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Chapter 1

General Introduction
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I. Diagnostically challenging areas: distinguishing primary from secondary
ovarian malignancies

Description of the problem

The ovaries are a preferential location for metastases from, among others, colon,
stomach, appendiceal, breast, and endometrium carcinomas.[1] The reported per-
centages of secondary ovarian tumors (metastases) vary from 8-30%.[2] Several rea-
sons can be given why such percentages show a broad range. First, studies are
different by design. Some studies are based on autopsy findings, while others are
based on prophylactic oophorectomies. Second, differences in the incidence of pri-
mary tumors can cause a variance in the pattern of metastases. For example, stom-
ach cancer has a higher incidence in Japan than in many other countries.[3]
Therefore, metastases of stomach cancer to the ovaries are expected to be more
common in Japan. Mostly the gastro-intestinal tract (GIT) seems to be the main
source for ovarian metastases. The contribution of tumors from other organs is less
clear. Breast and endometrial cancers are the second and third major sources, re-
spectively, of ovarian metastases. Less frequent are metastases from cervical tumors.
Correctly distinguishing between primary and secondary ovarian tumors using hema-
toxylin-eosin staining in combination with immunohistochemistry can be problematic
but is crucial for correct treatment choice.[4, 5]

Macroscopic and histologic approach

A gross distinction between primary and secondary ovarian tumors can be made by
taking tumor size and unilaterality versus bilaterality into account.[6] Following the
decision tree depicted in Figure 1, it is possible to estimate whether an ovarian tumor
is a primary tumor or a metastasis. A unilateral ovarian tumor with a diameter larger
than 10 cm is probably a primary tumor. All bilateral and unilateral tumors smaller
than 10 cm are much more likely to be metastases.

Visceral organs are mostly affected by conventional adenocarcinomas, originating
from the glandular epithelium. Some of the primary ovarian malignancies such as en-
dometrioid and mucinous adenocarcinomas can show extensive histological and im-
munohistochemical similarities to these adenocarcinomas. Otherwise, the histologic
characteristics of metastatic GIT ovarian tumors do not resemble serous papillary or
clear cell tumors of the ovary. Consequently, based on histology, a subset of primary
ovarian tumors has a clear origin and diagnosis is straightforward. In addition, other
histologic findings can assist in defining the malignancy. For example, surface in-
volvement by malignant epithelial cells is much more commonly seen in metastases
than in primary ovarian tumors.[7] On the other hand, an expansile growth pattern is
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more often seen in primary ovarian tumors. Therefore, with the help of histopatho-
logical findings, the difference between a primary origin or a metastatic process be-
comes clearer.

Immunohistochemical approaches

The logical next step in differentiating primary ovarian tumors from metastases is ap-
plying the use of immunohistochemistry. For example, primary ovarian tumors are
classically positive for keratin 7 and negative for keratin 20, while colorectal tumors
show the opposite staining pattern (keratin 7 negative, keratin 20 positive).[8, 9] Other
markers can also be used, not only to rule out an ovarian origin of the tumor but also
to gain insight into the location of the primary tumor. Positivity for intestinal markers
(such as carcinoembryonic antigen (CEA) and caudal type homeobox 2 (CDX-2))
can be an argument for an intestinal origin of the tumor cells.[9, 10]

Furthermore, the staining profile of a possible metastasis can be compared with the
primary tumor when the supposed primary location has already been discovered.
However, it is reported that only in up to 38% of cases the detection of ovarian metas-
tases precedes the detection of the primary tumors.[11] Finally, although infrequently
occurring, unrelated primary ovarian tumors can arise in patients who anamnestically
suffered from another malignancy, complicating the diagnostic procedures.

In routine diagnostics, the use of immunohistochemistry is frequently not fully dis-
criminating. For example, primary ovarian tumors generally tend to have a
Ker7+/Ker20- immunoprofile, while colonic metastases have a Ker7-/Ker20+ immuno-
profile. Nevertheless, keratin 7 positivity can be seen in proximally located GIT tu-
mors, and keratin 20 positivity can be seen in primary ovarian malignancies. A guided
immunohistochemical decision scheme is shown for complex cases in Figure 2.
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Il. Molecular subtyping of malignancies for diagnostic and therapeutic
objectives

When the clinical information, histologic features and immunohistochemical staining
patterns are combined, it is possible to differentiate between primary tumors and
metastases in a substantial subset of cases. For example, when a patient with a his-
tory of a colorectal tumor subsequently presents with a large ovarian mass a few
years later that displays a similar immunoprofile, it is not difficult to decide that the
ovarian tumor is likely to be a metastasis from the CRC. Nevertheless, some cases
are not as clear. In those cases, tumor size, unilaterality vs. bilaterality and the his-
tologic findings are not enough to discriminate between primary tumors and second-
ary metastases.

In pathology, histology has always been the basis for the subtyping of malignancies.
With the development of novel technologies (e.g., immunohistochemistry, expression
array analysis, DNA and RNA sequencing), additional subtypes have been defined.
Currently, the use of molecular characterization is advocated for all cancer types,
leading to molecular subtyping that is based on the underlying biology. Molecular
subtyping can help establish the correct primary diagnosis, give prognostic informa-
tion and help stratify (neo-) adjuvant treatment decisions. Tumors can be typed on
several levels (e.g., protein, DNA and RNA) and for multiple molecular features (e.g.,
protein expression, copy number alterations, mutations and methylation patterns).
These characteristics of a tumor can be described by the multiple “omes” (also called
“omics”).[12, 13] We describe these “omes” below.

The proteome is the complete set of proteins that partly reflects the transcriptome.
The proteome shows both differences over time and differences per tissue type.[14]
The proteome can be seen as the most functional profile of a cell, as all the other
“‘omes” eventually influence the generation of proteins. A subclassification per cell
compartment can be made (membrane, cytoplasm, and nucleus). A secretome, com-
posed of proteins that are secreted, can be established using cell cultures. Proteins
that are specifically produced by tumor cells can be useful as biomarkers if they are
detectable in serum. However, a relatively unexplored level of complexity is the analy-
sis of all post-translational modifications of proteins such as the addition of all kinds
of glycan and lipid molecules.[15]

The term genome applies to the complete DNA sequence, including coding se-
quences, which is the blueprint for the formation of proteins. The introduction of next-
generation sequencing (NGS) changed this field dramatically. In 2000, the
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International Human Genome Sequencing Consortium revealed of a rough draft of
the human genome sequence. [16] In 2003, a more detailed version of the human
genome sequence was presented. The cost of the first version of the genome was 3
billion US dollars. Currently, with NGS techniques, a genome can be sequenced for
a fraction of the cost (about $1000). Another development is ‘targeted sequencing’ in
which only genes of interest are selected from the genome.[17] In this way, those se-
lected regions can be sequenced with high coverage, i.e., sequencing the same locus
multiple times. This method improves the analysis and reduces false-positive and
false-negative calls. In the past, Sanger DNA sequencing was used to detect muta-
tions in clinically relevant genes. However, to screen complete genes and multiple
genes in a sequential row is time-consuming. Currently, with the introduction of the
revolutionary NGS technology, it is possible to sequence multiple or even all genes
at the same time. NGS has become a standard technique in diagnostics for identifying
gene variations.

The  Catalogue Of Somatic  Mutations In  Cancer (COSMIC;
http://cancer.sanger.ac.uk/cosmic) was the earliest database in which the mutational
profiles of most cancer types were compiled.[18] These mutational profiles were con-
structed by sequencing data generated by Sanger sequencing. The enormous
amount of data coming from NGS devices resulted in an immense increase in gene
variants. These variants were compiled in hundreds of databases displaying
overviews of pathogenic and non-pathogenic variants (e.g., SNPs).[19] Well known
are the dbSNP database that aims to show non-pathogenic variants and the ClinVar
database that lists genetic variations and their clinical relevance.[20, 21] However,
databases polluted by false positive (suggested to be disease-causing) variants are
problematic when analyzing sequence data and determining the clinical significance
of variants.[22]

The transcriptome is the complete set of all RNA components (MRNA, rRNA, tRNA,
microRNA and other non-coding RNAs).[23] A key feature of the transcriptome, in
contrast with the stable genome, is its dynamics. Over time and per tissue type, the
expression levels of all RNA subtypes can differ. The transcriptome can be examined
by oligonucleotide arrays that use chip technology with complementary sequences
to bind cDNA. When co-hybridizing a reference pool of cDNA labelled with a flores-
cent signal, the amount of cDNA of the test sample labelled with a second fluo-
rochrome influences the intensity of the read out signals and is thus informative about
the expression levels.[24] NGS technology has created an alternative approach for
analyzing the transcriptome. The number of transcripts obtained in an NGS analysis
can be used as a read-out for the expression levels of genes, being a modern version
of the classic serial analysis of gene expression (SAGE).[25] Sequencing of all RNA
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(cDNA) molecules can also be informative about expressed pathogenic variants, al-
ternative gene spliced transcripts and fusion transcripts that are sufficiently expressed
and do not undergo nonsense-mediated decay.[26, 27]

The epigenome (also called the methylome) reflects all the epigenetic modifications,
which are mainly alterations of DNA methylation patterns and histone modification of
the genome.[28] Differential DNA hypermethylation regulates gene expression by the
binding of methyl groups to specific regions in the DNA, the so called CpG islands.
In cancer, a frequently observed phenomenon is hypermethylation of tumor suppres-
sor genes. Tumor suppressor genes that are active in normal tissues have many reg-
ulatory roles and, once inactivated, can induce tumor formation. However, in addition
to CpG island hypermethylation, global hypomethylation of widely dispersed DNA el-
ements in the genome (for instance the LINE-1 elements) can also be seen.[29]
Changes in global methylation patterns can affect three dimensional DNA structures
through altered CCCTC-binding factor (encoded by CTCF) expression.[30] This in
turn leads to altered mMRNA expression patterns as a consequence of differential ac-
cessibility for all transcription factors.

The above described “omes” are only a selection of all the possibilities that can be
recognized at present. To completely understand the underlying biology of cancer
cells, a comprehensive analysis of all omics fields is theoretically needed in the in-
teractome or multiome. Furthermore, complete and in-depth analysis of tumors at all
these levels might lead to a better understanding of why tumors react or do not react
to classic and targeted therapies. Additionally, new approaches might be revealed by
absolute comprehensive analysis. In the context of this PhD thesis, extensive analysis
might reveal the stratifying molecular profiles that undoubtedly indicate the true origin
of metastasized tumors.

Molecular subtyping of sporadic colorectal cancer

To some extent, comprehensive molecular profiling information of several tumor types
is currently available. Large cohorts of, among others, colon, breast, endometrial and
ovarian carcinomas have been studied in The Cancer Genome Atlas project
(https://cancergenome.nih.gov/).[31] Not only somatic DNA variations are investigated
but also methylation patterns, gene fusions and expression patterns.

For colon carcinoma, three classic molecular pathways implicated in colorectal tu-
morigenesis have been identified.[32] The chromosomal instability pathway (CIN) is
the most prevalent of these three pathways, accounting for approximately 70-85% of
colorectal cancer. The microsatellite instability (MSI) and the CpG island methylator
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phenotype (CIMP) pathways are the other two.

Chromosomal instability pathway (CIN)

The CIN pathway is associated with pathogenic variants of APC and KRAS and the
loss of chromosome 5q, chromosome 17p and chromosome 18q.[33] APC variants
are found in approximately 60-80% of colon carcinomas. KRAS mutations are found
in approximately 35-42% of the cases. Other genes that are involved are DCC,
SMAD2, PIK3CA and SMAD4, which are all located on chromosome 18q. Allelic loss
of the 18q region is found in 60% of colorectal carcinomas. Functional loss of TP53
(by combined mutation and loss of heterozygosity of the wild-type allele) is seen in
approximately 50-75% of colorectal carcinomas. A comprehensive overview of the
genetic profiles of CRC by next-generation sequencing (NGS) was recently pub-
lished, and the results mostly confirmed the above prior knowledge.[34]

Microsatellite instability (MSI)

During DNA replication, DNA polymerase makes copying errors in repetitive DNA el-
ements, the micro-satellites. The DNA mismatch repair system (MMR) is meant to
recognize and repair these mistakes. Inactivation of one of the genes responsible for
MMR repair leads to a high incidence of sequence variation in these repetitive mi-
crosatellites, often 2-6 base pairs long, termed microsatellite instability. Tumors with
a high incidence of somatic variation in microsatellites are typed as microsatellite in-
stability-high tumors (MSI-H).[35] In Lynch syndrome, a colorectal and endometrium
cancer susceptibility syndrome, MSH2 and MLH1 are the most frequently germ line
altered genes. However, in recent years, MSH6, PMS2 and EPCAM have also turned
out to be important target genes in Lynch syndrome. Altered immunohistochemical
staining patterns of the MMR proteins can be used as a screening tool to guide germ
line testing of the MMR genes.

In addition to those resulting from Lynch syndrome, MSI-H tumors can also develop
as a consequence of somatic hypermethylation of the MLH1 gene promoter region
or due to inactivation of MMR as a result of somatic pathogenic variants in the MMR
genes with or without concomitant loss of heterozygosity of the wild-type alleles.
Tumors with low microsatellite instability (MSI-low or MSI-L tumors) often show in-
stability at dinucleotide or tetranucleotide DNA repeats. These are not typically asso-
ciated with inactivation of the 4 major MMR genes, although an association with
MSH3 inactivation was recently suggested.[36, 37] MSI-L tumors are furthermore as-
sociated with KRAS mutations and methylation of MGMT.

Recently, another molecular subtype of colorectal carcinoma was described that is
characterized by an ultramutated phenotype. Mutations in DNA proofreading en-
zymes polymerase 1 and 6 (POLE / POLD1) cause colon cancers with high muta-
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tional burdens, mostly comprising C>T base alterations. The pathogenic POLE/D1
variation is mostly somatic in origin, with a small proportion being germ line-based.
Comparable mutational phenotypes are also observed in endometrial adenocarcino-
mas.[38] Functional POLE / POLD1 alteration can secondarily lead to MMR defects,
thereby further contributing to ultramutated phenotypes.

CpG Island Methylator Phenotype (CIMP)

The CpG Island Methylator Phenotype (CIMP) is associated with widespread pro-
moter hypermethylation of numerous genes. CpG islands are DNA regions located
in the promotor regions of housekeeping genes carrying high G:C contents.[32] CRCs
with such characteristics are annotated as tumors with high frequency CpG island
methylation (CIMP-high).[39] Hypermethylation of promoter regions can result in de-
creased transcription of target genes, resulting in inactivation of tumor suppressor
genes, among others, and thereby contributing to tumorigenesis. A CIMP-high status
is also associated with the presence of somatic BRAF activation due to gene varia-
tion, which is in itself associated with a poor clinical outcome.

Subclassifications of CRC have been proposed that take BRAF (and KRAS) gene
variation into account.[40]

Revised subclassifications might better predict therapeutic response and progno-
sis.[41] To that end, the Colorectal Cancer Subtyping Consortium has classified col-
orectal cancer into four subtypes based on an integration of various levels.[42] Gene
expression-based subclassification was integrated with genome and methylome in-
formation. Four molecular subtypes of colorectal cancer were identified: CMS1, mi-
crosatellite instability immune (14%); CMS2, canonical (37%); CMS3, metabolic
(13%); and CMS4, mesenchymal (23%).[42, 43] However, the relevance of these re-
vised classifications in a clinical setting has yet to be explored.

Molecular typing applied to ovarian cancer

The classic categorization of subtypes of ovarian tumors is based on histological fea-
tures. When taking molecular data into account, a different classification scheme
emerges. Based on mutational profiles, ovarian tumors can be classified in type 1
and type 2 tumors.[44-46] Type 1 tumors consist of low-grade serous carcinomas,
low/intermediate-grade endometrioid carcinomas and most clear cell and mucinous
carcinomas. Type 2 tumors consist of high-grade serous carcinomas, high-grade en-
dometrioid carcinomas and undifferentiated carcinomas. Type 1 tumors are slow
growing and mostly found to be restricted to the ovaries. In addition, in type 1 tumors,
precancerous stages (borderline lesions) are identified. Type 2 tumors are fast grow-
ing and have often already metastasized at the time of diagnosis. Precancerous le-
sions of type 2 tumors can be the intra-epithelial neoplasms of the fallopian tube.[47]
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The classifications of type 1 and type 2 for endometrioid tumors can also be applied
at the molecular level.[48] Type 1 endometrioid tumors often show PTEN, PIK3CA,
CTNNB1/B-catenin and ARID1a pathogenic variants, while in type 2 endometrioid
tumors, TP53 pathogenic variants are often observed. Thus, low-grade ovarian en-
dometrioid tumors are characterized by mutations that deregulate the PISKIPTEN
and the canonical Wnt/B3-cat pathways and typically lack TP53 mutations. High-grade
ovarian tumors often show TP53 mutations and lack Wnt/B-cat or PI3K/IPTEN path-
way defects. Additional analysis through the Cancer Genome Network revealed sev-
eral subtypes within the group of high-grade serous ovarian carcinomas.[31]

A similar pattern is seen in serous carcinomas, where pathogenic variants in KRAS,
BRAF and ERBBZ2 oncogenes are observed. Inactivating variants in TP53 are rare
in type 1 serous tumors, in contrast with type 2 serous tumors. Ovarian cancer in the
context of germline BRCA1/2 gene variants also shows high grade serous histology.
Interestingly, the mutations found in type 1 tumors show similarity with the mutations
observed in their precursor lesions (such as borderline tumors and endometriosis).
This finding would be an argument in favor of the stepwise development of type 1 tu-
mors.

In mucinous ovarian tumors, KRAS pathogenic variants are often present.[49] Clear
cell tumors frequently harbor PIK3CA and ARID1a mutations.[50] Furthermore, dele-
tions in PTEN are regularly seen in the clear cell tumors.

Mismatch repair deficiency has been reported in all histological subtypes of ovarian
cancer, although it seems most prevalent in endometrioid and mucinous adenocar-
cinomas.[51, 52] These mismatch repair-deficient tumors may show an improved sur-
vival and specific chemosensitivity. POLE / POLD1 pathogenic variants are reported
in a small subset of endometrioid tumors. Additionally, these tumors may be charac-
terized by specific features.[53]

Serous ovarian carcinomas, the histological subtype that is most frequently diag-
nosed, have been extensively molecularly characterized.[54] However, those studies
are still lacking for endometrioid and mucinous tumors.

Comparing molecular profiles of carcinomas

Comparing in-depth mutational profiles of tumors derived from different organs or tis-
sues has made it possible to test whether specific mutational patterns and/or mutation
types in different tumor types could be revealed. Although distinctive mutational sig-
natures were discovered, recent studies have shown that the mutational profiles do
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not differ greatly between tumor types.[54, 55] The few well-known “cancer driver”
genes seem to be important in many malignancies. Subsequent or subclonal gene
variants that are seen during tumorigenesis are also seen in many tumor types. Look-
ing at the gene variants described in COSMIC (http://cancer.sanger.ac.uk/cosmic) or
The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/), similar variants
can be seen in both primary ovarian tumors and metastases from CRC, although with
different frequencies.[18] TP53, KRAS, and PIK3CA are frequently mutated in both
primary ovarian tumors and in metastases from CRC. Only the APC gene shows the
potential to discriminate between types based on the described mutational profiles
in the databases.

Looking at coding and non-coding DNA, but particularly the latter, at least 20 muta-
tional signatures can be distinguished based on the type of DNA variations identified.
These variations reflect the lifelong interaction with mutagenic influences.[56, 57] For
example, skin exposure to UV radiation and the exposure of cells to mutagens pres-
ent in tobacco smoke or certain food components is clearly reflected in characteristic
DNA variants in tumor DNA. Signs of aging can be seen in typical DNA deamination
patterns. In every tumor type, combinations of such mutational signatures are appar-
ent with individual signatures dominating depending on the exposure to a certain mu-
tagen. Unfortunately, in individual tumors DNA signature typing will not unequivocally
reflect the origin of the lesion. Combining many “ome” patterns might eventually solve
the issue of true typing of tumors. Previously, for the challenging characterization of
cases from unknown primary tumors (UPT), alternatively named carcinomas of un-
known primary site (CUPs), expression array-based assays were developed in order
to identify the primary tumors.[58] So far, expression-based models seem to be the
most suitable in determining the site of origin. Mutational analysis of the tumors might
primarily play a role in choosing the optimal (targeted) treatment.[59, 60] For syn-
chronously or metachronously presenting tumors at different sites, DNA variant analy-
sis can reveal a clonal relationship. Once the in-depth comparison of all molecular
features becomes available, the primary origin may be more easily identified. The
use of comprehensive testing in clinical care is in the beginning phase. Technical in-
novation and novel bioinformatic pipelines should make the enormous amount of data
(“big data”) accessible for clinical decision making.
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lll. Intra-tumor and inter-tumor heterogeneity: differences between pri-
mary tumors and metastases

Although tumors arise as clonal outgrowths from one cell, they consist of a hetero-
geneous population of cells years later. Differences between cells within one tumor
are described with the term intra-tumor heterogeneity (ITH).[61] General oncologic
treatments such as radio- or chemotherapy that target tumors as one single entity
will have different effects on heterogeneous cell populations within a tumor.[62] This
finding also explains the often observed differential responses of tumors to such ther-
apies, with certain tumor cells being less sensitive, resulting in residual tumor fractions
and/or tumor recurrence.

In-depth NGS analysis has taught us that a tumor consists of multiple subclones, each
with its own mutational profile.[63] To visualize the composition of a tumor, the compar-
ison to a tree with all its branches is often made. The trunk of the tree represents the
early “tumor-driving” gene variants, whereas the branches represent the different tumor
subclones all originating from tumor cells with different additional gene variants.[64]
The effectiveness of targeted therapies is dependent on the presence of targetable
gene variants in the tumor cells. Hypothetically, once all tumor cells carry a targetable
variant, a complete response by the tumor can be expected, although the small mol-
ecules used to target the identified molecules will inhibit signal transduction and not
be lethal per se. When targeting therapies were first introduced, there was hope that
specifically targeting genetic variants would result in spectacular reduction of tumor
load. In some cases, good initial results were achieved.[65, 66] However, the lack of
long lasting responses to targeted therapy could be explained by the complex and
hybrid mutational profiles of tumors.[67] Swanton et al. showed that sequencing dif-
ferent regions within renal cell carcinomas resulted in specific mutational profiles that
differed per region.[68] Such “spatial tumor heterogeneity” can be seen within one
tumor but also exists when comparing different metastatic sites. This finding would
explain the differential responsiveness /resistance at different metastatic sites. Many
studies have investigated the concordance of genomic variants between primary tu-
mors and their metastases.[70] These studies did increase the understanding of the
biological behavior of tumors. Primary tumors consist of large numbers of subclones,
of which only a limited number of clones will show metastatic potential.

Previously, one single biopsy, often of the primary tumor, was believed to be repre-
sentative of the entire tumor process.[69] The targeted treatment strategy was chosen
based on the molecular profile of single biopsies. Currently, studies have been con-
ducted that determine the mutation profiles of tumors at different regions or metastatic
sites. Most early driver genes, such as KRAS and P53, show considerable over-
lap.[63, 70, 71] However, in lung carcinoma, additional mutated driver genes are de-
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tected after subclonal diversification.[72] In addition, a large cohort of passenger
genes differs per tumor location. An option to address subclonality patterns could
also be through the analysis of circulating free tumor DNA or circulating single
cells.[73] Mutational profiles of tumors change over time, which is called “temporal
tumor heterogeneity”.[67] Repeated analysis is then needed to address this phenom-
enon. Recent research has taught us that in the first stage(s) of tumor development,
subclones are already present that show resistance to targeted therapies.
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IV. Technical considerations using NGS

Next-generation sequencing has dramatically changed the field of molecular diag-
nostics. High-throughput approaches deliver sequencing results in a fast and cost-
effective way. Generating large-scale DNA sequences by next generation sequencing
takes distinct steps.[74] First, DNA has to be processed in what is termed the “library
preparation”. For clinical purposes, targeted strategies are most often used.[75] In
this way, only the genomic regions of interest, where mutations are known to fre-
quently occur, are sequenced. By doing so, the bioinformatics analysis and interpre-
tation of the data are less complex, as the number of variants that is detected will be
limited in comparison to whole-genome sequencing. Furthermore, targeted sequenc-
ing requires less sequencing capacity and allows a higher throughput. For target en-
richment, several approaches are available, based on hybridization, circularization
or PCR.[75] Each approach has its pros and cons. Hybridization is most suitable for
targeting large regions, while PCR shows better results for smaller targets. However,
a larger amount of DNA is necessary with hybridization approaches than with PCR-
based technologies. DNA of average quality can be used in PCR-based approaches.
Very specific amplification of DNA regions can be obtained by circularization ap-
proaches.

During the process of targeting DNA, patient-specific barcodes can be added so that
multiple samples can be analyzed in parallel, reducing costs. Additionally, molecular
barcodes or single molecule tags can be added that mark each original template mol-
ecule. In this way, PCR duplicates, produced during the library preparation, can be
distinguished from independent reads originating from original template mole-
cules.[76]

A specific single molecule tag in each probe is informative to identify independent bi-
ological template molecules.[77] In targeted approaches, all targeted regions should
be amplified in the same order. However, these are complex interactive chemical
processes, which can lead to over- or under amplification of certain targets. Next, as
the number of genes that are clinically relevant will increase, new genes of interest
will have to be added in the enrichment step. As multiple primers can interact with
each other, updated gene panels will have to be validated to control their perform-
ance.

After enrichment of the regions of interest, DNA can be sequenced. Multiple sequenc-
ing platforms are available, based on different techniques.[74, 78] Optical read-outs
as the result of the incorporation of fluorescent nucleotides are most commonly used.
With pyrosequencing, pyrophosphates are released and measured after the incor-
poration of a base. A non-optical method is semiconductor sequencing, which meas-
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ures hydrogen ions that are released during the polymerization of DNA.

Each sequencing device has its advantages. In a clinical setting, fast turn-around
times are desired. The lon-PGM machine, based on semiconductor sequencing, de-
livers results in a couple of hours.[79, 80] However, this technique is more prone to
making mistakes in small repetitive sequences. On the other hand, optical sequencing
methods do not show these failures but have much higher turnaround times.

The last step in NGS, the analysis of the generated data, is the most complex.[81,
82] Next-generation sequencing produces an enormous amount of sequencing data.
However, this huge amount of data causes problems with correct interpretation of
the data. For example, single nucleotide polymorphisms (SNPs) are non-pathogenic
variants that are present throughout the population. Many SNPs are detected with
NGS. However, as no database exists in which biologically proven “true” SNPs are
archived, these single nucleotide variants are difficult to evaluate. Therefore, parallel
sequencing of normal tissue is useful in evaluating these variants.

Another problematic issue is thresholds. In analyzing NGS data, it is necessary to
have thresholds to filter out false-positive data. A certain amount of reads with mutant
alleles is desired for reliable mutation calling. However, the exact number of mutant
reads that is necessary to call a mutation “true” is not known. Rules for thresholds
are difficult to establish, as such numbers are also dependent on coverage that can
differ not only per gene but also per experiment.

Finally, the interpretation of data creates challenges. With NGS, variants are detected
in many genes for which no functional data are available. One example is the gene
FATA4. This gene is frequently reported to be mutated in glioblastomas, colorectal car-
cinomas and head and neck carcinomas.[83] However, a clear mechanism by which
FAT4 is involved in colorectal carcinogenesis is not known. For these recently dis-
covered genes, functional tests are necessary. Currently, mutational profiles of tumor
types are formed by “census genes”, mutations in which have been causally impli-
cated in cancer.[84] Genes that are known to be frequently mutated but for which
functional data are lacking are not mentioned in the mutation profiles. It might be that
future experiments reveal that previously unrecognized genes play an important role
in tumorigenesis. These functional experiments are crucial to determine the role of
mutated genes because the presence of genetic variants within a gene does not imply a car-
cinogenic effect. For example, the gene TTN (Titin) is a very large gene consisting of 363 exons
that encodes the Titin protein. This protein is important in the contraction of striated muscle
tissues, and due to the size of the gene, it shows very frequent genomic variations. However,
these variants are probably sequencing artifacts or SNPs, as variants in TTN are not linked to
carcinogenic processes.[85]
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Chapter 1

Thesis Outline

Distinguishing between primary and secondary ovarian tumors (metastases) based
on histological and immunohistochemical features is a known diagnostic problem.

Chapter 2 describes a cohort of CRC and duodenal cancer cases that presented
with metastases to the ovaries. The characteristics of this cohort, including the
germline APC status, were investigated.

In chapter 3 the comparison between the mutational profiles of primary ovarian tu-
mors versus secondary ovarian tumor (metastases) were explored. Mucinous and
endometrioid primary ovarian tumors were selected as these subtypes pose diag-
nostic difficulties in the differentiation from metastases of the gastrointestinal tract. A
gene panel consisting of 115 genes was used for next generation sequencing (NGS).
Besides, loss of heterozygosity (LOH) and methylation of the APC gene were inves-
tigated.

Chapter 4 describes the comparison between the mutation profiles of primary col-
orectal tumor and the matching metastases to the ovaries. The same gene panel as
described above was used to generate mutation profiles of the primary CRC and the
matching metastases to the ovaries. After extensive bioinformatic analysis overlap
and differences in mutations, in correlation with the time between detection of the pri-
mary tumor and metastasis, was studied.

In chapter 5 two different targeting techniques were examined. The HaloPlex target
enrichment (based on circularization) and the Ampliseq technique (based on PCR)
were compared for efficiency, number of reads, and detection of variants.

Chapter 6 gives a description of a patient that shows the complexity of the diagnostic

difficulties of ovarian tumors and how molecular analysis can be helpful in achieving
the right diagnosis.
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Decision tree based on immunohistochemical staining patterns. A first classification
in four subgroups can be made on keratin 7 (CK7) and keratin 20 (CK20) positivity
or negativity. Colonic metastasis mostly shown a CK7-/CK20+ pattern (A). The as-
sumption of a colonic origin can be strengthened by other markers. Primary ovarian
tumors mostly shown a CK7+/CK20- pattern (D). Besides, metastases to the ovaries
from other locations also can show a CK7+/CK20- pattern, but can be identified by
additional markers. A CK7+/CK20+ pattern (B) is not discriminating between a pri-
mary origin or a metastatic process. A CK7-/CK20- pattern (C) is very uncommon.
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Abstract

Metastases to the ovary occur in 0,8% - 9.7 % of colorectal cancer (CRC) cases.[1]
The need to combine surgical resection of the primary tumor and bilateral oophorec-
tomy is a matter of debate.[2] In a consecutive multi-hospital cohort of 30 CRC metas-
tases to the ovary we came across four female patients (13%; 95% CI 3,6 — 34,1)
with Familial Adenomatous Polyposis (FAP). This number is high since the estimated
incidence of FAP CRC is far below 1% of all CRC and the expected incidence of FAP
CRC that metastasized to the ovaries would thus be almost zero. In a second screen
in nationwide databases we found that ovarian metastases occurred in at least 15%
of female FAP CRC cases. We provide now first evidence that especially in female
FAP CRC patients bilateral oophorectomy during surgery should be discussed.
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Main text

Reason for resection of the ovaries in case of a CRC is the chance to have synchro-
nous or develop metachronous metastases. The highest percentages are found in
autopsy series.[3, 4] In a multi-hospital based cohort of 30 CRC metastases to the
ovary we came across four female patients (13%) with FAP at ages 34, 48, 56 and
56, respectively (Table 1). Two of four FAP patients (patients 1 and 2) with ovarian
metastases presented with stage IV colon cancer (T3/N2/M1 and T4/N1/M1) at first
surgery with synchronous metastases in lymph nodes, omental fat (one of two pa-
tients), liver (one of two patients) and ovaries. The remaining two patients (patients
3 and 4) presented with stage lll and Il cancer (T4/N2/M0 and T3/N0O/MQ) with ovarian
metastases only metachronously occurring at two and eight years after first surgery,
respectively.

As stated before, the estimated incidence of FAP CRC is low (far <1 % of all CRC).
This number probably even decreased with stringent endoscopic surveillance and
prophylactic colectomies. We hypothesized that ovarian metastases might be more
common in female FAP-patients than in sporadic patients with CRC. The metastasis
incidence and distribution in FAP CRC was not described in the last version of the
WHO Classification of Tumours of the Digestive System (2010).[5] To address this
matter we searched the literature for female FAP CRC and small bowel cancer cases
(Table 2).

Three female FAP-patients with ovarian metastases were described.[6-8] The ovarian
metastases originated from a rectum carcinoma, a colon ascendens tumor and from
an unspecified location in the colon, respectively. Other site(s) of distant metastasis
was lung in one of these cases. Furthermore we searched the files of the Netherlands
Foundation for the Detection of Hereditary Tumors (NFDHT) for female FAP patients
and crossed these data with data from PALGA, the nationwide Dutch network and
registry of histopathology and cytopathology.[9] Of 575 FAP-patients, registered dur-
ing the period 1971 till now, 63 had a history of a malignancy in the gastro-intestinal
tract. Thirty female FAP patients were identified either with a colorectal carcinoma
(27 patients) or a duodenal carcinoma (3 patients). Intramucosal lesions were ex-
cluded. Of the 27 female CRC patients (apart from the 4 cases already known to us
and described above) no additional patient was documented with pathologically ver-
ified ovarian metastases, making the incidence at least 15% (4/27; 95% CI 4,0 —
37,9). The remaining 23 FAP CRC patients in the PALGA cohort did present with
lymph node and liver metastases in 11 and 5 cases, respectively. In one patient
metastasis to the femur occurred. No lung or metastases at other sites were de-
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scribed. None of the three duodenal cancer cases showed distant metastases.

A decisive explanation for the relatively high frequency of ovarian metastases in fe-
male FAP-patients with CRC cannot be given. The route of dissemination of gastro-
intestinal tumors to the ovaries is a topic of discussion in the literature.[10] Different
options are considered: dissemination through the lymph-angiogenic system or
through direct peritoneal spreading. Tumor extension through the serosal surface (T-
stage T4) would increase the chance of ovarian metastases. Looking at the seven
cases, now described by us and in previous literature (supplemental Table) three out
of seven patients were diagnosed with a T-stage T4 carcinoma. An option that also
would explain the relatively high frequency of ovarian metastases in female FAP-pa-
tients is the overall cancer stage at presentation. Such details were not always evi-
dent for the patients included in our series. At least three out of seven patients
presented with synchronous ovarian metastasis (stage 1V). Whether the average
(overall) tumor stage of female FAP patients with CRC at initial presentation is higher
than in matched consecutive CRC series, is however unclear.

A possible link between previous colorectal surgery and the occurrence of ovarian
metastases has not been reported in the literature. Also looking at the detailed de-
scription of the cases compiled in Table 2 the existence of such association could not
be found (supplemental Table).

Two of four FAP patients described by us were possibly premenopausal. In the liter-
ature at least 11 studies have looked into the difference between pre- and post-
menopausal status in relation to the incidence of ovarian metastases.[11-21] No
significant difference between pre- and postmenopausal women seems evident in
patient groups with ovarian metastases of CRC.

Next, CRC cancers in FAP-patients might have a slightly different behaviour in com-
parison to sporadic colorectal tumors. In FAP and sporadic CRC the principle of just-
right signaling’ of the Wnt pathway as described by Fodde et al., plays an important
role.[22] In this theory the altered signaling of APC through betacatenin binding must
fulfill the rule that at least one betacatenin binding site is preserved in the cancer cell.
Whnt signaling might slightly differ between FAP CRC and sporadic CRC, since the
genetic hits on APC are different.

In conclusion: we found a relatively high percentage of female FAP-CRC that metas-
tasized to the ovary. The overall estimated 15 percent of ovarian metastasis of female
FAP CRC is above 0,8% - 9.7% that is reported in sporadic CRC. However, the
cohort on which the estimated 15 percent is based is relatively small, leading to large
confidence intervals. Furthermore an independent confirmatory series is needed. We
provide now first evidence that especially in female FAP CRC patients bilateral
oophorectomy during surgery should be discussed.

32



Chapter 2

References

(1) Hanna NN, Cohen AM. Ovarian neoplasms in patients with colorectal cancer: understand-
ing the role of prophylactic oophorectomy. Clin Colorectal Cancer 2004 Feb;3(4):215-22.

(2) Erroi F, Scarpa M, Angriman |, Cecchetto A, Pasetto L, Mollica E, Bettiol M, Ruffolo C,
Polese L, Cillo U, D’Amico DF. Ovarian metastasis from colorectal cancer: prognostic
value of radical oophorectomy. J Surg Oncol 2007 Aug 1;96(2):113-7.

(3) Fujiwara K, Ohishi Y, Koike H, Sawada S, Moriya T, Kohno I. Clinical implications of
metastases to the ovary. Gynecol Oncol 1995 Oct;59(1):124-8.

(4) Abrams HL, Sprio R, Goldstein N. Metastases in carcinoma; analysis of 1000 autopsied
cases. Cancer 1950 Jan;3(1):74-85.

(5) Bosman FT, Carneiro F, Hruban RH, Theise ND. WHO Classification of Tumours of the
Digestive System, Fourth Edition. 2010.

(6) Miyaki M, lijima T, Konishi M, Sakai K, Ishii A, Yasuno M, Hishima T, Koike M, Shitara N,
Iwama T, Utsunomiya J, Kuroki T, Mori T. Higher frequency of Smad4 gene mutation in
human colorectal cancer with distant metastasis. Oncogene 1999 May 20;18(20):3098-
103.

(7) Hosogi H, Nagayama S, Kanamoto N, Yoshizawa A, Suzuki T, Nakao K, Sakai Y. Biallelic
APC inactivation was responsible for functional adrenocortical adenoma in familial ade-
nomatous polyposis with novel germline mutation of the APC gene: report of a case. Jpn
J Clin Oncol 2009 Dec;39(12):837-46.

(8) Donnellan KA, Bigler SA, Wein RO. Papillary thyroid carcinoma and familial adenomatous
polyposis of the colon. Am J Otolaryngol 2009 Jan;30(1):58-60.

(9) Casparie M, Tiebosch AT, Burger G, Blauwgeers H, van de Pol A, van Krieken JH, Meijer
GA. Pathology databanking and biobanking in The Netherlands, a central role for PALGA,
the nationwide histopathology and cytopathology data network and archive. Cell Oncol
2007;29(1):19-24.

(10) Sakakura C, Hagiwara A, Kato D, Hamada T, Yamagishi H. Manifestation of bilateral huge
ovarian metastases from colon cancer immediately after the initial operation: report of a
case. Surg Today 2002;32(4):371-5.

(11) Kesic V, Radmila S. Surgery of ovarian metastases: special considerations. J Gynecol
Oncol 2006;11:93-100.

(12) Talebpoor M, Zargar M. Synchronous surgical removal of suspicious ovarian metastases
from colorectal cancer. Med J Iran 2005 Feb 18;4:285-288.

(13) Moore RG, Chung M, Granai CO, Gajewski W, Steinhoff MM. Incidence of metastasis to
the ovaries from nongenital tract primary tumors. Gynecol Oncol 2004 Apr;93(1):87-91.

(14) McGill F, Ritter DB, Rickard C, Kaleya RN, Wadler S, Greston WM. Management of
Krukenberg tumors: an 11-year experience and review of the literature. Prim Care Update
Ob Gyns 1998 Jul 1;5(4):157-8.

33



A.S.L.P. Crobach

(15) Sielezneff I, Salle E, Antoine K, Thirion X, Brunet C, Sastre B. Simultaneous bilateral
oophorectomy does not improve prognosis of postmenopausal women undergoing col-
orectal resection for cancer. Dis Colon Rectum 1997 Nov;40(11):1299-302.

(16) Cutait R, Lesser ML, Enker WE. Prophylactic oophorectomy in surgery for large-bowel
cancer. Dis Colon Rectum 1983 Jan;26(1):6-11.

(17) Birnkrant A, Sampson J, Sugarbaker PH. Ovarian metastasis from colorectal cancer. Dis
Colon Rectum 1986 Nov;29(11):767-71.

(18) Omranipour R, Abasahl A. Ovarian metastases in colorectal cancer. Int J Gynecol Cancer
2009 Dec;19(9):1524-8.

(19) Kim NK, Kim HK, Park BJ, Kim MS, Kim YI, Heo DS, Bang YJ. Risk factors for ovarian
metastasis following curative resection of gastric adenocarcinoma. Cancer 1999 Apr
1,85(7):1490-9.

(20) Renaud MC, Plante M, Roy M. Metastatic gastrointestinal tract cancer presenting as ovar-
ian carcinoma. J Obstet Gynaecol Can 2003 Oct;25(10):819-24.

(21) MacKeigan JM, Ferguson JA. Prophylactic oophorectomy and colorectal cancer in pre-
menopausal patients. Dis Colon Rectum 1979 Sep;22(6):401-5.

(22) Fodde R, Smits R, Clevers H. APC, signal transduction and genetic instability in colorectal

cancer. Nat Rev Cancer 2001 Oct;1(1):55-67.

34



Chapter 2

Table 1

Patient | Age | APC germline mutation Stage Previous

colontumor surgery before
oophorectomy

1 34 [ c.1192 1193delAA, Stage IV No

2 48 c.1548G>C, p.Lys516As Stage IV No

3 56 c.646-1G>A Stage llI Yes

4 56 c.471G>A, p. Trp157X Stage |l Yes

Overview of four female FAP-patients with metastases of CRC to the ovaries.

Table 2
Number of Metastases Gender Location
Carcinomas Described Patients With Primary Tumor
Metastases
Parc 2004 | 11 1 lung unknown 10 colon
1 liver 1 rectum
He 2004 |5 1 liver unknown colorectum
Vitelaro 2011 |4 1 liver unknown colorectum
Campos 2009 | 53 6 location unknown | unknown colorectum
Eigenbrod | 2006 | 1 1 liver female small bowel
Panis 1996 | 2 1 liver female rectum
Jang 1997 | 23 11 location unknown 20 colon
unknown 3 rectum
lizuka 2002 |1 1 lymph node female ileostoma
Miyaki [8] | 1999 | 1 1 ovary female colorectum
Hosogi [6] | 2009 |1 1 ovary female colon
1 lymph node
Donellan 2009 |1 1 ovary female rectum
[0 1 lung

Literature search of female FAP patients with CRC / small bowel cancer showing
metastases.
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Abstract

Purpose: Differentiating between primary endometrioid or mucinous ovarian tumors
and secondary ovarian tumors (metastases) can be a challenge. Somatic mutation
profiles of primary and secondary ovarian cancers were compared to investigate
whether these profiles could aid in diagnosing ovarian tumors.

Experimental design: 115 cancer related genes were screened by target-enriched
next generation sequencing (NGS) in formalin-fixed paraffin-embedded (FFPE) tumor
tissue from 43 primary endometrioid and mucinous ovarian carcinomas and 28
proven colorectal cancer (CRC) metastases to the ovary. Validation was performed
by High-Resolution Melting Curve Analysis (HRMCA) and Sanger sequencing. LOH
and promoter hypermethylation of APC were also studied.

Results: TP53, NOTCH1, PIK3CA and FAT4 were the most frequently mutated
genes in the primary ovarian tumors. APC, TP53, KRAS and FAT4 mutations were
the most common mutations in ovarian CRC metastases. An inactivating APC muta-
tion was found in 4.7% of primary ovarian tumors (2/43; CI -1,6—10,9%). In contrast,
inactivating APC mutations were identified in 71% of CRC metastases (20/28; Cl 55-
88%) (p<0.001; sensitivity 71.4%; Cl 51,1-86,0%, specificity 95.4%; Cl 82,9-99,1%).
LOH and APC promoter hypermethylation did not differ significantly between the pri-
mary and secondary ovarian tumors. NOTCH1 mutations were observed specifically
in primary ovarian tumors, though at a low frequency, but not in metastases (6/41;
14.6%; Cl 3,8-25,4%).

Conclusion: APC mutation analysis can be used to differentiate primary endometri-
oid and mucinous ovarian tumors from CRC metastases to the ovary.
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Introduction

Ovarian tumors can be subdivided into primary (85%) and secondary tumors (metas-
tases; 15%). For therapeutic and prognostic reasons, it is important to be able to dis-
tinguish between these two categories.[1] Roughly half of the primary tumors that
give rise to ovarian metastases are located in the gastro-intestinal tract (GIT).[2, 3]
Although these are mostly colorectal cancers, tumors in the appendix, stomach or
pancreas can also metastasize to the ovary. These metastasizing primary GIT tumors
are mostly conventional adenocarcinomas and are often easily recognized as such
on basis of histology and immunohistochemical stainings. However, some of the pri-
mary ovarian malignancies such as endometrioid and mucinous adenocarcinomas
can show extensive histological and immunohistochemical similarities to primary GIT
tumors, making a final diagnosis difficult.[4, 5] Other frequently observed subtypes,
such as serous papillary carcinomas of the ovary do not pose such problems.

Size, bilaterality and immunohistochemical stainings of ovarian lesions can be used
to differentiate between primary and secondary tumors.[6-11] Nevertheless, the tools
that are currently available cannot always discriminate adequately and present a risk
of equivocal characterization of ovarian tumors. Therefore, finding molecular infor-
mation that further characterizes some of these ovarian lesions would be helpful in
daily practice. The COSMIC database, currently the foremost database of (somatic)
mutation profiles [12], shows that similar cancer-driving mutations can be found in
several types of cancer, although these mutations are often observed at different fre-
quencies.[13, 14]

In this study, we focused on ovarian metastases of CRC. Based on mutation profiles
described in the literature and the COSMIC database, APC appears to be the best
candidate for discriminating between primary tumors versus metastases of CRC.[4,
15, 16]

115 cancer-related genes (including APC and CTNNB1) were analyzed in FFPE ma-
terial, that is used in diagnostics on a daily basis, by target enriched NGS.[17] Also,
methylation and loss of heterozygosity (LOH) of APC were investigated. In this study,
we show that the detection of inactivating APC mutations can help to distinguish pri-
mary from secondary ovarian tumors.
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Methods

Tissue Samples

Ovarian metastases of CRC were obtained from the archives of the LUMC Pathology
Department (period 1985-2010; n=10) and from PALGA (the nationwide Dutch net-
work and registry of histopathology and cytopathology; n=18).[18] FFPE tissue was
available for all 28 ovarian metastases of CRC, fresh frozen for 6 metastases. Next,
35 endometrioid and 7 mucinous primary ovarian cancers were selected, because
these subtypes can pose diagnostic problems based on their histologic similarity with
CRC metastases to the ovary. One case showed a mixed type histology consisting
of an endometrioid tumor with clear cell elements. Both frozen and FFPE tissue was
available for all the primary ovarian tumors.

Medical Consent

The present study falls under approval by the Medical Ethical Committee of the LUMC
(protocol P01-019). Informed consent was obtained according to protocols approved
by the LUMC Medical Ethical Committee (02-2004). The patient samples were han-
dled according to the medical ethics guidelines described in the Code Proper Sec-
ondary Use of Human Tissue established by the Dutch Federation of Medical
Sciences (http://www.federa.org/codes-conduct; accessed at January 2013).

Tissue (Micro)-Dissection and DNA Extraction

On basis of pathological examination of hematoxylin and eosin stained slides tumor
tissue containing > 50% tumor cells was selected from FFPE-material. Tumor tissue
was taken using 0.6-2.0 mm tissue cylinder, depending on the tumor volume (Beecher
Instruments, USA). In case tumor fields were too small for punching micro-dissection
was performed as follows: 5-10x 10 uM slides were cut and stained with hematoxylin
only. Eosin staining was omitted to preserve the integrity of the DNA. After staining
slides were visualized using an inverted microscope, and microdissected using a
sharp-pointed knife. In case frozen tissue was used, tumor enrichment was achieved
by removing non-tumorous tissue as much as possible after frozen section analysis.
DNA was isolated using the Nucleospin Tissue kit (Bioke, The Netherlands). After
isolation the DNA was dissolved in 50-100 pl water. The concentration of the DNA
ranged from 10-200 ng/ul, for microdissected tumors with dispersed tumor fields and
solid tumors, respectively.

Targeted sequencing in FFPE tissue
To screen 115 genes, a HaloPlex custom made target enrichment kit was designed
(Agilent Technologies, Santa Clara, CA). Genes were selected based on the literature
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(Supplemental Table 1). [19, 20] Library preparation was performed, with 250 ng as
input, according to the standard protocol (Agilent Technologies, Santa Clara, CA).
After equimolar pooling, the samples were sequenced on an lllumina HiSeq 2000 se-
quencer (lllumina, San Diego, USA). An average coverage of 359x was achieved
(range 15-1972x; median 355x).

Data Analysis

Adaptors, barcodes and enzyme footprints were removed from the sequenced reads
using SureCall software (Technologies, Santa Clara, CA), after which the reads were
aligned using BWA.[21] The GATK was used for realignment around indels and base
quality recalibration.[22] Removal of duplicates is not necessary in HaloPlex hy-
bridization-extension experiments, used to capture the target DNA regions. SNP and
indel calling was carried out using varScan 2 software using the following arguments:
minimum read depth = 8, minimum number of reads with the alternative allele = 2,
minimum base quality = 20, and minimum variant allele frequency = 0.10. See Sup-
plemental Table 2A and 2D for details on total reads and coverage.

Variants were functionally annotated using ANNOVAR. [23, 24] To remove false pos-
itives, three strategies were used. First, the variants with supported reads in only one
direction where the wild-type allele had more than 2 reads in both directions were re-
moved. Second, the variants with a frequency higher than 90% in an extended cohort
of 102 patients were considered to be false variants and were removed. Third, the
variants in known duplicated genomic regions were removed from downstream anal-
ysis. Matched normal tissue was not available for many of the samples; therefore
variants that were present in the 1000 Genomes  project
(http://www.1000genomes.org/; data from April 2012) or in the NHLBI Exome Se-
quencing Project (http://evs.gs.washington.edu/EVS/; data from January 2013) were
removed. We focused on splicing and exonic variants (excluding synonymous). After
all the steps described above, a total of 301 variants was obtained.

Mutation Detection in Formalin-Fixed Paraffin-Embedded Tissue

Primer sequences are listed in Table 1. All PCR reactions were performed using a
25 pl final reaction volume, containing 12.5 yl SYBR Green (BioRad), 9.9 ul H20,
0.6 pl primer mix (Eurofins) and 2 ul diluted DNA (approximately 5 ng/pl). For
CTNNB1, 1.5 pl of primer mix was used. After denaturation at 95°C for 5 min, the
templates were amplified for 40 cycles (95°C for 10 s, 60°C for 10 s, and 72°C for 10
s) followed by a 10-min extension at 72°C. A melting curve was obtained to evaluate
the quality of the PCR products. After purifying the PCR products using a Qiagen
MinElute 96 UF PCR Purification Kit, the PCR amplicons were sequenced by a com-
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mercial entity using standard forward and reverse M13 primers (Macrogen). The se-
quence trace files were analyzed using Mutation Surveyor DNA Variant Analysis soft-
ware (version 3.97, SoftGenetics).

APC Mutation Detection in Primary Ovarian Frozen Tumor Tissue

A standard PCR protocol, as described above, was used for amplification. High Res-
olution Melting Curve Analysis (HRMCA) was performed using a LightScanner sys-
tem (BioFire Diagnostics). Abnormal melting curves were additionally analyzed by
Sanger sequencing and analyzed with Seqscape v2.6.

Detection of LOH

Six polymorphisms within APC (exon 11: c.1458T>C; exon 15: c.4479G>A, c.
5034G>A, ¢.5268G>T, c.5465A>T and c.5880A>G) were used for probe-based melt-
ing curve analysis. To detect the loss of one of the alleles, peak heights of heterozy-
gous alleles were compared for both normal and tumor tissue (Supplemental Figure
1A). Furthermore, the PCR products of the primary ovarian tumors were sequenced
to confirm the observed LOH (Supplemental Figure 1B-1C).

Methylation analysis of APC

The promoter region 1A of APC was analyzed by methylation-specific PCR (MSP)
and bisulfite sequencing. Sodium bisulfite modification of 500 ng DNA was carried
out using the EZ DNA methylation kit (Zymo Research, Orange, CA, USA). The am-
plification efficiency was determined by quantitatively comparing PCR products at
specific melting temperatures. To determine whether this read-out was justified, sev-
eral samples were put on agarose gel. In cases in which the MSP was not conclusive,
bisulfite sequencing was performed (primer sequences are listed in Table 1).

Immunohistochemistry

Immunohistochemistry was performed as described previously.[25] The antibodies
and dilutions that were used are as follows: caudal homeobox 2/CDX2 (DAKO Den-
mark; 1:80), paired box gene 8/PAX8 (Protein Tech USA; 1:3200), Cyto-keratin 7/CK7
(DAKO Denmark; 1:1600), Cyto-keratin 20/CK20 (DAKO Denmark; 1:800) and VI-
MENTIN (DAKO Denmark; 1:2000).
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Results

Immunohistochemical profiles of primary and secondary ovarian tumors
Primary and secondary ovarian tumors were stained for caudal homeobox 2 (CDX2),
paired box gene 8 (PAX8), Cyto-Keratin 7 (CK7), Cyto-Keratin 20 (CK20) and VI-
MENTIN. Numerous primary ovarian cancers in our cohort gave immunohistochem-
ical staining results that might give rise to discussions about their primary origin. For
example 12/39 gave positive CDX2 staining expected to stain positive in CRC. Sim-
ilarly, not all CRC metastases to the ovary gave results that would support an un-
equivocal diagnosis (Supplemental Table 2B and 2E).

Mutation rate per gene in primary and secondary ovarian tumors

Using NGS, the mutation rate of the 115 targeted genes (Supplemental Table 1) was
studied in FFPE tissue of both primary ovarian tumors (n=43) and CRC metastases
to the ovary (n=28). The NGS results of APC were validated using HRMCA and
Sanger sequencing in frozen tumor tissue for all primary ovarian tumors and for 6
CRC metastases to the ovary. Because of the absence of frozen tissue of the re-
maining CRC metastases to the ovary, only mutations within the Mutation Cluster
Region of APC (MCR; codon 1286-1513) were validated by Sanger sequencing in
these cases. Besides, a subset of mutation calls in TP53 and hotspot mutations in
KRAS, BRAF and PIK3CA were confirmed by Sanger sequencing and TagMan as-
says, respectively.

Missense and nonsense TP53 (61%), missense NOTCH1, activating PIK3CA and
missense FAT4 (all 15%) mutations were the most frequently observed in mucinous
and endometrioid primary ovarian tumors (Figure 1 shows absolute mutation num-
bers). Two primary ovarian cases were excluded from this analysis due to suboptimal
tissue processing. In CRC metastases to the ovary, TP53 was mutated in 64%, KRAS
in 39% and FAT4 in 29%. As expected, mutations in APC stood out in frequency
(71%). The other genes in the selected panel showed low mutation rates. KRAS was
mutated more often in the ovarian metastases than in the primary ovarian tumors (11
vs. 2 cases), and NOTCH1 was mutated more frequently in the primary ovarian tu-
mors (14.6%; Cl 3,8-25,4%; 6 vs. 0 cases). Although both genes show a significant
difference in mutation rate between the two groups, caution must be exercised in in-
terpreting these results because of the low absolute number of mutated cases. There-
fore, we focused on the gene that best discriminated between the two groups, APC,
and included the analysis of CTNNB1.
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APC mutations in primary endometrioid and mucinous ovarian tumors

First, the complete APC gene was analyzed by NGS in FFPE tissue. All 7 primary
mucinous ovarian tumors were negative for APC mutations. In the remaining 36 en-
dometrioid tumors, only 1 inactivating mutation (c.4403A>T; p.Lys1468X), located in
the MCR was found (Table 2). The mutation-positive tumor came from a 69-year-old
patient, with a unilateral presentation, a diameter of 30 cm and a mixed type histology
(endometrioid and clear cell), without a CRC history.

In addition, in 5 individual cases missense variants in APC were identified, of which
2 were located in the 3’ portion of APC, downstream of the MCR (Figure 2 and Sup-
plemental Table 3). In the COSMIC database, in total three of these missense variants
were reported (Supplemental Table 4). One variant (¢.902C>T; p.Pro301Leu) turned
out to be a somatic event after analysis of matching normal DNA. Another variant
(€.3949G>C;p.Glu1317GIn) was also identified in normal DNA (germ line variant). Two
variants with low coverage (¢.6136G>A;p.Ala2046Thr and ¢.3007G>A;p.Gly1003Asp)
could not be confirmed both in normal and tumor tissue, possibly due to detection
limits using Sanger sequencing. For one variant (c.8162G>A;p.Arg2721His) the qual-
ity of the DNA was insufficient to reliable interpret the Sanger sequences. The path-
ogenicity of the germline missense variants is still unclear according to an in-house
APC database used to screen suspected FAP-patients (details available on request).
Somatic missense APC mutations might have a role in ovarian tumorigenesis.

To confirm the results of the NGS analysis of APC, HRMCA (that requires high quality
DNA from frozen tissue) and Sanger sequencing were performed. In the validation
experiment however, in 2 primary endometrioid ovarian tumors (4,7%; Cl -1,6-10,9)
extra inactivating APC mutations were found, despite sufficient coverage with NGS
(Supplemental Table 3; patients 21 and 26). Both mutations were positioned in the 3’
portion of the APC gene, outside of the MCR (c.4666dup; p.Thr1556fs and
€.7356delA; p.Leu2452X). The former mutation was located in a repetitive DNA se-
quence and was detected in a bilateral ovarian tumor process. Immunohistochemical
stains were concordant with a primary ovarian tumor (OC125/Ker7+ and CEA/Ker20-
). There was no CRC history in this patient. The second deleterious APC mutation
(c.7356delA; p.Leu2452X) was found in the ovarian tumor in which the p.Lys1468X
mutation was found by NGS.

APC mutations in ovarian metastases from colorectal tumors

The APC gene was analyzed by NGS in ovarian CRC metastases in FFPE tissue.
APC mutations were identified in 71% (20/28; Cl 55-88%) of the ovarian metastases,
a significant difference compared to the primary ovarian tumors (Table 3; p<0.001).
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The positive and negative predictive value is 90.9% (Cl 69,4-98,4%) and 83.7% (69,7-
92,2%), respectively. In total, 29 damaging APC mutations were found in the ovarian
metastases (Supplemental Table 5). The nonsense and frameshift APC mutations
were located in the MCR of APC or upstream (5’ portion) (Figure 2). Furthermore,
one missense mutation was observed (c.4092T>A; p.Ser1364Arg). All MCR muta-
tions were confirmed by Sanger sequencing, and no additional variants were de-
tected. After analysis of matching normal DNA the missense variant turned out to be
a somatic event of unknown pathogenicity.

In the 6 ovarian metastasis of CRC for which frozen tissue was available, the whole
APC gene was also investigated with HRMCA and Sanger sequencing. All 5 APC
mutations detected by NGS, of which 2 were located outside the MCR, were con-
firmed (Supplemental Table 5; cases 1-6). All the mutation-negative cases were in-
deed negative.

LOH analysis of APC in primary and secondary ovarian tumors

In CRC, the second hitin APC is preferentially copy-neutral LOH or a second somatic
mutation. Surprisingly, LOH of APC in cases without a mutation was observed in 28%
of the primary ovarian tumors (12/43; Cl 14,5-41,3%; Table 2 and Supplemental Table
2C). In the ovarian CRC metastases, LOH of APC was observed in 32% (9/28; Cl
14,8-49,4%; Table 3 and Supplemental Table 2F; p=0.79). A further delineation of the
mechanism underlying the detected LOH (being either physical loss or copy neutral
LOH) could not be obtained due to the method that was used to detect LOH.

Methylation status of APC in primary and secondary ovarian tumors
Hypermethylation of the promoter region of APC is an alternative mechanism leading
to gene silencing. [26] Promoter hypermethylation of APC is reported in 18% of sporadic
CRCs and is associated with the loss of expression of the APC transcript. [27] Hyper-
methylation of the APC promoter was observed in 12% (5/43; Cl 2.0-21,2%) and 25%
(7/28; Cl 8,9-41,0%), in respectively the primary ovarian tumors and CRC metastases
to the ovary (p=0.19). Although the hypermethylation of the promoter region of APC
did not show differences between the primary and secondary ovarian tumors as a
group, APC promoter hypermethylation was observed more often in the primary muci-
nous ovarian carcinomas than in the endometrioid subtype. Three of the 7 analyzed
mucinous tumors (42,9%; Cl 6,2-79,5%) but only 2 out of 36 (5,6%; Cl -1,9-13%) en-
dometrioid tumors showed hypermethylation of APC (p=0.014). Analyses of 16 addi-
tional primary ovarian tumors showed hypermethylation only in the cases (n=3) with
mucinous histology. Larger cohorts may indicate that the hypermethylation of the pro-
moter region of APC is a distinctive feature of primary mucinous carcinomas.
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Synergies of APC-inactivation mechanisms

Next, we investigated whether primary ovarian tumors and CRC metastases to the
ovary showed different combinations of events leading to the inactivation of APC (mu-
tation, LOH or methylation). In the primary ovarian tumors, only one case showed a
combination of 2 events (e.g., LOH and methylation; Supplemental Table 2C). Only
one type of inactivating events was observed in all the other cases.

In the set of CRC metastases to the ovary, a synergism of inactivation mechanisms
was seen more frequently (Supplemental Table 2F). In 9 cases, 2 deleterious muta-
tions were identified within the same tumor. Five out of 28 cases showed both a dele-
terious APC mutation and LOH; in 2 of these cases, 2 APC mutations were detected.
Three cases showed a combination of an APC mutation and hypermethylation. Two
cases showed LOH, promoter hypermethylation and a mutation in the MCR. In con-
clusion, the complete inactivation of APC is more prevalent in CRC metastases than
in ovarian tumorigenesis.

CTNNB1 (B-catenin) mutation analysis

CTNNB1 mutation analysis was included because CTNNB1 mutations are present
in about 25% of primary endometrioid ovarian tumors and in MSI-H colorectal tumors,
which mostly do not metastasize.[28, 29] Exon 3 is the mutation hotspot region of
CTNNB1. In the primary ovarian tumors, 2 activating CTNNB1 missense mutations
in exon 3 (2/43; 4.7%; Cl -1,6-10,9%) and 5 additional missense mutations in the 3’
part of the gene were identified by NGS (Figure 3). The pathogenicity of the missense
mutations found in the 3’ part of the gene is unknown. All these mutations were found
in the endometrioid subtype (Supplemental Table 3 shows annotations). The 2 iden-
tified mutations in exon 3 were confirmed with Sanger sequencing, and the exon 3
mutation-negative cases showed indeed no alterations.

In the CRC metastases 3 (10,7%; CI 0,7-22,1%) missense mutations in the 3’ portion
of CTNNB1 were identified by NGS (Figure 3) and Sanger sequencing of exon 3 con-
firmed the absence of mutations in exon 3. No significant difference in the mutation
frequency of CTNNB1 comparing primary versus secondary ovarian tumors was ob-
served (p=0.64).
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Discussion

In this study, we showed that target-enriched NGS of a set of 115 complete genes is
feasible on fragmented DNA from FFPE tissue. Furthermore analysis of the complete
APC gene can be used to differentiate between primary endometrioid- or mucinous
ovarian tumors and metastases of colorectal carcinoma. Especially, in those cases
in which immunohistochemical results cause discussion, APC mutation analysis can
be of additional value.

The DNA sequencing of FFPE tissue was already routinely possible using Sanger
sequencing. There are, however, limitations to the latter technique, when large genes
(like APC) need to be screened. Pathogenic APC mutations found by NGS were con-
firmed by other means. [30] In two cases, however, 2 additional variants were found
by classic DNA sequencing methods, despite sufficient coverage with NGS. One of
these variants was located in a repetitive sequence of APC (3’ portion). The analysis
of repetitive sequences can be problematic in NGS approaches.[31] Besides, intra-
tumor heterogeneity might alternatively explain this discrepancy.[32] The identification
of a mutation in the mutation cluster region or in the 5’ part (upstream MCR) of APC
is a strong argument in favor of a colorectal origin in cases of ovarian tumors with a
mucinous- or endometrioid type morphology. As in many of the diagnostic evalua-
tions, however, such a finding has high odds ratios for a colorectal origin, but there
will always be exceptions to this rule. In the work we now present, we did not address
the presence and frequency of APC mutations of other cancers that can metastasize
to the ovary, such as tumors from other locations within the GIT. APC mutations have
been reported in 7% and 6% of primary stomach and pancreatic carcinomas, respec-
tively.[12] In appendiceal mucinous tumors, APC alterations have been reported, but
large series have not yet been examined.[33] In subsequent series we are planning
to analyze ovarian metastases from primary tumors located outside the colorectum.
In this way mutation profiles for ovarian metastases per primary tumor location can
be generated.

So far, genomic profiles of primary and secondary ovarian tumors have been com-
pared by mRNA expression profiles (reviewed by Stella et al [34-36]) and by kary-
otyping [37], needing frozen or fresh material, respectively. According to the literature,
one APC mutation has been detected (out of a total of 25 investigated cases) in pri-
mary endometrioid ovarian carcinomas.[38] No other reports of APC mutations in en-
dometrioid or mucinous ovarian tumors are mentioned in the COSMIC database.[12]
Kelemen et al. suggested that mucinous tumors of the colorectum and the ovary show
similarity in their mutational patterns.[4] However, only one article was cited that used
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immunohistochemical staining of beta-catenin, an indirect way to test the deregulation
of the Wnt-pathway.[39] CTNNB1 exon 3 (the hotspot mutation region) mutations
were identified in 4,7% of primary ovarian endometrioid tumors in our study. This is
a somewhat low number compared to the reported percentage (26%).[12] Neverthe-
less, because no CTNNB1 mutation in exon 3 was found in the colorectal metastases
to the ovary, identifying a CTNNB1 mutation may still be an argument in favor of an
ovarian origin of the tumor. Furthermore, CTNNB1 mutations were identified in the 3’
part of the gene in both primary and secondary ovarian tumors, their pathogenicity is
unknown.No apparent difference in mutation spectra was found for most genes stud-
ied in the current literature and in our analysis. This is not a surprise; there is wide
overlap and redundancy in genes that drive several tumor types. Single genes that
are informative on their own, such as APC, are extremely rare. It may be possible to
develop a computational model that combines all (non-significant) odds-ratios to ar-
rive at a certain diagnosis. The weighted net result of these odds-ratios can give a
value between 0 and 1. A value close to 1 would suggest a metastasis, whereas a
value close to 0 would indicate a primary tumor. Such an approach could also be
valuable for determining the chemosensitivity or prognosis of a tumor based on mu-
tational profiles. In summary, we have shown that mutation analysis of complete
genes, such as APC in FFPE tissue is feasible and can be used to differentiate be-
tween primary endometrioid- or mucinous ovarian tumors and metastases of colorec-
tal carcinoma.
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Mutational profiles of primary endometrioid and mucinous ovarian tumors (in black)
and ovarian metastases of CRC (in grey). Absolute number of mutations is given per
gene. Genes with a low mutation rate (<3 for primary ovarian tumors; <2 for ovarian
CRC metastases) are not shown, except for APC.

54



Chapter 3

“SOUll PB)JOP YiIm pajeaIpul SI (€ LG L-982 L UOPOI ‘YD) uoiba. 18jsnjo uonenu ay | “SJIownj [ejo8i0jod JO Sasejsejawl
ueLeAO (gg) pue siown) uelieao Aewnd (yg) ul ‘Smolie yim pajesipul aie SU0ieao| ‘Suoleinu Hdy J0 MaIAIBAQ
uofnenw asusssiw A
(uonajep 10 uoipasul) yiysswely A

uoneNW asuasuou A

0052 0002 0ost : 0001 005 0
| | | | | | | | | | | | | 1 | | - I I | | | | | | | | | |
[ | | ]
" W) MIA AL A A A& MZ

“ " g
00G¢ 0002 O,_Om I i 000} 008G 0
[ | [ I [ I [ | I | I [ I I “ I I LRI | I [ [ [ I [ [ I I I 1
| 1 1 1

A A Y AR K /Y A
v
Z 2inbi4

55



A.S.L.P. Crobach

‘Soul| pajjop yym pajedipul Si LGNNLD 40 (Zy-6Z UOPO2) & uox3 “(g) siown] [e}0810j0 JO SasejSsejouwl UBLIBAO
ul pue (y) siownj ueueao Aewnd ul ‘Smolie yym pajesipul aJe Suoiedo| ‘suoneinw LGNNLD JO MBIABAQ
uonenw asuassi A
(uonsjep Jo uopasul) ylysewely A

uoneNW 8suasuou A

(=]
(=]
©
(=]
o
<t
o
[=]
N

v

¢ ainbi4

(]
Yo}



‘umoys osfe aie D4V 4o v| uoibai sajowoid ayj jo Buiousanbas ajynsiq pue ¥0d ouads-uoneify;
-aw Joj stewild 8y “LGNNLD pue DdY 40} siewlid Buiousnbas ayj JO MaINIBAQ ‘S8auanbas sl

£ -OVV.IVVOOLOLVIOL1VODLOOVIY - .S £ -191199VI99OVIIDDOVLIOODD- G

Chapter 3

V1 49jowoud Ddv 4o} sidwnd Buiouanbas ajynsig

£ -VOVVIOILOVVYVIOVVILYVYID - .S

£ - 11991919V99191IVIIIDID- .S

pajelAylowiun

£ -VOOVOIIDLOVVYOIVOIL - §

£ -019990919V9DIDLLIVI- S

pajelAyis iy

V1 19jowoid Ddy sisawnd Yod ooads uonejAyla iy

£ -OVOLIOVOOVYOLOVOLIOLIODL- §

£ "O91VIOVODLIOVODIVYOLLIVD- .G

(Z¥-6Z UOpPO2) ¢ UOXd TGNNLD 40} siawid Buiouanbag

£ -01VOVOOLIVVLIIOLIVIIVD - S £ -00100VOOVIILOOVOVWY - & S
£ 911092101 IOVIOOVILILIV- G| £ -VIVOLIOVOLIOVOLIOIOLIOV - § €S
£ -1OVOOVVYDOLVYVIODLIODV - § £ -OLVLILIOVIOLIDOOVIDLIIY - § A

£ -OVVOLLYVYVYVOVYDLODL09D - § £ -DIOVOVILVYVIOLVOOVIVVYYD- S IS

(S151-98Z1 Uopod “YIA) uoibai Jajsn|d uonenw Ddy Jo} siswd Buiouanbag

L alqeL



A.S.L.P. Crobach

‘(YOW 8y} jo weasumop)
ausb ayj} Jo uoiod g 8y ul payeI0] 81eMm SUOBINW 8S8Y) JO g f(Sased anbiun g ui) punoj ajem suoneinw Hdy € ‘1ejo} uj, ‘wajsAs
Xo|4ojeH oy} buisn pazAjeue aiem siown) ueleao Aewld £ ‘[ejo} Ul "8jqe} SIy} Wodj Papnjoxs aJem SuoReInu esusssiW Ddy
"SJOWN) SNOUIdNW pue pioLjauwopus ueleao Arewrd ul (suoneinw buieoaundy 1o Yiysswieldj) suoneinw Hdy siusboyied jo mainianQ

(eviz1)
(EV/S) %9 L1 (e9/2) %LV | (EV/S) %9 LL %6'L2 | (EV/2) %LV (VL) %eT| € 1ejo}
adfygns
0 0 0 0 b «l L paxiw
0 0 € 0 0 0 1 snouonw
S Z Z zl «l 0| &¢| ploujpwopua
€ UOoX?a apisino € uUoxd UDIN @pisino
uonejnw uonejnw odv odv uonenw HOW w
TANNLD TENNLD uonejAyis\ HO1 Odv uonejnw JOdy | "ON

Z 9lqel

58



Chapter 3

"auab 8y} Jo (YOW 8yj Jo weaisdn) uoiiod G oy} ul pajeoo] aiem YOW 8yl JO 8pISIno
puNoJ suoneINW DV IV« POZAjeUE 8iom Sosesejaw UeLIBAO §Z ‘8j0} U] "8jqe] SIY} WOJj POpNjoxXe 8Jom SUOHRINUW 8SUSSSIW
OdY "SJown] [B}080j02 JO SaSsejsejow UeLIBAO Ul (suoneinw Buieound) Jo yiysswedj) suoneinu D4y dlusboyjed Jo MaInIionQ

(8z/v))
(82/€) %0l (82/0) %00 (82/1) %Sz | (82/6) %l'ZE %0°0G | (82/SL) %S'€S| 82 |ejo)}
shoulonw
L 0 G L w01 6| 6l -uou
z 0 z z P 9 6 snouonw
€ UoXxa apisino € UoXxa UIJIN @pIsino
uonejnw uolnejnw Jdv Jdv uonejnw HOW ul
TANNLO TANNLD uonejAysy HO1 Odv uonenw Ody | "ON
€ 9|qeL

59



A.S.L.P. Crobach

"S89||e 8y} JO |uo JO SSO| 0] 8np
‘quesa.d si ojajje auo Ajuo aausnbas Siy} Uj "UMOYS SI [elidjelu Jown} ay} Jo aausnbaes ay} ‘wojoq ayj je jaued ayj uj (9 4) jussaid
Sojo|/e oM} aJe aiay] ‘PaAIaSqo aq ued Sy “UMOYS SI jelivjew jeuliou 8jobAzoisjay ayj jo eouanbas ayj jaued Jaddn ayj uj “|eLis}
-ew awies ayj} jo burousnbes isbues Aq pajeisusb aousnbas (g1) "8Jajje auo Jo Ssoj Smoys (usa.b ui) jeLigjew jowny ay | "Sa|jajje
yjoq Bunussaidai ‘Jusseid aie syead om) ‘Usss aq ued Sy Aaub ui umoys Si | <yYS9¥S 0 NS Je [0Jjuod 8jobAzoisjay |euliou
ay| umoys sI (VoOWH) SsisAieuy aning bunjsyy uonnjosay ybiH Aq pajosjap HOT 40 (L "ou ased sisejsejowl D) ejdwexs
uy (VL) "(HO7) AiisobAzousjoH jo SSOT josjep 0} buiousnbas pue (YOWSH) SisAleuy aaing bunyepy uonnjosay ybiH jo uonessnjy

f . = A o B 2, aimesadwa)
Zl LL 0L 69 29 19 99 59 ¥9
) . D
; | 500 F
:
U Lo m
L ” J¥YLYOLYYIILIY99¥¥I0ILY cod
q b 4] m
£
mwum\
€0 S
SE0
’ d IMYLYOLYYILLIMOOYYIOLLY fead Bunian paziieuon

91 - VI 24nbi4 [ejuswajddng

60



Chapter 3

Supplemental Table 1

List of genes included in the custom-made gene panel (n=115).

1 |ABCAT1 31| CSF1R 61 | KRAS 91 |PRUNEZ2
2 |ABL1 32 |CTNNB1 62 | LIMK2 92 |PTEN
3 |ADAM19 33 |DSTYK 63 |[LOH12CR1 93 |PTPN1
4 |ADAMTSL1 34 |EGFR 64 |LTK 94 |PTPN11
5 |ADAMTSL3 35 | EPHA3 65 | MAP2K1 95 |RB1

6 |AKT1 36 |ERBB2 66 | MAP2K2 96 |RET

7 |AKT2 37 |ERBB4 67 | MAP2K4 97 |RIOK3
8 |ALK 38 |FAT4 68 | MDM2 98 | SIAH1
9 |ALPK1 39 | FBXW7 69 | MEN1 99 |SMAD2
10 |APC 40 | FES 70 |MET 100 | SMAD3
11 |ARID1A 41 | FGFR1 71 |MICAL3 101 | SMAD4
12 |[ATM 42 |FGFR3 72 |MLH1 102 | SMAD7
13 | BAX 43 | FGR 73 |MLL3 103 | SMARCB1
14 |BMP2 44 |FLT3 74 | MMP2 104 | SMO

15 | BMPR1A 45 | FOXO1 75 | MMP9 105 | SRC

16 | BMPR2 46 | GATA3 76 | MSH2 106 | SRGAP1
17 | BRAF 47 | GNAS 77 | MSH6 107 | STAB1
18 | C110rf66 48 | GUCY1A2 78 |MUTYH 108 | STK11
19 |CACNA1B 49 |HIF1A 79 (MYC 109 | SYNC
20 [CACNA2D3 50 | HOXA4 80 |MYT1 110 TGFBR1
21 |CASR 51 |HOXB4 81 |NEGR1 111 | TGFBR2
22 |CCNB2 52 |HOXC4 82 | NOTCH1 112 | TIE1

23 |CCND1 53 |HOXD4 83 | NRAS 113| TP53
24 |CCNT2 54 |HRAS 84 | NTRK1 114 | TP53BP1
25 |CDC42BPA 55 | IDH1 85 |NTRK3 115| VHL

26 |CDC73 56 | JAKT 86 | PANK4

27 |CDH1 57 | JAK2 87 | PARP1

28 | CDK4 58 | JAK3 88 | PDGFRA

29 | CDKNZ2A 59 |KDR 89 | PIK3CA

30 |COL3A1 60 |KIT 90 | PMS2
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Supplemental Table 2

Prim. total mean %_b %_b %_b _ | %_b _
Ovarium reads coverage _ _ above_20 above_30
(2A) above_1 | above_1
0
1| 562667999 541.33 954 82.4 75.7 71.2
2 | 379378269 364.99 90.8 74.4 66.8 62.2
3| 356370116 342.86 87.2 69.6 62.9 58.6
4 96697971 93.03 74.6 55.3 46.3 40.6
5 39768331 38.26 63.9 39.9 30.3 24.7
6| 61270131 58.95 62.3 42.8 34.2 29
7 | 407196076 391.75 92.7 79.9 73.2 68.5
8 | 420720024 404.76 90.8 75.8 69.2 65
9 | 378169419 363.83 84.9 71.5 65 60.9
10 | 280861817 270.21 96.6 85.2 7.7 72.6
11 | 463614399 446.03 96.3 85.7 79.2 74.8
12 | 526563591 506.59 93.6 81.6 75.1 70.7
13 | 152609160 146.82 96.7 84.2 75 68.2
14 | 94323066 90.75 86.7 64.1 55 48.7
15 73004285 70.24 66.2 46.1 37.6 32.3
16 | 365500760 351.64 91.6 77.4 70.7 65.8
17 | 210754662 202.76 67.3 56 49.3 44.9
18 | 530727173 510.6 97.4 90.3 84.6 80.5
19 77216295 74.29 62.1 431 35.1 304
20 | 160662204 154.57 85.1 67 58.6 52.8
21 | 415117066 399.37 98 90.8 85 80.5
22 | 297369341 286.09 96.7 84.4 75 68.1
23 | 164192207 157.97 63.7 48.3 40.5 35.5
24 | 259907149 250.05 96.5 85 77.6 72.3
25 | 149717992 144.04 89.6 68.3 59.3 53.6
26 | 551591937 530.67 93.5 81.7 75 70.4
27 19975283 19.22 57.3 28.1 19.3 14.6
28 | 474382629 456.39 79.7 67.8 61.6 57.7
29 | 158241257 152.24 95.4 78.8 69.5 62.9
30 | 89124782 85.74 95 78 68 60.6
31| 110481983 106.29 71.9 51.4 429 374
32 | 321932494 309.72 89.1 73.1 66.1 61.7
33 | 29258865 28.15 71.5 42.3 31.6 24.7
34 | 345800030 332.69 83.2 68.4 61.2 56.6
35 | 203099255 195.4 90 70.6 62.4 57.3
36 | 212950285 204.87 78.2 60.8 53.4 48.3
37 | 433832794 417.38 92.5 80.2 73.9 69.7
38 | 443987429 427.15 93.3 79.6 72.8 68.4
39 | 81759525 78.66 75.5 53.9 45 39.7
40 | 149304509 143.64 85.4 64.5 55.7 50.3
41 | 380109542 365.69 96 84.5 76.9 72.3
42 | 458889329 441.49 97.7 90.5 84.8 80.1
| 43 | 112404076 | 108.14 | 69.5 | 50.2 | 425 | 374 |
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Prim. APC
Ovarium MUTATION
(2C) S
Case Histologic | 5'end MCR 3'end LOH Methylatio
subtype (<codon (1286- (>codon n
1286) 1513) 1513)
1 En N N N UK N
2 M N N N N Y
3 En N N N N Y
4 En N N N Y N
5 En N N N N N
6 En N N N Y N
7 En N N N Y Y
8 En N N N Y N
9 En N N N N N
10 En N N N UK N
11 En N N N N N
12 En N N N N N
13 En N N N Y N
14 M N N N N N
15 En N N N N N
16 En N N N N N
17 En N N N UK N
18 En N N N UK N
19 En N N N UK N
20 En N N N Y N
21 En+C N Y Y UK N
22 M N N N UK Y
23 M N N N N N
24 En N N N UK N
25 En N N N Y N
26 En N N Y UK N
27 En N N N UK N
28 En N N N Y N
29 En N N N Y N
30 M N N N N N
31 M N N N UK N
32 M N N N UK Y
33 En N N N Y N
34 En N N N N N
35 En N N N UK N
36 En N N N N N
37 En N N N N N
38 En N N N N N
39 En N N N N N
40 En N N N N N
41 En N N N Y N
42 En N N N UK N
43 En N N N Y N
n=43 0% 2.3% 4.7% 27.9% 11.6%
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CRC
metastases | total mean %_bases_ | %_bases_ | %_bases_ %_bases_
(2D) reads coverage | above_1 above_10 | above_20 above_30
1 531435788 511.28 95.3 83.5 76.9 725
2| 258895399 249.08 96 82.6 75.1 69.7
3| 366236567 352.35 88.3 75.8 69.2 64.6
4 | 284445865 273.66 93.8 78.1 70.8 66.3
5| 386080901 371.44 85.9 70 62.8 58
6| 419398099 403.49 98.1 92.2 86.9 82.6
7| 166188874 159.89 91.7 70.8 61.5 55.6
8 | 370868504 356.8 95.3 83.6 76.7 72
9| 528614247 508.57 90.9 80.9 74.8 70.6
10 | 410658067 395.08 97.5 89 82.5 77.8
11 377617408 363.3 96.1 84.7 77.3 72.5
12 | 266186282 256.09 97.1 87.8 81.1 75.5
13 | 404134644 388.81 97 87.3 80.9 75.9
14 148608397 142.97 93.9 74.8 64.9 58.3
15| 316669636 304.66 97 89.1 83.1 78.2
16 | 287800179 276.89 96.2 84.5 77.3 72.2
17 | 303684904 292.17 88.7 74.7 68.4 64
18 190242156 183.03 83.3 65.1 56.8 51.3
19 | 270909355 260.64 91.1 74.4 66.6 61.3
20 191464997 184.2 88.4 69.8 61.5 56.2
21 825364679 794.06 95.6 88.2 83 79.2
22 168253406 161.87 96.6 83.2 74.4 68.1
23 | 238299380 229.26 934 771 69.3 64
24 | 411089878 395.5 914 77.3 70.5 65.8
25 | 450911323 433.81 83.9 70.8 64.2 59.7
26 | 325136401 312.81 86.9 73.1 66.7 62.6
27 | 465015253 447.38 97.3 88.3 82 77.6
28 170601993 164.13 89.2 70.6 62.4 56.7
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VIM -

CK20 +

CK7 -

PAXS -

CDX2 +

CRC

Metastases
(2E)

10

11

12
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14
15
16
17
18
19
20

21

22
23

24

25

26
27

28
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CRC APC
metastases | MUTATIONS
(2F)

5'end MCR 3'end LOH Methylation

(<codon (1286- (>codon

1286) 1513) 1513)
1 Y N N Y N
2 Y Y N Y N
3 N Y N N/A N
4 N N N N/A N
5 N Y N N/A N
6 N N N N Y
7 N N N Y N
8 N N N N/A N
9 Y Y N N Y
10 N Y N N/A Y
11 Y N N N N
12 Y Y N Y Y
13 N Y N Y N
14 Y Y N N/A N
15 Y Y N N/A N
16 Y Y N N/A N
17 N N N N N
18 N N N/A Y N
19 N N N N/A N
20 Y N N N/A Y
21 Y Y N N/A Y
22 Y Y N N N
23 N Y N N/A N
24 Y N N Y N
25 Y Y N Y N
26 N Y N Y Y
27 Y Y N N/A N
28 N N N N N
n=28 46.4% 60.7% 0% 30.1% 25.0%

Total reads, mean coverage and percentage of bases covered more than 1x, 10x,
20x and 30x is showed for (2A) primary ovarian tumors and (2D) CRC metastases to
the ovary. Overview of staining results of 39 primary ovarian tumors en 27 proven
CRC metastases to the ovaries in our series (2B and 2E). A small number of tumors
(4 primary ovarian tumors and 1 CRC metastasis) was not included. The expected
immunohistochemical profile of primary ovarian tumors is CK7+ , CK20- , CDX2- ,
PAX8+ and vimentin+, while the CRC metastases to the ovary are expected to show
opposite staining results (E=expected; U=unexpected). Not all cases show a charac-
teristic immunostaining profile that would lead to an unequivocal diagnosis. The num-
bers in the first column of Supplemental Table 2B and 2E correspond with the
numbers in respectively Supplemental Table 4 and 6. En=endometrioid; M= muci-
nous; C=clearcell. Overview of APC-inactivation mechanisms for primary ovarian tu-
mors (2C) and ovarian CRC metastases (2F). The Y (=yes) indicates alterations, and
the N (=no) indicates no alteration. En = endometrioid; M = mucinous; C = clear cell;
N/A = not analyzed.
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Supplemental Table 4

Case Variant Present in | Present in | Presentin
COSMIC? | Tumor? Normal?

Primary ovarian

tumors

3 c.3949G>C;p.Glu1317GIn | Y Y Y

4 c.6136G>A;p.Ala2046Thr | Y N N

7 ¢.902C>T;p.Pro301Leu N Y N

17 c.8162G>A;p.Arg2721His N UK UK

28 c.3007G>A;p.Gly1003Asp | Y N N

CRC metastasis

22 €.4092T>A;p.Ser1364Arg Y Y N

Overview of the 6 missense variants in APC. The results of the Sanger sequences
and the presence in the COSMIC database are given. Note that ¢.3949G>
C;p.Glu1317GIn is mentioned in the COSMIC database but present in normal tissue.

Y=yes; N=no.
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Abstract

The mutational profiles of primary colorectal cancers (CRCs) and correspond-
ing ovarian metastases were compared. Using a custom-made next genera-
tion sequencing panel, 115 cancer-driving genes were analyzed in a cohort
of 26 primary CRCs and 30 matching ovarian metastases (4 with bilateral
metastases). To obtain a complete overview of the mutational profile, low
thresholds were used in bioinformatics analysis to prevent low frequency pas-
senger mutations from being filtered out. A subset of variants was validated
using Sanger and/or hydrolysis probe assays. The mutational landscape of
CRC that metastasized to the ovary was not strikingly different from CRC in
consecutive series. When comparing primary CRCs and their matching ovar-
ian metastases, there was considerable overlap in the mutations of early af-
fected genes. A subset of mutations demonstrated less overlap, presumably
being passenger mutations. In particular, primary CRCs showed a substan-
tially high number of passenger mutations. We also compared the primary
CRCs and matching metastases for stratifying variants of 6 genes (KRAS,
NRAS, BRAF, FBXW?7, PTEN and PIK3CA) that select for established (EGFR
directed) or future targeted therapies. In a total of 31 variants 12 were not
found in either of the two locations. Tumours thus differed in the number of
discordant variants between the primary tumours and matching metastases.
Half of these discordant variants were pathogenic class 4/5 variants. How-
ever, in terms of temporal heterogeneity, no clear relationship was observed
between the number of discordant variants and the time interval between pri-
mary CRCs and the detection of ovarian metastases. This suggests that dor-
mant metastases may be present from the early days of the primary tumours.
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Introduction

Next- generation sequencing (NGS) provides the ability to determine the mu-
tational profiles of tumours in a rapid and cost-effective manner.[1, 2] Previous
NGS experiments showed that distinct parts of the same tumour show differ-
ent mutation profiles (spatial intra-tumour heterogeneity; ITH).[3, 4] Addition-
ally, primary tumours and their metastases can differ in their mutational
pattern, thereby showing temporal heterogeneity.[5, 6] Determining the con-
cordance between primary tumours and metastases is of interest for choosing
the optimal treatment, i.e., targeted therapies that are directed against vari-
ants present in the primary tumour but not in metastases will not be effective.
Studies investigating the overlap and differences between the mutational pro-
files of primary tumours and matched metastases at specific locations are
mostly lacking.

In this study, we selected colorectal tumours (CRCs) that metastasized to the
ovaries. CRCs frequently metastasize to the liver and the lung, whereas ovar-
ian metastases are sparse.[7] Ovarian metastasis occurs in approximately
3.4% of women diagnosed with a colorectal malignancy.[8] However, in up to
38% of cases, ovarian metastasis detection may precede the detection of the
primary CRC.[9-11] In such cases, it is important for treatment strategies to
recognize that the ovarian tumour is a metastasis and not a primary ovarian
tumour. Extensive genomic profiling of CRCs and primary ovarian tumours
has revealed a limited number of genes helpful in discriminating between
these malignancies.[12]

Previous studies have primarily investigated mutational differences between
CRCs and liver metastasis.[5, 13-15] The mutational status of KRAS showed
high concordance between CRCs and metastases.[16, 17] Because the
KRAS mutation status has predictive value for EGFR-mediated treatment in-
hibition, mutations in liver metastases of CRC were concluded to be reliable
when predicting the effects of the targeted therapies.

In a limited number of studies, broader gene panels of 5 to more than 1,000
genes were studied in CRC metastases. Vermaat et al. studied 1,264 genes
and showed a gain of 83 and loss of 70 potentially function-impairing varia-
tions between primary CRCs and liver metastases.[5] Vakiani et al. reported
a higher frequency of TP53 and a lower frequency of BRAF mutations in the
liver metastases compared with the primary tumours.[13, 14] However, the
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same mutations were identified in both the circulating tumour cells and the
primary CRC tumour.[18] Goranova studied the mutation rate in 6 liver metas-
tases and primary CRCs.[19] In contrast with the study by Vakiani et al., no
discrepancies between the primary tumour and the metastases were detected
for TP53 and KRAS. However, fewer APC mutations were detected in the
liver metastases. In summary, due to the limited number of studies and the
few cases included in the studies, no clear overview of the complete muta-
tional profile of (liver) metastases of CRC is currently available (see also Sup-
plemental Table 4).[20]

Interestingly, CRCs positive for a KRAS mutation have a higher risk of metas-
tasis to the lungs.[21, 22] Among other factors, varying mutational profiles of
CRC may enable successful homing at specific locations (e.g. the ovaries).
It is currently unknown whether mutation profiles differ according to metastatic
location. Identifying such stratifying mutations could assist in clinical diagnos-
tics.

Much remains unknown regarding the biology of the process of metasta-
sis.[23] In cases of ovarian metastasis of CRC, dissemination through the
lymph-vascular system or through direct peritoneal spreading are considered
to be the first steps.[24] Next, circulating tumour cells in lymph or blood ves-
sels require homing signals to settle at distant sites. Because primary tumours
and metastases are clonally related, it is possible to study the overlap of mu-
tations and the effect of analysis settings.
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Materials and methods

Medical consent

The present study was approved by the Medical Ethical Committee of the Lei-
den University Medical Center (protocol P01-019). Informed consent was ob-
tained according to protocols approved by the LUMC Medical Ethical
Committee (02-2004). Patient samples were handled according to the medi-
cal ethics guidelines described in the Code for Proper Secondary Use of
Human Tissue established by the Dutch Federation of Medical Sciences
(www.federa.org; accessed July 2014).

Sample selection and DNA isolation

Twenty-six colorectal cancers, all diagnosed as adenocarcinomas, that
metastasized to the ovaries were selected together with their 30 matching
ovarian metastases. In 4 cases, metastases to both ovaries were included.
The samples were obtained from the archives of the LUMC Pathology De-
partment (period 1985-2010; n = 13) and from PALGA (the nationwide Dutch
network and registry of histopathology and cytopathology; n = 13).[25] The
MMR proteins were not stained; however no class 5 (pathogenic) CTNNB1
variants, which are characteristic of most sporadic MSI-H cancers, were
found. Hereditary non-polyposis colorectal cancer (HNPCC) cases were not
included. So most likely, the CRC cohort consisted primarily of microsatellite
stable (MSS)-BRAF negative cases (24/26) and a subset of MSS-BRAF pos-
itive cases (2/26). The tissue taken for analysis was enriched for tumour cells
after the evaluation of haematoxylin and eosin (H&E)-stained slides. Based
on this evaluation, 0.6- or 2.0-mm tissue punches were taken from the se-
lected tumour foci in the FFPE block using a tissue microarrayer (Beecher
Instruments, Sun Prairie, WI, USA). In cases where the tumour cells were
more dispersed, micro-dissection was performed on 10 unstained 10-um sec-
tions to achieve the highest tumour percentage (at least 50%). Prior to DNA
isolation, the tissue was deparaffinized in xylene and washed in 70% ethanol.
DNA was isolated using the NucleoSpin Tissue Genomic DNA Purification Kit
(Machery-Nagel, Duren, Germany) according to the manufacturer’s instruc-
tions.

Construction of the gene list for target-enriched next-generation se-
quencing (NGS)

A gene list was compiled based on the most frequently mutated genes in
COSMIC and the mutated genes lists described in the literature, resulting in
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a selection of 115 genes targeting 0.015% of the human genome (486,013
bp).[26-28] See Supplemental Table 1 for an overview of the genes included.

Sample library preparation

Library preparation was performed according to the HaloPlex protocol (Agi-
lent, Santa Clara, CA, USA). In short, 225 ng of FFPE-DNA was fragmented
using 8 pairs of restriction enzymes. Hereafter, the customized probe library
was added and hybridized to the targeted fragments. Additionally, a sample
barcode sequence was incorporated in this step. Next, the targeted fragments
were purified and amplified. The enriched, barcoded samples were se-
quenced on an lllumina HiSeq 2000. See Supplemental Table 2 for the cov-
erage numbers of the CRCs and the matching metastases to the ovaries.

Data analysis

Adaptors, barcodes and enzyme footprints were removed from the se-
quenced reads using SureCall software (Agilent Technologies, Santa Clara,
CA), after which the reads were aligned to the human genome (hg19) using
the Burrows-Wheeler aligner (BWA, version 0.7.5a).[21] The Genome Anal-
ysis Toolkit (GATK, version 2.5) was used for realignment around the indels
and base quality recalibration.[22] Duplicate removal was not performed due
to the nature of hybridization-extension used to capture the target DNA re-
gions. SNP and indel calling were carried out using VarScan software (version
v2.3.6) with the following arguments: minimum read depth = 8, minimum num-
ber of reads with the alternative allele = 2, minimum base quality = 15, and
minimum variant allele frequency = 0.10. VarScan somatic mode was used
to analyze the primary vs. metastasis pairs.

Variants were functionally annotated using ANNOVAR.[23, 24] We then se-
lected variants more likely to have a deleterious effect. This was achieved by
focusing on splicing and exonic variants (excluding synonymous) and remov-
ing the variants that were present with a frequency higher than 1% in the 1000
Genomes project (http://www.1000genomes.org/; data from April 2012) and/or
in the NHLBI Exome Sequencing Project (http://evs.gs.washington.edu/EVS/;
data from January 2013) because they are more likely to be germline. Vari-
ants in only the primary tumour or the metastasis were visually inspected to
identify false discordant calls, i.e., variants that are in fact present in both the
primary tumour and the metastasis but that failed the 10% minimum threshold
variant allele in one of the tissues.
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Validation target-enriched next-generation sequencing

Validation of the variants detected using target-enriched NGS was obtained
via allele-specific qPCR of hotspot mutations and classic DNA Sanger se-
quencing. Allele-specific gqPCR was performed to confirm the status of KRAS,
BRAF and PIK3CA mutation hotspot loci.[29] TP53 (exons 5-8) and APC (mu-
tation cluster region; exon 15) were analyzed via Sanger DNA sequencing.
Sequences were analyzed with Mutation Surveyor (Bioke, Leiden, The
Netherlands).
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Results

Patient characteristics

In total, 26 primary CRCs and 30 matching ovarian metastases were tested
(in 4 cases, both left and right ovarian metastases were included). The aver-
age age at CRC diagnosis was 56 years (range 28-84). In 9 cases (35%),
the ovarian metastases were synchronously present at the time of CRC di-
agnosis (cut-off point 6 months). In the other 17 cases, the ovarian metas-
tases were diagnosed on average 2.9 years later (range 0.5-13). See Table
1 for details.

Data Analysis

An average of 409 unfiltered variants were identified per sample with a stan-
dard deviation of 201. Regarding only variants more likely to have a deleteri-
ous effect (see Methods section), the numbers of variants per sample
decreased to an average of 37 and a standard deviation of 30. The number
of variants detected in this study was higher than the average number of vari-
ants observed in comparable sequencing efforts targeting a comparable num-
ber of bases.[30, 31] The variant calling parameters were set at relatively low
values to prevent passenger mutations from being filtered out. However, be-
cause the primary CRCs and the ovarian metastases were analyzed in pairs,
when in doubt the variant could be manually compared with the matched sam-
ple. If the tumours had been analyzed without matched metastases, the pa-
rameters would have been higher to remove false positive variants. For more
details, see Table 2 and Supplemental Table 3 for all variants detected.

Mutation profile of primary CRCs and their metastases to the ovaries
An overview of the number of gene variants per case, varying from 9 to 113,
can be observed in Table 2 and Supplemental Table 3. Supplemental Figure
1A shows an overview of the number of variants per gene. APC, FAT4,
NOTHC1, CACNA1B, STAB1 and TP53 showed the highest numbers of vari-
ants in the primary CRC samples. The most frequently affected gene was
APC. Variants in APC were identified in 19 out of 26 samples (73%). FAT4
showed variants in 15 out of 26 analyzed (58%). NOTCH1 carried variants in
58%. In 54% of the cases, variants were observed in CACNA1B, STAB1 and
TP53.

In the COSMIC database, the PIK3CA, FBXW7 and SMAD4 genes were re-
ported to be mutated in CRC with frequencies of ~23%, ~20% and ~26%, re-
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spectively.[32] In this cohort, only 2 variants in PIK3CA (8%), 5 in FBXW7
(15%) and 6 in SMAD4 (23%) were found. To ensure that the low number of
mutations in PIK3CA was not a sequencing artifact, the coverage was
checked. The average coverage for PIK3CA was 155x; (median 113x; with a
range of 1.4-1401). However, one of the hotspot positions in PIK3CA (E542)
showed less coverage than other parts of PIK3CA. Only one sample showed
more than 20 reads at position E542 in PIK3CA. To investigate this mutation
hotspot position, a TagMan assay was performed. An additional mutation
(p-E542K, c.1624G>A) was found in two cases leading to a mutation fre-
quency in 15% of PIK3CA (4/26). Thus, in this cohort of colorectal cancers,
no differences were noted in mutation frequency for these driver genes. The
most frequently affected genes in the ovarian metastasis were APC, TP53,
CACNA1B and FAT4 (Supplemental Figure 1B). Although the gene lists in
Supplemental Figure 1A and 1B slightly appear to contradict the gene lists
that are normally reported to be mutated in CRC, the census genes show
comparable mutation frequencies.

Concordance analysis of genes that select for targeted therapy

We compared the presence of stratifying mutations in the primary CRCs ver-
sus the ovarian metastases that select for established (EGFR directed) or fu-
ture targeted therapies. These genes comprise KRAS, NRAS, BRAF,
FBXW?7, PTEN and PIK3CA. MTOR, TSC1 and TSC2 were not covered in
our gene panel. KRAS was discordant in 3 of 12 mutated cases; NRAS was
not discordant (0/4); BRAF was discordant in 4/6 mutated cases; FBXW7 was
discordant in 3/3 mutated cases; PTEN was discordant in 1/3 mutated cases
and lastly PIK3CA was discordant in 1/3 mutated cases. Overall 9 gene vari-
ants (2x KRAS, 3x BRAF, 3x FBXW?7, 1x PIK3CA) that were present in the
primary CRCs were not found in the metastases. Three gene variants (of
KRAS, BRAF and PTEN) that were identified in the metastases were not
found in the primary CRCs. Half of the 12 discordant variants were class 4/5
pathogenic variants.

Concordance analysis between primary CRCs and matching ovarian
metastases: Effect of time intervals

All genes were analyzed for concordant and discordant variants. In cases of
discordant variants, we investigated whether this was caused by an absence
of the variant in the primary CRC or the metastasis. There were no variants
that were called discordant due to an absence of reads in the matching sam-
ple at the position of that specific variant. The total number of discordant vari-
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ants was 848. The average number of discordant variants per tumour pair
was 28. Most discordant variants were caused by presence in the primary
CRC tumours and absence in the metastases. Thus, primary CRCs demon-
strate a large cohort of passenger mutations of which only a minor part is pre-
sent in the matching metastases. The known driver genes were (as expected)
mostly concordant. The numbers of discordant variants were more or less
comparable between cases with the exception of one case (case number 9),
which showed a remarkably high number of unique variants in the primary
CRC (see Table 2).

Next, we plotted the time intervals between primary CRCs and metastases
versus the amount of unique variants in the metastases. No correlation was
observed (Figure 1). For example, case 8 had a long interval of 13 years be-
tween the primary tumour and the metastasis; however, only 3 of 16 discor-
dant variants were unique to the metastasis in the ovary.

Separate ovarian metastases of the same primary tumour show
evidence for different metastasizing patterns.

In 4 cases, both left and right ovarian metastases of the same CRC were se-
quenced. Two of the cases (numbers 4 and 17) showed a limited number of
additional variants that were shared by both metastases but were not present
in the primary CRC. In these cases, both ovaries were likely affected by the
same metastasizing clone. In the other two cases (9 and 15), the additional
variants that were present in both metastases were not observed in the pri-
mary tumour and showed no overlap with each other. In these cases, the
metastases to both ovaries are most likely to be independent events originat-
ing from different subclones with their own specific mutational profiles. See
Supplemental Table 3 for details.
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Discussion and Conclusion

Using the analysis of 115 cancer-driving genes, we compared the mutation
profiles of primary CRC and matching ovarian metastases. Mutations could
be grossly classified into three categories: mutations that are (1) ubiquitous
(present in both the primary tumour and the metastasis), (2) restricted to the
primary tumour or (3) only found in the metastasis. We show that loosening
filter settings and manual inspection of mutation positions reveal a substan-
tially larger overlap in mutation profiles. Many (driver) mutations are present
in both the primary tumour and the metastasis, although sometimes only in a
limited number of tumour cells. This could explain the dissimilarities in the
mutational status of KRAS and EGFR in CRCs and hepatic metastases re-
ported earlier.[5]

Primary CRCs and their metastases showed considerable concordance for
driver genes. In contrast to the classic driver genes, we identified a subset
branch type of genes that displayed substantially less overlap.[33] The pri-
mary CRCs show substantially more passenger mutations than the ovarian
metastases of CRC. It could be speculated that the large number of passen-
ger mutations in the primary CRCs displays a large number of subclones that
are spatially present. In this model certain subclones within primary tumours
are most capable of homing into different target organs and even surviving
adjuvant therapy. The other subclones do not contribute to the metastasizing
process. Vignot et al. observed a similar pattern in lung tumours and their
metastases.[6]

We analyzed the number of variants in a temporal context (with metastasis
occurring synchronously or metachronously with intervals of up to 13 years).
It is assumed that new mutations will arise as time passes between the de-
tection of the primary tumour and the metastasis, leading to more discordant
gene variants. For synchronous metastases, the mutation profile is expected
to be a comparable reflection of the mutation profile of the primary tumour.
However, no correlation between the number of variants and the time interval
between primary CRC and matching metastasis was observed. Apparently,
the underlying biology driving each individual tumour is more important than
the actual intervals between the primary tumour and the metastasis in our co-
hort. Recent publications indicate differing mutational burdens in different can-
cer types.[34, 35] These differences can for example occur as a result of
highly mutagenic influences (smoking, sunburn, asbestos, etc.), through the
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inactivation of DNA repair systems or the activation of APOBEC deaminases
(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like).[36] In-
terestingly, the primary CRC in case number 9 carried a remarkably high num-
ber of passenger mutations (see Table 2), possibly caused by an underlying
hypermutability deficit. An explanation to keep in mind is that the input DNA
could have been of poor quality, leading to false positive variants. This option
appears less likely in our study because the DNA quality was checked at case
selection. An explanation for comparable mutation profiles between the pri-
mary tumour and the metastasis in cases where there is a long period be-
tween primary and metastasis detection is that metastases arise early during
the development of the disease and are dormant for a period before they pre-
sent clinically.

Colorectal cancers have been extensively characterized at the molecular
level. The genes most frequently mutated in colorectal cancer are APC, TP53,
KRAS, PIK3CA and SMADA4.[37] All other genes are mutated in less than
10% of samples. In our series, APC and TP53 are frequently mutated (in 73%
and 58% of the cases). The prevalence of other mutations in our series is
comparable with the mutational profiles described in the literature and the
COSMIC database.[32] The initial low frequency of PIK3CA mutations could
be attributed to a low coverage of one of the PIK3CA hotspots. After perform-
ing an additional TagMan analysis, the mutation frequency of PIK3CA was
15%, equal to data in available databases and previous studies (on average
15%).[37-39]

The link between mutation profiles and metastasizing patterns has been an-
alyzed before. KRAS mutations in CRC were found to be associated with lung
metastases.[21] CRCs with a wild type KRAS status showed more frequent
liver and distant lymph node metastases.[22] KRAS mutation status is not in-
formative in predicting peritoneal or ovarian metastases. Additionally, BRAF
mutations are claimed to correlate with higher rates of peritoneal metastasis,
distant lymph node metastasis, and lower rates of lung metastasis.[40] How-
ever, the number of reports on this topic are limited; thus, the metastasizing
pattern in correlation with specific mutation profiles of CRC is not completely
understood. CRCs showing metastases to the ovaries did not show a specific
profile. Besides, no specifically mutated gene in the metastases that could
for example explain the ‘homing capacity’ of circulating tumour cells was iden-
tified.
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The use of targeted therapy has become standard practice in advanced
CRC; therefore it is important to determine the mutational landscape in vari-
ous tumour locations within the same patient.[41] Depending on the type of
targeted therapy, effectiveness will depend on the absence or presence of
certain gene variants preferably in all tumour locations. We now present the
first study that compares mutational profiles of ovarian metastases with their
matching primary CRCs. Furthermore, druggable or stratifying mutations that
select for targeted therapy can be present in one region of the tumour but ab-
sent in another, a phenomenon known as intra-tumour heterogeneity (ITH).
In this study we compared the primary tumour with one metastatic site. How-
ever, only one region of both the primary tumours and the metastases were
investigated. When analyzing 6 different genes that select for current or future
targeted therapies we found remarkable differences in KRAS, NRAS and
BRAF mutational status that can select for EGFR directed therapy.[42] We
identified differences in 7 of 22 variants when comparing primary tumours
and matching metastases. These variants were identified in 20 cases, as in
two cases both KRAS and BRAF mutations were identified, probably in dis-
tinct clones. Five of these 7 were not found in the metastases, 2 of 7 not in
the primary tumours. Two of these 7 variants were known pathogenic KRAS
variants (class 5). Also gene variants (of PIK3CA, PTEN, FBXW?7) that po-
tentially could select for mTOR pathway(s) directed therapies showed remark-
able differences. Will there be any benefit to a patient if only a minor fraction
of the tumour mass carries a druggable mutation? Or what will be the benefit
if the druggable mutation is present in the primary tumour, but not in the
metastases? For CRC, data from actual studies testing these variables are
mostly lacking. On the other hand previous studies have shown that KRAS
pathogenic variations are often concordant between primary tumours and
matching metastases. In our study KRAS, NRAS and BRAF mutational status
did overlap between primary tumours and matching metastasis in 15/22
cases. In order to avoid the unrealistic goal of testing all tumour sites of every
individual tumour it has been proposed that testing circulating free tumour
DNA in plasma might be an alternative approach to pursue.

Limitations of our study are the restricted number of genes we investigated.
Whole exome/genome sequencing might reveal differences that were not
found with our 115-gene panel. Secondly, more extensive molecular charac-
terization of tumours that also includes the analysis of transcriptome, methy-
lome, microRNA, and proteome profiles could potentially show alterations
that would explain why a small subset of CRCs show metastasis to ovarian
sites.
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Finally, the comparison of metastases to both left and right ovaries in individ-
ual cases revealed mutations that were shared by both metastases but were
not identified within the matching primary tumours in two cases. The latter
could suggest that separate metastases of the same primary tumour can have
more overlap with each other than with the primary tumour.

In conclusion, this study showed a high concordance rate between CRCs and
corresponding ovarian metastases for driver genes but less overlap for pas-
senger genes. Although gene variants currently known to be clinically relevant
were largely concordant between primary CRCs and matching metastases
to the ovaries, there was a subset of cases that showed differences. The clin-
ical relevance of mutations that are present in only a small percentage of tu-
mour cells needs to be clarified. The number of discordant variants could
likely be better explained by intra-tumour characteristics than by the time in-
terval between the primary tumour and metastasis. CRCs metastasizing to
the ovaries did not show a specific mutation profile in comparison to consec-
utive series of CRC, nor did the ovarian metastases.
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Correlation between the number of discordant variants plotted against the time be-
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and the metastases is plotted on the x-axis (in bold). The individual cases (1 to 26)
are displayed in italics.

Table 1

Total number of patients 26

Age at colorectal cancer diagnosis

mean 57

range 28-84
Synchronous tumours 9
Metachronous tumours 17

Time between primary tumour resection and resection of metastasis (years)

mean 29
range 0.5-13

Overview of patient characteristics. Age, synchronous vs. metachronous tumours
(cut-off at 6 months) and time between the primary CRC and the metastasis are
shown.
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Table 2
Total TotalSelected Concordant Discordant Unique Unique in
in CRC metastasis

1 228 22 16 6 4 2
2 147 15 9 6 2 4
3 365 15 13 2 2 0
4 Left 788 20 11 9 6 3
4 Right 804 22 10 12 8 4
5 162 28 3 25 24 1
6 160 41 3 38 37 1
7 204 33 10 23 5 18
8 256 24 8 16 13 3
9 Left 854 113 12 101 96 5
9 Right 808 109 11 98 88 10
10 251 42 6 36 34 2
11 187 9 7 2 1 1
12 242 25 7 18 2 16
13 286 37 6 31 19 12
14 242 10 5 5 1 4
15 Left 1136 42 10 32 25 7
15 Right 1003 36 9 27 22 5
16 238 15 7 8 5 3
17 Left 892 56 10 46 27 19
17 Right 781 47 8 39 21 18
18 134 16 7 9 5 4
19 136 9 5 4 3 1
20 315 76 11 65 55 10
21 206 15 3 12 12 0
22 209 68 13 55 55 0
23 229 55 7 48 35 13
24 378 25 6 19 16 3
25 238 9 4 5 3 2
26 395 61 10 51 43 8
Total 12274 1095 247 848 669 179

Overview of paired analysis of primary CRCs and matching metastases to the ova-
ries. Shown are number of variants, number of selected variants (see “Data analysis
in “Materials and methods”), number of concordant and discordant variants, number
of unique variants in the primary CRCs and in the metastases to the ovaries.
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A.S.L.P. Crobach

Supplemental Figure 1A

Overview of number of variants per gene in metastases to the ovaries from primary
CRCs. Genes with 5 or more variants are displayed.

Supplemental Figure 1B
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Overview of number of variants per gene in metastases to the ovaries from primary
CRCs. Genes with 5 or more variants are displayed.
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Chapter 4

Supplemental Table 1

1 |ABCA1 31 |CSF1R 61 | KRAS 91 |PRUNE2
2 |ABL1 32 | CTNNB1 62 | LIMK2 92 |PTEN

3 |ADAM19 33 | DSTYK 63 | LOH12CR1 93 |PTPN1
4 |ADAMTSL1 34 |EGFR 64 |LTK 94 |PTPN11
5 |ADAMTSL3 35 | EPHA3 65 | MAP2K1 95 |RB1

6 |AKT1 36 | ERBB2 66 | MAP2K2 9% |RET

7 |AKT2 37 | ERBB4 67 | MAP2K4 97 |RIOK3
8 |ALK 38 | FAT4 68 | MDM?2 98 |SIAH1
9 |ALPK1 39 | FBXW7 69 | MEN1 99 |SMAD2
10 |APC 40 | FES 70 | MET 100 | SMAD3
11 |ARID1A 41 | FGFR1 71 | MICAL3 101 | SMAD4
12 |ATM 42 | FGFR3 72 | MLH1 102 | SMAD7
13 | BAX 43 |FGR 73 |MLL3 103 | SMARCB1
14 | BMP2 44 |FLT3 74 | MMP2 104 | SMO

15 | BMPR1A 45 | FOXO1 75 | MMP9 105 | SRC

16 | BMPR2 46 | GATA3 76 | MSH2 106 | SRGAP1
17 | BRAF 47 | GNAS 77 | MSH6 107 | STAB1
18 | C110rf66 48 | GUCY1A2 78 |MUTYH 108 | STK11
19 | CACNA1B 49 |HIF1A 79 |MYC 109 | SYNC
20 | CACNA2D3 50 | HOXA4 80 |MYT1 110| TGFBR1
21 |CASR 51 | HOXB4 81 | NEGR1 111 | TGFBR2
22 |CCNB2 52 | HOXC4 82 | NOTCH1 112 | TIE1

23 |CCND1 53 | HOXD4 83 | NRAS 113 | TP53
24 |CCNT2 54 |HRAS 84 | NTRK1 114 | TP53BP1
25 | CDC42BPA 55 | IDH1 85 | NTRK3 115 | VHL

26 |CDC73 56 | JAKT 86 | PANK4

27 | CDH1 57 | JAK2 87 | PARP1

28 | CDK4 58 | JAK3 88 | PDGFRA

29 | CDKN2A 59 | KDR 89 | PIK3CA

30 | COL3A1 60 | KIT 90 | PMS2

List of genes included in the custom-made gene panel (n=115). The total number of
genes is shown.
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A.S.L.P. Crobach

Supplemental Table 2

Primary CRC %_b %_b %_b %_bases
(2A) total mean _ _ _ _
above_1 | above_10 | above_20 | above_30
! 480470949 462,25 97,3 87,9 81,4 77
2 195102371 187,7 91,1 73,8 66,4 61,5
3 2249426017 | 2164,12 99,1 97,5 96,4 95,7
4 160424949 154,34 87,4 67,4 59,3 53,9
5 158871721 152,85 86,2 67,5 59,3 53,7
6 69207190 66,58 68,1 45,7 37,5 32,8
7 306852498 295,22 89,9 70,5 62,7 58
8 486964922 468,5 89,5 77,6 71,1 67
9 115616104 111,23 70 55,7 47,6 42,5
10 91273070 87,81 77,7 57,2 48,3 42,1
11 251614742 242,07 93,3 75,6 67,6 62,3
12 275390044 264,95 95,7 82,7 75,4 70,4
13 308248474 296,56 83,6 66,4 59,1 54,5
14 309295455 297,57 95,2 81,8 74,2 69,1
15 408945444 393,44 84,5 69,8 63,5 59,3
16 462954757 445,4 93,3 79,9 72,9 68,4
17 136442316 131,27 78,9 60,8 53,1 47,9
18 407641847 392,18 89 73,9 67,3 62,9
19 117302213 112,85 94,7 77,6 67,6 60,7
20 126240021 121,45 66,4 50,4 42,8 37,9
21 462349947 444,82 83,1 64,9 58,2 53,9
22 13653814 13,14 51,8 24 16 11,8
23 173730165 167,14 78,6 65,7 57,8 53
24 551493045 530,58 88,8 76,8 70,8 66,7
25 346645995 333,5 96,4 84,7 78,2 73,4
26 460541334 443,08 78,6 66,6 61,1 57,5

Coverage for (2A) primary CRC tumours and (2B) metastases to the ovaries. Total
reads, mean coverage and percentage of bases covering more than 1x, 10x, 20x
and 30x is shown for (2A) primary CRCs and (2B) metastases to the ovaries.
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Chapter 4

CRC metastases | total mean %_b | %_b | %_b %_b _
to the ovary (2B) above_1 above_10 | above_20 | above_30
1 258895399 | 249,08 96 82,6 75,1 69,7
2 284445865 | 273,66 93,8 78,1 70,8 66,3
3 419398099 | 403,49 98,1 92,2 86,9 82,6
4 Left 125729981 120,96 96,1 80,3 70,7 64,5
4 Right 168253406 | 161,87 96,6 83,2 74,4 68,1
5 166188874 | 159,89 91,7 70,8 61,5 55,6
6 238299380 | 229,26 93,4 771 69,3 64

7 528614247 | 508,57 90,9 80,9 74,8 70,6
8 410658067 | 395,08 97,5 89 82,5 77,8
9 Left 170601993 | 164,13 89,2 70,6 62,4 56,7
9 Right 151499411 145,75 87,4 67,3 58,9 53,4
10 370868504 | 356,8 95,3 83,6 76,7 72
11 531435788 | 511,28 95,3 83,5 76,9 72,5
12 366236567 | 352,35 88,3 75,8 69,2 64,6
13 386080901 | 371,44 85,9 70 62,8 58
14 404134644 | 388,81 97 87,3 80,9 75,9
15 Left 411089878 | 395,5 91,4 77,3 70,5 65,8
15 Right 213475530 | 205,38 91,9 74,1 65,7 60,2
16 316669636 | 304,66 97 89,1 83,1 78,2
17 Left 450911323 | 433,81 83,9 70,8 64,2 59,7
17 Right 122588632 | 117,94 87,1 65,7 56,6 50,9
18 148608397 | 142,97 93,9 74,8 64,9 58,3
19 287800179 | 276,89 96,2 84,5 77,3 72,2
20 303684904 | 292,17 88,7 74,7 68,4 64
21 377617408 | 363,3 96,1 84,7 77,3 72,5
22 270909355 | 260,64 91,1 74,4 66,6 61,3
23 191464997 | 184,2 88,4 69,8 61,5 56,2
24 825364679 | 794,06 95,6 88,2 83 79,2
25 465015253 | 447,38 97,3 88,3 82 77,6
26 325136401 | 312,81 86,9 731 66,7 62,6
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Supplemental Table 5

Gene Codon Amino Acid | Pathogenicity class*
KRAS c.378C>A p.D126E
KRAS c.38G>A p.G13D
KRAS c.40G>A p.V14i
BRAF ¢.1100C>T | p.P367L
BRAF c.1271G>A | p.R424Q
BRAF €.998G>T p.S333I
BRAF c.1672C>T | p.R558X
FBXW7 | c.174C>A p.S58R

FBXW7 | ¢.1072T>A | p.S358T
FBXW7 | ¢.859C>T p.R287X
PIK3CA | ¢.2593G>A | p.G865S
PTEN c.151G>T | p.D51Y

Al NNIRINWWOIULW

List of discordant variants detected in KRAS, BRAF, FBXW?7 and PTEN and their pa-
thogenicity class. *http://www.interactive-biosoftware.com/alamut-visual/
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Abstract

Next generation sequencing (NGS) is the current standard method for somatic variant
detection in molecular tumor pathology. Despite of the fragmented nature of forma-
lin-fixed paraffin embedded (FFPE) material, NGS is suitable in a diagnostic setting
with FFPE-DNA as input. A large number of targeted sequencing approaches are
available, where the capture can be done using polymerase chain reactions (PCR),
hybridization or circularization reactions. In this study we show that a circularization
based approach (HaloPlex), followed by sequencing on llumina HiSeq is successful
for targeted sequencing of DNA from FFPE material. Detected variants were validated
with a PCR-based targeted enrichment method (lon AmpliSeq) followed by sequenc-
ing on an lon PGM sequencer. A high concordance between the detected variants in
HaloPlex and AmpliSeq capture was observed. Discordant variants could largely be
explained by (subtle) setting differences in the analysing pipeline. Thus, an optimal
bioinformatics pipeline analysis that has to be adjusted to the chosen platform is cru-
cial for correct detection of variants. Input from distinct DNA isolations can explain
discordant sequencing variants, emphasizing the presence of tumor intra-hetero-
geneity (ITH).
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Introduction

Somatic gene variant profiling of large gene sets by next generation sequencing
(NGS), instead of analysis of single genes by Sanger sequencing, is the current stan-
dard in daily clinical practice.[1, 2] The mutational status of genes is decisive for the
choice of targeted therapies and can be useful in primary diagnostic analysis. As ex-
ample, success of reaction towards EGFR inhibitors is seen in lung adenocarcinomas
with activating EGFR variants. [3] The amount of genes known to be involved in re-
sponses to targeted therapies increases rapidly. For CRC, not only KRAS, but also
pathogenic NRAS, PIK3CA, BRAF gene variants were shown to be involved. [4-6]
Furthermore, for other malignancies like melanomas and gastro-intestinal stromal tu-
mors (GIST) targeted therapies directed at respectively BRAF/RAS and c-KIT are
now available.[7, 8] Next, sensitivity for radio- and chemotherapy might be correlated
with mutational profiles.[9, 10] So, mutational profiles of large gene sets are becoming
more important for clinical decision making and probably also for statements about
prognoses.

Next generation sequencing (NGS) methodologies enable high throughput sequenc-
ing, resulting in large amounts of data. As only a limited number of genes is involved
in treatment responses, targeted sequencing is the preferred method in diagnostic
settings.[11-13] For research questions whole exome or whole genome analyses re-
main valuable. Several target enrichment strategies based on distinct methodologies
are available (Table 1). The approaches can be based on hybridization, circularization
or PCR.[11] Hybridization is regarded as the preferred method for large regions, while
PCR is suitable for targeting a limited amount of genes. The coverage obtained with
hybridization is in general more homogeneous that with other techniques. Drawbacks
are the need for relative large amounts of DNA input and for additional equipment
like array plates in contrast to in solution captures. Advantages of using PCR as en-
richment technique is that also DNA of average quality is suitable. Furthermore, PCR
based techniques show relatively few off-target reads. A challenge using PCR is that
coverage can differ between separate amplicons. Circularization techniques are very
specific in targeting,valthough low coverage uniformity can be noted with such ap-
proach (Table 1). For use in a diagnostic setting the performance of different targeting
techniques has to be examined with DNA isolated from formalin fixed paraffin em-
bedded tissue (FFPE) as input, as this is used in daily diagnostics in pathology.

In this research we tested a circularization reaction (HaloPlex), that was validated
with a PCR based approach (lon AmpliSeq). The former technique is based on the
digestion of DNA with different sets of restriction enzymes (http://www.agilent.com;
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accessed January, 2016), after which regions of interest are captured in circular DNA
fragment (circularization).[12] To validate the results generated by the HaloPlex target
enrichment, the lon AmpliSeq Cancer Panel was used. The lon AmpliSeq Cancer
Panel is a PCR based technique with an input of only 10 ng of FFPE-DNA
(http://www.lifetechnologies.com; accessed January, 2016).

Multiple sequencing devices that are updated in a high rate, are available for se-
quencing targeted DNA.[9, 13] Most devices are based on optical read-outs as the
result of incorporation of fluorescent nucleotides (Table 2). [11, 14] A non-optical
method is semiconductor sequencing that measures hydrogen ions that are released
during polymerization of DNA.

To implement NGS for clinical purposes, validation experiments of a chosen analysis
method are necessary. [15-17] In this paper tested the HaloPlex targeted enrichment
method, and validated it with the lon AmpliSeq targeted enrichment protocol. We
show that both methodologies deliver correct mutation data in FFPE material and
thus can be used for clinical purposes.
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Materials and methods

Ethics Statement

All samples were handled according to the medical ethical guidelines described in
the Code Proper Secondary Use of Human Tissue established by the Dutch Feder-
ation of Medical Sciences (www.federa.org). Accordingly to these guidelines all
human material used in this study has been anonymized. Because of this anonymiza-
tion procedure individual patients’ permission is currently not needed.

Case selection and DNA isolation

FFPE tumor blocks of colorectal cancers and matching (ovarian) metastases were
selected (8 pairs; 16 tumors). The tissue used for DNA isolation was enriched for
tumor cells. Based on a hematoxylin and eosin (H&E)-stained slide, 0.6-mm tissue
punches were taken using a tissue microarrayer (Beecher Instruments, Sun Prairie,
WI, USA). DNA from both the tumors was isolated. Prior to DNA isolation, the FFPE-
tissue was deparaffinized in xylene and washed in 70% ethanol. In half of the cases
(n=8) DNA was isolated using the NucleoSpin Tissue Genomic DNA Purification kit
(Machery-Nagel, Duren, Germany) according to the manufacturer’s instructions. The
other cases (n=8) were isolated using a fully automated nucleic acid purification
method produced by Siemens.[18] In 6 cases the same DNA isolation was used for
both the HaloPlex as the Ampliseq target enrichment. In 10 cases separate DNA iso-
lates were used. Samples were selected after the quality of the DNA was tested by
PCR. Base pair products of 150-, 255-, 343-, and 511-bases were sequenced. In
case small base pair products (150 and 225 bp) were not generated, the sample was
excluded from further analysis.

Construction of the target enrichment panels (HaloPlex and lon AmpliSeq)
The HaloPlex (Agilent Technologies) gene panel was custom designed for genes rel-
evant in CRC. The panel, targeting 115 genes, was constructed using gene lists de-
scribed in literature.[19, 20] See Supplemental Table 1 for the complete gene list.
The lon AmpliSeq Cancer Hotspot Panel v2 consist of 50 oncogenes. See Supple-
mental Table 2 for the complete list of genes.

Sample library preparation using HaloPlex and lon AmpliSeq kits

The HaloPlex target enrichment system is a circularization based enrichment method
(http://www.agilent.com; accessed January, 2016). The first step is the fragmentation
of the input 225 ng DNA by a set of 8 different restriction enzymes. Next, targeted
nucleic acid sequences are hybridized with oligonucleotide constructs called selec-
tors. The selectors contain target-complementary end-sequences that are joined by
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a general linking sequence and that act as ligation templates to direct the circular-
ization of target DNA fragments. Also, in this step a sample specific barcode is added.
The selectors are biotinylated and therefore the targeted fragments can be retrieved
with magnetic streptavidin beads. Hereafter, the circular molecules are closed by lig-
ation, which is only efficient for perfectly hybridized fragments, which makes the
method theoretically very sensitive and specific. Only these circularized targets are
then amplified in a multiplex PCR, using one universal PCR primer pair that is specific
for the general linking sequence in the selectors. The total size of the targeted region
is 486013 bp divided over 115 cancer related genes (Supplemental Table 1).

The lon AmpliSeq target enrichment kit is using a multiplex PCR reaction by which
the regions of interest are first amplified. Next, the primer sequences of the PCR
products that are specifically designed for this purpose are partially degraded by a
FuPa reagent. Hereafter, adapters and sample specific barcodes are added to the
PCR product by a ligation reaction. Finally an emulsion PCR is performed after which
the samples are sequenced. The total size of the lon AmpliSeq panel is 22027 bp di-
vided over 50 cancer related genes (Supplemental Table 2).

High Throughput Sequencing using lllumina HiSeq and lon PGM

The libraries generated using the HaloPlex target enrichment kit, were sequenced
on a llumina HiSeq 2000 sequencer (ServiceXS, Leiden). Sequencing for libraries
prepared with the lon AmpliSeq target enrichment kit was performed on a lon Torrent
PGM sequencer (Thermo Fischer) using the lon PGM 200 sequencing kit according
to the manufacturer’s instructions.

Data Analysis

HaloPlex data was analyzed as previously described.[21] In short, the adaptors, bar-
codes and enzyme footprints were removed from the sequenced reads using Sure-
Call software (Agilent Technologies, Santa Clara, CA), after which the reads were
aligned to the human genome (hg19) using the Burrows-Wheeler aligner (BWA, ver-
sion 0.7.5a).[22] The Genome Analysis Toolkit (GATK, version 2.5) was used for re-
alignment around the indels and base quality recalibration.[23] SNP and indel calling
were carried out using VarScan software (version v2.3.6) with the following argu-
ments: minimum read depth = 8, minimum number of reads with the alternative allele
= 2, minimum base quality = 15, and minimum variant allele frequency = 0.10.
Variants were functionally annotated using ANNOVAR.[24, 25] We then selected
variants more likely to have a deleterious effect. This was achieved by focusing on
splicing and exonic variants (excluding synonymous) and removing the variants that
were present with a frequency higher than 1% in the 1000 Genomes project
(http://www.1000genomes.org/; data from April 2012) and/or in the NHLBI Exome
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Sequencing Project (http://evs.gs.washington.edu/EVS/; data from January 2013)
because they are more likely to be germline in origin.

For AmpliSeq data, reads were mapped to the human reference genome (hg19) using
the TMAP software with default parameters (https://github.com/iontorrent/TS). Sub-
sequently variant calling was done using the lon Torrent specific caller, Torrent Variant
Caller (TVC), using the recommended Variant Caller Parameter for Cancer Hotspot
Panel v2.

HaloPlex and AmpliSeq target regions were intersected resulting in 197 regions cov-
ering a total of 20294 bp captured by both panels. Variants in present in only Am-
pliSeq or HaloPlex were visually inspected using IGV, to identify false positive or
negative calls.

Allele specific qPCR

As extra validation step of the NGS results, allele-specific gPCR was performed as
described previously.[26] Seven variants of KRAS (p.G12C, p.G12R, p.G12S,
p.G12V, p.G12A, p.G12D, p.G13D), 2 variants of EGFR (p.L858R and exon 19 dele-
tion), one variant of BRAF (p.V600E) and 3 variants of PIK3CA (p.E542K, p.E545K,
p.H1047R) were analyzed.
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Results

HaloPlex target enrichment.

HaloPlex target enrichment has been optimized for high quality DNA. To test whether
the protocol also works with low quality FFPE-DNA as input, we processed 16 tumor
FFPE-DNA samples. The samples consisted of 16 tumor samples. The regions of in-
terest were enriched using a customized designed panel consisting of 115 genes.
The panel consisted of colon cancer driver genes and currently relevant genes for
clinical treatment decisions (BRAF, EGFR, KRAS and PIK3CA) were included.

The total number of reads generated was 8.4x107 of which 6.2x107 were aligned
(73.8%). Of the aligned reads 5.9 x107 were on target (95.2%). In Supplemental Fig-
ure 1A an overview is given for the number of reads per sample (range 1,4x10"6 —
25,0x1076). One sample (no. 7) generated substantially more reads in comparison
to the other samples, 25,0x10”6 reads compared to an average number of 5,3x10"6
reads. The average coverage was 452x (range 15-1972; Supplemental Figure 1B).
In total 1962 regions were captured, of which 19 (~1%) showed a coverage of 10
reads or less.

Validation with lon AmpliSeq target enrichment.

To validate the HaloPlex results, the same 16 patients were analyzed with the lon
Ampliseq target enrichment followed by lon PGM sequencing. In 6 cases the same
DNA was used, in the remaining 10 cases new DNA isolations were obtained. The
total number of reads generated was 9.2x10°; of which 8.6x10°were aligned (93.5%).
The majority of the aligned reads (89%) was on target. All the 16 samples produced
a comparable number of reads (range 3,9x10"5 — 7,5x10/5; average 5,8x1075). The
average coverage per sample was 1873 (range 1357-2658; Supplemental Figure
2A). All amplicons showed sufficient coverage (1951x, range 61 — 11170; Supple-
mental Figure 2B).

Haloplex and AmpliSeq comparison

To produce a reliable comparison between the two targeting techniques, the targeted
regions that showed overlap between the two techniques were analyzed in more de-
tail. Almost all regions covered with the lon AmpliSeq panel were also targeted with
customized HaloPlex panel. In total 197 separate DNA fragments (20294 bp) were
overlapping in both target enrichment techniques. Figure 1 shows the coverage per
targeted region for each sample, showing a higher number of reads in the AmpliSeq
data, although in a comparable pattern. Figure 2 shows the average coverage per
targeted region, also showing a similar image in the two targeting techniques. In the
HaloPlex approach these 197 targeted regions showed an average coverage of 578x

144



Chapter 5

(range 3-3774). In total 25 variants were detected in 16 cases (~2 variants per case).
See Supplemental Table 4 for the complete overview of detected variants with the
HaloPlex targeting technique. With the Ampliseq method an average coverage of
1951x (range 61-11170) was achieved in the 197 overlapping DNA regions. In total
44 variants were detected in 16 cases (~3 variants per case) in the 197 overlapping
regions. In Supplemental Table 4 a complete overview of detected variants is shown.

The concordance rate of variants in the overlapping regions that were covered by
both panels was 56%. In total 44 variants were detected of which 25 were found with
both methodologies.

The 19 discordant variants were all detected with the lon AmpliSeq panel, and initially
not found with the HaloPlex panel. Nine of the 19 discordant variants could be de-
tected in the HaloPlex data after manually curating the sequence reads. These 9 vari-
ants were filtered out using the standard analysis, due to low numbers of (mutant)
reads. In 2 cases no reads were present at the specific positions in the HaloPlex ex-
periments. Eight variants (divided over 3 cases) that were detected by lon AmpliSeq
target enrichment were, although with sufficient reads on target, not detected in the
HaloPlex target experiment. The discrepancy could be explained by the use of sep-
arate DNA-isolations, as these discordant results were only detected as different DNA
isolations of the same tumor was used. So, possibly the detected differences are best
explained by intra-tumor heterogeneity (ITH).

Mutation profile of hotspots in KRAS, BRAF, EGFR and PIK3CA

The coverage of KRAS, BRAF, EGFR and PIK3CA was comparable with the other
genes in both target enrichment approaches used (Supplemental Figure 3A and 3B).
However, when looking to coverage of specific base positions, it was noted that one
of the PIK3CA hotspots (p.E542) had a very low coverage in the HaloPlex panel. In
three cases this specific variant was not detected with the HaloPlex target enrichment
because of low numbers of (mutant) reads that not reached the thresholds. In one
case no reads were present at the PIK3CA p.E542 hotspot position.

In total 13 mutations were called in KRAS, BRAF, EGFR, and PIK3CA. Six of these
variant were concordant. Of the seven discordant variants, 5 were detected by man-
ually looking into the sequence data. Two variants were not detected, although there
was sufficient coverage. As stated above, these discrepancies can be explained by
ITH. Mutations calls were validated using a hydrolysis probe assay, showing no dis-
cordant results.

Interestingly, while manually checking the reads of the Ampliseq experiment in some
cases a very small number of reads (varying from 1 to 7) carrying a pathogenic variant
at known hotspot locations were observed (Supplemental Table 3). These variants

145



A.S.L.P. Crobach

had a frequency lower than the thresholds and were not detected by using the bioin-
formatics pipeline. Samples analyzed with the lon AmpliSeq panel showed this phe-
nomenon more often, possibly because of the total number of reads was higher in
comparison with the HaloPlex experiment. The hotspots in EGFR and BRAF do not
show this phenomenon. Whether these reads present true low frequent mutations or
are a technical artifact cannot be defined on these numbers. APC variants, showing
no discordances, were detected in half of the cases (Supplemental Table 4).
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Discussion and Conclusion

Next generation sequencing (NGS) is the standard method for mutation screening in
diagnostic pathology.[1] DNA isolated form formalin-fixed paraffin-embedded material
(FFPE), has proven to be suitable for high-throughput approaches.[15] Targeted se-
quencing generates high coverage of the genes of interest.[27] Several target en-
richment strategies based on hybridization, circularization or PCR are available.[11]
For large regions hybridization is advised, while for small regions PCR-based tech-
niques are preferred. Targeting methodologies using a circulation approach in com-
bination with FFPE DNA as input material are not frequently used.[12]

An advantage of HaloPlex is the large number of probes targeting the genes of inter-
est. Due to overlapping probes that target DNA regions, failing of one or more probes
per region still can result in successful enrichment. In our experiments with FFPE
material, the coverage varied considerably between samples. The low DNA quality
of FFPE material might have caused this difference in sequencing efficiency between
the samples. In general the genes of interest were successfully targeted (about 95%
of the aligned reads were on the target regions), however some targets were not cap-
tured or showed a very low number of reads impairing their analysis. In total 1962
regions were captured, of which 19 (~1%) showed insufficient coverage (<10 reads).
The smaller lon AmpliSeq panel showed a more evenly distribution among the sam-
ples, although the coverage of the 197 overlapping regions showed a comparable
pattern in the two targeting techniques (Figure 1 and 2). The overlapping regions
showed a coverage of respectively 578x and 1951x in the HaloPlex and Ampliseq
targeted approach.

Bioinformatics pipelines are crucial for data interpretation. Several variants were ini-
tially not detected in our HaloPlex data analysis. These pathogenic variants were only
detected in a retrospective analysis of the HaloPlex data. As larger regions of the
DNA are targeted that show more variation in the number of reads per region, it is
more difficult to construct an optimal pipeline. On one hand a pipeline should not
have loose settings that result in false positive results, on the other hand too strict
settings might not reveal variants with only a limited number of mutant reads. The
HaloPlex panel resulted in regions with low coverage leading to undetected, but true,
variants.

Several companies already offer analyzing software, that only need sequencing data
as input. In this way all data is analyzed in a standardized method. However, the
bioinformatics pipeline settings cannot be changed. Continuous validation and ad-
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justments of the bioinformatics pipelines is necessary to get the most reliable results.
As example, adding genes to the targeted panel might influence the processing of
the DNA, needing thorough validation. Also, the implementation of newer sequencing
devices that can deliver result of more patient samples in a shorter time span, needs
to be validated. So, as the developments in the field of molecular diagnostics follow
each other at high rate, continuous control experiments have to be performed.

The smaller lon AmpliSeq panel (22.027 bp versus 486.013 bp targeted in the Halo-
Plex experiment) seems to be the preferred method in a clinical setting, as robust
data could be delivered. Because only a limited amount of base pairs is targeted, a
solid multiplex PCR reaction is present.

It is expected that the speed of sequencing will increase spectacular. Targeted ap-
proaches could potentially become unnecessary. In that case whole exome, or whole
genome could potentially be performed on any patient sample. Only the genes of in-
terest need then inspection. The other sequence data can be stalled for a renewed
analyses.
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Figure 1
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Figure 2
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Table 1

Pro’s and Con’s

Examples

Hybrid Capture

Hybrid Capture

+ Able to capture a large number of targets

Sureselect (Agilent)

+ Homogeneous coverage

SeqCap EZ (Roche NimbleGen)

- Large input of DNA is necessary

FlexGen (FleXelect)

- Additional equipment is needed in case of
using microarrays

Mybaits (Mycroarray)

Circularization

Circularization

- Low coverage uniformity

HaloPlex (Agilent)

Single molecule Molecular Inversion Probes
(smMIP)

PCR

+ High quality DNA is not required

PCR

+ High enrichment ratio with few off-targets

lon Ampliseq (Life Technologies)

- Coverage uniformity might be less

SequalPrep (Life Technologies)

Seqtarget System (Qiagen)

Acces Array System (Fluidigm)

Thunderstorm/RDT 1000 System
(Raindance)

Truseq (lllumina)

Overview of Pro’s and Con’s of different target enrichment
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Table 2

Target Enrichment Strategy

Sequencing Platform

Hybrid Capture

Optical methods

Sureselect (Agilent)

Reversible Dye Terminator

SeqCap EZ (Roche NimbleGen)

MiSeq (lllumina)

FlexGen (FleXelect)

HiSeq (lllumina)

Mybaits (Mycroarray)

Genome Analyzer IIX (lllumina)

Circularization

Single Molecule Real-time (SMRT)

HaloPlex (Agilent)

PabBio RS (Pacific Biosciences)

Single molecule Molecular Inversion Probes
(smMIP)

Oxford Nanopore sequencing (Oxford
Nanopore)

PCR

Pyrosequencing

lon AmpliSeq (Life Technologies)

454 (Roche)

SequalPrep (Life Technologies)

GS FLX Titanium (Roche)

Seqtarget System (Qiagen)

Acces Array System (Fluidigm)

Oligonucleotide Probe Ligation

Thunderstorm/RDT 1000 System (Raindance)

Solid 4 (Life Technologies)

Truseq (lllumina)

Complete Genomics (BGI)

DNA Nanoball sequencing

Complete genomics

Non-optical methods

Semiconductor sequencing

lon PGM (Life Technolgies)

lon Proton (Life Technologies)

Overview of target enrichment strategies and sequencing platforms.
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Supplemental Figure 1A en 1B

Number of reads HaloPlex - lllumina Hiseq
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Supplemental Figure 2A en 2B

Number of reads lon Ampliseq™- lon PGM
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Supplemental Table 1

1 |ABCAT1 31| CSF1R 61 | KRAS 91 |PRUNEZ2
2 |ABL1 32 |CTNNB1 62 | LIMKZ2 92 |PTEN
3 |ADAM19 33 |DSTYK 63 |[LOH12CR1 93 |PTPN1
4 |ADAMTSL1 34 |EGFR 64 |LTK 94 |PTPN11
5 |ADAMTSL3 35 | EPHA3 65 | MAP2K1 95 |RB1

6 |AKT1 36 |ERBB2 66 | MAP2K2 9 |RET

7 |AKT2 37 |ERBB4 67 | MAP2K4 97 |RIOK3
8 |ALK 38 |FAT4 68 | MDM2 98 | SIAH1
9 |ALPK1 39 | FBXW7 69 | MEN1 99 |SMAD2
10 |APC 40 | FES 70 |MET 100 | SMAD3
11 |ARID1A 41 | FGFR1 71 |[MICAL3 101 | SMAD4
12 |ATM 42 | FGFR3 72 |MLH1 102 | SMAD7
13 | BAX 43 |FGR 73 |MLL3 103 | SMARCB1
14 | BMP2 44 |FLT3 74 | MMP2 104 | SMO

15 | BMPR1A 45 | FOXO1 75 | MMP9 105 | SRC

16 | BMPR2 46 | GATA3 76 | MSH2 106 | SRGAP1
17 | BRAF 47 | GNAS 77 | MSH6 107 | STAB1
18 | C110rf66 48 | GUCY1A2 78 |MUTYH 108 | STK11
19 |CACNA1B 49 |HIF1A 79 (MYC 109 | SYNC
20 | CACNA2D3 50 | HOXA4 80 |[MYT1 110| TGFBR1
21 |CASR 51 | HOXB4 81 | NEGR1 111| TGFBR2
22 |CCNB2 52 |HOXC4 82 |[NOTCH1 112 | TIE1

23 |CCND1 53 | HOXD4 83 |NRAS 113| TP53
24 |CCNT2 54 | HRAS 84 | NTRK1 114 | TP53BP1
25 |CDC42BPA 55 | IDH1 85 | NTRK3 115| VHL

26 |CDC73 56 | JAK1 86 | PANK4

27 |CDH1 57 | JAK2 87 | PARP1

28 | CDK4 58 | JAK3 88 | PDGFRA

29 | CDKNZ2A 59 |KDR 89 | PIK3CA

30| COL3A1 60 | KIT 90 | PMS2

Overview of genes targeted in the HaloPlex™ panel. Genes targeted are colon can-
cer driver genes (all CCDS inclusive 30 bp intronic on 5’ and 3’ side). The average
fragment length after digestion is +/- 100 bp. The total number of targeted regions is
1958. Total target region size is 486013 bp. DNA-input required is 225 ng.
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Supplemental Table 2

1| ABL1 26 | IDH2

2 | AKT1 27 | JAK2

3 | ALK 28 | JAK3

4 | APC 29 | KDR

5| ATM 30 | KIT

6 | BRAF 31 | KRAS

7 | CDH1 32 | MET

8 | CDKN2A 33 | MLH1

9 | CSF1R 34 | MPL
10 | CTNNB1 35 | NOTCH1
11 | EGFR 36 | NPM1
12 | ERBB2 37 | NRAS
13 | ERBB4 38 | PDGFRA
14 | EZH2 39 | PIK3CA
15 | FBXW7 40 | PTEN
16 | FGFR1 41 | PTPN11
17 | FGFR2 42 | RB1
18 | FGFR3 43 | RET
19 | FLT3 44 | SMAD4
20 | GNAT1 45 | SMARCB1
21 | GNAQ 46 | SMO
22 | GNAS 47 | SRC
23 | HNF1A 48 | STK11
24 | HRAS 49 | TP53
25 | IDH1 50 | VHL

Overview of genes targeted in the lon AmpliSeq™ Cancer Hotspot Panel v2 (n=50).
Number of amplicons is 207. The number of COSMIC mutations covered with this
panel is 2800. DNA-input required is 10 ng.
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Supplemental Table 3

KRAS EGFR BRAF
Case | HaloPlex | Ampliseq HaloPlex Ampliseq HaloPlex

1 1 2 3 2 3 4
1 19 47| 966 4040 0 500 0 222|0 982 0 1235 0 84
2 13 24|2572 5589 0 730 0 114|0 864 0 1272 0 65
3 0 29| 10 2310 0 229 0 43|0 557 0 555 0 31
4 0 65/ 11 2183 0 663 0 87/0 1138 0 1023 0 56
5 0 23] 11 589 0 3080 19/0 970 111 0 15
6 0 61| 14 1431 0 424 0 39(0 217 0 217 0 5
7 0 697 10 2278 1 3415 1 2300(1 1053 0 1014 0 1362
8 0 130 9 3240 0 803 0 400{0 1403 0 1538 0 156
9 51 91| 839 2018 0 946 0 252|0 2523 0 2802 0 47
10 36 93 537 1115 0 601 0 222|0 2629 0 2718 0 81
11 11 64(1461 3288 0 142 0 107|0 2660 0 2562 0 53
12 32 54(1172 2508 0 493 0 240|0 1035 0 937 0 62
13 0 0] 279 1052 0 240 110 1128 0 1147 0 0
14 0 14| 224 254 0 336 0 113|{0 1115 0 460 0 16
15 11 13| 679 1100 0 591 0 85|0 2850 0 1949 0 18
16 30 57| 438 825 0 747 0 116|0 1183 0 576 0 55

Number of WT and mutant reads for hotspot locations in KRAS, EGFR, BRAF and
PIK3CA. 1= KRAS p.12; 2= EGFR p.L858R; 3= EGFR del19; p.747-753; 4 = BRAF
p.V60OE; 5 = PIK3CA p.E542K; 6= PIK3CA p.E545K; 7= PIK3CA p.H1047R.
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BRAF PIK3CA
HaloPlex Ampliseq HaloPlex Ampliseq

4 4 5 6 7 5 6 7

0 84 O 1100 0O 50 360 0 878 3 2355 6 2355 2 2200
0 65 O 515 0 30 437 0 906 0 2225 0 2225 0 1807
0O 31 O 503 0O 00 399 0 544|550 2831 5 2582 0 1748
0 56 O 382 0 20 409 0 635 0 1465 0 1465 1 1139
0 15/ O 106 0O 00 2840 374/ 1 501 2 501 0 310
0 5 0 228 0 00 3520 5071 11272 9 1272 2 699
0 1362 O 500 0 139 0 1493 0 3862 0 1048 1 1048 2 1244
0 156 O 729 0 110 4440 678 01730 0 1730 0 1635
0 47 O 1231 0O 00 2750 535 32476 11 2476 1 1662
0O 81 O 526 0O 40 1520 324 1 928 0 928 1 856
0 583 O 1542 0 30 1130 296 0 3301 1 3301 3 2383
0 621 1 484 0O 50 2330 447 0 1304 2 1304 0 1452
0 0] O 441 0 00 50 6 15 1842 3 1842 0 1000
0 16 O 104 0O 00 730 285 2 28 0 2850 264
0 18 O 596 0O 00 1950 518 7 1655 0 1655 1 941
0 55 O 124 0 20 1340 746/ 0O 286 0 286 0 414

163




A.S.L.P. Crobach

Supplemental Table 4

Case 1 Primary colon tumor
APC:NM_001127510:exon17:c.G4057T:p.E1353X
KRAS:NM_033360:exon2:c.G35T:p.G12V
PTEN:NM_000314:exon5:¢c.C388T:p.R130X
CCNT2:NM_001241:exon10:c.C1984T:p.R662W
ATM:NM_000051:exon8:¢c.G1010A:p.R337H

Case 3 Primary colon tumor
ABCA1:NM_005502:exon41:¢c.G5563T:p.A1855S
TP53:NM_001126114:exon4:c.T325G:p.F 109V
GUCY1A2:NM_000855:exon7:c.G1882T:p.G628W

Case 5 Primary colon tumor
TP53:NM_001126112:exon10:c.C1009T:p.R337C
APC:NM_001127510:exon17:c.4010_4011del:p.1337_1337del
MICAL3:NM_001122731:exon3:c.C367T:p.R123C
TGFBR2:NM_001024847:exon1:c.G5C:p.G2A,

Case 7 Primary colon tumor
NRAS:NM_002524:exon3:c.C181A:p.Q61K
MSH2:NM_000251:exon15:c.G2500A:p.A834T
FAT4:NM_024582:exon17:c.G13789T:p.D4597Y
TP53:NM_001126114:exon7:c.G743A:p.R248Q

Case 9 Primary colon tumor
KRAS:NM_033360:exon2:c.G38A:p.G13D
TP53:NM_001126114:exon5:c.G524A:p.R175H
FAT4:NM_024582:exon3:¢.T5539C:p.S1847P
APC:NM_001127510:exon11:c.G1085C:p.G362A
APC:NM_001127510:exon17:¢c.G2950T:p.E984X
APC:NM_001127510:exon17:c.4240_4241insT:p.V1414fs
CDH1:NM_004360:exon3:c.T208C:p.S70P

Case 11 Primary colon tumor
CTNNB1:NM_001098209:exon5:c.G569A:p.R190H
KRAS:NM_033360:exon2:¢c.G35T:p.G12V
APC:NM_001127510:exon17:¢c.C4132T:p.Q1378X

Case 13 Primary colon tumor
TP53:NM_001126114:exon4:c.293delC:p.P98fs
CSF1R:NM_005211:exon8:c.A1085C:p.H362P
KRAS:NM_033360:exon2:c.G34T:p.G12C

Case 15 Primary colon tumor
KRAS:NM_033360:exon2:c.G35C:p.G12A
TP53:NM_001126114:exon8:¢c.C817T:p.R273C
TP53:NM_001126114:exon5:c.G473A:p.R158H
GNAS:NM_016592:exon1:¢c.C676T:p.R226C
PARP1:NM_001618:exon19:c.G2656A:p.V886M
KDR:NM_002253:exon4:c.C481A:p.L161]
PIK3CA:NM_006218:exon10:c.C1636A:p.Q546K

Variants detected with the HaloPlex and AmpliSeq panel are shown. Discordant va-

riants are highlighted in grey.
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Case 2 Ovarian metastasis
APC:NM_001127510:exon17:¢c.G4057T:p.E1353X
KRAS:NM_033360:exon2:c.G35T:p.G12V
PTEN:NM_000314:exon5:¢.C388T:p.R130X
SMAD4:NM_005359:exon9:¢c.C1067T:p.P356L
CCNT2:NM_001241:exon10:c.C1984T:p.R662W
GNAS:NM_080425:exon1:c.C1684T:p.R562C
BRAF:NM_004333:exon10:c.G1271A:p.R424Q
HRAS:NM_176795:exon3:c.G239A:p.C80Y
FLT3:NM_004119:exon16:c.G2038A:p.A680T
FGFR3:NM_022965:exon16:¢.C2012T:p.S671L
PDGFRA:NM_006206:exon15:c.G2071A:p.D691N
NOTCH1:NM_017617:exon34:c.C7394T:p.P2465L

Case 4 Ovarian metastasis
ABCA1:NM_005502:exon41:c.G5563T:p.A1855S
TP53:NM_001126114:exon4:c.T325G:p.F109V
SMAD2:NM_001003652:exon2:c.C5T:p.S2L
PIK3CA:NM_006218:exon10:c.G1624A:p.E542K

Case 6 Ovarian metastasis
TP53:NM_001126115:exon6:c.C613T:p.R205C
TGFBR2:NM_001024847:exon1:c.G5C:p.G2A
APC:NM_001127510:exon17:¢c.4010_4011del:p.1337_1337del

Case 8 Ovarian metastasis
NRAS:NM_002524:exon3:c.C181A:p.Q61K
MSH2:NM_000251:exon15:c.G2500A:p.A834T
FAT4:NM_024582:exon17:c.G13789T:p.D4597Y
TP53:NM_001126114:exon7:c.G743A:p.R248Q

Case 10 Ovarian metastasis
KRAS:NM_033360:exon2:c.G38A:p.G13D
TP53:NM_001126114:exon5:c.G524A:p.R175H
ERBB4:NM_001042599:ex0n25:¢c.A3005C:p.K1002T
FAT4:NM_024582:ex0on3:¢.T5539C:p.S1847P
APC:NM_001127510:exon17:¢c.G2950T:p.E984X
APC:NM_001127510:exon17:¢c.4240_4241insT:p.V1414fs
CDH1:NM_004360:exon3:¢.T208C:p.S70P

Case 12 Ovarian metastasis
CTNNB1:NM_001098209:exon5:c. G569A:p.R190H
KRAS:NM_033360:exon2:¢c.G35T:p.G12V
APC:NM_001127510:exon17:¢c.2941delC:p.P981fs
EGFR:NM_005228:exon15:c.1783_1784insC:p.C595fs

Case 14 Ovarian metastasis
TP53:NM_001126114:exon4:c.293delC:p.P98fs
CSF1R:NM_005211:exon8:c.A1085C:p.H362P
ATM:NM_000051:exon55:c.G8146A:p.V2716|
KRAS:NM_033360:exon2:c.G34T:p.G12C

Case 16 Ovarian metastasis
KRAS:NM_033360:exon2:c.G35C:p.G12A
TP53:NM_001126114:exon8:¢c.C817T:p.R273C
TP53:NM_001126114:exon5:c.G473A:p.R158H
GNAS:NM_016592:exon1:c.C676T:p.R226C
APC:NM_001127510:exon17:¢.2880delA:p.S960fs
CSF1R:NM_005211:exon8:c.A1085C:p.H362P
FAT4:NM_024582:exon9:c.T8651A:p.L2884H
PIK3CA:NM_006218:exon10:c.C1636A:p.Q546K

HALO_lllumina
present
present
present
present
present
present
present

not detected
not detected
not detected
not detected
not detected

present
present
present
no reads present

present
present
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present
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present after manual inspection
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not detected
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present after manual inspection
present

not detected
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present
present after manual inspection
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present
present
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present
present
present
present after manual inspection
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not included in amliseq panel
not included in amliseq panel
not included in amliseq panel
present

present

present

present

present

not included in amliseq panel
present
not included in amliseq panel
present

present
not included in amliseq panel
not included in amliseq panel

present
not included in amliseq panel
not included in amliseq panel
present

present
present
not included in amliseq panel
not included in amliseq panel
not included in amliseq panel
not included in amliseq panel
present

not included in amliseq panel
present
not included in amliseq panel
present

present
not included in amliseq panel
not included in amliseq panel
present
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not included in amliseq panel
not included in amliseq panel
not included in amliseq panel
present
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Abstract

Patients synchronously or metachronously presenting with ovarian and colon cancer
can pose diagnostic challenges. A primary colon carcinoma can metastasize to one
or both ovaries, two independent primary tumors can arise or an ovarian carcinoma
can metastasize to the colon. Clinical and immunohistochemical characterization can
aid the diagnosis. Recently, we reported that in difficult cases finding pathogenic APC
variants supports a colonic origin.

In this case report we describe the clinical history of a female patient suspected for
Lynch syndrome. She was diagnosed with a bilateral ovarian cancer at age 44, fol-
lowed by the detection of a colon carcinoma 12.5 months later. Lesions of both sites
showed a DNA mismatch repair deficiency with immunohistochemical loss of MLH1
and PMS2 expression without MLH1 promoter hypermethylation. In absence of
germline MMR gene variants identical somatic MLH1 and CTNNB1 gene variants
were found, indicating a clonal relation. MMR germline mosaicism was made unlikely
by ultra deep sequencing of the MLH1 variant in DNA isolated from normal mucosa,
blood, urine and saliva. Although initially being suspect for Lynch syndrome it was
eventually concluded that a metachronously diagnosed colon carcinoma that metas-
tasized to both ovaries was most likely.
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Introduction

In this report we describe a female patient diagnosed with bilateral endometrioid car-
cinoma of the ovaries at the age of 44. One year later an adenocarcinoma of the
colon was detected. The discovery of the colon carcinoma created doubt about the
primary origin of the ovarian tumors. Besides, because the patient met the Amster-
dam/Bethesda revised criteria, Lynch syndrome (LS) was suggested.

The ovaries can be affected by metastases from several primary tumor sites.[1] Most
metastases originate from the gastrointestinal tract, with the colon as most frequent
primary location. However, primary ovarian tumors are more common than ovarian
metastases; 85% versus 15%.[2] Since subtypes of primary ovarian cancers (espe-
cially endometrioid and mucinous adenocarcinomas) can show overlapping histolog-
ical and immunohistochemical features with gastrointestinal tumor metastases, it can
be difficult to discriminate these.[3, 4] A combined analysis of clinical and molecular
features can be helpful in correctly diagnosing these tumors. Reanalyis of this case
revealed both macroscopic and microscopic evidence for a colonic origin of the ovar-
ian tumors. This thought was supported by up-to-date extensive molecular analyses
that showed a clonal relationship between both tumors. Lynch syndrome, including
DNA mismatch repair gene mosaicism, was ruled out.
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Materials and Methods

Immunohistochemistry

Immunohistochemistry was performed as previously described.[8] The antibodies
and dilutions that were used are as follows: MSH2 (1:25; DAKO Santa Clara, United
States), MSH6 (1:400; GeneTex Irvine, United States), PMS2 (1:80; DAKO Santa
Clara, United States) and MLH1 (1:40; DAKO Santa Clara, United States), CDX2
(1:80; DAKO Santa Clara, United States), keratin-7 (1:400; DAKO Santa Clara,
United States), keratin-20 (1:200; DAKO Santa Clara, United States), ER (1:40;
DAKO Santa Clara, United States), PR (1:400; DAKO Santa Clara, United States)
and vimentin (1:1000; DAKO Santa Clara, United States).

Methylation specific assay
The promoter region of MLH1 was analyzed by methylation-specific multiplex liga-
tion-dependent probe amplification (MS-MLPA) as previously described.[9]

Microsatellite instability (MSI) analysis
Microsatellite analysis was performed using five mononucleotide microsatellite mark-
ers as previously described.[10]

Germline analysis

Germline analysis of MLH1, PMS2, MHS2 and MSH6 variant was performed on DNA
isolated from lymphocytes from a blood sample using standard procedures including
the analysis for large deletions/duplications by the multiplex ligation-dependent probe
amplification (MRC Holland, the Netherlands).

Somatic and mosaicism analysis

Somatic mutation analysis of MLH1 was performed using a laboratory developed
multiplex AmpliSeq based NGS protocol followed by confirmation of detected muta-
tions by Sanger sequencing.

Additional analysis of somatic variations was performed on DNA isolated using a fully
automated DNA extraction procedure. The concentration of DNA was measured using
a fluorometer (Qubit dsDNA HS, Thermo Fischer Scientific, Waltman MA USA). The
amplicon library for targeted sequencing was constructed using AmpliSeq Cancer
Hotspot Panel v2. This panel consists of a single primer pool and is designed to detect
somatic cancer hotspot pathogenic variants in 207 amplicons covering 50 cancer re-
lated genes, including genes as APC, KRAS, TP53, SMAD4 that are often altered in
colorectal cancer. The whole APC gene was analyzed in a separate analysis as in
the cancer hotspot panel only the mutation cluster region of APC is covered. Mo-
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saicism analysis of the identified MLH1 variant was performed by using a panel cov-
ering MSH2, MSH6, PMS2, MLH1, POLD1 and POLE. Libraries were prepared with
10 ng of genomic DNA, and each sample was uniquely barcoded using lonXpress
barcodes (Life Technologies). Next-generation sequencing was carried out according
to the lon Proton protocol.

Bioinformatic analysis

The unaligned BAM file generated by the Proton sequencer were mapped against
the human reference genome (GRCh37/hg19) using the TMAP 5.0.7 software with
default parameters (https://github.com/iontorrent/TS). Subsequently variant calling
was done using the lon Torrent specific caller, Torrent Variant Caller (TVC)-5.0.2,
using the recommended Variant Caller Parameter for Cancer Hotspot Panel v2. Vari-
ant interpretation was done using Geneticist Assistant (Softgenetics) which assigns
Functional Prediction, Conservation scores and Disease associated information to
each variant (http://softgenetics.com/GeneticistAssistant_2.php). Once pathogenicity
is assigned to a variant, the same pathogenicity is automatically attributed the next
time the variant is observed. Integrative Genomics Viewer (IGV) was used for visually
inspecting variants (doi: 10.1093/bib/bbs017). The analysis of the complete APC
gene was performed as described previously.[11] LOH was analyzed by comparison
of variant and wild type DNA reads of the NGS results.
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Case Report

We describe a female patient with a family history of ovarian cancer (one sister at
the age of 56 years), breast cancer (one sister at the age of 59 years), colon cancer
(patient’s mother at the age of 80 years) and a (non melanoma) skin cancer (the
sister diagnosed with breast cancer). The index patient had one hyperplastic polyp
removed from the rectum at the age of 43. Aged 44, she was diagnosed with bilateral
endometrioid carcinoma of the ovaries with focally mucinous differentiation (Figure
1), clinical stage 1B according to the FIGO staging system. Surgery was performed
and she was treated with adjuvant chemotherapy comprising a regimen of cyclofos-
famide and carboplatin. At age 45, 12.5 months later, she was diagnosed with an
adenocarcinoma of the colon, treated by a left-sided hemicolectomy. Based on these
clinical records the patient met the Amsterdam/Bethesda revised criteria. Patient has
remained disease-free until the age of 64. However, the discovery of the (mucinous)
colon carcinoma showing partly a similar morphology as the ovarian tumors (Figure
1), created doubt about the primary origin of the ovarian tumors. Lynch syndrome
(LS), in which independent ovarian and colon tumors had developed, was suggested.

Immunohistochemistry testing of the MMR proteins MLH1, PMS2, MSH2 and MSH6
of the colonic and ovarian tumors showed DNA MMR deficiency with loss of expres-
sion of MLH1 and PMS2. Microsatellite instability (MSI) testing using mononucleotide
microsatellite markers showed an MSI-H phenotype. A sporadic origin of these MMR
deficient tumors due to MLH1 promoter hypermethylation was excluded. Our patient
was subsequently referred to a clinical geneticist. However LS could not be confirmed
after negative lymphocyte DNA testing of MLH1, PMS2, MHS2 and MSH6 for
germline pathogenic variants. Also germline testing of BRCA1 and BRCAZ2 in two sis-
ters of the patient was negative.

Reevaluation of the metachronously diagnosed colon tumor confirmed the primary
origin in the colon as the bulk of the tumor was bulging in the colonic lumen. Further-
more, the serosal lining was unaffected. Immunohistochemical stainings of the ovar-
ian tumor showed a phenotype compatible with a metastasis from a colon tumor
(keratin-7 negative / keratine-20 and CDX-2 positive). ER, PR and vimentin were also
negative. However, ovarian tumors with mucinous differentiation can show a wide
variety of keratine-7/keratin-20 immunoprofile patterns, and should be interpreted
with caution.[12]

Somatic testing (Table 1) of MLH1 showed an identical MLH1 class 5 pathogenic
variant (c.1624C>T, p.(GIn542%)) in both colon and ovarian tumors. Next, loss of het-
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erozygosity for MLH1 was shown by absence of the WT(wild type)-allele. We also
somatically tested the complete APC gene for pathogenic variants in these lesions,
as finding of pathogenic APC variants in ovarian neoplasms would point at a colonic
origin of the lesions. No APC variants were found, however an identical activating
class 5 CTNNB1 pathogenic variant (c.134C>T; p.(Ser45Phe)) was identified, the
molecular alternative for Wnt-pathway activation (Figure 2A). Finding identical MLH1
and CTNNB1 variants would suggest a clonal relation between the colon and ovarian
tumor. Additionally, a class 5 pathogenic TP53 variant (c.1024C>T, p.(Arg342*)) was
detected in the colon tumor, but absent in the ovarian tumor (Figure 2B). In order to
estimate putative germline mosaicism we performed ultra-deep sequencing of the
MLH1 (c.1624C>T, p.(GIn542*)) variant in DNA isolated from normal colonic mucosa,
saliva, blood and urine. All isolates showed sufficient (>10K) coverage, but showing
no presence of the MLH1 variant, rendering germline mosaicism unlikely. It was con-
cluded that a metachronously diagnosed colorectal tumor that metastasized to both
ovaries was the most likely diagnosis.
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Discussion

In the current report we address a remarkable clinical dilemma once metachronous
ovarian and colon tumors are diagnosed and the possibility of a Lynch syndrome
needs to be answered. The female patient we now present with bilateral ovarian can-
cer was treated as having primary bilateral ovarian cancer. However, only 12.5
months after the first diagnosis the true primary origin of these lesions was questioned
with the resection of a DNA mismatch repair deficient left sided colon cancer. After
reevaluation and molecular analysis a clonal relation was identified between the ovar-
ian and colonic lesions. As MMR deficient cancers mostly lack distant metastases
possibly due to the interaction with the immune system, it is noteworthy that this DNA
MMR deficient colon cancer probably metastasized to the ovaries.[13] .

About 15% of all ovarian tumors turn out to be metastases.[2] Histological parameters
are not always sufficient to discriminate between a primary tumor and/or metastasis.
Nowadays, molecular analysis can be a helpful tool to make this distinction in se-
lected cases.[5] Inactivating APC pathogenic variants are almost exclusively found
in colon tumors. Thus, the presence of a pathogenic variant is a strong argument for
a primary colon tumor.[3, 5, 14] In our patient no pathogenic variants in the APC gene
were found, but an identical activating CTNNB1 variant was present in both ovary
and colon tumors. As CTNNB1 variants are very rare in colon carcinomas, this might
suggest the ovarian tumor as the primary origin.[6] On the other hand activating
CTNNB1 pathogenic variants are often found in colon cancer associated with DNA
mismatch repair deficiency.[7, 15, 16] Only an incidental report of metastatic mis-
match repair deficient colon carcinoma to the ovaries is described.[17] In previous
published research we did not find any CTNNB1 pathogenic variants in MMR profi-
cient colorectal metastases to the ovary.[5] With respect to the ovary, CTNNB1 path-
ogenic variants have mainly been found in endometrioid ovarian cancers. [6]
However, the histopathological findings in our case do not suggest metastases from
the ovary since the colonic tumor was located at the luminal site. In case of a metas-
tasis the bulk of the tumor would have been present on the serosal site. Besides,
ovarian cancers metastasizing to the colon, and morphologically mimicking a primary
colon tumor are probably very rare. Furthermore in case of bilateral ovarian tumors
the odds favor metastases from a primary tumor elsewhere in the body.

In our patient the same somatic MLH1 pathogenic variant and concomitant loss of
heterozygosity of the wild type allele was present in the ovarian and colon cancer.
As the detected MLH1 variant was not found by deep sequencing of DNA isolated
from normal mucosa, saliva, blood and urine a germline mosaicism was rendered
unlikely.

Somatic MLH1 pathogenic variants in sporadic tumors are mainly associated with
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gastrointestinal tumors.[6, 18] MLH1 pathogenic variants are not commonly found in
ovarian cancer, although one study found MLH1 pathogenic variants in 8,7% epithelial
ovarian cancer.[19] Usually, TP53 pathogenic variants occur early in the evolutionary
development of a tumor. Our patient’s tumors showed in two tumors CTNNB1T as well
as MLH1 pathogenic variants, but only in the colon tumor a TP53 pathogenic variant
was identified. The presence of this variant can be explained by tumor progression
within the primary colon tumor. Apparently in this case, the pathogenic TP53 variant
is not present in the metastasizing clone. Such spatial differences in mutation profiles
within a tumor are known as intra-tumor heterogeneity.

In summary, we discuss the clinical dilemma with metachronous diagnosed bilateral
mismatch repair deficient ovarian and colon cancer harboring a pathogenic MMR
variant. In our case Lynch syndrome as well as a postzygotic somatic mutation lead-
ing to mosaicism of multiple normal tissues are very unlikely. Molecular analysis
showed a clonal relationship between the ovarian and colon tumors with histopatho-
logical analysis suggesting the colon tumor being the primary tumor.
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Figure 1
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Figure 1 shows the histological picture of the ovarian tumor (A and B) and the colon
tumor (C and D). In Figure A en B both endometrioid and mucinous parts of the ova-
rian tumor are shown
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Figure 2
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Figure 2A shows the reads including the pathogenic CTNNB1 variant that is present
in both the ovarian and the colon tumor.

Figure 2B shows the reads including the pathogenic TP53 variant that is present in
the colon tumor, but not in the ovarian tumor.
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Table 1
Gene Ovary (T%: > 60%) Colon (T%: > 50%) Leucocytes
TP53 No pathogenic variant c.1024C>T, p.(Arg342*) /
6,1% mutant reads
MLH1 €.1624C>T, p.(GIn542%) / €.1624C>T, p.(GIn542%) / No
pathogenic
76% mutant reads 52% mutant reads variant
LOH LOH
Loss of expression by IHC Loss of expression by IHC
No promoter hypermethylation No promoter hypermethylation
CTNNB1 | c.134C>T, p.(Ser45Phe) / ¢.134C>T, p.(Ser45Phe)
9,2% mutant reads 38% mutant reads
PMS2 Loss of expression by IHC Loss of expression by IHC No
pathogenic
variant
MSH2 Normal expression by IHC Normal expression by IHC No
pathogenic
variant
MSH6 Normal expression by IHC Normal expression by IHC No
pathogenic
variant
APC No pathogenic variant No pathogenic variant

LOH = loss of heterozygosity IHC = immunohistochemical staining T% = tumor cell
percentage

Table 1 shows an overview of the detected pathogenic variants, methylation assays
and immunohistochemical staining results of mismatch repair genes in one of the
ovarian tumors, the colon tumor and DNA isolated from blood.
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Concluding remarks and future directions
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This thesis describes the application of next-generation sequencing to the optimal
diagnosis of ovarian tumors. For ovarian tumors, knowledge about their tissue of ori-
gin is crucial for therapeutic choices and statements regarding prognosis. The origin
can be difficult to determine in a subset of cases.[1, 2] Macroscopic and histologic
examination complemented by immunohistochemistry can, in some situations, be in-
sufficient to identify the origin of a tumor process.[3, 4] Antibodies for novel targets
are being developed but immunohistochemistry can still be difficult to interpret, not
adhering to unmistakable guidelines. Therefore, additional (molecular) techniques
are needed to help identify the origin of a tumor.

In chapter two, we describe a series of colorectal cancer (CRC) and duodenal cancer
cases with ovarian metastases. In a cohort of 30 ovarian CRC metastases, four pa-
tients with Familial Adenomatous Polyposis (FAP) were identified. This enrichment
of FAP patients in a series of CRCs is striking since the estimated incidence of FAP
CRC is far below 1% of all CRCs.[5] The expected incidence of FAP CRC that metas-
tasizes to the ovaries would thus be almost zero. The necessity of combined surgical
resection of the primary CRC and bilateral oophorectomy is a matter of debate. Es-
pecially in female FAP CRC patients, bilateral oophorectomy during surgery should
be discussed.

In chapter 3, we used a custom-made next-generation sequencing (NGS) panel, in-
cluding 115 cancer-driving genes to screen formalin-fixed paraffin-embedded (FFPE)
tumor tissue from 43 primary endometrioid and mucinous ovarian carcinomas. We
then compared them to 28 proven ovarian colorectal cancer (CRC) metastases. The
mutations were validated by high-resolution melting curve analysis (HRMCA) and
Sanger sequencing. Furthermore, loss of heterozygosity (LOH) and promoter hyper-
methylation of APC were also studied. In the primary ovarian tumors, TP53, NOTCH1,
PIK3CA and FAT4 were the most frequently mutated genes. In the ovarian metas-
tases, APC, TP53, KRAS and FAT4 mutations were the most common mutations in
ovarian CRC metastases. Inactivating APC mutations were identified in 71% of CRC
metastases, which is in contrast to 4.7% identified in primary ovarian tumors. LOH
and APC promoter hypermethylation did not differ significantly between the primary
and secondary ovarian tumors. It can be concluded that APC mutation analysis can
be used to differentiate primary endometrioid and mucinous ovarian tumors from
ovarian CRC metastases.

In chapter four, the gene panel from chapter 3 was used to analyze the mutational
profiles of primary colorectal cancers (CRCs) and the corresponding ovarian metas-
tases. We compared 26 primary CRCs and 30 matching ovarian metastases (4 with
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bilateral metastases). Low thresholds were used in bioinformatics analysis to prevent
low frequency passenger mutations from being filtered out. Sanger and/or hydrolysis
probe assays were used to validate a subset of variants. No striking differences were
observed between the mutational landscape of CRC that metastasized to the ovary
and CRC in consecutive series.[6] There was considerable overlap in the mutations
of early-affected genes when comparing primary CRCs and their matching ovarian
metastases. A subset of mutations, presumably passenger mutations, demonstrated
less overlap. In particular, primary CRCs showed a substantially high number of sup-
posed passenger mutations. We also compared the primary CRCs and matching
metastases for stratifying variants of 6 genes (KRAS, NRAS, BRAF, FBXW?7, PTEN
and PIK3CA) that select for established (EGFR-directed) or future targeted therapies.
Out of a total of 31 variants, 12 were not found in either of the two locations. There-
fore, the number of discordant variants between the primary tumors and their match-
ing metastases differed. Half of these discordant variants were pathogenic variants.
In terms of temporal heterogeneity, no clear relationship was observed between the
number of discordant variants related to the time interval between primary CRCs and
the detection of ovarian metastases. Dormant metastases may therefore be present
from the early days of the primary tumors.

In chapter 5, the Haloplex targeting technique used for next-generation sequencing
(NGS) was studied and validated with another amplicon based targeted approach
(lon Ampliseq).[7, 8] NGS has been proven to be successfully applicable to frag-
mented formalin-fixed paraffin-embedded (FFPE) tissue.[9] A large number of tar-
geted sequencing approaches are offered based on different principles, such as
polymerase chain reaction (PCR), hybridization or circularization.[10] We showed
that a circularization-based approach (HaloPlex), followed by sequencing on llumina
HiSeq, is successful for targeted sequencing of DNA from FFPE material. Detected
variants were validated with a PCR-based targeted enrichment method (lon Am-
pliSeq), followed by sequencing on an lon PGM sequencer. A high concordance rate
between the detected variants from different sample preparation techniques and se-
quencing methods was observed. The discordant variants could largely be explained
by (subtle) setting differences in the analysis pipeline. Thus, optimal bioinformatics
analysis is crucial for the correct detection of variants. In addition, tumor intra-het-
erogeneity (ITH) resulting in different DNA isolates can cause discordant sequencing
results.

The case report in chapter 6 describes a female patient suspected of having Lynch
syndrome. She was diagnosed with bilateral ovarian cancer at age 44, followed by
the detection of a colon carcinoma 12.5 months later. Patients with synchronous or
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metachronous ovarian and colon cancers pose diagnostic challenges.[11] Primary
colon carcinomas can metastasize to one or both ovaries, two independent primary
tumors can arise or an ovarian carcinoma can metastasize to the colon. Clinical and
immunohistochemical characterization can be helpful. In this case, lesions of both
sites showed a DNA mismatch repair deficiency with immunohistochemical expres-
sion loss of MLH1 without MLH1 promoter hypermethylation. In the absence of germ
line MMR gene variants, identical somatic MLH1 and CTNNB1 gene variants were
found, indicating a clonal relation. MMR germ line mosaicism was ruled out by ultra-
deep sequencing of the MLH1 variant in DNA isolated from normal mucosa, blood,
urine and saliva. Although initially suspected of having Lynch syndrome, it was even-
tually concluded that a metachronously metastasized colorectal tumor to both ovaries
was most likely. This report illustrates the diagnostic dilemmas that can be encoun-
tered in solving suspected Lynch syndrome cases.

Next-generation sequencing (NGS)

The last decade brought enormous technical developments in the field of molecular
diagnostics. Sanger sequencing, a labor-intensive technique in which limited regions
of a gene can be analyzed, has been replaced by next-generation sequencing (NGS),
in which multiple genes can be examined in parallel.[10, 12] Next, the development of
targeted therapies directed at specific genetic variants has taken an important place
in the treatment of oncologic patients.[13] The detection of specific genetic variants is
decisive in choosing the optimal treatment strategy. With extensive molecular profiling,
the number of molecular targets that can be treated by specific agents is increasing.
Therefore, accurate and fast methods are needed to detect targetable variants.[14]

Currently, targeted techniques in which only a selection of genes is investigated is
the preferred method in a clinical setting, as the gene targeting and the subsequent
bioinformatic analysis is less complex.[12, 15] Still, targeted sequencing devices that
decrease sequencing time and reduce costs are desired. Most likely, whole-genome
approaches will eventually become more important in the future.[16] A complete
overview of most genomic variants, without first identifying the DNA of interest, can
be obtained in this way.

Currently, several sequencing platforms are available, all of which have their pros
and cons.[12] The development of these platforms resulted in the generation of longer
sequencing reads (now generally several hundreds of base pairs), making genome
assembly easier. A recent development in the field of NGS is the generation of even
longer reads (thousands of base pairs).[12] These long reads are helpful in analyzing
repetitive elements and complex structural variants.
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The recent single molecule sequencing platforms overcame the problems generated
by amplification of the input DNA.[12] As very limited input material is needed and
the sequencing speed is faster than in the existing techniques, single molecule se-
quencing holds great potential for the future.[17] This is especially true as the input
of tumor DNA might be decreasing with the increased use of neoadjuvant therapies
(e.g., breast, rectum, esophagus and stomach cancers). Additionally, the applicability
of sequencing techniques with freely circulating plasma-derived DNA as input, which
will become more important in the near future, also needs to be investigated. Finally,
the focus of attention may be shifting to sequencing non-coding regions, as recent
research has shown that non-coding regions are involved in carcinogenesis.[18]

Bioinformatic analysis

NGS produces enormous amounts of data. Bioinformatics analysis is necessary to
obtain trustworthy data.[19] A list of pathogenic variants should not be contaminated
by false-positive or false-negative findings. False-positive findings can be caused by
technical issues that can differ by platform. Another problem is deciding whether a
variant is non-pathogenic and present in the population or whether it is a true patho-
genic variant responsible for tumor development. False-negative findings can be
caused by suboptimal filter setting in a bioinformatic pipeline. As whole-genome se-
quencing is becoming more important, bioinformatic analysis and data storage infra-
structure have to be able to cope with this increasing amount of data.[16] Next, new
sequencing platforms can offer benefits with respect to the speed and the cost of se-
quencing. However, specific artifacts potentially linked to new sequencing techniques
must be examined.

The refinement of sequencing detection techniques leads to problematic decision
making about thresholds. The previously used Sanger sequencing was much less
sensitive than the current NGS techniques. With Sanger sequencing, a somatic ge-
netic variant was detectable once it was present in lesions with >20% of tumor cells.
With the current techniques, somatic variants present in 0.1% of the cells can be de-
tected. Whether the variant profile of such a small percentage of tumor cells should
be decisive in choosing treatment strategies is unknown. For example, if 0.1% of the
tumor cells of a colon carcinoma carry a KRAS mutation, it is unknown whether that
patient should be excluded from targeted therapy or if it is still effective to target the
other 99.9% of the tumor cells.

A positive effect of the high sensitivity of NGS techniques is the ability to detect vari-
ants in samples with a low tumor percentage. Previously, variants were often not dis-
covered in samples with only a limited number of tumor cells. However, whether these
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negative findings were false-negative observations could not be determined. Cur-
rently, the absence of variants after NGS analysis with sufficient read depth can be
stated with much more certainty.

However, with a low input of DNA, the number of separate DNA molecules is also re-
duced. Sequencing artifacts caused by the NGS protocol, due to, for example, pref-
erential amplification or cytosine deamination, can result in false-positive and
false-negative results. Single molecule molecular inversion probes (smMIP) can help
with detecting those sequencing artifacts.[20, 21]

Defining the origin of tumors

With the introduction of NGS, the generation of tumor-specific mutation profiles, cor-
related to the primary tumor site, was anticipated. If each tumor type showed a char-
acteristic mutation profile, these profiles could be used to define tumor origins.
However, extensive sequencing projects (e.g., the TCGA project) have revealed that
most tumor types share similar driver variants, in addition to a wide spectrum of pas-
senger variants that are present in subclones within the tumor [6, 22]. In general,
there are no specific mutation profiles linked to the origin of a tumor. However, ac-
cording to the clinical setting, variants in specific genes can be informative.[23]

Somatic mutation detection is only one component of the molecular profile of a tumor.
Copy number alterations can be detected by NGS or by array technology.[24]

Several array approaches that can help identify the primary location of a tumor have
been described. Some of these tests are commercially available.[25] A more func-
tional read-out of somatic variants and gene fusions can be obtained by transcriptome
sequencing that covers the complete set of RNA proteins. Finally, epigenetic modifi-
cations influencing the expression levels of genes could be informative. Integration
of all these techniques will produce a more complete molecular profile of tumors.
Most likely, better predictions can be made about the origin of cancer metastasis in
cases of unknown primary tumors based on these integrated profiles.

Nevertheless, despite the application of currently available tools (imaging, immuno-
histochemistry, and molecular analysis) approximately 3% of carcinomas cannot be
traced back to their origin.[26] One may argue that defining the origin may be less
important as potential targeted therapies can be applied irrespective of the location
of the tumor (“basket studies”). The effectiveness of such an approach is currently
being investigated. However, molecular analysis should be considered in the context
of the complete clinical picture. For instance, BRAF inhibition alone can be an effec-
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tive treatment for disseminated melanoma, but not for a metastasized colon carci-
noma.[27]

Targeting therapies

Clinical trials have shown that targeting a specific genetic variant can result in spec-
tacular results. However, the effect of these therapies often only lasts for a limited
period (several months). The idea that the targeting of (e.g., inhibition of) a single
driver gene of a tumor could be enough to stop the growth of a malignant process
has been proven to be too simplistic. Escape mechanisms are activated in tumor
cells that enable their continuous growth.[28] A combination of targeted therapies
aimed at more than one pathway has been shown to be more effective. For example,
a combined therapy of BRAF- and MEK-inhibition in melanoma with BRAF mutations
showed an improved response in comparison with BRAF-targeted single therapy.[29]

Intra-tumor heterogeneity (ITH)

Another challenge with targeted therapies is that the genetic variants that are targeted
can be present in only a portion of the tumor cells, reflecting intra-tumor heterogeneity
(ITH). Tumors arise initially from a single cell in which driver mutations create a growth
advantage. Further progression of the tumor leads to the accumulation of additional
mutations, which are present in subclones of the tumor. ITH develops over time (tem-
poral heterogeneity) and space (spatial heterogeneity), leading to a tumor consisting
of a heterogeneous population of cells.[30] Targeted therapies that are directed
against specific genetic variants will not be effective in tumor cells not carrying those
specific variants. To get an up-to-date and complete overview of the genetic changes
within a tumor, multiple samples over time and from different regions should be taken.
Such an approach is impractical. Currently, the choices of targeted therapies are
based on a single biopsy at one moment in time. That molecular profile is not an up-
to-date and complete reflection of the mutation profile of the tumor. Liquid biopsies
(the analysis of tumor DNA in systemic circulation) may overcome these problems.
However, at this moment, it is not known whether the subclones that are present in
the tumor contribute equally to circulating DNA.

Although targeted therapies may so far not have resulted in effective and sustained
results in tumors, personalized care will remain an important treatment module in on-
cology. Standard use of liquid biopsies, simultaneous treatment with multiple drugs
and expanding the repertoire of agents directed to targetable variants will be seen in
the near future. Another important development in cancer treatment is immunother-
apy.[31] Immunotherapy can be categorized into two types. The first type is active
immunotherapy, in which the immune system of the patient is directed to the tumor
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cells. The second type, passive immunotherapy, involves enabling existing immune
responses to attack tumor cells or injecting antibodies or T-cells.

An active response of the immune system directed to the tumor cells can be achieved
by injecting tumor specific antigens, as is done with the BCG (Bacillus Calmette-
Guérin) treatments for bladder cancer. Antigen vaccines are now also developed for,
among others, melanoma, colon cancer and leukemia.

Administration of antibodies is now possible for certain forms of lymphoma (anti-
CD20), colorectal carcinoma (anti-EGFR / anti-VEGF) and gastric/breast carcinoma
(anti-Her2neu).

Another option to create an anti-tumor response by the immune system is the injec-
tion of activated dendritic cells expressing tumor antigens.[32] These dendritic cells
will provoke an immune response in lymph nodes. Successful trials have been per-
formed for melanoma, renal cell carcinoma, lymphoma and glioblastoma.

Tumor infiltrating lymphocytes (TILs) are often present in tumor tissue but are not
very effective because of the immunosuppressive environment that is created by the
tumor cells.[33] Harvesting TILs from a patient, expanding their numbers, activating
them and returning them into the patient can result in a tumor cell-directed immune
response. Immunomodulation is possible by anti-CTL antigen-4 (CTLA-4) antibodies
that neutralizes the inhibiting activity on T-cells.[34, 35] Anti-PD1 antibodies have a
comparable working mechanism.
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Chapter 8

English Summary

Patients presenting with ovarian tumors may pose diagnostic challenges. Primary
ovarian tumors should be distinguished from metastases to the ovaries from other
primary tumors. Treatment choices and statements about prognosis are different for
localised or metastatic disease. Diagnostic workup including imaging and histologic
examination of tumors is not always successful in deciphering the origin of tumors.
Therefore, additional characterisation of tumors at a molecular level might be help-
ful.

Chapter 2 describes the observation of an increased number of metastases to the
ovaries in case of primary colorectal or duodenal carcinomas in Familial Adenoma-
tous Polyposis (FAP) patients. A pathology database search of cases with metastases
to the ovaries resulted in an enrichment of FAP patients. This is surprising as the in-
cidence of FAP is far less than 1% in consecutive CRC cohorts.

Chapter 3 describes the comparison between the mutational profiles of primary ovar-
ian tumors versus secondary ovarian tumors (metastases). As primary and secondary
tumors can be difficult to distinguish from each other on histologic and immunohisto-
chemical stainings, the mutation profiles of both tumor types were investigated. A
comparable incidence of mutations in known driver genes was identified in both
groups. However, a small number of genes (e.g. APC and CTNNBT) can be used to
differentiate between primary and secondary ovarian tumors.

Chapter 4 describes the comparison between the mutation profiles of primary col-
orectal tumors and matching metastases to the ovaries. There is a large overlap in
driver variations between primary tumors and metastases. However, a large number
of passenger mutations show less overlap. Multiple subclones are present in the pri-
mary CRC tumor and only a limited number in the metastases. The time between the
detection of primary tumors and the metastases was not related to mutational differ-
ences.

Chapter 5 describes a comparison between different targeting techniques in the
workflow of next generation sequencing (NGS). At this moment, only a limited amount
of genes is decisive for targeted treatment decisions. Therefore, genes of interest
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are captured preceding sequencing. These targeting methods are based on different
principles, each with their own pros and cons.

Chapter 6 describes a patient that was first diagnosed with bilateral primary ovarian
tumor. However, almost a year later the patient was treated for a colorectal tumor,
causing doubt about the origin of the ovarian tumor. Interestingly, tumors of both sites
showed an MSI-H phenotype, normally indicative of a low metastatic potential. Ex-
tensive molecular analysis showed a clonal relationship between the two processes,
concluding that the patient suffered from metastasized colon cancer to the ovaries.

Chapter 7 presents the concluding remarks and future perspectives. Next generation
sequencing has changed the daily practice in pathology. Molecular profiling can be
used to improve primary diagnostics, but is also needed for detection of targetable
variants. The fast development of this field will lead to ongoing changes in the daily
practice of molecular pathology.
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Nederlandse samenvatting

Patiénten met ovariumtumoren kunnen een diagnostische uitdaging vormen. Primaire
ovariumtumoren moeten worden onderscheiden van ovariéle uitzaaiingen van andere
primaire tumoren. De behandeling en de prognose zijn namelijk verschillend in het geval
van een gelokaliseerde of een uitgezaaide ziekte. Ondanks uitgebreid beeldvormend
en histologisch onderzoek is het niet altijd mogelijk om de oorsprong van de tumor met
zekerheid aan te geven. Aanvullend moleculair onderzoek kan hierbij behulpzaam zijn.

Hoofdstuk 2 beschrijft een toegenomen aantal ovariéle uitzaaiingen afkomstig van
een primaire tumor in de dikke darm of de dunne darm indien ontstaan in de context
van familiaire adenomateuze polyposis (FAP). Een database met pati€nten met ova-
riele metastasen afkomstig van de tractus digestivus toonde een verrijking van het
aantal verwachte FAP patiénten.

Hoofdstuk 3 beschrijft de vergelijking van DNA variant profielen van primaire ovarium
tumoren met uitzaaiingen van de dikke darm (secundaire tumoren). Onderzocht werd
of aanvullend moleculair onderzoek (detectie van DNA varianten) behulpzaam is bij
dit diagnostische probleem. Een beperkte set van genen (bijv. APC en CTNNB1) kun-
nen worden gebruikt om een onderscheid te maken tussen primaire ovariumtumoren
en uitzaaiingen van dikke darm tumoren.

Hoofdstuk 4 beschrijft de vergelijking van de mutatieprofielen van primaire colorec-
tale tumoren en de bijbehorende uitzaaiingen naar de eierstokken. Analyse van de
DNA profielen geeft inzicht in de ontwikkeling van tumoren en de relatie met de uit-
zaaiingen. Een grote overeenkomst betreffende de sturende DNA varianten werd
waargenomen tussen de primaire tumoren en de uitzaaiingen. Een groot aantal later
ontstane varianten toonde een minder grote overeenkomst. De mate waarin de DNA
variant profielen tussen de primaire en de uitzaaiingen verschilden was niet gerela-
teerd aan de tijd die was verstreken tussen het diagnosticeren van de primaire tumor
en de metastasen.

Hoofdstuk 5 beschrijft een vergelijking tussen verschillende manieren van verrijking
van genen in de workflow van zogenaamde next generation DNA analyse (NGS). Op
dit moment is slechts een beperkt aantal genen bepalend voor therapie keuzes in
het kader van patiént specifieke behandeling. Derhalve worden de genen die van be-
lang zijn voor de behandeling verrijkt voorafgaande aan het sequencen. Al deze ver-
rijkingsmethoden zijn gebaseerd op verschillende principes, elk met hun eigen voor-
en nadelen.
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Hoofdstuk 6 beschrijft een patiénte die in eerste instantie werd gediagnosticeerd
met tumoren in beide eierstokken. Echter, bijna een jaar later werd patiénte behan-
deld voor een colontumor. Deze opeenvolging van tumoren veroorzaakte twijfel over
de oorsprong van de eierstoktumoren. Uitgebreide moleculaire analyse toonde een
klonale relatie tussen de twee tumorprocessen. De uiteindelijke conclusie was dat
patiénte leed aan een initieel onontdekte dikke darmtumor die uitzaaide naar de ei-
erstokken. Hoewel eerst een onderliggende erfelijke ziekte de oorzaak leek, bleek
dit niet het geval. Een gemetastaseerd coloncarcinoom naar beide ovaria de beste
verklaring was voor de presentatie van de patiénte.

Hoofdstuk 7 beschrijft de conclusie en de meest waarschijnlijke ontwikkelingen in
de nabije toekomst. Next generation DNA analyse is onderdeel geworden van de da-
gelijkse praktijk in de pathologie. De zo gegenereerde moleculaire profielen kunnen
worden gebruikt voor het stellen van de primaire diagnose, maar zijn ook nodig voor
het bepalen van een effectieve patiént specifieke behandeling. De snelle ontwikke-
lingen binnen dit vakgebied zullen leiden tot voortdurende veranderingen in de da-
gelijkse praktijk van de moleculaire diagnostiek.
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