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ABSTRACT. We studied the interethnic variation of the MMP-
9 microsatellite in the Mestizo and Amerindian populations using
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blood samples collected from 435 healthy unrelated individuals from
the Central Valley of Mexico. DNA samples were genotyped using
the -90 (CA),, ,, repeat near the MMP transcriptional start site using
capillary electrophoresis. Our data were compared with those from
African, Asian, and European populations (N = 729). Both Mestizo and
Amerindian populations were in Hardy-Weinberg equilibrium (P> 0.05).
However, strong genetic heterogeneity was found within the Mestizo
population (94%, P < 0.0001), which exhibited the highest frequency
of Amerindian, African, and European alleles. Likewise, Amerindians
showed 6.7% variation among populations (P < 0.0001), suggesting a
genetic substructure potentially associated with linguistic affiliations.
These findings were corroborated with principal component and
population differentiation analyses, which showed relative proximity
among the Mestizos and their historical parental populations: Asian (F
> 0.05), European (F_ > 0.09), and African (¥ > 0.02). Nevertheless,
important differences were found between Mestizo and Nahuas (P
< 0.0001), and between Mestizo and Me’Phaas (P < 0.0001). These
findings highlight the importance of determining local-specific patterns
to establish the population variability of MMP-9 and other polymorphic
markers. Validation of candidate markers is critical to identifying risk
factors; however, this depends on knowledge of population genetic
variation, which increases the possibility of finding true causative
variants. We also show that dissimilar ethnic backgrounds might lead
to spurious associations. Our study provides useful considerations for
greater accuracy and robustness in future genetic association studies.

Key words: MMP-9; Polymorphisms; Population genetics; Ethnicity;
Mexican Mestizo population; Amerindian

INTRODUCTION

Matrix metalloproteinase 9 (MMP-9) is a zinc-dependent protein whose activity is pri-
marily regulated by gene transcription (Van den Steen et al., 2002; Dabek et al., 2013). The
MMP-9 gene contains a microsatellite sequence [-90 (CA),, ,,] close to the transcriptional start
site, which modulates the promoter activity (Ferrand et al., 2002; Fornoni et al., 2002). Mic-
rosatellites (short tandem repeats, STRs), exert regulatory roles such as modification of gene
expression patterns and transcription regulation that may influence protein function (Sawaya et
al., 2013). Studies on the MMP-9 gene have associated the length of the dinucleotide repeat with
promoter activity, suggesting that (CA),, may cause a significant decrease (up to 50%) in tran-
scriptional activity in comparison to (CA),, (Shimajiri et al., 1999; Ferrand et al., 2002). There-
fore, polymorphisms of the MMP-9 gene have been implicated in the susceptibility to various
diseases such as cancer (Kader et al., 2006), lipid levels (Mazzotti et al., 2014), cardiovascular
diseases (Fiotti et al., 2006), and Alzheimer’s disease (Flex et al., 2013), among others.

Evaluation of the allelic distribution among different populations suggests interethnic
differences in genetic variants of MMP-9 (Lacchini et al., 2010). In this regard, different re-
ports have shown that several populations such as European, African-American, and Brazilian
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populations present a bimodal distribution (Ferrand et al., 2002; Lamblin et al., 2002; Lacchini
et al., 2010). Meanwhile, Asian populations (Japan and Korea) exhibit a unimodal distribu-
tion (Maeda et al., 2001; Lee et al., 2010). In addition, the alleles (CA),, and (CA), exhibit
higher incidence in populations from Europe (55%) and Asia (45-60%) (Van den Steen et al.,
2002). In regard to American populations, previous studies in Brazilian populations showed
that Afro descent (Salvador, Bahia) show high frequencies of (CA)_,, (62%) in comparison to
European descent (Ribeirdo Preto, Sdo Paulo) (49%) (P <0.002) (Lacchini et al., 2010). These
interethnic differences may lead to spurious associations in terms of disease risk as well as
drug response (Yasuda et al., 2008). Hence, genetic ancestry could act as a confounding factor
in population stratification leading to a lack of reproducibility in genetic association studies
among populations (Freedman et al., 2004; Choudhry et al., 2006).

Mexican Mestizos are an admixture population that emerged 520 years ago with the mis-
cegenation among Amerindian, European, and African populations (Salazar-Flores et al., 2010).
The Mestizo group represents 98% of the population, whereas the remaining 2% is represented
by almost 60 different Amerindian groups (INEGI, 2007; CDI, 2010). Besides migrations, de-
mographic events such as bottlenecks, founder effects, local drift, and rapid population growth
have induced significant differences in allele frequencies across the country (Juarez-Cedillo et
al., 2008; Noris et al., 2012). Consequently, heterogeneous genetic patterns have been produced.
This genetic heterogeneity is mainly located in the central region of the country (Central Val-
ley of Mexico, CVM), where contemporary migrations have resulted in a gene pool that could
represent the complex genetic structure of the entire Mexican population (Noris et al., 2012).

Thus, the main aims of the present study were: 1) to assess the genetic variability of MMP-
9-90(CA),, ,, in the Mexican Mestizo and some Amerindian (Nahuas, Mazahuas, and Me’Phaas)
populations; 2) to determine the interethnic variation within Mexican populations; and 3) to com-
pare our results with previous data for other world populations. The knowledge of genetic diversity
throughout the country could avoid spurious associations in future genetic studies.

MATERIAL AND METHODS
Study populations

Blood samples were collected from 435 unrelated individuals belonging to the Mestizo
and Amerindian populations. The Mestizo population consisted of 300 healthy individuals (150
men and 150 women) with at least three generations of ancestors born in Mexico. This popula-
tion was recruited from the states of Queretaro, Guanajuato, and Puebla (CVM). In addition,
blood samples of 135 healthy individuals (41 men and 94 women) belonging to different Am-
erindian groups were collected from different geographic areas: Mazahuas (N = 29) from Santa
Rosa and Pueblo Nuevo, State of Mexico; Nahuas (N = 71) from Cacaloc, Zoquitlan, Puebla;
and Me’Phaas (N = 35) from the uplands of Guerrero’s Sierra, Guerrero (Figure 1).

Each individual signed an informed consent form validated by the Ethics Committee
of the Bimodi Research Unit and the Thrombosis, Hemostasis and Atherogenesis Medical
Research Unit (Unidad de Investigacion Médica en Trombosis, Hemostasia y Aterogénesis)
of the Mexican Institute of Social Security in Mexico City. Genealogical data were also ob-
tained from each individual to ensure that the individuals were unrelated through at least three
generations.
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Figure 1. Geographical localization of sampling states. Filled squares: Mexican Mestizo population from Mexico,
central region (GTO, PUE, QRO); Open squares: Amerindian populations: Tlapanecos (GRO), Mazahuas (SOM),
Nahuas (PUE).

Molecular analysis

Genomic DNA was extracted from peripheral blood leukocytes using a Qiamp DNA
Mini Kit (Qiagen; Diisseldorf, Germany). Polymerase chain reaction (PCR) amplification was
performed with oligonucleotide primers to amplify a polymorphic (CA), repeat in the human
MMP-9 gene as described previously (Fiotti et al., 2005). Approximately 10 ng target DNA
was amplified using a Thermocycler Kyratec Supercycler SC200 (Queensland, Australia). The
reaction was standardized in a 6 pL total volume, containing 0.015 uM primers, 1X Reaction
Buffer with NH,SO, , 2 mM MgCl,, 200 uM of each nucleotide (Thermo Fisher Scientific,
Suwanee, GA, USA), 1 M betaine (Sigma-Aldrich, St. Louis, MO, USA), and 1 U Taq DNA
polymerase (Thermo Fisher Scientific). The thermocycling procedure consisted of 35 cycles
of denaturation at 94°C for 1 min, annealing at 63°C for 1 min, and extension at 72°C for
1 min, followed by a final extension step of 10 min at 72°C. The resulting amplicons were
analyzed by capillary electrophoresis on the ABI Prism 3130XL Genetic Analyzer using the
GeneMapper ID v.3.2. software (Applied Biosystems, Carlsbad, CA, USA).

Sequence analysis

DNA sequencing was performed to confirm the size of the alleles detected during our
study using the ABI Big Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Bio-
systems). PCR-amplified fragments were purified using BigDye XTerminator® Purification kit
(Applied Biosystems) and visualized in an ABI PRISM 3130XL analyzer using the Sequenc-
ing Analysis v.5.3.1 software (Applied Biosystems).
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Statistical analysis
Allele and genotype frequencies

Allele and genotype frequencies, number of alleles (k), and expected heterozygosity
were estimated using the Arlequin v 3.5 software (Excoffier et al., 2005). Hardy-Weinberg
expectation (HWE) was obtained by applying Weir and Cockerham’s F statistics, using the
GENETIX v. 4.05.2 software with 10,000 permutations (Belkhir et al., 1996).

Comparison with other populations

To compare our data with those of other populations, genotype information was collected
from previous reports (Table 1). A total of five populations (N = 729) were included in the
database and used for further analysis. These populations included individuals from France and
England (Zhang et al., 2001; Lamblin et al., 2002), Japan and Korea (Maeda et al., 2001; Lee et
al., 2010), and the African-American population from the USA (Ferrand et al., 2002). Population
subdivision was assessed by analysis of molecular variance (AMOVA) using ethnicity as
subdivision criteria with the Arlequin Software v.3.5. In addition, population differentiation and
factorial correspondence analyses were conducted using the Arlequin Software v.3.5 (Excoffier
et al., 2005) and the GENETIX v. 4.05.2 software (Belkhir et al., 1996), respectively.

Table 1. List of populations used for descriptive analysis.

Population Sample size Region Reference
Mexican Mestizo 300 Central Mexico, Mexico This study

Nahua 71 Cacaloc, Zoquitlan, Puebla, Mexico This study
Mazahua 29 Santa Rosa, State of Mexico, Mexico This study
Tlapaneco 35 Uplands of Guerrero’s Sierra, Guerrero, Mexico This study

British 94 Southampton, England Zhang et al., 2001
Korean 122 Seoul, Korea Leeetal., 2010
French 226 Lille, France Lamblin et al., 2002
Japanese 72 Shiga, Japan Maeda et al., 2001
African American 215 Philadelphia, USA Ferrand et al., 2002
RESULTS

Statistical genetics

Allele frequency distributions for the -90(CA),,,. MMP-9 locus in Mestizo and
Amerindian populations are shown in Table 2. The Mexican Mestizo population presented
a bimodal distribution with 13 different alleles (k = 13), where MMP9-14 (0.22), MMP9-21
(0.30), MMP9-22 (0.17), and MMP9-23 (0.20) were the most frequent. These values corre-
lated with the allele distribution reported in other populations (Maeda et al., 2001; Ferrand et
al., 2002; Lacchini et al., 2010; Lee et al., 2010). The most frequent genotypes were: 14/21
(12.7%), 21/21 (10.3%), and 14/22 (8.3%). Alternatively, the Amerindian populations showed
a unimodal distribution. The Nahua population exhibited nine different alleles, with MMP9-
22 (0.40) the most frequent. The Mazahua and Tlapaneco populations exhibited five different
alleles each; the most frequent were MMP9-21 (0.40) and MMP9-23 (0.36) in Mazahuas, and
MMP9-23 (0.53) in Me’Phaas.
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Table 2. Allele frequency and descriptive parameters of the -90(CA), MMP-9 microsatellite in the Mexican
Mestizo, Nahua, Mazahua, and Tlapaneco populations.

Population

Mexican Mestizo Nahua Mazahua Tlapaneco
Alleles (N) 600 142 58 70
12 0.002 - - -
14 0.223 0.056 0.103 -
15 0.022 0.021 -
17 0.003 - -
18 0.002 - - -
19 0.022 0.021 0.017 0.014
20 0.020 0.014 - -
21 0.297 0.218 0.397 0.157
22 0.173 0.394 0.121 0.286
23 0.198 0.232 0.362 0.529
24 0.035 0.035 - 0.014
25 0.002 0.007 - -
27 0.002 - -

Descriptive statistics

k 13 9 5 5
Fy 0.0229 -0.0245 0.0625 -0.0094
HWE (P) 0.232 0.695 0.368 0.598
H, 0.77333 0.76056 0.65517 0.62857
H 0.79146 0.74248 0.69812 0.62277

Bold numbers show two important sets of microsatellite repeats (allele 14 and alleles 21-23) in which there is large
genetic variability throughout the populations. £ = Number of found alleles; HWE = Hardy Weinberg equilibrium,
P value; Weir and Cockerham F; H, = observed heterozygosity; H, = expected heterozygosity.

1s?

The genotype frequencies calculated in the different populations were as follows:
Mazahuas were represented by the genotypes 21/23 (24%) and 21/21 (21%), whereas Nahuas
showed a more homogeneous distribution characterized by the genotypes 21/22 (17%), 22/22
and 22/23 (15%, each), and 21/23 (14%). On the other hand, the Tlapaneco population was
mainly represented by the genotypes: 22/23 (40%), 23/23 (23%), and 21/23 (17%).

Mestizo and Amerindian populations were in HWE (P > 0.05) (Table 2).

The majority of alleles were sequenced to check the repeat length and verify allele
assignation (data not shown).

AMOVA

To assess the heterogeneity between Mestizo and Amerindian populations, AMOVA
test was performed. The results showed 5.96% heterogeneity between populations (P <0.0001),
whereas the highest variation was found within populations (94%). In light of this evidence,
AMOVA test was also performed among Amerindian populations (Mazahua, Nahua, and
Tlapaneco). The results demonstrated 6.7% variation among populations (P <0.0001), whereas
the highest variation (93%) was found within populations. In addition, AMOVA was carried
out using language as the subdivision criterion: Uto-Aztecan (Nahuas) and Oto-Manguean
(Mazahuas and Me’Phaas). The results showed 5.03% heterogeneity among populations and
94.97% variation within populations (P <0.0001), suggesting a genetic substructure that might
possibly be associated with linguistic affiliations.

In an attempt to determine the genetic differences among populations, principal com-
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ponent analyses (PCA) were performed. The first component separated the Mazahua and
Tlapaneco populations from the Mestizos and Nahuas, and the second component set apart the
Mestizo and Mazahua populations from the Nahuas and Me’Phaas (Figure 2A).

A population differentiation analysis was performed to detect genetic differences
among the Mestizo and Amerindian populations. In this regard, important differences were
found between the Mestizo and Nahuas ( P < 0.0001), as well as between the Mestizo and
Me’Phaas (0.0001). In contrast, Mestizos and Mazahuas showed no significant differences
(0.6570 £ 0.0427). Interestingly, even among Amerindian populations important differences
were found, in which the Nahuas exhibited significant differences with the Mazahuas (0.0570
+ 0.0181) and Me’Phaas (0.0084 + 0.0033). In addition, the Mazahuas showed statistical dif-
ferences with the Me’Phaas (0.0048 + 0.0022).

[=]
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Figure 2. Principal components analysis. A. Genetic relationship of the MMP-9 microsatellite among Mexican
Mestizo, Nahua, Mazahua, and Tlapaneco populations. B. Genetic relationship of MMP-9 among Mexican Mestizo,
Nahua, Mazahua, Tlapaneco, Korean, Japanese, English, French, and African American populations.
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Comparison with other populations

To assess the genetic relationship with other populations, PCA was performed. We
compared our data with those of Asian (Japanese and Korean populations), European (French
and English populations), and African-American (USA) populations (Maeda et al., 2001;
Zhang et al., 2001; Ferrand et al., 2002; Lamblin et al., 2002; Lee et al., 2010). The first com-
ponent separated Mestizo, Mazahua, Asian, African-American, and French populations from
the rest. Of note, the second component separated Amerindian and Asian populations from the
other populations (Figure 2B). In addition, F_ values were determined to evaluate the variation
of allele frequencies among populations. Our results showed that the Mestizo population dif-
fered slightly from Mazahua (0.0257), Nahua (0.0410), Asian (> 0.0500: Japanese 0.0527 and
Korean 0.0557), and African-American (0.0277) populations, whereas a moderate difference
was observed with the European population (0.0899). Nevertheless, statistical differences were
found in all populations (P < 0.001). On the other hand, the Nahuas showed moderate differ-
ences with the Mazahuas (0.0700), Me’Phaas (0.0618), Japanese (0.0757), Korean (0.0897),
and African-American (0.0674) populations. The Mazahua population exhibited moderate dif-
ference with the Me’Phaas (0.0724) and African-Americans (0.0766), both with statistically
significant differences (P < 0.05). However, the Mazahuas showed only a small difference with
the Japanese (0.0024) and Korean (0.0067) populations, with no statistical difference (P > 0.5).

DISCUSSION

Genetic association studies are powerful tools for the identification of biomarkers for
complex diseases and the development of personalized therapies (Lunetta, 2008). Accord-
ingly, a myriad of genetic studies have been published, many of which were focused on rep-
licating findings reported in European populations (Carlson et al., 2013). Recent reports sug-
gested that genetic polymorphism could affect the pharmacokinetics and pharmacodynamics
of drugs. This variability has been related to ethnicity, which has been shown to play a critical
role in the response to different therapeutic agents (Ortega and Meyers, 2014). In addition,
robust evidence has pointed out that the prevalence and even the severity of different diseases
differ among ethnic groups (Ortega and Meyers, 2014). Hence, it is crucial to evaluate the
genetic architecture of polymorphic markers in populations with multi-ethnic backgrounds
in an attempt to identify a genuine associations in these populations (Freedman et al., 2004).

In this study, we have shown the inter-ethnic variation of the MMP-9 microsatellite
in the Mexican population. High genetic variability was observed (k = 13), even higher than
that reported for African-American populations (k = 11) (Ferrand et al., 2002). This diversity
was stronger in the Mestizo population, which exhibited the most frequent alleles of European
(CA,), Asian (CA,)), and African-American (CA_, ) populations, as well as significant het-
erogeneity (6%, P <0.0001) (Ferrand et al., 2002; Fiotti et al., 2006; Lee et al., 2010). These
findings were corroborated with PCA and genetic distance analyses, which showed relative
proximity between the Mestizo population and their historical parental populations (Asian,
European, and African) (Salazar-Flores et al., 2010). These characteristics were related to
admixture of populations that showed dissimilar ethnic backgrounds and consequently differ-
ences in allelic distributions. However, the differences in the allele frequencies were also re-
lated to several demographic events such as bottlenecks, migrations, and rapid growth, which
are known to modify genetic diversity as well as genetic structure (Pritchard et al., 2000).
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The Amerindian populations exhibited less diversity than the Mestizos; low diversity
is characteristic of inbred and isolated populations such as the Me’Phaas, who settled in the
uplands of Guerrero’s Sierra (Bonilla et al., 2005). However, the Nahua population showed
blatant diversity (k= 9). Nahuas, formerly Aztecs, are the most representative ethnic group of
contemporary Mexico; these peoples have occupied the CVM since approximately 3000 years
ago. In consequence, they have maintained genetic flow with the Mestizos (Vargas-Alarcon
et al., 2007). In addition, this high diversity might also be related to the gene flow between
the Nahuas and Mazatecos, an Amerindian group from Oaxaca, Veracruz, and Puebla that
adjoins with Nahuas populations settled in Southeast Puebla, which could explain the differ-
ences found between the Nahuas and Mestizos (£ = 0.0471, P < 0.0001) (Castro-Sanchez and
Escobedo-de la Pena, 1997; CDI, 2010). The Mazahua population showed a genetic relation-
ship with the Mestizos (F_=0.02566, P = 0.6570). The Mazahuas inhabit the northwest region
of the State of Mexico (CVM) and have maintained commercial and occupational interrelation
with the Mestizos from Toluca (State of Mexico) and Mexico City (Cardoso-Saldana et al.,
2006). Furthermore, this group also presented some similarities with Japanese (£ = 0.0024,
P =0.0641) and Korean (F = 0.0067, P = 0.0357) populations. These similarities could be
related to a common ancestor (~12,000 years ago) (Brown et al., 1998).

The study of the interethnic variation in the allele distribution of MMP-9 allowed
the elucidation of specific features, possibly related to the history of the population that has
exhibited such traits. Nevertheless, the genetic differences found in the populations reflect
dissimilar frequency distributions as well as the action of natural selection (Wilson Sayres
et al., 2014). Therefore, to clearly determine the amount of variation that occurs within the
populations studied, it is necessary to use neutral loci such as mitochondrial DNA and the
non-recombinant region of the Y-chromosome (Underhill and Kivisild, 2007). With this in
mind, we had previously demonstrated a genetic substructure in the Mexican Mestizo popula-
tion using a combined 15 DNA index system-STR (CODIS). This finding was corroborated
using patrilineal markers (Salazar-Flores et al., 2010; Noris et al., 2012). As stated above,
other demographic events can produce distinct levels of population structure, which could be
related to mating practices, ancestral patterns, and even social history (Suarez-Kurtz and Pena,
2006; Ortega and Meyers, 2014). Thus, demography, genetics, and disease converge and add
complexity to genetic association studies (Crawford, 2006). This complexity is even greater
in inbred and recently appearing populations (10-15 generations) such as Latin-Americans,
in which ancestry generates distinct levels of population substructure (Johnson et al., 2011;
Noris et al., 2012). As a consequence, allele variability may only depict dissimilar ethnic back-
grounds rather than an association of genes with diseases or therapeutic efficacy (Yasuda et al.,
2008; Ortega and Meyers, 2014).

Our report provides compelling evidence for the crucial role that genetic diversity
plays in association studies in complex populations. However, further research is needed in
order to explain the severity and prevalence of various diseases in different ethnic groups, and
to understand the impact of demographic events in phenotype-genotype associations. To our
knowledge, this report constitutes the first examination of inter-ethnic variation of MMP-9 in
the Mexican population.

In conclusion, our data provide evidence for the existence of inter-ethnic variation of
MMP-9 (-90 (CA),, ,.), which has shown a possible relationship to various diseases of cardio-
vascular or neurodegenerative nature, and cancer. Our data could be used as a powerful tool to
avoid spurious associations in the search for genetic biomarkers.
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