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90 Abstract

91 Latin Americans have a rich genetic make-up that translates into heterogeneous fractions of the
92  autosomal genome in runs of homozygosity (Fron), and heterogeneous types and proportions of
93 indigenous American ancestry. While autozygosity has been linked to several human diseases,
94  very little is known about the relationship between inbreeding, genetic ancestry and cancer risk
95 in Latin Americans.
96
97 Chile has one of the highest incidences of gallbladder cancer (GBC) in the world, and here we
98 investigated the association between inbreeding, GBC, gallstone disease (GSD) and body mass
99 index (BMI) in 4029 genetically admixed Chileans. We calculated individual Froy above 1.5 Mb and
100  weighted polygenic risk scores for GSD, and applied multiple logistic regression to assess the
101 association between homozygosity and GBC risk.
102
103 We found that homozygosity was due to a heterogeneous mixture of genetic drift and
104  consanguinity in the study population. Although we found no association between homozygosity
105 and overall GBC risk, we detected interactions between Fpoy and sex, age, and genetic risk of GSD
106 on GBC risk. Specifically, the increase in GBC risk per 1% Fgon Was 19% in men (P-value = 0.002),
107  30% in those under 60 years of age (P-value = 0.001), and 12% in those with a genetic risk of GSD
108 above the median (P-value = 0.01).
109
110  The present study highlights the complex interplay between inbreeding, genetic ancestry and
111 genetic risk of GSD in the development of GBC. The applied methodology and our findings
112 underscore the importance of considering the population-specific genetic architecture, along
113 with sex- and age specific-effects, when investigating the genetic basis of complex traits in Latin
114 Americans.
115
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124  Introduction

125  Gallbladder cancer (GBC) remains an aggressive disease with very limited treatment options and
126  alack of reliable markers for early detection (1, 2). As of 2020, the incidence of GBC is projected
127  toincrease by 75% by 2040, underscoring the urgency to characterize the factors that contribute
128  to GBC development (3). Currently, the best predictors of GBC risk include the presence of
129 gallstones, as well as age and sex, with women being more susceptible to the disease.

130 Large differences in the incidence and mortality of GBC are observed in different populations and
131 geographic regions, challenging our understanding of GBC etiology (4, 5). The highest incidences
132 have been reported in Bolivia (especially around Lake Titicaca), Chile (especially in the southern
133 regions), Peru (especially in the city of Trujillo), Japan, northern India, and New Mexico (1, 4). This
134  geographical clustering suggests a possible link between GBC development and ancestry,
135 particularly in individuals with indigenous Asian and American roots, which may have a genetic,
136  cultural or mixed origin.

137  Among these clusters, Chile stands out as the country with the highest GBC incidence, with
138  approximately 27.3 cases per 100,000 individuals (1). Even within Chile, GBC incidence shows
139  considerable heterogeneity, further highlighting the potential role of ancestry in disease
140  susceptibility (6-8). The relatively simple distribution of ancestry components in Chile facilitates
141  the study of the genetic basis of GBC. The African contribution to the Chilean genome is limited
142 (<3% on average), and the proportion of European ancestry is particularly high in the central
143 metropolitan region (9-11). The indigenous American ancestry can be broadly divided into two
144 main components: Aymara-Quechua ancestry in northern Chile, and Mapuche-Huilliche ancestry
145 in the south. Notably, in contrast to Aymara-Quechua ancestry, each 1% increase in the individual
146 proportion of Mapuche-Huilliche ancestry was associated with a 2% increased risk of developing
147 GBC and a 3.7% higher GBC mortality (5). Consistent with this association, the prevalence of GBC
148 s about 20 times higher in Argentina’s Andean region than in the rest of the country, indicating
149  a possible contribution of indigenous American ancestry to GBC susceptibility in this region as
150  well (3). Other GBC risk factors such as gallstone disease (GSD), elevated body mass index (BMI),
151 low socioeconomic status, and lifestyle in general could confound the association between
152 indigenous American ancestry and GBC risk, but the results of a recent study suggest a putatively
153  causal effect of Mapuche-Huilliche ancestry on GBC development (12).

154 Genomic homozygosity, quantified by Runs of Homozygosity (ROH), i.e. contiguous stretches of
155 homozygous alleles in identical-by-descent status, reflects the demographic history of both
156 individuals and populations, and has been shown to influence several complex traits (13). Large
157 studies have found associations between the fraction of the genome in ROH (Fgoy) and a wide

158 range of phenotypes, including height, BMI, diabetes, heart disease, and subcutaneous adipose
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159  tissue (14, 15). However, most published studies on the effects of inbreeding on human diseases,
160  particularly cancer, have shown inconsistent results (13). Some of the reasons for this
161 inconsistency are small sample sizes, limited Froy variability in the European outbred populations
162 in which most of these studies have been conducted, and the lack of a standardized procedure
163  for ROH analysis. Indigenous American genomes exhibit long stretches of homozygosity, Latin
164  Americans are highly heterogeneous in terms of individual burden of homozygosity, and Chileans
165 have been found to have both high ROH burden and high Fggy variability (13, 16); (17).

166 In this context, the study of populations with a recent history of genetic admixture, and a high
167 and variable degree of inbreeding, provides a unique opportunity to explore the relationship
168 between genetic factors and the occurrence of GBC. In this study, we investigate the impact of
169 homozygosity, quantified by individual Fgoy above 1.5 Mb, on GBC risk in Chileans. By
170  simultaneously considering individual type and proportion of indigenous American ancestry, BMI
171 and genetic risk of GSD, we aim to elucidate the mechanisms underlying geographical clustering
172 of GBC, and potentially uncover novel genetic markers for predicting individual GBC risk.

173 Results

174  Table 1 shows the main characteristics of the study participants, both overall and stratified by
175 specific subgroups, including GBC patients, who made up 15.3% of the study population, GSD
176  patients (23.3%), and individuals classified as overweight (BMI > 25 kg/m?), who made up 61.5%
177  of the study participants. On average, GBC patients were more often female, older, less educated
178 and had a higher proportion of indigenous Mapuche-Huilliche ancestry than the total study
179 population, while differences in genetic risk of GSD (quantified by weighted polygenic risk scores)
180 and FROH were rather small (overlapping interquartile ranges [IQR]).

181 Figure 1 shows the geographical distribution of GBC and GSD odds ratios (ORs, using the Santiago
182 metropolitan region as the reference), BMI and Fgoy in the study population. The ratio of GBC and
183  GSD patients was highest in the de los Lagos and de los Rios regions. Study participants from the
184  de los Rios region had the highest mean BMI, and Fgon Was particularly high in the Araucania, de
185 los Lagos and de los Rios regions. Supplementary Table S1 presents the characteristics of the
186  study participants, who were classified into six categories of genetic ancestry (European:
187 European proportion > 0.70; Aymara-Quechua: Aymara-Quechua proportion > 0.70; Aymara-
188  Quechua-European: Aymara-Quechua proportion 0.35-0.70; Mapuche-Huilliche: Mapuche-
189 Huilliche proportion > 0.70; Mapuche-Huilliche-European: Mapuche-Huilliche proportion 0.35-
190 0.70; Other admixture: Remaining study participants). The Aymara-Quechua group showed the
191 highest median Fgoy (0.028, IQR [0.023-0.033]), followed by Mapuche-Huilliche individuals
192 (median Fgoy of 0.026, IQR [0.022-0.039]), compared to a median Froy of 0.007 (IQR [0.005-

193 0.011]) for individuals in the “Other admixture” category.
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194  Relationship between ROH length and origin, genetic ancestry and GBC risk

195 ROH size correlates strongly with the time of origin of homozygosity runs. Long ROH indicate a
196 common ancestor a few generations ago, while short ROH point to the shared ancestor being
197 more distant and, consequently, recombination over generations has reduced ROH size. Figure 2
198  shows the distribution of ROH size for the five categories of genetic ancestry, and by GBC status.
199 Individuals with a high proportion of indigenous American ancestry exhibited large sums of short
200 ROH (0.3 to 1 Mb) on average, reflecting ancient inbreeding (Aymara-Quechua: 497 Mb + 52.6,
201 Mapuche-Huilliche: 468 Mb + 70.1, compared to 230 Mb + 25.2.x for “Other admixture”; see also
202 Supplementary Table S1). Analysis of variance (ANOVA) results confirmed higher total sums of
203 ROH below 1 Mb in both “Aymara-Quechua” and "Mapuche-Huilliche” individuals than in the
204 “Other admixture” category (p-value < 2.6E-16). ROH over 8 Mb represent young autozygous
205 haplotypes that arose less than 5 generations ago and thus reflect cultural practices such as
206 consanguinity, extreme endogamy and/or reproductive isolation. Mapuche-Huilliche individuals
207 had a higher total sum of ROH over 8Mb than the other ancestry categories (ANOVA p-value =
208 8.2E-13, Figure 2). As for the relationship between ROH size and GBC status, neither the
209 differences in the total sum of ROH below 1 Mb, nor the differences in the total sum of ROH
210 above 8 Mb reached the 0.05 statistical significance level.

211  We investigated the origin of ROH using two complementary approaches. We examined the
212 relationship between the number and sum of ROH above 1.5Mb, as well as the relationship
213 between Froy and the systematic inbreeding coefficient (FIS). In the upper panels of Figure 3, the
214  relative contributions of genetic drift and consanguinity on homozygosity are examined by
215 comparing the number of ROH (NROH) and the sum of ROH (SROH) per individual genome. When
216  genetic drift is strong, both NROH and SROH are proportionately high. Conversely, consanguinity
217 primarily results in long ROH, leading to a disproportionate increase in SROH compared to NROH.
218  The diagonal lines in the upper panels of Figure 3 represent the expected relationship between
219 NROH and SROH for an outbred population with no evidence of consanguinity. Individuals with
220 high NROH/SROH values along the diagonal show a high degree of autozygosity caused by genetic
221 drift, while deviations to the right of the diagonal indicate consanguinity. Among the categories
222  of genetic ancestry, especially the “Mapuche-Huilliche”, “Mapuche-Huilliche-European”, and
223 “Other admixed” individuals showed substantial homozygosity attributable to heterogeneous
224  combinations of consanguinity and genetic drift. Comparison with simulated consanguineous
225 mating (Figure 3, upper panel left, second cousins in green, first cousins in yellow, avuncular
226 mating (uncle-niece, aunt-nephew, double first cousin) in orange, and incest (brother-sister,
227 parent-offspring) in red) revealed some highly consanguineous individuals in the categories

228  “Mapuche-Huilliche” and “Mapuche-Huilliche-European”. The examination of individuals with
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229 and without GBC (Figure 3, upper panel right) showed marked heterogeneity within groups, but
230 no notable differences between individuals with/without GBC with regard to their ROH origin.
231 In the lower panels of Figure 3, the mean Fs is plotted against the Fgoy for each study participant.
232  The diagonal line (Fis = Fron) and the horizontal line (Fis = 0) delineate three distinct regions. (1)
233 Individuals near the diagonal line have a pronounced component of systematic inbreeding or F,
234  indicating consanguinity. (2) Individuals near the horizontal line show panmictic inbreeding,
235  caused mainly by genetic drift. (3) Negative Fis values indicate that low effective population size,
236  isolation, and genetic drift play an important role. The lower panels of Figure 3 show
237 heterogeneity of ROH origin between and within populations, and illustrate that consanguinity
238 plays an important role in the origin of homozygosity in highly inbred individuals. Consistent with
239 the upper panel on the right, differences between individuals with/without GBC in terms of ROH
240 origin are not apparent in the lower right panel.

241  Effects of the Homozygosity in the prevalence of GBC

242 As presented in Table 2, statistical analysis confirmed the increased risk of GBC in women, per
243 vyear (but a decreasing risk per year?), in individuals with low levels of education, with increasing
244  proportions of Mapuche-Huilliche ancestry, and with increasing genetic susceptibility for GSD.
245 However, we found no association between Fzoy and overall GBC risk. Similarly, no effects of
246  homozygosity on BMI or GSD were observed, as shown in Supplementary Table S3. Nevertheless,
247 we identified interaction effects between Froy and sex, age, and genetic risk of GSD on GBC risk.
248 In light of these intriguing results, we further examined the impact of Froy after stratifying the
249  complete dataset by sex (Supplementary Table S4), age (Supplementary Table S5), and genetic
250 risk of GSD (Supplementary Table S6).

251 Figure 4 depicts the ORs from the different analyses conducted. The forest plot illustrates a
252 notable influence of Fgroy on GBC risk for specific subsets of the population: males, individuals
253 under 60 years of age (mean age at GBC diagnosis in the study population), and those with a
254 higher than average genetic risk of GSD. Among males, GBC risk increased by 19% for every 1%
255 rise in Fron (OR =1.19, 95% Cl: 1.01-1.39, p-value = 0.002), but we found no association between
256 Fron and GBC risk in women. Considering an age cutoff of 60 years (average age of GBC diagnosis),
257 we observed a 30% increase in GBC risk for each 1% increase in Fgoy (OR = 1.30, 95% Cl: 1.09-
258 1.98), only among individuals younger than 60 years. Stratifying by median genetic risk of GSD,
259  which corresponded to a weighted polygenic risk score of 0.445, individuals with a higher than
260  median genetic susceptibility to GSD showed a 12% increased risk of GBC for every 1% elevation
261  in Fron (OR=1.12,95% Cl: 1.03-1.21).

262 Discussion
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263 GBC continues to pose a significant challenge to the healthcare system in high incidence areas
264 due to very limited treatment options for advance disease, and the absence of early detection
265 markers (18). It has been postulated that GBC takes 10-20 years to develop, typically following
266  the sequence of gallstones and inflammation, gallbladder dysplasia and GBC, and that surgical
267 removal of the gallbladder (cholecystectomy) is an effective option for prevention before the
268  onset of symptoms, emphasizing the urgent need to identify and exploit risk and early diagnosis
269  factors associated with this malignancy. The highly variable prevalence of GBC in different
270  subpopulations and geographic regions, as well as the familial aggregation of GBC (19)suggest a
271 genetic component to GBC risk. Among the large differences in prevalence, GBC is the third
272 leading cause of death in Japanese living in the United States and the third leading malignancy in
273  the Native American population, according to the New Mexico Tumor Registry

274 (https://hsc.unm.edu/new-mexico-tumor-registry/ last checked 26 February 2024). Conversely,

275 GBC appears to be rare in people of African descent. Importantly for this study, clear associations
276 have been reported between Asian and indigenous American ancestries, and increased
277 susceptibility to GBC. However, even within these broad ethnic groups, the distribution of GBC is
278 very heterogeneous.

279 Inbreeding has been associated with GBC risk in the past. For example, the Abiquiu community in
280  the Chama Valley has both a high prevalence of GBC and endogamous mating practices that have
281 led to high levels of inbreeding, suggesting a potential link between homozygosity and GBC
282  susceptibility (4). In Chile, one of the countries with the highest GBC incidence in the world, the
283 individual proportion of overall indigenous American ancestry does not correlate with GBC
284 mortality, but the specific indigenous Mapuche subcomponent (the Mapuche are the largest
285 indigenous people living mainly in central and southern Chile) is strongly associated with GBC
286 incidence and mortality. Considering this scenario, we investigated the genetic contribution to
287 GBC risk from a new perspective —assessing the potential influence of ancient and recent
288 inbreeding quantified by the genomic distribution of ROH. Our study is the first attempt to
289 examine the relationship between GBC, homozygosity (quantified as the fraction of the genome
290 in ROH over 1.5 Mb), and the proportion of indigenous American ancestry present in Chile. Of
291 note, homozygosity exhibited a considerable degree of variability across the six categories of
292  genetic ancestry defined in the present study, which is consistent with previous large-scale
293 investigations.

294  Our study provides novel insights into the interplay of genetic ancestry, homozygosity and GBC
295  development. The particular genetic tapestry of Chile, woven through a complex history of
296  admixture and migration, provides an optimal framework for such studies. The six defined

297  ancestry categories exhibited different characteristics in terms of ROH, mirroring their unique
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298  genetic history. This variability translates into improved statistical power, which distinguishes our
299 study from analyses based on European cohorts. Remarkably, the groups with indigenous
300  American ancestry, in particular Aymara-Quechua individuals, displayed larger average ROH sizes,
301  which can be attributed to ancient inbreeding. In contrast, the presence of longer ROH in the
302 Mapuche-Huilliche category points to consanguinity, shedding light on the diverse origins of
303 homozygosity in these populations.

304  The crux of our study was to investigate the impact of genomic homozygosity, quantified through
305 Frow, 0N GBC risk. We simultaneously considered Froy, the proportion of Aymara—Quechua and
306 Mapuche—Huilliche ancestry, as well as BMI, genetic risk of GSD, and education level using logistic
307 regression to assess the effect of homozygosity on GBC risk while accounting for potential
308 confounders. The relevance of considering potential cultural and social confounding, as we did in
309 our study by accounting for educational attainment and individual ancestry proportions, was well
310 illustrated in a comprehensive meta-analysis that scrutinized full-sibling data. Remarkably, Fgop
311 differences between siblings were solely due to Mendelian segregation and remained unaffected
312 by cultural and socioeconomic influences. On average, Froy effect estimates derived from sibling
313 relationships were 22% lower than their population-based counterparts for all traits analyses,
314  possibly reflecting the contribution of non-genetic confounders.

315

316 In contrast to comparisons between separate ethnic groups (e.g., individuals of European versus
317 Mapuche ancestry), our study relied on data from genetically admixed Chileans with continuous
318  gradients of homozygosity and ancestry, which lent robustness to our findings by attenuating the
319 influence of sociocultural confounders. Although no overarching association emerged across the
320 entire dataset, we were able to unveil strong interaction effects between Froy and sex, age, and
321 genetic risk of GSD. Intriguingly, the results suggested a notable influence of Fgoy on the
322 development of GBC in certain population group, particularly men, individuals under 60 years of
323 age (men and women), and those with genetic predisposition to gallstones. Notably, the absence
324 of a Fgoy effect in women points to intricate gender differences in GBC development. We found
325 no interaction between the Mapuche-Huilliche subcomponent of indigenous American ancestry
326 and Fron, suggesting that inbreeding affects GBC risk independent of genetic ancestry.

327 In conclusion, the present study indicates a complex interplay between Froy and GBC risk, pointing
328  to stronger inbreeding effects in men, individuals younger than 60 years, and persons with an
329 increased genetic risk of GSD. Replication of these results in an independent cohort, ideally with
330  a larger study population and including additional sociocultural covariates, would undoubtedly
331 underpin the robustness of our findings. The results indicate that Mapuche-Huilliche ancestry and

332 inbreeding act as independent determinants of genetic susceptibility to GBC, which is important
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333  from both a scientific and a preventive perspective. Our study contributes to a deeper
334  understanding of the multifaceted factors underlying the development of GBC, and sets the stage
335  for further investigation of the complex interplay between homozygosity, genetic ancestry, and
336  disease susceptibility.

337  Materials and Methods

338  Study population and ethics approvals

339  The phenotype and genotype data analysed in this study has been used previously to investigate
340  the relationship between indigenous American ancestry, GBC, GSD and BMI (12). The present
341 study included 202 additional GBC and 582 additional GSD patients recruited according to a study
342 protocol that complied with the ethical guidelines of the 1975 Declaration of Helsinki, and was
343  approved by the ethics committees of Servicio de Salud Metropolitano Oriente, Santiago de Chile
344 (#06.10.2015, #08.03.2016 and #12.11.2019), Servicio de Salud Metropolitano Sur Oriente,
345 Santiago de Chile (#15.10.2015 and #05.04.2018), Servicio de Salud Metropolitano Central,
346 Santiago de Chile (#1188-2015), Servicio de Salud Coquimbo, Coquimbo, Chile (#01.04.2016),
347 Servicio de Salud Maule, Talca, Chile (#05.11.2015), Universidad Catdlica del Maule, Talca, Chile
348 (#102-2020), Servicio de Salud Concepcidon, Concepcion, Chile (ID: 16-11-97 and 1D:19-12-111),
349 Servicio de Salud Araucania Sur, Temuco, Chile (#10.02.2020), Servicio de Salud Valdivia, Valdivia,
350 Chile (ID:438), Centro de Bioética, Universidad del Desarrollo, Clinica Alemana de Santiago,
351 Santiago de Chile (#2018-97, ID 678) and Unidad de Investigaciéon Hospital San Juan de Dios,
352  Santiago de Chile (#6182), the Medical Faculties of Universidad de Chile (approval #123-2012 and
353  #11.10.2012) and Pontificia Universidad Catdlica de Chile (#11-159). In 77% of GBC patients, the
354 diagnosis was made after surgical removal of the gallbladder (cholecystectomy), and gallstones
355 were found in around 86% of the GBC patients investigated. GSD patients were patients who
356 underwent cholecystectomy for symptomatic gallstones. The remaining study participants
357 belonged to population-based studies with a BMI distribution that was representative of the
358  general Chilean population (12).

359  All participants provided written informed consent prior to enrolment in in the study, using a

360 consent form reviewed by a representative of the Chilean Foundation of Gastrointestinal Cancer

361 Patients. This representative is also a permanent member of the External Advisory Board of the
362  European-Latin American Consortium towards Eradication of Preventable Gallbladder Cancer —

363 EULAT Eradicate GBC, which meets annually to discuss the project objectives, progress and

364 relevance of the project results to patients. The EULAT Eradicate GBC dissemination videos are
365 available in Aymara, Quechua and Mapudungun, the language of the Mapuche people. To

366 improve the communication of study results related to ancestry, we have organized a Symposium
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at the joint meeting of the Chilean Genetics Society and the Chilean Society of Evolution, and

recently held a Summer School on ancestry and molecular health.

ROH calling

ROH longer than 300 Kb were called using PLINK v1.9 software (20) and the following parameters: --
homozyg-snp 30 (minimum number of single nucleotide polymorphisms (SNPs) a ROH must have), --
homozyg-kb 300 (length of sliding window in Kb), --homozyg-density 30 (minimum density required to
consider a ROH, 1 SNP in 30 Kb), --homozyg-window-snp 30 (number of SNPs the sliding window must
have), --homozyg-gap 1000 (length in Kb between two SNPs to be considered in two different
segments), --homozyg-window-het 1 (number of heterozygous SNPs allowed in a window), --homozyg-
window-missing 5 (number of missing calls allowed in a window), --homozyg-window-threshold 0.05
(proportion of the overlapping window that must be called homozygous to define a given SNP as “in a
homozygous segment”). No linkage disequilibrium pruning was performed. We filtered out SNPs with
minor allele frequencies <0.01 and those deviating from Hardy-Weinberg (H-W) proportions with a p-
value <0.001. These parameters have already been used and validated in large-scale, published studies,
and they have been shown to call ROH corresponding to autozygous segments in which all SNPs
(including those not present on the genotyping array) are homozygous-by-descent (13, 15).

Estimating inbreeding and its origin

Inbreeding can arise from departure from panmixia, which involves systematic inbreeding, also known
as consanguinity (Fis), or from genetic isolation and a small effective population size, genetic drift (Fsy),
which leads to panmictic inbreeding (21, 22). Systematic inbreeding directly affects the H-W equilibrium
of a population, but its effects can be reversed within a single generation of panmictic breeding. In
contrast, panmictic inbreeding does not affect H-W proportions, but leads to a reduction in genetic
variability within the population though allele loss (23). The total inbreeding coefficient Fi; is defined as
the probability that an individual receives two alleles identical-by-descent: (1-Fy;) = (1-Fs)(1-Fs7) (24, 25).
Traditionally, Fir has been measured using deep genealogies. Here we considered Fgoy, Or the genomic
inbreeding coefficient, as a proxy for F;r, and estimated Fs using SNP data.

Fisis the average SNP homozygosity within an individual relative to the expected homozygosity of alleles
randomly drawn from the population. PLINK estimates Fs using the following expression:

_ O(HOM) — E(HOM)
Fis=—N_ E(HOM)

Where Observed Hom is the observed number of homozygous SNPs, Expected Hom is the expected
number of homozygous SNPs considering H-W proportions, and N is the total number of non-missing
genotyped SNPs. F;s thus measures inbreeding in the current generation, with F,s = 0 indicating random

mating, Fis > 0 indicating consanguinity and Fs < 0 indicating inbreeding avoidance.
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Fron quantifies the actual proportion of the autosomal genome that is autozygous over and above a
specific minimum length ROH threshold. When analysing ROH>1.5Mb, Fgqy correlates strongly (r=0.86)
with inbreeding coefficients obtained from six-generation pedigrees (26).

Y., ROH > 1.5Mb
Fron = 3Ch

Testing inbreeding depression

Traditionally, inbreeding depression refers to the decline in the evolutionary fitness of an individual or
population due to an increase in homozygosity as a result of inbreeding. This concept has now been
extended to any complex trait, describing the change in average phenotypic value within a population
due to inbreeding. When considering the combined influence of all loci affecting a specific trait, in terms
of the additive combination of genotypic values, the average trait value within a population with an

inbreeding coefficient (F) is given by (27):

Mp=Mo— ZFZ dipiqi
Here, M, stands for the average population value prior to inbreeding, d is the genotypic value of
heterozygotes, and p and g denote the allele frequencies.
This equation illustrates that inbreeding leads to a change in the average trait value within a population
when the cumulative genotypic value of heterozygotes (d) is not zero, indicating that the trait must
exhibit some form of directional dominance or overdominance in its genetic architecture. Furthermore,
for additive locus combinations, the change in the mean due to inbreeding is directly proportional to
the inbreeding coefficient (28). This knowledge enables to identify instances of inbreeding depression
in complex traits showing directional dominance through regression analysis, provided that the
population under study has a certain degree of inbreeding. It is important to note that the underlying
genetic architecture of a trait, including the effects of inbreeding depression, may be different in
different populations. The severity of inbreeding depression and the genetic basis of a trait depend on
factors such as selection pressure, environmental influences, and population structure, which lead to
variations in genetic frequencies between populations.
In this study, we assessed the relationship between Fgoy and GBC risk using multiple logistic regression.
GBC status was regressed against Fpoy as an independent variable, along with age, age?, biological sex,
education, proportions of Aymara-Quechua and Mapuche-Huilliche ancestry, BMI, and genetic risk of
GSD disease, characterised by a weighted polygenic risk score based on six GSD-associated variants
previously proposed for the Chilean population (29). The interactions of Froy and sex, age, genetic risk
of GSD and ancestry proportions were also tested.
Funding: This study was supported by the European Union’s Horizon 2020 research and

innovation program (grant 825741); the Deutsche Forschungsgemeinschaft (DFG; grant LO
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Table 1. Main characteristics of the study participants summarized by absolute and relative frequencies for categorical variables, and by medians and

interquartile ranges for continuous variables

All participants

Gallbladder cancer patients

Gallstone disease patients

Overweight participants

LA [ n=4029 (100%) n=616 (15.3%) n=933 (23.2%) N=2254 (61.5%)
Sex Male 1744 43.3% 147 23.9% 189 20.3% 1045 46.4%
Female 2284 56.7% 469 76.1% 744 79.7% 1209 53.6%
Age Continuous 37 26-58 60 49-67 56 41-66 40 28-59
Education Primary & informal schooling 515 12.7% 276 45.3% 302 32.4% 285 12.6%
Secondary 1749 43.4% 207 33.6% 284 30.4% 968 42.9%
Technical 156 3.9% 27 4.4% 50 5.3% 75 3.4%
Postgraduate 69 1.7% 3 0.5% 7 0.8% 42 1.9%
University 532 13.2% 39 6.3% 77 8.3% 280 12.4%
Missing 1008 25.0% 64 10.4% 213 22.8% 604 26.8%
Ancestry group Aymara-Quechua 111 2.7% 7 1.1% 12 1.3% 57 2.5%
Aymara-Quechua-European 197 4.9% 3 0.5% 8 0.9% 114 5.1%
European 113 2.8% 15 2.5% 23 2.5% 51 2.3%
Mapuche-Huilliche 82 2.1% 39 6.3% 39 4.2% 48 2.1%
Mapuche-Huilliche-European 1885 46.8% 341 55.4% 516 55.3% 1069 47.4%
Other admixture 1641 40.7% 211 34.3% 335 35.9% 915 40.6%
Genetic risk of gallstone disease  Continuous 0.45 0.38-0.53 0.45 0.39-0.54 0.47 0.39-0.54 0.45 0.38-0.54
FROH Continuous 0.009 0.006-0.013 0.011 0.008-0.016 0.011 0.008-0.014 0.012 0.009-0.017

Overweight participants: Body mass index > 25 kg/m?, Aymara-Quechua: Aymara-Quechua proportion > 0.70, Aymara-Quechua-European: Aymara-Quechua proportion 0.35-0.70, European:
European proportion > 0.70, Mapuche-Huilliche: Mapuche-Huilliche proportion > 0.70, Mapuche-Huilliche-European: Mapuche-Huilliche proportion 0.35-0.70, Other admixture: Remaining

study participants, Genetic risk of gallstone disease: Weighted polygenic risk score based on the six risk variants identified for Latin Americans by Joshi et al. and their corresponding summary
statistics for Chileans provided by Bustos et al., FROH: Sum of runs of homozygosity above 1.5 Mb divided by the total length of the autosomal genome.
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526  Table 2. Relative risk of gallbladder cancer by potential confounders and FROH
Variable Level OR 95% Cl P-value
Sex Male Baseline
Female 3.48 2.64-462 2.1E-16
Age Per year 1.18 1.12-1.26 1.4E-14
Age? Per year? 0.99 0.99-1.00 2.6E-16
Education Primary & informal schooling 2.65 1.65-4.31 1.2E-04
Secondary Baseline
Technical 0.47 0.20-1.07
Postgraduate 0.22 0.03-1.07
University 0.57 0.32-1.02
Missing 0.14 0.09-0.22
BMI Normal Baseline 0.35
Overweight 1.34 0.89-2.04
Obesity 1.27 0.83-1.97
Ancestry Per Aymara-Quechua % 0.97 0.96-0.98 0.04
Per Mapuche-Huilliche % 1.02 1.01-1.05 1.2E-05
Genetic risk of gallstone disease  Per doubling in disease prevalence 2.75 1.49-494 0.001
FROH Per 1% 1.07 0.98-1.15 0.26
527 OR: Odds ratio, Cl: Confidence interval, P-value: Probability value, BMI: Body mass index, Normal: BMI < 25 kg/m?,
528 Overweight: BMI 25-29.9 kg/m?, Obesity: BMI > 30 kg/m?, Aymara-Quechua %: Proportion of northern Chilean
529 Native American ancestry, Mapuche-Huilliche %: Proportion of Mapuche-Huiliche ancestry, Genetic risk of
530 gallstone disease: Weighted polygenic risk score based on the six risk variants identified for Latin Americans by
531 Joshi et al. and their corresponding summary statistics for Chileans provided by Bustos et al., FROH: Sum of runs of
532 homozygosity above 1.5 Mb divided by the total length of the autosomal genome. Bold type indicated that the 95%
533 Cl does not include 1.00.
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
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551

552

553 Figure Captions:

554 Figure 1. Maps with the distribution of GBC, gallstone disease, BMI and Fgoy
555

556  Figure 2. ROH size distribution by population (panel A) and gallbladder cancer (GBC) status
557 (panel B). Represented are ROH total sums over six classes of ROH tract lengths: 0.3<ROH<0.5
558 Mb, 0.5<ROH<1 Mb, 1<ROH<2 Mb, 2<ROH<4 Mb, 4<ROH<8 Mb and ROH>=8 Mb. Plots are
559 organized by population and presence of GBC. Study individuals were categorized into six groups
560 as follows: European: European proportion > 0.70, Aymara-Quechua: Aymara-Quechua
561 proportion > 0.70, Aymara-Quechua-European: Aymara-Quechua proportion 0.35-0.70,
562 Mapuche-Huilliche: Mapuche-Huilliche proportion > 0.70, Mapuche-Huilliche-European:
563 Mapuche-Huilliche proportion 0.35-0.70, Other admixture: Remaining study participants

564

565

566  Figure 3. Assessment of ROH origins by population (left panels) and gallbladder cancer (GBC)
567  status (right panels). Study individuals were categorized into six groups as follows: European:
568 European proportion > 0.70, Aymara-Quechua: Aymara-Quechua proportion > 0.70, Aymara-
569  Quechua-European: Aymara-Quechua proportion 0.35-0.70, Mapuche-Huilliche: Mapuche-
570 Huilliche proportion > 0.70, Mapuche-Huilliche-European: Mapuche-Huilliche proportion 0.35-
571 0.70, Other admixture: Remaining study participants. Upper panels: Mean number of ROH
572 versus sum of ROH > 1.5Mb for each individual. The dotted straight lines represent the linear
573 regression of the number of ROH on the sum of ROH in individuals of African ancestry in
574  southwestern United States (ASW) and African Caribbean in Barbados (ACB) from the 1000
575 Genomes Project that represent admixed and thus relatively outbred populations. Simulations
576  of the number and sum of ROH > 1.5Mb for the offspring of different consanguineous mattings
577 are also shown in the left plot. The colour of the dots represents the type of consanguineous
578  mating: second cousin (green), first cousin (yellow), avuncular (uncle-niece, aunt-nephew,
579  double first cousin) (orange), incest (brother-sister, parent-offspring) (red). 5,000 individuals
580  were simulated for each mating type. Note that the simulation did not include drift, but the
581 degree of right shift can be projected to cases where there is a non-zero level of autozygosity
582 due to drift. Lower panels: Systematic inbreeding coefficient (Fs) versus the FROH-based
583 inbreeding coefficient. F;s represents the average individual single nucleotide polymorphism
584  homozygosity relative to the expected homozygosity of alleles randomly drawn from the
585 population, which was calculated using the -het function in PLINK. The dotted diagonal
586 represents F;s = Fron, and the dotted horizontal line shows F;s = 0.

587

588

589 Figure 4. Inbreeding and gallbladder cancer (GBC) risk. Odds ratios (ORs) per 1% FROH with
590 probability values and 95% confidence intervals are shown for the whole study and stratified by
591 biological sex, age (considering a cut-off point of 60 years) and genetic risk of gallstone disease
592  (weighted polygenic risk score (PRS) based on the six risk variants identified for Latin Americans
593 by Joshi et al. and their corresponding summary statistics for Chileans provided by Bustos et al.,
594  considering the median score of 0.445 as cut-off point).
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