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Abstract

The mutational profiles of primary colorectal cancers (CRCs) and corresponding ovarian metastases were com-
pared. Using a custom-made next generation sequencing panel, 115 cancer-driving genes were analyzed in a
cohort of 26 primary CRCs and 30 matching ovarian metastases (four with bilateral metastases). To obtain a
complete overview of the mutational profile, low thresholds were used in bioinformatics analysis to prevent
low frequency passenger 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 strik-
ingly different from CRC in consecutive series. When comparing primary CRCs and their matching ovarian
metastases, there was considerable overlap in the mutations of early affected genes. A subset of mutations
demonstrated less overlap, presumably being passenger mutations. In particular, primary CRCs showed a sub-
stantially high number of passenger mutations. We also compared the primary CRCs and matching metastases
for stratifying variants of six 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 definitive class 4/5 pathogenic variants. However,
in terms of temporal heterogeneity, no clear relationship was observed between the number of discordant var-
iants and the time interval between primary CRCs and the detection of ovarian metastases. This suggests that

dormant metastases may be present from the early days of the primary tumours.
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Introduction

Next-generation sequencing (NGS) provides the abil-
ity to determine the mutational profiles of tumours in
a rapid and cost-effective manner [1,2]. Previous
NGS experiments showed that distinct parts of the
same tumour show different mutation profiles (spatial
intra-tumour heterogeneity; ITH) [3,4]. Additionally,
primary tumours and their metastases can differ in
their mutational pattern, thereby showing temporal
heterogeneity [5,6]. Determining the concordance
between primary tumours and metastases is of inter-
est for choosing the optimal treatment, ie, targeted

therapies that are directed against variants present in
the primary tumour but not in metastases will not be
effective. Studies investigating the overlap and differ-
ences between the mutational profiles of primary
tumours and matched metastases at specific locations
are mostly lacking.

In this study, we selected colorectal tumours (colo-
rectal cancer — CRCs) that metastasized to the ova-
ries. CRCs frequently metastasize to the liver and the
lung, whereas ovarian 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
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detection may precede the detection of the primary
CRC [9-11]. In such cases, it is important for treat-
ment 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 malig-
nancies [12].

Previous studies have primarily investigated muta-
tional 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 pre-
dictive value for EGFR-mediated treatment inhibi-
tion, 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 1000 genes were studied in CRC
metastases. Vermaat et al studied 1264 genes and
showed a gain of 83 and loss of 70 potentially
function-impairing variations 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
same mutations were identified in both the circulat-
ing tumour cells and the primary CRC tumour [18].
Goranova studied the mutation rate in six liver
metastases 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 mutational profile of (liver) metastases
of CRC is currently available (see also supplementary
material, Table S4) [20].

Interestingly, CRCs positive for a KRAS mutation
have a higher risk of metastasis to the lungs [21,22].
Among other factors, varying mutational profiles of
CRC may enable successful homing at specific loca-
tions (eg the ovaries). It is currently unknown
whether mutation profiles differ according to meta-
static location. Identifying such stratifying mutations
could assist in clinical diagnostics.

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

Materials and methods

Medical consent

The present study was approved by the Medical Ethi-
cal Committee of the Leiden University Medical
Center (protocol PO1-019). Informed consent was
obtained according to protocols approved by the
LUMC Medical Ethical Committee (02-2004). Patient
samples were handled according to the medical ethics
guidelines described in the Code for Proper Secondary
Use of Human Tissue established by the Dutch Feder-
ation of Medical Sciences (www.federa.org; accessed
July 2014).

Sample selection and DNA isolation

Twenty-six CRCs, all diagnosed as adenocarcinomas,
that metastasized to the ovaries were selected
together with their 30 matching ovarian metastases.
In four cases, metastases to both ovaries were
included. The samples were obtained from the ar-
chives of the LUMC Pathology Department (period
1985-2010; n=13) and from PALGA (the nation-
wide Dutch network and registry of histopathology
and cytopathology; n = 13) [25]. The MMR proteins
were not stained; however no class 5 (pathogenic)
CTNNBI variants, characteristic of most sporadic
MSI-H cancers, were found. Lynch cancer cases
were not included. So, most likely, the CRC cohort
consisted primarily of microsatellite stable (MSS)-
BRAF mutation negative cases (24/26) and a subset
of MSS-BRAF mutation positive 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
selected 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 ten
unstained 10-um sections to achieve the highest
tumour percentage (at least 50%). Prior to DNA iso-
lation, the tissue was deparaffinized in xylene and
washed in 70% ethanol. DNA was isolated using the
NucleoSpin Tissue Genomic DNA Purification Kit
(Machery-Nagel, Diuren, Germany) according to the
manufacturer’s instructions.
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Construction of the gene list for
target-enriched 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 a selection of
115 genes targeting 0.015% of the human genome
(486,013 bp) [26-28]. See supplementary material,
Table S1 for an overview of the genes included.

Sample library preparation

Library preparation was performed according to the
HaloPlex protocol (Agilent, Santa Clara, CA, USA).
In short, 225 ng of FFPE-DNA was fragmented
using eight pairs of restriction enzymes. Hereafter,
the customized probe library was added and hybri-
dized to the targeted fragments. Additionally, a sam-
ple barcode sequence was incorporated in this step.
Next, the targeted fragments were purified and ampli-
fied. The enriched, barcoded samples were sequenced
on an [llumina HiSeq 2000. See supplementary mate-
rial, Table S2 for the coverage numbers of the CRCs
and the matching metastases to the ovaries.

Data analysis

Adaptors, barcodes and enzyme footprints were
removed from the sequenced reads using SureCall soft-
ware (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) [21]. The Genome Analysis 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
regions. 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 ANNO-
VAR [23,24]. 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
Sequencing Project (http://evs.gs.washington.edu/EVS/;
data from January 2013) because they are more likely
to be germline. Variants in only the primary tumour or
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Table 1. Overview of patient characteristics

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 2.9
Range 0.5-13

Age, synchronous vs. metachronous tumours (cut-off at 6 months) and time
between the primary CRC and the metastasis are shown

the metastasis were visually inspected to identify false
discordant calls, ie, 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.

Validation target-enriched NGS

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

Results

Patient characteristics

In total, 26 primary CRCs and 30 matching ovarian
metastases were tested (in four cases, both left and
right ovarian metastases were included). The average
age at CRC diagnosis was 56 years (range 28—84). In
nine cases (35%), the ovarian metastases were syn-
chronously present at the time of CRC diagnosis
(cut-off point 6 months). In the other 17 cases, the
ovarian metastases 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 standard deviation of 201. Regard-
ing only variants more likely to have a deleterious
effect (see supplementary materials), 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
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Table 2. Overview of paired analysis of primary CRCs and matching metastases to the ovaries

Total Total Selected Concordant
1 228 22 16
2 147 15 9
3 365 15 13
4 Left 788 20 11
4 Right 804 22 10
5 162 28 3
6 160 41 3
7 204 33 10
8 256 24 8
9 Left 854 113 12
9 Right 808 109 11
10 251 42 6
11 187 9 7
12 242 25 7
13 286 37 6
14 242 10 5
15 Left 1136 42 10
15 Right 1003 36 9
16 238 15 7
17 Left 892 56 10
17 Right 781 47 8
18 134 16 7
19 136 9 5
20 315 76 11
21 206 15 3
22 209 68 13
23 229 55 7
24 378 25 6
25 238 9 4
26 395 61 10
Total 12274 1095 247

Discordant Unique in CRC Unique in metastasis
6 4 2
6 2 4
2 2 0
9 6 3

12 8 4
25 24 1
38 37 1
23 5 18
16 13 3
101 96 5
98 88 10
36 34 2
2 1 1
18 2 16
31 19 12
5 1 4
32 25 7
27 22 5
8 5] 3
46 27 19
39 21 18
9 5 4
4 3 1
65 55 10
12 12 0
55) 55 0
48 35 13
19 16 3
5 3 2
51 43 8
848 669 179

Shown are number of variants, number of selected variants (see Data analysis in supplementary materials), number of concordant and discordant variants,
number of unique variants in the primary CRCs and in the metastases to the ovaries.

number of variants observed in comparable sequencing
efforts targeting a comparable number of bases
[30,31]. The variant calling parameters were set at rel-
atively low values to prevent passenger mutations
from being filtered out. However, because the primary
CRCs and the ovarian metastases were analyzed in
pairs, when in doubt the variant could be manually
compared with the matched sample. If the tumours
had been analyzed without matched metastases, the
parameters would have been higher to remove false
positive variants. For more details, see Table 2 and
supplementary material, Table S3 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 supplementary material, Table S3. Supplementary
material, Figure SIA shows an overview of the num-
ber of variants per gene. APC, FAT4, NOTHCI, CAC-
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NAIB, STABI and TP53 showed the highest numbers
of variants in the primary CRC samples. The most fre-
quently 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%).
NOTCHI carried variants in 58%. In 54% of the
cases, variants were observed in CACNAIB, STABI
and TP53.

In the COSMIC database, the PIK3CA, FBXW7
and SMAD4 genes were reported to be mutated in
CRC with frequencies of ~23%, ~20% and ~26%,
respectively [32]. In this cohort, only two variants in
PIK3CA (8%), five in FBXW7 (15%) and six in
SMAD4 (23%) were found. To ensure that the low
number of mutations in PIK3CA was not a sequenc-
ing 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 hot-
spot positions in PIK3CA (E542) showed less cover-
age than other parts of PIK3CA. Only one sample
showed more than 20 reads at position E542 in
PIK3CA. To investigate this mutation hotspot

J Path: Clin Res July 2016; 2: 166—174
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Table 3. Concordant and discordant variants

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

- MHH M

KDR

Eﬁng;‘st; H[[- HH]]]]”” HH HH [[
ot b o
= ol ””W =

SO — o m %IH .
:‘”i‘\%f" HEL = ::: -M H“
oo W e -
BRAF | ll ”

Hii
2 =l
S wm m
T
T

- mm

ALPK1 e e

BMPR2 e

CASR [ |}

DSTYK e

FGFR3 R A T
FLT3

o
GUCY1A2 [ | i
wer Mg W

M2 it ittt
fff

i i

PTENI1 i

o i mj‘i‘i‘l‘\\\\l

LOH12CR1
VDM
STK11
SYNC

Illustration of concordant and discordant variants. Black boxes indicate con-
cordant variants (present in both the primary colorectal tumour as the
metastasis to the ovary). Dotted boxes indicate discordant variants (present
only in the primary colorectal tumour or in the metastasis to the ovary).

position, a TagMan assay was performed. An addi-
tional mutation (p.E542K, c.1624G > A) was found
in two cases leading to a mutation frequency in 15%
of PIK3CA (4/26). Thus, in this cohort of CRCs, no
differences were noted in mutation frequency for
these driver genes. The most frequently affected
genes in the ovarian metastasis were APC, TP53,
CACNAIB and FAT4 (supplementary material, Figure
S1B). Although the gene lists in supplementary mate-
rial, Figures S1A and 1B slightly appear to contradict
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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 versus the ovarian metastases that
(potentially) select for established (EGFR directed)
or future targeted therapies. These genes comprise
KRAS, NRAS, BRAF, FBXW7, PTEN and PIK3CA.
MTOR, TSCI 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 dis-
cordant 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 nine gene variants (2X
KRAS, 3X BRAF, 3X FBXW7, 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 var-
iants, see supplementary material, Table S5.

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

All genes were analyzed for concordant and discord-
ant variants (see Table 3). In cases of discordant var-
iants, 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
sample at the position of that specific variant. The
total number of discordant variants 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 demonstrate a
large cohort of passenger mutations of which only a
minor part is present in the matching metastases. The
known driver genes were (as expected) mostly con-
cordant. 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 pri-
mary CRCs and metastases versus the amount of
unique variants in the metastases. No correlation was
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Figure 1. Correlation between the number of discordant variants plotted against the time between the primary tumour and the
metastases to the ovaries. The number of discordant variants is plotted on the y-axis (in bold). The time between the primary tumour
and the metastases is plotted on the x-axis (in bold). The individual cases (1-26) are displayed in italics.

observed (Figure 1). For example, case 8 had a long
interval of 13 years between the primary tumour and
the metastasis; however, only 3 of 16 discordant var-
iants were unique to the metastasis in the ovary.

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

In four cases, both left and right ovarian metastases of
the same CRC were sequenced. Two of the cases
(numbers 4 and 17) showed a limited number of addi-
tional 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 metasta-
sizing clone. In the other two cases (9 and 15), the
additional variants that were present in both metasta-
ses were not observed in the primary tumour and
showed no overlap with each other. In these cases, the
metastases to both ovaries are most likely to be inde-
pendent events originating from different subclones
with their own specific mutational profiles. See sup-
plementary material, Table S3 for details.

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
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and the metastasis), (2) restricted to the primary tumour
or (3) only found in the metastasis. We show that loos-
ening filter settings and manual inspection of mutation
positions reveal a substantially larger overlap in muta-
tion 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 metas-
tases reported earlier [5].

Primary CRCs and their metastases showed consid-
erable 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 primary CRCs show substantially more
passenger mutations than the ovarian metastases of
CRC. It could be speculated that the large number of
passenger 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 metasta-
sizing process. Vignot et al observed a similar pat-
tern 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 detection 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
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the primary tumour. However, no correlation between
the number of variants and the time interval between pri-
mary CRC and matching metastasis was observed.
Apparently, the underlying biology driving each individ-
ual tumour is more important than the actual intervals
between the primary tumour and the metastasis in our
cohort. Recent publications indicate differing mutational
burdens in different cancer types [34,35]. These differen-
ces can for example occur as a result of highly muta-
genic influences (smoking, sunburn, asbestos, etc),
through the inactivation of DNA repair systems or the
activation of APOBEC deaminases (apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like)
[36]. Interestingly, the primary CRC in case number 9
carried a remarkably high number of passenger muta-
tions (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 qual-
ity was checked at case selection. An explanation for
comparable mutation profiles between the primary
tumour and the metastasis in cases where there is a
long period between primary and metastasis detection
is that metastases arise early during the development
of the disease and are dormant for a period before they
present clinically.

CRCs have been extensively characterized at the
molecular level. The genes most frequently mutated in
CRC are APC, TP53, KRAS, PIK3CA and SMAD4
[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 cover-
age of one of the PIK3CA hotspots. After performing
an additional TagMan analysis, the mutation frequency
of PIK3CA was 15%, equal to data in available data-
bases and previous studies (on average 15%) [37-39].

The link between mutation profiles and metastasizing
patterns has been analyzed 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 informative 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]. However, the
number of reports on this topic are limited; thus, the
metastasizing pattern in correlation with specific muta-
tion profiles of CRC is not completely understood.
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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 ‘hom-
ing capacity’ of circulating tumour cells was identified.

The use of targeted therapy has become standard prac-
tice in advanced CRC; therefore it is important to deter-
mine the mutational landscape in various 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 prefera-
bly in all tumour locations. We now present the first
study that compares mutational profiles of ovarian
metastases with their matching primary CRCs. Further-
more, druggable or stratifying mutations that select for
targeted therapy can be present in one region of the
tumour but absent in another, a phenomenon known as
ITH. In this study we compared the primary tumour
with one metastatic site. However, only one region of
both the primary tumours and the metastases were inves-
tigated. When analyzing six different genes that select
for current or future targeted therapies we found remark-
able 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 com-
paring 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
distinct clones. Five of these seven were not found in the
metastases, two of seven not in the primary tumours.
Two of these seven variants were known class 5 patho-
genic KRAS variants (see supplementary material, Table
S5). Also gene variants (of PIK3CA, PTEN, FBXW?7)
that potentially could select for mTOR pathway(s)
directed therapies showed remarkable 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 metasta-
ses? 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 match-
ing 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 test-
ing 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 sequenc-
ing might reveal differences that were not found with
our 115-gene panel. Secondly, more extensive molecu-
lar characterization of tumours that also includes the
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analysis of transcriptome, methylome, microRNA, and
proteome profiles could potentially show alterations
that would explain why a small subset of CRCs show
metastasis to ovarian sites.

Finally, the comparison of metastases to both left
and right ovaries in individual cases revealed mutations
that were shared by both metastases but were not iden-
tified 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 concord-
ance 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 concord-
ant between primary CRCs and matching metastases
to the ovaries, there was a subset of cases that
showed differences. The clinical relevance of muta-
tions that are present in only a small percentage of
tumour cells needs to be clarified. The number of
discordant variants could likely be better explained
by intra-tumour characteristics than by the time inter-
val between the primary tumour and metastasis.
CRCs metastasizing to the ovaries did not show a
specific mutation profile in comparison to consecu-
tive series of CRC, nor did the ovarian metastases.

Acknowledgements

We thank all the Dutch pathology departments,
which kindly provided samples (Symbiant Pathology
Expert Centre, Alkmaar; Stichting Laboratorium
Pathologie en Cytologie Pathan, Rotterdam; Antoni
van Leeuwenhoek, Amsterdam; PAMM: laboratorium
voor Pathologie en Medische Microbiologie, Eind-
hoven; Antonius Ziekenhuis, Nieuwegein; Zaans
Medisch Centrum, Zaandam; Isala, Zwolle).

Author contributions

Conception/Design: SC, GF, TvW, HM. Financial
support: All authors have nothing to disclose. Collec-
tion and/or assembly of data: SC, DR, RvE, MS.
Data analysis and interpretation: SC, DR. Manuscript
writing: SC, DR, TvW, HM. Final approval of manu-
script: SC, TvW, HM.

References

1. Mamanova L, Coffey AJ, Scott CE, et al. Target-enrichment
strategies for next-generation sequencing. Nat Methods 2010;
7(2): 111-118.

© 2016 The Authors The Journal of Pathology: Clinical Research published by The Pathological Society of

Great Britain and Ireland and John Wiley & Sons Ltd

10.

11.

13.

14.

16.

17.

20.

173

Metzker ML. Sequencing technologies — the next generation. Nat
Rev Genet 2010; 11(1): 31-46.

Gerlinger M, Rowan AJ, Horswell S, ef al. Intratumor heteroge-
neity and branched evolution revealed by multiregion sequencing.
N Engl J Med 2012; 366(10): 883-892.

Swanton C. Intratumor heterogeneity: evolution through space
and time. Cancer Res 2012; 72(19): 4875-4882.

Vermaat JS, Nijman 1J, Koudijs MJ, et al. Primary colorectal
cancers and their subsequent hepatic metastases are genetically
different: implications for selection of patients for targeted treat-
ment. Clin Cancer Res 2012; 18(3): 688—699.

Vignot S, Frampton GM, Soria JC, et al. Next-generation sequencing
reveals high concordance of recurrent somatic alterations between
primary tumor and metastases from patients with non-small-cell lung
cancer. J Clin Oncol 2013; 31(17): 2167-2172.

Patanaphan V, Salazar OM. Colorectal cancer: metastatic patterns
and prognosis. South Med J 1993; 86(1): 38-41.

Lewis MR, Deavers MT, Silva EG, et al. Ovarian involvement
by metastatic colorectal adenocarcinoma: still a diagnostic chal-
lenge. Am J Surg Pathol 2006; 30: 177-184.

de Waal YR, Thomas CM, Oei AL, et al. Secondary ovarian
malignancies: frequency, origin, and characteristics. /nt J Gynecol
Cancer 2009; 19: 1160-1165.

Judson K, McCormick C, Vang R, et al. Women with undiag-
nosed colorectal adenocarcinomas presenting with ovarian metas-
tases: clinicopathologic features and comparison with women
having known colorectal adenocarcinomas and ovarian involve-
ment. Int J Gynecol Pathol 2008; 27: 182—-190.

Petru E, Pickel H, Heydarfadai M, et al. Nongenital cancers met-
astatic to the ovary. Gynecol Oncol 1992; 44: 83-86.

. Integrated genomic analyses of ovarian carcinoma. Nature 2011;

474: 609-615.

Vakiani E, Janakiraman M, Shen R, et al. Comparative genomic
analysis of primary versus metastatic colorectal carcinomas.
J Clin Oncol 2012; 30(24): 2956-2962.

Baas JM, Krens LL, Guchelaar HJ, et al. Concordance of predictive
markers for EGFR inhibitors in primary tumors and metastases in
colorectal cancer: a review. Oncologist 2011; 16(9): 1239-1249.

. Han CB, Li F, Ma JT, et al. Concordant KRAS mutations in primary

and metastatic colorectal cancer tissue specimens: a meta-analysis
and systematic review. Cancer Invest 2012; 30(10): 741-747.

Miglio U, Mezzapelle R, Paganotti A, et al. Mutation analysis of
KRAS in primary colorectal cancer and matched metastases by
means of highly sensitivity molecular assay. Pathol Res Pract
2013; 209(4): 233-236.

Knijn N, Mekenkamp LJ, Klomp M, et al. KRAS mutation analy-
sis: a comparison between primary tumours and matched liver
metastases in 305 colorectal cancer patients. Br J Cancer 2011;
104(6): 1020-1026.

. Heitzer E, Auer M, Gasch C, et al. Complex tumor genomes

inferred from single circulating tumor cells by array-CGH and
next-generation sequencing. Cancer Res 2013; 73(10): 2965-2975.

. Goranova TE, Ohue M, Shimoharu Y, et al. Dynamics of cancer

cell subpopulations in primary and metastatic colorectal tumors.
Clin Exp Metastasis 2011; 28(5): 427-435.

Baldus SE, Schaefer KL, Engers R, et al. Prevalence and hetero-
geneity of KRAS, BRAF, and PIK3CA mutations in primary
colorectal adenocarcinomas and their corresponding metastases.
Clin Cancer Res 2010; 16(3): 790-799.

J Path: Clin Res July 2016; 2: 166—174



174

S Crobach et al

21. Tie J, Lipton L, Desai J, et al. KRAS mutation is associated with 31. Han SW, Kim HP, Shin JY, et al. Targeted sequencing of
lung metastasis in patients with curatively resected colorectal cancer-related genes in colorectal cancer using next-generation
cancer. Clin Cancer Res 2011; 17(5): 1122-1130. sequencing. PLoS One 2013; 8: e64271.

22. Kim MIJ, Lee HS, Kim JH, er al. Different metastatic pattern 32. Bamford S, Dawson E, Forbes S, ef al. The COSMIC (Catalogue
according to the KRAS mutational status and site-specific dis- of Somatic Mutations in Cancer) database and website. Br J
cordance of KRAS status in patients with colorectal cancer. BMC Cancer 2004; 91: 355-358.

Cancer 2012; 12: 347-312. 33. Swanton C. Intratumor heterogeneity: evolution through space

23. Brabletz T. To differentiate or not-routes towards metastasis. Nat and time. Cancer Res 2012; 72: 4875-4882.

Rev Cancer 2012; 12(6): 425-436. 34. Alexandrov LB, Nik-Zainal S, Wedge DC, er al. Signatures of

24. Sakakura C, Hagiwara A, Kato D, et al. Manifestation of bilateral mutational processes in human cancer. Nature 2013; 500: 415-421.
huge ovarian metastases from colon cancer immediately after 35. Jia P, Pao W, Zhao Z. Patterns and processes of somatic muta-
the initial operation: report of a case. Surg Today 2002; 32: 371-375. tions in nine major cancers. BMC Med Genomics 2014; 7: 11.

25. Casparie M, Tiebosch AT, Burger G, et al. Pathology databank- 36. Saraconi G, Severi F, Sala C, et al. The RNA editing enzyme
ing and biobanking in The Netherlands, a central role for APOBEC! induces somatic mutations and a compatible muta-
PALGA, the nationwide histopathology and cytopathology data tional signature is present in esophageal adenocarcinomas.
network and archive. Cell Oncol 2007; 29: 19-24. Genome Biol 2014; 15: 417-0417.

26. Starr TK, Allaei R, Silverstein KA, et al. A transposon-based 37. Comprehensive molecular characterization of human colon and
genetic screen in mice identifies genes altered in colorectal can- rectal cancer. Nature 2012; 487(7407): 330-337.
cer. Science 2009; 323(5922): 1747-1750. 38. Farina SA, Zeestraten EC, van WT, ef al. PIK3CA kinase domain

27. Wood LD, Parsons DW, Jones S, et al. The genomic landscapes mutation identifies a subgroup of stage III colon cancer patients
of human breast and colorectal cancers. Science 2007; 318(5853): with poor prognosis. Cell Oncol 2011; 34: 523-531.

1108-1113. 39. Reimers MS, Bastiaannet E, Langley RE, er al. Expression of

28. Torkamani A, Schork NIJ. Identification of rare cancer driver HLA class I antigen, aspirin use, and survival after a diagnosis of
mutations by network reconstruction. Genome Res 2009; 19(9): colon cancer. JAMA Intern Med 2014; 174: 732-739.

1570-1578. 40. Tran B, Kopetz S, Tie J, et al. Impact of BRAF mutation and micro-

29. van ER, Licht J, Schrumpf M, et al. Rapid KRAS, EGFR, BRAF satellite instability on the pattern of metastatic spread and prognosis
and PIK3CA mutation analysis of fine needle aspirates from non- in metastatic colorectal cancer. Cancer 2011; 117: 4623-4632.
small-cell lung cancer using allele-specific qPCR. PLoS One 41. Martinez P, Birkbak NJ, Gerlinger M, et al. Parallel evolution of
2011; 6(3): e17791. tumour subclones mimics diversity between tumours. J Pathol

30. Brannon AR, Vakiani E, Sylvester BE, et al. Comparative 2013; 230(4): 356-364.
sequencing analysis reveals high genomic concordance between 42. Van Emburgh BO, Sartore-Bianchi A, Di NF, ef al. Acquired

matched primary and metastatic colorectal lesions.

Genome Biol 2014; 15: 454,

cancer

resistance to EGFR-targeted therapies in colorectal cancer. Mol
Oncol 2014; 8: 1084—1094.

SUPPLEMENTARY MATERIAL ONLINE

Table S1. List of genes included in the custom-made gene panel (n = 115). The total number of genes is shown

Table S2. 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

Table S3. List of mutations in primary CRC tumours and metastases to the ovaries; and mutation profiles. In the first column the variants pres-
ent in the primary colorectal tumour are shown. In the second column the variants present in the metastases to the ovaries are shown. Discord-
ant variant are shown in italics

Table S4. Overlap and differences in mutation profiles of primary CRCs and matching metastases. A number of studies comparing the muta-
tional profile of primary CRCs and matching metastases are shown. Due to the low number of studies a clear pattern cannot be observed

Table S5. List of discordant variants detected in KRAS, BRAF, FBXW7 and PTEN and their pathogenicity class

Figure S1A. Overview of number of variants per gene in primary CRCs metastasizing to the ovaries. Genes with 5 or more variants are
displayed

Figure S1B. 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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