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Abstract

To further unravel mechanisms of APC mosaicism in 27 genetically unexplained patients with
colonic neoplasms, we used deep sequencing to analyze at least two adenomas or carcinomas
per patient. Identical mosaic APC variants were identified in adenomas of 9/18 patients with
21-~100 adenomas. Mosaic variants were then variably detected in leukocyte DNA and
normal mucosa or were confined to normal mucosa. In one patient comprehensive analysis
found no evidence for the mosaic APC variant in normal mucosa. One patient was found to
carry the mosaic APC variant in 10/16 adenomas, underlying the importance of screening >
two adenomas.

Keywords: unexplained polyposis; APC mosaicism
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Main body

Somatic APC mosaicism is estimated to occur in 20% of de novo adenomatous polyposis
cases."” Current methods to detect APC mosaicism are designed to test for germline variants
in leukocyte DNA and the effectiveness of these methods depends on both method-specific
sensitivity and the relative contribution of the mosaic variant to the tissue analyzed. Recently,
a next-generation sequencing (NGS) study of at least two colonic adenomas in twenty patients
found somatic pathogenic APC variants in five patients (25%).* Analysis of leukocyte DNA
confirmed the mosaic APC variant in 4/5 cases, but no other tissues were analyzed.

With the aim of identifying APC mosaicism we analyzed at least two adenomas or carcinomas
with NGS in six patients with 5-20 adenomas, 18 patients with 21-~100 adenomas, one patient
with >1000 adenomas, two patients with multiple primary colorectal carcinomas and two
positive controls.” Nine patients with 21-~100 adenomas (50%) and the two positive controls
(APC-08 and APC-09), showed somatic mosaicism, with identical APC variants in adenomas
tested (Table 1). No difference was observed in location (left/right) or distribution (segmental/
whole colon) of the adenomas in patients with or without somatic APC mosaicism.

Leukocyte DNA was available for 10/11 of the mosaic patients, including one of the controls.
Five of these previously tested negative for a germline mosaic APC variant (APC-03, APC-
08, APC-09, APC-17 and APC-18, Supplementary Table 1). With NGS deep sequencing a
pathogenic variant was identified in three of 10 leukocyte DNAs (APC-03, APC-17 and APC-
18) at a 1-4% variant frequency, indicating the detection limit of previously used techniques.
Initial testing of adenomas allows detection of very low frequency germline variants and
mosaic variants confined to the colon, while initial leukocyte deep sequencing is shown to
result in a high percentage false positives.* Human gastrulation, the process by which the
three germ layers are established, is thought to occur at approximately day 16.*° The presence
of a variant in both leukocyte DNA (mesoderm) and colon mucosa (endoderm) would imply
the appearance of this variant before day 16. Primordial germ cells are thought to arise from
the primary ectoderm during the second week of development. Therefore, the presence of a
somatic variant in both leukocyte DNA and colon mucosa indicates that the variant arose
early enough to potentially also be present in germ cells and therefore transmissible to the
next generation.

In leukocyte DNA of six mosaic APC patients (APC-07, APC-09, APC-15, APC-21, APC-24
and APC-25), the APC variant could not be detected by deep sequencing. In four patients
(APC-07, APC-09, APC-21 and APC-24), with available normal colonic mucosa, the
mosaic APC variant was either not detected in normal mucosa (APC-07) or was present at a
frequency of 2-29% (APC-09, APC-21 and APC-24, Table 1). In patient APC-24 the variant
was present in one of the normal mucosa samples with a 2% frequency, while absent from
the other sample, probably due to sampling bias. Variants only present in adenoma- and
normal colonic DNA, but absent from leukocyte DNA , indicate a somatic event after the
third week of embryogenesis and are unlikely present in the germ cells. For the other two
mosaic patients without positivity in leukocyte DNA (APC-15 and APC-25), normal mucosa
was not available. DNA from buccal mucosa, fibroblasts and urine from patient APC-09 and
APC-21 tested negative for the mosaic APC variant.
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Chapter 6

Patient APC-04 and APC-08 were both found to carry an APC c.4666dupA variant in the
adenomas initially sequenced with NGS. This variant islocated in a homopolymeric nucleotide
sequence and could not be reliably detected with the NGS technique alone.” However, the
variant could be confirmed using the less sensitive HRMA and Sanger sequencing, with a
30-70% variant frequency in both adenomas of patient APC-08 and 10/16 tested adenomas
of patient APC-04. In the six adenomas of patient APC-04 not carrying the c.4666dupA
variant, other APC variants were detected with NGS (Supplementary Table 2, APC-04/P4-
P9). The pathology report did not give the exact location of each adenoma and investigating
possible clustering of adenomas with and without the APC c.4666dupA variant was therefore
not possible. Nevertheless, this unusual pattern of adenomas with and without the APC
mosaic variant illustrates the possible co-occurrence of sporadic adenomas within a mosaic
environment, and highlights the importance of screening multiple adenomas. Additionally,
leukocyte DNA of the children of patient APC-04, APC-07 and APC-21 was tested for the
mosaic APC variant detected in the parent (Table 1), but none showed the mosaic variants.
These findings are consistent with the APC variants occurring after primordial germ cell
specification, as would be predicted by the absence of the APC variants in leukocyte DNA in
APC-07 and APC-21.

In three patients (APC-03, APC-07 and APC-17) the mosaic pattern was subjected to a
comprehensive analysis (Figure 1). Deep sequencing of normal mucosa samples identified
an APC variant at frequencies between 0.4-29% (APC-03) and 0.8-15% (APC-17). In patient
APC-07, the APC ¢.3340C>T variant was not found in DNA from the muscularis propria
of the ileum, one draining lymph node of the colon, rectal mucosa, small bowel mucosa or
seven normal colon mucosa samples. The lymph node sample was analyzed to a 700,000
sequence depth, but still the variant was not detected in this sample. A possible explanation
for the anatomically widespread occurrence of the APC variant could be field cancerization,
a process in which the normal cell population is replaced with tumorigenic clones.® This
mechanism has been previously described in patients with inflammatory bowel disease,
in whom “pre-tumor” clones with identical TP53 founder mutations, but different driver
mutations spread throughout the colon. In agreement with this idea, patient APC-07 showed
other additional driver mutations in the different adenomas tested (Supplementary Table 2). A
possible mechanism of this clonal expansion of tumorigenic cells is crypt fission, and chronic
inflammation of the intestine as seen in inflammatory bowel disease patients is a likely growth
stimulus.® It is not known whether chronic inflammation was present in patient APC-07. It
is also conceivable that previous endoscopies may have aided the spread of tumorigenic cells
throughout the intestine, although this does not explain the presence of 20-30 adenomas at
first colonoscopy.® The size gradient from distal to proximal further accords with the notion
that the underlying mechanism of polyposis in this patient was field cancerization developing
from one distal tumorigenic cell in the colon and then spreading more proximally.

In detecting APC mosaic variants we underline the importance of testing at least two but
preferentially more adenomas. We detected remarkable patterns of mosaicism, with either
sporadic adenomas in a mosaic environment or spread of tumorigenic clones throughout the
colon suggesting a mechanism of field cancerization.
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Figure 1: Mosaic patterns of patient APC-03, APC-07 and APC-17

Representation of hemicolectomy patient APC-03(A) and APC-07(B) and rectosigmoid-resection of
patient APC-17(C) with location adenoma-derived (T), normal mucosa (N) and lymph node (LN)
samples. C, cecum; A, colon ascendens; T, colon transversum; D, colon descendens; S, sigmoid colon;
R, rectum. Size of the adenomas in the figure is proportional to real adenoma size, ranging between 4

mm and 3 cm diameter.
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Supplementary Methods

Study subjects

In total, 27 patients and two positive controls were included. Patients presented with 5-20
adenomas (n=6), 21-100 (n=18), 1000 adenomas (n=1) or multiple colorectal carcinomas
(n=2), while the two positive controls both had 21-100 adenomas. All patients were negative
for germline APC/MUTYH variants by Sanger sequencing and Multiplex Ligation-dependent
Probe Amplification (MLPA). In addition, the cohort included patients previously screened
for germline (mosaic) APC variants by denaturing gradient gel electrophoresis (DGGE)', the
protein truncation test (PTT)" and high-resolution melting analysis (HRMA)°. Patients were
also screened for CRC risk-associated SNPs® and POLE and POLD1 hotspot mutations (see
Supplementary Table 1). No pathogenic germline (including mosaic) APC, MUTYH, POLE
or POLDI variants were detected in these patients.

Demographic and clinical data and informed consent were obtained during the consultation.
The study was approved by the LUMC medical ethical committee (PO1-019E). Patients
presented with polyposis affecting the entire colon (n= 12) or segmental polyposis, either
right-sided (n=2) or left-sided (n=9) (see Table 1). The location of the adenomas was unknown
for four patients, and two patients had multiple colorectal cancers but no adenomas.

Of the 29 patients included, 11 patients represented a retrospective cohort collected between
2000 and 2013. Nine of these patients presented with multiple colorectal adenomas (5-100),
while one patient showed 1000 adenomas distributed throughout the colon. The final patient
in this group (APC-12) presented with two primary colorectal carcinomas before the age
of 50. The average age at diagnosis was 46.8 years (range 26 — 63 years). In addition, sixteen
patients were prospectively recruited.

All but one presented with 20-100 adenomas, with an average age at diagnosis of 60.1 years
(range 33-75 years). One patient (APC-11) was diagnosed with four primary colorectal
carcinomas at the age of 53. Adenomas from two positive controls were also included. These
patients (APC-08 and APC-09) were previously tested for mosaic APC variants in a pilot
study using high resolution melting analysis (HRMA).> Patient APC-08 carried an APC
frameshift variant (c.4666dupA) in both adenomas tested, while patient APC-09 displayed
an APC nonsense variant (¢.4057G>T) in both adenomas tested (see Supplementary Table 1).

Twenty-three tumor or adenoma-derived DNA samples from patient APC-07 were analyzed
with Sanger sequencing for six APC hotspot variants (c.3340C>T, ¢.3927_3931delAAAG,
c.4348C>T, ¢.4348C>G, ¢.4391_4394delAGAG and c.4666delA) at the Erasmus MC,
Rotterdam. DNA isolated from the muscularis propria of the ileum, one draining lymph
node from the colon and several normal mucosa samples throughout the colon and near the
adenomas was tested with SNAPshot" and mutation-specific PCR (APC mutation-specific
primers available on request). Additionally, DNA from rectal mucosa, small bowel mucosa
and normal colon mucosa was analyzed by deep sequencing (see Figure 1).
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Tissue micro-dissection and DNA extraction

Formalin-fixed paraffin embedded (FFPE) tissue blocks were collected for all patients.
Hematoxylin and eosin-stained tumor tissue slides were examined for tissue sections with
tumor percentages >20%. After examination, 5 to 10 um sections were prepared and stained
with hematoxylin (eosin staining was omitted to preserve the integrity of the DNA). After
staining, slides were visualized with an inverted microscope and manually microdissected
with a sharp, pointed knife. When frozen tissue was used, tumor enrichment was achieved
by removing non-tumorous tissue as much as possible after frozen section analysis. DNA was
isolated with the Nucleospin® Tissue kit (Bioké, Leiden, the Netherlands). If possible, DNA
from normal colon mucosa was also isolated from FFPE tissue blocks.

Target enrichment, DNA sequencing and data analysis

A custom APC Panel was designed with the Ion AmpliSeq™ Designer tool. The complete
sequencing panel consisted of 115 amplicons (11216 bp), covering 99.3% of the coding regions
of APC. Next-generation sequencing of APC was performed with the Ion PGM™ System (Life
Technologies, Carlsbad, CA, USA). Raw data analysis, alignments, and variant calling was
done using the default parameters in Torrent Suite v4.0. The Variant Caller Parameter Setting
was set on ‘Somatic - PGM - Low Stringency. Variants were functionally annotated using
ANNOVAR." Variants were annotated to the Genbank reference sequence NM_000038.5.
Coding variants were analyzed for their effect on function with in silico protein prediction
software Align GVGD?®, SIFT (http://sift.jcvi.org/), PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/) and MutationTaster (http://www.mutationtaster.org/). The Leiden Open Variation
Database (LOVD, http://www.lovd.nl/APC) and the catalogue of somatic mutations in cancer
(COSMIC, http://cancer.sanger.ac.uk/cosmic) were consulted to find variants previously
described and classified. All variants predicted to affect function were visually inspected
with the Integrative Genomics Viewer (IGV, https://www.broadinstitute.org/igv/home) and
confirmed by Sanger sequencing. Loss of heterozygosity (LOH) was called if all APC SNPs
showed a variant frequency between 10 - 30% or between 60-90% (Supplementary Table 2).

Leukocyte and/or DNA from normal colon mucosa of all patients with identical APC variants
in multiple adenomas was screened for a specific mosaic APC variant. Primers amplifying
specific amplicons containing the variant were used for deep sequencing (coverage minimal
1000x). All other available tumor or adenoma-derived DNA was also tested for the mosaic
APC variant in order to study the pattern of mosaicism (Supplementary Table 1).

Confirmation of variants using KASPar or HRMA

Confirmation of the APC c.2493dupA variant (patient APC-18) was done using the competitive
allele-specific PCR (KASPar) assay, following the manufacturer’s protocol (LGC Genomic,
Berlin, Germany). The primers were designed using Primerpicker (KBioscience, Hoddesdon,
UK) and the following primers were used: APC_c.2493dupA_C1; 5 GGC AAC ATG ACT
GTC CTT TCA CCA T-3] APC_c.2493dupA_Al; 5- GAA GGT GAC CAA GTT CAT
GCT CCT CTT GAT GAA GAG GAG CTG GGT A-3" and APC_c.2493dupA_A2; 5> GAA
GGT CGG AGT CAA CGG ATT CTC TTG ATG AAG AGG AGC TGG GTT- 3’ Variants
were identified using CFX manager software v3.0 (Bio-rad, Veenendaal, the Netherlands).
Confirmation of the variant is shown in Supplementary Figure 1.
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The APC c.4666dupA variant (patients APC-04 and APC-08) is a duplication in a
homopolymeric nucleotide stretch and could in many cases be a false positive as the NGS
workflow used (PGM) is known to produce errors in homopolymeric sequences.” This
variant was confirmed by high resolution melting analysis (HRMA). Sixteen adenoma and 11
matched normal mucosa DNA samples (normal colon mucosa isolated from the same FFPE
block as matched tumor) were available for patient APC-04 and were tested for the variant.
HRMA and HRMA data analysis were performed according to the LUMC clinical diagnostics
protocol, as previously described.?

Testing offspring

The offspring above the age of 18 years of all patients within the cohort was offered genetic
screening if a mosaic variant was found in the index patient, irrespective whether the mutation
was present in adenomas, normal mucosa and/or leukocyte DNA. (Supplementary Table 1)
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Supplementary Figure 1: KASPar assay APC c.2493dupA

KASPar assay of the APC ¢.2493dupA variant. In black two positive controls (P1 and P2), the leukocyte
DNA sample (L) with 7% mutant allele and the normal mucosa (NM) sample. Cluster analysis of the
endpoint fluorescence of the KASPar assay shows three distinct clusters. The two adenoma samples cluster
together and display a heterozygous phenotype, containing the wildtype and mutant allele. All negative
controles (in grey) cluster together and are shown to be homozygous wildtype. The normal mucosa sample

falls within this cluster. The leukocyte DNA sample shows a low, but certainly visible percentage of mutant
allele.
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Chapter 6
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Distinct patterns of APC mosaicism in unexplained adenomatous polyposis patients
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