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Abstract
AIM: To characterize APC gene mutations, correlate them with patient phenotypes, in individuals diagnosed with familial adenomatous polyposis (FAP) in northern Brazil. 
METHODS:  A total of 15 individuals diagnosed with FAP from 5 different families of northern Brazil were analyzed in this study. In addition to patients with histopathological diagnosis of FAP, family members who had not developed the disease were also tested to identify mutations and for possible genetic counseling. All analyzed patients or their guardians signed a consent form approved by the Research Ethics Committee of the ‘João de Barros Barreto’ University Hospital (Belem, Brazil). The DNA extracted from peripheral blood of a member of each of the affected families was subjected to direct sequencing. The proband of each family was sequenced to identify germline mutations using the Ion Torrent platform. To validate the detected mutations, Sanger sequencing was also performed. The samples from all patients were also tested for the identification of mutations by real-time quantitative polymerase chain reaction using the amplification refractory mutation system. 
RESULTS: Through interviews with relatives and the search for medical records, it was possible to construct genograms for three of the five families included in the study. All 15 patients from the five families with FAP exhibited mutations in the APC gene, and all mutations were detected in exon 15 of the APC gene. In addition to the patients with a histological diagnosis of FAP, family members without disease symptoms showed the mutation in the APC gene. In the present study, we detected two of the three most frequent germline mutations in literature: the mutation at codon 1309, and the mutation at codon 1061. The presence of c.3956delC mutation was found in all families from this study, and suggests that this mutation was introduced in the population of the State of Para through ancestor immigration, i.e, a de novo mutation that arose in one member belonging to this State from Brazil. 
CONCLUSION: Regardless of its origin, the c.3956delC mutation is a strong candidate biomarker of this hereditary cancer syndrome in families of northern Brazil.
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Core tip: In the north region of Brazil, gastrointestinal tumors are the second most frequent type of cancer among men and the third most frequent among women. These tumors are considered a serious public health problem because they are often diagnosed in advanced stages and have extremely low survival rates. The evaluation of the family history to determine the number of relatives affected, and the genetic screening analysis are important for preventive measures to be taken to assist in the early diagnosis of patients who have not yet developed the disease, as in the case of some patients analyzed in this study.
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INTRODUCTION
Familial adenomatous polyposis (FAP) is a hereditary cancer predisposition syndrome with autosomal dominant inheritance caused by germline mutations, mainly in the adenomatous polyposis coli (APC) gene. The main clinical feature of FAP is the development, in the second and third decades of life, of multiple (hundreds to thousands) adenomatous polyps in the colon with the capacity for malignant transformation[1-3]. 

The tumor suppressor gene APC, located on chromosome 5q21, has 16 exons and encodes a 300-kDa protein that participates in the Wnt signaling pathway, which is important in signal transduction and the control of apoptosis[4-6]. APC gene inactivation occurs through allelic loss, primarily through mutations, which generally produce a truncated protein lacking the carboxy-terminal region, with loss of function[7,8].  
To date, 858 different mutations in the APC gene have been recorded in the Human Gene Mutation Database (HGMD). Twenty-three percent of the germline alterations of this gene occur between codons 1055 and 1309. The three most common germline mutations are the deletions of 5 base pairs (bp) from codons 1309 and 1061 and the deletion of 4 bp from codon 1064[9]. 

The FAP phenotype (the number of polyps and disease aggressiveness) can be predicted from the APC gene mutation. The FAP phenotypes can be defined as the following: (1) severe/profuse, for mutations located between codons 1250 and 1464; (2) intermediate, for mutations located between codons 158 and 1595, except for mutations located between codons 312 and 412 and for mutations located between codons 1250 and 1464; and (3) attenuated: for mutations located in exon 9 and near the 5’ and 3’ ends of the APC gene[10-16]. 

In the north and northeast regions of Brazil, gastrointestinal tumors are the second most frequent type of cancer among men and the third most frequent among women. These tumors are considered a serious public health problem because they are often diagnosed in advanced stages and have extremely low survival rates[17].

The aim of this study was to characterize the mutations present in the APC gene, correlate them with patient phenotypes, and evaluate genomic alterations in individuals diagnosed with FAP in northern Brazil.

MATERIAL AND METHODS
Ethics statement
The study was approved by the Research Ethics Committee of the João de Barros Barreto University Hospital (Belém, Pará, Brazil), approval number is 274/12. All analyzed patients or their guardians signed a consent form, and it was assured that the use of biological material and study participation would not be harmful or negatively influence patient treatment.

Patients

A total of 15 patients belonging to 5 different families were analyzed in this study (Table 1). All patients resided in the State of Pará and were assisted at the Coloproctology outpatient clinic of the ‘João de Barros Barreto’ University Hospital (Belém, Pará, Brazil). Peripheral blood samples were collected from all individuals for analysis.

In addition to patients with histopathological diagnosis of FAP, family members who had not developed the disease were also tested to identify mutations and for possible genetic counseling, such as was provided to members of the FAP2 and FAP3 families (Table 1).
DNA extraction 

Genomic DNA was extracted from human peripheral blood samples using the QIAamp DNA Blood Kit (Qiagen®), following the manufacturer’s instructions.

Sequencing the APC gene

The DNA extracted from peripheral blood of a member of each of the affected families was subjected to direct sequencing.

Direct sequencing of all exons of the APC gene (NM_000038.5) was performed by the next-generation sequencing platform Ion Torrent( (Life Technologies(), following the Ion AmpliSeq™ Library Preparation methodology (Life Technologies().

The primers for detection of changes in the nucleotide sequence of the gene were designed through the Ion Torrent( platform using the Ion Ampliseq Designer software (available at: https://www.ampliseq.com).

Analysis of the sequenced data was performed using the analysis software available in the Ion Torrent( platform.

Sanger sequencing
To validate the detected mutations, Sanger sequencing was performed using the BigDye Terminator v1.1 Cycle Sequecing kit. After ethanol purification, the samples were run on an ABI 3730 sequencer. The chromatogram of the Sanger sequencing results were analyzed using Sequencing analysis vs 5.2 Program (Applied Biosystem, USA).

RESULTS
Through interviews with relatives and the search for medical records, it was possible to construct genograms for three of the five families included in the study - FAP1, FAP2, and FAP3 – which, coincidentally, are the families with the largest number of individuals affected by the disease in subsequent generations (Figure 1). The genealogical analysis of the remaining two families was not possible due to lack of information from patients regarding their relatives.


All 15 patients from the five families with FAP exhibited mutations in the APC gene, and all mutations were detected in exon 15 of the APC gene. The presence of  presence of c.3956delC mutation was found in all families from this study. In addition to the patients with a histological diagnosis of FAP, family members without disease symptoms showed the mutation in the APC gene (Table 2).
DISCUSSION

FAP is caused by germline mutations primarily in the APC gene and shows autosomal dominant inheritance. The main clinical feature of the disease is the development, in the second and third decades of life, of multiple (hundreds to thousands) adenomatous polyps in the colon and/or rectum capable of malignant transformation from the fourth decade of life[1-3]. 

Literature reports reveal that most mutations found in FAP (≥ 60%) are located in the central region of the protein (between codons 1281-1556), the so-called mutation cluster region (MCR). The MCR corresponds to the region of the APC gene encoding the protein domain responsible for (-catenin regulation[20,23-25]. Mutations that occur in this region generally produce a truncated protein responsible for an increase in the free pool of β-catenin, which is transported to the nucleus, thus activating the transcription of genes involved in cell proliferation[26]. In this study, all mutations discovered in the families with FAP, occurred in the MCR region, confirming this region as a hotspot for mutations in the APC gene.

In the present study, we detected two of the three most frequent germline mutations: the mutation at codon 1309, found in the FAP2 and FAP5 families and the mutation at codon 1061, found in the FAP1 family. Half et al[2] found an association between the mutation at codon 1309 and 10% of the patients with FAP in the literature, which is in agreement with the study of Torrezan et al[27], who identified this mutation in 9% of the 23 families with FAP in southeastern Brazil. In the present study, the mutation at codon 1309 occurred in all with FAP. This frequency is higher than the global average, and, for this reason, we are currently increasing the sample size of families with FAP to assess the validity of this frequency.

The mutation at codon 1061 affects 5% of patients in the literature, according to the survey performed by Half et al[2]. This mutation was found in 20% of the five families with FAP from the State of Pará analyzed in this study, although it was not detected in the studies with families from southeastern Brazil performed by Torrezan et al[27] and De Queiroz Rossanese et al[28]. This result reinforces the difference found between the types of APC gene alterations and the geographic region of Brazil to which the FAP patients belong.

FAP is caused by a highly heterogeneous spectrum of mutations, which are shared among patients from different families, as shown in this study[29,30]. In a comprehensive study performed in a Canadian population, Jarry et al[19], demonstrated that several families with FAP exhibited the c.3183_3187delACAAA and c.3927_3931delAAAGA mutations, which were also described in this study.

Through direct sequencing of the APC gene, we identified the pathogenic mutation c.3956delC in all families analyzed in this study. This mutation, considered as frameshift mutation type, and was not found in comparision to others Brazilian studies conducted with patients from southeastern Brazil[27,28]. This disparity demonstrates a difference in the spectrum of APC gene alterations in families with FAP according to the geographic region of Brazil. This phenomenon occurs most likely because of miscegenation-related ethnic differences between the populations of the south and north of Brazil[31,32]. 

Thus, the c.3956delC mutation proved to be an important cause of FAP in northern Brazil and results from a founder effect, most likely originating from Japanese communities, where this mutation was first described by Miyaki et al[21] in colorectal tumors from three unrelated families. To our knowledge, there are no reports describing the c.3956delC mutation in the germline of families with FAP, as shown in this study.

It is likely that, after 1929, with the landing of Japanese immigrants in Belém[33], this germline mutation was introduced in the State of Pará or that the c.3956delC is a de novo mutation that emerged in a member of the Pará population. Regardless of its origin, the c.3956delC mutation is a strong candidate biomarker for this hereditary cancer syndrome in families of northern Brazil.

According to Crabtree et al., the presence of a mutation in the MCR region confers to FAP the severe phenotype, regardless of the contribution of mutations characteristic of other phenotypes[34]. In this study, this assumption held because all families with FAP had in common the presence of mutation at codon 1319, in the MCR region. 
The genotype-phenotype relationship in FAP is a determining factor for clinical guidance and genetic counseling and also for simplifying the search for mutations in patients with FAP and their relatives[14,15,35]. 

The diagnosis of severe FAP in the study population occurred around the second and third decade of life, while the intermediate FAP was diagnosed in the fourth decade of life. This timeline is in accordance with the guidelines for the clinical management of FAP published by Vasen et al[36] who demonstrated that the onset of the disease in patients with the severe form of FAP occurred on average 10 years before the onset in carriers of intermediate and attenuated forms. As an example, in this study, the FAP1 family exhibited the early form of the disease, and one of the members had the syndrome diagnosed at age 14 with the presence of thousands of polyps throughout the intestine. This aggressive phenotype is justified by the presence of the c.3956delC mutation, associated with the severe phenotype. For this reason, and in accordance with the abovementioned guidelines, clinical and diagnostic evaluations should be performed in all FAP family members starting at the second decade of life.

In conclusion, the presence of the c.3956delC mutation in all families studied leads us to believe that this mutation was introduced in the State of Pará population through the immigration of ancestors, i.e., a de novo mutation that emerged in a member belonging to this State. Regardless of its origin, the c.3956delC mutation is a strong candidate biomarker of this hereditary cancer syndrome in families of northern Brazil.

It is noteworthy that different germline mutations were found in families of different ethnic groups. Therefore, there is a need to identify the alterations responsible for the hereditary cancer syndromes in the Brazilian population, especially in populations of the northern and northeastern regions, where a high incidence of gastrointestinal tumors is observed.

COMMENTS

Background

The main clinical feature of familial adenomatous polyposis (FAP) is the development, in the second and third decades of life, of multiple (hundreds to thousands) adenomatous polyps in the colon with the capacity for malignant transformation. It is diagnosed when a person develops more than 100 adenomatous colon polyps. An adenomatous polyp is an area where normal cells that line the inside of a person’s colon begin to make mucous and form a mass on the inside of the intestinal tract. The average age for polyps to develop in people with FAP is in the mid-teens. More than 95% of people with FAP will have multiple colon polyps by age 35.
Research frontiers

The incidence of FAP is associated with mutations in the q21-q22 region of the long arm of chromosome 5 in 80% of patients. From then onwards, large deletions in the APC gene germline have been reported in families with FAP from different geographic regions. Screening of family members of patients with FAP should begin by age 12 years. Genetic testing for germline mutations may eliminate the need for surveillance in some family members. Visualization of more than 100 polyps usually establishes the diagnosis because of the diffuse nature of the polyposis.
Treatment

Cancers of the rectum (in patients who have had subtotal colectomy with ileorectal anastomosis) have been reported with sulindac and celecoxib therapy. Because of the inability to control polyps medically, eventual rectal resection is usually necessary. 
Related reports

The mutations found in this study have been extensively described in patients with colorectal malignancies of different ethnic groups and geographic regions, mainly Asian and European populations. This fact reinforces the role of miscegenation in our study population in the appearance of several germline mutations in patients with FAP.
Term explanation 

Next-generation sequencing: refers to non-Sanger-based high-throughput DNA sequencing technologies. Millions or billions of DNA strands can be sequenced in parallel, yielding substantially more throughput and minimizing the need for the fragment-cloning methods that are often used in Sanger sequencing of genomes.
Innovations and breakthroughs

FAP is caused by a highly heterogeneous spectrum of mutations, which are shared among patients from different families, as shown in this study. The identification of alterations responsible for the onset of a hereditary gastrointestinal cancer syndrome in the patient allows the assessment, through molecular techniques, of whether their relatives are carriers of these alterations and their risk of developing the syndrome. The genotype-phenotype relationship in FAP is a determining factor for clinical guidance and genetic counseling and also for simplifying the search for mutations in patients with FAP and their relatives. 
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The authors found that the c.3956delC mutation is a strong candidate biomarker of this hereditary cancer syndrome in families of northern Brazil. It is noteworthy that different germline mutations were found in families of different ethnic groups. Therefore, there is a need to identify the alterations responsible for the hereditary cancer syndromes in the Brazilian population, especially in populations of the northern and northeastern regions, where a high incidence of gastrointestinal tumors is observed.
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Figure 1 Pedigrees of hereditary diffuse gastric cancer families. A: FAP1, A family with eight affected members and the presence of a APC mutations; B: FAP2, a family with four affected members and the presence of APC mutations; C: FAP3, a family with five affected members with APC mutations, and three members with no disease appearance but presence of APC mutations. The numbers present under the symbols represent the age at diagnosis. The solid symbols represent the affected members with confirmed adenomatous polyposis diagnoses. Upper left arrows indicate the probands. 
Table 1 The patients analyzed in this study
	Patients
	Gender
	Age at diagnosis
	Histopathology

	Family 1 (FAP1)
	
	
	

	01A
	Female
	23
	FAP

	01B
	Female
	25
	FAP

	01C
	Female
	18
	FAP

	01D
	Male
	14
	FAP

	01E
	Male
	17
	FAP

	Family 2 (FAP2)
	
	
	

	02F
	Female
	40
	FAP

	02G
	Male
	?(1
	FAP

	02H
	Female
	15
	FAP

	02I
	Male
	NA2
	-

	Family 3 (FAP3)
	
	
	

	03J
	Male
	30
	FAP

	03H
	Female
	NA
	-

	03L
	Female
	NA
	-

	03M
	Female
	NA
	-

	  Family 4 (FAP4)
	
	
	

	04N
	Male
	40
	FAP

	Family 5 (FAP5)
	
	
	

	05O
	Male
	25
	FAP


1Unknown; 2Patients without disease. FAP: Familial adenomatous polyposis; NA: Not applicable.
Table 2 Mutations in the APC gene: Relationship between genotype and phenotype in patients with familial adenomatous polyposis
	Families
	Exon
	Codon
	Mutation
	Phenotype1
	References

	FAP1

FAP2

FAP5 

FAP1-FAP5


	15

15

15

15


	1061

1309

1309

1319


	Frameshift mutations
c.3183_3187delACAAA

c.3927_3931delAAAGA

c.3921_3925delAAAAG

c.3956delC


	Intermediate

Severe

Severe

Severe


	Ficari et al[18], Jarry et al[19]
Miyoshi et al[20], Jarry et al[19]
Miyaki et al[21], Mulkens et al[22]
Miyaki et al[21]



1According to Nieuwenhuis et al[16].
