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1. Introduction

A glutamic acid to alanine mutation at codon 280 (E280A) in the presenilin-1 gene (PSEN1) 

causing early-onset familial Alzheimer’s disease (EOFAD) at a mean age of 49 years [1] 

and displaying a fully penetrant autosomal dominant transmission was first discovered in a 

kindred in the state of Antioquia, Colombia [2,3]. Subsequently, a large extended kindred 

from the same region with over 5000 members was identified and described [4]. All affected 

individuals have the same mutation, present the same phenotype, come from the same 

geographical region and share common last names.

Recent whole-genome sequencing of six affected individuals from this kindred revealed an 

extensive stretch of identity-by-descent (IBD) containing the causal E280A mutation, 

suggesting the introduction of this allele into the population through a recent common 

founder event [5]. In this study, we investigate a large sample of subjects from this extended 

kindred through whole-genome sequencing. Our goals were (1) to determine the extent of 
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IBD surrounding the E280A, (2) to estimate the age of the E280A mutation, and (3) to 

determine on which genetic background the mutation arose.

2. Methods

2.1 Participants

Nearly a thousand individuals in the extended kindred have been identified and grouped into 

24 sub-pedigrees (Figure 1A). Each pedigree was assigned an identification code consisting 

of the letter C (referring to Colombia) followed by a number indicating the order in which 

they were found. To assemble these 24 pedigrees and find the possible first founder of 

E280A we employed several strategies: interviews with elder healthy individuals of each 

affected family, interviews with genealogists and historians of the region, study of local 

historical and genealogical books, and examination of last wills and ecclesiastical records 

(baptismal, confirmations, marriage, death, census, etc) dating back as far as 1540. At the 

end of this research, historical records suggested that the affected population has a common 

ancestor from Spain [4], and we have assembled a large pedigree showing common ancestry 

for 13 families (Figure 1B).

Individuals in the extended kindred are enrolled in the Colombian Alzheimer’s Prevention 

Initiative (API) registry. This registry comprises more than 2700 living members from the 

Antioquian early-onset familial Alzheimer’s kindred. Around 30% of these members carry 

the PSEN1 E280A mutation. In total, this kindred is estimated to have approximately 5000 

living relatives, including ~1500 mutation carriers.

Enrollment in this study was pursuant to approval by Institutional Review Board at the 

Universidad de Antioquia and the Western Institutional Review Board at the Institute for 

Systems Biology. Additional descriptions of the PSEN1 E280A Antioquian population, 

study participants, and relevant procedures have been previously and extensively provided 

[1].

2.2 Whole genome sequencing

Including six genomes from our previous study, DNA was collected for 102 samples in the 

Antioquian EOFAD cohort and sequencing was performed by Complete Genomics 

Incorporated (CGI, Mountain View, CA) using unchained combinatorial probe anchor 

(cPAL) chemistry [6]. Of the 102 samples, 74 individuals harbored the E280A mutation. 

Our study analyzes chromosome 14 (n = 204) and includes 75 chromosomes bearing the 

E280A mutation (1 subject was homozygous for the mutation). Reads were aligned to the 

reference genome (NCBI Build 37, GRCh37) and variants were called by CGI.

2.3 Haplotype reconstruction

The presence of an extensive region of IBD around PSEN1 common in all carriers of E280A 

implies that the E280A allele resides on this haplotype. This allows us to reconstruct an 

extended haplotype using systematic long-range phasing (SLRP) [7] which is ideal for use in 

a recent founder population such as the Antioquian EOFAD cohort.
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2.4 Estimating the age of E280A

After reconstructing haplotype phase using SLRP, we selected informative markers in a ~30 

Mb region centered on E280A to estimate the age of E280A. We used two independent 

methods to determine the age of the E280A allele: a single-marker method [8,9], and the 

coalescent modeling of intra-allelic variability by DMLE+2.2 software (DMLE) [10]. The 

single marker method is based on the expected exponential decay of a given haplotype over 

generation time and estimates the time since the most recent common ancestor (TMRCA) 

for a given mutation. In contrast, DMLE estimates the actual age of the de novo mutation 

event, thus we expect an older estimated age from DMLE. The single marker method, unlike 

DMLE, fails to account for population growth rate, which leads to a further underestimation 

of the mutation age. Additionally, the super-exponential growth of the study population will 

lead to a further underestimation of the mutation age.

We estimated the mutation age in generations (g) with a single-marker method using the 

following formula [8]:

Here, pd is the frequency of a given marker on the haplotype bearing the E280A allele, and 

pn is the is the overall frequency of a given marker in the sample population (n=204 

chromosomes). θ is the recombination rate between a given marker and E280A. For this 

equation to work, pd must be greater than pn. Physical positions (bp) were converted to 

genetic distances (cM) using the genetic map obtained from the HapMap2 database lifted 

over to GRCh37 [11]. Physical positions absent from this map were interpolated.

We then used a second method, modeling the intra-allelic coalescent using DMLE [10], to 

estimate the age of the mutation. Haplotypes for disease and non-disease chromosomes were 

constructed with the markers used in the previous section.

Growth rate per generation was estimated by:

where, Pt is the current population size, Po is the initial population size, and g is the number 

of generations between the present and the population size at the moment of the mutation 

origin (assuming 25 years/generation). As an admixture of Native American, European, and 

African populations, the Antioquian E280A kindred has an historical maximum g of ~20 

since the advent of Europeans to the New World. We estimate an initial population between 

two–100 founders, and a present day size of around 5000. This yields a super-exponential 

generational population growth rate of ~0.2–0.4.
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We include 75/1500 disease–bearing chromosomes or ~5% of all carriers. We ran DMLE

+2.2 with 100,000 burn-in iterations followed by 100,000 simulations of the mutation age.

2.5 Local ancestry estimation

We constructed reference panels from HapMap [11], the 1000 Genomes Project [12], and 

the Human Genome Diversity Panel (HGDP) [13,14]. To infer the locus-specific ancestry 

along the disease-containing chromosomes in our dataset, we used two state of the art 

algorithms, LAMP-LD [15] and MULTIMIX [16]. Both programs are well-suited to detect 

local ancestry from three reference populations and are validated on Latino populations. We 

used SHAPEIT2 [17] to phase the HGDP dataset to create reference ancestry panels as input 

for these algorithms.

To resolve the continental origin of E280A, we constructed a reference panel for each of the 

three continents of potential origin. The Native American reference panel comprises the five 

Amerindian populations of the HGDP. The African panel contains three West African 

populations including the HGDP Yoruban and Mandenka and the Yoruba in Ibadan, Nigeria 

(YRI) from the 1000 Genomes project. We selected the Utah Residents (CEPH) with 

Northern and Western European ancestry (CEU) to represent European ancestry. We 

estimated the continental background of each of haplotype spanning E280A in our dataset 

including those containing the mutation (E280A+) and those without the mutation (E280A

−).

To resolve on which specific European background E280A arose, we constructed additional 

reference ancestry panels from the HGDP and the 1000 Genomes Project to represent North, 

Western, and Southern Europe.

3. Results

3.1 Haplotype reconstruction

Reconstructing variant phase reveals a common extended haplotype among all carriers of 

the E280A mutation comprising 580 single nucleotide polymorphisms (SNPs) and spanning 

a minimum interval of 1.8 Mb from rs2158987 to rs10135303 and extending through 

approximately 20 genes (Figure 2, Supp. Table E1). None of the 129 chromosomes lacking 

E280A share this distinct segment of IBD. Some individuals share a common extended 

mutation-bearing haplotype spanning over 60 Mb. The presence of this conserved haplotype 

indicates a single founder event for the E280A allele in Antioquia and the length of the 

haplotype suggests recent origin. A recombination ~1 Mb telomeric to the mutation marks 

the beginning of the minimal common haplotype. This recombination likely happened very 

early in the founding of the population because the mutation-bearing haplotypes are almost 

equally split between two extended haplotypes upstream of this recombination (Supp. Figure 

1). This confounds the determination of the haplotype of the original founder haplotype 

telomeric to E280A. Centromeric to E280A, the original founder haplotype can be 

determined by consensus. Carriers of E280A share 11.7 ± 6 Mb of the ancestral haplotype 

telomeric to E280A.

Lalli et al. Page 4

Alzheimers Dement. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3.2 Estimated age of E280A

Having reconstructed the phase of the haplotype containing E280A, we next sought to 

estimate the age of this mutation. Estimating the age of E280A provides insights into history 

and demography of the Antioquian founder population. The single marker method produced 

an average estimated TMRCA of 9.9 [95%CI 7.2–12.6] generations (Table 1). This 

corresponds to approximately 250 [95%CI 179–316] years ago using an average rate of 25 

years/generation. This estimate is consistent with genealogical records of this kindred that 

trace back to ca. 1780 (Figure 1B), coincident with the founding of Yarumal in 1787, a town 

where many E280A carriers reside.

Modeling the intra-allelic coalescent with DMLE yielded an estimated age of 15.3 [95%CI 

11–25] generations (Figure 3), which places the estimated time of origin of the mutation in 

the early 17th century, a time when waves of Spanish colonizers admixed with the 

indigenous population of Antioquia. Taken together, these estimates reflect a recent origin 

of the E280A in Antioquia that is consistent with genealogy and historical events in 

Antioquia.

3.3 Geographic origin of E280A

Latin American populations are recent admixtures of Native American, European, and 

African ancestry. The Antioquian population is characterized by the admixture of European 

males with Native American females, with a small proportion of African ancestry introduced 

through the Atlantic slave trade [18]. After colonization of the region, Antioquia remained 

fairly isolated [19]. An interesting question is whether the E280A arose on a European, 

Native American, or African genetic background.

The goal of local ancestry estimation is to determine the ancestral origin of each segment 

along a diploid chromosome. As a first approach to determine the ancestry of the E280A 

allele, we constructed a phased reference panel and simply checked whether any individuals 

in this panel shared the common extended haplotype identified in our study. Remarkably, 

only one individual in the entire reference panel comprising >2000 genomes shared the 

common haplotype. Sequenced in the 1000 Genomes Project, this individual was selected 

from Colombia in Medellin (CLM), the capital of Antioquia. Because this individual is a 

member of a sequencing trio, deterministic phasing guarantees a high accuracy of haplotype 

reconstruction. Thus, while not providing information on the geographic origin of the 

E280A allele, this finding reflects the accurate haplotype reconstruction in our study.

We constructed a reference panel for each of the three continents of potential origin of 

E280A (Figure 4A) and estimated the continental background of each haplotype spanning 

E280A in our dataset including those containing the mutation (E280A+) and those without 

the mutation (E280A−). Both algorithms of local ancestry estimation unambiguously 

estimate a European ancestry of E280A (Figure 4B) allowing us to exclude the possibility of 

an African or Native American origin of this allele. In contrast, the local ancestry estimation 

of the haplotypes not containing E280A had a mixture of continental genetic backgrounds, 

in similar proportions to overall admixture estimates of other samples from Antioquian 

populations [20, 21].

Lalli et al. Page 5

Alzheimers Dement. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



To further resolve the specific background on which E280A arose, we constructed reference 

panels representing North, West, and South Europe (Figure 4C). Both LAMP-LD and 

MULTIMIX estimated that E280A arose on a Western European genetic background 

(Figure 4D). Due to the low numbers of haplotypes sampled in our reference populations, 

and the lack of an exact haplotype match in any of these panels, it is not possible at this time 

to further resolve the geographic origin of E280A within Europe using these reference 

panels.

Finally, we asked whether E280A arose on a background from a genetically isolated 

population such as Basque, Bedouin, Adygei, and Sardinian. While previous studies have 

suggested possible Basque or Sephardic contributions to the Antioquian population [18], our 

local ancestry analysis did not support these as likely genetic backgrounds on which the 

E280A mutation arose.

4. Discussion

We have estimated the age and geographic origin of the autosomal-dominant point mutation 

E280A in PSEN1 that causes early-onset familial Alzheimer disease. An extended and 

conserved haplotype containing E280A in all carriers of this mutation indicates a recent 

single founder event that defines an extended kindred. With an estimated TMRCA of E280A 

of ten generations ago and a predicted de novo mutation event around 15 generations ago, 

this mutation likely arose in the post-Columbian era, early in the 17th century during the 

Spanish colonization of Colombia.

The predicted Western European ancestry of the haplotype on which E280A resides is 

consistent with a Spanish origin of the initial mutation carrier and founder of the E280A 

extended kindred. Given the recent origin and founder effect in the EOFAD cohort, genome-

wide local ancestry estimation and subsequent admixture mapping may reveal additional 

variants that influence the disease in this population [22].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Systematic Review

We performed a systematic review by searching Pubmed for the term “E280A.” We 

included all studies concerning the Antioquian kindred affected by early-onset familial 

Alzheimer’s disease. Although a Spanish origin was suggested for the E280A mutation, 

no genetic study to date definitely demonstrates this.

Interpretation

Our study estimates an age and geographic origin of E280A consistent with a single 

founder dating from the time of the Spanish Conquistadors who began colonizing 

Colombia in the early 16th century.

Future Directions

Using the same methods of local ancestry estimation demonstrated in this work, we will 

expand our analysis genome-wide in the same individuals. Genome-wide local ancestry 

estimation and subsequent admixture mapping may reveal additional variants that 

influence the disease in this population.
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Figure 1. Geographical map of E280A carriers and a pedigree reconstructed from historical and 
genealogical accounts
A) Twenty-four families affected with EOFAD caused by E280A are highlighted on the map 

of the Department of Antioquia, Colombia. B) For 13 of the recruited families with E280A, 

genealogical records demonstrate a common pair of founders in 1745. The living members 

of this family are distributed throughout most of the regions indicated in panel A, consistent 

with the hypothesis that all affected individuals in Antioquia share an even more distant 

common founder with a similar dispersal pattern of descendants. EOFAD, early-onset 

familial Alzheimer’s disease.

Lalli et al. Page 9

Alzheimers Dement. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Minimal haplotype containing E280A
All carriers of E280A share a minimal common haplotype spanning 1.8 Mb surrounding 

PSEN1 E280A from rs2158987-rs10135303 (chr14:72696625-74484310). Positions are 

given in GRCh37 coordinates. For a complete list of the SNPs on this haplotype, please refer 

to Supp. Table E1.
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Figure 3. Estimation of mutation age by DMLE
After 100,000 burn-in runs, the age of the mutation was simulated 100,000 times by DMLE. 

Mutation age is estimated in generation time, g. A 95% credible interval (CI) is shaded 

between 11–24 generations. A red line indicates the maximum likelihood estimated age of 

the mutation at 15.3 generations.
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Figure 4. Geographic origin of the haplotype spanning E280A
Using the ancestry reference panel comprising the populations depicted in (A), LAMP-LD 

and MULTIMIX unanimously estimate a European ancestry of E280A in (B) for the 

haplotypes containing E280A (E280+). Continental ancestry estimation is also shown for 

haplotypes spanning the region that do not contain the mutation (E280A−). Similarly, using 

the reference ancestry panels depicted (C), both algorithms strongly support a Western 

European origin for haplotypes bearing E280A (D). Abbreviations: CEU, Utah Residents 

(CEPH) with Northern and Western European ancestry. FIN, Finnish in Finland. GBR, 

British in England and Scotland. HGDP, Human Genome Diversity Project. IBS, Iberian 

population in Spain. TSI, Toscani in Italia. YRI, Yoruba in Ibadan, Nigeria.
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