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Simple Summary: An association between individual levels of indigenous Chilean Mapuche ancestry
and the risk of gallbladder cancer has been reported in observational studies, and the current program
for gallbladder prevention in Chile takes the number of Mapuche surnames into account for prophy-
lactic cholecystectomy. However, the association between Mapuche ancestry and gallbladder cancer
could be due to known and unknown confounders (e.g., overweight and obesity) and non-random
measurement errors (e.g., socio-economic level and access to health care). To investigate whether
Mapuche ancestry and gallbladder cancer risk are statistically correlated or causally related, we used
ancestry-informative markers for instrumental variable analysis. We aim to provide robust evidence
on the potential of accounting for ethnic differences (in this study, Mapuche ancestry) for disease
interception (in this study, gallbladder cancer prevention through prophylactic cholecystectomy).
The methodology used and the results obtained may also guide future admixture mapping studies.

Abstract: A strong association between the proportion of indigenous South American Mapuche
ancestry and the risk of gallbladder cancer (GBC) has been reported in observational studies. Chileans
show the highest incidence of GBC worldwide, and the Mapuche are the largest indigenous people
in Chile. We set out to assess the confounding-free effect of the individual proportion of Mapuche
ancestry on GBC risk and to investigate the mediating effects of gallstone disease and body mass
index (BMI) on this association. Genetic markers of Mapuche ancestry were selected based on the
informativeness for assignment measure, and then used as instrumental variables in two-sample
Mendelian randomization analyses and complementary sensitivity analyses. Results suggested a
putatively causal effect of Mapuche ancestry on GBC risk (inverse variance-weighted (IVW) risk
increase of 0.8% per 1% increase in Mapuche ancestry proportion, 95% CI 0.4% to 1.2%, p = 6.7× 10−5)
and also on gallstone disease (3.6% IVW risk increase, 95% CI 3.1% to 4.0%), pointing to a mediating
effect of gallstones on the association between Mapuche ancestry and GBC. In contrast, the proportion
of Mapuche ancestry showed a negative effect on BMI (IVW estimate −0.006 kg/m2, 95% CI −0.009
to −0.003). The results presented here may have significant implications for GBC prevention and are
important for future admixture mapping studies. Given that the association between the individual
proportion of Mapuche ancestry and GBC risk previously noted in observational studies appears to
be free of confounding, primary and secondary prevention strategies that consider genetic ancestry
could be particularly efficient.
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1. Introduction

Every year, around 116,000 people are diagnosed with gallbladder cancer (GBC), and
85,000 die due to this aggressive disease worldwide [1]. The malignancy of the biliary tract
primarily affects women in low- and middle-income countries, and relatively little effort
has been invested in research on GBC [2,3].

The development of GBC is probably driven by a combination of environmental
exposures and genetic predisposition [4,5]. Symptoms are often absent or unspecific until
the disease has progressed to a non-curative stage, leaving patients with few treatment
options [3,4,6]. As GBC is mostly diagnosed at an advanced stage, the 5-year survival
rate is low. Studies report rates between 5% and 30% depending on the country of origin
of the study population [3,4,7–9]. Gallbladder removal (cholecystectomy) is a valuable
tool for primary and secondary prevention of GBC, but little progress has been made in
individualized risk prediction and early diagnosis [6,10].

The incidence of GBC shows wide geographical and ethnic variation [2]. High-
income regions such as Western Europe, the United States, and Australia have 1–2 cases
per 100,000 person-years. In contrast, the largest indigenous people in Chile—the
Mapuche—show the highest incidence of GBC in the world, with more than 20 cases
per 100,000 person-years [11]. Observational studies have found a strong association
between the individual proportion of indigenous American Mapuche ancestry and GBC
risk: each 1% increase in the proportion of Mapuche ancestry translates into a 3.7% increase
in GBC mortality [12]. However, the observed association may arise from other established
GBC risk factors, especially gallstones and elevated body mass index (BMI) [3,4,6]. The
Mapuche have a high prevalence of gallstone disease. A relative GBC risk of 4.9 has
been observed in individuals with a history of gallstones, and recent studies have found
evidence of a causal effect of gallstones on GBC risk for genetically admixed Chileans (odds
ratio [OR] = 1.97) [2,3,13]. Indigenous American ancestry has also been associated with
an increased BMI. The World Cancer Research Fund considers that higher body fatness
marked by BMI probably causes GBC, and relative GBC risks of 1.59 for women and 1.09
for men per five-point increase in BMI have been reported [4,6,11,14].

In addition to any still unknown risk factors for GBC in high-incidence regions of South
America, other potential confounders of the relationship between the individual proportion
of Mapuche ancestry and GBC risk include socio-economic status and access to prophylactic
cholecystectomy, multiparity in women, chronic inflammation, and lifestyle choices such
as smoking and alcohol consumption [3,6,15,16]. The impossibility of accounting for
unknown risk factors in standard statistical inference and the potential existence of non-
random measurement errors in several confounders (e.g., accurate information on income
and socio-economic level is difficult to obtain) justify the use of instrumental variables to
assess the relationship between the proportion of Mapuche ancestry and GBC risk without
confounding.

In response to the high GBC mortality rates and lack of treatment options, but based
on weak scientific evidence, the Chilean government is implementing a GBC prevention
program that provides financial support to gallstone patients for prophylactic cholecystec-
tomy [6]. Prioritizing prophylactic cholecystectomy for those at high risk of GBC, taking
into account unconfounded associations rather than observational correlations potentially
attributable to confounding, would optimize the efficiency of current GBC prevention
measures.
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The upper part of Figure 1 shows the usual directed acyclic graph of Mendelian ran-
domization (MR) adapted to the present study [17]. Increasing individual proportions of
Mapuche ancestry (investigated exposure) have been associated with increasing GBC risk
(investigated outcome), but this association could be due, at least in part, to unknown con-
founders and non-random measurement error in known confounders (e.g., socio-economic
status or health care access).
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Figure 1. (Upper panel): The usual directed acyclic graph of Mendelian randomization (MR) adapted
to the present study. (Lower panel): Flowchart describing the main analyses, from the selection
of markers of Mapuche ancestry in a reference panel composed of Mapuche, Aymara, European,
and African individuals to the two-sample MR based on 396 selected instrumental variables after
exclusion of outlying instruments based on radial MR.
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To assess the confounding-free impact of Mapuche ancestry on GBC risk, we relied
on the informativeness for assignment measure [18] to preselect markers of Mapuche
ancestry in a panel of indigenous American, European, and African individuals. We then
selected markers that were valid as instrumental variables: markers strongly associated
with the individual proportion of Mapuche ancestry (relevance assumption), not associated
with potential confounders (independence assumption), and not associated with GBC risk
(exclusion restriction assumption; see Materials and Methods section for additional details).
It should be noted that the individual proportion of indigenous Chilean ancestry is fixed at
birth, but the alleles of the markers used as instrumental variables are randomly assigned
during meiosis, mimicking a randomized trial.

2. Results

The flowchart in the lower part of Figure 1 describes the analyses performed with
some intermediate results. The preselection of markers of Mapuche ancestry in a reference
panel composed of indigenous American Mapuche (n = 28), Aymara (n = 63), European
(CEU and IBS, n = 206), and African (YRI, n = 108) individuals relying on the informa-
tiveness for assignment measure yielded 21,854 candidate markers. Of these, 985 genetic
variants were robustly associated (p < 5× 10−8) with the individual proportion of Mapuche
ancestry, which was previously estimated in a dataset with genome-wide genotype data
from 1861 genetically admixed Chileans. Exclusion of markers associated with GBC or
established GBC risk factors (PheWAS p < 5 × 10−8) complemented with LD pruning
(r2 < 0.01) resulted in 429 instrumental variables being preliminarily retained for the subse-
quent MR analyses. Radial MR, based on summary statistics of the association between
the instrumental variables and the proportion of Mapuche ancestry (sample I: 1861 ad-
mixed Chileans) and that between the instrumental variables and GBC status (sample II:
412 Chilean GBC patient-control pairs), detected 33 outlying instruments. The subsequent
MR analysis of the association Mapuche ancestry→ GBC was therefore based on 396 in-
strumental variables, which explained 13.2% of the variance in the proportion of Mapuche
ancestry (F-statistic = 284.01).

Figure 2 depicts the genetic principal components and the estimated proportions
of Mapuche, Aymara, and European ancestry in the two samples used for the main MR
analysis. Individuals with a proportion of Mapuche ancestry above the 95th percentile in
the sample are represented in orange; blue and green highlight individuals with the largest
proportions of Aymara and European ancestry, respectively. The first principal component
in admixed Chileans explained a genetic variance of 1.2% and distinguished between
European and indigenous Chilean ancestry. The second principal component explained
a genetic variance of 0.2% and separated the two main types of indigenous American
ancestry in Chile: Mapuche and Aymara (Figure 2A,D). A strong correlation between the
second principal component and the proportion of Mapuche ancestry was found in the
two samples used for MR analysis (Figure 2B,C,E,F). In the three plots depicting sample II
(Figure 2D–F), crosses represent GBC patients and circles represent population-based
controls. The concentration of GBC patients among individuals with the highest proportion
of indigenous Chilean ancestry, especially Mapuche ancestry, was striking. Supplementary
Figure S1 shows the distribution of individual estimated proportions of Mapuche, Aymara,
European, and African ancestry.

Instrumental variable analysis of the association Mapuche ancestry→ GBC risk re-
vealed no heterogeneity among instruments as a proxy for pleiotropy (inverse variance-
weighted (IVW) Cochran’s Q statistic p = 0.99) and no horizontal pleiotropy (MR-Egger
intercept p = 0.87; Table 1). Neither outliers nor weak instrument biases were apparent
in the scatter and funnel plots (Figure 3A,B). We found evidence of a putatively causal
effect of Mapuche ancestry on GBC risk (IVW OR = 1.008, which translates into a GBC
risk increase of 0.8% for every 1% increase in the proportion of Mapuche ancestry, 95%
confidence interval [CI] 0.4% to 1.2%, p = 6.7 × 10−5; Table 1). MR-Egger (OR = 1.009,
95% CI 0.991 to 1.028, p = 0.33) and weighted median estimates (OR = 1.009, 95% CI 1.004
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to 1.015, p = 1.0 × 10−3) were consistent with IVW estimates (Supplementary Table S1).
As described above, the second principal component of genetic variability in admixed
Chileans reflects the individual proportion of Mapuche ancestry, and, as expected, the
causal effect vanished after including the second principal component in the calculation
of summary statistics (p = 0.62; Table 1). In contrast, consideration of the first and third
to tenth principal components translated into stronger estimates of the causal effect (1.4%
risk increase, 95% CI 0.8% to 1.9%, p = 6.1 × 10−7). Steiger filtering and more stringent
thresholds for LD pruning (r2 < 10−3) and PheWAS (p < 5 × 10−6) resulted in overlapping
95% CIs of the estimated effect sizes (Supplementary Table S1).
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Figure 2. Scatter plots of the first and second genetic principal components (PC) and the individual
proportion of Mapuche ancestry. Individuals with proportions of Mapuche, Aymara, and European
ancestry above the 95th percentile are shown in orange, blue, and green, respectively. Panels (A–C)
refer to sample I and panels (D–F) refer to sample II used in the main MR analysis, respectively. In
sample II, GBC patients are represented by crosses and population-based controls by circles.
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Table 1. MR results on the causal relationship between the proportion of Mapuche ancestry as
exposure, and GBC, gallstone disease, and BMI as outcomes of interest. Cochran’s Q statistic p-values
higher than 0.05 are suggestive of no instrument heterogeneity as a proxy for pleiotropy, and MR-
Egger intercept p-values higher than 0.05 are consistent with no horizontal pleiotropy. Results from
sensitivity analyses on the association between Mapuche ancestry→ GBC risk after including the
first to the tenth principal component, both with and without the second principal component, which
reflects the individual proportion of Mapuche ancestry in admixed Chileans, are also shown.

Inverse Variance Weighted MR-Egger

Outcome IV β/OR 95% CI β p-Value Q p-Value Intercept
p-Value

GBC 396 1.008 1.004 1.012 6.7 × 10−5 0.99 0.87
Including PC1-PC10 396 1.007 0.979 1.037 0.62 0.99 0.17
Including PC1 and PC3-PC10 396 1.014 1.008 1.019 6.1 × 10−7 0.99 0.36

Gallstone disease 387 1.036 1.031 1.040 1.9 × 10−59 0.95 0.65
BMI 390 −0.006 −0.009 −0.003 5.0 × 10−5 0.95 0.87

IV: Number of instrumental variables; β/OR: estimated causal effect size for BMI/estimated causal odds ratio
for GBC and gallstone disease per 1% increase in the proportion of Mapuche ancestry; CI: confidence interval;
Q: Cochran’s Q statistic; PC: principal components estimated based on individual genotypes. Bold represents
probability values smaller than 0.05.

Further sensitivity analysis considered two-step MR and multivariable MR (MVMR)
to investigate the potential mediating effects of gallstone disease and BMI on the link
between Mapuche ancestry and GBC. For a two-step MR mediation analysis, we first
assessed the unconfounded effect of Mapuche ancestry on gallstone disease. Neither
heterogeneity among instrumental variables (Q statistic p = 0.95) nor horizontal pleiotropy
(MR-Egger intercept p = 0.65; Table 1) was noted. MR results suggested a putatively causal
effect of Mapuche ancestry on the risk of gallstone disease (IVW risk increase of 3.6% for
every 1% increase in Mapuche proportion, p = 1.9 × 10−59; Table 1; MR-Egger OR = 1.031,
95% CI 1.010 to 1.052, p = 3.2 × 10−3; weighted median OR = 1.032, 95% CI 1.025 to
1.039, p = 1.2 × 10−21 (Supplementary Table S1). These results are visually represented in
Figure 3C,D.

Since the proportion of Mapuche ancestry showed a confounding-free effect on gall-
stone disease in the present study and a causal effect of gallstones on GBC risk has already
been demonstrated for Chileans, the two-step MR analysis suggests that gallstones mediate
the association between Mapuche ancestry and GBC risk. To validate this hypothesis, we
also performed MVMR. The instrumental variables used for MVMR were weak (Mapuche
ancestry F-statistic = 3.5; gallstones F-statistic = 1.4), but horizontal pleiotropy was not
found (Q statistic of 425 on 431 degrees of freedom, p = 0.57). In agreement with the results
of two-step MR, MVMR revealed a causal effect of gallstones on GBC risk (OR = 1.263,
p = 2.1 × 10−9) but no concurrent causal effect of Mapuche ancestry on GBC risk (OR
= 1.0002, p = 0.95), suggesting complete mediation of the association between Mapuche
ancestry and GBC risk by gallstones.

Neither heterogeneity among instrumental variables (Q statistic p = 0.95) nor hori-
zontal pleiotropy (MR-Egger intercept p = 0.87; Table 1) was detected in the MR analysis
of the association Mapuche ancestry → BMI. We found evidence of a negative, uncon-
founded effect of Mapuche ancestry on BMI (IVW β = −0.006 kg/m2 per 1% increase in
Mapuche proportion, 95% CI −0.009 to −0.003, p = 5.0 × 10−5; Table 1). The corresponding
scatter and funnel plots are shown in Figure 3E,F. MR-Egger (β = −0.007 kg/m2 per 1%
Mapuche ancestry proportion, 95% CI −0.021 to 0.006, p = 0.30) and weighted median esti-
mates (β = −0.006 kg/m2 per 1% Mapuche ancestry proportion, 95% CI −0.011 to −0.002,
p = 7.0 × 10−3; Supplementary Table S1) showed good agreement with the negative effect
estimated by IVW.
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3. Discussion

By utilizing ancestry-informative markers as instrumental variables for the individual
proportion of Mapuche ancestry in admixed Chileans, we investigated the confounding-
free effect of Mapuche ancestry on GBC risk as the primary outcome and examined the
mediating effects of gallstones and BMI on this association. According to MR results, the
proportion of Mapuche ancestry showed an unconfounded effect on GBC development,
which was mediated by gallstones. The practical implication of these results is that intensi-
fied surveillance and prophylactic gallbladder removal in gallstone carriers with a high
percentage of Mapuche ancestry may improve the efficiency of current GBC prevention
programs. Given the relationship between increasing proportions of Mapuche ancestry
and decreasing BMI, and the putatively causal effect of BMI on GBC risk suggested by
MR, it seems rather unlikely that BMI positively mediates between Mapuche ancestry and
GBC risk.

Gallstones are highly prevalent in Chileans and one of the most important risk factors
for GBC. Observational studies report a relative GBC risk of 9.2–10.1 for individuals with
gallstones larger than 3 cm [3,19]. We therefore examined the possible mediating effect of
gallstone disease on the association between Mapuche ancestry and GBC risk. The evidence
for an unconfounded effect of Mapuche ancestry on gallstone disease was quite robust.
The estimated causal OR varied from 1.031 (MR-Egger) to 1.036 (IVW) per 1% Mapuche
ancestry proportion. One possible reason for this association would be genetic selection in
Indigenous Americans towards efficient energy storage in periods of nutritional and caloric
insufficiency, which now, under conditions of energy abundance, translates into increased
susceptibility to gallstone formation [20]. The unconfounded relationship between the
individual proportion of Mapuche ancestry and gallstones, together with the previously
reported causal effect of gallstones on GBC risk in Chileans, supports a mediating effect
of gallstones based on two-step MR [13]. The MVMR results, based on a relatively small
sample size and weak instrumental variables, showed good agreement with two-step MR
and pointed to a fully mediating effect of gallstones between Mapuche ancestry and GBC
risk. However, large prospective Chilean datasets with complete information on GBC,
gallstones, and individual genotype data are urgently needed to conduct formal mediation
analyses and accurately quantify the magnitude of direct and indirect effects, which are
highly relevant for more precise GBC prevention.

The International Agency for Research on Cancer, the American Institute for Cancer
Research, and the World Cancer Research Fund all consider obesity to be a likely cause of
GBC, and high BMI is another important GBC risk factor, with a direct effect on GBC risk
reported for Chileans and an indirect effect mediated by gallstones for Europeans [13,14,21].
However, studies of the association between indigenous American ancestry and BMI have
yielded contradictory results. BMI decreased by 0.13 m/kg2 for each 10% increase in the
proportion of indigenous American ancestry in Mexican-American women [22], and the
association was also negative in a Hispanic-Mexican study [23]. In contrast, BMI increased
by 0.56 m/kg2 per 10% increase in the proportion of indigenous ancestry in Indigenous
Americans [24]. Indigenous American ancestry was positively correlated with obesity in
Mexico and Peru, whereas no association was found in Brazil, Chile, or Colombia, and
higher Indigenous American ancestry was associated with overweight and obesity, but
only among foreign-born Latina women [25]. In the present study, we found clear evidence
of a negative confounding-free effect of Mapuche ancestry on BMI, which probably rules
out a positive mediating effect of BMI on the association between Mapuche ancestry and
GBC risk. However, further in-depth analyses in larger studies are needed to quantify the
magnitude of the unconfounded effect of the individual proportion of Mapuche ancestry
on BMI.

The relatively small number of GBC patients investigated was a limitation of this
study, especially considering the large sample sizes normally required for MR. However,
observational studies have reported a strong association between the individual proportion
of Mapuche ancestry and GBC mortality risk (3.7% increased GBC mortality risk per 1%



Cancers 2023, 15, 4033 10 of 17

increase in Mapuche ancestry), and the variance in the proportion of Mapuche ancestry
explained by the instrumental variables was relatively high. It should be noted that, in
order to be able to rule out potential confounding by instrumental variable analysis, we
did not directly investigate the association between individual proportions of Mapuche
ancestry (100% total variance) and GBC risk but rather between genetic variants strongly
associated with the individual proportion of Mapuche ancestry (13.2% explained variance)
and GBC risk. In addition to low statistical power, another common limitation of MR
studies is pleiotropy. First-order inverse variance weights keep the type I error rate under
the causal null, and we calculated Cochran’s Q statistic using first-order weights to detect
heterogeneity, which often reflects pleiotropy. We also visually inspected scatter and funnel
plots, performed MR-Egger regression to detect potential bias attributable to horizontal
pleiotropy, used radial MR to detect outlying instruments, and excluded instrumental
variables associated with GBC and GBC risk factors not investigated in our study.

Previous studies have demonstrated the importance of subdividing indigenous Amer-
ican ancestry into its main subcomponents; in the case of admixed Chileans, the two major
indigenous American subcomponents are Mapuche and Aymara ancestry [12]. While
combined indigenous Chilean ancestry showed no association with GBC mortality and the
proportion of Aymara ancestry showed a negative association with GBC mortality, each
1% increase in the Mapuche proportion translated into a 3.7% increase in the risk of death
due to GBC (95% CI 3.1 to 4.3%). To assess the contribution of health system access to
the identified association between Mapuche ancestry and GBC risk, hospitalization rates
due to gallbladder removal (cholecystectomy) were previously included as an additional
explanatory variable in standard regression models. However, the standard approach to
statistical adjustment is limited by (1) potentially large, non-random measurement errors
in the adjustment variables (e.g., information on socio-economic level and access to health
care) and (2) the impossibility of adjusting for as yet unknown GBC risk factors, which
may be specific to regions with high GBC incidence. Without the need to know, accurately
measure, and statistically adjust for all GBC risk factors, the instrumental variable-based
OR estimated in this study points to an unconfounded association between Mapuche ances-
try and GBC risk, suggesting that GBC prevention strategies that consider the individual
proportion of Mapuche ancestry could be particularly efficient.

Beyond their practical relevance for GBC prevention, the results presented here may
also be useful for designing future studies. On the one hand, the evidence of a putatively
causal effect of Mapuche ancestry on GBC risk underpins the potential of admixture
mapping to identify novel GBC susceptibility variants, possibly in combination with
subsequent association testing (note that the genome-wide significance level is much higher
for admixture mapping than for association mapping) [26]. For example, assuming that
the average proportion of Mapuche ancestry in Chileans is about 40%, approximately
1100 GBC patients are needed to detect a Mapuche haplotype with a risk ratio of 1.8,
consistent with the estimated causal OR of 1.008 per 1% proportion of Mapuche ancestry
in the whole Chilean genome [27]. On the other hand, the 3.7% increased GBC mortality
risk per 1% Mapuche ancestry proportion previously reported in observational studies
probably overestimates the contribution of Mapuche ancestry to GBC risk and would
lead to underpowered admixture mapping studies. From an implementation perspective,
recruiting study participants from the southern regions of Chile would increase the average
proportion of Mapuche ancestry and thus the statistical power of the study.

4. Materials and Methods

Patient and public involvement: A representative of the Chilean Foundation of Gas-
trointestinal Cancer Patients (www.gist.cl, accessed on 3 August 2023) reviewed the in-
formed consent forms and is a permanent member of the External Advisory Board of the
European-Latin American Consortium towards Eradication of Preventable Gallbladder
Cancer—EULAT Eradicate GBC (www.SaludVesiculaBiliar.org, accessed on 3 August 2023),
which meets annually to discuss the project objectives, the progress of the project, and the

www.gist.cl
www.SaludVesiculaBiliar.org
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relevance of the project results to patients. The EULAT Eradicate GBC dissemination videos
are also available in Mapudungun, the language of the Mapuche people (https://youtu.
be/HsPeid1Rmus, accessed on 3 August 2023). Our study did not include Mapuche indi-
viduals directly, but genetically admixed Chileans who consented to the use of their genetic
data for the present investigation. The manuscript was reviewed by an expert in Mapuche
culture from the Universidad de la Frontera in Temuco, Chile. This study spans genetics,
epidemiology, public health, and anthropology. Interdisciplinary collaborations are essen-
tial to advance our understanding of complex diseases and improve current prevention,
early detection, and treatment [28,29]. We recently organized a symposium on Native
American Ancestry in Genetic Research Projects at the joint meeting of the Chilean Genetics
Society and the Chilean Society of Evolution and are organizing the summer school “An-
cestry meets Molecular Health” (https://www.klinikum.uni-heidelberg.de/medizinische-
biometrie/forschung/arbeitsgruppen/statistical-genetics/research-training, accessed on 3
August 2023) to discuss how to involve communities and individuals in the design and
implementation of genetic research projects and improve the dissemination of study results.

Study participants: The Chilean genome is a mixture of chromosomal segments from
two major indigenous American peoples, the Aymara in the north and the Mapuche in
the south of the country; Europeans; and, to a lesser extent, Africans [4,30,31]. The refer-
ence panel for preselection of ancestry-informative markers and estimation of individual
ancestry proportions in genetically admixed Chileans therefore included 63 Aymara [32]
and 28 Mapuche [32,33], as well as 206 Europeans (99 Utah residents with Northern and
Western European ancestry [CEU] and 107 Iberians from Spain [IBS]), and 108 African
Yorubans from Ibadan, Nigeria (YRI) from the 1000 Genome Project [34].

Sample I for two-sample MR analyses of the associations Mapuche ancestry→ GBC,
Mapuche ancestry→ gallstone disease and Mapuche ancestry→ BMI consisted of 1861
Chileans from the Consortium for the Analysis of the Diversity and Evolution of Latin
America (CANDELA) [30]. Sample II for MR analysis of the association between Mapuche
ancestry and GBC risk was composed of 412 Chilean patients diagnosed with GBC and
412 population-based controls matched by age and sex with the GBC patients. Sample II for
MR analysis of the association between Mapuche ancestry and gallstone disease was com-
posed of 351 Chilean gallstone patients and 351 controls matched by age and sex. Among
GBC patients, 77% were diagnosed after surgical removal of the gallbladder (cholecystec-
tomy), and gallstones were found in about 86% of the GBC patients investigated. Gallstone
patients were patients who underwent cholecystectomy due to symptomatic gallstones.
Population-based controls were selected from the Chilean subgroup of CANDELA and
from Chilean studies on COPD and Chagas disease, with GBC and gallstone incidences
representative of the general Chilean population [10]. Information on family history of
GBC was available for patients with GBC and gallstones, but not for population-based
controls. Sample I and sample II for MR analyses on Mapuche ancestry→ GBC risk and
Mapuche ancestry→ gallstone disease partially overlapped: 84 of the 412 controls and 91
of the 351 controls in the respective sample II also belonged to sample I. Sample II for MR
analysis of the association between Mapuche ancestry and BMI was based on 12,216 in-
dividuals from the Hispanic Community Health Study/Study of Latinos (HCHS/SOL,
dbGaP accession number phs000810.v1.p1).

Preselection of markers of Mapuche ancestry: To preselect genetic variants robustly
associated with our exposure of interest, the individual proportion of Mapuche ancestry,
we first chose markers of Mapuche ancestry based on the informativeness for assignment
measure In [18]. For each genetic variant with j = 1, . . ., N possible alleles in i = 1, . . ., K
subpopulations, we calculated:

In(Q, J) =
N

∑
j=1

(
−pjlog

(
pj
)
+ ∑K

i=1

pij

K
log

(
pij

))
, (1)

https://youtu.be/HsPeid1Rmus
https://youtu.be/HsPeid1Rmus
https://www.klinikum.uni-heidelberg.de/medizinische-biometrie/forschung/arbeitsgruppen/statistical-genetics/research-training
https://www.klinikum.uni-heidelberg.de/medizinische-biometrie/forschung/arbeitsgruppen/statistical-genetics/research-training
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where pj denotes the average frequency of allele j in all K subpopulations, pij the average
frequency of allele j in subpopulation i, Q the (random) assignment of an individual to a
subpopulation, and J the (random) genotype of one of the two alleles of an individual. In
conditioning on Q and J is a general approach to quantifying the amount of information that
multi-allelic markers provide about individual ancestry composition. We used the reference
panels described above to estimate In for each of the 43,625 genetic variants available for all
individuals in this study, considering two subpopulations at a time (Mapuche-European,
Mapuche-Aymara, and Mapuche-African). We selected the 10,000 genetic variants with
the highest In for each comparison and retained the genetic variants that were present in at
least one comparison for the subsequent analyses.

Selection of instrumental variables: MR relies on the random assortment of genetic
variants during meiosis, which mimics a randomized trial and thus circumvents poten-
tial confounding. Individual proportions of genetic ancestry are fixed at birth, but the
alleles of the ancestry-informative markers used as instrumental variables in this study
were randomly assigned at meiosis. To ensure that the preselected ancestry-informative
markers were valid instrumental variables fulfilling the first MR assumption (relevance),
we used the software ADMIXTURE (version 1.3) for supervised estimation of the indi-
vidual proportions of Mapuche ancestry in sample I, relying on the reference panel of
Aymara, Mapuche, European, and African individuals [35], and retained as instrumental
variables (IV) the genetic variants that showed a robust association (p < 5 × 10−8) with
the estimated proportion of Mapuche ancestry, adjusted for age and sex. The second MR
assumption (independence) was assessed by a phenome-wide association study (PheWAS),
excluding genetic variants associated (p < 5× 10−8) with GBC risk or potential confounders
(menopause, educational level, diabetes, body circumference, smoking, alcohol consump-
tion, or gallstones) in MR-Base [36]. We then used the summary statistics of the association
between the genetic variants and the estimated proportion of Mapuche ancestry (β) and
the minor allele frequency (MAF) to calculate the variance in Mapuche ancestry proportion
explained by each variant [37] using the equation:

explained variance = β2 × 2×MAF× (1−MAF). (2)

We determined the pairwise linkage disequilibrium between genetic variants using the
R package ‘genetics’ [38] in sample I, composed of genetically admixed Chileans, and ex-
cluded variants in linkage disequilibrium (LD) (r2 > 0.01) with other variants that explained
a larger variance. The explained variance, Ins, and subpopulation allele frequencies for the
50 genetic variants that explained the greatest variance in Mapuche ancestry proportion
are shown in Supplementary Table S2.

In an attempt to fulfill the third MR assumption (exclusion restriction), radial MR
was applied separately for each investigated outcome to detect and subsequently exclude
outlying and influential genetic variants in combination with further techniques described
in the next section.

Two-sample MR, sensitivity, and mediation analyses (two-step and multivariable
MR): For the previously selected instrumental variables, we calculated summary statistics
of genetic association with the individual proportion of Mapuche ancestry in sample I and
summary statistics of genetic association with GBC, gallstones, and BMI in the respective
sample II. We fitted linear (proportion of Mapuche ancestry and BMI) or logistic (GBC
and gallstone disease) regression models, assuming an additive genotype model and
considering age and sex as covariates. We then used the summary statistics to examine
the association between Mapuche ancestry and GBC risk using two-sample MR as the
primary analysis. To guarantee instrumental validity, we also (1) visually inspected the
funnel and scatter plots of summary statistics to detect weak instrument bias; (2) calculated
Cochran’s Q statistic using first-order inverse variance weights to detect heterogeneity,
which indicates a possible violation of the instrumental variable or modeling assumptions,
of which pleiotropy is a likely major cause; and (3) used the p-value for a non-zero MR-
Egger intercept to assess horizontal pleiotropy. Our primary objective was to identify
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statistical causal effects, which require weaker MR assumptions than estimation of their
magnitude, and we tested causality based on random-effect inverse variance-weighted
(IVW) p-values. As a secondary objective, we estimated the causal effect sizes and assessed
their robustness by comparing IVW, weighted median, and MR-Egger regression parameter
estimates (ORs for GBC and gallstone disease and beta values for BMI per 1% increase in
the proportion of Mapuche ancestry).

Population stratification is particularly relevant in MR studies of genetically admixed
individuals. To deal with potential stratification, association statistics are typically adjusted
for the main principal components of genetic variability. However, the individual pro-
portion of Mapuche ancestry was the exposure of interest in this study of Chileans, who
show continuous gradients of ancestry. To check the sensitivity of MR results to population
stratification, we estimated the genetic principal components in samples I and II using
the eigenstrat function [39], examined the correlation between the estimated principal
components and the proportion of Mapuche ancestry, adjusted the association statistics for
(1) all of the first ten principal components or (2) the first ten principal components with the
exception of the principal component correlated with the proportion of Mapuche ancestry,
and repeated the MR analyses. Additional sensitivity analyses included Steiger filtering to
ensure that the instrumental variables explained a larger variance in the exposure than in
the investigated outcome [40] and applying stricter thresholds for LD pruning (r2 < 10−3)
and PheWAS (p < 5 × 10−6).

Since a causal effect of gallstones and BMI on GBC risk has recently been reported [13],
we investigated the mediating effects of gallstone disease and BMI as a surrogate marker
for obesity as potential mechanisms explaining the relationship between Mapuche ancestry
and GBC risk. The unavailability of large prospective Chilean datasets with complete
information on GBC, gallstones, BMI, and individual genotypes precluded the implemen-
tation of formal mediation analyses, and we decided first to apply two-step MR to assess
mediation [41]. In the first MR step, instrumental variables for the proportion of Mapuche
ancestry were used to assess the causal effect of Mapuche ancestry on the potential mediator
(gallstone disease or BMI) by MR as described above. The second MR step was based on
published findings, also based on genetically admixed Chileans, on the causal effect of the
mediators on GBC risk. Evidence of association in the two MR steps (Mapuche ancestry→
gallstone disease and gallstone disease→ GBC) would imply some degree of mediation
between Mapuche ancestry and GBC risk on the part of the intermediate trait (gallstones).
We also performed MVMR to simultaneously assess the causal effects of Mapuche ances-
try and gallstones on GBC risk. MVMR allows the estimation of mediation effects when
considering potentially correlated risk factors using genetic instruments within the MR
framework. We used the R package ‘MVMR’, following the workflow suggested by the
software developers [42]. We calculated F statistics to monitor instrument strength, Q statis-
tics to assess instrument validity, including horizontal pleiotropy, and finally estimated
the direct effects of the considered exposures (Mapuche ancestry and gallstone disease)
simultaneously on the outcome of interest (GBC risk). The instrumental variables used
included the previously selected ancestry-informative markers along with five genetic vari-
ants (one palindromic variant was removed) robustly associated with gallstone disease in
Chileans [43]. Sample I and sample II used to assess the genetic associations with Mapuche
ancestry proportion and gallstone disease did not overlap. They consisted of 1703 Chileans
(1861 minus those used as controls in sample II) and 351 gallstone patients and matched
controls, respectively. The sample used to assess the direct effect between instrumental
variables and gallstone disease on GBC risk was the same as the sample II utilized for the
MR analysis of Mapuche ancestry→ GBC risk (412 Chilean GBC cases and 412 matched
controls).

MR analyses were conducted using the R version of MR-Base, which provides conve-
nient tools for the harmonization of the association statistics, including standardization of
the effect alleles and removal of problematic palindromic genetic variants [36]. The R pack-
age ‘RadialMR’ was used for radial MR [44]. For general data processing, we used Plink
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version 1.9 [45] and the R software environment for statistical computing and graphics
(version 3.6.2).

5. Conclusions

In summary, we assessed the confounding-free relationship between the individ-
ual proportion of indigenous Chilean Mapuche ancestry and GBC risk using ancestry-
informative markers as instrumental variables. To our knowledge, this is the first MR study
that considers the proportion of genetic ancestry as the exposure of interest. It is important
to keep in mind that the study was based on genetically admixed Chileans who showed
continuous gradients of Mapuche ancestry. Since evidence of an unconfounded effect of
ancestry proportion on disease development is generally more relevant than an observa-
tional correlation, the present findings provide more refined information on the potential
of accounting for ethnic differences (in this case Mapuche ancestry) in disease prevention
(in this case GBC). Individual ancestry proportions are not a modifiable exposure, but
individuals with a high proportion of Mapuche ancestry could be prioritized for gallstone
screening and prophylactic cholecystectomy—after extensive complementary research into
potential side effects and cost-effectiveness. Future admixture mapping studies could also
benefit from the methodology applied in the present investigation to test the confounding-
free effect of genetic ancestry on disease outcomes. From a more applied point of view,
instrumental variable results suggested a putatively causal effect of Mapuche ancestry
proportion on GBC risk, most likely mediated by gallstones, with direct implications for
the development of more efficient GBC prevention strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15164033/s1, Table S1: Results from sensitivity MR analysis
on the relationship between the proportion of indigenous American Mapuche ancestry as investigated
exposure and GBC, gallstone disease and BMI as outcomes of interest. Table S2: Overview of the
50 genetic variants used as instrumental variables for Mendelian randomization analysis that explain
the greatest variance in Mapuche ancestry proportion. Figure S1: Bar plot of the results from
admixture analyses for individuals in Sample I and Sample II, as well as in sample II divided into
GBC patients and healthy controls.
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