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«Fig. 4 Relatively sensitive GICs exhibited strong inhibition of the
Akt pathway by MRKO003. Response of MRK003 was not completely
dependent on Akt. a GICs treated with MRKO0O03 for 48 h were
immunoblotted with phospho-Akt (ser473) and total-Akt. Actin was
used as a protein loading control. b Relatively sensitive GIC, 30R was
transfected with empty-vector (control) or myristoylated-Akt (my-
rAkt) vector. Western blot analysis of phospho-Akt and total-Akt was
shown. The phosphorylation levels of Akt in control-30R and
myrAkt-30R were quantified using ImageJ (1.45 s, National Institutes
of Health, Bethesda, MD, USA) and shown as a diagram. Actin was
used as loading control. The quantified level of Akt phosphorylation
in control-30R with DMSO was considered as to be 1.0. ¢ Viability of
myrAkt-30R was only significantly increased than control-30R in
2 uM MRKO003. d In tumorsphere-forming assay, myrAkt-30R sphere
number and sphere-size were significantly increased compared to
control-30R with 1 pM MRKO003. Both myrAkt-30R and control-30R
exhibited negligible sphere formation in 2 pM MRKO03. e Apoptosis
assay after MRKOO3 treatment for 72 h was analyzed by flow
cytometry of AnnexinV-FITC. In 2 uM MRKO003, the AnnexinV-
FITC positive percentage of myrAkt-30R was about 60 %, was
significantly decreased in comparison to control-30R. All data were
representative. Experiments were conducted in at least triplicate.
##*P < 0.01 using two-way ANOVA

PE and ICsy of MRKOO3 was analyzed using Spearman
correlation test.

Results

MRKO0O03 decreased cell viability of patient-derived
GICs

We initially investigated the chemosensitivity of the nine
GICs to MRKO003 by using the viability assay (Fig. 1).
MRKO0O03 decreased viability in all species of GICs in a
dose dependent fashion compared with DMSO control.
Based on the above results we categorized these cells into
two types: the former as relatively sensitive GICs and the
latter as relatively resistant GICs. Viability of five rela-
tively sensitive GICs (30R, 1123M, MD13, Me83 and
TGSO01) decreased dramatically with the use of less than
2 uM MRKO003 compared to DMSO control. In contrast,
viability of four relatively resistant GICs (528P, 157NS,
146NS, and TGS04) was reduced to half by the addition of
more than 3 pM MRKO03 compared to DMSO control.

MRKO03 induced apoptosis in GICs

Subsequently, we assessed whether the reduction of via-
bility by MRKO003 was associated with the induction of
apoptosis since the Notch signal was related to apoptosis
regulation [10, 17]. As expected, MRKO003 induced apop-
tosis in all species of GICs. In case of the sensitive GIC
lines, even less than 4 pM MRKO0O03 induced a significant
increase in the apoptosis percentage as compared to the

DMSO control (Fig. 2a, Supplementary Fig. 1a). However,
in case of the resistant GIC lines, more than 8 pM
MRKO003 was required to induce an enhanced rate of
apoptosis in comparison to the control (Fig. 2b, supple-
mentary Fig. 1b). This assay demonstrated that even low
concentrations of MRKO0O03 were capable of inducing
accelerated apoptosis in GICs and reducing their viability.
These findings are parallel with the results of cell viability
assay, suggesting that suppression of cell viability by
MRKO03 might be attributable to apoptosis.

MRKOO03 inhibited sphere formation of GICs

We employed the tumorsphere forming assay to analyze
the role of MRKOO3 in GICs. The basal sphere forming
abilities in the 9 GICs were rich in variety. Our results
demonstrated that MRKOO03 significantly reduced both,
sphere-number and -diameter in all species of GICs in a
dose dependent manner (Fig. 3a, b). In the sensitive lines,
both sphere-number and -diameter were significantly
decreased with the use of up to 2 puM MRKO003 (P < 0.01),
and further, sphere formation was completely blocked by
3 uM MRKOO03. In the resistant lines, although sphere
numbers and diameters were suppressed by 2, 4 or 6 UM
MRKO03, dramatic suppression of sphere formation was
achieved with the use of more than 8 pM MRKO003,
compared with DMSO control (P < 0.01) (Fig. 3b). These
data supported the observations that MRKOO3 impaired
self-renewal in GICs. MRKO0O03 sensitivity of GICs in the
viability and apoptosis assays corresponded well with the
sensitivity of the sphere forming assay.

Akt activation modestly improved the effect
of MRKO003

Notch signal is known to be associated with the subsequent
activation of the PI3K/Akt pathway which is related to cell
proliferation and the most major pathway in GBM [11, 15,
18, 19]. Therefore, phosphorylation level of Akt was
assessed in all GICs after treatment with MRKOO3 for 48 h.
Basal level of phospho-Akt in both the sensitive and the
resistant lines were approximately same. It was observed
that though MRKO0O03 effectively decreased phospho-Akt
level in a dose-dependent manner in the sensitive lines, it
poorly affect the phosphorylation level of Akt in the
resistant lines (Fig. 4a). The phospho-Akt level in sensitive
lines might be caused that MRKOO3 could be due to the
inhibition of total Akt production. Therefore, this data led
us to hypothesize that dephosphorylation of Akt by
MRKO003 can explain the efficacy for the sensitive lines.
We further evaluated whether Akt was responsible for
the effectiveness by MRKO0O03 in the sensitive lines. To
demonstrate that Akt activation rescues cells from the
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effect of MRKOO03, myristoylated Akt vector was consti-
tutively anchored at the membrane for maintaining it in an
activated form, and was used for the transfection of the
representative relatively sensitive GIC, 30R (myrAkt-30R).
MyrAkt-30R exhibited higher levels of Akt activation than
30R transfected with empty vector (control-30R) (Fig. 4b).
Expression of phospho-Akt was completely suppressed in
control-30R by MRKO0O03 treatment. In contrast, phospho-
Akt levels in myrAkt-30R were maintained by MRKO003
treatment, although a dose dependent decrease was
observed (Fig. 4b).

In cell viability assay, the decrease of viability in con-
trol-30R by treatment with 2 uM MRKO003 was reduced in
myrAkt-30R (P < 0.01). However, rescue of viability was
not significant in myrAkt-30R when treated with more than
4 uM MRKOO03 (Fig. 4c). It suggested that transfection
with myr-Akt only partially abrogated the effect of
MRKOO03. In the tumorsphere-forming assay performed
with 1 pM MRKO0O03, number and size were significantly
increased in cells transfected with myrAkt-30R as com-
pared to cells transfected with the control-30R (P < 0.01).
However, when the concentration of MRKO003 was
increased to 2 uM, Akt induction hardly rescued tumor-
sphere formation (Fig. 4d). In consistence with the above
results, Akt induction only partially suppressed apoptosis
from 85.0 + 3.4 % (mean £ SD) to 60.0 &+ 4.2 % upon
treatment with 2 uM MRKO003 (P < 0.01) (Fig. 4e).
Altogether, the effect of MRKOO3 in 30R could not be
completely recovered with transfection of the cells with
myrAkt. We observed similar results in 1123 M, another
population of relatively sensitive GIC used in our study
(supplementary Fig. 2a—d). Accordingly, the effect of
MRKO003 might be only partially dependent upon the
inhibition of the Akt pathway.

CD44-high and CD133-low GICs were sensitive
to MRKOO3 treatment

CD44 and CD133 were known as cancer stem cell surface
markers [5, 38-40]. We analyzed the expression of CD44
and CD133 in the nine GICs. Our data indicated that sen-
sitive lines presented high CD44 and low CD133 expres-
sion level, and that resistant lines exhibited high level
expression of CD133 (Fig. 5a, b, supplementary Fig. 3a,
b). We further investigated whether the expressions of
CD44 and CD133 could serve as indicators of MRK003
sensitivity and analyzed the correlation between CD44 and
CD133 expression levels and ICsy of MRKO0O03. ICsy of
GICs for MRKO0O03 correlated negatively with CD44
expression (P = 0.005, r = —0.865), and positively with
CD133 expression (P = 0.037, r = 0.712) (Fig. 5c). These
findings indicated that the expression level of CD44 and
CD133 may be useful as biomarkers for MRKO0O03 efficacy.
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Discussion

The data in the present study have demonstrated that
MRKOO03 suppressed cell viability and sphere formation
ability, and induced apoptosis in GICs derived from mul-
tiple patients. These results support effectiveness of
MRKO003 for GICs properties. Interestingly, GICs were
divided into relatively sensitive GICs and relatively resis-
tant GICs against MRKO003. MRKOO3 sensitive and resis-
tant GICs were demonstrated to be different by CD44 and
CD133 expressed patterns. This study is the first to dem-
onstrate that MRKOO3 might have strong therapeutic
potential for CD44-high and CD133-low expressed GICs.

Although the downstream details of Notch signaling are
yet to be deciphered, the Akt pathway which was crucial
pathway in GBM had been known to be associated with
Notch downstream signal [10, 13, 17, 20]. Our data dem-
onstrated that phosphorylation of Akt in MRKOO3 rela-
tively sensitive GICs was remarkably decreased by
MRKO0O03 treatment. However, transfection with constitu-
tively active Akt vector could not negate the effect of
MRKO003 completely, thereby suggesting that the effect of
MRKO03 was only partially dependent on the inhibition of
the Akt pathway. Notch signal is a major regulator of
survival pathway to play a prominent role in bridging
various pathways. Alternate cross-talk pathways for Notch
signaling besides PI3K/Akt are TGF-B, MEK/ERK and
JAK/STAT3 pathways [41, 42], which are also associated
with cell proliferation in GBM [17, 20, 43]. The nature of
Notch cross-talk system was flexible and was depended on
each cell background [41]. Therefore, it is possible that
MRKOO03 inhibits not only Notch signaling but also other
pathways. Further investigations are warranted in this
regard.

CD44 is reported to be related to tumor initiations and a
novel therapeutic target [40, 43]. CD133 is a cell surface
marker of cancer initiating cells in several cancer types
although its validity remains controversial [5, 44]. In our
findings, CD44-high and CD133-low expressed GICs are
relatively sensitive to MRKO003, whereas CD133-high
expressed GICs are relatively resistant to MRKOO3. One
explanation for chemoresistance to MRKOO03 is that
CD133-high GICs may have potential drug resistance gene
against chemotherapy. For example, CD133-high GICs
possess high level of drug resistance gene, BCRP1 [45].
CD44-enriched GICs was regulated by TGF-f pathway
which is a key regulator of malignant phenotype [35, 43,
46]. It may be hypothesized that the effect of Notch inhi-
bition is exhibited partially via the TGF-B inhibition [43,
47]. GBM was segregated into four subtypes based on gene
expression signature. CD44 was enriched in the mesen-
chymal subtype of GBM [48]. In our findings, GICs with
high CD44 expression demonstrated to be very sensitive to
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Fig. 5 MRKO003 might be effective for CD44-high and CD133-low
GICs. a Sensitive lines were high CD44-FITC positive percentage
(range 87.9-100 %). On the other hand, resistant lines were broad
CD44-FITC positive percentage (range 0.24-87.7 %). b Sensitive
lines exhibited a low CDI133-PE positive percentage (range

MRKO003. Therefore, MRKO003 might be effective to
mesenchymal subtype of GBM.

We performed sphere forming assay with other y-secretase
inhibitor, DAPT and L685,458. DAPT had the strong effect for
30R which was a relatively sensitive line to MRKOO3 (sup-
plementary Fig. 4). On the other hand, 1685458 reduced
sphere formation not only in 30R but also in TGSO1 and
TGS04 (data not shown). Generally, y-secretase inhibitors can
be classified according to the chemical structures and phar-
macological modes of action. MRKO003, DAPT and 685,458
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0-33.4 %). Resistant lines exhibited high CD133-PE positive per-
centage (range 84.2-99.4 %). ¢ ICso of MRKO003 for GICs correlated
to both CD44 and CDI133 expression. Data shown was scatter
diagram of nine GICs. X-axis was [Csq (uM) of MRKO0O03. Y-axis was
expression (%) of CD44 or CD133

are a sulfonamide-containing non-transition state analog, an
azepine-containing non-transition state analog and an azepine-
containing transition state analog, respectively [42, 49]. The
different experimental results with three y-secretase inhibitors
might be caused by different pharmacological modes of
action. These inhibitors might modulate different downstream
signaling pathways. In fact, these inhibitors affect various
intracellular signaling including PI3K/Akt signaling [50].

A further point of investigation in our study was to
confirm the role of Notch pathway inhibition in effecting
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the MRKOO3 response, since the possibility of MRK003
acting via off-targets cannot be ruled out. However, accu-
mulated evidence confirmed the strong effect of MRKO003
for cancer initiating cells including leukemia [22, 27],
lymphoma [25], breast [24, 26], and pancreas [23] in vitro
and in vivo. In this study also, MRKOO3 provided a ther-
apeutic advantage against the chemo resistant population of
GICs derived from the nine patients. Regardless of the
specificity of MRKO0O3, it promises to be an effective target
therapy for GBM.

In conclusion, results of this study suggested that
MRKO03 might have significant therapeutic potential for
CD44-high and CDI133-low expressed GICs (supplemen-
tary Fig. 5). However, additional pre-clinical studies will
be required to address whether MRKOO3 contributes ben-
eficially to GBM treatment.
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Detection of APC mosaicism by next-generation
sequencing in an FAP patient

Kiyoshi Yamaguchi!, Mitsuhiro Komura?, Rui Yamaguchi®, Seiya Imoto?, Eigo Shimizu?, Shinichi Kasuya?,
Tetsuo Shibuya3, Seira Hatakeyama!, Norihiko Takahashi!, Tsuneo Ikenoue!, Keisuke Hata?, Giichiro Tsurita%,
Masaru Shinozaki?, Yutaka Suzuki®, Sumio Sugano6, Satoru Miyanoz’3 and Yoichi Furukawa!

Familial adenomatous polyposis (FAP) of the colon is characterized by multiple polyps in the intestine and extra-colonic
manifestations. Most FAP cases are caused by a germline mutation in the tumor-suppressor gene APC, but some cases of
adenomatous polyposis result from germline mutations in MUTYH, POLD1 or POLE. Although sequence analysis of APC by the
Sanger method is routinely performed for genetic testing, there remain cases whose mutations are not detected by the analysis.
Next-generation sequencing has enabled us to analyze the comprehensive human genome, improving the chance of identifying
disease causative variants. In this study, we conducted whole-genome sequencing of a sporadic FAP patient in which we did not
find any pathogenic APC mutations by the conventional Sanger sequencing. Whole-genome sequencing and subsequent deep
sequencing identified a mosaic mutation of ¢.3175G>T, p.E1059X in ~ 12% of his peripheral leukocytes. Additional deep
sequencing of his buccal mucosa, hair follicles, non-cancerous mucosa of the stomach and colon disclosed that these tissues
harbored the APC mutation at different frequencies. Our data implied that genetic analysis by next-generation sequencing is an
effective strategy to identify genetic mosaicism in hereditary diseases.
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INTRODUCTION

Approximately 5% of colorectal cancer is caused by hereditary tumor
syndromes including Lynch syndrome and familial polyposis of the
colon. Their diagnosis is crucial not only for the treatment of patients,
but also the healthcare of their relatives. Genetic testing is, therefore, of
great importance for the diagnosis and the identification of the
mutation carriers in the relatives.! Familial adenomatous polyposis
(FAP) is an autosomal-dominant colorectal cancer predisposition
syndrome that accounts for ~1% of newly diagnosed colorectal
cancer cases. FAP is characterized by the development of multiple
adenomatous polyps ranging from hundreds to thousands in the large
intestine. A majority of the patients carry a germline mutation in the
tumor-suppressor gene APC (adenomatous polyposis coli), but a small
number of adenomatous polyposis cases are caused by germline
mutations in MUTYH, POLDI or POLE. Genetic tests are performed
for the screening of APC, but pathogenic mutations are not detected in
some FAP cases by conventional direct sequencing owing to several
reasons; (i) the region of testing is often restricted to 5’-half in the
coding region and does not usually include the 3’-half, promoter
region, or the 5’- or 3'-UTR. (ii) Structural alteration comprising large
deletions/insertions and inversions are hard to identify by the

conventional sequencing method and other testing methods are
required. (iii) Some cases of adenomatous polyposis are caused by
mutations in other genes such as MUTYH, POLDI and POLE.Z2?
(iv) Some FAP cases are caused by somatic mosaicism of APC.4~7

Large-scale genome sequencing, also known as next-generation
sequencing (NGS), is applicable to germline genomic sequencing, as
well as other purposes including sequencing of tumors, sequencing of
mRNA to analyze gene expression (RNA-seq), sequencing of DNA
enriched by chromatin immunoprecipitation to characterize elements
in protein-DNA interactions (ChIP-seq) and others. The entire
genome of an individual can be sequenced in less than 1 week for
5000 to 10000 dollars.® Cost reduction, together with advanced
bioinformatics capabilities, have led to increased opportunities for
NGS usage in various clinical applications including the detection of
rare hereditary mutations, individualized therapy, pharmacogenomics,
preconception/prenatal screening and population screening for disease
risk >10

Here we show that genetic testing by NGS facilitates to identify
mosaic APC mutations in patients with attenuated polyposis. NGS will
improve genetic diagnosis of hereditary diseases whose mutations have
been overlooked by conventional direct sequencing.
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MATERIALS AND METHODS

Patients and ethical approval

This project was approved by the ethical committee of Institute of Medical
Science, the University of Tokyo (IMSUT-IRB, 23-18-0929 and 23-19-0929).
Written informed consent was obtained from the patient in this study.

Genetic testing

Genomic DNA was extracted from peripheral blood of the patient according to
the standard phenol extraction/purification procedure. APC coding exons were
amplified with M13-tailed target specific primers, and the PCR products were
sequenced on the Applied Biosystems 3730 x| DNA Analyzer (Thermo Fisher
Scientific, Waitham, MA, USA) using the BigDye Direct Cycle Sequencing Kit
(Thermo Fisher Scientific). The primer sequences used for sequencing are
available on request.

Whole-genome sequencing

We prepared insert libraries of 250-350 bp from 1.0 pg of genomic DNA from
lymphocytes and sequenced them using the HiSeq 2000 platforms with paired-
end reads of 101 bp according to the manufacturer's instructions (Illumina,
San Diego, CA, USA). For the data processing, fastq files were aligned to human
reference sequence (hgl9) by BWA!! (ver. 0.5.10) and a bam file was created.
For the detection of variants, we compared the bam file with the reference
sequence by a Bayesian approach. We used a beta non-informative prior for
representing the probability of existence of variant and the posterior distribu-
tion was obtained using the information of observed reads at each candidate
position, We supposed that a random variable X' follows the posterior
distribution representing the probability of variant. We used Pr(X>0.05) as
the score, and regarded the candidate positions whose scores were greater than
0.9 as statistically significant.

Validation of variants detected by NGS

To confirm the mutation, DNA of peripheral blood was amplified indepen-
dently by PCR (KOD-Plus kit, TOYOBO, Osaka, Japan) with a set of primers
encompassing the possible pathogenic mutation, and direct sequence was
performed by the Sanger method. The primer sequences used for amplification
are shown in Supplementary Table 1. To confirm mosaicism, genomic DNA
was extracted from hair follicles, two sites of buccal mucosa, three sites of non-
tumorous stomach mucosa, five sites of non-tumorous colonic mucosa and five
adenomatous polyps from the patient by the standard phenol extraction/
purification procedure. Deep sequencing was carried out using IonPGM
Sequencing 200 kit and Sequencing 400 kit (Thermo Fisher Scientific) with
libraries of PCR products prepared using Ion Plus Fragment Library Kit
(Thermo Fisher Scientific). Variants were identified using the Variant Caller
deployed with Torrent Suite (Thermo Fisher Scientific).

RESULTS

In clinical genetic testing, we encountered a male, 41 years of age, who
suffered from multiple polyps in his large intestine. He earlier visited a
hospital for the secondary screening of his intestine because of occult
blood in his fecal test. Colonoscopy detected <100 adenomatous

Table 1 Summary of variations in all APC exons detected by WGS

polyps in his large intestine and subsequent histological examination
of the polyps diagnosed adenomatosis. As he had no family history of
polyposis or colorectal cancer, he was suspected to be a de novo case of
FAP or a patient of MUTYH-associated polyposis. Direct sequencing
of APC was performed using DNA extracted from his lymphocytes to
examine the 5'-half of the coding region where most of the APC
mutations occur; however, no pathogenic mutations were detected.
Although structural analysis of APC by Multiplex Ligation-dependent
Probe Amplification, or sequencing of MUTYH, POLD and POLE by
the Sanger method were available for the second screening, we
performed whole-genome sequencing to test the usefulness of NGS
in clinical testing.

The average depth of sequence coverage was ~ 26x, and a total of 4.6
million variants were identified in the patient. Because three to four
million variants are generally detected by whole-genome sequencing in
an individual,” we considered that the number of variants was reason-
able. Among the 4.6 million, 30 501 variants were located in the exonic
regions, and 8 were detected in the exons or splicing regions of APC
(Table 1). Importantly, one of the eight variants was a nonsense
mutation (¢.3175G >T p.E1059X) that was determined in 6 of 50 reads
(12%). Although the frequency was much lower than 50%, we
suspected that it may be the causative mutation of his polyposis because
the nonsense mutation truncates the APC protein leading to the loss of
domains involved in-B-catenin degradation. We re-sequenced the region
by the Sanger method, and found a low peak of mutant allele compared
with the wild allele in his DNA from peripheral blood. Taken together
with his family history and the number of polyps, we suspected the
possibility of APC mosaicism. The Sanger method is apparently less
sensitive for the detection of mosaicism, compared with NGS
(Figure 1). Notably, NGS identified no deleterious mutation in
MUTYH, POLDI1 or POLE (data not shown). The remaining seven
APC variants had been detected in the initial screening.

We further performed a deep sequencing of his DNA isolated form
peripheral blood, hair follicles and two sites of oral mucosa. The
average depth of coverage achieved with amplicon sequencing was
34699x ranging from 3726 to 87133. As shown in Table 2,
¢.3175G > T mutation was observed in 453 of 3726 reads (12.2%) in
peripheral blood, 3774 of 83 679 (4.5%) in hair follicles, and 2099 of
69169 (3.0%) and 4860 of 66557 (7.3%) in buccal mucosa. Because
the patient underwent gastric endoscopy and total colectomy, we also
examined the mutation in three spots of non-tumorous gastric
mucosa, five spots of non-tumorous colonic mucosa and five
adenomatous polyps in the colon. Interestingly, we found different
frequencies of ¢.3175G>T mutation in non-tumorous gastric
(18.9, 22.7 and 27.7%) and colonic (9.2, 3.4, 12.3, 5.8 and 9.0%)
tissues (Table 2). In addition, the mutation was found at higher
frequencies (32.3, 28.6, 29.8, 32.5 and 24.7%) in the colonic polyps

Type Mutation Protein alteration dbSNP131 Ref (No of reads) Obs (No of reads) Mismatch ratio
Synonymous ¢.T1458C p.Y486Y rs2229992 T () C (75) 1
Synonymous c.G1635A p.A545A rs351771 G (0) A (35) 1
Nonsense ¢.G31757 p.E1059X — G (44) T (6) 0.12
Synonymous c.G4479A p.T1493T 141115 G (0) A (55) 1
Synonymous ¢.G5034A p.G1678G 1542427 G (0) A (67) 1
Synonymous c.T5268G p.81756S8 rs866006 T (0) G (43) 1

Non synonymous c.T5465A p.v1i822D 15459552 T(0) A (39) 1
Synonymous ¢.G5880A p.P1960P rs465899 G (0) A (23) 1

Abbreviations: APC, adenomatous polyposis coli; No, number; Obs, observed nucleotide; Ref, reference nuclectide; WGS, whole-genome sequencing.
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Figure 1 Direct sequencing of the mutant allele (c.3175G>T) in peripheral blood, non-cancerous colonic mucosae and adenomas of the colon. The arrows
indicate the position of mutation. The corresponding results obtained from deep sequencing are shown on the left.

than the non-tumorous mucosa (Table 2). These data implied that the
¢.3175G>T mutation has a crucial role in the development of
adenoma, and are consistent with the view of a clonal expansion of
cells carrying APC mutation. As the average frequency of APC
mutation in the polyps is ~30%, we can estimate that between 50
and 60% of the polyps are composed of tumor cells if loss of
heterozygosity is not involved in the tumorigenesis.

DISCUSSION

In this report, we have shown that NGS is a powerful tool to identify
mosaicism of APC mutation in a patient with polyposis. Although
reports of somatic APC mosaicism are limited, recent studies have
demonstrated that the mosaicism (10—20%) is present in a significant
number of FAP patients harboring de novo germline mutation of
APC*® Therefore, APC mosaicism may have been underestimated

compared with other tumor-suppressor genes such as RBI, TSCI and
TSCak?

According to the number of polyps and age of onset, FAP is divided
into three clinical subtypes: attenuated (mild), classical (typical) and
severe.!>1¢ A genotype—phenotype correlation has been well known in
FAP. A recent study confirmed that patients with APC mutations
between codon 1249-1549 certainly developed polyposis at an early
age and exhibited a worse survival. On the other hand, patients with
APC mutations in codon <178 or 312-412 have a later onset of
polyposis and exhibited an improved survival.!” Aretz et al. previously
reported eight cases with APC mosaic mutations. Although the eight
mutations were located between codons 216-1464 associated with
classical or severe phenotype, most of the patients exhibited mild
phenotype. As the cells carrying APC mutation are scattered at a lower
frequency in the epithelia of colonic mucosa compared with the
classical FAP, the patients with mosaic mutations likely have a milder
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