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Inheritable colorectal cancers (CRC) accounted for about 20% of the CRC cases, such as hereditary nonpo-
lyposis colorectal cancer (HNPCC), Gardner syndrome and familial adenomatous polyposis (FAP). A four-
generation Han Chinese family was found affected with polyposis in colons. Inferred from the pedigree
structure, the disease in this family showed an autosomal dominant inheritance model. To locate the cau-
sal mutations in this family, genomic DNAs were extracted and the next generation sequencing for 5
genes relating to colon cancer performed by Ion Torrent Personal Genome Machine with a 314 chip.
The reads were aligned with human reference genome hg19 to call variants in the 5 genes. After analysis,
14 variants were detected in the sequenced sample and 13 been collected in dbSNP database and
assigned with a rs identification number. In these variants, 9 were synonymous, 4 missense and 1
non-sense. In them, 2 rare variants (c.694C>T in APC and c.1690A>G in MSH2) might be the putative cau-
sal mutations for familial adenomatous polyposis (FAP) since the rarity of the mutated allele in normal
controls. c.694C>T was detected in only affected members and generated a premature stop codon in
APC. It should be a de novo germline mutation making APC containing this stop codon as targets for non-
sense-mediated mRNA decay (NMD). c.1690A>G in MSH2 was not only detected in affected members, but
also in normal ones in the family. Functional prediction revealed that the amino acid affected by this var-
iant had no effect on the function of MSH2. Here, we report a de novo germline mutation of APC as the
causal variant in a Chinese family with inheritable colon cancer by the next generation sequencing.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Colorectal cancer (CRC) is a cancer from uncontrolled cell
growth in the colon or rectum or in the appendix. It is the third
most commonly diagnosed cancer in the world and more common
with around 60% of cases in developed countries [1]. It was esti-
mated that in 2008, 1.23 million new cases of CRC were clinically
diagnosed in the world, and killed 608,000 people [2]. Most CRCs
occurred due to lifestyle and increasing age with only a minority
of cases associated with underlying genetic disorders.

Those with a family history in two or more first-degree relatives
had a two to threefold greater risk of disease and accounted for
about 20% of all cases. A number of genetic syndromes were also
associated with higher rates of colorectal cancer. The most com-
mon was hereditary nonpolyposis colorectal cancer (HNPCC)
which was present in about 3% of CRC cases [3]. Other syndromes
that were strongly associated with colon cancer including
Gardner syndrome [4], and familial adenomatous polyposis (FAP)
in which colon cancer nearly always occurred and accounted for
approximately 1% of cases [5,6].

In familial inherited colon cancers, mutations in genes respon-
sible for mismatch repair (MMR) and antagonizing for the WNT
signalling pathway played dominant role in the development of
the condition. MLH1, MSH2, MSH6 and PMS2 were 4 important
MMR genes and had been related to HNPCC1 (OMIM: 120435)
and mismatch repair cancer syndrome (OMIM: 276300) [7,8].
APC (Adenomatous polyposis coli) was an determinant suppressor
for the WNT signalling pathway relating to brain tumor-polyposis
syndrome [9], gastric cancer [10], hepatoblastoma [11], gardner
syndrome [12] and familial adenomatous polyposis (FAP) [13].
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In a 4 generation Chinese family with inherited colon cancer, 6
affected members died of colon cancer and 1 of gastric cancer (also
affected by systemic lupus erythematosus). According the pedigree
structure, it was an autosomal dominant inheritance model. In
order to locate the causal variants, all of the 5 genes related to
HNPCC1 and FAP were selected for targeted multigene sequencing
by Ion Torrent Personal Genome Machine (PGM, Life Technologies)
loaded with a 314 chip. 2 rare variants (c.1690A>G in MSH2 and
c.694C>T in APC) were detected in MSH2 and APC, respectively.
After systematic analysis, the c.694C>T in APC caused the codon
232 for Arginine (CGA) to a premature stop codon (TGA) making
mRNAs with this stop codon targets of nonsense-mediated mRNA
decay (NMD) [14,15]. Besides, the mutation also was co-segregated
with the affected members in the family and not detected in the
351 normal Chinese peoples. After searching the ClinVar database
[16], this mutation was shown to be a de novo germline variant.
2. Materials and methods

2.1. Patients information

A pregnant woman consulted with the genetic analyst in the
Department of Gynaecology and Obstetrics, The 306th Hospital of
People’s Liberation Army for inheritable disease in her family.
According to her narration, her father (II-3) died of colon cancer
at 49. Two aunts also died of cancer, one of colon cancer at 52
(II-5) and one of gastric cancer at 56 (II-7) and also obsessed with
systemic lupus erythematosus (SLE). The consultant really wanted
to know whether she was prone to this inheritable disease. After
taking clinical check, 3 members in the third generation were diag-
nosed to have polyposis in the colons and were recruited for this
project (Fig 1 and Table 1). III-7 and III-11 were found to have
numerous polyposis (more than 50) in colons at 16 and 19 years
Fig. 1. Pedigree structure of the Han family with familial inheritable colon cancer. Squa
members. Diamond represented the individual with unknown sex. Individuals labeled w

Table 1
Informaiton of patients in this pedigree.

Patients Gender Age at diagnosis Live/Dead

I-2 Female N.A. Dead
II-3 Male N.A. Dead at 4
II-5 Female N.A. Dead at 5
II-7 Female N.A. Dead at 5
III-3 Female 32 Live
III-7 Male 16 Live
III-9 Female 19 Live
old, respectively. III-3 was with more than 150 polyposis in the
premalignant condition at 32 years old.

As shown in Fig. 1, the disease in this pedigree was consistent
with an autosomal dominant inheritance model. As the informa-
tion provided, the disease had the high probability as familial ade-
nomatous polyposis (FAP). In order to detect the putative causal
mutations for this disease, 5 genes with inheritable colon cancer
(MLH1, MSH2, MSH6, PMS2 and APC) were selected for targeted
sequencing. All participants were recruited after obtaining
informed consent.
2.2. Sequencing and data analysis of the amplicons

The peripheral blood samples were stored in EDTA anticoagu-
lant vacuum tubes and genomic DNA was extracted using QIAamp
DNA Blood Midi Kit (QIAGEN, Germany). Multiplex primers for the
coding exons of the MLH1 (NM_000249), MSH2 (NM_000251),
MSH6 (NM_000179), PMS2 (NM_000535) and APC (NM_000038)
were designed by ultrahigh-multiplex primer designing tool, Ion
Ampliseq Designer (https://www.ampliseq.com/browse.action),
exon padding setted as 5 with hg19 as the reference human gen-
ome. The sequence of primers were compiled in the Supplemen-
tary file. PCR amplifications for the targeted exons were
performed manually using Phusion high-fidelity DNA polymerase
(NEB, UK) according to the manufacturer’s instructions. The ampli-
cons were sequenced on the Ion Torrent Personal Genome Machine
(PGM, Life Technologies) loaded with a 314 chip (314, 100 Mb out-
put) following the recommended protocol. The variant calling was
performed using the Torrent Suite Software v.3.2 by aligned to
hu19 (Life Technologies) under the standard settings. Filtered vari-
ants were annotated using the Ion Reporter software v1.2 (Life
Technologies). The frequencies of the detected variants were com-
pared with SNPs collected in dbSNP database [17], HapMap project
[18], 1000 genome project [19] and 351 whole-genome sequenced
res and circles denoted males and females respectively with filled ones as affected
ith a solidus were deceased.

Disease Status of polyposis

N.A. N.A.
9 Colon cancer N.A.
2 Colon cancer N.A.
6 Gastric cancer N.A.

Polyposis >150 polyposis/premalignant
Polyposis >50 polyposis/noncancerous
Polyposis >50 polyposis/noncancerous

https://www.ampliseq.com/browse.action


Fig. 2. Detection and verification of the c.694C>T in APC. (A) Reads aligned with the APC around c.694C>T, red represented the mutated variant. (B) Diagram of the protein
structure of APC. (C) Sanger sequencing of the sequence containing the mutation in II-4 and III-3 members. The light green indicated of the mutated nucleotide.
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normal Han Chinese. The effects of the variants on protein function
were predicted by PolyPhen-2 [20].
2.3. Validation of the putative causal variants

To validate the mutations detected by deep sequencing, the
genomic DNAs containing the putative variants were amplified
and sequenced by traditional Sanger sequencing and analyzed by
the Lasergene package, SeqMan Pro v7.1.0. The sequence of prim-
ers for Sanger sequencing were provided in the Supplementary
File.
3. Results

3.1. Variants detected by Ion Torrent

After alignment with hg19 by Torrent Suite Software and anno-
tated by Ion Reporter software, 14 variants were detected in the
sequenced sample and 13 been collected in dbSNP database and
assigned with a rs identification number. (Table 2). In these vari-
ants, 9 were synonymous, 4 missense and 1 non-sense. Except
two variants, the frequencies of variant alleles of the other 12 were
greater than at least 10%, indicative of being polymorphisms. The
Table 2
Deteced variants and frequencies in different databases.

Genes Acc. No. Nucleotiede variants Amino acid variants rs ID

PMS2 NM_000535 c.1621G>A p.Lys541Glu rs22280
c.1408C>T p.Pro470Ser rs18053
c.780C>A p.Ser260Ser rs18053

MSH6 NM_000179 c.116G>A p.Gly39Glu rs10428
c.3306T>A p.Thr1102Thr rs20209

MSH2 NM_000251 c.1690A>G p.Thr564Ala rs55778
APC NM_000038 c.694C>T p.Arg232Ter Novel

c.1458T>C p.Tyr486Tyr rs22299
c.1635G>A p.ALa545Ala rs35177
c.4479G>A p.Thr1493Thr rs41115
c.5034G>A p.Gly1678Gly rs42427
c.5268T>G p.Ser1756Ser rs86600
c.5465T>A p.Val1822Asp rs45955
c.5880G>A p.Pro1960Pro rs46589
remaining two variants (c.694C>T in APC and c.1690A>G in
MSH2) were with either no information of frequency or being a
rare SNP in Chinese (MAF = 0.4%).
3.2. Verification of the detected rare variants

The genomic region containing the two rare variants were
amplified and sequenced by Sanger sequencing in all of the mem-
bers in the family. c.1690A>G was detected in only 2 affected
members (III-7 and III-11) and also in normal members (II-1, III-
5 and III-9). The c.694C>T was only detected in all of 3 affected
members (Fig. 2).
4. Discussion

Colorectal cancer was the third most commonly diagnosed can-
cer in the world and occurred due to lifestyle and increasing age,
with only a minority of cases associated with underlying genetic
disorders. Due to the existence of polyposis in colons and the auto-
somal dominant inheritance mode in this Han Chinese family, the
disease might be classified as familial adenomatous polyposis
(FAP). It had been reported that FAP accounted for a small portion
of CRCs (about 1%) and mainly caused by the mutation in APC gene.
Frequencies of detected variants

dbSNP HapMap 1000 Genomes Sequenced normal Chinese

06 0.879 0.869 0.783 0.087
21 0.107 0 0.168 0.178
19 0.594 N.A. 0.723 0.875
21 0.307 N.A. 0.315 0.359
10 0.053 0.255 0.089 0.303
204 N.A. N.A. 0 0.004

N.A. N.A. 0 0
92 0.467 0.438 0.429 0.425
1 0.48 0.326 0.416 0.301

0.339 0.328 0.414 0.303
0.474 0.313 0.415 0.302

6 0.478 0.338 0.414 0.3
2 0.743 0.825 0.758 0.801
9 0.437 0.328 0.416 0.302
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Some FAP was caused by mutations in MUTYH gene at an autoso-
mal recessive model [21]. Inferred from the pedigree struture of
this family, it might be caused by mutations in APC gene. But genes
in the MMR family (MLH1, MSH2, MSH6 and PMS2) also could pro-
duce similar symptoms with this family.

In order to detect the causal variants efficiently, a ultrahigh
multiplex amplification of the genes with colon cancers coupled
with second-generation sequencing was performed for one of the
affected members (III-7). After analysis, 14 variants were detected
in the sequenced sample. 13 of the them had been collected in the
dbSNP database and assigned with a rs identification number
(Table 2). As for the 14 variants, 9 were synonymous, 4 missense
and 1 non-sense. 12 were polymorphic with the frequencies of var-
iant alleles greater than 10%. As for the 2 remaining variants,
c.694C>T in APC and c.1690A>G in MSH2 were either lack of infor-
mation of frequency in any databases mentioned above or being a
rare SNP in Chinese (MAF = 0.4%). c.694C>T in APC caused the
codon at position 232 for Arginine (CGA) to a premature transla-
tional stop codon (TGA). Transcripts containing this premature
stop codon would be degraded through nonsense-mediated mRNA
decay (NMD) [14,15]. The c.1690A>G in MSH2 changed the codon
at 564 for Threonine (ACC) to Alanine (GCC).

According to the frequencies in public databases, these 2 vari-
ants might be putative causal mutations in this family. They were
sequenced in the whole family members to check the cosegrega-
tion in affected members. c.694C>T in APC was only detected in
affected individuals. The c.1690A>G in MSH2 was not only
detected in 2 patients, but also in a few normal individuals in this
family. But it could not ruled out the possibility of the two variants
as causal mutations for this family. The 2 rare variants were also
analyzed in the 351 whole-genome sequenced normal Han Chi-
nese. The c.694C>T did not detected in any samples and
c.1690A>G in only 2 individuals heterozygously (0.4%). Since the
frequency of c.1690A>G was too low, the possibility as the causal
factor could still not be completely rejected. So the impact of this
variant on the function of MSH2 was predicted by PolyPhen-2.
Unexpectedly, the variant was predicted to be BENIGN with a score
of 0.000. This represented that c.1690A>G had no functional affect
at all, since amino acid at this position varied greatly among differ-
ent species including rat, mouse, rabbit, turkey, African malaria
mosquito, Xenopus tropicalis and Florida lancelet. This indicated
that the c.1690A>G possessed the slightest possibility as the causal
variants.

As for the de novo germline mutation, c.694C>T in APC caused a
premature stop codon and made the transcripts produced by this
allele as targets for NMD. It only found in the 3 affected members
in the family. Besides, the variant was not detected in any of the
public databases and in the 351 normal Han Chinese. This showed
that c.694C>T in APC was the causal factor for this FAP family.
5. Conclusion

Using the next generation sequencing for targeted regions of 4
gens related to colon cancer, a de novo germline mutation in the
tumor suppressor gene, APC was discovered to be the causal muta-
tion for the FAP family. So, next generation high-throughput
sequencing might be an effective method to discover mutations
for disease-affected pedigrees.
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