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RESEARCH ARTICLE
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Abstract

The ectodysplasin receptor (EDAR) is a tumor necrosis factor receptor (TNF) superfamily

member. A substitution in an exon of EDAR at position 370 (EDARV370A) creates a gain of

function mutant present at high frequencies in Asian and Indigenous American populations

but absent in others. Its frequency is intermediate in populations of Mexican ancestry.

EDAR regulates the development of ectodermal tissues, including mammary ducts. Obesity

and type 2 diabetes mellitus are prevalent in people with Indigenous and Latino ancestry.

Latino patients also have altered prevalence and presentation of breast cancer. It is

unknown whether EDARV370A might connect these phenomena. The goals of this study

were to determine 1) whether EDARV370A is associated with metabolic phenotypes and 2)

if there is altered breast anatomy in women carrying EDARV370A. Participants were from

two Latino cohorts, the Arizona Insulin Resistance (AIR) registry and Sangre por Salud

(SPS) biobank. The frequency of EDARV370A was 47% in the Latino cohorts. In the AIR

registry, carriers of EDARV370A (GG homozygous) had significantly (p < 0.05) higher

plasma triglycerides, VLDL, ALT, 2-hour post-challenge glucose, and a higher prevalence of

prediabetes/diabetes. In a subset of the AIR registry, serum levels of ectodysplasin A2

(EDA-A2) also were associated with HbA1c and prediabetes (p < 0.05). For the SPS bio-

bank, participants that were carriers of EDARV370A had lower breast density and higher

HbA1c (both p < 0.05). The significant associations with measures of glycemia remained

when the cohorts were combined. We conclude that EDARV370A is associated with charac-

teristics of the metabolic syndrome and breast density in Latinos.
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Introduction

Ectodysplasin is a member of the tumor necrosis family (TNF) superfamily, and its receptor,

the ectodysplasin receptor (EDAR), is a member of the TNF family of receptors [1]. Ectodys-

plasin signaling is involved in the embryonic development of many ectodermal tissues, includ-

ing hair, sweat glands, mammary glands, and teeth [2]. Loss of function mutants of

components of this system produces the syndrome of hypohydrotic ectodermal dysplasia [3].

A gain of function coding variant of EDAR [4], a single base substitution in an exon of the

ectodysplasin receptor resulting in an alanine for a valine residue (EDARV370A), is present at

high frequencies in North and East Asian populations and Indigenous populations of the

Americas [5]. Individuals carrying at least one EDARV370A allele have a higher probability of

having straight hair, more eccrine sweat glands, and shoveling of upper incisors [6–14]. A

knock-in mouse with the EDARV370A allele mimics many of these characteristics (except

incisor shoveling), along with an increased branch density of the mammary glands [6]. Geno-

mic analysis indicates that EDAR and the surrounding region have undergone a high degree

of natural selection in favor of EDARV370A over the last approximately 30,000 years [4, 15].

One speculation regarding this selection is that a higher number of sweat glands may have

been adaptive in Asian hunter-gatherers [6].

Upper incisor shoveling is prevalent in Indigenous American and some Asian populations

[16]. The causative relationship between EDARV370A and dental crown morphology has

explained this phenomenon [11–13]. Hlusko suggests this allele conferred selective advantage

during population movements across Beringia, involving potential genetic isolation, especially

during periods when people may have had restricted access to adjacent continents due to gla-

cial conditions [5]. In addition to speculation regarding a selective advantage related to sweat

glands, another hypothesis is that because Beringia received very little UV-B radiation for

much of the year, vitamin D synthesis in the skin of infants consuming only breastmilk would

not have occurred at levels high enough to promote normal development of the infant. In this

case, it may have been selectively advantageous if mothers could secrete more vitamin D (and

other fat-soluble components) in their milk to supply their infants with adequate nutrition,

and this may have provided a selective advantage to infants of mothers carrying the

EDARV370A variant, perhaps due to higher mammary duct branch complexity in these

women [5]. If the EDARV370A variant was already at a high frequency when East Asian popu-

lations migrated into ancient Beringia, it could have facilitated the success of Beringian people

in that high latitude environment. However, other than the observation that there is an

increased branch density of the mammary glands in EDARV370A knock-in mice [6], there

has been no study to provide evidence that would support this notion in humans. Suppose this

was the case, and women bearing this allele were to have different mammary gland anatomy

and function. In this case, it could have a bearing on the health of infants in ancient Beringia

and may be involved in the health of infants and mothers even in today’s environments.

Breast cancer is a leading cause of cancer death in Latinas [17]. Most [18, 19], but not all

[20, 21] studies show that Latina women have a greater risk of breast cancer-specific mortality

than non-Hispanic white women. However, age-adjusted breast cancer incidence rates are

about 25% lower among Latina women than non-Hispanic white women [22]. These observa-

tions suggest that there may be biological differences, perhaps involving genetic differences, in

breast cancer pathogenesis that distinguishes Latinas from non-Hispanic whites. The

EDARV370A variant conceivably could be involved in the differences in presentation of breast

cancer in Latinas. Since the mammographic determination of breast density is an independent

risk factor for breast cancer, one goal of the present study was to determine if there is evidence

of altered breast anatomy in Latina women carrying the EDARV370A variant.
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Many Indigenous populations of the Americas have high frequencies of the EDARV370A

variant and many metabolic syndrome characteristics related to obesity-associated insulin

resistance and type 2 diabetes mellitus [23]. It is unclear whether the EDARV370A variant is

associated with metabolic events or why this should be the case. Still, the high prevalence of

obesity and diabetes coexisting with the high frequency of EDARV370A is intriguing. There-

fore, the second purpose of this study was to determine whether EDARV370A is associated

with metabolic syndrome phenotypes. Moreover, we assayed serum levels of ectodysplasin A2

to determine whether other elements of signaling through the EDARs were related to compo-

nents of the metabolic syndrome.

To answer these questions, we genotyped the EDAR variant in two cohorts of Latino partic-

ipants. One cohort consisted of Latinos recruited through the community who were partici-

pants of the Arizona Insulin Resistance registry [24], and the other consisted of Latino patients

at Mountain Park Community Health Center who were participants of the Sangre por Salud
(SPS) biobank [25]. The advantage of using Latino participants is that this population has a sig-

nificant genetic contribution from both Indigenous and European alleles, so that there may be

wide variation in the genotypes and phenotypes under study, which facilitates the association

analysis. In addition, almost half of the participants from the SPS biobank had breast density

measurements that we used as a proxy phenotype for differences in breast anatomy.

Materials and methods

Participants and cohorts

The Institutional Review Boards at Arizona State University, Mayo Clinic, and the University

of Arizona approved the study. Participants took part in either of two cohorts. The first cohort,

known as the Arizona Insulin Resistance (AIR) registry, consisted of Latino volunteers

(n = 667). They were recruited directly through the community [24]. The majority of the 667

volunteers were adults 18 years or older (79.6%); however, children and adolescents (20.4%)

participated in the study. Participants received a history and physical examination, laboratory

determinations, and a 75g two-hour oral glucose tolerance test. Of these 667 participants, 94%

consented to bank their DNA/serum and plasma for future studies without additional recon-

tact. For the genotyping analysis for this present study, only the adult participants were studied

(n = 502). The second cohort consisted of Latino patients (n = 997) in the Sangre por Salud
(SPS) biobank [25]. SPS participants received laboratory determinations, a two-hour glucose

tolerance test, and banked plasma/serum and DNA with consent to use de-identified data and

biospecimens for future studies [25]. Additionally, 539 women who had participated in the

SPS biobank also took part in the LLEAD (Latinas Learning about Breast Density) study [26],

where participants received mammograms as part of the protocol. The Breast Imaging,

Reporting and Data System (BI-RADS) scores and breast density values were obtained from

the mammograms and used for the association analyses.

The IRB at Arizona State University approved the AIR registry study. Similarly, the IRB at

Mayo Clinic approved the SPS biobank. Written consent was obtained on all AIR registry and

SPS biobank participants. For the minors that were recruited into the AIR registry [although

they were not studied as part of this project], written consent was obtained from their parents

or guardians. Written consent was obtained for the AIR registry and SPS biobank for the bank-

ing of serum, DNA, and RNA to use deidentified data and biospecimens for future studies,

like the one described herein. The University of Arizona approved the present study under

protocol #1703255156. The present study was considered exempt by the ethics committee at

the University of Arizona since it utilized deidentified information of previously consented

banked samples, and no recontact was made with these participants.
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Single nucleotide polymorphism (SNP) genotyping

Genotyping for the EDARV370A (rs3827760) SNP was performed by the Assay-by-Design

service (Applied Biosystems, Calif., USA), as previously described [27]. Briefly, in a 384-well

plate, 2 μl of purified genomic DNA (2 ng/μl) were incubated with primers and probes with

the SNP of interest (0.09 μl), 3.5 μl of TaqMan Universal Polymerase Chain Reaction Master

Mix-No AmpErase UNG and 1.14 μl of distilled water. Samples were polymerase-chain-reac-

tion-amplified on the Applied Biosystems 9700HT Thermal Cycler under the following condi-

tions: denatured for 10 min at 95˚C, denatured, annealed, and extended for 40 cycles of 15 s at

92˚C and 1 min at 60˚C. We scanned the 384-well microplates for fluorescence emission using

a 7900HT sequence detector (Applied Biosystems) and determined the alleles using the allelic

discrimination Sequence Detection System v2.3 software (Applied Biosystems). Our success

rate for genotyping in the AIR registry was 100%, and for the SPS biobank, we were able to call

993 genotypes out of the 997 DNA samples (99.6%).

AIR registry phenotypes used for genetic analysis

The following phenotypes used for the AIR registry EDARV370A association analysis included

body mass index (BMI), fat mass percentage (determined by bioimpedance; fatmass), waist

circumference (WC), hip circumference (HC), total cholesterol (Chol), triglyceride (TG),

high-density lipoprotein-cholesterol (HDL), low-density lipoprotein-cholesterol (LDL), very

low-density lipoprotein-cholesterol (VLDL), systolic blood pressure (SBP), diastolic blood

pressure (DBP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), adiponec-

tin, fasting plasma glucose (FPG), 2-hour oral glucose tolerance test (2hOGTT), hemoglobin

A1c (HbA1c), fasting plasma insulin (FPI), prediabetes status and diabetes status using Ameri-

can Diabetes Association criteria. Shaibi et al. [24] and DeMenna et al. [27] describe the collec-

tion and measurement of these phenotypes. As part of the present study, ectodysplasin A2

(EDA-A2) levels were measured in a subset of stored serum samples using ELISAs and per

manufacturer’s instructions (RayBiotech Life, GA, USA).

SPS biobank phenotypes for genetic analysis

The following phenotypes used for the SPS biobank EDARV370A association analysis

included body mass index (BMI), waist circumference (WC), total cholesterol (Chol), tri-

glyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), fasting

plasma glucose (FPG), 2-hour oral glucose tolerance test (2hOGTT), hemoglobin A1c

(HbA1c), fasting plasma insulin (FPI), breast imaging reporting and data system (BI-RADS)

scores and breast density (BD) value. The BI-RADS is a numerical scale ranging between 0

and 6 and is related to the likelihood that mammographic findings represent a malignancy.

The mammogram report also consists of the BD value, which is an assessment of breast den-

sity. Breast density categorization was as follows: 1, almost entirely fatty; 2, scattered areas of

fibroglandular density; 3, heterogeneously dense, which may obscure small masses; and 4,

extremely dense, which lowers the sensitivity of the mammography. In addition, we had

additional phenotypic information for women with mammogram data, including the num-

ber of children delivered, age at menarche, menopause (yes/no), and did you ever breastfeed

(yes/no).

Statistical analysis

We used R version 4.0.5 (https://www.r-project.org/) for the statistical analysis. Mean ± SEM

was used to express the participant characteristic data. The allele frequencies for EDARV370A
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(rs3827760) were calculated in R using the genetics package (https://CRAN.R-project.org/

package=genetics). This same package was used to test Hardy-Weinberg Equilibrium (HWE).

We used the linear model function in R to create a simple regression model for the genetic

association phenotype analysis. Age, sex, and BMI were used as covariates in the EDAR variant

phenotype association analyses. For the BI-RADS score and BD value association analyses, we

included age, BMI, menopausal status, and the number of children delivered in the model. Sig-

nificance was defined as p� 0.05.

Results

AIR registry and SPS biobank participants

Table 1 shows the clinical characteristics of the AIR registry participants used in the present

study. Phenotypic data were available on 502 participants (324 females, 178 males) with a

mean age of 36.3 ± 0.5 years. The clinical characteristics of the SPS biobank participants also

are provided in Table 1. Phenotypic data were available on 997 participants (691 females, 306

males) with a mean age of 45.8 ± 0.4 years. Moreover, 539 SPS women participants also had

mammograms with breast density (BD) values and BI-RADS scores data.

Minor allele frequency and HWE calculation

EDARV370A (rs3827760) had an allele frequency of approximately 47% in each cohort. In the

AIR registry cohort, genotype frequencies (AA: 141, AG: 254: GG: 107) met Hardy-Weinberg

Table 1. Characteristics of the AIR registry and SPS biobank participants.

AIR registry SPS biobank

Gender (Female / Male) 324 / 178 691 / 306

Age, years 36.3 ± 0.5 45.8 ± 0.4

Body Mass Index, kg/m2 29.8 ± 0.3 30.5 ± 0.2

Fat Mass, % 24.3 ± 0.5 –

Waist circumference, cm 98.6 ± 0.6 100.7 ± 0.5

Hip circumference, cm 108.6 ± 0.5 –

Cholesterol, mg/dl 174.3 ± 1.6 186.3 ± 1.2

Triglycerides, mg/dl 136.4 ± 3.5 144.8 ± 3.0

High-density lipoprotein, mg/dl 44.0 ± 0.5 49.9 ± 0.5

Low-density lipoprotein, mg/dl 106.9 ± 1.3 108.1 ± 1.0

Very low-density lipoprotein, mg/dl 21.8 ± 0.5 –

Systolic blood pressure, mm Hg 120.1 ± 0.7 –

Diastolic blood pressure, mm Hg 76.4 ± 0.4 –

Alanine aminotransferase, IU/L 26.5 ± 0.8 –

Aspartate aminotransferase, IU/L 24.1 ± 0.5 –

Adiponectin, μg/ml 6.4 ± 0.1 –

Hemoglobin A1c, % 5.59 ± 0.02 6.11 ± 0.04

Fasting plasma insulin, μIU/ml 9.1 ± 0.3 10.3 ± 0.6

Fasting plasma glucose, mg/dl 94.4 ± 0.5 95.2 ± 0.7

2hOGTT, mg/dl 136.8 ± 2.3 122.4 ± 1.9

Diabetes status, % 14.9 ± 1.6 –

Prediabetes status, % 36.4 ± 2.4 –

Values are mean ± SEM. The–indicates that this phenotype was unavailable for this dataset.

For additional detail, the S1 and S2 Tables shows the AIR registry and SPS biobank characteristic data organized by

EDARV370A genotype and body mass index (BMI).

https://doi.org/10.1371/journal.pone.0258212.t001
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equilibrium criteria (Chi-squared test, p = not significant). However, genotype frequencies

(AA: 299, AG: 446: GG: 248) in the SPS biobank were inconsistent with Hardy-Weinberg equi-

librium (Chi-squared test, p = 0.0017). Similarly, when we combined the genotype frequencies

(AA: 440, AG: 700: GG: 355) from both Latino cohorts, Hardy-Weinberg equilibrium was not

met (Chi-squared test, p = 0.019). A departure from Hardy-Weinberg equilibrium for

EDARV370A (rs3827760) was not unexpected since this variant may have undergone a high

degree of natural selection within the last 30,000 years [5].

AIR registry association analyses

Table 2 provides the mean levels for the phenotypes having significant associations with

EDARV370A. EDARV370A in the AIR registry was significantly associated with TG, VLDL,

ALT, 2hOGTT, prediabetes, and diabetes status (Table 2). Carriers of the alanine variant

EDARV370A/ EDARV370A (GG homozygous) had higher TG, higher VLDL, higher ALT,

higher 2-hour post-challenge glucose, and more prediabetes/diabetes compared with carriers

of the EDARwt/EDARwt (AA homozygous).

The significant association for ALT appears to be driven by the males in the analysis. ALT

levels across the three genotypes showed that the males had a significant association (AA:

26.5 ± 1.7 versus AG: 32.3 ± 1.9 versus GG: 43.1 ± 3.8 IU/L, p< 0.05) whereas the females were

unchanged (AA: 22.8 ± 1.7 versus AG: 23.0 ± 1.2 versus GG: 22.3 ± 1.7 IU/L, NS). Moreover,

the AST levels in the males had a significant association with the EDAR genotype (AA:

23.4 ± 1.1 versus AG: 25.2 ± 1.1 versus GG: 31.2 ± 1.9 IU/L, p< 0.05), whereas the females did

not (AA: 23.2 ± 1.2 versus AG: 23.1 ± 0.8 versus GG: 22.1 ± 1.1 IU/L, NS). Of note, the trend

for all phenotypes was in the direction of the EDARV370A homozygous participants having

more metabolic syndrome characteristics (Table 2).

SPS biobank analysis

EDARV370A in the SPS biobank was significantly associated with HbA1c (p = 0.050). When

we included age, sex, and BMI in the model, the P value fell to 0.0167. Participants that were

EDARwt/EDARwt (AA homozygous), EDARwt/EDARV370A (AG heterozygous), and

EDARV370A/ EDARV370A (GG homozygous) had HbA1c levels of 5.98 ± 0.06%,

6.16 ± 0.06%, and 6.20 ± 0.09%, respectively (higher HbA1c in EDARV370A/EDARV370A

carriers (GG homozygous). EDARV370A was not associated with any of the other metabolic

phenotypes in the SPS biobank.

Table 2. Genotype class specific mean values for the phenotypes that were significantly associated with EDARV370A.

Phenotype EDARwt /

EDARwt (AA)

EDARwt /

EDARV370A (AG)

EDAR370A /

EDARV370A (GG)

Direction of

Change

Genotype only

model P Value�
Genotype, age, sex and BMI

model P Value��

Triglycerides (mg/dl) 120.0 ± 0.5 136.5 ± 0.3 157.8 ± 0.9 " 0.000167 0.00039

VLDL (mg/dl) 20.1 ± 0.1 22.2 ± 0.1 23.4 ± 0.1 " 0.0173 0.018

ALT (IU/L) 24.0 ± 0.1 26.2 ± 0.1 30.7 ± 0.2 " 0.00392 0.00807

2-hour post-

challenge glucose

128.1 ± 0.4 136.8 ± 0.2 148.6 ± 0.6 " 0.00214 0.001137

Prediabetes (%) 29.2 ± 0.4 38.0 ± 0.2 42.7 ± 0.6 " 0.042 0.058

Diabetes (%) 12.4 ± 0.2 13.3 ± 0.1 21.9 ± 0.4 " 0.0511 0.0269

The p values were generated using the simple linear regression model in R.

�Genotype only was included in the linear regression model.

��Genotype, age, sex and BMI were included in the linear regression model. For ease of interpretation, the genotype class specific mean ± SEM are shown along with the

direction of change that corresponds to the EDARV370A / EDARV370A (GG) genotype. Significant p values are bolded.

https://doi.org/10.1371/journal.pone.0258212.t002
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We also performed analysis to determine the relationship between breast density (BD), as

determined using mammography, with EDAR genotypes. There was a significant inverse asso-

ciation of the EDARV370A genotype with BD value (p = 0.0312). When we included age and

BMI in the model, the significance improved (p = 0.0066). Participants that were EDARwt/

EDARwt (AA homozygous), EDARwt/EDARV370A (AG heterozygous), and EDARV370A/

EDARV370A (GG homozygous) had a BD value of 2.46 ± 0.05, 2.43 ± 0.04, and 2.30 ± 0.05,

respectively. Correction for BMI was important in the model because of an independent

inverse association between breast density and BMI (p< 0.000001). Lean, overweight, and

obese participants had BD values of 2.69 ± 0.07, 2.50 ± 0.04, and 2.29 ± 0.03, respectively. Simi-

larly, the correction for age was also important because of an independent association of breast

density with age (p< 0.000001). The average age (±SEM) of the women across the four breast

density categories was 51.7 ± 2.0, 51. 3 ± 0.5, 48.0 ± 0.5 and 43.4 ± 0.9 years for the 1 = almost

entirely fatty, 2 = scattered areas of fibroglandular density, 3 = heterogeneously dense and

4 = extremely dense groups, respectively.

In addition, we showed that BD value was independently associated with menopausal status

(p = 0.000618). The BD value was lower in the menopausal women (2.28 ± 0.04) than the non-

menopausal women (2.48 ± 0.04). We also showed that the BD value was independently asso-

ciated with the number of children delivered (p = 0.00248). Across the four BD categories of 1,

2, 3, and 4, the average number of children delivered (±SEM) was 3.4 ± 0.3, 3.7 ± 0.1, 3.3 ± 0.1,

and 2.6 ± 0.5, respectively. Breast density was not associated with age at menarche (p = 0.263)

nor breastfeeding history (p = 0.333). Based on these findings, we reran our analysis of the BD

value with the EDAR genotypes while controlling for the significant independent traits (age,

BMI, menopausal status, and the number of children delivered). After controlling for these

other factors, the genotype association with BD value remained with p = 0.0218.

AIR registry and SPS biobank combined analysis

Table 3 summarizes the p values derived for the EDARV370A association analysis by pheno-

types for AIR registry, SPS biobank, and AIR + SPS combined.

We had phenotypic data on 1,499 participants aged 18 to 85 years (1,015 females and 484

males) for the combined AIR registry and SPS biobank analysis. The average age was

42.6 ± 0.3 years. EDARV370A was significantly associated with measures of glycemia (higher

HbA1c and FPG in alanine carriers of EDARV370A/EDARV370A (GG homozygous)). In

addition, there was a significant association of the EDARV370A genotype with HbA1c

(p = 0.018). After controlling for age, sex, and BMI in the model, the significance was p = 0.010

(Fig 1). Moreover, there was a nominal association of the EDARV370A genotype with FPG

(p = 0.062), and after including age, sex, and BMI in the model, the significance was p = 0.036

(Fig 2). Additionally, the associations for HbA1c and FPG were driven by the females in the

analysis. When we analyzed the data by gender and genotypes, we showed significant associa-

tions in the females but not the males (S3 Table).

Ectodysplasin A2 (EDA-A2) analysis

As part of the present study, we measured ectodysplasin A2 (EDA-A2) in a subset of sera from

patients in the AIR registry (n = 234). We attempted to match for an equal number of sera in

each genotype group, and we measured randomly across the adult patients’ samples. Mean

serum EDA-A2 was 91.7 ± 17.5 pg/ml in this subset. We performed an association analysis of

the EDA-A2 levels with the AIR registry metabolic phenotypes. There were significant associa-

tions of the serum EDA-A2 with HbA1c (Fig 3) and prediabetes (Fig 4). However, EDA-A2

levels were not associated with the EDAR genotype (S4 Table). This finding was not
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unexpected since this isoform of EDA binds to a related but distinct, X-linked ectodysplasin-

A2 receptor (XEDAR) [28].

Community advisory board (CAB) input

As part of the SPS biobank, a community advisory board (CAB) was constituted to seek com-

munity and patient input on biobank policies, procedures, and community implications of

findings of studies using biobank resources [25]. Because the current project deals with poten-

tially sensitive issues of evolution, that is, people of the Americas and Indigenous ancestry in

Latinos, we sought to determine whether members of the CAB perceived areas of concern. To

accomplish this, we presented and summarized the project and findings of this present study

to the CAB. Following the presentation, members of the CAB, who are part of the Latino com-

munity, were asked to feel the “back of their upper front teeth” to detect incisor shoveling and,

based on what they felt, to discuss their thoughts and feelings regarding how ancient ancestry

might affect their health today and whether there were benefits or risks of such a study that

might be of particular concern for the Latino community. One CAB member described an

understanding of the “thrifty genotype” hypothesis [29], which they considered similar to this

Table 3. Summary table of the EDARV370A association analysis by phenotypes for AIR registry, SPS biobank and AIR + SPS combined.

AIR registry P Value SPS biobank P Value AIR + SPS combined P Value

Gender (Female / Male) NS NS NS

Age, years NS NS NS

Body Mass Index, kg/m2 NS NS NS

Fat Mass, % NS – –

Waist circumference, cm NS NS NS

Hip circumference, cm NS – –

Cholesterol, mg/dl NS NS NS

Triglycerides, mg/dl 0.000167� / 0.00039�� NS NS

High-density lipoprotein, mg/dl NS NS NS

Low-density lipoprotein, mg/dl NS NS NS

Very low-density lipoprotein, mg/dl 0.0173� / 0.018�� – –

Systolic blood pressure, mm Hg NS – –

Diastolic blood pressure, mm Hg NS – –

Alanine aminotransferase, IU/L 0.00392� / 0.00807�� – –

Aspartate aminotransferase, IU/L NS – –

Adiponectin, μg/ml NS – –

Hemoglobin A1c, % NS 0.050� / 0.0167�� 0.018� / 0.010��

Fasting plasma insulin, μIU/ml NS NS NS

Fasting plasma glucose, mg/dl NS NS 0.062� / 0.036��

2-hour post-challenge glucose, mg/dl 0.00214� / 0.001137�� NS NS

Diabetes status, % 0.0511�/ 0.0269�� – –

Prediabetes status, % 0.042� / 0.058�� – –

Breast density (BD) value – 0.0312� / 0.0066��� / 0.0218���� –

BI-RADS Score – NS –

The–indicates that this phenotype was unavailable for this dataset. NS = not significant. The p values were generated using the simple linear regression model in R.

�Genotype only was included in the linear regression model.

��Genotype, age, sex and BMI were included in the linear regression model.

���Genotype, age and BMI were included in the linear regression model.

����Genotype, age, BMI, menopausal status and number of children delivered were included in the linear regression model. Significant p values are bolded.

https://doi.org/10.1371/journal.pone.0258212.t003
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Fig 1. EDARV370A genotypes by HbA1c (%) levels. Values are mean ± SEM. P values were generated using a simple

linear regression model.

https://doi.org/10.1371/journal.pone.0258212.g001

Fig 2. EDARV370A genotypes by fasting plasma glucose (mg/dl) levels. Values are mean ± SEM. P values were

generated using a simple linear regression model.

https://doi.org/10.1371/journal.pone.0258212.g002
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project. This CAB member considered genes derived from ancient ancestors as important,

particularly as they may influence his current or future health status. Another CAB member

said that although he identified as a “Chicano”, he understood that there is prejudice in the

Latino community against “Indios” and related ancestry among some people, especially Mexi-

cans (as differentiated from Chicano). The notion was that some members of his community

might not appreciate the association to Indigenous ancestry. However, he felt that most

Fig 3. EDA-A2 levels (pg/ml) by HbA1c cutoffs of normal glucose tolerance<5.7% and prediabetes�5.7%. Values

are mean ± SEM. �p< 0.05.

https://doi.org/10.1371/journal.pone.0258212.g003

Fig 4. EDA-A2 levels (pg/ml) by prediabetes status. Values are mean ± SEM. �p< 0.05.

https://doi.org/10.1371/journal.pone.0258212.g004
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“Chicanos” understand they are members of a distinct community, blended culturally and

genetically, and probably would derive no offense from this study. “More information is

almost always better” was the idea that was generally in agreement among CAB members.

Discussion

The purposes of the present study were to determine whether the EDARV370A variant present

in Latinos is associated 1) with phenotypic characteristics suggesting a connection between the

variant and obesity, hyperglycemia, and other traits associated with the metabolic syndrome

and 2) with alterations in breast characteristics as determined by mammography.

EDARV370A was associated with various metabolic syndrome measures in two independent

Latino cohorts and was significantly and inversely associated with breast density in women

from the SPS biobank. The allele frequency of the EDARV370A allele in the present study was

47%, combining both cohorts. The EDARV370A variant allele is present at high frequencies in

many Indigenous populations but is nearly absent in African or European people [5]. There-

fore, we expected an intermediate allele frequency in the Latinos since they have major genetic

contributions from Indigenous and European alleles. Overall, conditions for Hardy-Weinberg

equilibrium at this locus were not met. Departure from Hardy-Weinberg equilibrium can

result from genetic drift, population admixture, and natural selection. The population studied

here is a result of recent admixture between Europeans and Indigenous Americans, and natu-

ral selection may have operated at this locus when ancestral populations resided in Beringia

[5]. Moreover, genetic drift may have occurred in ancestral populations that may have also

been genetically isolated [5]. Departures from Hardy-Weinberg equilibrium also are used to

screen for genotyping errors [30], and although this is possible, it is unlikely since we used a

candidate SNP genotyping approach. Moreover, the majority of genotyping errors are typically

observed as an excess of heterozygotes, reflecting a technical problem in the assay [31]. This

was not the case here.

One significant finding of this study is that the EDARV370A variant is significantly associ-

ated with breast density in Latinas. In this analysis, women who were homozygous for

EDARV370A had lower breast density values, which implies less dense breast tissue and a

greater proportion of adipose tissue. This finding was independent of adiposity. Developmen-

tally, the knock-in mouse model of the EDARV370A variant had increased ductal branching

in combination with a smaller fat pad area, as determined by whole-mount preparations of

mammary glands [6]. This knock in mouse finding led to the hypothesis that EDARV370A’s

effect on the mammary gland may have conferred selective advantage at high latitudes during

population migrations to the Americas, 25–30,000 years BP, by conferring greater fitness to

mothers who could transfer more macro and micronutrients and vitamins, such as vitamin D,

to their infants [5]. From the mouse model, we might have predicted lower breast density in

women carrying EDARV370A. However, mammograms provide only a rough picture of

breast anatomy and do not have the resolution needed to image mammary ducts in women, so

this study could not directly answer whether EDARV370A conferred an altered mammary

gland branching in women who carry the allele. In contrast, mammary glands in the mouse

could be examined histologically. Therefore, our finding of the association between

EDARV370A and lower breast density was unexpected. However, the present results provide

the first evidence that women carrying this allele, especially those who are homozygous, do

have altered breast anatomy. In this case, a lower breast density value suggests a greater con-

tent of fatty tissue. Taken together, our association between this variant and differences in

breast anatomy is intriguing. We suggest that this phenomenon needs additional study, as it

could have a bearing on infant nutrition and even breast cancer. Evidence shows that very low
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breast density may be associated with worse outcomes in breast cancer patients [32]. It is

important to note that this analysis corrected for BMI in these women. We found that BMI

and breast density were independently and negatively associated; that is, more obese women

had more fatty-rich breasts, consistent with prior population-based studies, such as the US

Breast Cancer Surveillance Consortium [33].

If the hypothesis that greater mammary gland duct complexity can lead to higher breast

milk content of fatty acids and fat-soluble vitamins, such as vitamin D [5], it also is conceivable

that a genetic propensity in favor of higher overall body adiposity could interact with this trait

to confer an additional selective advantage. For example, vitamin D is stored in adipose tissue,

and the greater adipose tissue mass in obesity results in greater whole-body vitamin D stores,

even though serum levels of vitamin D may be lower [34, 35]. Moreover, supplementation

with vitamin D raises both plasma and adipose tissue vitamin D concentrations [36, 37], and

this response is durable even after cessation of supplementation [38, 39]. Moreover, mammary

gland adipocytes can form bioactive 1.25 hydroxyvitamin D from 25-hydroxyvitamin D [40].

In addition, Vitamin D receptor deletion results in longer mammary ducts (whereas the

EDARV370A in mice increased branch density of the mammary glands), so the EDAR variant

could counter the effects of vitamin D deficiency in mothers as well [41]. Such could also be

the case for other metabolites, vitamins, or hormones stored in fat and secreted in breast milk.

Another major finding of our study is the evidence that carriers of the EDARV30A variant

have several characteristics that are associated with the metabolic syndrome, including higher

triglycerides, higher VLDL cholesterol, higher 2-hour post-challenge glucose, and higher per-

centages of prediabetes and diabetes, which both were present at nearly two-fold higher levels

in Latinos homozygous for the EDARV370A allele. We also observed associations of this vari-

ant with measures of liver function, however that appeared to be male-specific. Thus, the

EDARV370A variant is associated not only with differences in breast anatomy but also in met-

abolic traits. It is unclear whether there is an unknown mechanistic connection between the

EDAR variant and metabolism or whether it serves as a marker for Indigenous ancestry, with

the metabolic phenotypes being the product of other alleles more common in Indigenous

populations.

To more completely examine the EDAR signaling system, we assayed an isoform of the

ligand EDA in plasma of the participants. EDA-A1 and EDA-A2 are two isoforms of EDA that

differ by an insertion of two amino acids [28]. This insertion determines the receptor that the

ligand binds to. Specifically, EDA-A1 binds to the receptor EDAR, whereas EDA-A2 binds to

the related X-linked ectodysplasin-A2 receptor (XEDAR) [28]. Although EDA-A2 is not a

known ligand for EDAR, EDA-A2 levels were also measured in light of the finding of Yang

et al. that levels of this ligand are associated with metabolic syndrome traits [42]. Specifically,

they showed that EDA-A2 levels were lower in control participants compared to NAFLD

patients [42]. In this study, we observed lower serum EDA-A2 levels with prediabetes and

HbA1c. This finding was opposite to what we expected as the Yang et al. paper showed that

EDA-A2 levels were higher in the NAFLD, which is associated with metabolic syndrome traits

[42]. In this study, we did not observe any association of EDA-A2 with measures of liver func-

tion, specifically ALT or AST. This discrepancy may be explained by the cohorts studied. In

the Yang et al. paper, the patients were from China [42], and our study focused on Latino vol-

unteers. Unsurprisingly, there was no association of the EDA-A2 with the EDARV370A

genotypes.

In addition to the evolutionary implications of the high frequency of the EDARV370A allele

in Western Hemisphere populations, the results of this study may have health implications to

carriers of this variant, including a higher risk of prediabetes/type 2 diabetes mellitus, poten-

tially altered composition of breast milk that could have unknown health effects on infants,
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and even the speculative possibility that altered anatomy of mammary ducts could have an

impact on the development of breast cancer. The frequency of EDARV370A is extremely high

in Indigenous populations. In addition, with a calculated allele frequency of 0.47, we can spec-

ulate that about 70% of Mexican Americans, or 25–28 million individuals, also carry at least

one EDARV370A allele. The potential magnitude of these unknown health effects compels us

to gain a complete understanding of the biology of this gain of function variant.

Finally, genetic analysis in underserved minority communities has created sensitivities

through misunderstanding and miscommunication, for example, in the case of genetic studies

of the Havasupai [43]. In consideration of these sensitivities, the SPS biobank’s community

advisory board (CAB) was created to provide input to investigators regarding potential sensitiv-

ities of Latino participants and the community regarding genetic research using DNA stored in

the biobank. The CAB was engaged in assessing the type and extent of any such sensitivities to

the conduct and findings of the present study. Because Latinos have major genetic contributions

from Indigenous American and European populations and are distinct culturally from both, we

deemed it essential to address these questions directly in representatives of the community. The

study was described to the CAB and a discussion focused on how genetic findings related to

ancient ancestry might affect health was undertaken. Generally, the members agreed that they

would rather have this knowledge, regardless of its implications regarding ancestry, than not

have the information that could affect their health. However, there was a discussion about how

some Latino community members may have mixed feelings about Indigenous ancestry and that

some participants might not want to have those kinds of results returned to them.

The findings of our study should be considered in the context of the strengths and limita-

tions of this work. A main limitation of this study is that we did not measure ancestry informa-

tive markers (AIMs) in the AIR registry or the SPS biobank. As such, we were unable to assess

the proportion of ancestry of individuals in our populations. In addition, we were not able to

account for bias that may stem from genetic admixture or population stratification. On the

other hand, a strength of this study was the access to the AIR registry and SPS biobank, which

comprised self-reported participants of Latino descent. A second strength was the participants’

rich phenotyping, including the breast density data from the SPS biobank. In conclusion, the

results of this study provide evidence of links between the gain-of-function EDARV370A vari-

ant, breast adiposity, and metabolism. Whether there are mechanistic links, for example, with

breast anatomy, or whether these associations only exist as markers of Indigenous ancestry

will require additional study.
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