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Colorectal cancer (CRC) is a major global health concern, with genetic factors influencing its
development. This study investigated the genomic profile of Amazonian indigenous populations
(INDG) by analyzing five genes—APC, MLH1, MSH2, MSH6, and PMS2—associated with CRC. A total of
64 healthy individuals from 12 ethnic groups were analyzed using exome sequencing and bioinformatic
tools. We identified 55 genetic variants, including three novel variants exclusive to the INDG, located in
the MLH1 and MSH6 genes, which may represent genetic risks for CRC in this population. Additionally,
three high-impact variants, already described in the literature, were identified in the APC and MSH2
genes. The study highlights the genetic isolation of Amazonian indigenous groups, with notable
differences compared to continental populations. These findings emphasize the need for further
genomic research to enhance the understanding of genetic risk factors and improve early detection
and targeted therapies in vulnerable populations.

Colorectal cancer (CRC) is the third most common tumor among all cancers. Globally, an estimated 1.93
million new cases and 916,000 deaths due to colorectal cancer’2. CRC is a heterogeneous disease characterized
by diverse clinical manifestations, molecular features, treatment sensitivities, and prognostic outcomes. The
progression from adenoma to carcinoma involves a gradual accumulation of genetic and epigenetic alterations,
leading to tumor development®.

The development of CRC may result from inherited oncogenes or mutations arising from microsatellite
instability (MSI), chromosomal amplification, and translocation, driving the adenoma-to-carcinoma
transformation?. Familial predisposition is observed in approximately 25% of all CRC cases®, with twin studies
estimating the heritability rate at around 35%%. Hereditary syndromes associated with CRC are phenotypically
classified into polypoid and non-polypoid syndromes®. Germline mutations with high penetrance contribute to
9% to 26% of CRC cases diagnosed before the age of 50°.

According to the Americas Collaborative Group on Inherited Gastrointestinal Cancer (CGA-IGC),
investigating hereditary syndromes in patients with CRC and/or polyposis requires the analysis of 11 key
genes: MLH1, MSH2, MSH6, PMS2, EPCAM, APC, BMPR1A, MUTYH, PTEN, STK11, and SMAD4. Among
these, genes associated with Lynch Syndrome (LS) include MLH1, MSH2, MSH6, and PMS2°. These genes are
particularly relevant due to their cumulative lifetime risk of CRC by the age of 70, which ranges from 4 to 79%
for MLH1, 35-77% for MSH2, 12-50% for MSH6!%!!1, and 10-19% for PMS2!%!1. For the APC gene, associated
with familial adenomatous polyposis, the risk is even higher, ranging from 69 to 100%'%2.
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Large geographic variations significantly influence the incidence and mortality rates of colorectal cancer!.

In Brazil, according to the National Cancer Institute, it is estimated that 45,630 new cases of colon cancer will
occur annually during the 2023-2025 triennium, corresponding to an estimated risk of 21.10 cases per 100,000
inhabitants. Regarding mortality, in 2020, there were 20,245 deaths, corresponding to a rate of 9.56 per 100,000
inhabitants'*.

According to the Brazilian Institute of Geography and Statistics, the indigenous population residing in Brazil
in 2022 was 1,693,535 individuals, representing 0.83% of the total population'®. Studies on the molecular profile
of CRC in the Brazilian population are particularly important due to its high genetic diversity. Furthermore,
the literature highlights associations between genetic variants and CRC mortality in Brazilian individuals'®!”.
However, studies focusing on the incidence and prevalence of CRC in the indigenous population of the Amazon
(INDG) remain scarce.

No studies have evaluated the impact of genetic variants in high-penetrance genes on the risk of developing
CRC in Amazonian Amerindian populations. This gap underscores the potential significance of this study
in advancing knowledge of genetic variants associated with hereditary colon cancer syndromes in a globally
understudied population. Therefore, this research aimed to investigate the genomic profile of the INDG by
analyzing five key genes (APC, MLH1, MSH2, MSH6 and PMS2) that play critical roles in the development of
colorectal cancer.

Methods

Ethical aspects

Ethical approval for this study was obtained from the National Research Ethics Committee (CONEP) under
protocols No. 1062/2006 and 123/98 in accordance with the Declaration of Helsinki and its amendments.
All participants were asked to sign a written informed consent voluntarily before participation in the study
along with the leaders of the respective ethnic groups with the assistance of a translator. The present study was
conducted over a period of 13 months from September 2017 to December 2018.

Study and reference populations

For this descriptive cross-sectional study, a total of 64 healthy individuals from the Amazon were included in the
indigenous population group (INDG). These individuals belong to 12 distinct ethnic groups: five Asurini of the
Koatinemo, seven Arara of the Iriri, six Arawet, 16 Asurini of the Trocar’a, seven AwaGuaja, one Munduruku,
two Xikrins Odja, five Zo e, five Wajapis, six Xikrin of the Catet, two Karipunas, and two Jurunas. Further
details about this population can be found in Rodrigues et al.!8. The exome results were compared with data
from accessible continental populations in the phase 3 release of the 1000 Genomes Project database (assembly
GRCh38.p13; The 1000 Genomes Project Consortium, 2015). This database includes 661 Africans (AFN), 347
Americans (AMR), 504 East Asians (EAS), 503 Europeans (EUR), and 489 South Asians (SAS). For variants not
present in the 1000 Genomes platform, allele frequencies were obtained from the GnomAD v.3.1.2 database,
which includes 20,744 Africans (AFN), 7647 Americans (AMR), 2604 East Asians (EAS), 34,029 non-Finnish
Europeans (EUR), and 2419 South Asians (SAS).

DNA extraction and exome library preparation

The DNA extraction and exome library preparation for individuals in the INDG group were carried out
according to the procedures outlined by Ribeiro-dos-Santos et al.!°. For six additional individuals subsequently
included in the group, the DNA extraction and exome library preparation processes are described in Rodrigues
et al.'®, DNA was extracted from peripheral blood using the phenol-chloroform method, and exome libraries
were prepared using the Nextera Rapid Capture Exome (Illumina, San Diego, CA, USA) and SureSelect Human
All Exon V6 (Agilent Technologies, Santa Clara, USA) kits, following the manufacturers’ protocols. Sequencing
was performed on the NextSeq 500 platform with the NextSeq 500 High-Output v2 kit (300 cycles)'s.

Bioinformatic analysis

The sequences were initially filtered to remove low-quality reads using fastx_tools v.0.13 (http://hannonlab.cs
hl.edu/fastx_toolkit/), and then mapped and aligned to the reference genome (GRCh38) using the BWA v.0.7
tool (http://bio-bwa.sourceforge.net/). Following alignment with the reference genome, the file was indexed
and sorted using SAMtools v.1.2 (http://sourceforge.net/projects/samtools/). The alignment was then processed
to remove duplicate sequences using Picard Tools v.1.129 (http://broadinstitute.github.io/picard/), recalibrate
the mapping quality, and finalize local realignment using GATK v.3.2 (https://gatk.broadinstitute.org/hc/en-u
s). Variant calling was performed with GATK v.3.2 to identify variants from the reference genome. Variant
annotations were analyzed using the Variant Viewer (ViVa') software. The variants were annotated in three
databases: SnpEff v.4.3.T, Ensembl Variant Effect Predictor (Ensembl version 99), and ClinVar (v.201810). For in
silico prediction of pathogenicity, we used several databases: SIFT (v.6.2.1), PolyPhen-2 (v.2.2), LRT (November
2009), Mutation Evaluator (v.3.0), Mutation Provider (v.2.0), FATHMM (v.2.3), PROVEAN (v.1.1.3), MetaSVM
(v.1.0), M-CAP (v.1.4), and FATHMM-MKL (http://fathmm.biocompute.org.uk/about.html).

Gene and variant selection

The selection of genes for this study was based on consulting the PubMed (pubmed.ncbi.nlm.nih.gov) database.
The five selected genes (MLHI1, MLH2, MSH6, PMS2 and APC) are among the most cited in the literature
related to the inheritance of colorectal cancer. As for single nucleotide variants (SNVs), those that meet the
following criteria were included: (i) a minimum of 10 coverage readings (determined using fastx_tools v.0.13);
(ii) classification of the impact of the variant as modifier, moderate or high, predicted by the SnpEff software19;
(iii) inclusion of new variants not previously documented.
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Statistical analysis

The allele frequencies of genetic variants within the INDG group were determined using the allelic counting
method and subsequently compared with reference populations (AFR, EUR, AMR, EAS and SAS) present in
the 1000 Genomes platform and GnomaD. The variability of the interpopulation polymorphism was assessed
using the Wright fixation index (TSF) and the subsequent Multidimensional Scale Analysis was performed.
Comparisons of allele frequency differences between populations were conducted using Fisher’s exact test, with
Hochberg’s correction applied for multiple comparisons, where a p-value <0.05 was considered significant.
These statistical analyses were performed using Arlequin v.3.518 and RStudio v.4.2.3.

Results

Among the 55 variants analyzed after the selection process, 15 belong to the APC gene, 10 to the MLHI gene, 8
to the MSH2 gene, 9 to the MSH6 gene, and 13 to the PMS2 gene. Among these, 13 variants were predicted to
have low impact, 28 with modifying impact, 11 with moderate impact, and three with high impact. The graph
in Figure 1 illustrates the distribution of the five genes across the 55 variants and presents the classification of
variant impacts as low, moderate, modifier, and high.

Table 1 outlines the characteristics of variants predicted by the SnpEff software with high and moderate
impact, including the affected gene, reference ID, clinical impact, and allele frequencies for the indigenous
population as well as the five continental populations (AFR, AMR, EAS, EUR, and SAS) described in the 1000
Genomes and GnomAD databases. Variants with low and modifier impacts are detailed in Supplementary Table
S1.

In our study, we identified variants related to colorectal cancer that have not yet been described in the
literature and may be exclusive to the indigenous population of the Amazon under investigation. Table 2 presents
three new variants, along with their respective genes, chromosomal positions, detailed regions, wild and mutant
alleles, mutation impacts, and the type of alteration they generate in protein formation, based on in-silico
predictions from SnpEff. The identified variants were classified as having modifier impact and are associated
with intron-type mutations. Two of these variants are located in the MLH1 gene, and one is in the MSH6 gene.

Figure 2 presents a graph demonstrating Multidimensional Scaling (MDS) analysis using FST values and
population genotypes to compare the 55 variants in the genes. The genotypic differences of the indigenous
population are evident when compared to other populations. Considering only the exomes of the genes studied,
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Fig. 1. Representation of the distribution of the five genes found (PMS2, MSH6, MSH2, MLH1 and APC) in
the 55 variants studied. Representation of the distribution of the variants studied in their respective gene and
the classification of their impacts into: low, moderate, modifier and high.
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Impact
Var predicted by

Gene | ID SNP Position type | Region detailed SnpEff INDG | AFR | EAS | AMR | EUR | SAS

APC 1s2229992 112,827,157 | SNV | PROTEIN_STRUCTURAL_INTERACTION_LOCUS | High 0,87 0,162 | 0,665 | 0,667 | 0,580 | 0,638
MSH2 | 151060502002 | 47,410,332 | SNV | PROTEIN_STRUCTURAL_INTERACTION_LOCUS | High 0,008 | 0,000 | 0,000 | 0,000 | - 0,000
APC rs41115 112,840,073 | SNV | SYNONYMOUS_CODING High 0,890 | 0,517 | 0,816 | 0,716 | 0,599 | 0,742
APC rs864622761 | 112,842,683 | SNV | SYNONYMOUS_CODING Moderate 0,000 | 0,000 | 0,000 | 0,000 | - 0,000
PMS2 | rs2228006 5,987,144 SNV | NON_SYNONYMOUS_CODING Moderate 0,537 | 0,058 | 0,122 | 0,226 | 0,123 | 0,106
PMS2 | rs1805321 5,987,357 SNV | NON_SYNONYMOUS_CODING Moderate 0,362 | 0,272 | 0,360 | 0,428 | 0,437 | 0,342
MSH2 | rs17217716 47,403,214 | SNV | NON_SYNONYMOUS_CODING Moderate 0,077 | 0,001 | 0,012 | 0,013 | 0,003 | 0,001
APC rs459552 112,841,059 | SNV | NON_SYNONYMOUS_CODING Moderate 0,894 | 0,009 | 0,099 | 0,182 | 0,235 | 0,204
PMS2 | rs1805319 5,997,349 SNV | SYNONYMOUS_CODING Moderate 0,580 | 0,144 | 0,121 | 0,252 | 0,164 | 0,196
MLHI | rs55907433 5,997,349 SNV | NON_SYNONYMOUS_CODING Moderate 0,000 | 0,009 | 0,000 |0,001 | 0,000 | 0,000
MLHI | rs1799977 37,012,077 | SNV | NON_SYNONYMOUS_CODING Moderate 0,086 | 0,039 | 0,026 |0,169 | 0,325 | 0,131
PMS2 | rs1805324 5,986,899 SNV | NON_SYNONYMOUS_CODING Moderate 0,000 | 0,001 | 0,000 | 0,009 | 0,032 | 0,002
MLHI | rs2020873 37,050,534 | SNV | NON_SYNONYMOUS_CODING Moderate 0,008 | 0,107 | 0,000 | 0,006 | 0,000 | 0,000
APC rs550945533 | 112,767,248 | SNV | NON_SYNONYMOUS_CODING Moderate 0,000 | 0,000 | 0,001 |0,000 | 0,000 | 0,000

Table 1. Descriptions of the variants in the APC, MLHI1, MSH2 and PMS2 genes according to high impact
and moderate impact on the Amazonian indigenous population (INDG) and continental populations (African
(AFR), American (AMR), East Asian (EAS), European (EUR) and South Asian (SAS)) described in the 1000
Genomes database and GnomAD database.

Gene | Chrom* | Position Change in nucleotide | Impact predicted by SnpEff | Alteration | Freq.INDG
MLH]I | chr3 37,028,756 | G>T Modifier Intron 0,025
MLH]1 | chr3 37,011,883 | G>A Modifier Intron 0,034
MSH6 | chr2 47,806,751 | CT>C Modifier Intron 0,444

Table 2. Description of the new variants found in the indigenous population of the Amazon, found in the
MLH]1 and MSH6 genes. INDG Amazonian indigenous population. (*) Reference genome to chromosomal
location obtained from CH38 of the human genome of the Human Genome Project; Variant position; Change
in nucleotide; Impact predicted by SnpEff; Alteration Type.
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Fig. 2. Multidimensional scale illustrating the indigenous population (INDG) and the continental population
(African (AFR), American (AMR), East Asian (EAS), European (EUR) and South Asian (SAS)) according to
the genetic characteristics of the variants in the APC, MLHI, MSH2, MSH6 and PMS2 genes.
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genomic similarities are observed between the AMR, EUR, and SAS populations. In contrast, the other groups
(INDG, EAS, and AFR) are positioned at the extremes of the graph, with the INDG, AFR, and EAS populations
showing greater genetic difference for the genes investigated in this study.

Discussion

Considering the limited studies involving indigenous populations, the high global incidence of colorectal
cancer (CRC), and the need to assess the susceptibility of the studied population to hereditary forms of the
disease, our research constitutes the first genomic investigation into CRC heritability in Amazonian Amerindian
populations. Genetic variants already described in the literature have been firmly associated with hereditary
colorectal cancer?.

Hereditary colorectal cancer is most commonly represented by familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer syndrome (HNPCC). In both conditions, disease predisposition is
linked to gene mutations inherited in an autosomal dominant manner®. In FAP, mutations in the APC gene lead
to the development of numerous colorectal polyps, with an almost 100% risk of malignant transformation within
10 to 15 years of polyp formation. In HNPCC, mutations in DNA repair genes such as MLH1, MSH2, MSHS,
and PMS2 are associated with a roughly 80% risk of malignant transformation*?!. Our study analyzed these five
genes, identifying 55 variants, the general characteristics of which are described in Table 1 and Supplementary
Table S1. Notably, three of these variants were exclusive to the indigenous population of the Amazon (Table 2).

We evaluated the variability of these variants among the indigenous populations of the Amazon and the five
populations from the 1000 Genomes Project associated with the genes investigated. The isolation of the African
population (Fig. 2) is expected due to its high genetic diversity compared to non-African populations, as it
represents the formative population??. The INDG and AMR groups did not show the genetic similarity among
the five genes analyzed, despite the common ancestry shared between Amerindians and Latin Americans. This
divergence reflects the different historical contexts in the formation and genetic composition of Latin American
populations, which were shaped by the ancestral contributions of Amerindians?’. The genetic isolation of the
Amazonian indigenous group from other global populations is known, as other studies have also found this
distinction in different contexts®.

The work by dos Santos (2019) is important in tracing the molecular profile of CRC patients, examining
several genes and profiling patient ancestry. However, it differs from our findings in that the sample studied in
the southeastern region of Brazil has only an estimated 4% Native American ancestry'’. In contrast, our samples
represent indigenous patients and highlight the presence of three new variants—two in the MLH]I gene and one
in the MSH6 gene. This variation underscores the divergence in gene profiles across regions of Brazil, especially
in the Amazon, which has a high degree of miscegenation with Amerindian populations.

Functional deficiency of DNA repair protein (MMR) is one of the factors that favors the development
of neoplasms and is associated with Lynch Syndrome?. Studies carried out by Brazilian researchers have
highlighted the role that the association of the MMR mutation in the MLHI, MSH2, MSH6 and PMS2 genes
exert in Brazilian patients with colorectal cancer and clinical characteristics suggestive of Lynch Syndrome, the
patients studied belong to three regions of Brazil in the south region, southeast region and north region?*?’.
The results found by Shneider (2018) suggest that the variants present in the MSH6 gene are not common
among Brazilian patients with Lynch Syndrome diagnosed with CRC?. In addition, the strategies adopted by
Soares (2020) to identify the variants present in the MSH2, MSH6, MLH1, and PMS2 genes reduced the time to
diagnosis for colorectal cancer?.

An important result in our analyses was the discovery of three novel variants localized to important DNA
repair genes in our study population. Two of these variants were in the MLH1 gene, an important tumor suppressor
involved in DNA derangement repair’®?°. The third variant was found in the MSH6 gene, a protein-coding gene
that is related to DNA repair pathways®. These variants require further characterization in functional studies to
allow more information about colorectal cancer in the Amazonian indigenous population.

Regarding the high-impact variants identified in our study population, two are present in the APC gene
(rs2229992 and rs41115), one in the MSH2 gene (rs1060502002), an important DNA repair gene. In several
studies APC has been considered a gatekeeper gene for most colorectal cancer cases, this gene may also be
involved in other cellular processes, including cell migration and adhesion, transcriptional activation, apoptosis,
and DNA repair®'-3%, Studies indicate that APC inactivation is an event that occurs early in the development
of CRC and may play a key role in the initiation of the adenoma-carcinoma pathway>!*. In addition, several
studies on the molecular classification of CRC have been reported!®3>3%3 However, although APC is the most
frequently mutated and known driver gene in CRC?), it is generally not included as a factor in the clinical
prognostic classification and standard sequencing panels of colorectal cancer®2.

In addition, APC mutations are more frequent in MSI-negative tumors®**. In order to evaluate the long-
term outcome of the MSI status of more than a thousand Brazilians with colorectal cancer and associate them
with genetic ancestry and molecular and clinical-pathological characteristics, a study by Berardinelli (2022)
observed a 10% frequency of MSI, tumors preferentially located in the right colon, of less aggressiveness and
with significant differences in the survival of these patients, who had alterations in several MSI target genes,
especially those related to functions such as DNA repair, DNA damage sensor, and cell signaling, demonstrating
the genetic heterogeneity present in these patients®.

Torrezan (2013) evaluated the mutational spectrum of the APC gene and genotype-phenotype correlations
in Brazilian patients with classic or attenuated familial adenomatous polyposis. The self-declared ethnic origin
of most of the families evaluated in this study is of European descent, except for two Japanese families and one
Arab*. However, we highlight that Brazilians represent an extremely mixed population, with most individuals
showing some degree of indigenous ancestry, especially in the northern region of the country.
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Notably, no previous studies have established a direct link between these variants and colorectal cancer
susceptibility in the INDG population. This highlights that research findings from other populations cannot be
directly applied to the Amazonian Amerindian population, emphasizing its distinct genetic profile in relation
to various aspects, including CRC. Therefore, there is an urgent need for more genomic research involving this
population to identify potential markers for early diagnosis and even molecular targets for therapeutic purposes
in Northern Brazil’s population.

In conclusion, this study highlights the presence of high-impact variants, specifically APC rs2229992 and
rs41115, and MSH2 rs1060502002, alongside novel modifier-impact variants in the MLHI and MSH6 genes
within indigenous populations. These findings suggest that these variants may significantly influence colorectal
cancer (CRC) susceptibility. As the first investigation into the genomic profile of CRC in Amazonian Amerindians,
this research provides valuable insights that may guide future studies aimed at identifying populations with
higher susceptibility to CRC. This work underscores the importance of further genomic research to enhance
our understanding of genetic risk factors and inform strategies for early detection and targeted therapies in
vulnerable populations.

Data availability

The data from the public domain are available at 1000 Genomes Project database (assembly GRCh38.p13; The
1000 Genomes Project Consortium, 2015) and gnomAD (broadinstitute.org), and the sequencing data of the
Amazonian Ameridian populations are available at the ENA database (https://www.ebi.ac.uk/ena/browser/view
/PRJEB35045) under the accession number PRJEB35045.
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