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Abstract: APC and MUTYH genes are mutated in 70–90% and 10–30% of familial adenomatous
polyposis cases (FAP) respectively. An association between mutation localization and FAP clinical
phenotype is reported. The aims of this study were to determine APC and MUTYH mutational
status in a small cohort of FAP patients and to evaluate the genotype-phenotype correlation in
mutated patients. Here, we report the identification of a novel APC germline mutation, c.510_511insA.
Overall, mutational analysis showed pathogenic mutations in 6/10 patients: 5/10 in APC and
1/10 in MUTYH. Additionally, we found three variants of unknown significance in MUTYH gene
that showed no evidence of possible splicing defects by in silico analysis. Molecular analysis was
also extended to family members of mutated patients. A genotype-phenotype correlation was
observed for colonic signs whereas a variation of disease onset age was revealed for the same
mutation. Moreover, we found an intrafamilial variability of FAP onset age. Regarding extracolonic
manifestations, the development of desmoid tumors was related to surgery and not to mutation
position, while a genotype-phenotype correspondence was observed for the onset of thyroid or
gastric cancer. These findings can be useful in association to clinical data for early surveillance and
suitable treatment of FAP patients.

Keywords: familial adenomatous polyposis; APC gene; MUTYH gene; mutational analysis;
genotype-phenotype correlation; familial cancer; extracolonic manifestation

1. Introduction

Familial adenomatous polyposis (FAP) is a hereditary disorder characterized by a large number
of precancerous polyps initiating to grow in childhood and adolescence. These polyps transform into
colorectal carcinoma during the fourth and fifth decades of life [1]. Several clinical variants of the
FAP phenotype have been described, based on the number of colorectal polyps and onset age [2].
Thus, FAP phenotype was primarily categorized into profuse or aggressive FAP, attenuated FAP
and intermediate FAP [3]. In particular, profuse or aggressive FAP is characterized by the presence
of hundreds to thousands of adenomatous polyps throughout the colon and the rectum; moreover,
about half patients develop adenomas by the age of 15 years. Colorectal cancer (CRC) inevitably occurs
at an earlier age than sporadic CRC. Intermediate FAP is characterized by the presence of hundreds of
polyps that develop around the second-third decade of life. CRC occurs at approximately 40 years.
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Attenuated FAP displays a mild disease course, characterized by a reduced number of polyps (10–100),
frequently colon right-sided distributed, and lower CRC risk, which manifests itself at an advanced
age compared to the profuse FAP [4]. Moreover, different clinical phenotypes associated to extracolonic
manifestations were observed in FAP patients [5].

Monoallelic mutations in the adenomatous polyposis coli (APC) gene were firstly indicated as
causing FAP with an autosomal dominant pattern of inheritance [4]. Moreover, biallelic mutations
in mutY homolog (MUTYH) gene were found to be associated, with an autosomal recessive
pattern of inheritance, in a colorectal polyposis referred as MAP (MUTYH-associated polyposis).
The disease phenotype of MAP is relatively mild, like the attenuated form of FAP, showing fewer than
100 adenomas and an average age at diagnosis of about 45 years. In some patients with MAP the
occurrence of serrated polyps and development of extracolonic manifestations can be found [6].

Overall, germline mutations in APC gene have been found to be responsible for 70–90% of FAP
cases [7]. MUTYH mutations have been reported in 10–30% of FAP patients that are negative for APC
mutation [8].

To date, at least 3000 different germline pathogenic APC mutations [9] and 1000 MUTYH
mutations [10] in FAP patients have been described. The majority of APC mutations are
nonsense mutations or small insertions or deletions that lead to a truncated protein. Otherwise,
MUTYH pathogenic mutations are mostly missense substitutions followed by a minority of splice site
or truncating mutations. Furthermore, a low prevalence of rearrangements has also been reported in
APC and MUTYH genes [11,12].

In the APC gene there are two mutational hotspots, localized at codons 1061 and 1309, at the
beginning of exon 15 [4].

The genotypic understanding of the APC mutation is likely to be clinically relevant to the
phenotypic presentation. Indeed, several studies reported an association between the localization
of APC mutation and the phenotype in FAP patients [13]. Age of onset, number of polyps and
occurrence of extracolonic manifestations appear to correlate with specific mutation sites [14]. However,
some studies reported a wide variation of genotype-phenotype correlations in patients with the same
mutation [15].

Genotype-phenotype associations have been described also for MUTYH mutations.
Several studies have shown that patients with biallelic Y179C mutations display a more aggressive
phenotype compared to patients with biallelic G396D mutations, in accordance with the functionality
assays reporting a greater reduction of MUTYH glycosylase activity for p.Y179C than p.G396D
alleles [16].

Today, more than 400 and 300 variants of unknown significance (UVs) have been identified in
APC and MUTYH genes respectively [9,10]. Classification of UVs as either deleterious or benign is
an important process for appropriate medical management. Currently, many in silico algorithms can
be used to assess the effects of UVs on mRNA splicing or protein function. Additionally, in vivo and
in vitro studies and co-segregation analyses may support the clinical importance of UVs [17].

The aims of this study were: (1) to determine APC and MUTYH mutational status in a small cohort
of FAP patients and to extend genetic analysis to their families; (2) to evaluate the genotype-phenotype
correlation in mutated patients; (3) to assess the pathogenetic significance of the identified variants.

Here, we describe the identification and characterization of a novel germline mutation in the APC
gene in a patient affected with FAP and in her family.

2. Materials and Methods

2.1. Patients

This study was performed in accordance with guidelines of the local Ethics Committee
(AOU—University of Campania—Luigi Vanvitelli) and with the World Medical Association Helsinki
Declaration, adopted in 1964, and amended in 1975, 1983, 1989, 1996 and 2000 (WMA 1998) (DH e B1/2).
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Genomic DNA samples were retrieved from patients, family members and healthy subjects who had
been referred for genetic testing at our laboratory. Informed consent was obtained from all participants.
In this study, we enrolled 10 Italian patients with FAP (females (F) = 7; males (M) = 3), with an age
interval of 22–56 years. The median age at polyp diagnosis was 36 years. The main clinical and
histopathological data were acquired by genetic counselling. Mutational analysis was extended to
family members of mutated patients. As control, 15 healthy subjects, (age 25–75 years) from the same
geographical area were selected. They were all cancer-free at the time of blood donation.

2.2. Mutation Analysis

Peripheral blood samples were collected from all patients. Genomic DNA was extracted
using the Wizard Genomic DNA purification kit (Promega, Fitchburg, WI, USA) according to the
manufacturer’s instructions.

Mutational analysis was performed amplifying 15 exons and adjacent intronic regions of APC
gene, as previously reported [18]. All 16 exons of the MUTYH gene and the flanking splice site regions
were amplified using a set of ten primer pairs [19].

All PCR products were sequenced on both strands using the ABI Prism di-Deoxy Terminator
Cycle Sequencing kit in the ABI 9700 thermal cycler and an ABI Prism 3100 automatic sequencer (both
from Life Technologies, Carlsbad, CA, USA). The results were analyzed using Mutation Surveyor®

software, version 3.24 (Softgenetics, State College, PA, USA).
The novel mutation was named and referred in the text according to the nomenclature used

by Human Genome Variation Society [20] and to the descriptions suggested by den Dunnen and
Antonarakis [21].

2.3. In Silico Analysis

To evaluate a potential alternative splicing effect of the variants found, the integrated
software Alamut V.2.11 (January 2018) (Interactive Biosoftware, Rouen, France. Available at
http://www.interactive-biosoftware.com). This software included four prediction algorithms viz.
SpliceSiteFinder-like, MaxEntScan, NNSPLICE and GeneSplicer. The genomic sequence spanning the
individual mutations and nearby exons was submitted according to the guidelines of each program and
default settings were used in all predictions. A variation of more than 10% in at least two algorithms
was considered as having an effect on splicing [22].

3. Results

Mutational analysis showed pathogenic mutations in 6/10 (60%) patients. In this small cohort,
five patients (50%) displayed a mutation in APC whereas one patient (10%) had a biallelic mutation in
MUTYH. Out of five mutated patients in APC, two had the same mutation.

Otherwise, one of the APC mutations was a novel mutation, specifically c.510_511insA
(p.Ser171LysfsX6) mutation, another one had been previously identified in our laboratory,
the c.1605_1606delTG (p.Ser535SerfsX3) mutation, while two of them were already described mutations,
c.1192_1193delAA (p.Lys398GlufsX5) and c.3927_3931delAAAGA (p.Glu1309AspfsX4).

The novel mutation c.510_511insA (p.Ser171LysfsX6) has not been previously reported in
published literature or in any database. This frameshift mutation, localized in exon 4, consists of
an adenine insertion between nucleotide 510 and 511, which results in the introduction of a stop
codon at amino acid position 176 (Figure 1a). It was identified in a 28-year-old woman affected
with intermediate FAP diagnosed at the age of 27. The genotype analysis was performed also in the
unaffected brother of 25 years, reporting a wild type profiling of APC (Figure 1b).

http://www.interactive-biosoftware.com
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Figure 1. (a) Partial electropherogram of APC exon 4. The novel mutation identified c.510_511insA 
(p.Ser171LysfsX6) results in the introduction of a stop codon at amino acid position 176. (b) Pedigree 
of family carrying the APC mutation c.510_511insA (p.Ser171LysfsX6). In brackets the age at 
diagnosis is indicated. 

The previously described mutation c.1605_1606delTG (p.Ser535SerfsX3) occurs in exon 12. It 
was identified in a woman affected with intermediate FAP, diagnosed at age 54, and in two of her 
children with FAP, diagnosed at age of 18 and 28 respectively. The healthy daughter did not have 
this mutation. The proband had surgical treatment with restorative proctocolectomy and ileal 
J-pouch at the age of 54 years. Two years after the pouch procedure the proband developed desmoid 
tumors (Figure 2a). 

The mutation c.3927_3931delAAAGA (p.Glu1309AspfsX4) is localized in exon 15 and was 
observed in two patients. The first is a 35 years-old patient with profuse FAP. Unfortunately, none 
family member was available for genetic testing. Thus, the lack of useful DNA samples has 
implicated that transmission of this mutation is uncertain in the patient’s family. 

The second patient carried of the c.3927_3931delAAAGA (p.Glu1309AspfsX4) mutation is a 46 
years-old woman. The patient, affected with profuse FAP, had surgical treatment with colectomy at 
the age of 18 years. Four years after the pouch procedure the proband developed desmoid tumors. 
She reported other FAP cases in the family (Figure 2b). The analysis was performed in the daughters 
of 13 and 16 years affected with FAP, which showed the mutation. Furthermore, mutational analysis 
was conducted in the sister of 48 years affected whit FAP diagnosed at 20 years, and in her children, 
of 16 and 18 years, with FAP. The sister and her children showed the mutation. The sister developed 
desmoid tumors five years after the colectomy. In addition, the analysis was extended to the 
unaffected sisters of 54 and 52 years that reported wild type profiling of APC. 

The mutation c.1192_1193delAA (p.Lys398GlufsX5), localized in exon 9, was found in a 
56-years-old woman who was diagnosed with attenuated FAP and thyroid cancer. The pedigree, 
reported in Figure 2c, shows other cases of FAP in the family. Particularly, her sister, 51 years-old, 
was affected with FAP and thyroid cancer, diagnosed at age of 45 and 40 years respectively, and her 
brother, 58 years-old, was affected with FAP, diagnosed at age of 50 years. Molecular analysis was 
performed only in the unaffected sons of 20 and 24 years and revealed that the APC mutation was 
carried only by the son of 24 years, while the son of 20 years reported a wild type profiling. 

Figure 1. (a) Partial electropherogram of APC exon 4. The novel mutation identified c.510_511insA
(p.Ser171LysfsX6) results in the introduction of a stop codon at amino acid position 176. (b) Pedigree of
family carrying the APC mutation c.510_511insA (p.Ser171LysfsX6). In brackets the age at diagnosis
is indicated.

The previously described mutation c.1605_1606delTG (p.Ser535SerfsX3) occurs in exon 12. It was
identified in a woman affected with intermediate FAP, diagnosed at age 54, and in two of her children
with FAP, diagnosed at age of 18 and 28 respectively. The healthy daughter did not have this mutation.
The proband had surgical treatment with restorative proctocolectomy and ileal J-pouch at the age of
54 years. Two years after the pouch procedure the proband developed desmoid tumors (Figure 2a).Genes 2018, 9, x FOR PEER REVIEW  5 of 10 
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Figure 2. Pedigrees of familial adenomatous polyposis cases (FAP) and MUTYH-associated polyposis
(MAP) families with extracolonic manifestations. The ages at diagnosis are indicated in brackets.
(a) Family carrying the APC mutation c.1605_1606delTG (p.Ser535SerfsX3); (b) Family carrying the
APC mutation c.3927_3931delAAAGA (p.Glu1309AspfsX4); (c) Family carrying the APC mutation
c.1192_1193delAA (p.Lys398GlufsX5); (d) Family carrying the MUTYH mutation c.1187G>A (p.G396D).
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The mutation c.3927_3931delAAAGA (p.Glu1309AspfsX4) is localized in exon 15 and was
observed in two patients. The first is a 35 years-old patient with profuse FAP. Unfortunately,
none family member was available for genetic testing. Thus, the lack of useful DNA samples has
implicated that transmission of this mutation is uncertain in the patient’s family.

The second patient carried of the c.3927_3931delAAAGA (p.Glu1309AspfsX4) mutation is a
46 years-old woman. The patient, affected with profuse FAP, had surgical treatment with colectomy at
the age of 18 years. Four years after the pouch procedure the proband developed desmoid tumors.
She reported other FAP cases in the family (Figure 2b). The analysis was performed in the daughters
of 13 and 16 years affected with FAP, which showed the mutation. Furthermore, mutational analysis
was conducted in the sister of 48 years affected whit FAP diagnosed at 20 years, and in her children,
of 16 and 18 years, with FAP. The sister and her children showed the mutation. The sister developed
desmoid tumors five years after the colectomy. In addition, the analysis was extended to the unaffected
sisters of 54 and 52 years that reported wild type profiling of APC.

The mutation c.1192_1193delAA (p.Lys398GlufsX5), localized in exon 9, was found in a
56-years-old woman who was diagnosed with attenuated FAP and thyroid cancer. The pedigree,
reported in Figure 2c, shows other cases of FAP in the family. Particularly, her sister, 51 years-old,
was affected with FAP and thyroid cancer, diagnosed at age of 45 and 40 years respectively, and her
brother, 58 years-old, was affected with FAP, diagnosed at age of 50 years. Molecular analysis was
performed only in the unaffected sons of 20 and 24 years and revealed that the APC mutation was
carried only by the son of 24 years, while the son of 20 years reported a wild type profiling.

The homozygous MUTYH mutation c.1187G>A (p.G396D) was found in a 52-years-old woman
affected with MAP, diagnosed at age 39. The analysis was performed in the brother of 46 years affected
with gastric cancer that reported the same homozygous mutation. Furthermore, mutational analysis
was conducted in her children, a male of 33 years and two twins of 21 years. The twins showed the
heterozygous mutation, whereas her son had a wild type profile. The pedigree showing other cancer
cases in the family is reported in Figure 2d.

Moreover, in MUTYH gene, 3 patients reported the same UV c.1014G>C (p.Q324H). One of
the patients, in addition to this homozygous variant, showed two heterozygous UVs, c.157+30A>G
(IVS2+30 A>G) and c.813C>T (p.D271D).

The already described UVs, c.157+30A>G (IVS2+30 A>G) and c.813C>T (p.D271D), have not yet
been previously tested with prediction programs. To evaluate potential splicing effects, we conducted
the in silico analysis using four different splice site prediction programs which predict changes in
splice site strength. The threshold employed was a variation between the wild type and the mutation
score of more than 10% in at least two different algorithms [22]. No splicing alterations were predicted
for the variants c.157+30A>G (IVS2+30 A>G) and c.813C>T (p.D271D) (see Table 1).

Table 1. In silico study of MUTYH variants. The thresholds represent the score predicted for wild type
sequence/score predicted for the mutated sequence. Scores indicate the values for splice donor (SD) or
splice acceptor (SA) sites, respectively. Changes relative to wild type sequences are indicated in %.

Designation Exon/Intron PolyPhen SIFT Splice Site Finder
(0–100)

MaxEntScan
(0–12)

NNSPLICE
(0–1)

GeneSplicer
(0–24) Ref.

IVS2+30 A>G
(c.157+30 A>G) 2 - - SD:86,16/86,16 SD:9,33/9,33 SD:0,99/0,99 SD:4,35/4,40

(+1.3%) -

D271D
(c.813 C>T) 10 - - SA:86,80/86,80 SA:9,49/9,49 SA:0,97/0,97 SA:6,43/6,29

(−2.2%) -

Q324H
(c.1014G>C) 12 Benign

(score 1.409) Tolerated - - - - [23]

Table S1 summarizes all the clinical data, FAP phenotype and APC/MUTYH mutational status of
probands. Figure S1 schematizes the correlation between genotype and FAP phenotype and between
localization of the APC mutations and extracolonic manifestations, as reported in literature. Moreover,
the localization of APC mutations found in our patients is shown.
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4. Discussion

Despite the small group of patients analyzed for mutations in APC and MUTYH genes, we report
the identification of a novel germline mutation in APC gene, c.510_511insA (p.Ser171LysfsX6).
Noteworthy, this frameshift mutation is localized in exon 4 and it introduces a stop codon at amino
acid position 176 of the APC gene product. Since most of the normal protein is lost in the resulting
polypeptide, it is conceivable that this mutation is deleterious. Overall, our mutational analysis has
detected pathogenic mutations in 6/10 (60%) patients. Specifically, five patients (50%) displayed
APC mutations whereas one patient (10%) had a MUTYH biallelic mutation. Thus, our detection rate
was slightly lower than literature data that report a percentage of 70–90% for APC and 10–30% for
MUTYH [8].

The APC “mutation cluster region” encompassing codons 1250–1464 is a region with a high
mutation rate, with mutational hotspots at codons 1309 and 1061, accounting for approximately 17%
and 11% of all germline APC mutations, respectively [4]. Interestingly, the c.3927_3931delAAAGA
(p.Glu1309AspfsX4) mutation, identified in 2/5 probands, resides in a mutational hotspot,
at codon 1309.

A correlation between the APC mutation localization and the clinical manifestations was observed
in many studies [2]. Regarding the colonic manifestations, profuse or aggressive FAP was related to
mutations at codons 1250–1464, mainly at codon 1309. Patients carrying mutations at codon 1309 in
particular tend to develop adenomas more frequently and at an earlier age than patients with other
mutations [24]. Otherwise, intermediate FAP was associated with mutations localized in the codon
interval 157–1595 but excluding codon 1309. Finally, attenuated FAP was associated with mutations
outside the 157–1595 interval and in the alternatively spliced region of exon 9 (new codons 213–412) [25].
Of note, our findings are in agreement with the known genotype-phenotype correlation.

However, concerning the age of intestinal symptom onset, the same mutation at codon 1309 has
been associated with a large variation, which may be caused by modifier genes or other endogenous
or exogenous factors [15]. Accordingly, we also observed a consistent age variation in the proband
carriers of the mutation c.3927_3931delAAAGA (p.Glu1309AspfsX4). Indeed, the first proband and her
family displayed an early age of onset of FAP, while the second proband developed FAP at a higher age
(35 years-old) (Figure 2b). Unfortunately, since we do not have data concerning the family, we cannot
advance additional considerations.

Besides, we observed an intra-familial variability of FAP onset also in the other three families
analyzed (Figures 1b and 2a–c)

FAP patients often display extracolonic manifestations, including desmoid tumors, osteomas,
dental abnormalities, congenital hypertrophy of the retinal pigment epithelium, lipomas,
epidermoid cysts and upper gastrointestinal polyps and/or extracolonic malignancies [2].
A relationship between frequencies of extracolonic manifestations and the positions of the APC
germline mutation in patients with FAP is also known [26]. Interestingly, in our study 3/5 APC mutated
probands and their families exhibited extracolonic manifestations, two with desmoid tumors and
one with thyroid cancer. Specifically, patients with the mutations c.1605_1606delTG (p.Ser535SerfsX3)
and c.3927_3931delAAAGA (p.Glu1309AspfsX4) were affected with FAP and desmoid tumors,
developed after restorative proctocolectomy, consistent with previous reports [27] (Figure 2a–b).
Desmoid tumors were often associated with mutations between APC codons 1445 and 2011 [2].
However, our study has not confirmed this association since these detected mutations are localized
elsewhere (Figure S1). In concordance with our results, previous studies with large cohorts reported the
failure of this association, suggesting that also mutations localized in other positions could be associated
with desmoid tumor development [2]. Otherwise, some studies have suggested the likelihood that
specific modifier genes exist, independent of APC, whose variation increases the risk of desmoid
tumors in FAP patients. Such genes are likely to provide an even stronger stimulus to development
of this phenotype than the localization of the APC mutation [28,29]. Furthermore, other risk factors,
such as pregnancy, surgical trauma and positive family history for desmoid tumors could also be
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related with this extracolonic sign [30]. Consistently, our patients developed desmoid tumors not
later than five years after colectomy; since the median interval between the surgery and the diagnosis
of desmoid is from two to five years [27], all patients undergoing surgery are potentially at risk of
developing desmoid tumor in that time period.

Additionally, the patient with c.1192_1193delAA (p.Lys398GlufsX5) mutation and her sister are
also affected with thyroid cancer. Thyroid carcinoma is the third most common malignancy associated
with FAP, with a low developing lifetime risk (2–3%). Thyroid tumors have been related to mutations
between codons 140 and 1309 [27]; accordingly, the c.1192_1193delAA (p.Lys398GlufsX5) mutation is
localized at the codon 398 (Figure 2c).

In MUTYH gene, we detected the mutation c.1187G>A (p.G396D) in a woman affected with MAP.
This mutation is the most common in polyposis patients [31]. It is localized in a highly conserved
amino acid region in MUTYH and has been reported to cause a reduction in the capacity of binding its
substrate and impairment of glycosylase activity [32]. This homozygous mutation was detected in
the proband with MAP, in her brother with gastric cancer and in heterozygosis in her twin children
(Figure 2d). Gastric cancer is one of the extracolonic manifestations of MAP, found in patients with
MUTYH biallelic mutations [33]. Thus, our result also support a correlation between the mutation
c.1187G>A (p.G396D) and gastric cancer.

The presence of polyposis in the patient’s father and uncle could be due to consanguinity but we
are not aware of it. Furthermore, the occurrence of other tumors in the family suggests the possible
existence of mutations in other genes.

Furthermore, we detected the MUTYH UV c.1014G>C (p.Q324H) in 3/3 patients with attenuated
FAP, 1/3 homozygous for this variant. Remarkably, a case-control study was performed for p.Q324H
variant and any difference between cases and controls was found. Furthermore, this variant was
reported as not potentially affecting protein function by the in silico analysis [23]. However, in vitro
studies showed that p.Q324H is 36% less active than wild type allele [34]. Because of these conflicting
data, it is still reported as UV.

Another patient showed two UVs, c.157+30A>G (IVS2+30 A>G) and c.813C>T (p.D271D). In silico
analyses indicate that these variants do not affect splicing (Table 1); however, the evaluation of their
pathogenetic significance needs to be corroborated by further experimental evidences.

Currently, mutational analysis of APC and MUTYH genes is relevant in FAP patients for the
identification of disease causing mutations, allowing the extension of genetic testing to family members
of mutated patients. In order to carry out an early surveillance and a suitable treatment of FAP patients,
a detailed genetic testing with a genotype-phenotype correlation would be very useful in association to
clinical data. Certainly, APC and MUTYH are not the only genes predisposing to the familial polyposis.
Indeed, recent literature indicates that also other genes may be involved, like NTHL1, POLD1 and
POLE genes, even though they are able to explain only a small proportion of cases [35,36]. Moreover,
new candidate genes are continually discovered by exome sequencing and are currently subject to
further investigation before their use in the diagnosis of these patients [37]. Thus, mutational analysis
of these newly identified genes will be the next step in APC and MUTYH negative samples of our
small group of patients.

Regarding the age for the onset of clinical surveillance, the established guidelines suggest that
classical FAP patients should start endoscopic surveillance from the early teens, while attenuated FAP
and MAP families at the age of 18–20. In FAP cases sigmoidoscopy screening should be carried out
every two years; once adenomas are detected, total colonoscopy should be carried out annually until
colectomy is planned. In attenuated FAP and MAP cases colonoscopy is recommended instead of
sigmoidoscopy, with screening every two years; once adenomas are detected, colonoscopy should be
carried out annually [38,39]. Even after a total colectomy, an endoscopic/colonoscopic procedure is
recommended every six to 12 months after surgery to assess the anastomosis site, pouch, and residual
rectum [5].
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mutations, genotype-phenotype correlation and occurrence of extra-colonic manifestation.

Author Contributions: M.C. and M.T.V. conceived and designed the experiments; G.D. and G.C. performed the
experiments; A.M.M., A.C. and M.T.V. analyzed the data; A.C. and M.T.V. wrote the paper.

Funding: This research was funded by ordinary funds from University of Campania “Luigi Vanvitelli”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Galiatsatos, P.; Foulkes, W.D. Familial adenomatous polyposis. Am. J. Gastroenterol. 2006, 101, 385–398.
[CrossRef] [PubMed]

2. Nieuwenhuis, M.H.; Vasen, H.F.A. Correlations between mutation site in APC and phenotype of familial
adenomatous polyposis (FAP): A review of the literature. Crit. Rev. Oncol./Hematol. 2007, 61, 153–161.
[CrossRef] [PubMed]

3. Half, E.; Bercovich, D.; Rozen, P. Familial adenomatous polyposis. Orphanet. J. Rare Dis. 2009, 4, 22.
[CrossRef] [PubMed]

4. Leoz, M.L.; Carballal, S.; Moreira, L.; Ocaña, T.; Balaguer, F. The genetic basis of familial adenomatous
polyposis and its implications for clinical practice and risk management. Appl. Clin. Genet. 2015, 8, 95–107.
[CrossRef] [PubMed]

5. Waller, A.; Findeis, S.; Lee, M.J. Familial adenomatous polyposis. J. Pediatr. Genet. 2016, 5, 78–83. [CrossRef]
[PubMed]

6. Mazzei, F.; Viel, A.; Bignamia, M. Role of MUTYH in human cancer. Mutat. Res. 2013, 743–744, 33–43.
[CrossRef] [PubMed]

7. Lipton, L.; Tomlinson, I. The genetics of FAP and FAP-like syndromes. Fam. Cancer 2006, 5, 221–226.
[CrossRef] [PubMed]

8. Talseth-Palmer, B.A.; Wijnen, J.T.; Andreassen, E.K.; Barker, D.; Jagmohan-Changur, S.; Tops, C.M.;
Meldrum, C.; Dutch Cancer Genetics Group; Spigelman, A.; Hes, F.J.; et al. The importance of a large
sample cohort for studies on modifier genes influencing disease severity in FAP patients. Hered. Cancer
Clin. Pract. 2013, 11, 20. [CrossRef] [PubMed]

9. The UMD- APC Mutations Database. Available online: http://www.umd.be/APC/ (accessed on
12 December 2017).

10. The UMD- MUTYH Mutations Database. Available online: http://www.umd.be/MUTYH/ (accessed on
12 December 2017).

11. Rouleau, E.; Zattara, H.; Lefol, C.; Noguchi, T.; Briaux, A.; Buecher, B.; Bourdon, V.; Sobol, H.; Lidereau, R.;
Olschwang, S. First large rearrangement in the MUTYH gene and attenuated familial adenomatous polyposis
syndrome. Clin. Genet. 2011, 80, 301–303. [CrossRef] [PubMed]

12. Kerr, S.E.; Thomas, C.B.; Thibodeau, S.N.; Ferber, M.J.; Halling, K.C. APC germline mutations in individuals
being evaluated for familial adenomatous polyposis: A review of the Mayo Clinic experience with 1591
consecutive tests. J. Mol. Diagn. 2013, 15, 31–43. [CrossRef] [PubMed]

13. Heinen, C.D. Genotype to phenotype: Analyzing the effects of inherited mutations in colorectal cancer
families. Mutat. Res. 2010, 693, 32–45. [CrossRef] [PubMed]

14. Torrezan, G.T.; da Silva, F.C.; Santos, E.M.; Krepischi, A.C.V.; Waddington Achatz, M.I.; Aguiar Junior, S.;
Rossi, B.M.; Carraro, D.M. Mutational spectrum of the APC and MUTYH genes and genotype-phenotype
correlations in Brazilian FAP, AFAP, and MAP patients. Orphanet. J. Rare Dis. 2013, 8, 54. [CrossRef]
[PubMed]

15. Dodaro, C.; Grifasi, C.; Florio, J.; Santangelo, M.L.; Duraturo, F.; De Rosa, M.; Izzo, P.; Renda, A. The role of
mutation analysis of the APC gene in the management of FAP patients. A controversial issue. Ann. Ital. Chir.
2016, 87, 321–325. [PubMed]

16. Nielsen, M.; Joerink-van de Beld, M.C.; Jones, N.; Vogt, S.; Tops, C.M.; Vasen, H.F.A.; Sampson, J.R.; Arets, S.;
Hes, F.J. Analysis of MUTYH genotypes and colorectal phenotypes in patients with MUTYH-associated
polyposis. Gastroenterology 2009, 136, 471–476. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4425/9/7/322/s1
http://dx.doi.org/10.1111/j.1572-0241.2006.00375.x
http://www.ncbi.nlm.nih.gov/pubmed/16454848
http://dx.doi.org/10.1016/j.critrevonc.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17064931
http://dx.doi.org/10.1186/1750-1172-4-22
http://www.ncbi.nlm.nih.gov/pubmed/19822006
http://dx.doi.org/10.2147/TACG.S51484
http://www.ncbi.nlm.nih.gov/pubmed/25931827
http://dx.doi.org/10.1055/s-0036-1579760
http://www.ncbi.nlm.nih.gov/pubmed/27617147
http://dx.doi.org/10.1016/j.mrfmmm.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23507534
http://dx.doi.org/10.1007/s10689-005-5673-3
http://www.ncbi.nlm.nih.gov/pubmed/16998667
http://dx.doi.org/10.1186/1897-4287-11-20
http://www.ncbi.nlm.nih.gov/pubmed/24373140
http://www.umd.be/APC/
http://www.umd.be/MUTYH/
http://dx.doi.org/10.1111/j.1399-0004.2011.01699.x
http://www.ncbi.nlm.nih.gov/pubmed/21815886
http://dx.doi.org/10.1016/j.jmoldx.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23159591
http://dx.doi.org/10.1016/j.mrfmmm.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19766128
http://dx.doi.org/10.1186/1750-1172-8-54
http://www.ncbi.nlm.nih.gov/pubmed/23561487
http://www.ncbi.nlm.nih.gov/pubmed/27682830
http://dx.doi.org/10.1053/j.gastro.2008.10.056
http://www.ncbi.nlm.nih.gov/pubmed/19032956


Genes 2018, 9, 322 9 of 10

17. Kaufmann, A.; Vogt, S.; Uhlhaas, S.; Stienen, D.; Kurth, I.; Hameister, H.; Mangold, E.; Kötting, J.;
Kaminsky, E.; Propping, P.; et al. Analysis of rare APC variants at the mRNA level: Six pathogenic mutations
and literature review. J. Mol. Diagn. 2009, 11, 131–139. [CrossRef] [PubMed]

18. Vietri, M.T.; Selvaggi, F.; De Paola, M.L.; Sciaudone, G.; Guadagni, I.; Parisi, M.; Pellino, G.; Molinari, A.M.;
Cioffi, M. A novel frameshift mutation in exon 12 of the adenomatous polyposis coli gene in an Italian family
with familial adenomatous polyposis and desmoid tumour. J. Mol. Genet. Med. 2010, 4, 235–238. [CrossRef]
[PubMed]

19. Görgens, H.; Krüger, S.; Kuhlisch, E.; Pagenstecher, C.; Höhl, R.; Schackert, H.K.; Müller, A. Microsatellite
stable colorectal cancers in clinically suspected hereditary nonpolyposis colorectal cancer patients without
vertical transmission of disease are unlikely to be caused by biallelic germline mutations in MYH.
J. Mol. Diagn. 2006, 8, 178–182. [CrossRef] [PubMed]

20. Human Genome Variation Society (HGVS). Available online: http://www.hgvs.org (accessed on
12 December 2017).

21. Den Dunnen, J.T. Sequence variant descriptions: HGVS nomenclature and Mutalyzer. Curr. Protoc.
Hum. Genet. 2016, 90, 7.13.1–7.13.19. [CrossRef] [PubMed]

22. Thery, J.C.; Krieger, S.; Gaildrat, P.; Revillion, F.; Buisine, M.P.; Killian, A.; Duponchel, C.; Rousselin, A.;
Vaur, D.; Peyrat, J.P.; et al. Contribution of bioinformatics predictions and functional splicing assays to the
interpretation of unclassified variants of the BRCA genes. Eur. J. Hum. Genet. 2011, 19, 1052–1058. [CrossRef]
[PubMed]

23. Garre, P.; Briceño, V.; Xicola, R.M.; Doyle, B.J.; de la Hoya, M.; Sanz, J.; Llovet, P.; Pescador, P.; Puente, J.;
Díaz-Rubio, E.; et al. Analysis of the oxidative damage repair genes NUDT1, OGG1, and MUTYH in patients
from mismatch repair proficient HNPCC families (MSS-HNPCC). Clin. Cancer Res. 2011, 17, 1701–1712.
[CrossRef] [PubMed]

24. Wachsmannova-Matelova, L.; Stevurkova, V.; Adamcikova, Z.; Holec, V.; Zajac, V. Different phenotype
manifestation of familial adenomatous polyposis in families with APC mutation at codon 1309. Neoplasma
2009, 56, 486–489. [CrossRef] [PubMed]

25. Newton, K.F.; Mallinson, E.K.L.; Bowen, J.; Lalloo, F.; Clancy, T.; Hill, J.; Evans, D.G.R. Genotype-phenotype
correlation in colorectal polyposis. Clin. Genet. 2012, 81, 521–531. [CrossRef] [PubMed]

26. Enomoto, M.; Konishi, M.; Iwama, T.; Utsunomiya, J.; Sugihara, K.I.; Miyaki, M. The relationship between
frequencies of extracolonic manifestations and the position of APC germline mutation in patients with
familial adenomatous polyposis. Jpn. J. Clin. Oncol. 2000, 30, 82–88. [CrossRef] [PubMed]

27. Groen, E.J.; Roos, A.; Muntinghe, F.L.; Enting, R.H.; de Vries, J.; Kleibeuker, J.H.; Witjes, M.J.H.; Links, T.P.;
van Beek, A.P. Extra-intestinal manifestations of familial adenomatous polyposis. Ann. Surg. Oncol. 2008, 15,
2439–2450. [CrossRef] [PubMed]

28. Sinha, A.; Tekkis, P.P.; Neale, K.F.; Phillips, R.K.S.; Clark, S.K. Risk factors predicting intraabdominal
desmoids in familial adenomatous polyposis: A single centre experience. Tech. Coloproctol. 2010, 14, 141–146.
[CrossRef] [PubMed]

29. Sturt, N.J.H.; Gallagher, M.C.; Bassett, P.; Philp, C.R.; Neale, K.F.; Tomlinson, I.P.M.; Silver, A.R.J.;
Phillips, R.K.S. Evidence for genetic predisposition to desmoid tumours in familial adenomatous polyposis
independent of the germline APC mutation. Gut 2004, 53, 1832–1836. [CrossRef] [PubMed]

30. Nieuwenhuis, M.H.; De Vos Tot Nederveen Cappel, W.; Botma, A.; Nagengast, F.M.; Kleibeuker, J.H.;
Mathus-Vliegen, E.M.; Dekker, E.; Dees, J.; Wijnen, J.; Vasen, H.F. Desmoid tumors in a Dutch cohort of
patients with familial adenomatous polyposis. Clin. Gastroenterol. Hepatol. 2008, 6, 215–219. [CrossRef]
[PubMed]

31. Ricci, M.T.; Miccoli, S.; Turchetti, D.; Bondavalli, D.; Viel, A.; Quaia, M.; Giacomini, E.; Gismondi, V.;
Sanchez-Mete, L.; Stigliano, V.; et al. Type and frequency of MUTYH variants in Italian patients with
suspected MAP: A retrospective multicenter study. J. Hum. Genet. 2017, 62, 309–315. [CrossRef] [PubMed]

32. D’Agostino, V.G.; Minoprio, A.; Torreri, P.; Marinoni, I.; Bossa, C.; Petrucci, T.C.; Albertini, A.M.;
Ranzani, G.N.; Bignami, M.; Mazzei, F. Functional analysis of MUTYH mutated proteins associated with
familial adenomatous polyposis. DNA Repair 2010, 9, 700–707. [CrossRef] [PubMed]

33. Vogt, S.; Jones, N.; Christian, D.; Engel, C.; Nielsen, M.; Kaufmann, A.; Steinke, V.; Vasen, H.F.;
Propping, P.; Sampson, J.R.; et al. Expanded extracolonic tumor spectrum in MUTYH-associated polyposis.
Gastroenterology 2009, 137, 1976–1985. [CrossRef] [PubMed]

http://dx.doi.org/10.2353/jmoldx.2009.080129
http://www.ncbi.nlm.nih.gov/pubmed/19196998
http://dx.doi.org/10.4172/1747-0862.1000041
http://www.ncbi.nlm.nih.gov/pubmed/20589194
http://dx.doi.org/10.2353/jmoldx.2006.050119
http://www.ncbi.nlm.nih.gov/pubmed/16645203
http://www.hgvs.org
http://dx.doi.org/10.1002/cphg.2
http://www.ncbi.nlm.nih.gov/pubmed/27367167
http://dx.doi.org/10.1038/ejhg.2011.100
http://www.ncbi.nlm.nih.gov/pubmed/21673748
http://dx.doi.org/10.1158/1078-0432.CCR-10-2491
http://www.ncbi.nlm.nih.gov/pubmed/21355073
http://dx.doi.org/10.4149/neo_2009_06_486
http://www.ncbi.nlm.nih.gov/pubmed/19728755
http://dx.doi.org/10.1111/j.1399-0004.2011.01740.x
http://www.ncbi.nlm.nih.gov/pubmed/21696383
http://dx.doi.org/10.1093/jjco/hyd017
http://www.ncbi.nlm.nih.gov/pubmed/10768871
http://dx.doi.org/10.1245/s10434-008-9981-3
http://www.ncbi.nlm.nih.gov/pubmed/18612695
http://dx.doi.org/10.1007/s10151-010-0573-4
http://www.ncbi.nlm.nih.gov/pubmed/20352275
http://dx.doi.org/10.1136/gut.2004.042705
http://www.ncbi.nlm.nih.gov/pubmed/15542524
http://dx.doi.org/10.1016/j.cgh.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18237870
http://dx.doi.org/10.1038/jhg.2016.132
http://www.ncbi.nlm.nih.gov/pubmed/27829682
http://dx.doi.org/10.1016/j.dnarep.2010.03.008
http://www.ncbi.nlm.nih.gov/pubmed/20418187
http://dx.doi.org/10.1053/j.gastro.2009.08.052
http://www.ncbi.nlm.nih.gov/pubmed/19732775


Genes 2018, 9, 322 10 of 10

34. Ali, M.; Kim, H.; Cleary, S.; Cupples, C.; Gallinger, S.; Bristow, R. Characterization of mutant MUTYH
proteins associated with familial colorectal cancer. Gastroenterology 2008, 135, 499–507. [CrossRef] [PubMed]

35. Talseth-Palmer, B.A. The genetic basis of colonic adenomatous polyposis syndromes. Hered. Cancer
Clin. Pract. 2017, 15, 5. [CrossRef] [PubMed]

36. Khan, N.; Lipsa, A.; Arunachal, G.; Ramadwar, M.; Sarin, R. Novel mutations and phenotypic associations
identified through APC, MUTYH, NTHL1, POLD1, POLE gene analysis in Indian Familial Adenomatous
Polyposis cohort. Sci. Rep. 2017, 7, 2214. [CrossRef] [PubMed]

37. Spier, I.; Kerick, M.; Drichel, D.; Horpaopan, S.; Altmüller, J.; Laner, A.; Holzapfel, S.; Peters, S.; Adam, R.;
Zhao, B.; et al. Exome sequencing identifies potential novel candidate genes in patients with unexplained
colorectal adenomatous polyposis. Fam. Cancer 2016, 15, 281–288. [CrossRef] [PubMed]

38. Vasen, H.F.; Möslein, G.; Alonso, A.; Aretz, S.; Bernstein, I.; Bertario, L.; Blanco, I.; Bülow, S.; Burn, J.;
Capella, G.; et al. Guidelines for the clinical management of familial adenomatous polyposis (FAP). Gut 2008,
57, 704–713. [CrossRef] [PubMed]

39. Kanth, P.; Grimmett, J.; Champine, M.; Burt, R.; Samadder, N.J. Hereditary colorectal polyposis and cancer
syndromes: A primer on diagnosis and management. Am. J. Gastroenterol. 2017, 112, 1509–1525. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1053/j.gastro.2008.04.035
http://www.ncbi.nlm.nih.gov/pubmed/18534194
http://dx.doi.org/10.1186/s13053-017-0065-x
http://www.ncbi.nlm.nih.gov/pubmed/28331556
http://dx.doi.org/10.1038/s41598-017-02319-6
http://www.ncbi.nlm.nih.gov/pubmed/28533537
http://dx.doi.org/10.1007/s10689-016-9870-z
http://www.ncbi.nlm.nih.gov/pubmed/26780541
http://dx.doi.org/10.1136/gut.2007.136127
http://www.ncbi.nlm.nih.gov/pubmed/18194984
http://dx.doi.org/10.1038/ajg.2017.212
http://www.ncbi.nlm.nih.gov/pubmed/28786406
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients 
	Mutation Analysis 
	In Silico Analysis 

	Results 
	Discussion 
	References

