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The apolipoprotein E (APOE ) gene, located on chromosome
19, remains the primary genetic factor associated with
late-onset Alzheimer’s disease.’ In European populations,
the €4 haplotype of APOE, present in approximately 14% of
individuals, significantly increases Alzheimer’s disease risk,
while the less common €2 haplotype (~8%) appears to
confer a protective effect.” Despite its significance, APOE
has not been genetically characterized in Latin American
countries, where Alzheimer’s disease-related dementia
disproportionately affects individuals.?

APOE has three primary haplotypes (€2, €3, and €4)
defined by two single nucleotide polymorphisms, rs429358
(chr19:44908684:T:C) and rs7412 (chr19:44908822:C:T),
which introduce amino acid changes resulting in the €2 (Cys
112, Cys 158), €3 (Cys112, Arg 158), and ¢4 (Arg 112, Arg158)
isoforms.” The genetic burden for Alzheimer’s disease
associated with each APOE haplotype varies with the local
ancestry of the APOE locus and demographic factors.'
Mexico’s complex genetic architecture presents regional
differences, with southern and central states exhibiting a
higher percentage of Indigenous American ancestry
compared with the north.*

Given recent efforts to investigate the genetic land-
scape of the Mexican population, we seized the opportunity
to explore the genetic and epidemiological aspects of APOE
in Mexico. In this study, we analyzed APOE haplotype fre-
quencies in a large Mexican cohort (n = 6010) from the
Mexican Biobank Project” to investigate their regional var-
iations and ancestry backgrounds across Mexico’s 32 states.

APOE haplotype frequencies (€2, €3, and 4) were
calculated based on single nucleotide polymorphisms
rs429358 and rs7412, with rs7412 imputed using TopMed.
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The single nucleotide polymorphism call rate of rs429358
was 99.53%, and after imputation, the r2 of rs7412 was
0.99111, reflecting a highly accurate imputation. The na-
tional haplotype frequencies were: €3 at 0.876 (the most
prevalent), ¢4 at 0.1008, and €2 at 0.024. Genotype analysis
revealed that 4627 individuals were homozygous for €3/¢€3,
70 for e4/e€4, and only 5 for €2/¢€2, the rarest genotype.
Among heterozygotes, 1041 individuals carried the €3/¢4
genotype, 236 had €2/€3, and 31 exhibited the €2/¢4
combination.

The regional analysis found distinct patterns in haplo-
type distributions. €4 frequencies ranged from 0.074 in
Querétaro to 0.197 in Sonora, with the highest values
observed in northern states, including Sinaloa, Tamaulipas,
Durango, and Baja California. €2 frequencies ranged from
0.0042 in Chiapas to 0.0586 in Aguascalientes, displaying a
general north-to-south gradient. Across all regions, €3
remained the predominant haplotype, with the lowest
frequency in Sonora (76.97%) and the highest in Puebla
(90.76%) (Fig. 1A).

To further investigate the ancestral background of APOE
haplotypes, we inferred local ancestry in the haplotype-
defining region using Gnomix. Reference populations
included European (EUR), African (AFR), and Indigenous
American (AMR) samples from the 1000 Genomes Project,
supplemented by 50 Mexican Biobank Project samples with
>95% Indigenous ancestry. Each APOE haplotype (€2, €3,
and e4) was assigned an inferred ancestry, and haplotype
frequencies were segmented by ancestry group. Homozy-
gous individuals contributed both haplotypes to a single
ancestry-haplotype pool, while heterozygous individuals
contributed one haplotype to each relevant ancestry-
haplotype pool (Table S1).

Our findings revealed that across all APOE haplotypes,
the ancestry composition was predominantly AMR (64.53%),
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APOE haplotypes in the MX Biobank
A

Distribution of APOE haplotypes per state
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Figure 1  APOE haplotypes in the Mexican Biobank. (A) Map of APOE allelic frequency distribution across all Mexican states. The
panel illustrates the distribution of APOE allelic frequencies across 32 Mexican states. The frequency scale is adjusted by the
number of participants per state. It varies among haplotypes to highlight disparities in frequency haplotypes showing differences in
frequency within the same haplotype map. APOE €2 (pink), APOE €3 (violet), and APOE €4 (green). (B) Ancestry at APOE by
haplotype. This plot presents three histograms, each showing the frequency of APOE €2, €3, and ¢4 haplotypes categorized by
African (AFR), European (EUR), or Indigenous American (AMR) ancestry. The y-axis represents frequency in percentage (per
haplotype group), while the x-axis displays the three possible ancestries for each haplotype. APOE ¢4 and APOE €3 exhibit a sig-
nificant AMR component (over 60%), while APOE €2 shows a strong EUR frequency, followed by AFR (24.55%) and a minimal AMR
component (4.69%). (C) Ancestry distribution across states by haplotype. The map panel displays the distribution of APOE €2, €3,
and €4 haplotypes across states, separated by ancestry (AFR, AMR, and EUR). The frequency scale is given in the number of
participants per state and varies among haplotypes but remains the same within groups of maps (per haplotype), allowing iden-
tification of frequency differences. States colored in grey have no haplotypes reported for the ancestry/haplotype indicated. The
scale of color ranges from the minimum haplotype frequency (lightest shade) to the highest haplotype frequency (darkest shade).
(D) Enrichment of European Ancestry on Haplotype €2. The plot depicts ancestry percentages across chromosome 19 in our sample.
The y-axis shows the frequency of each locus categorized as AFR, EUR, or AMR. At the same time, the x-axis displays the position of
each locus by its base pair within chromosome 19. A black line marks the APOE locus next to the 400 base pair label. The plot

illustrates a significantly higher European ancestry percentage at the APOE locus for APOE €2 carriers compared with adjacent areas
on chromosome 19.
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followed by EUR (31.05%) and AFR (4.4%). Analysis of each
haplotype revealed distinct ancestry patterns: €2 was pri-
marily of EUR origin (70.7%), with contributions from AFR
(24.55%) and minimal AMR (4.69%); ¢4 had a strong AMR
component (60.3%), with EUR (28.3%) and AFR (11.39%)
contributions; and €3, the most common haplotype, was
predominantly of AMR origin (66.5%), followed by EUR
(30.3%) and AFR (3.07%) (Fig. 1B).

Regionally, €2 of EUR origin was more frequent in the
north—central and northern states, particularly in Aguas-
calientes (5.8%) and Chihuahua (4.8%), while AMR-associ-
ated €3 and <4 haplotypes were more common in southern
states, consistent with known geographic patterns of AMR
ancestry within Mexico (Fig. 1C). This trend reinforces
previous findings that highlight a higher prevalence of
Indigenous ancestry in southern regions and higher EUR
ancestry in the north.*

To contextualize the relevance of the differential dis-
tribution of APOE haplotypes across Mexico, we analyzed
the incidence of Alzheimer’s disease using data from the
Mexican Epidemiology Surveillance System (SUIVE, part of
the Ministry of Health). Specifically, we utilized records
from the Anuario de Morbilidad (1984—2022) provided by
the Direccion General de Epidemiologia (https://epi-
demiologia.salud.gob.mx/anuario/html/index.html;
accessed July 22, 2024). The population was grouped into
three main age brackets (50—59, 60—64, and 65+), and the
incidence of Alzheimer’s disease per age group was stan-
dardized by accounting for the nationwide proportion of
individuals in each category for every state.

Our analysis revealed that Colima had the highest inci-
dence rate, with 30 cases per 100,000 inhabitants, followed
by Sinaloa (10 cases per 100,000), Tamaulipas (9 cases per
100,000), Chihuahua (9 cases per 100,000), Baja California
(7 cases per 100,000), and Coahuila (7 cases per 100,000),
all of which are northern states. This aligns with the
observed distribution of the APOE4 haplotype, which shows
a north-to-south gradient. In contrast, states with the
lowest incidence rates, at approximately one case per
100,000 inhabitants, included Guanajuato, Puebla, Zaca-
tecas, Baja California Sur, and Mexico City.

To further elucidate the ancestral origin of €2 haplotypes
within the Mexican population, we conducted ancestry
enrichment analysis along chromosome 19. This analysis
revealed a notably higher EUR component within the APOE
locus among €2 carriers compared with adjacent chromo-
somal regions (Fig. 1D).

This study provides valuable insights into the frequency
and ancestry background of APOE haplotypes in a repre-
sentative Mexican cohort. Previous studies, including the
Hispanic Community Health Study of Latinos, assessed over
10,000 Latino samples, including approximately 3600 self-
reported Mexicans, revealing frequencies of 0.862 for 3,
0.028 for €2, and 0.11 for e4,® patterns largely in line with
our findings. In their Mexican cohort, €2 and €3 haplotypes
(0.023 and 0.876, respectively) differ from those observed
in Europeans (0.08 and 0.78, respectively).? Additionally,
the €4 frequency in our cohort (0.1008) is lower than the
EUR average (0.14).”

Our results highlight a unique geographical distribution
of APOE haplotypes in Mexico. The northern states exhibit
the highest frequencies of ¢4, the predominant risk factor
for late-onset Alzheimer’s disease,? while the distribution
of €2 mirrors this pattern, despite €2 being of predomi-
nantly EUR ancestry (over 70%). This aligns with the
generally higher EUR ancestry in northern Mexico.* A study
by Ojeda-Granados et al® found similar patterns, with high
€4 prevalence among Indigenous Huichol individuals from
Nayarit (29%) and low €2 frequencies among the Indigenous
populations examined. Admixed individuals in the same
study exhibited an €2 frequency of 4.6%. Although this prior
study focused on a small sample from specific regions, its
findings corroborate our results and suggest that APOE €2 is
introduced through European colonization, whereas APOE
€4 has pre-Hispanic origins.

Our study is notable for its robust sampling and repre-
sentation, covering not only urban areas but also rural
communities and Indigenous populations throughout
Mexico. This is the first nationally representative study of
APOE haplotypes and ancestry in Mexico, with extensive
participant coverage. Future research should examine the
specific effects of APOE haplotypes on Alzheimer’s disease
risk and the interaction between these haplotypes and
Mexico’s unique genetic background.

In conclusion, this study characterizes the frequency,
geographic distribution, and ancestral origins of APOE
haplotypes — the most significant genetic risk factor for
Alzheimer’s disease — in a representative Mexican cohort.
We identified specific geographic regions of particular in-
terest due to their distinct frequency patterns of the APOE
<4 haplotype, higher incidence of Alzheimer’s disease, and
connections to Mexico’s colonial and migratory history.
These findings underscore the complex genetic landscape
of Alzheimer’s disease risk in Mexico and highlight the
importance of considering ancestry and regional differ-
ences in genetic studies of Alzheimer’s disease.
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