-limiting step in the production of lipoproteins (31),
making it a particularly appealing target for next-generation
lipid-lowering drugs. Structurally, the protein dimerizes with the
ubiquitous protein disulfide isomerase and resides on the luminal
surface of the endoplasmic reticulum where it facilitates the
proper assembly of very low-density lipoprotein and chylomicron
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particles. Functionally, MTP is directly involved in the packaging
of ApoB and triglyceride into these particles, and MTP and
ApoB are thought to directly bind one another during this
assembly (32). Rare humans with two nonfunctioning copies of
the gene suffer from abetalipoproteinemia and are characterized
by the near absence of ApoB particles in serum (33).

Drugs that inhibit MTP activity have been shown to improve
lipoprotein profiles (34). Several food products have also been
shown to reduce MTP activity, including garlic (35), ethanol
(36), and citric flavanoids (37). One study found that the MTP
promoter allele —493T up-regulated MTP expression by 2-fold
(38), consistent with our finding that —493T is underrepresented
in long-lived populations.

Other groups have found genetic associations between MTP
and several phenotypes including lipoprotein profiles, insulin
resistance, and fat distribution, and most of these studies focused
on the —493G/T marker (38—44). Like so many other mapping
studies of complex traits, the literature surrounding MTP has
been complex and often contradictory, although as a general
trend the —493T allele has been associated with detrimental
phenotypes.

The known activity of MTP, as a rate-limiting step in lipid
metabolism, lends functional credibility to our association of
MTP with human longevity. Coronary artery disease and other
vasculopathies attributed to unfavorable lipid profiles (periph-
eral vascular disease, renal-vascular disease, and stroke) account
for a large percentage of human mortality. Common genetic
variants that impact the function of lipid metabolism should be
expected to impact human lifespan; for example, the offspring of
centenarians have higher levels of high-density lipoprotein (good
cholesterol) and lower levels of low-density lipoprotein (bad
cholesterol) than age-matched controls, and they demonstrate
significantly lower risks of heart disease and stroke compared
with age-matched controls (45, 46). In addition, a “longevity
syndrome” was described among families with extremely low
levels of low-density lipoprotein particles (47). Although rea-
sonable to believe that the impact of MTP on human longevity
is through its impact on lipid profiles, the association studies
above suggest that this gene may also affect susceptibility to
insulin resistance and obesity.

MTP and ApoE. There are many parallels between the associations
of MTP and ApoE. Both genes are risk factors implicated in
cardiovascular disease and longevity, the latter being also being
associated with Alzheimer’s disease (AD). In light of this, it
would be intriguing to explore the genetic epidemiology of MTP
with respect to diseases of aging, such as AD. Using the
well-matched set of 250 LLI and controls, we confirmed in our
LLI and control samples that the ApoE &2 allele is protective
(12% vs. 7%), the €3 allele is neutral (83% vs. 80%), and the &4
allele is detrimental (5% vs. 13%) with respect to lifespan
extension (P = 0.0001, Table 10, which is published as supporting
information on the PNAS web site). No interaction between the
MTP and ApoE alleles with respect to lifespan was detected,
although the sample size may have been inadequate.

Implications. Our study lends credence to the claim that cente-
narians and near-centenarians offer an appealing model for
studying human longevity and disease resistance (45). We have
confirmed the hypothesis that a population that has escaped or
delayed the lethal pathologies of old age is likely to be helpful in
studies to detect genetic factors that impact the diseases of aging
(48). By systematically examining a large stretch of the genome
for genes associated with a phenotype, we have provided cred-
ibility to the use of public gene maps and SNP databases to
perform studies of the full genome. As our study mapped 0.5%
of the genome, it would have required a 200 times larger study
to scan the entire genome. Because MTP can explain only a small
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fraction of the total genetic variance in human longevity and
there may be dozens of genes with a similar association, much
more expansive studies in the near future will likely yield a wealth
of insight into the genetic basis of longevity, aging, and disease
resistance.
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