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Abstract

Intratumor heterogeneity of colorectal cancers (CRCs) is manifested both at the
genomic and epigenomic levels. Early genetic aberrations in carcinogenesis are clonal
and present throughout the tumors, but less is known about the heterogeneity of the
epigenetic CpG island methylator phenotype (CIMP). CIMP characterizes a subgroup
of CRCs thought to originate from specific precursor lesions, and it is defined by
widespread DNA methylation within promoter regions. In this work, we investigated
CIMP in two to four multiregional samples from 30 primary tumors (n = 86 samples)
using the consensus Weisenberger gene panel (CACNA1G, IGF2, NEUROG1, RUNX3
and SOCS1). Twenty-nine of 30 tumors (97%) showed concordant CIMP status in all
samples, and percent methylated reference (PMR) values of all five markers had
higher intertumor than intratumor variation (P value = 1.5e—09). However, a third of
the CIMP+ tumors exhibited discrepancies in methylation status in at least one of the
five gene markers. To conclude, CIMP status was consistent within primary CRCs,
and it is likely a clonal phenotype. However, spatial discordances of the individual
genes suggest that large-scale analysis of multiregional samples could be of interest

for identifying CIMP markers that are robust to intratumor heterogeneity.

KEYWORDS
colorectal cancer, CpG island methylator phenotype (CIMP), multiregional sampling, spatial
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1 | INTRODUCTION

Spatial intratumor genetic heterogeneity is a feature associated with
poor prognosis in multiple cancer types. It challenges the interpreta-
tion of biomarkers and the use of single biopsies for molecular profil-
ing of tumors.? Colorectal cancers (CRCs) are heterogeneous at both
the genomic and transcriptomic levels.®>* However, the common
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“drivers” of CRC development, including mutations in APC, KRAS,
BRAF (codon 600) and TP53, are clonal and uniformly present in dif-
ferent subclones of the cancers.® This likely reflects their early occur-
rence and positive selection pressure during carcinogenesis.®

The CpG island methylator phenotype (CIMP) is a molecular char-
acteristic of 15% to 20% of CRCs, defined by widespread DNA meth-
ylation at CpG sites in promoter regions.” Epigenetic silencing of the
DNA mismatch repair gene MLH1 via promoter methylation is the pri-
mary cause of sporadic onset of the microsatellite instability (MSI)
hypermutation phenotype.®? The majority of sporadic MSI+ CRCs dis-
play CIMP, although CIMP also occurs in a subgroup of non-
hypermutated cancers.” CIMP likely precedes MSI and is thought to be
an early event in tumor development.” Therefore, it could be speculated
that, like the genetic “drivers” of CRC, CIMP is clonal and not prone to
exhibit intratumor heterogeneity. To our knowledge, this question has
only been addressed in two studies with a limited number of
patients.’®*! However, as the number of studies supporting a clinical
relevance of CIMP is growing, with respect to both patient prognosis
and therapy response, it is increasingly important to determine the level
of intratumor heterogeneity of this biomarker.!>*® Although several
gene panels for CIMP status determination have been proposed, the
five markers described by Weisenberger et al have been validated and
are widely used—especially in studies investigating the clinical relevance
of CIMP.7121415 | this short report, we investigated spatial intratumor
heterogeneity of CIMP in 86 multiregional samples from 30 primary
CRCs using the Weisenberger gene panel for CIMP assessment.

2 | MATERIALS AND METHODS

21 | Patient material

A total of n = 86 multiregional fresh frozen primary tumor samples
from N = 30 patients with Stage | to IV CRC were analyzed, with two
to four (median 3) spatially separated samples per tumor
(Supplementary Table 1). Tumors were selected from an initial series
of 67 patients undergoing surgical resection at Oslo University Hospi-
tal (OUH, Ulleval), in the period March 2015 to November 2015.
Patients with 23 available samples were selected resulting in 72 sam-
ples from 23 tumors. Finally, the series was completed by randomly
selecting seven patients with two samples available from each tumor,
resulting in a total of 30 patients. The median age at diagnosis of the
included patients was 72 years, and the age range was 45 to 89 years
(Supplementary Table 2); see Supplementary Figure 1 for detailed

overview of sample selection.

2.2 | DNA extraction and bisulfite conversion

Tumor DNA was isolated from fresh frozen tissue samples using
the AllPrep DNA/RNA/miRNA Universal kit according to the man-
ufacturer's instructions (Qiagen GmBH, Hilden, Germany). Bisulfite
conversion of 900 ng of isolated DNA was performed according to
the standard protocol of the EpiTect Bisulfite kit (Qiagen). The
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What's new?

Colorectal cancers (CRCs) exhibit significant intratumoral
genetic and epigenetic heterogeneity. A subgroup of CRCs is
characterized in particular by the epigenetic CpG island
methylator phenotype (CIMP), though the extent to which
CIMP contributes to intratumoral heterogeneity in these
tumors is unknown. Here, investigation of CIMP in multi-
regional samples from primary CRCs shows that CIMP status
is highly homogenous within tumors. In one-third of CIMP-
positive primary CRCs, methylation status differed in at least
one of five gene markers investigated. The findings suggest
that inclusion of multiregional CRC samples could aid the
development of more robust marker panels for CIMP

assessment.

subsequent purification steps were carried out on the automated
QlAcube System (Qiagen) with a final elution volume of
40 pL (2 x 20 pL).

2.3 | DNA methylation analyses and determination
of CIMP status

Genes of the Weisenberger CIMP marker panel (CACNA1G, RUNX3,
IGF2, SOCS1 and NEUROG1), MLH1 and the repetitive ALU-C4 ele-
ment were analyzed for DNA methylation by quantitative
methylation-specific PCR (qMSP) with previously described primers
and probes.”*®'” The primers were purchased from BioNordika
(Oslo, Norway), and probes were obtained from Life Technologies
(now Thermo Fisher Scientific, Carlsbad, CA) (see Supplementary
Table 3 for sequence information). gMSP was performed as previ-
ously described.'® Briefly, samples were analyzed in triplicates in
384-well plates run on a 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific) (95°C for 10 minutes, followed by
45 cycles of 95°C for 15 seconds and 60°C for 60 seconds). Methyl-
ation positive (in vitro methylated DNA; IVD, Zymo Research), meth-
ylation negative (Whole Genome Amplified [WGA] non-methylated
DNA, Zymo Research) and nontemplate (H,O) controls were
included, in addition to a standard curve consisting of a 5-fold serial
dilution of VD (32.5-0.052 ng). Total reaction volume per well was
20uL (0.9 pM forward and reverse primers, 0.2 pM probe,
1xTagMan Universal Master Mix ll—no UNG [Thermo Fisher Scien-
tific] and ~32.5 ng bisulfite treated DNA).

The percent of methylated reference (PMR) values were calcu-
lated as the median GENE:ALU ratio of each sample relative to the
median GENE:ALU ratio of the calibrator (IVD). Genes with a PMR
value 210 were considered methylated. Samples with 23 methylated
genes were scored as CIMP+ in accordance with Weisenberger et al.”
PMR value of 210 was also used to score samples as positive for
MLH1 methylation.*®
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Microsatellite instability and tumor purity

MSI status was determined by PCR-based analyses of the BAT25,
BAT26, NR21, NR24, MONO27 markers, in at least one randomly
selected sample per tumor, using the MSI Analysis System, Version
1.2 (Promega). Gene expression profiles were obtained from
GeneChip Human Transcriptome Array 2.0 (unpublished) and were
used to calculate tumor purity using the R package ESTIMATE
(version 1.0.13).%Y

2.5 | Analysis of CIMP intratumor heterogeneity
For each tumor, the concordance in the overall CIMP status among
multiregional samples was assessed. In addition, pairwise hetero-
geneity scores between any two samples were computed as the
Euclidean distance between vectors of PMR values of the five
markers. Intratumor heterogeneity scores (between samples from
the same tumor) were compared to intertumor heterogeneity
scores (between samples from different tumors) and to technical
variability (distance between technical triplicates). A left-sided
Wilcoxon's test was performed to investigate the null hypothesis
that the distribution of intratumor heterogeneity scores was not
significantly different from the distribution of intertumor hetero-
geneity scores. In the same way, a right-sided Wilcoxon's test was
performed to test whether technical variability was significantly
lower than intratumor heterogeneity. A P value of <.05 was con-
sidered significant. When relevant and as indicated, P values were
corrected for multiple testing using the False Discovery Rate (FDR)
criterion and Benjamini-Hochberg (BH) procedure. FDR < 0.05 was
considered significant. Analyses were carried out with R version
3.6.1 and R Studio Version 1.2.1335.

(A) High level of homogeneity of CIMP status in multiregional samples

2.6 | Analysis of individual marker performances

The ability of the individual markers of the Weisenberger panel to
robustly assess CIMP status was evaluated. We compared the distri-
bution of PMR values in CIMP+ samples in the present series to single
samples from each of 56 CIMP+ tumors from our previously published
data (Oslo 2 series). 12 The variability and methylation status concor-
dance of each gene were also assessed among the series of multi-

regional samples.

3 | RESULTS

3.1 | High level of homogeneity of CIMP in
multiregional samples from primary CRCs

We investigated the extent of spatial intratumor heterogeneity of
CIMP in 86 multiregional samples from 30 primary CRCs, using the
consensus 5-marker panel for CIMP assessment described by
Weisenberger et al.” The estimated PMR values from the median trip-
licate measurement are shown in Supplementary Table 4. No signifi-
cant association between intratumor heterogeneity and tumor size
was observed (Supplementary Figure 2).

CIMP status was concordant across all multiregional samples
in 29 out of 30 patients (97%, Figure 1A). The single tumor with
discordant status had one CIMP+ and two CIMP— samples. Eleven
tumors (37%) were scored as CIMP+ in all samples. Of these 82%
(9 of 11) were from female patients and all had a right-sided tumor
location (Supplementary Table 2). Thirty percent of all tumors (9 of
30) were MSI+ in which 78% displayed methylation in MLH1
(Figure 1A). Of note, MLH1 methylation was found exclusively in
MSI+ tumors where it was completely concordant between all mul-

tiregional samples (Supplementary Figure 3). The tumor with
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FIGURE 1 CIMP assessment in multiregional samples of primary CRC tumors. A, CIMP status concordance among multiregional Samples S1
to 54 (in rows) from 30 CRC tumors (in columns). Dark gray boxes denote CIMP+ samples (ie, samples with >3 methylated genes), while light gray
is indicative of CIMP—. MSI status (MSI+: black circles; MSI—: gray circles) and MLH1 methylation (MLH1+: dark gray boxes; MLH1—: light gray
boxes) are also provided. B, Boxplots showing the overall distribution of interpatient (red) and intrapatient (blue) heterogeneity scores among
CIMP+ tumors (1-11). Intertumor heterogeneity scores were calculated as the Euclidean distances between any two samples from different
tumors. Intratumor heterogeneity scores were defined as the pairwise distances between any two samples of the same tumor. Asterisks denote

the significance level of the left-sided Wilcoxon test (P = 1.5e—09)
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(A) Low methylation levels of markers in CIMP+ tumors
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(B) Spatial heterogenity of the Weisenberger CIMP panel
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FIGURE 2 Methylation levels and variability of individual CIMP markers. A, Distribution of PMR values of the five genes constituting the
Weisenberger panel for CIMP assessment (CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1). The scoring threshold for methylation positive
samples (PMR 210) is shown as a red-dotted line. PMR values above 100 were resized to 100. B, Methylation levels of genes of the
Weisenberger CIMP panel (in rows) for the 30 CRC tumors (in columns). PMR values 210 are displayed using a color scale from yellow

(PMR = 10) to red (PMR = 100). Unmethylated genes, with PMR < 10, are shown in light gray. C, For each gene of the Weisenberger panel, the
percentage of discordant methylation status among multiregional samples from the same tumor is shown using blue shades. A discordant sample
was defined as a sample whose methylation status was deviating from the majority of samples. Light blue denoted 0% discordance, that is, same
methylation status across all multiregional samples for a given marker. Dark blue denoted 50% discordance between samples of the same tumor;
it was observed for some of the tumors with two samples (see tumors 9, 25 and 26), for which one of the sample was methylated for the marker
while the other sample was unmethylated. Gray boxes are indicative of genes unmethylated in all samples. For each marker, the overall
discordance was defined as the percentage of tumors with discordance >0. Finally, for each tumor, we provided the number of genes with

discordant methylation status

discordant CIMP status was neither MSI+ nor MLH1 methylated in
any of the samples.

Pairwise heterogeneity scores were calculated between all
samples from the 11 CIMP+ tumors, based on PMR values of the
five CIMP markers (Figure 1B). Overall, the heterogeneity scores
were significantly lower in intratumor comparisons than in
intertumor comparisons (P value = 1.5e—09). Tumor-wise compari-

sons supported that the methylation levels were generally more

similar within than among CIMP+ tumors (Supplementary
Figure 4).
3.2 | Intratumor variability of the individual CIMP
markers

All five CIMP markers had median PMR values <35 in samples from
CIMP+ tumors, ranging from 13.2 for CACNA1G to 34.2 for IGF2
(Figure 2A), indicating low methylation levels. Similarly low methyla-
tion levels were also seen in a larger series of fresh-frozen samples
group
(median < 50, Supplementary Figure 5).12 We observed spatial vari-

from 56 CIMP+ tumors previously published by our

ability of PMR values among the multiregional samples from each

individual tumor (Figure 2B). Of note, the tumors had comparable
purity estimates across their multiregional samples (Supplementary
Figure 6). Marker-wise there was a good overall concordance, but
each marker had discrepant methylation status among samples from
at least one tumor (Figure 2C). The number of tumors with inconsis-
tent methylation status ranged from one (3%) for RUNX3 and SOCS1
to two (7%) for CACNA1G and IGF2, and four (13%) for NEUROG1
(Figure 2C). Tumor-wise there was also a good overall concordance in
methylation status, although four out of the 11 CIMP+ tumors (36%)
had at least one discordant marker. In all except one of the cases, this
did not affect the overall CIMP status of the tumor. For example, the
three samples from Tumor 5 had discordant methylation status in
three of the markers, but all samples were scored as positive for at
least three markers each resulting in an overall CIMP+ status. In con-
trast, Sample S3 from Tumor 12 was scored as methylated for the
genes IGF2, NEUROG1 and RUNX3 and therefore CIMP+, while Sam-
ples S1 and S2 were only methylated for IGF2 and NEUROG1 and
therefore CIMP—. Notably, the discordant marker in this tumor,
RUNX3, had PMR values the scoring threshold
(PMRgunx3 = 11.8 [positive] in $3; 2.8 and 3.0 [negative] in S1 and S2,
respectively). To investigate the contribution of technical variability to

close to

marker discrepancies, Euclidean distances between set of triplicates
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for each sample and for each gene were computed. Technical variance
was significantly lower than intra-tumor heterogeneity (P value = 7.9e
—07, Supplementary Figure 7). Overall, the triplicates had 98% to
100% concordance in methylation across all markers (Supplementary
Figures 8-12).

4 | DISCUSSION

Intratumor heterogeneity challenges the use of single bulk tumor
tissue samples for molecular stratification and treatment guidance
of cancer patients. A growing body of studies has explored the
intratumoral diversity of genetic alterations in different cancer
types, but the epigenetic contribution to intratumor heterogeneity
remains undetermined. To our knowledge, the current study focus-
ing on spatial heterogeneity of CIMP in multiregional samples of
primary CRC is the largest of its kind, with 86 multiregional sam-
ples from 30 tumors. In total, 37% of the tumors were scored as
CIMP+, which was higher than what is expected in the general
CRC population where CIMP is usually found in 15% to 20%.1%2°
However, the high incidence of CIMP in our cohort was probably
attributed to the high number of females with right-sided and MSI
+ tumors.”

CIMP is likely an early event in CRC carcinogenesis, and there-
fore a uniform characteristic of the cancers.” High concordance has
also been documented between primary CRCs and matched metas-
tases.?! We confirmed concordant CIMP status also in intratumor
comparisons of primary CRCs in all except one tumor. This is in con-
trast to a previous study reporting discordant CIMP status among
multiregional samples in 50% of the tumors.}?> However, the low
number of tumors (n = 12), the qualitative method (methylation-
specific PCR) and the two-marker CIMP panel used in their study
limit the strength of the conclusions.®?? To overcome these limita-
tions, we based our study on a quantitative methylation assessment
approach (gMSP) and the consensus five-marker Weisenberger
panel.? By quantitative assessment of methylation levels, we further
demonstrated that intratumor heterogeneity was significantly lower
than intertumor heterogeneity among the CIMP+ tumors. All CIMP+
tumors were right-sided. Although it cannot be excluded that left-
sided CIMP+ tumors have a different biology, in a recent study
Fennell et al showed that CIMP+ and CIMP- tumors generally clus-
ter away from each other irrespective of sidedness.?®

Although our data suggest a high clonality of CIMP, we rev-
ealed intratumor variability in the methylation levels of the con-
sensus five-marker panel among samples from the same tumor. In
a similar setting, Hihns et al studied intratumor heterogeneity of
the gene panel described by Ogino and colleagues in 10 CRCs,
including three CIMP+ tumors.*®?2 The Ogino panel includes the
five genes of the Weisenberger panel, in addition to CDKN2A,
CRABP1 and MLH1.22 Hiihns et al did not conclude on the overall
intratumor CIMP heterogeneity, but described a “mosaic” pattern
of PMR values, in line with our findings. Methylation patterns have

been shown to be highly cell type-specific, and differences in cell-

type composition among samples may contribute to intratumor
heterogeneity on a per-marker basis.?* In addition, variation cau-
sed by technical factors is also expected as previously demon-
strated by our group.?® Although we showed moderate variation
between triplicate measurements in the present study, technical
variability combined with cell-type specific variation increase the
likelihood of observing inconsistent methylation status among
multiregional samples. This is especially true when PMR values of
marker genes are close to the scoring threshold. The growing inter-
est in CIMP as a biomarker with potential prognostic and predic-
tive value in CRC underscores the need for a scoring assay that is
robust to tumor sampling and technical noise.*>*3 In this regard,
high-throughput omics technologies combined with multiregional
sampling represent a promising alternative for the development
and validation of marker panels. Our findings also suggest that
multiregional samples should be taken into consideration during

the development and validation of marker panels.

5 | CONCLUSION

To our knowledge, this is the first study to report that CIMP status is
highly homogeneous within primary CRC tumors in a series of multi-
regional samples, supporting a clonal development of this epigenetic
phenotype. However, all five markers exhibited some inconsistencies
in methylation status. Although the Weisenberger panel appears to be
robust to these inconsistencies in most cases, large-scale methylome
analysis of multiregional samples may be considered for further evalu-

ation of the panel.
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