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Abstract

This perspective article is an opportunity to explain a new genetic finding for late-onset Alzheimer
s disease (LOAD). This invited perspective is specifically writtenfor physicians and scientists who
are interested in LOAD, but it may be relevant to those interested in identifying susceptibility variants
for other complex diseases. The significant finding discussed here is that a variable—length,
deoxythymidine homopolymer (poly-T) within intron 6 of the TOMMA40 gene is associated with the
age of onset of LOAD [3]. This result was obtained with a phylogenetic study of the genetic
polymorphisms that reside within the linkage disequilibrium [LD] block that contains TOMMA40,
APOE, and APOC1 genes on each chromosome from patients with LOAD and age-matched subjects
without disease. While the data will have diagnostic, prognostic and therapeutic strategy implications,
this perspective is meant to place the inheritance pattern for this complex human disease into context,
and to highlight the potential utility of applying phylogenetic tools to the study of the genetics of
complex diseases.

Introduction and Discussion

The thesis that genetic predisposition to complex diseases results from small genetic effects
from multiple loci has now been tested in a very large number of genome-wide association
studies (GWAS) with varying degrees of success [4]. GWAS test up to a million relatively
common SNPs, individually, for association with a phenotype. This large number of
association tests increases the rate of false discoveries and each test incurs a statistical
correction penalty, which limits the power to detect a significant associations. These studies
have reported, with a couple of notable exceptions, that common SNPs impart only small risk
of disease, and that the association signal may not be readily reproduced in independent cohorts.
Certainly, to date, there are no GWAS results with the robust effect size and reproducible
significance of the association of the TOMMA40-APOE-APOC1 region and risk of LOAD. This
risk is attributed to the 4 allele of APOE (APOE4) [1].
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Even now, with several thousand patients and unaffected subjects tested in GWAS of LOAD,
other association intervals show only borderline statistical significance and relatively low effect
size. See, for example, Table 1 which presents the results of a recent GWAS of LOAD [2].
The associations between SNPs within the APOE LD region with disease are highly significant
(P values less than 10737 to 107157 with odds ratios ranging from 0.6 to >2. The significance
values for the associations of other loci with this disease are markedly smaller (P values less
than 1078 to 1079) with odds ratios much closer to 1. While the large size of GWAS typically
allows detection of these modest association signals, and although many of the recent LOAD
studies have received attention in the public press, the utility of these modest associations is
not clear.

All nine published LOAD GWAS demonstrated a highly significant association between SNPs
in the APOE LD region and LOAD [2,5-12]. It should be emphasized, however, that the
specific polymorphisms that identify the 3 and 4 alleles of APOE are not included on the
platforms used in these GWAS. Nevertheless, it was assumed in eight of the studies that the
highly significant SNP association signals from the “APOE” region were due to the robust
disease risk signal previously described for APOE4. Only one of these GWAS studies referred
to other potential candidate genes within the APOE LD region [12]

The discovery that the TOMMA40 gene, encoding an essential mitochondrial protein [The Outer
Mitochondrial Membrane translocase], was adjacent to and in strong LD with APOE [13]
spurred a series of important biological studies. An apoE4 peptide was shown to interact with
mitochondria, specifically with the outer membrane [14], and apoE or apoE fragments was
shown to induce mitochondrial toxicity and reduce in mitochondrial motility [15,16]. It has
also been demonstrated that amyloid beta precursor protein (APP) interacts with mitochondrial
translocase-containing complexes [17,18] and accumulates in the outer and inner
mitochondrial import channels leading to mitotoxicity [18]. In the brains of LOAD patients,
the amount of APP caught in the channels varied with disease severity and patient genotype,
with APOE3/4 patients having the highest amount of mitochondrial APP accumulation [18].
It is possible that apoE isoforms influence the targeting of APP to mitochondria, perhaps via
differential binding between APP/apoE isomers [19-21] or differential interaction between
apoE truncated peptide fragment isoforms and mitochondria. The molecular and genetic studies
that implicated mitochondrial dysfunction in LOAD pathogenesis were complemented by
positron emission tomography (PET) studies that demonstrated reduced glucose utilization in
the brains of Alzheimer s Disease patients or in cognitively normal people who were carriers
of APOEA4 [22,23]. There is also APOE4 dose-dependent decrease in glucose consumption in
affected brain regions, and lack of efficacy of a PPAR agonist for the treatment of LOAD for
carriers of APOEA4 [23,24].

Since coincidences do not generally occur in nature, the biological data suggest that the large,
highly significant and reproducible disease susceptibility signal associated with the APOE LD
region is due to contributions from both the TOMM40 and APOE genes to the disease
mechanism or pathway [12,25-27].

Phylogenetic strategies are widely used outside of human genetics for the analysis of the
evolution of simpler organisms with smaller genomes and shorter generation times, for viruses
and bacteria for example [28-31]. Practical uses of phylogenetics in human medicine include
the study of the evolution of the H. influenza virus to generate the annual vaccines used to
prevent infection and for elucidating the evolution of drug resistance in the human
immunodeficiency virus [31-34]. Phylogenetic approaches for analyzing human genomic
DNA sequences reveal the spatial relationships of genetic variants that occur on chromosomes
with different mutation histories. In the special case of a region of high LD (or low
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recombination), the mutations stay connected during evolution. This pattern of co-inheritance
can provide a view of the order (or timing) for each mutation in a region of interest.

A phylogenetic approach to ordering mutations that occurred over evolutionary time can show
how mutations, rare and common, relate to each other and these relationships are presented in
the form of a phylogenetic tree. The tree or phylogeny illustrated in Figure 1 is more
appropriately a genealogy since it is constructed from DNA sequences from one species,
human, and is constructed from DNA sequences from the APOE LD region from LOAD
patients and controls. Each node in the tree represents the ancestral sequence of the two lineages
that branch from it. At the tips of this tree are clusters of highly similar sequences from the
APOE LD region of all of the sampled chromosomes.

Events such as mutation and recombination introduce diversity in each chromosome and each
of these events is subsequently inherited by chromosomes in that lineage. If a mutation causes
susceptibility to a disease, then this variant will tend to be clustered into one lineage on a
phylogenetic tree. It then follows that chromosomes of affected and non-affected individuals
will be non-randomly distributed on the phylogeny [35]. If a phylogeny is developed from a
genomic region that is known to be associated with disease then each cluster of related
haplotypes on the tree can be tested for association with a phenotype of interest, and the variants
that distinguish each cluster can be further analyzed. This clustering technique ensures that
infrequent or rare mutations are not lost to the analysis. In a GWAS, where a single SNP is
used to tag a complex LD region that may be more appropriately represented by groups of
evolutionarily-related haplotypes of variants, the genetic locus may appear to impart only a
small genetic effect if the effects of different haplotypes essentially cancel each other.

Molecular evolutionary analysis techniques, and specifically the development of phylogenetic
trees, are being used with increasing frequency in a variety of different applications. Public
domain computer programs are readily available to produce phylogenetic trees from DNA and
protein sequence data. The availability of extensive genetic variation data makes it possible to
study evolution that occurs over shorter time scales, particularly to test for selective pressures
in recent human history. A very good book, entitled Phylogenetic Trees Made Easy: A How-
to Manual [36], describes in practical terms the steps for producing and interpreting
phylogenetic trees.

The phylogenetic tree from the APOE-TOMMA40 region (Figure 1) was published in our recent
paper entitled, “A TOMMA4O0 variable length polymorphism determines the age of late-onset
Alzheimer’s disease”. For the reader interested in LOAD but uninitiated to phylogenetics, it
may be useful to walk through Figure 1.

Multiple mutations occurred within the TOMMA40-APOE locus during the course of human
evolution. Some of these mutations created branching points in the Caucasian phylogenetic
tree whereas others occurred on the branches. Together or independently, may these mutations
may be associated with disease phenotype. A number of mutations apparently occurred
independently on chromosomes that carry APOE3 or APOE4 and, because there has been
limited recombination in this region over the course of evolutionary history represented by the
Caucasians that we sampled, each mutational event was preserved in the context of the
APOE allele in which it occurred.

One of the polymorphisms in this region, a poly-T repeat at rs10524523 (*“523”), appears to
have mutated more than once in Caucasian history (See the five boxes in Figure 1). Based on
the number of T residues, three categories (alleles) of repeat length are described, short [<20],
long [>20], or very long [>30] (Figures 1 and 2). Each allele is represented by a range of poly-
T lengths but the means of each length category are significantly different.
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The major findings of our phylogenetic analysis of LOAD were: 1) that APOE4 was, almost
without exception, always linked to a long poly-T repeat; 2) that the £3 allele of APOE was
linked to either a short poly-T or a very long poly- T repeat (Figures 1 and 2); and 3) that
linkage to a short or very long poly-T for an APOE3 carrier resulted in later or earlier onset of
LOAD, respectively, regardless of risk imparted by APOEA4.

In virtually every publication of age of LOAD onset for APOE3/4 patients, the average age of
onset is reported to be about 75 years. Potentially, a very long poly-T repeat in linkage with
APOE3 may equal, or even exceed, the disease risk associated with APOEA. If this is true, then
individuals with the APOE3/3 genotype and two copies of the very long “523” polymorphism
may be at risk of developing LOAD ata very early age, perhaps <70 years. Patients who develop
LOAD in their 50 s, but do not carry the rare autosomal dominant mutations that cause early-
onset Alzheimer s disease, may be homozygous for the APOE3-very long “523” haplotype.
As an interesting note, in the second cohort that we examined, we observed two, rare,
APOE4 haplotypes in clade B that were linked to short “523" alleles and we speculate that
these might represent the ancestral scenario. The intriguing observation was that the age of
disease onset for both of these people was 78 years, which is similar to the age of onset for
individuals who possess the short-APOE3/long-APOE4 genotype.

The poly-T variant was discovered because we deep sequenced the APOE LD region. Deep
sequencing was essential for accurately measuring the length of the poly-T allele in each
instance and also for unequivocally determining the link between the poly-T polymorphism
and the APOE allele. The discovery of the “523” poly-T variant suggests that susceptibility to
LOAD behaves as an autosomal co-dominant trait with the age of onset phenotype determined
by the combined effects of each allele at the rs10524523 (*523") poly-T locus [3]. An
interesting question is, then, which is the engine of the LOAD endophenotype (age of onset)?
Is it the APOE allele as was previously assumed, or the “523” poly-T length?

Beyond LOAD, a more general hypothesis is that, in the evolutionary history of other complex
diseases, multiple evolutionarily-linked variants within a genomic interval, that are not
necessarily in high LD [nor acting as coincident genetic loci], may determine risk of disease.
In other words, haplotypes of evolutionarily-related variants may associate more significantly
with the disease phenotype than individual, common SNPs that represent the average effect of
a genomic interval. The approach that we have adopted in studying other complex diseases is
to use phylogenetic analysis to fine-map regions that are reproducibly flagged by GWAS or
linkage studies but which impart only small effect or narrowly miss genome-wide significance.
In the case of LOAD, the phenotype (age of disease onset) was highly associated with multiple
polymorphisms that arose over the course of human evolution at a single site (rs10524523) in
the APOE LD region (see Figure 1). However, phylogenetic approaches may also provide a
powerful mechanism for capturing the effects of disease susceptible variants that occur at
multiple loci within a larger, disease-associated region.

Experimental data: Phylogenetic trees

Phylogenetic trees can be rooted or unrooted. Rooting of the tree is accomplished by including
an incontrovertibly ancestral group, for example, sequence information from an ancestral
species. Unrooted trees, as exemplified in Figure 1, do not explicitly speak to the chronological
ordering of the events that created the different branches, but do cluster the most related
sequences into clades, or haplogroups. Because the phylogenetic tree provides a picture of the
relationships between groups of sequences and the mutations that define the subgroups or
clades, we are able to make the observation that a specific locus, “523,” has mutated multiple
times over the course of human evolution.
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The goal of our analysis was to identify clades, composed of groups of haplotypes of rare and
common SNPs and structural variants, which were associated with increased and coordinately
decreased risk for AD. Windows of sizes <10Kb within the TOMM40-APOE region were
sequenced and analyzed using a number of phylogenetic algorithms. We searched for genomic
regions where the clades of the phylogenetic tree had strong statistical supportand had different
patient/control ratios. A region of TOMMA40 that spanned exon 6 through exon 10 (Figure 3)
provided the strongest phylogenetic signal and gave the tree structure shown in Figure 1. The
topology of the tree illustrated in Figure 1 was quite exceptional in that there was very high
statistical support (bootstrap support was 97%, 1000 replicates) for the first branch point that
divided the tree into the two major clades. It is unusual to obtain such a robust signal with intra-
species data because of the relatively limited sequence diversity that typically occurs over such
a short period of evolutionary history. A higher case/control ratio was associated with clade A
compared to clade B and this suggested that at least some of the polymorphisms that defined
the differences between the clades in this region would be disease susceptibility variants. While
the phylogenetic tree structure shown in Figure 1 presents the data from one cohort of Caucasian
LOAD patients and unaffected controls (105 patients or 210 chromosomes), the tree structure
was robust and was confirmed for a second cohort of Caucasian cases and controls (150 subjects
or 300 chromosomes).

By using a phylogenetic approach, an important observation was made: 98% of the
APOE4/4 individuals (patients or controls) mapped to clade A while APOE3/3 and
APOE3/4 individuals were present in both clades on this phylogenetic tree (Figure 1). We
subsequently mapped the polymorphisms that distinguished the two clades. For example, in
97% of all cases the “G” allele of SNP rs8106922 mapped to clade A. It is interesting to note
that this SNP is one of the most significant disease risk SNPs subsequently identified by Harold
etal. ina GWAS (Table 1) [2]. The polymorphism, rs10524523, in intron 6 of TOMM40 was
also very characteristic; this locus was polymorphic with respect to the number of T residues
(poly-T) (Figure 3). Long poly-T tracts separated almost exclusively into clade A, regardless
of APOE allele. Further, the length of the poly-T variant distinguished the APOE3
chromosomes that segregate to clade A (very long poly-T) or clade B (short poly-T) (Figure
2).

A third study was conducted using an independent collection of LOAD patients, all with the
APOES3/4 genotype, who had reliable age of disease onset recorded in their medical records.
In the two previous sets of subjects all APOE4-containing chromosomes were, almost with
exception, attached to long “523” poly-T repeats. It seemed reasonable, therefore, to ask
whether age of disease onset for these APOE3/4 heterozygotes was associated with the presence
of a long or short “523” allele on the APOE3 chromosomes. The results were striking and
statistically significant (Figure 4). We observed that when a short “523” repeat was linked to
APOE3 the average age of onset was 78 years of age. When a long repeat was linked to
APOES3 the average age of onset was 70 years of age, which is very close to the average age
of disease onset for APOE4/4 (i.e. “523” long/long) LOAD patients.

In virtually every publication of age of LOAD onset for APOE3/4 patients, the average age of
onset is reported to be about 75 years. Potentially, a very long poly-T repeat in linkage with
APOE3 may equal, or even exceed, the disease risk associated with APOEA. If this is true, then
individuals with the APOE3/3 genotype and two copies of the very long “523” polymorphism
may be at risk of developing LOAD ata very early age, perhaps <70 years. Patients who develop
LOAD in their 50 s, but do not carry the rare autosomal dominant mutations that cause early-
onset Alzheimer s disease, may be homozygous for the APOE3-very long “523” haplotype.
As an interesting note, in the second cohort that we examined, we observed two, rare,
haplotypes in clade B where APOE4 was linked to a short “523” allele and we speculate that
these might represent the ancestral scenario. These unusual APOE4- short “523” haplotypes
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belonged to two patients who were homozygous for APOE4 but were heterozygous for poly-
T length at the “523” locus (i.e., these individuals were short-APOE4/long-APOE4). The
intriguing observation was that the age of disease onset for both of these people was 78 years,
which is similar to the age of onset for individuals who possess the short-APOE3/long-
APOE4 genotype.

These data are now being confirmed in other populations where, similar to our third cohort,
normal subjects were followed prospectively in several medical centers and age of disease
onset and LOAD phenotype were accurately recorded. The results from these studies will allow
us to generate a family of age of onset curves for APOE3/4, APOE3/3 and APOE2/3 patients
rather than the averaged curves now seen in the literature that are based on APOE genotype
alone (Figure 5).

Genetic parsimony

The most parsimonious explanation for the genetics of age of LOAD onset is that this
endophenotype is associated with length of the poly-T tract. The discovery of APOE4 as a
genetic risk factor for LOAD in 1992 [1,37,38] may have occurred because it is almost always
associated with a long “523” poly-T in intron 6 of TOMMA40 (98% of the time in our combined
data). The length of the T homopolymer defines two evolutionary divergent forms of
APOE3 and further stratifies the age of disease onset for carriers of the APOE3 allele. This is
significant for the public since eighty percent of all Caucasians are APOE3 carriers. We suggest
that, by including the TOMMA40 “523” allele information with APOE genotype, there will be
enhanced accuracy for prediction of age-related disease risk.

Validation studies of our data are important and this experiment must be repeated for other
races and ethnicities. Unfortunately, to determine the length of the poly-T is not as simple as
genotyping a SNP and an appropriate high-throughput assay does not exist on the market, as
did APOE genotyping as a cardiology risk factor in 1993. This may slow down replication
studies but we are developing a high throughput assay to be available as a CLIA-based, FDA-
approved, test available for academic research at a very low cost.

Shiraz Pharmaceuticals, Inc. was established in 2009 to commercialize the intellectual property
from this new discovery. Zinfandel Pharmaceuticals, Inc. was also founded in 2009 to plan
and execute a prospective diagnostic validation study of the “523” variable length poly-T
diagnostic for predicting risk of AD onset in the next 5-7 years for individuals aged 60-87
years. Planning for a combination diagnostic validation study and prevention (delay of age of
onset) clinical trial in unaffected individuals is currently in progress
[http://Iwww.opalstudy.org/index.html]. As of October 2009, a VVoluntary Exploratory Data
Submission discussion with the FDA regarding the design of the clinical trial and the use of
the “523” diagnostic was completed. Figure 6 outlines the proposed design of a combined
diagnostic validation/delay of disease therapeutic clinical study. Five epidemiologic-based
recruitment sites for Caucasians without cognitive impairment have been organized and are
piloting subject recruitment in order to decrease the recruitment time once the trial commences.
It is anticipated that the ability to predict risk will be confirmed and become integral to other
LOAD delay of onset prevention and therapeutic treatment trials.

Finally, evolutionary history differs in different ethnic groups, and it is likely that the topology
of the phylogenetic tree of the TOMM40-APOE region, and the frequency of each TOMM40-
APOE haplotype, will differ among ethnic groups. An understanding of the these allele
frequencies is especially important for designing drug trials and interpreting pharmacogenetic
results now that Phase 111 trials are increasing conducted world-wide pulling into one study
patients of diverse genetic backgrounds. If the major genetic determinants of disease are not
accounted for in these studies a drug may appear to fail when actually it is the trial design that
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fails. We are now planning phylogenetic studies of the TOMMA40-APOE region in Asian and
African populations.
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Figure 1. Phylogenetic tree that resolved with strong bootstrap support and without prior
consideration of APOE allele for a 10 Kb region in the TOMM40-APOE LD block

A and B refer to the two clades at the first branch point; the boxed regions identify haplogroups
of the indicated APOE allele and poly-T length polymorphism at rs10524523. Note that
APOE3-long “523” and APOE4 haplotypes separate into clade A.
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Figure 2. Poly-T repeats linked to APOE3 and APOE4

These histograms show the frequency distributions of lengths of the deoxythymidine
homopolymers (number of T residues) at rs10524523 in linkage with APOES3 (top panel) or
APOE4 (bottom panel). The three different categories of length are significantly different from
each other. This is the analysis from cohort 1 cases and controls representing 210 chromosomes.
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Figure 3. Diagram of exons 6 (E6) to 10 (E10) of TOMM40

The vertical lines represent SNPs that distinguish clades A and B; purple boxes in intron 6
indicate the locations of two poly-T tracts. The histograms indicate the frequency distributions
of poly-T lengths at two loci.
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Figure 4. Average age of LOAD diagnosis for APOE3/4 heterozygous individuals
Long refers to APOE3-very long poly-T haplotype; Short refers to APOE3-short poly-T
haplotype. All individuals carried one copy of the APOE4-long poly-T haplotype.
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Figure 5. Age of onset curves for individuals with the indicated genotypes using the information
available in 1993

From [1]. Today we propose that each of the age of onset curves is an average of sub-curves.
There are two curves for APOE3/4 individuals due to the presence of either a short or a long
523 polymorphisms linked to APOE3. There are likely three curves for APOE3/3 individuals
due to the possible combination of alleles at 523, i.e. short/short, short/very long, and very
long/very long.
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Figure 6. Proposed clinical trial design
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This study is designed to simultaneously validate the genetic marker and to test the efficacy of

a therapeutic that delays the onset of LOAD.
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Table 1
Example of GWAS results for LOAD

The genes in the vertical red box are within the APOE LD region. The SNP indicated in the horizontal red box
is the SNP for which there is the best statistical support as a separator of the two clades on the phylogenetic tree
for the TOMMA40-APOE region (indicated in Figure 1). Modified from Harold et al. 2009 [2]).

Gene GWAS OR

P value

[orclosest |Chromosome|Location ) x
RefSeq] (two tailed) (95% CI)
2.53
rs2075650 TOMMA40 19 Intron 1.8 x 10-157
(2.37-2.71)
0.63
rs157580 TOMMA40 19 Intron 9.6 x 10-54
(0.59-0.66)
; 1.46
rs6859 PVRL2 19 3’ UTR 6.9x10-41
(1.38-1.54)
0.68
rs8106922 TOMMA40 19 Intron 5.4 x 10-39 (0.64-0.72)
rs405509 APOE 19 5’ 4.9 x10-37 LAY
(0.66-0.74)
rs11136000 CLU 8 Intron 1.4 x10-9 0.84
(0.79-0.89)
, 0.85
rs3851179 PICALM 11 5 1.9x10-8
(0.80-0.90)
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