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Abstract

Dental caries is the most common chronic disease worldwide, and exhibits profound disparities in the USA with racial and
ethnic minorities experiencing disproportionate disease burden. Though heritable, the specific genes influencing risk of dental
caries remain largely unknown. Therefore, we performed genome-wide association scans (GWASs) for dental caries in a
population-based cohort of 12 000 Hispanic/Latino participants aged 18-74 years from the HCHS/SOL. Intra-oral examinations
were used to generate two common indices of dental caries experience which were tested for association with 27.7 M genotyped
or imputed single-nucleotide polymorphisms separately in the six ancestry groups. A mixed-models approach was used, which
adjusted for age, sex, recruitment site, five principal components of ancestry and additional features of the sampling design.
Meta-analyses were used to combine GWAS results across ancestry groups. Heritability estimates ranged from 20-53% in the six
ancestry groups. The most significant association observed via meta-analysis for both phenotypes was in the region of the
NAMPT gene (rs190395159; P-value = 6 x 107°), which is involved in many biological processes including periodontal healing.
Another significant association was observed for rs72626594 (P-value = 3 x 10~%) downstream of BMP7, a tooth development
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gene. Other associations were observed in genes lacking known or plausible roles in dental caries. In conclusion, this was the
largest GWAS of dental caries, to date and was the first to target Hispanic/Latino populations. Understanding the factors
influencing dental caries susceptibility may lead to improvements in prediction, prevention and disease management, which
may ultimately reduce the disparities in oral health across racial, ethnic and socioeconomic strata.

Introduction

Dental caries (i.e. tooth decay) is the most prevalent chronic dis-
ease affecting all populations, worldwide, and if left untreated,
leads to serious concomitants and comorbidities. In the USA,
over 90% of adults are affected by dental caries with over 25% hav-
ing untreated decay (1). Furthermore, enormous disparities in
disease burden persist, with vulnerable populations such as
racial/ethnic minorities, low-income groups, and residents of
rural areas suffering disproportionate rates of untreated disease
and greater barriers to accessing oral health care. These disparities
in disease burden persist despite the fact that prevalence of
caries (which includes treated decay) is higher in non-Hispanic
whites than minority groups (2). In fact, Hispanic and Latino Amer-
icans count among the highest-risk populations; for example, the
National Health and Nutrition Examination Survey (NHANES)
1999-2004 survey showed that Mexican Americans have nearly
twice as many teeth with untreated decay, have more missing
teeth due to caries, and are far more likely to report poor perceived
dental health as compared with non-Hispanic whites (1). Similar
disparities were observed for Hispanic children, adolescents and
adults in the NHANES 2011-2012 survey (2,3).

The core disease mechanism leading to dental caries is well-
known: the dissolution of the mineralized dental tissues due to
acidic byproducts of bacterial metabolism. In the non-disease
state, this demineralization is counteracted by natural remineraliz-
ing processes. Therefore, whether or not dental caries develops
depends on the balance between mineral dissolution and
re-precipitation, which is greatly influenced by a number of moder-
ating factors. Among these factors are characteristics of the saliva
(including buffering capacity, anti-microbial agents, remineraliza-
tion-promoting agents and rate of saliva production), characteris-
tics of the teeth (including morphology and position of the teeth,
and structure and composition of the enamel), microbial flora,
host immunity and exogenous fluoride exposures. These factors
are in turn influenced by many environmental exposures (e.g.
tobacco, diet and medications), behaviors (e.g. oral hygiene) and
socioeconomic conditions (e.g. access to oral health care, cultural
attitudes toward oral health). In all, the etiology of dental caries
is extremely multifactorial (7).

Many of the factors influencing risk of dental caries are
hypothesized to include a genetic component, and indeed, indi-
ces of dental caries experience are highly heritable (30-60%) (4-6).
Previous genetic studies have identified some variants influen-
cing dental caries. Notably, enamel matrix and related genes
have been implicated in candidate gene approaches [as reviewed
in Vieira et al. (8) and Opal et al. (9)], and a variety of loci have been
nominated via genome-wide association studies (GWASs) (10-
14). For example, MPPED2 and ACTN2, were among the top signals
from the first GWAS of dental caries, which was limited to chil-
dren of European ancestry (10), and have subsequently shown
evidence of association in some, but not all, independent replica-
tion samples (15). Other GWAS studies in adults have yielded
significant and ‘suggestive’ associations within or near genes
with roles in tooth development and host defense (11-13). The
most significant among these are LYZL2, a bacteriolytic agent
that may affect oral pathogens, and AJAP1, a gene implicated in

independent GWAS studies of both adults (12) and children (14).
To date, none of the dental caries loci nominated in GWAS stud-
ies in adults have been followed up in fine-mapping or replication
studies. Altogether, previously identified genetic variants explain
only a fraction of the disease heritability suggesting that add-
itional genetic contributors have yet to be identified. Moreover,
given the complexity of caries etiology, and the spectrum of con-
tributing environmental factors, we speculate the effects of some
genetic variants may vary across different populations.

No GWAS studies of dental caries have been performed in
non-white populations. Therefore, it remains unknown whether
the same or different variants are important across ancestry
groups. Here, we report the first GWAS of dental caries in samples
from six Hispanic and Latino US populations as part of the
Hispanic Community Health Study/Study of Latinos (HCHS/
SOL) initiative. The aim of the present study, which is the largest
GWAS of dental caries to date, was to nominate genetic lociin this
understudied and growing population. Our ultimate goal of
understanding the genetic contributors to dental caries may
lead to insights into preventive or intervention strategies for
alleviating disparities in disease burden and improving dental
health.

Results

Characteristics of the HCHS/SOL sample are given in Table 1. In
general, dental caries prevalence, and two indices of dental car-
ies experience, decayed, missing and filled tooth surfaces (DMFS)
and decayed, missing and filled teeth (DMFT) (see the ‘Materials
and Methods’ section for phenotype definition), were higher than
national averages, which was expected given the large proportion
of foreign-born immigrants and their status as ethnic minorities
with relatively low socioeconomic status (14). Differences across
ancestry groups were observed, with Mexicans and Central
Americans having lower caries prevalence and lower DMFT and
DMEFS indices than other ancestry groups [due in large part to
lower rates of missing teeth (17)]. Cuban and Dominican groups
had higher numbers of missing teeth.

The heritability (i.e. proportion of variation attributable to the
genetically determined kinship) of DMFT ranged from 20% in the
Mexican group to 53% in the Central American group. The herit-
ability of DMFS was similar (ranging from 28% in the Mexican
group to 46% in the Central American group). These values are
comparable with traditional heritability estimates of DMFT (6)
and DMFS (5) in the permanent dentition using family-based
study designs. The range in values is expected because heritabil-
ity estimates are population-specific, and may reflect differences
across ancestry groups in either the cumulative effects of genetic
factors, or the total variance (including environmental sources of
variance) or both (18). Across all ancestry groups combined, the
proportion of variation in DMFT and DMFS attributable to the
genetically determined kinship was somewhat lower, 16 and
20%, respectively, which is expected given the increased total
variance when combining groups. Overall, these estimates indi-
cate that genetics has an important role in dental caries experi-
ence, and reinforces our view that gene-mapping approaches



Table 1. Demographic characteristics and dental caries phenotypes in the HCHS/SOL sample and sub-samples?®

DMFS

DMFT

Caries prevalence

%

Age

Female

Sample

A

Heritability (95% CI)

Mean (range)

A

Heritability (95% CI)

Mean (range)

Mean (range)

0.975

0.13, 0.61)
0.14, 0.76)
0.18, 0.39)
0.13, 0.54)
0.18, 0.74)
0.08, 0.76)
0.14, 0.25)

0.995

1.026
0.985

0.998
0.996

1.017¢

0.37
0.45
0.28
0.33
0.46
0.42

0, 117)
0, 109)
0, 127)
0, 118)
0, 122)
0, 117)

39.12

0.976

0.09, 0.56)
0.16, 0.77)
0.10, 0.30)
0.14, 0.55)
0.25, 0.82)
0.09, 0.79)
0.11, 0.22)

34.7
26.72

0.999
1.009
0.994
0.999
0.993

34.59

30.51

38.95

32.15

1.006°

96.9

96.0

95.4

93.1

94.5

52.8
64.3

1950
1083
4578
2006

Cuban

Dominican
Mexican

60.3

57.2
59

Puerto Rican

1294

Central American
South American

Total

59.4

843
11754

58.7

#Descriptive statistics are shown for the sample of participants included in the GWAS (rather than target population estimates).

Heritability for the total sample was estimated via ‘mega-analysis’ of all participants combined.

‘Genomic inflation calculated from the genome-wide meta-analysis of the six ancestry groups.
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such as GWAS are suitable for identifying specific variants influ-
encing disease.

GWAS scans were performed for each ancestry group and
meta-analysis was used to combine results across the six sam-
ples. Overall, GWAS scans for DMFT and DMFS yielded multiple
associations meeting genome-wide significance (i.e. P-values <5
x 1078 Fig. 1), and no evidence of genomic inflation was observed
[see quantile- quantile (Q-Q) plots in Fig. 1; 4 =1.006 and 1.017, re-
spectively, for DMFT and DMFS] indicating that model assump-
tions were adequately satisfied. For both dental caries
phenotypes, the strongest association signal was observed for
the single-nucleotide polymorphism (SNP) rs190395159 just up-
stream of the gene NAMPT (P-value =7.14 x 10~° for DMFT and
P-value =5.97 x 107'° for DMFS; Fig. 2A). This SNP (A/G) has a
minor allele (G) frequency of 0.7% in HCHS/SOL sample, whereas
in the 1000 Genomes Project the G allele is absent from Asian and
South Asian populations, and occurs at frequencies of 19, 2 and
~0% in African, American and European populations, respective-
ly. Effect sizes for rs190395159 were similar within each of the six
ancestry groups (Fig. 3), and there was no evidence of heterogen-
eity (Cochran’s Q P-value =0.9). Multiple intronic SNPs within
NAMPT, which were uncorrelated with the top SNP rs190395159,
showed associations having P-values in the 1x 1077 to 5x 107°
range; however, no associations with coding variants were ob-
served. Of note, data from large-scale efforts to identify function-
al non-coding elements [ENCODE (19), Roadmap Epigenomics
(20) and FANTOMS (21) projects] show that three SNPs
(rs6947923, rs73409446 and rs73411544) in high-linkage disequi-
librium (r? > 0.7) with rs190395159 occur within putative enhan-
cers upstream of NAMPT (Fig. 4).

NAMPT is thought to be a pro-inflammatory adipokine, and
increased serum levels of NAMPT have been observed for a num-
ber of diseases including obesity, metabolic syndrome, type 2 dia-
betes and cardiovascular diseases (25). Though there is currently
no direct evidence for the role of NAMPT in dental caries, previous
studies have implicated NAMPT in supporting tissues. For ex-
ample, gingival fibroblasts have been shown to constitutively
produce NAMPT, and to increase synthesis in response to oral
bacteria (26,27). Increased NAMPT levels have also been observed
in gingival biopsies from patients with periodontal disease (26),
and in vitro work has shown NAMPT inhibits periodontal healing
(28). NAMPT has also been shown to mediate osteoarthritic cartil-
age destruction in a mouse model by regulating matrix-degrad-
ing enzymes [matrix metalloproteinases (MMPs)] (29); MMPs, in
turn, are known to be important for the progression of tissue
damage in both dental caries and periodontitis (30). Overall, the
confluence of several lines of evidence suggests that NAMPT is
expressed in the periodontal tissue, up-regulated in response to
oral bacteria and in periodontitis patients, and operates through
pro-inflammatory and pro-tissue destructive mechanisms. How
NAMPT may affect dental caries is currently unknown, although
its critical roles in epithelial-mesenchymal interaction and in-
flammatory response in a variety of biological contexts supports
its candidacy as a susceptibility gene.

Its possible role in dental caries notwithstanding, given that
NAMPT is a putative gene for periodontitis, which also ultimately
leads to tooth loss, we tested the association of this locus with
two additional caries-related phenotypes: DFS, which included
only current decay and restorations, but not missing teeth, and
MS, which included only missing teeth (reportedly lost due to
dental caries or periodontitis). The purpose of testing these add-
itional phenotypes was to explore whether tooth loss was driving
the observed association. Indeed, MS showed strong evidence of
association with this locus, whereas DFS did not (Fig. 2B-C),
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Figure 1. Manhattan (left) and Q-Q (right) plots showing meta-analysis results (log;o-transformed P-values) for DMFT (top) and DMFS (bottom). Genomic inflation (1) was
1.006 and 1.017, respectively, for DMFT and DMFS, indicating minimal evidence of model misspecification.
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Figure 2. Genetic association for NAMPT and (A) DMFS, (B) DFS and (C) MS. LocusZoom plots show the association (left y-axis; logyo-transformed P-values) with dental
caries-related phenotypes of SNPs in the region around NAMPT. The purple triangle represents the top SNP, rs190395159, from the genome-wide scans (which was
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represents recombination rate (right y-axis) from reference data. Positions of genes are indicated below the plot. Linkage disequilibrium (r?) values were calculated

from the HCHS/SOL sample.

suggesting that the missing teeth component of DMFT and DMFS
is largely responsible for the association. Because there is uncer-
tainty regarding the cause of tooth loss we explored the possibil-
ity that the association was due to periodontitis rather than
dental caries by testing three measures of periodontal disease,
per se: (i) mean attachment loss, a quantitative phenotype, (ii)
moderate periodontal disease, a dichotomous affection status
defined by the Centers for Disease Control (CDC) and (iii) severe
periodontal disease, a dichotomous affection status defined by
the CDC. None of these three periodontal disease phenotypes
showed association with the NAMPT locus (results not shown).
Additional loci showing genome-wide significant evidence of
association are summarized in Table 2. One notable association
was observed via meta-analysis between DMFT and rs72626594
(P-value = 2.75E-8), downstream of BMP7. BMP7 is a known tooth
development gene (31,32), the deletion of which causes craniofa-
cial manifestations including teeth and salivary gland defects in

mice (33). In humans, expression of BMP7 was down-regulated
in dental pulp of human third molars that were experimentally
injured in vivo (in patients having the teeth extracted for orthodon-
tic reasons within 15 days of injury) (34). BMP7 has not previously
been implicated in dental caries, but its role in promoting growth
and repair of mineralized tissues is well-known. Indeed, BMP7
protein currently is used in orthopedic care, and its therapeutic po-
tential for tooth repair/re-growth has been investigated, with mul-
tiple animal studies showing that BMP7 (or crude BMP extract)
stimulates dentin formation (35,36). It is currently unknown
whether BMP7 is involved in dental caries, although plausible
mechanisms by which genetic variation in BMP7 may influence
risk of dental caries include its role in tooth development or
possible role in remineralizing pre-cavitated dental lesions.
Another associated locus observed in the meta-analysis of DMFS
was the region on chromosome 3 spanning IGSF10, MIR5186,
MIR548H2 and AADACL2 (leading SNP rs138769355; P-value = 3.59E



—8). None of these genes/miRNAs have known functions that may
impact dental caries. In the Mexican ancestry subsample, a few sig-
nificant loci were observed, notably ANK3 (leading SNP rs116717469,
P-value =3.23E-8), a gene associated with bipolar disorder (37),
which is in turn a risk factor for dental caries (38). Likewise, a region
on chromosome 17 spanning several genes including CACNA1G was
observed (leading SNP rs71381322, P-value = 3.72E-8). Calcium ion
channels are important for mineral homeostasis during tooth devel-
opment, and disruptions of many ion channel genes lead to channe-
lopathies affecting dentition (39). Genetic variants in some ion
channels, but not specifically CACNA1G, have been previously

Strata
SouthAmerican
Dominican _—
CentralAmerican —_—
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Figure 3. Forest plot for rs190395159. p-Values for DMFS models are shown for
each ancestry group as squares proportional to the sample size. Error bars
indicate the 99.999995% (i.e. genome-wide significant) confidence intervals.
Meta-analyses effect sizes and confidence intervals are conveyed by the
position and width of diamonds.

Window Position

Human Molecular Genetics, 2016, Vol. 25, No. 4 | 811

shown to be associated with dental caries (Lewis et al. 2014 ASHG ab-
stract; manuscript under review). Moreovetr, in vitro studies of the ef-
fects of BMP2 on ameloblast differentiation showed up-regulation of
CACNA1G (40). Likewise, CACNA1G was up-regulated in mouse tooth
germ in normal teeth compared with PPARa-associated hypoplastic
teeth (41).

Other genome-wide significant associations were observed
for Mexican and Puerto Rican groups in loci lacking genes with
clear biological roles in oral health or in ‘gene deserts’ (Table 2).
Many suggestive associations, some in or near (based on physical
proximity) genes with plausible biological roles, were also
observed and are reported in the Supplementary Material.

The generalizability of genetic association results and effects
of acculturation were addressed by repeating analyses while in-
cluding years of residency in the USA and its interaction with
age as predictors in our model. As indicators of acculturation,
these variables were significantly associated with caries indices
(P =0.0086) and improved the fit of our model [change in Akaike’s
information criterion (AIC) = —5.5]. Strong concordance among
genetic association P-values were observed for both DFMT and
DMFS for models with and without adjustment for acculturation
(see Supplemental Material). Top ranking SNPs and interpreta-
tions of results were unchanged.

In addition to the quantitative caries indices, DMFS and DMFT,
we also performed GWAS scans of a dichotomous caries pheno-
type contrasting adults with and without any dental caries. The
analysis across all groups recapitulated the association signal
on chromosome 20 downstream of BMP7 (lead SNP rs62208680;
P-value =8.20E-7), but not the signals on chromosomes 3 or 7
(see Supplementary Material).
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Figure 4. Three SNPs, 1s6947923, 1573409446 and rs73411544, in high-linkage disequilibrium (r? > 0.7) with the lead SNP (rs190395159) overlap with putative enhancers. The
rug plot shows positions relative to NAMPT of SNPs in linkage disequilibrium (indicated by color) with the lead SNP: red (r?=1), blue (r?=0.8), gold (r?=0.7), light blue
(r?=0.6) and gray (r>=0.5-0.4). Signal tracks are shown for biochemical signatures typical of upstream enhancer elements: DNase [ hypersensitivity (22,23) (an
indicator of chromatin accessibility; blue), transcription factor CTCF binding (red), Histone mark H3k4mel (yellow) and Histone mark H3K27ac (magenta). The
ENCODE (19) Txn factor ChIP track shows transcription factor-binding sites as gray boxes where the darkness of the shading is proportional to the maximum value
seen in any ENCODE cell line in that region. A green highlighted region indicates the highest scoring site of a Factorbook-identified (24) canonical motif for the
corresponding factor. The black boxes shown in the FANTOMS enhancers track represent in vivo-transcribed enhancers identified using cap analysis gene expression
in the FANTOMS (21) project. HGF: human gingival fibroblasts; HPALF: normal human periodontal ligament fibroblasts; AG09319: gum tissue fibroblasts from
apparently healthy 24-year old; PKFPC: penis foreskin fibroblast primary cells; CfIMdMS: chondrocytes from bone marrow-derived mesenchymal stem cell cultured cells.
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Table 2. Genetic loci significantly (P <5 x 10~®8) associated with dental caries indices

Sample Phenotype Chr. SNP BP Allele MAC 8 SE  P-value  Nearby gene(s)®
Meta® DMFT 7 15190395159 105964857 A 162 -1.24 0.21 7.14E-9  SYPL1, NAMPT
DMFT 20 1572626594 55535521 G 65 261 047 2.75E-8 BMP7, MIR4325, SPO11
DMFS 3 15138769355 151367491 A 36 -12.07 219 3.59E-8 IGSF10, MIR5186, MIR548H2, AADACL2
DMFS 7 15190395159 105964857 A 162 -556 0.90 5.97E-10 SYPL1, NAMPT
Mexican DMFS 1 15138642966 235695611 T 99 -11.01 1.96 1.94E-8 GNG4, LYST, B3GALNT2, TBCE, GGPS1,
ARIB4D
DMFS 10 15116717469 62237360 C 39 -17.01 3.08 3.23E-8 ANKS3, CDK1, RHOBTB1
DMFS 17 1571381322 48900 824 G 53 -15.15 2.75 3.72E-8 CACNA1G, ABCC3, ANKRD40, LUC7L3,
MIR8059, WFIKKN2, TOB1, SPAG9
DMFS 18 1516946661 26946870 T 31 -19.23 3,50 4.02E-8 None
Puerto Rican DMFT X 15141563584 23757150 G 36 -2.90 0.53 3.89E-8 ACOT9, PRDX4, SAT1, APOO

“Nearby genes were determined based on physical proximity (<400 kb) to the associated SNP while simultaneously considering the linkage disequilibrium structure in the

genomic region.

PMeta-analysis of all six sub-samples combined. Chr.: chromosome; BP: base pair position; allele: the effect allele in the model; MAC: minor allele count; g: the beta-
coefficient representing the per allele effect on the caries index; SE: standard error of the -coefficient; DMFT/S: decayed, missing and filled teeth/tooth surfaces.

Discussion

In this study, we identified multiple novel genetic loci associated
with dental caries. Moreover, this was the first GWAS of dental
caries in a Hispanic and Latino sample (and the first GWAS of
dental caries in a non-European ancestry sample) as well as the
largest GWAS of dental caries, to date. The top association
observed for both DMFS and DFMT was in the locus harboring
the periodontal health-related gene NAMPT, which appeared to
be due to the missing teeth component of the caries indices. Fur-
thermore, the follow-up analyses suggested that this association
was not due to periodontitis, but rather due to carious tooth loss.
The up-regulation of NAMPT in gingival fibroblasts in response to
oral bacterial provides a plausible mechanism by which NAMPT
may influence dental caries (27,28). Another significant associ-
ation was near BMP7, a growth factor important for mineralized
tissues. Both of these genes have plausible roles in the host re-
sponse to carious injury. One could speculate that genes mitigat-
ing the progression of active caries through a tooth could impact
DMFT and DMFS scores even if their effects are in response to car-
ies rather than in preventing initial decay. Such a mechanism is
most plausible for NAMPT and BMP7 based on their known
biology.

Previous analyses have shown that the Hispanic and Latino
groups included in the HCHS/SOL Study are heterogeneous
with respect to their genetic composition (42,43) as well as their
oral health status (17) and diet (44). Here, we showed that Hispan-
ic and Latino groups also differ with respect to the cumulative
role of genetics on dental caries experience (as indicated by the
range of heritability estimates across ancestry groups and the
lower heritability estimate in the total sample compared with
all individual ancestry groups). While this study focused on the
genetic risk factors common to all ancestry groups, the mélange
of factors influencing susceptibility to dental caries and their
relative effect sizes may differ across groups; additional work
contrasting the ancestry groups is needed to extricate these
differences.

To assess the role of acculturation on our analyses and deter-
mine whether results were generalizable to other US Hispanic
and Latino Americans, we repeated our analysis while including
acculturation-related variables (i.e. number of years of residency
in the USA and its interaction with age) in our model. Accultur-
ation was indeed associated with dental caries indices, although
genetic association results were robust to these effects. This

suggests that genetic associations identified in our study may
be generalizable to other Hispanic and Latino populations.
Given the admixed nature of our sample, genetic associations
identified here may not be generalizable to other ancestry groups.
For example, the minor allele of the top SNP rs190395159 up-
stream of NAMPT is absent or very rare in individuals of Euro-
pean, Asian, and Southeast Asian ancestry and therefore its
role in dental caries is precluded from these groups.

Strong a priori candidate genes such as the enamel matrix and
related genes, as well as associated loci identified in previous
GWAS studies, were notably absent from the list of associations
observed in the HCHS/SOL samples. Moreover, associations iden-
tified herein were not observed in previous GWAS (11-13). Expla-
nations for this inconsistency include low power to detect weak
genetic effects, heterogeneity across populations due to differ-
ences in genetic composition or environment and the possibility
of false-positive results from previous candidate gene and GWAS
studies. Lack of replication is not entirely unexpected, as previous-
ly identified associations are likely impacted by the ‘winner’s
curse’ (e.g. the effect sizes were inflated in the data set in which
they were discovered, which facilitated their discovery in the
first place and explains subsequent failure to replicate similar ef-
fects in other data sets). In fact, one of the challenges of the GWAS
approach is the extensive multiple testing and need to accommo-
date for this by setting a very low P-value threshold for claiming
statistical significance. Therefore, we anticipate identifying some
number of false positives, and missing a large number of true as-
sociations (i.e. many false negatives). Multi-marker tests and
Bayesian methods that incorporate outside information about bio-
logical functions of genes may be useful for mitigating these issues
in the follow-up analyses. Studies of other diseases have also
benefited from meta-analyses across large consortia, including or-
ders of magnitude more participants than can be collected in any
single study. Such an approach may also be possible for dental car-
ies as genetic information is collected for more cohorts with dental
phenotypes.

Another challenge in identifying the risk factors for dental car-
ies is measuring the state of disease and defining a meaningful
phenotype to analyze. Traditional DMFT and DMFS indices com-
bine evidence of both active and past decay without distinguishing
between the two, which is reasonable for a genetics study. How-
ever, DMFT does not consider multiple lesions per tooth, and
DMFS may misrepresent the number of carious surfaces if tooth
extraction is used as a treatment option for otherwise restorable



lesions. Moreover, the missing tooth/surfaces components of
these scores may conflate caries and periodontitis due to uncer-
tainty in the reason for extraction. Therefore, both caries indices
may misrepresent the true disease state to some degree. Another
issue is that access to oral healthcare can counter-intuitively lead
to increased DMFT and DMFS scores through aggressive restora-
tions of pre-cavitated lesions and two-surface restorations of in-
terproximal lesions. Indeed, population surveys have shown that
majority racial groups and those with higher socio-economic sta-
tus or greater access to dental care often exhibit greater DMFT and
DMFS indices than do minority racial or low SES groups. This is
due to the greater number of restorations in the privileged groups,
whereas disadvantaged groups may have lower overall DMFT and
DMFS, although have more untreated decay and missing teeth (1).
These and other sources of noise in the phenotype could reduce
statistical power.

Conclusions

In the first GWAS of dental caries in Hispanic and Latino partici-
pants, we discovered several novel associations including mul-
tiple loci containing genes with compelling biological stories.
This study demonstrated the utility of the GWAS approach,
although additional work is required to fully identify and under-
stand the genetic contributors of this multifactorial disease.
Moreover, we showed evidence of heterogeneity across Hispan-
ic/Latino groups, which suggests that future efforts investigating
the differences among the groups, in addition to their similarities
addressed herein, may benefit gene-mapping efforts for dental
caries. Ultimately, understanding the factors influencing dental
caries susceptibility may lead to improvements in prediction,
prevention and disease management.

Materials and Methods

Participant recruitment and data collection

The HCHS/SOL is a multicenter prospective cohort study designed
to investigate numerous indices of health and disease in the US
Hispanic/Latino population. HCHS/SOL was funded by the Nation-
al Heart, Lung and Blood Institute with support from six additional
institutes including the National Institute of Dental and Craniofa-
cial Research. Institutional Review Boards of all participating
entities approved this study. All participants provided informed writ-
ten consent. The present study reports cross-sectional analyses of
the dental assessments collected at baseline.

Study recruitment followed a two-stage census block group-
and household-based design in four US cities (Bronx borough of
NYC, Chicago, Miami and San Diego) chosen based on the geo-
graphical distribution and the place of origin of their respective
Hispanic and Latino residents. Details regarding study design
and recruitment of participants are available elsewhere (45,46).
In all, 16 415 participants were recruited.

Intra-oral examinations by trained and calibrated examiners
were performed for 15 848 participants based on the protocols
used by the NHANES (1). In brief, dental examiners performed
tooth-level and tooth surface-level assessments which included
determining the presence or absence of each tooth, the reported
cause of any missing teeth and the evidence of coronal decay
and restorations of each tooth surface. Agreement among exami-
ners was high for missing teeth (98%), decayed surfaces (99%) and
decayed or filled surfaces (86%) (17). Based on these assessments,
several dental caries phenotypes were derived including indices
that correspond to the counts of decayed, missing due to decay
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or periodontal disease and restored (i.e. filled) Teeth, and tooth
surfaces. DMFT and DMFS are the two most widely used indices
of dental caries, capturing both current and past evidence of
decay. To follow-up our results, we also considered the DFS
index, corresponding to the count of decayed and restored sur-
faces, and the MS index, corresponding to the count of missing
tooth surfaces due to decay or periodontitis. All dental caries indi-
ces were calculated while excluding the third molars, and indices
were not calculated for edentulous participants (4.1% of the sam-
ple). In addition to quantitative dental caries phenotypes, we also
considered a dichotomous measure of lifetime caries experience
where participants with DMFS >1 were defined as affected by
caries, and participants with DMFS =0 were defined as caries-
free. For this caries presence/absence phenotype, edentulous indi-
viduals were considered affected.

Genotyping, imputation and ancestry

A total of 12 803 participants providing consent for genetic ana-
lyses were genotyped for over 2.5 million single-nucleotide poly-
morphisms (SNPs) using a custom Illumina (San Diego) array
consisting of the HumanOmni2.5-8v1-1 array content along
with a panel of ~150 000 investigator-chosen SNPs. The custom
content was selected to include ancestry-informative markers,
variants distinctive of Amerindian populations and candidate
polymorphisms. Genotyping was performed by Illumina Micro-
array Services and all genotype data were extensively cleaned
and quality-checked by [llumina Microarray Services, LA Biomed,
and the SOL Genetic Analysis Center (GAC) at the University of
Washington using analysis pipelines developed by the GAC (47).
These analyses were standard for the field and included scrutin-
izing the participant samples for genetic sex, chromosomal
anomalies, relatedness, population structure, Mendelian errors
among relatives, concordance among duplicates, batch effects
and genotyping call rates. SNP probes were scrutinized for poor
performance in inter-sample comparisons (such as checks of
Mendelian errors, concordance among sample duplicates etc.),
missing call rates, separation of clusters during genotype calling,
deviations from Hardy-Weinberg equilibrium and genotype con-
cordance among duplicate probes. Recommended SNP filters
were established by the GAC based on quality control analyses.
Imputation of un-typed SNPs was performed as implemented
in the IMPUTE2 software (48) using haplotypes observed in the
1000 Genomes Project Phase 1 reference panel. In total, geno-
types for >25.5 million additional SNPs were imputed, bringing
the total number SNPs with available data to 27.7 million. Masked
SNPs (i.e. genotyped SNPs that were imputed in order to assess
imputation quality) showed 99.7 and 98.8% concordance for
SNPs with minor allele frequencies <0.05 and >0.05, respectively.
An iterative procedure was used to disentangle population
structure from the family structure given the presence of cryptic
biological relatives within the study sample (42). First, the KING-
robust method was used to estimate the kinship coefficient (KC;
a measure of relatedness) between all pairs of participants using
genomic data (49). The sample was then partitioned into a primary
subset of mutually unrelated participants (N=10861) and a sec-
ondary subset comprised of the biological relatives of the unre-
lated set (N=2204). Principal components analysis (PCA) was
used to model the genetic ancestry of participants within the un-
related subset; the principal components (PCs) of ancestry were
then projected onto the subsample of relatives (50). KCs were
then re-estimated taking ancestry into account by using the PCs
to estimate individual-specific allele frequencies (51). PCA was re-
peated and KCs were estimated yet again. This process yielded
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components of ancestry that reflect the population structure free
from the influence of the family structure and KC estimates ad-
justed for ancestry.

Genetic analysis groups were defined using the self-identified
Hispanic heritage group and the first five PCs of ancestry in a
multivariate outlier detection procedure based on the minimum
covariant determinant estimation (42,52). The concordance be-
tween self-reported ancestry and genetic ancestry was high
(94-98% for each of the six ancestry groups). Nineteen partici-
pants with genetically determined Asian ancestry and 37 Central
American outliers with unusual ancestry were excluded from
analyses. Genetic ancestry was used to stratify participants for
genetic association analyses. The top five principal components
of ancestry were included in genetic association models.

Statistical analyses

Overview

GWAS scans of DMFT and DMFS were performed separately
for six genetic analysis groups: Cuban (N =1950), Dominican
(N'=1083), Puerto Rican (N =2006), Mexican (N =4578), Central
American (N =1294) and South American (N =843). Results from
the six ancestry groups were combined via inverse variance-
weighted meta-analysis. Cochran’s Q was used to test for hetero-
geneity in SNP effects across samples. SNPs with minor allele
counts of >30 were included in analyses. The threshold for deter-
mining statistical significance was P-value <5 x 1078, Cluster plots
(of allele intensity data used for genotype calling) were visually
scrutinized for all significant SNPs to confirm reliable genotyping.
Given the strong correlational structure of the genome, this sig-
nificance threshold may be considered conservative. Therefore,
we also noted ‘suggestive’ loci having P-values <1 x 1077 in the
Supplemental Material.

Association models

The two caries indices, DMFT and DMFS, approximate continuous
variables and were analyzed as such. A mixed-models approach
was used to interrogate each SNP for evidence of association
while adjusting for fixed effects, including sex, age, recruitment
center, sampling weights and five PCs of ancestry (calculated sep-
arately for each group), and random effects, including census
block group within each recruitment site, household and kinship.
The distributions of DMFT and DMFS are non-normal; however,
model residuals were approximately normal, indicating that the
phenotypes were reasonably well-suited for our analytic frame-
work. Environmental factors that may explain some phenotype
variance (e.g. tobacco use, diet etc.) were not included in the mod-
els. Note that such factors cannot confound the analyses because
they do not alter constitutional genetic variants; however, by not
modeling environmental effects, our GWAS scans may detect as-
sociations that are mediated through environments (e.g. genes
that influence diet and therefore could impact dental caries).
This analysis strategy was chosen to cast the widest net possible
given the multifactorial nature of the disease. Genomic inflation
was estimated and visualized using Q-Q plots. Analyses were per-
formed in the R statistical environment (R Foundation for Statistic-
al Computing, Vienna, Austria). Associated loci were visualized
using LocusZoom (53).

Heritability estimation

Heritability was defined as the proportion of phenotype variance
attributable to the observed kinship component from the ‘base’
mixed-model, which accounts for the genetic relatedness
among all participants in the sample or subsample. This is

similar to heritability estimates using the variance components
approach in families, except here we estimate kinship from
genomic data rather than using expected sharing due to known
familial relationships.

Functional annotation

Identification of biochemical signals associated with non-coding
functional elements was performed with the UCSC Genome
Browser (https:/genome.ucsc.edu/) using the GRCh37/hgl9
assembly (54).

Sensitivity analysis and effect of acculturation

To explore the generalizability of results and address the possible
role of acculturation on our analyses, we considered several vari-
ables related to nativity and acculturation [short acculturation
scale (55), MESA nativity subscore (56), first versus second gener-
ation immigrant, the USA versus foreign born and years of resi-
dence in the USA] by adding them individually to the association
model described above. Based on change in AIC, we chose the
number of years of residence in the USA and its interaction with
age as indices of acculturation. Genetic association analyses
were repeated while adjusting for these acculturation variables.

Supplementary Material

Supplementary Material is available at HMG online.
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