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A B S T R A C T

Introduction: Microsatellite stable sporadic colorectal cancers (CRCs) can be classified as either tumours with
chromosomal instability (CIN+) or tumours that are ‘Microsatellite and Chromosomal Stable’ (MACS). The
CIN+ tumours are aneuploid whilst MACS are near-diploid; little else is known about their differences. We
compared the mutation profiles of CIN+ and MACS CRCs.
Method: Targeted Next Generation Sequencing for mutation in 26 driver genes (TruSight-26 kit) was undertaken
in 46 CIN+and 35 MACSCRCs. Tumours were compared for mutation frequency, allelic imbalance and clonal
heterogeneity.
Results: Mutations were detected in 58% genes and, overall, mutation in driver genes was at expected fre-
quencies. Comparison of classes revealed similar mutation frequencies in most genes and allelic imbalance atAPC
and TP53. Differences were seen in mutation frequency in KRAS (41% CIN+ vs 68% MACS, p= 0.015) and
GNAS (0% CIN+ vs 12% MACS, p=0.032). Twenty percent CIN+CRCs harboured mutations only in TP53 - a
profile not seen in the MACS tumours (p=0.009). None of the differences were significant after multiple testing
corrections.
Conclusions: The mutation profiles of CIN and MACS CRCs are similar. The events allowing aneuploidy (or
forcing retention of diploidy) remain unknown.

1. INTRODUCTION

In recent years, a number of different molecular classifications for
sporadic colorectal cancers (CRCs) have been produced [1–6]. They
vary in terms of the number of groups and the features defining each
group although all recognize at least two groups. One group (com-
prising approximately 10-15% of sporadic CRCs and almost all cancers
arising in Lynch Syndrome) are deemed to have Microsatellite In-
stability (MSI+) and arise due to loss of mismatch repair (MMR)
function. MSI+ tumours have a characteristic genetic profile with

frequent mutations in genes such as TGFβ1RII, IGFIIR and BAX [7,8].
They are associated with a CpG island methylator (CIMP) phenotype
and have a diploid or near-diploid genotype [9].

The group of 85-90% of CRCs which are not MSI+ are generally
considered to have Chromosomal Instability (CIN+) [10]. The cause of
CIN is unknown, but CIN+ tumours are characterised by large-scale
chromosomal changes such as alteration in whole chromosome number,
chromosomal deletion and translocation [11]. CIN+CRCs are char-
acterised by an aneuploid genotype [12] and mutation in genes such as
APC, TP53, and FBXW7 [9,13–15].
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However, a group consisting of CRCs which are not MSI+ and
which have a near-diploid karyotype (and are therefore not CIN+) has
been identified. This group has become known as Microsatellite and
Chromosome Stable (MACS) tumours although they have previously
been reported as ‘X-type’ [16,17]. Data on the proportion of sporadic
CRCs which are MACS-type are varied, with figures ranging between
17% and 45% [15,17,18]. They are reported to display a high rate of
CpG island methylator phenotype, similar to that of MSI+ tumours
[19], they may display a lower rate of loss of APC protein compared to
CIN+ tumours and they may have a lower rate of loss of expression of
MLH1 and BAX proteins compared to MSI+ tumours [19].

Data on the clinicopathological features associated with MACS CRCs
are conflicting and unclear. Silver et al. [20] demonstrated that MACS
CRCs are more likely to be left-sided, Cai et al. [19] showed an asso-
ciation with the right colon whilst Hawkins et al. [21] failed to find any
association with tumour site. Tang et al. [22] found that MACS CRC are
significantly poorly differentiated and mucinous, and have low TP53
mutation rates. In terms of the prognosis of MACS CRCs, Kakar et al.
[18] demonstrated that they had improved survival (compared to CIN
+) whilst Hawkins et al [21] reported that MACS CRCs had a poorer
prognosis than both MSI and CIN+CRCs.

The recently described Consensus Molecular Classification (CMS) of
CRC identifies 4 classes of tumours [5]. The CMS1 class includes the
MSI+ tumours whilst the CMS4 class is comprised of tumours rich in
fibrous stroma. The CMS2 class is characterised by high somatic copy
number alteration (SCNA) together with activation of WNT and C-MYC
signalling; this maps closely onto the CIN+ group of tumours. The
CMS3 class is characterised by low SCNA and frequent KRAS mutation;
this map closely onto the MACS group of tumours. The CMS classifi-
cation is based on a number of molecular features which include, but
are not restricted to, somatic mutations and therefore a strict genetic
classifier does not exist.

Given the stark contrast in karyotype between CIN+and MACS
tumours, we hypothesised that there may be one or more genetics
events which characterise these groups and which may be responsible
for permitting an aneuploid state or forcing retention of a near-diploid
state. In order to test this, we compared the mutation profiles of non-
MSI+CRCs which had been categorised by flow cytometry as either
CIN+ or MACS. A targeted next generation sequencing (NGS) ap-
proach was used and both sets of tumours were tested for mutation in a
panel of 26 cancer-related genes.

2. MATERIALS AND METHODS

2.1. Clinical Samples

Formalin-fixed paraffin-embedded (FFPE) tissue from sporadic CRCs
was retrieved from the archives of the Nottingham University Hospitals
Department of Histopathology. All patients had undergone surgery in
2004 or 2005. Cases were selected based on the availability of complete
clinico-pathological data and the presence of at least 50% tumour cells
in the tumour block. We have previously performed DNA extraction,
MSI testing, and ploidy assessment on these CRCs [12,23] and our set of
99 CRCs comprised 7 MSI+ tumours, 53 CIN+ tumours and 39 MACS
tumours. The 7 MSI+CRCs were excluded and another 11 CRCs (7
CIN+ and 4 MACS) were excluded based on failing the DNA Quality
Control (QC) test during library preparation. Baseline clinico-patholo-
gical characteristics of the two groups are listed in Table 1 and we have
previously reported that there are no significant differences between
them [12,23].

2.2. Next generation sequencing (NGS) library preparation

Mutation profiles were determined using the TruSight tumour kit
(Illumina, USA) and samples were run on an Illumina MiSeq DNA
analyzer (Illumina, USA). The TruSight Tumour kit offers deep

coverage of 26 genes across 175 amplicons (with a minimum of 1000X
depth of sequencing and an average depth of 7000X).Each sample un-
derwent a QC step to test for template integrity in accordance with the
manufacturer’s instructions. PCR based library preparation was carried
out in accordance with the manufacturers’ instructions. The libraries
consist of PCR products of the targeted sequences flanked by common
adapters (required for cluster generation and sequencing) and index
sequences used to identify individual samples. The libraries for each
sample were cleaned up, diluted to a final concentration of 4 nM and
then all libraries were pooled into a single tube. Captured libraries were
amplified and sequenced as paired-end reads on a MiSeq flow cell. A
total of 12 samples were run on each flow cell.

2.3. NGS assay performance

Template derived from FFPE tissue is known to have limitations i.e.
the size of the PCR amplicon is limited, the presence of contaminants
may inhibit the PCR, there are frequent C→T mutation artefacts due to
deamination and there is a higher frequency of spontaneous PCR errors
due to degraded template. To assess the utility of the TruSight tumour
kit for use in FFPE tissue, we evaluated the frequency of spontaneous
mutations and C→T mutation artefacts. Since this platform sequences
both strands, we can compare the number of changes occurring in one
strand but not seen in the opposite strand and calculate the frequency of

Table 1
Clinico-pathological and molecular features of sporadic CIN+ and MACS CRC

Features Categories MACS-CRCs CIN-CRCs P value Adjusted P value

Sex M
F

19 (54%)
16 (46%)

25 (54%)
21 (54%)

0.996 1

Age Median
Mean

71
72

65
66

-

Dukes’
stage

A/B
C/D

12 (43%)
16 (57%)

16 (45%)
20 (55%)

0.899 1

EMVI V0
V1
unknown

9 (26%)
18 (51%)
8 (23%)

15 (33%)
23 (50%)
8 (17%)

0.731 1

Location Rt side
Lt side

10 (28%)
25 (72%)

12 (26%)
34 (74%)

0.803 1

KRAS Wild
Mutant

11 (32%)
24 (68%)

27 (59%)
19 (41%)

0.015 0.150

GNAS Wild
Mutant

31 (88%)
4 (11%)

46 (100%)
0 (0%)

0.032 0.213

PIK3CA Wild
Mutant

24 (68%)
11 (32%)

39 (85%)
7 (15%)

0.082 0.410

PTEN Wild
Mutant

30 (86%)
5 (14%)

44 (96%)
2 (4%)

0.230 0.920

FGFR2 Wild
Mutant

35 (100%)
0 (0%)

44 (96%)
2 (4%)

0.503 1

CDH1 Wild
Mutant

34 (98%)
1 (2%)

46 (100%)
0 (0%)

0.432 1

CTNNB1 Wild
Mutant

35 (100%)
0 (0%)

45 (98%)
1 (2%)

1 1

MET Wild
Mutant

35 (100%)
0 (0%)

45 (98%)
1 (2%)

1 1

BRAF Wild
Mutant

33 (95%)
2 (5%)

41 (89%)
5 (11%)

0.693 1

FBXW7 Wild
Mutant

32 (92%)
3 (8%)

40 (87%)
6 (13%)

0.725 1

APC Wild
Mutant

14 (40%)
21 (60%)

21 (46%)
25 (54%)

0.611 1

TP53 Wild
Mutant

10 (29%)
25 (71%)

11 (24%)
35 (76%)

0.636 1

SMAD4 Wild
Mutant

29 (83%)
6 (17%)

40 (87%)
6 (13%)

0.607 1

KIT Wild
Mutant

34 (98%)
1 (2%)

45 (98%)
1 (2%)

1 1

NRAS Wild
Mutant

33 (94%)
2 (6%)

45 (98%)
1 (2%)

0.575 1

TP53 only Negative
Positive

37
9

35
0

0.009 0.150
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artefact in that target. We also tested the short-term precision (intra-
assay variability), the long-term precision (inter-assay variability) and
the limit of detection of the assay. For short term precision, one of the
samples was tested in 8 replicates in the same run. For long term pre-
cision, the same sample was tested on 3 different runs. In each case,
both the depth of sequencing and the mutant allele frequencies were
evaluated. For limit of detection, a series of dilution experiments were
carried out using DNA from two diploid CRC cell lines. DNA from Vaco5
harbouring a BRAF V600E (c.1799 T > A) heterozygous mutation was
spiked into DNA extracted from HCT116, which is wild-type at codon
600. DNAs were mixed to produce samples containing mutant alleles at
the following percentages; 50%, 12.5%, 6%, 3%, 1.5% and 0.75%.

2.4. QMC-PCR and high resolution melting (HRM) analysis

In order to validate the mutations detected by NGS, the samples
were also analysed using the QMC-PCR in conjunction with a high re-
solution melting (HRM) protocol as previously described [24]. Briefly,
the QMC-PCR method is a nested PCR involving a pre-diagnostic mul-
tiplex (PDM) reaction and subsequent single specific diagnostic (SSD)
reaction. HRM analysis relies on the fact that different DNA sequences
display different melting properties (especially when heteroduplexes
are formed between wild-type and mutant sequences) which can be
distinguished on the basis of fluorescence. The PCR products generated
by QMC-PCR were transferred to Light Cycler capillaries (Roche, Ger-
many). The products were loaded into the HR-1 instrument (Idaho
Technology, United States) for DNA melting and the HR-1 analysis tool
custom software was used to analyze all data. Derivative plots and
difference plots were generated after normalizing and temperature
shifting the data. To identify mutant-containing samples, the derivative
and difference plots were visually inspected and a cut-off threshold of
4% difference in fluorescence (when compared with a known wild-type
control) was used as previously described [24,25].

2.5. COLD-PCR

Co-amplification-at-lower-denaturation-temperature-PCR (COLD-
PCR) allows the selective enrichment of ‘minority alleles’ from mixtures
of wild-type and mutant sequences [26]. This takes advantage of the
fact that heteroduplexes form between wild-type and mutant se-
quences; these have a lower melting temperature and will therefore
undergo denaturation at a lower temperature than homoduplexes. For
each DNA sequence, a critical denaturation temperature (Tc) can be
identified at which the heteroduplexes (containing equal amounts of
both wild-type and mutant sequence) will be completely denatured
whilst the homoduplexes (mostly containing the majority wild-type
sequence), will still be in double stranded form. The Tc is different for
each target sequence and target-specified Tc was determined using a
gradient PCR as previously described25. COLD-PCR was performed in
the SSD step of the QMC-PCR with the following cycling conditions:
95 °C, 5min; 45 cycles of (95 °C for 15 s; 70 °C for 30 s; target-specified
Tc for 20 s; 55.5 °C for 15 s; 72 °C for 15 s), followed by a final extension
step of 72 °C for 5minutes).

2.6. NGS Data analysis

After sequencing, the raw signal data were analysed using MiSeq
Reporter v2.1. The pipeline includes signal processing, base calling,
quality score assignment, trimming of adapter sequences, filtering for
high quality reads, PCR duplicate removal, read alignment to the
human genome (hg19) sequence, coverage analysis, and variant calling.
After primary data analysis, detected sequence variants (including
single nucleotide variants (SNVs) and insertions or deletions (indels))
were assembled in a variant call file (VCF) format generated by the
MiSeq Reporter Program. Variant filtering and annotation were per-
formed with VariantstudioTM v2.1analyser. Somatic SNVs and indels

were called based on the following criteria: (1) present in both forward
and reverse sequencing pools; (2) average read depth of> 500x per
pool, (3)> 3% variant frequency in the merged VCF files; (4) minimum
Q-score of 20 (phredQ score is a prediction of the possibility of an in-
correct base call); (5) not a known germline polymorphism according to
dbSNP. For the evaluation of the mutation artefact, criterion (1) and (3)
were excluded. For the analysis of the limit of detection, criterion (3)
was excluded. The dbSNP reference was used to separate germline from
somatic sequence variants.

2.7. Validation of ploidy status by NGS

Both CRC subtypes (i.e. diploid and aneuploid) have allelic im-
balance (AI) or loss of heterozygosity. However, CIN (i.e. aneuploid)
tumours possess a higher frequency of AI than diploid tumours [22].
Within the limitations of the TruSight 26 tumour kit we sought to va-
lidate the ploidy status of MACS and CIN tumour groups by comparing
the mean number of altered SNPs (i.e. SNPs with allelic imbalance) and
the proportion of informative SNPs which showed AI between CIN and
MACS tumour groups.

2.8. Statistical and data analysis

Statistical analyses were performed using a combination of the SPSS
software package (version 22), and online chi square and Fisher’s exact
test (GraphPad, www.graphpad.com/quickcalcs/contingency1/and
Social Science Statistics www.socscistatistics.com/tests/) and FDR cal-
culator (www.sdmproject.com/utilities/?show=FDR) software
[27–29]. Categorical data were tested for associations using Chi square
and a two-sided Fisher’s exact tests. The difference in the mean number
of altered SNPs was calculated using the independent t test (GraphPad),
whilst the proportion of informative SNPs which showed AI between
the two groups was calculated using the z-score (VassarStat: a website
for statistical computation http://vassarstats.net/propdiff_ind.html)
[30]. The Benjamini and Hochberg correction was applied to multiple
testing at a false discovery rate of 0.05 (5%) using the online FDR
calculator. P values and adjusted P values (for multiple testing)
of< 0.05 were considered to be statistically significant.

3. RESULTS

3.1. Performance characteristics of NGS

The overall mean sequencing depth of amplicons was 15509 al-
though amplicon-specific mean sequencing depth varied from 1088X
(TP53 exon 2) to 25401X (PIK3CA exon 20). Analysis of the raw data
showed an overall mean frequency (of all the samples) of C→T muta-
tion artefacts of 23% and a spontaneous (presumably PCR-induced)
error frequency of 8%.

The short-term precision assay showed a mean CV of 12.3% (range
8.6% – 15.3%) for sequencing depth and 2.5% (range 1.6%-4.4%) for
MAF. The long-term precision assay showed a mean CV of 10.6% (range
3.2% – 15.1%) for sequencing depth and 2.2 % (range 0.01%-6.1%) for
MAF.

A series of spiking experiments was carried out, to determine the
limit of detection of mutant allele frequency by the NGS platform. High
quality DNA template derived from cell lines was used to obtain optimal
data. The limit of detection was 3% of mutant alleles

3.2. Validation of mutations

In total, 247 somatic non-synonymous and likely pathogenic mu-
tations were observed in 15 of the 26 genes in the TruSight tumour
panel (Fig. 1 and Supplementary Tables 1 and 2). Of these, 238/247
(96.4%) of the mutations were successfully validated using QMC-PCR
with HRM (Fig. 2). The remaining nine mutations were present in the
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samples at low frequencies and, since the limit of detection of this NGS
platform is lower than HRM, we used the COLD-PCR protocol, to enrich
for the mutations. This confirmed the presence of the mutations de-
tected by NGS (Fig. 2).

3.3. Allelic imbalance and NGS validation of CIN and MACS tumour group
ploidy statuses

Quantification of heterozygous SNPs was used to indicate allelic loss
if there is deviation from 50% (outside the range seen in natural assay
variation). Based on the maximum CV of 4.4% obtained from the short-
term precision assay, and the calculated mean MAF of normal SNPs
(49.9%), the normal range for SNPs in the tumour samples was calcu-
lated to be 43.3-56.5% for all SNPs.

The numbers of informative SNPs (IS) were 143 for CIN and 108 for
MACS. Of these 65/143 (CIN) and 27/108 (MACS) showed AI. There
was no significant difference in the mean number of informative SNPs
between the CIN and MACS groups (CIN=3.11 informative SNPs/

sample, MACS=3.09 informative SNPs/sample; mean difference=
0.023, P= 0.95) (Supplementary Tables 3 and 4).

The average numbers of SNPs with AI – and their standard devia-
tions - in the CIN and MACS tumours were calculated in Excel and the
resulting values were input into the GraphPad software QuickCalc in-
dependent t test calculator. The average numbers of altered SNPs per
sample were 1.41 ± 1.31 and 0.77 ± 1.04 in the CIN and MACS
groups, respectively. There was a significant difference in the mean
number of altered SNPs between CIN and MACS tumour groups (mean
difference= 0.64, P value= 0.02).

There was also a significant difference in the proportion of in-
formative SNPs with AI [AI/IS ratios] between the CIN and MACS
groups (difference between CIN and MACS proportions= 0.204,
z= 3.333, P=0.0009 (two-tailed)).

3.4. Overall mutation profile

Eighty-one tumour samples were analysed for the presence of

Fig. 1. A schematic showing an analysis of the mutation types found in the 81 CRC samples.

Fig. 2. Validation of the NGS results by HRM analysis. (A) Difference plots obtained from a subset of APC mutant samples using QMC-PCR followed by HRM (B)
Difference plots obtained from PTEN mutant (c.206-209+ 4delGTAA) samples. Validation of this mutation was possible only following minor allele frequency
enrichment by COLD PCR.
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somatic mutations. Six of 81 (7.4%) tumours showed no mutation in
any of the genes included in the panel. The frequencies of mutations
detected in the sample set are listed in detail in Table 1, and our data
fall within the ranges published in the literature as well as COSMIC and
the TGCA (Supplementary Fig. 1 and Supplementary Tables 5 and
6).Co-occurring mutation in each of the set of genes described in the
Fearon and Vogelstein model i.e. APC/(KRAS or BRAF/TP53) was seen
in 27/81 (33.3%) of tumours. The frequency of APC mutations (46/81,
57%) was lower than that of TP53 mutations (60/81, 74%), and 11%
(9/81) of CRCs had mutations only in TP53. There was a significant
positive association between APC and KRAS mutations (adjusted
P=0.005) (Supplementary Table 7). Associations were also seen be-
tween APC and PTEN (adjusted p=0.026), KRAS and PIK3CA (ad-
justed p=0.002), KRAS and SMAD4 (adjusted p=0.029) and PIK3CA
and GNAS (adjusted p=0.049). There was no significant association
between APC and PIK3CA. As expected, mutations in KRAS and BRAF
showed a significant negative association (adjusted p= 0.005, Fisher’s
exact test).

3.5. Comparison of mutation profiles between CIN+ and MACS CRCs

NGS analysis revealed similar mutation frequencies within the
CIN+ and MACS tumour populations (Table 1 and Supplementary
Fig. 2). There was no significant difference in the frequency of tumours
that were wild-type for all genes in the panel between MACS and
CIN+ tumours (3/35 MACS vs3/46 CIN+, p=1.0). Approximately
20% of CIN+ tumours had a profile of TP53 only mutation whilst this
profile was not seen in the MACS-CRCs (9/46 vs 0/35, p=0.009, ad-
justed p=0.150). There were also no significant differences in the
frequency of KRAS and GNASmutation between the two tumour groups
following multiple correction testing using the Benjamini and Hochberg
correction-based FDR test (p=0.015 and adjusted p=0.150 for KRAS
and p=0.032 and adjusted p= 0.213 for GNAS, Table 1).

4. DISCUSSION

4.1. Overall group analysis

In this study we compared the mutation profiles of CIN+ and MACS
tumours using a targeted NGS approach with a commercially available
kit. We found this to be a robust assay producing reproducible data
even with low quality template derived from FFPE tissue. The mean
sequencing depth overall amplicons was 15509 although there was
some variation among amplicons reflecting the range of PCR efficiency
for each target. A coefficient of variation (CV) value of 10% is regarded
as acceptable for short-term precision and 15% is acceptable for long-
term precision. With regards to quantification of the MAF, the assay had
mean values well below these limits (CV 2.5% and 2.2% for short term
and long-term precision respectively) thereby confirming the reprodu-
cibility of the assay.

This NGS platform has a lower limit of detection than QMC-PCR-
HRM for mutation detection and thus validation of some of the muta-
tions required mutant enrichment by COLD-PCR-HRM. All 247 somatic
mutations detected by NGS were validated showing that there were no
false positives. However, spiking experiments with high quality cell-line
derived DNA showed a limit of detection for mutant alleles of 3%.This
was higher than expected and has implications if this platform is to be
used clinically i.e. when considering chemotherapy, resistance muta-
tions may not be detectable if present at a frequency<3%.

NGS validation of the ploidy statuses of the MACS tumour group
compared to the CIN+ ve tumours was accomplished using allelic
imbalance as previously done [22].

Analysis of the whole dataset (i.e. CIN+and MACS combined) re-
veals frequencies of gene mutation within the published ranges for
tumours which are not MSI+ [31–37]. There are, however, some in-
teresting features emerging from our data. Firstly, only one third of the

tumours conformed to the Fearon and Vogelstein model (i.e. combined
mutation of APC/(KRAS or BRAF/TP53) whilst 7% of tumours did not
show mutation of any of the genes in this panel. Analysis of COSMIC
[38] data and TGCA [39] data showed that the exact mutation fre-
quencies of individual genes that were observed in this study are
comparable to those obtained in both series (Supplementary Fig. 1).
Thus, most CRCs develop through other pathways. It is uncertain
whether these use other gene mutations to deregulate the same sig-
nalling pathways (Wnt / MAPK / P53) or whether some CRCs can de-
velop without involvement of these pathways.

The most commonly mutated gene was TP53 (74% of cases) and
11% of tumours had mutation of TP53 only (without mutation in any
other genes). These data reinforce the importance of TP53 in CRCs but
are interesting inasmuch as there was a lower frequency of APC mu-
tation (57%). Data on APC mutation vary with frequency of mutation of
this gene reported between 43 – 60% [40,41]. Similar variation is found
in the comparison of mutation reported in the COSMIC database (44%)
and the TGCA database (80%). Since NGS is known to have a tendency
to miss large insertion-deletion (indel) mutations, it is possible that our
study has under-called the frequency of APC mutation. However, the
COSMIC database reports that the 79% of the indels mutations in APC
tend to be 1 or 2 bases and these would not be expected to be missed.
The activation of Wnt signalling is considered an important initiating
event in CRC and it is possible that the low frequency of APC mutation
is may be explained by other events activating Wnt signalling (e.g.
mutation of R-spondin, RNF43a).

4.2. Comparison of CIN+ and MACS CRCs

For most of the genes in the panel, there was no difference in fre-
quency of mutation between the two groups. There was a difference in
the proportion of tumours showing a profile of TP53 mutation-only
with 9/46 (20%) CIN+ tumours having this profile in contrast with 0/
35 (0%) MACS tumours. The importance of this is uncertain and, de-
spite an enrichment of tumours with this profile in the CIN+group,
there was no difference in the overall frequency of TP53 mutation be-
tween the two groups, contrary to the findings by Tang et al [22]. Si-
milarly, there was no difference in the frequency of FBXW7 mutation
between the two groups. Both genes have previously been associated
with the development of aneuploidy [42,43] but this role is not how-
ever supported by our study.

There was a slightly greater frequency of KRAS, PIK3CA and GNAS
mutations in MACS CRCs which was statistically significant for KRAS
and GNAS - although this was lost after correction for multiple testing.
It is noteworthy that the CMS 3 class is characterised by common KRAS
mutation and, since MACS align most closely with CMS 3, this may
represent a true association. However, by our data, KRAS mutation
alone is not a strong discriminator of CIN+mutation from MACS.

Furthermore, the limited number of mutation per sample that could
be found using this targeted panel precludes the use of advanced NGS
analysis tools such as Somatic Signatures [44], Galaxy tool MutSpec
[45], MutationalPatterns [46], and Mutational Signatures in Cancer
[47].

In summary, we have demonstrated that this NGS kit and platform
make a reliable and sensitive assay for testing of tumours with low
quality DNA template. Within the limitations of the TruSight-26 tar-
geted NGS panel our data show that CIN+ tumour group has a higher
degree of allelic imbalance than the MACS tumours, thereby validating
the ploidy status data obtained by flow cytometry. This result is also in
line with the established differential characteristics of aneuploidy and
diploid tumours [22]. Moreover, our data demonstrated a large degree
of overlap in the mutation profiles of CIN+ and MACS CRCs. This may
indicate a common genetic pathway for these tumour types in the early
stages. The events permitting aneuploidy in CIN+CRCs or forcing
retention of a near-diploid state in MACS may be unravelled using a
more extensive platform such as whole exome or whole genome
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sequencing.
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