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Purpose: Over 9.5 million Latinos could be affected by cataracts by 2050. However,
no known cataract genetic risk alleles have been identified in Latinos. Moreover, no
mitochondrial genome-wide association studies (MiWAS) have been conducted on
cataracts in a Latino cohort despite the association betweenmitochondrial dysfunction
and cataracts. Our purpose was to identify a mitochondrial DNA variant that associated
with cataracts in a large-scale Latino population.

Methods: We conducted an MiWAS to identify mitochondrial single-nucleotide
polymorphisms that modify cataract risk in nearly 3500 individuals enrolled in the Los
Angles Latino Eye Study cohort, the largest Latino-specific cohort with comprehensive
cataract data. Our analytic strategy for MiWAS included logistic regression on cataract
occurrencewhile controlling formitochondrial genetic ancestry, age, and biological sex.

Results:We found that MitoG228A (rs41323649) alternative allele carriers experienced
a five times greater risk for cataracts compared with reference allele carriers. Alterna-
tive allele carriers also developed cataracts earlier in life compared with reference allele
carriers. Intracohort cross-validation with 10-fold resampling and five repeats showed
that the effect of MitoG228A remained significant.

Conclusions: MitoG228A increased risk for cataracts five-fold in approximately
3500 Latinos. To the best of our knowledge, this is the first cataract MiWAS on a large-
scale Latino population. This association needs to be validated in an independent
cohort.

Translational Relevance: Our discovery hypothesis-generating study suggest
MitoG228A has potential to be used as a risk factor in the clinic and as a target for
therapeutics. With validation via an independent cohort, MitoG228A could be used to
estimate cataract risk for a Latino to reduce complications later in life.

Introduction

Cataract is the leading cause of blindness and affects
nearly half of Latinos over the age of 75 years.1 Strate-
gies that delay cataract treatment just by 10% are
projected to save the United States $660 million in
Medicare expenses per year.2 However, the number of
Latinos diagnosed with cataracts is projected to grow
from nearly 2 million to over 9.5 million by 2050.

No other racial/ethnic group is projected to experi-
ence such a drastic prevalence shift for cataracts in the
United States.3

Cataracts are principally treated by surgical removal
of the lens opacity. Although cataract surgeries are
generally successful with few postoperative complica-
tions, uncorrected visual impairment and significant
surgical costs are problematic for Latinos. Indeed, 67%
of Latinos reported uncorrected refractive error in
the Los Angeles Latino Eye Study (LALES) despite
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successful cataract removal.4 These cataract surgeries
have comprised over 10% of Medicare’s total budget,5
and Latinos are 50% more likely to undergo complex
cataract surgery through Medicare compared with
individuals who self-reported as white.6 In addition,
Latinos with annual income under $20,000 are at a
2.6 times greater risk for an unmet need for cataracts.
Those who only undergo one eye examination per 5
years are almost four times more likely to suffer from
complications associated with unmet cataract surgery.1
Hence, identifying Latinos who are at high risk for
cataracts could decrease medical costs and protect
individuals from residual visual impairment.

One possible therapeutic target for cataracts is
the mitochondrion, a cellular organelle with its own
genome that encodes proteins involved in oxidative
phosphorylation and peptides that modify cellular
metabolism. Dysfunction of mitochondria is the great-
est source of reactive oxygen species (ROS) and has
been observed in cataract patients and experimen-
tal models. For instance, cataract patients’ mitochon-
drial DNA (mtDNA) showed high levels of oxida-
tive stress, as measured by a quantitative polymerase
chain reaction assay that quantifies strand breaks and
base modification.7 Quenching oxidative stress via
overexpression of mitochondrial catalase has improved
lifespan and delayed cataract formation in mice,
which suggests lens are especially prone to oxida-
tive damage.8 In fact, scavenging ROS via overexpres-
sion of superoxide dismutase in whole lens prevented
damage caused by ROS,9 and promoting mitochon-
drial dysfunction has induced damage in lens in vitro
and in vivo via protein oxidation.10 Moreover, during
the aging process in mice, most cataracts colocalized
with mitochondria.11 Given the role of mitochondria
in lens physiology and age-related damage, we hypoth-
esized that mitochondrial genetic variation predisposes
individuals to lens opacities.

Several single-nucleotide polymorphisms (SNPs)
have been associated with cataracts that affect genes
involved in fructose metabolism, nervous system devel-
opment, cytoskeleton integrity, and protein ubiquina-
tion.12 Gene-gene interaction scans have also revealed
cataract loci involved in immunity, DNA replication,
and cell signaling.13 These risk alleles, however, were
observed in cohorts of mainly European ancestry and
may not be generalized to all racial/ethnic groups,
including Latinos. No mitochondrial genome-wide
association studies (MiWAS) have been conducted on
cataracts despite the ubiquitous role of mitochon-
dria in eye physiology and the ethnic-specificity of
mtDNA. To the best of our knowledge, we conducted
the first MiWAS on cataracts in a large-scale Latino
cohort.

Methods

Study Sample

We examined patients in the LALES cohort
who self-identify as Latinos living in La Puente,
California, and who are at least age 40 years. We
studied this population because they represent the
demographic and socioeconomic status of individu-
als from Mexico who reside in Los Angeles County,
California, and the United States. Complete details
of the examinations have been previously described.14
All study participants provided informed consent, and
study procedures were approved by the Los Angeles
County/University of Southern California Medical
Center Institutional Review.

Genotyping and Quality Control

LALES participants were genotyped using either
the Illumina OmniExpress BeadChip (∼730k markers;
Illumina, Inc., San Diego, CA) for 4122 samples or
the Illumina Hispanic/SOL BeadChip (∼2.5 million
markers; Illumina, Inc.) for 716 samples. Genotyp-
ing occurred at the Los Angeles Biomedical Research
Institute, and variants were called by using Illumina
GenomeStudio (v2011.1; Illumina, Inc.). These two
datasets were harmonized by filtering all SNPs at
a genotype call rate of at least 90% and nuclear
SNP Hardy-Weinberg equilibrium P values less than
5E−8. Note that the mitochondrial genome does not
follow Hardy-Weinberg equilibrium and were not
subjected to the same thresholds as nuclear SNPs.
For downstream nuclear SNP analyses, variants with
alleles not matched to the correct forward strand in the
hg19 genome assembly were removed. These methods
retained 697,553 and 1,608,650markers, as well as 3642
and 706 individuals, respectively, from the OmniEx-
press and SOL arrays. A total of 120 mitochon-
drial single-nucleotide polymorphisms (mtSNPs) were
retained when merging the two datasets together for
3822 individuals.

Measurement of Phenotypes

Lens were examined at the slit lamp after patients’
eyes were dilated with 1% tropicamide and 2.5%
phenylephrine by the examiner. The Lens Opacities
Classification System II (LOCS II) was used to assign
opacities into separate groups, including 5 nuclear (N0,
NI, NII, NIII, NIV), 5 posterior subcapsular (P0, PI,
PII, PIII, PIV), and 7 cortical (C0, Ctr, CI, CII, CIII,
CIV, CV) grades of increasing severity, according to
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photographic standards. Individuals were classified as
having a cataract if the following criteria were met:
opacity in at least one eye of (1) any gradable nuclear
(≥ NII), cortical (≥ CII), or PSC (≥ PII) lens opacity;
or (2) too advanced to grade; or (3) history of lens
surgery. Cataract classifications were reproduced by a
separate examiner who graded 50 participants indepen-
dently, and classification accuracy was measured for
agreement using proportionally weighted K statis-
tics, which revealed moderate to good intergrader
agreement, results of which have been previously
reported.15

Additional markers include blood pressure, glyco-
sylated hemoglobin, and lipids. Blood pressure was
measured by random zero sphygmomanometer while
the participant was in a relaxed, upright, sitting
position. Systolic and diastolic blood pressure was
obtained after averaging two consecutive measure-
ments. Nonfasting glycosylated hemoglobin was
measured by the DCA 2000+ System (Bayer Health-
Care, Tarrytown, NY). Nonfasting total cholesterol,
high-density lipoprotein (HCL), low-density lipopro-
tein (LDL), and triglycerides were measured using the
Cholestech Analyzer (Cholestech LDX System; Alere,
Waltham, MA).

Statistics

Our analytic strategy for MiWAS included logis-
tic regression on cataract occurrence while control-
ling for genetic ancestry, age, and biological sex.
Minor allele frequency and missing individual SNP
thresholds were set at 0.01 and 0.1, respectively.
We performed MiWAS using PLINK2.0 (Chang CC,
Chow CC, Tellier LCAM, Vattikuti S, Purcell SM,
Lee JJ (2015) Second-generation PLINK: rising to the
challenge of larger and richer datasets. GigaScience,
4) and corrected for statistical significance using the
Benjamini-Hochberg false discovery rate (FDR; i.e.,
q value). There is no standard statistical signifi-
cance threshold for mitochondrial genome association
analyses; some groups considered mtSNPs statistically
significant if under an FDR of 0.2, whereas other
groups included adaptive permutation tests.16,17 We
set the FDR at 0.2 because of the limited number
of mtSNPs that passed the 1% minor allele frequency
threshold, previous genome-wide association study
(GWAS) approaches on LALES, and our objective to
include relatively rare variants.18 After identifying one
statistically significant mtSNP (i.e., MitoG228A), we
implemented an intracohort cross-validation strategy
because an independent Latino-specific cohort with
cataract data were not available. We performed 10-fold

Table. Descriptives of LALES Cohort

Measure No Cataracts Cataracts

Sample size 1951 1577
Female 56.8% 62.1%
Age (years), mean (SD) 49.2 (7.5) 60.5 (10.3)

cross-validation with five repeats, modeling cataracts as
a function of MitoG228A.

We examined genetic ancestry two ways. First,
mitochondrial genetic ancestry was controlled in
the MiWAS model by using principal components
calculated from binary-coded mtSNPs, as previously
described for mtSNPs.19 These principal components
were derived using singular value-decomposition of
the mitochondrial genetic data matrix that outputs
eigenvectors that closely approximate the matrix with
a minimal number of values (prcomp function in
R (version 3.5.1, R Foundation, Vienna, Austria,
2018)).20 Second, nuclear genetic ancestry was
examined using maximum likelihood estimation. We
combined our samples with the 1000 Genomes refer-
ence population using all overlapping nuclear SNPs
and pruned to 12,980 variants to facilitate downstream
computation. We then calculated the proportions of
the ancestral populations using the ADMIXTURE
(v.1.3.0, http://software.genetics.ucla.edu/admixture/
download.html), software, as previously described.21
After findings that MitoG228A was significantly
associated with cataracts, we examined the effect of
the mtSNP on a variety of metabolic markers and
types of cataracts. Linear regression for metabolic
markers was performed using the lm command in R.
Multinomial regression was performed for type of
cataracts using the multinom command in R; the effect
of MitoG228A was modeled as a function of cataract
type.

Results

Study Sample

Descriptive statistics of the samples, including
genotypic and phenotypic data, are presented in
the Table. A total of 3819 individuals were assessed
during the MiWAS stage, whereas a total of 3531
individuals were assessed at the blood biomarker stage.
The overall mean age of the studied sample was 54.3
years (SD, 10.5). Approximately 59% of the sample
were women. A total of 1577 cases of cataracts were
reported.

http://software.genetics.ucla.edu/admixture/download.html
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Figure 1. MitoG228A alternative allele carriers are at greater risk for cataracts. (A) Mitochondrial solar plot illustrating that MitoG228A (red
circle) significantly associates with cataracts. Dots that do not pass the blue outer rim (FDR 0.05) are not considered statistically significant.
(B) Pie graph illustrating the number of alternative MitoG228A carriers with and without cataracts. (C) Forest plot representing the effects of
MitoG228A.

MitoG22A Increases Cataract Risk in Latinos

We conducted an MiWAS to examine the effects of
120 mtSNPs on cataracts in individuals who self-report
as Latino. After filtering by a minor allele frequency
of 1%, only 25 mtSNPs remained. Of the 25 mtSNPs,
21 variants were subjected to statistical adjustment.
Genomic inflation was not observed based on the
median χ2 statistic (λ = 1). MitoG228A (rs41323649)
was the only statistically significant mtSNP that was
associated with cataracts (odds ratio [OR], 5.20;
P = 4.29e-05; q value = 9.01e-03; mitochondrial
genetic ancestry corrected; Figs. 1A, 1C).

After filtering thresholds were applied, 36 partici-
pants with the MitoG228A alternative allele had an
occurrence of cataracts, whereas 11 participants with
theMitoG228Aalternative allele did not have an occur-
rence of cataracts (Fig. 1B). Modeling MitoG228A as
a function of cataract type showed that the alterna-
tive allele had no significant association with cortical,
nuclear, posterior subscapular, or mixed cataracts. The
effects of the 21 mtSNPs are included in Supplemen-
tary Table S1.

The frequency of cataract cases with MitoG228A
was nearly five times greater across age (Fig. 2A),

and nearly 80% of MitoG228A carriers developed
cataracts late in life (Fig. 2B). We did not observe a
statistically significant difference in overall age between
MitoG228A reference and alternative allele carriers
(G allele = 54.2 years; A allele = 56.9 years) within
the cohort. We also did not observe a significant
overall age difference between MitoG228A reference
and alternative allele carriers with cataracts (G allele
= 60.2 years; A allele = 60.5 years). However, we
observed a statistically significant difference in age
between MitoG228A alternative allele carriers with
and without cataracts (A allele with cataracts: 60.2
years; A allele without cataracts: 45.4 years;P< 0.001),
which suggests that the 11 alternative allele are not
at an age when cataracts are particularly likely to
develop.

Validating the effect of MitoG228A on cataract
risk via an independent cohort is crucial, but there
is currently no robust Latino-specific cohort with
cataract data. Therefore we performed an intraco-
hort cross-validation strategy by implementing a 10-
fold cross-validation with five repeats on cataract as
a function of MitoG228A (generalized linear model).
The final reported model from this sample included an
OR for MitoG228A of 4.36 (P = 1.88E-05).
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Figure 2. MitoG228A alternative allele frequency of cataracts by age. (A) Red line illustrates the frequency of alternative allele carriers in
cataracts cases over time. (B) Red line illustrates the frequency of cataracts in alternative allele carriers over time.

MitoG228A Carriers are not Genetically
Admixed

We examined nuclear and mitochondrial genetic
ancestry in alternative MitoG228A carriers. The
purpose of this analysis is to (1) identify nuclear genetic
admixture that segregate with MitoG228A alternative
allele carriers with and without cataracts, and (2) to
examine the degree of mitochondrial genetic admix-
ture in MitoG228A alternative allele carriers with and
without cataracts.

Both nuclear and mtDNA principal-component
analysis (PCA) revealed that (1) nuclear genetic admix-
ture does not confound the effects of MitoG228A,
and (2) mitochondrial genetic admixture is also
relatively homogenous between MitoG228A carriers.
MostMitoG228A alternative allele carriers have nearly
the same mtDNA profile regardless of cataracts, as
shown by one singular tight cluster (Fig. 3A; x = 0.5,
y = 0.1). Similarly, most MitoG228A alternative allele
carriers haveminimal nuclear DNA admixture, as illus-
trated by a linear cluster (Fig. 3B; x = 0.5; y = –1:2).
These findings suggest that the effect of MitoG228A
on cataracts is not confounded by nuclear ormitochon-
drial genetic ancestry.

To completely rule out the possibility of nuclear
genetic admixture confounding effects of MitoG228A,
we examined the effect of MitoG228A on cataracts
while controlling for nuclear genetic ancestry (i.e., that
derived from nuclear DNA PCA). The effect of the
alternative while controlling nuclear genetic ancestry
(OR, 4.7; P = 1.87e-04) was similar to its effects
while controlling for mitochondrial genetic ancestry
(OR, 5.20; P = 4.29e-05). Therefore the effects of
MitoG228A appear independent from genetic admix-
ture.

MitoG228A does not Significantly Associate
with Metabolic Dysfunction

Because metabolic dysfunction has been associated
with cataracts,22 we examined the effect of MitoG228A
on total cholesterol, hemoglobin A1C, blood pressure,
LDL, HDL, and triglycerides. Alternative allele carri-
ers did not exhibit any statistically significantmetabolic
differences compared with reference allele carriers
(Fig. 4).

Discussion

We identified a novel cataract genetic target for
Latinos in the form of the mtDNA SNP MitoG228A
by using an approach called MiWAS. We showed that
Latino MitoG228A alternative allele carriers had a
five times greater risk for cataracts compared with
Latino reference allele carriers. The hazardous effect
of MitoG228A is not confounded by nuclear or
mitochondrial genetic ancestry, as controlling for both
mitochondrial and nuclear genetic ancestry did not
affect risk. The effects of MitoG228A on cataracts
also appears independent from metabolic dysfunction;
MitoG228A had no significant effect on metabolic
markers, although hemoglobinA1C,HDL, and triglyc-
erides were borderline significant. As a result, the
precise effect of MitoG228A on cataracts is worth
exploring experimentally.

MitoG228A occurs in the mitochondrial
displacement-loop (D-loop), a 1.2 kb noncoding
region involved in mitochondrial transcription and
genome replication. Previous reports showed that
mutations in the D-loop are nearly 17 times greater
than mutations in nuclear DNA.23 Polymorphisms in
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Figure 3. MitoG228A alternative allele carriers are relatively genetically homogenous. (A) Illustrating nuclear DNA principal components
for MitoG228A alternative allele carriers with and without cataracts (red, black). (B) Illustrating mitochondria DNA principal components for
MitoG228A alternative allele carriers with and without cataracts.

this region could theoretically modify mitochondrial
transcription and mitochondrial biogenesis, although
the precise effects of D-loop mtSNPs are not well
understood.

In addition to the potential effects of MitoG228A
on the D-loop, MitoG228A might also affect peptides
derived from mitochondrial small open reading frames
(smORFs). Protein characterization has historically
only considered open reading frames greater than
approximately 100 nucleotides as viable protein-
encoding genes. Nevertheless, emerging proteomic and
genetic evidence has revealed thousands of peptides
encoded by mitochondrial, nuclear, and human micro-
biome smORFs.24–27 Because we observed minimal
effects of MitoG228A on global metabolic markers,
the effects of the mtSNP might not be completely
due to mitochondrial dysfunction. Rather, the specific
effect of MitoG228A might be mediated through
altered mitochondrial smORF peptides. Humanin,
small humanin-like peptides (SHLPs), MOTS-c,
and emerging new mitochondrial-derived peptides
have highly specific and profound effects on various
systems and organs.28–34 Yen et al.27 reported that

an mtSNP in the humanin smORF was associated
with lower circulating levels of humanin and worse
cognitive function. Moreover, the mitochondrial-
derived peptides SHLP2 and humanin protected
against a model of macular degeneration in vitro.35,36
Hence the experimental effects of MitoG228A on
mitochondrial biology, and specifically mitochondrial-
derived peptides could reveal therapeutic targets for
cataracts.

MitoG228A occurs in 12 haplogroups, but only one
of the 12 haplogroups, B2a4a, is Latino-specific (i.e.,
derived from the Sinaloa state of Mexico).37 No associ-
ations between haplogroup B2a4a and any pheno-
type has been reported to the best of our knowl-
edge. B2a4a is estimated to be roughly 9 ka years
according to the molecular clock proposed by Soares
et al.38,39 MitoG228A is the only B2a4a determin-
ing variant, and one subclade from the haplogroup,
B2a4a1, exists and includes three additional variants
(A3663G, G10685A, and T16325C). None of these
three variants were included on the LALES genome
arrays. It is possible that the effects we observed of
MitoG228A are mediated or modified by A3663G,
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Figure 4. Box plots illustrating the effects of MitoG228A on total cholesterol, hemoglobin A1c, diastolic blood pressure, systolic blood
pressure, LDL, HDL, and triglycerides. All analyses were not statistically significant: hemoglobin A1c (P = 0.079), HDL (P = 0.11), and triglyc-
erides (P = 0.06).

G10685A, and T16325C, which are worth exploring in
future analyses.

The identification of MitoG228A suggests that
MiWAS is an underexplored technique that could
yield vital genetic therapeutic targets for ethnic-specific
diseases. Most GWAS reports have excluded the
mitochondrial genome because it does not follow
Hardy-Weinberg principle. However, MiWAS has been
used by additional groups to find novel mitochondrial
genetic targets for metabolic and chronic diseases.40–42
Furthermore, medical genetics research has mostly
analyzed populations of European descent, although
recent efforts have since expanded studies to include
additional ethnicities.43 Separate studies on Latino-
specific cohorts have identified several novel medical
genetic targets.44 Our study was the first to examine the
effect of mitochondrial genetic variation on cataracts in
a large-scale Latino population.

Conclusions

These findings are discovery hypothesis generating
with clinical potential in the form of precision-based
medicine. With further validation via an independent
cohort, clinicians might gauge one’s risk for cataracts
early in life by genotyping MitoG228A. Moreover,
with experimental follow-up, therapeutics designed to
target MitoG228A could have potential to slow down
cataract development. Given the effects of the D-
loop on mitochondrial biology, it is possible that

MitoG228A affects a series of mitochondrial-derived
peptides that have been shown to modify eye disease,
peptides of which could represent druggable targets.
Overall, our findings suggest thatMitoG228A could be
a cataracts genetic target for Latinos that has transla-
tional relevance as a diagnostic and drug target.
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