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SUMMARY

Colorectal cancer (CRC) is a leading cause of morbidity and mortality worldwide.
The majority of CRC deaths are caused by tumor metastasis, even following treat-
ment. There is strong evidence for epigenetic changes, such as DNA methylation,
accompanying CRC metastasis and poorer patient survival. Earlier detection and
a better understanding of molecular drivers for CRC metastasis are of critical clin-
ical importance. Here, we identify a signature of advanced CRC metastasis by per-
forming whole genome-scale DNA methylation and full transcriptome analyses of
paired primary cancers and liver metastases from CRC patients. We observed
striking methylation differences between primary and metastatic pairs. A subset
of loci showed coordinated methylation-expression changes, suggesting these
are potentially epigenetic drivers that control the expression of critical genes
in the metastatic cascade. The identification of CRC epigenomic markers of
metastasis has the potential to enable better outcome prediction and lead to
the discovery of new therapeutic targets.

INTRODUCTION

Colorectal cancer (CRC) is a leading cause of morbidity and mortality worldwide. Globally, more than 1.4
million individuals develop CRC and 0.6 million people die from CRC every year.'” Alarmingly, the global
incidence of CRC has consistently risen at an annual rate of 3.2% over the last two decades and is predicted
to continue to increase in the future.” Furthermore, there is a particular trend of increasing rates of CRC in
younger people (<50 years of age).” CRC-related death occurs mainly because of metastasis of primary
CRC (>90% cases), even after treatment,” and patients with distant metastases have a 5-year survival
rate of only ~12%.° The liver is the most common organ of distant metastasis in CRC — during the course
of the disease ~50% of CRC patients will develop liver metastasis and in ~30% of patients with metastatic
CRC, the liver is the only organ with metastases.”® Although significant efforts have been made to improve
outcomes, CRC patients with distant metastasis who receive chemotherapy (such as fluoropyrimidines and
oxaliplatin chemotherapy), eventually develop resistance.? Earlier diagnosis or detection of metastatic po-
tential would allow for earlier intervention and possibly improved prognosis. For example, adjuvant
chemotherapy could be of significant benefit for early-stage patients with an increased risk of metastasis. '°
However, improved risk stratification is necessary to identify early-stage patients who would benefit most
from this approach.'’ These observations clearly indicate that early detection and a better understanding
of molecular drivers for CRC metastasis are of critical clinical importance.

Metastasis of CRC is a multi-step process and tumor cells require several different molecular or phenotypic
changes to successfully complete the sequence of events.'*'® Remarkable progress has been made over
the last few decades in understanding the genetic basis of primary cancer formation. However, even after
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methylation and expression profiles of primary and metastatic CRCs at a single cell level revealed that
methylation changes control expression of critical genes during metastasis.”” In addition, it is now well es-
tablished that a subgroup of patients with CRC exhibits a particular methylation signature (referred to as
CpG island methylation phenotype or CIMP), which possibly affects patient prognosis and response to spe-
cific therapies.””?® Furthermore, pre-clinical data has demonstrated that DNA methylation-modifying
drugs can reduce the proliferation of CRC-initiating cells.?® This evidence indicates that DNA methylation
is a potential key regulator of CRC growth and also suggests the possibility of targeting methylation levels
as a potential therapy.

One major issue in identifying epigenetic drivers of CRC metastasis is the extensive molecular heteroge-
neity exhibited in tumor cells. In this work, we performed whole-genome scale methylation and expression
analysis in a well-defined set of paired patient samples (primary CRC and liver metastases). From our an-
alyses, we aimed to identify functionally relevant epigenetic changes that occurred between primary can-
cers and liver metastases from the same patient, and to identify an epigenetic signature of advanced CRC
metastasis. Furthermore, we utilized epigenetic data from normal colon to document progressive changes
in potential epigenetic drivers of metastasis and we have validated our results and reproducibility with
large additional cohorts of CRC. The development of a robust molecular signature that confers a high
risk of metastasis could potentially be used to triage stage Il and Ill patients who would benefit more signif-
icantly from adjuvant therapy. Furthermore, and possibly of greater clinical value, would be the develop-
ment of new effective therapies that specifically target molecular drivers of metastasis.”’

RESULTS

Whole-genome scale DNA methylation profiles are conserved between primary CRC cancers
and liver metastases but differ from normal colon

To investigate genome-scale DNA methylation changes of CRC metastasis, we performed reduced repre-
sentation bisulfite sequencing (RRBS) on primary colonic cancers (CRC, n = 10, all adenocarcinomas) and
matched liver metastases (n = 10, LM) from the same patients. These samples represented a diverse cohort,
including a mixture of different primary tumor sites (left- and right-sided colon and rectum), and three pa-
tients received adjuvant chemotherapy before LM resection (Tables 1 and S1). In total, we obtained 1.4x
107 sequence reads for the 20 cancer tissues, allowing for comprehensive genome-wide analysis (Table 52).
For comparison, we analyzed our methylation maps alongside independent RRBS data of normal colon tis-
sue (n = 10).”® Global methylome analysis revealed that genomic methylation levels were conserved be-
tween primary and matched metastatic tumors (median methylation = 53.37% and 53.32% for CRC and
LM respectively), but increased compared to normal colon (median = 49.06%, Figure 1A and Table S3).
Most genomic, regulatory and repeat elements had small methylation differences (<4%) in CRC and LM
compared to normal colon, except for exons, introns and telomeres, which had increased median methyl-
ation of 16.75%, 5.51% and 4.79% respectively (Figures TA-1F and Table S3). Compared to CRC, most el-
ements had only small methylation differences (<2%) in LM, with the exception of exons, which were 4.16%
more methylated (Figure 1A and Table S3).

Genome-wide analysis identifies late-stage, liver metastasis-specific methylation changes
compared to matched primary cancer and normal colon

Locus-specific methylation analysis identified 244 differentially methylated CpGs (DMCs, P-value <5.0 x
10~* with >20% methylation difference), of which 68 were hypomethylated and 176 were hypermethylated
in LM compared to CRC (Figure 2A). Almost two-thirds of the DMCs showed large differences in methyl-
ation levels (>40%) and 17 CpGs had methylation differences >70% between CRC and LM (Figure ST1A).
We also observed that 20 of the DMCs were also differentially methylated between normal colon and
CRC, and 44 were also differentially methylated between normal colon and LM. Approximately 50% of
the DMCs within these two additional comparisons showed progressive changes in methylation from
normal to CRC to LM. Therefore, the majority of identified DMCs were either metastasis-specific or were
further altered in metastasis. Principal component analysis (PCA) of the top 1% CpG sites that varied
most across all samples showed only segregation between tumor tissues (CRC, LM) and normal colon (Fig-
ure S1B). However, PCA of the DMCs showed distinct methylation patterns for each group. LM methylation
was separated from CRC and normal colon in dimension 1, which accounted for 53.1% of the variance (Fig-
ure 2B). Unsupervised hierarchical clustering of the DMCs also showed that each group had distinct methyl-
ation patterns (Figure 2D and Table S4). Although imputation was used for missing methylation data values,
the non-imputed methylation patterns of each group were also clearly segregated (Figure S1C). Of the 244
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Table 1. Patient demographics and cancer characteristics

Characteristics Number of Patients
Age (years)

50-59 2

60-69 5

70-79 3

Sex

Male 7

Female 3

Primary cancer site

Colon, left side
Colon, right side

Rectum 1

Treatment prior to liver resection

Adjuvant chemotherapy

No treatment

Liver metastasis pathology

Synchronous 5

Metachronous 5

Other metastases

Lung metastases (metachronous)

Lymph node positive

DMCs, 165 were in genes and/or regulatory regions (promoters/enhancers) associated with genes (Fig-
ure 2C and Table S4), indicating possible regulatory changes to these genes.

Independent validation of methylation data and functional analysis of DMCs

The methylation values of our CRC tissues were highly correlated with TCGA colorectal adenocarcinoma
(TCGA-COAD) HumanMethylation450K (HM450K) data (Pearson’s r = 0.97, Figure 3A), and with primary
colonic tumors from an independent RRBS dataset”® (Pearson’s r = 0.96, Figure 3A), indicating excellent
reproducibility. Using this same RRBS data, PCA of the DMCs showed that the methylation patterns of
the primary CRC tissues separated from non-cancerous tissues (normal colon, normal colonic crypt, aber-
rant crypt foci) and further separated from LM methylation (Figure 3C). To investigate our DMCs in a
broader epigenomic context, we utilized several datasets: TCGA-COAD ATAC-seq chromatin accessi-
bility, Epigenomics roadmap histone modification ChIP-Seq, TRANSFAC/JASPAR transcription factor
binding profiles, and ENCODE/ChEA consensus target genes. The methylation values of the DMCs in
our CRC tissues were negatively correlated with TCGA-COAD chromatin accessibility data (Pearson’s
r=—0.26, Figure 3D and Table S5). These loci were highly enriched for H3K27me3, a repressive chromatin
mark mediated by the polycomb repressive complex 2 (PRC2). They were also enriched for binding of tran-
scription factors in the Sp/KLF family and of the PRC2 components, EZH2 and SUZ12 (Figure 3E and
Table S6). Overall, these findings suggest that the differentially methylated CpG sites between primary
colorectal tumors and liver metastases were associated with significant functional regulatory changes in
these regions.

Transcriptomic mapping revealed large expression changes and distinct pathways in liver
metastasis

To analyze transcriptomic changes of CRC metastasis, we performed RNA-Seq on the same CRC and LM
tissues (Table S7). We identified 424 genes that were significantly differentially expressed (DEG) between
CRC and LM (FDR-corrected P-value <0.05 and fold-change of mean RPKM >2). Of these DEGs, 182 genes
were down-regulated, whereas the remaining 242 genes were up-regulated in LM (Figure 4A and Table S8).
With the exception of one sample (LM270), unsupervised hierarchical clustering of the DEGs separated the
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Figure 1. Global differences in DNA methylation between normal colon, primary colorectal cancers and liver metastases

(A-F) Equal area violin plots of RRBS data show the distribution of methylation in different genomic elements of paired primary colorectal cancers (CRC, n =
10) and liver metastases (LM, n = 10) alongside normal colon (n = 10, Hanley et al. GSE95654). In all cases the Y axis represents DNA methylation level %. See
also Table S3.

(A) Gene promoters (-5kb to +1kb from the TSS), exons, introns, and intergenic elements (>5kb upstream from the nearest TSS).

(B) Regulatory elements: enhancers, super-enhancers and CTCF binding sites.

(C) LINEs: L1 and L2.

(D) SINEs: Alu and MIR.

(E) LTRs: ERV1, ERVK, ERVL and ERV-MaLR.

(F) Satellite elements: telomere, satellite, centromere.

expression patterns of the two groups (Figure 4B). PCA of the 500 most variable genes showed only partial
segregation of the CRC and LM groups across principal components 1 and 2, which in total accounted for
46% of the variance (Figure 4C).

Functional gene enrichment analysis revealed that the 182 genes down-regulated in LM compared to CRC
were mainly involved in gene silencing mechanisms and chromatin organization. These genes were also
enriched for regulation of cell differentiation (Figure 4D and Table S9). In contrast, the 242 up-regulated
genes were significantly implicated in extracellular matrix organization and cell adhesion. In addition, these
genes were enriched for regulation of hemostasis and response to wound healing (Figure 4E and
Table S10).

Immune cell composition and tumor microenvironment in paired primary colorectal cancers
and liver metastases

Using expression-based deconvolution, we investigated the fractions of 22 infiltrated immune cell types in
the paired CRC and LM tissues. In CRC, CD4 memory resting T cells, MO macrophages, resting mast cells
and resting NK cells were the most infiltrating fractions compared with other immune cells. This pattern is
generally what has been previously observed in primary CRCs.”” In LM, the largest fractions of infiltrating
immune cells were MO macrophages, CD4 memory resting T cells, M2 macrophages and monocytes. The
immune cell composition between the paired CRC and LM tumor tissues was mostly similar, although LM
had significantly larger fractions of monocytes and M2 macrophages, but fewer resting mast cells than CRC
(P-value <0.05, Figures 5A and 5B, and Table S11).
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Figure 2. Differential methylation patterns between normal colon, primary colorectal cancers and liver metastases

(A) Volcano plot showing DNA methylation differences between paired primary colorectal cancers (CRC, n = 10) and liver metastases (LM, n = 10). The x axis
shows methylation differences of all analyzed CpG sites (LM - CRC) and the y axis shows the -log; of P-values. Differentially methylated CpGs (DMCs, P-value
<5.0x 10"%and methylation difference >20%) are shown in either red (increased methylation in LM compared to CRC) or blue (decreased methylation in LM).
(B) Principal component analysis (PCA) plot showing dimensionality reduction of the 244 DMCs alongside normal colon methylation data (n = 10, Hanley
et al. GSE95654), with imputed missing methylation data values.

(C) Venn diagram of the number of DMCs in predicted enhancer elements, associated with genes (promoter/gene body) or in intergenic regions.

(D) Methylation heatmap of the 244 DMCs alongside normal colon (black = unmethylated, yellow = fully methylated). See also Figure S1 and Table S4.

To further investigate immune cell composition and tumor microenvironment (TME) in advanced CRC and
assess its relationship with the epigenetic signature, we performed a series of additional analyses. We used
the ESTIMATE algorithm to obtain immune, stromal and purity scores of each analyzed sample. To bench-
mark these data from our cohort (CRC and LM), we have analyzed and directly compared them with colo-
rectal adenocarcinoma patients (TCGA-COAD RNA-Seq version 2 dataset) as the standard. We found
that the overall immune scores of CRC and LM were not significantly different (P-value = 0.39, Figure 5C
and Table S11), which further validates the findings from CIBERSORT analysis that the global immune cell
composition of CRC and LM were mostly similar. The immune scores in TCGA CRC patients were higher
than for CRC (P-value = 0.04), but not significantly different compared to LM (P-value = 0.63; Figure 5C).

iScience 26, 106986, June 16, 2023 5



¢? CellPress

OPEN ACCESS

iScience

A B Cc
g § = o CI}CEDS
g " -
Pearson's R = 0.97 Pearson's R = 0.96 i cRe270
CRC241
al s 4 CRC8 °  eCRC275,
10= cnczsszc.R Z;i..c :C T2
4 RC311 - .
< < CRC316 : oTo NC3
2 H CRC314 | 5
g 8 Z g Fs LoPTi
E '
£ g g PR RY7 Ne2 wista
B B 5 . tprs Noa N
E . 5 PTE LM269 | M270
£ g £ ¢ R L. S 17 SN SR b S et
s 3 NCE™ g, M3t LM275
5 5 i M8 p LMe7
LM241 I:MGHG
H] 24
5 o H LM208
cCse :
o - o o i
T T T T T r T T T T Dim1 (21.2%)
0 20 40 60 80 100 o 20 40 60 80 100
(GSE95654 primary tumour methylation TCGA COAD HM450 methylation
D E
- . HoK27me3 (reg Primary Cols) |ESE0E55] .
. m
. * H3K27me3 (Tmem Primary Cells) 4.25E-04 g-
.o . x
o
e ‘e e . H3K27me3 (Brain Substantia Nigra) 2.07E-03 =8
e s 8%
: . s S . H3K27me3 (Fetal Lung) 3.09E-03 § 2
6 ° a
7% s, 03 H3K27me3 (Mesenchymal Stem Cells) 3.10E-03 3
o . N * 0 - . 3
.
e o 0
s X -. . . . L4 Methylation H3K27me3 (Neurosphere Cultured Cells) 4.59E-03 _
2 % . % e oo . difference -
% . 4 (LM - GRC) SP1 451E-07
k] . 4 8 SP3 4.80E-07 e
F * 40 %g
g . Pearson's r = -0.26 o Feart ZEIET E42)
g . . -.... P-value = 4.7E-05 KLF4 4.25E-06 g 3
®
2 . *s - 52
8 o o KLF13. 6.37E-05
L .. . e ®
o e, KLF11 8.10E-05 _
254 LI NN - ° % “ - . 9 m
%y e Wt SUZ12 (CHEA) o8
il L o
e R, e e ' . . EZH2 (CHEA)|  112E:02 g
.
. . . A 20
: . . ¢ REST (CHEA)| 234602 52
. N . 9
* . GATA2 (CHEA) | 4.12E-02 @
o T T T 1
0.0 05 1.5 0 2 4 6 8

1.0
COAD ATAC-SEQ peaks (1ogyo)

-log,o(P-value)

Figure 3. Validation of genome-scale methylation and functional characterization of differentially methylated CpGs in primary colorectal cancers

and liver metastases

(A and B) Smoothed scatterplot showing methylation correlation of primary colorectal adenocarcinomas (CRC, n = 10) compared to A) TCGA colorectal

adenocarcinomas (TCGA-COAD, n = 410), and B) primary colorectal adenocarcinomas from an independent RRBS dataset (n = 10, Hanley et al. GSE95654).
(C) Principal component analysis (PCA) showing dimensionality reduction of the 244 differentially methylated CpGs (DMCs) alongside normal colon (NC, n =
10), normal colonic crypt (CC, n = 10), aberrant crypt foci (AC, n = 10) and primary colorectal adenocarcinomas (PT, n = 10; Hanley et al. GSE95654), with

imputed missing methylation data values.

(D) Scatterplot showing correlation of CRC methylation and chromatin accessibility (TCGA-COAD ATAC-seq, n = 81) at the DMC loci.
(E) Enrichment analysis of histone modifications (Epigenomics Roadmap), transcription factor binding profiles (TRANSFAC/JASPAR) and consensus target

genes (ENCODE/ChEA) associated with the DMCs, P-value <0.05. See also Tables S5 and Sé.

Forthe stromal scores, we also found that the difference between CRC and LM was not significant (P-value =
0.075, Table S11). The TCGA-COAD stromal scores were similar to LM (P-value = 0.39), but significantly
higher than the CRC samples (P-value = 0.0097). The tumor purity analysis (ESTIMATE score) also showed
that the purity of CRC and LM samples were not significantly different (P-value = 0.11, Table S11) and the
purity of our cohort was similar to TCGA — LM scores were not significantly different (P-value = 0.84)
whereas CRC samples had higher tumor purity than TCGA (P-value = 0.011). We also found highly signif-
icant negative correlations of tumor purity with both immune scores (Pearson r = —0.988, P-value = 6.42 x
107" and stromal scores (Pearson r = —0.917, P-value = 1.36 x 10~%). These data are consistent with pre-
vious TME analysis using multiple CRC cohorts, which demonstrated significant negative correlations of tu-
mor purity with immune and stromal scores.’**' Finally, we analyzed our identified signature in the context
of an immune and stromal gene signature related to CRC metastasis. A well-validated 292 gene expression
signature associated with immune and stromal components of CRC tumors was previously described using
data from TCGA.* This immune/stromal gene signature did not overlap with any of the 165 genes associ-
ated with the 244 CpG sites in our methylation signature, but did overlap with 44 of the 424 differentially
expressed genes between CRC and LM.
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Figure 4. Differential gene expression patterns between paired primary colorectal cancers and liver metastases
(A) Volcano plot showing gene expression differences between paired primary colorectal cancers (CRC, n = 10) and liver
metastases (LM, n = 10). The x axis shows log, fold change of gene expression values (RPKM) and the y axis show the -logo
of P-values. Differentially expressed genes (DEGs, FDR-adjusted P-value <0.05 and expression difference >2-fold) are
shown in green (increased expression in LM compared to CRC) or red (decreased expression in LM).

(B) Heatmap of the 424 DEGs (blue-to-yellow = low-to-high gene expression).

(C) Principal component analysis (PCA) plot showing dimensionality reduction of the 500 most variable genes.
(D) Gene ontology (GO) enrichment of genes with decreased expression in LM compared to CRC.

(E) GO enrichment of genes with increased expression in LM. See also Tables 57, S8, 59, and S10.

Coordinated methylome-transcriptomic changes of colon-to-liver metastasis

To identify potential driver-gene methylation events of CRC metastasis to the liver, we performed
integrative analysis of the 165 DMCs that were in genes and/or regulatory regions (promoters/enhancers)
and the corresponding expression levels of these genes. As a result, we obtained a list of 21 DMCs
related to 20 protein-coding genes that showed strong correlations between methylation and expression
changes (P-value <0.05, either Spearman or Pearson correlation coefficient <0.4; Table S12).
These included 16 hypermethylation and 5 hypomethylation events. Of the 21 DMCs, 17 were in
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(B) Differences in immune cell composition of LM compared to CRC, based on CIBERSORT scores of paired samples.

P-value <0.05 shown in red.

(C) Boxplots showing immune scores of CRC and LM compared to TCGA colorectal adenocarcinomas (TCGA-COAD, n =

263), based on ESTIMATE analysis. See also Table S11.

predicted enhancer elements and 18 had negative correlations between methylation and expression. In
most cases, the differences in methylation and expression showed a pairwise pattern between
the matched CRC and LM tissues, of which the most significant are shown in Figure 4. The proteins
encoded by these genes have a variety of different functions, including: regulation of nucleic acid pro-
cessing and/or binding (KDM4B, SWI5, ZBP1, ZBTB7C, ZC3H3); intracellular signaling and transport
(KLHL10, MAP2K3, NKAIN4, PDGFRB, PRKCZ); ECM/membrane and cell adhesion (EFHD2, EHDI1,
KCNQ1, SEC13, VCAM1); and lipid/carbohydrate metabolism (B3GALT6, GAL3ST2, TNFAIP8L1). Some
of these have been described previously in CRC metastasis to distant organs, such as PDGFRB,
PRKCZ, VCAM1 and ZBP1 (aka IMP1).>*® Several more have been identified as markers for CRC diag-
nosis or prognosis, including GAL3ST2, KCNQ1, KDM4B, TNFAIPSL1 (aka TIPET) and ZBTB7C.2
We have also identified several novel putative epigenetic drivers that have not been previously reported
in CRC (C80rf82, EFHD2, SEC13, SWI5 and ZC3H3). Furthermore, we validated the reproducibility
of the correlated methylation and expression relationship of six genes from TCGA-COAD data.
All of them exhibited significantly negative correlated methylation and expression (Figure S2 and

Table S12).
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Figure 6. Concordant DNA methylation and expression differences in paired primary colorectal cancers and liver metastases

(A-l) Scatterplots and boxplots of the most differentially methylated CpGs (DMCs, P-value <5.0 x 10~* and methylation difference >20%) with correlated
changes in gene expression (Spearman, P-value <0.05). A) B3GALTé enhancer, chr1:1176934-1176935.

(B) C80orf82 intron, chr8:145753492-145753493.

(C) GAL3ST2 promoter, chr2:242715169-242715170.

(D) SEC13 intron, chr3:10346500-10346501.

(E) TNFAIP8L1 promoter, chr19:4638477-4638478.

(F) VCAM1 promoter, chr1:101184331-101184332.

(G) ZBP1 intron, chr20:56194194-56194195.

(H) ZBTB7C exon, chr18:45663647-45663648. 1) ZC3H3 intron, chr8:144553096-144553097. See also Figure 6 and Table S12.
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DISCUSSION

Metastasis is a complex process which involves several biological and cellular steps that a cancer cell uses
to successfully spread'”'?; it is plausible that epigenetic changes play a driving role in this process.'’*?
Although many studies have provided DNA methylation data for primary CRCs, epigenomic data for tumor
metastases remains limited and particularly for paired tumor samples with well-defined clinical features. To
our knowledge, here we provide the first sequencing-based genome-wide RRBS methylation and whole
transcriptomic map of paired primary CRCs and matched liver metastases (LM) to identify a signature of
advanced CRC metastasis. Furthermore, by utilizing multiple patient cohorts we provide extensive inde-

pendent validation of our results.

We observe that in terms of the global methylation landscape, primary cancers and liver metastases show
global hypermethylation when compared to normal colon. The methylome of primary cancers and liver me-
tastases were very similar to each other, suggesting conservation of methylome architecture between pri-
mary and matched distant metastases. Global hypomethylation in metastasis compared to primary tumor
has been reported for several cancer types,**** however, we did not observe that in our study. The global
DNA methylation level is highly dependent on the technical platform used. We have used RRBS, which pro-
files dynamic and functional regions of the genome, but the true reflection of global methylation status can
be most accurately obtained by WGBS (Whole Genome Bisulfite Sequencing), as it allows profiling of large
repeat regions which are often hypomethylated in cancer. We have validated our global RRBS methylome
by comparison of all common CpGs in independent RRBS data from CRC as well as with lllumina 450K
methylation array data from the cancer genome atlas (containing >400 colorectal tumors). In both cases
and platforms, we found excellent validation, providing strong evidence for the robustness of our methyl-
ation profiles across platforms and cohorts.

Although global methylation levels showed conservation, we have identified strong site-specific methyl-
ation changes (244 DMCs) associated with LM in colon cancer and the majority (>70%) of these were hyper-
methylated in LM. The comparison of normal colon, primary CRC and LM methylomes enabled us to deter-
mine the nature of methylation change and whether these DMCs were LM-specific. We revealed that the
majority of DMCs showed similar and hypomethylated states in normal colon and primary CRC but became
heavily hypermethylated in LM. A relatively small number of DMCs showed dynamic change as these
became hypermethylated in primary tumor compared to normal colon and then lost methylation to
become hypomethylated in LM. Integration of the methylation profiles of our identified DMCs with chro-
matin accessibility data (using ATAC-Seq platform) from CRC patients revealed a highly significant corre-
lation of methylation levels and chromatin activity. These data suggest that the methylation levels of the
DMCs have a possible functional genomic role, which warrants further investigation. When we analyzed
multiple histone modification marks and transcription factor binding profiles, we found that the DMCs
were heavily enriched for the repressive chromatin mark H3K27me3 mediated by the PRC2 complex.
This was highly consistent with the fact that the DMC signature also showed high enrichment for transcrip-
tion factors of the core PRC2 complex such as EZH2 and SUZ12. The expression of EZH2 and H3K27me3
were shown to be up-regulated in CRC and associated with advanced tumor stage. H3K27me3 and
EZH2 levels were also shown to be positively correlated with the metastasis-free survival of CRC pa-
tients.”>*/ We have demonstrated the cooperation of DNA methylation with EZH2 and H3K27me3 levels
in other cancers.”®"” Our consistent results provide further strong evidence of specific and coordinated
multilayer epigenetic deregulation in CRC metastasis. This also provides a rationale to explore combina-
torial epigenetic therapy (such as DNA methylation inhibitor plus EZH2 inhibitors) for the treatment of CRC
in the future.

Metastasis is a complex process that involves multiple molecular steps and is broadly explained by two po-
tential models. In the initiation or founder model, a small population of cells harboring specific genetic or
epigenetic profile becomes metastatic over time, whereas in the second and progressive model, the acqui-
sition of specific changes over time provides a selective advantage to the tumor cells to successfully metas-
tasize.”*? Our results demonstrate similar global methylomes but highly discriminatory, LM-specific
methylation changes in functionally important regions with a role in genomic regulation. These data pro-
vide support toward the progressive model where a specific methylation signature is gained and required
during the metastasis cascade. Future studies, particularly involving other metastatic sites and appropriate
models, could provide important further insights into explaining the possible model of metastasis, which
remains a big question in the field of cancer biology. For example, DNA methylation analysis of circulating
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tumor cells would reveal dynamic epigenetic changes that are required for the cell to survive in circulation
but change again to survive the new metastatic niche.”

Our identified signature consisting of 244 DMCs was able to completely segregate LMs from primary CRC
and normal colon in PCA analysis. To test the generalizability of our identified signature, we have per-
formed rigorous validation with additional cohorts and analyses. For further validation of our signature,
we have included an additional independent cohort (generated by the same RRBS platform),”® consisting
of normal colonic crypt, aberrant crypt foci and additional primary colonic cancers, the 244 CpG signature
was able to clearly segregate LMs from all the other groups. Our cohort of tumors consists of matched pairs
of primary cancers from both the left and right side of the colon and three patients in the cohort received
adjuvant chemotherapy (FOLFOX) before liver resection, whereas the others did not. Therefore, a major
finding from this study is our identified methylation signature is able to separate liver metastasis from
normal colon, crypt and primary colon adenocarcinoma irrespective of the side of colon cancer and also
suggests that the methylation signature may not be affected by treatment pressure. These results provide
evidence that our methylation signature represents a universal molecular marker of the CRC metastatic
process to the liver irrespective of the specific biology of CRC subtypes. This opens new opportunities
to further test these signatures in a clinical setting to predict metastasis. These findings also provide a
new avenue to conduct future studies in other cancer types (such as in lung and peritoneal metastasis)
to reveal similar true methylation markers that could be identified in cancers originating from other
anatomical sites. If this advanced metastasis signature is conserved across different subtypes of CRC,
then it is plausible it is the same for other cancer types, which is worth investigating further. Future whole
genome-scale studies with a larger number of well-curated and paired metastatic samples are likely to
further elucidate the utility of epigenetic signatures in the metastasis process.

Our transcriptomic studies revealed large gene expression changes in LM compared to the matched pri-
mary tumors and these changes were associated with metastasis-related and gene regulatory pathways.
Further confirming our evidence of multilayer epigenetic deregulation in CRC metastasis, there was an
enrichment of differentially expressed genes related to epigenetic regulation of gene expression and chro-
matin remodeling — particularly H3 and H4 histones. There was a substantial decrease in the expression of
different subunit components of the electron transport chain (e.g., complex | subunit gene NDUFS3, com-
plex Ill subunit gene CYC1 and complex IV subunit gene COX8A). This is indicative of metabolic reprog-
ramming, a cancer hallmark known to enhance cancer cell dissemination through EMT activation.”® Also
consistent with alterations to support survival of metastatic tumor cells, there were expression changes
in genes involved in extracellular matrix organization (e.g., ADAMTST0, TIMP1),>° regulation of wound
healing (FGB, SERPINE1),°® and regulation of cell-substrate adhesion (e.g., MACF1, NRP1).>” However,
our PCA analysis of expression profiles was unable to clearly segregate LMs from primary CRC, unlike
the DNA methylation signature. Therefore, we provide evidence that DNA methylation is likely to provide
asustained and distinct signature for metastasis in contrast to the transcriptome, which is likely to represent
acute and dynamic expression changes in cancer metastasis. A similar observation has been demonstrated
in the context of a longitudinal personal multi-omic study, where DNA methylation was temporally stable
and changes associated with chronic conditions but transcriptomic changes were related to acute events.>
By combining the DMCs and their associated gene expression levels from the transcriptome data, we were
able to identify 21 loci that each showed a strong methylation-expression relationship in primary and LM
tumors. The genes PDGFRB, PRKCZ, VCAM1, and ZBP1 (aka IMP1) have been described previously in
CRC metastasis to distant organs.*> ¢ It appears that PDGFRB,** PRKCZ,** and VCAM1*” all promote liver
metastasis in CRC via an EMT-related mechanism. In addition, the genes GAL3ST2, KCNQ1, KDM4B,
TNFAIPSL1 (aka TIPE1), and ZBTB7C have been identified as markers for CRC diagnosis or prognosis.37 41
As a histone demethylase, KDM4B is an important epigenetic regulator that is more highly expressed in
advanced stages of CRC, is associated with poor prognosis, and is regulated by a variety of different
cellular stimuli.®® Notably, we have identified several novel candidates that have not been previously re-
ported in CRC (C80rf82, EFHD2, SEC13, SWI5and ZC3H3). Our work provides a strong basis for future func-
tional characterization of these candidate epigenetic drivers. Although the candidates described here have
gene-specific methylation changes (ie. in genes and/or regulatory regions), we and others have shown pre-
viously that methylation changes at intergenic regions and repeat elements can also strongly influence
gene expression.®’ Functional studies with in vitro and in vivo models utilizing cutting-edge epigenomic
editing tools'/**** could provide direct evidence for the role of methylation drivers in the metastatic
cascade and identify new targets for treating advanced CRC.

¢? CellPress

OPEN ACCESS

iScience 26, 106986, June 16, 2023 1"




¢? CellPress

OPEN ACCESS

The transcriptome profile also allowed us to deconvolute immune cell and tumor microenvironment (TME)
composition of primary and matched LMs. The results broadly show that the immune cell make-up is similar
in paired CRC and LMs, except for tumor-associated macrophages (TAMs). Orthogonal analysis using
ESTIMATE also confirmed the overall similarity of immune scores between CRC and LM. Although TAMs
represent a highly heterogeneous population, they are thought to pave the way for tissue invasion and in-
travasation and to provide favorable conditions for metastasis.®* We found both classically activated M1
(immune-stimulating and tumor-suppressive) and alternatively activated M2 macrophages (immune-sup-
pressive and tumor-promoting) were increased in LM compared to primary CRC. However, only the in-
crease in M2 macrophages was statistically significant. The proportion of M2/M1 type TAMs has been
shown to be positively correlated with liver metastasis in patients with CRC.®® Our analysis suggests that
LM contains elevated levels of mixed subtypes of TAMs compared to matched primary CRC, supporting
a line of work that proposes polarizing immune-suppressive and metastasis-promoting macrophages
(M2) into immune-stimulating and tumor-suppressive (M1) macrophages as a possible modulator of
TME and therapeutic strategy in CRC.%° Future experimental studies focusing on specific immune cells
and their phenotype in the CRC microenvironment are likely to provide an experimental basis for this hy-
pothesis. Our ESTIMATE analysis demonstrated high tumor purity of CRC and LM, which we benchmarked
against TCGA data and also showed no significant difference between CRC and LM in terms of purity and
stromal score. Furthermore, our identified methylation signature did not show any overlap with the previ-
ously established immune/stromal CRC gene signature. These multiple lines of investigation provide evi-
dence that our identified methylation signature and the differences we observed in methylation status are
very likely to be characteristics of tumor cells within CRC and LM rather than the influence of infiltrating im-
mune and stromal cells.

In conclusion, we have identified a signature of advanced CRC metastasis by performing unbiased whole
genome-scale DNA methylation and full transcriptome analyses of paired primary and liver metastases
from CRC patients. Although our genome-wide analyses were performed in well-defined, discrete clinical
samples, we show high technical validation as well as excellent validation of our methylation signature in
independent cohorts. We also show that the methylation signature is independent of immune and stromal
components. Our analysis uncovered universal markers of CRC metastasis to the liver that are independent
of clinical subtype and future large-scale studies will aid the assessment of clinical utility of these markers.
The metastasis signature was associated with functionally relevant changes to genomicregulation. Further-
more, these markers could represent epigenetic changes that facilitate a more generalized mechanism of
metastasis. A more comprehensive validation of this signature in other cancer types and metastatic sites
could provide a target for inhibiting metastatic spread.

Limitations of the study

A limitation of our study is that we have derived the epigenetic signature based on the analysis of only 20
tumors. Paired primary and metastatic tumor samples (especially with good clinical information) are chal-
lenging to obtain and therefore limited data is available for paired epigenetic analysis. To test the gener-
alizability of our identified signature, we have performed rigorous validation with additional cohorts and
analyses.
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Detailed methods are provided in the online version of this paper and include the following:
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Tissue samples of primary colorectal
adenocarcinomas and liver metastases

from the same patients

Cancer Society Tissue Bank
(University of Otago, Christchurch,
New Zealand)

https://www.otago.ac.nz/mackenzie-

cancer/tissue-bank/

Critical commercial assays

TruSeq DNA Nano Low Throughput
Library Prep Kit
EZ DNA Methylation Kit

Illumina

Zymo Research

Cat#: TG-202-1001

Cat#: D5001

TruSeq RNA Library Preparation Kit v2 lllumina Cati#: RS-122-2001
Deposited data
Raw and analyzed RRBS and RNA-seq data of This paper GEO: GSE213402

primary colorectal adenocarcinomas and liver
metastases from the same patients

Human reference genome NCBI build 37,
GRCh37

Raw RRBS data of primary colorectal
adenocarcinomas, adjacent normal colon,
normal colonic crypt, and aberrant crypt foci
GeneHancer

H3K27Ac ChlP-seq data of HCT116 cells
CTCF ChlIP-seq data of HCT116 cells
RepeatMasker

HumanMethylation450K methylation data
from colon adenocarcinoma and rectum
adenocarcinoma cohorts

ATAC-Seq data from colon adenocarcinoma
cohort

Expression-based ESTIMATE scores from
colon adenocarcinoma cohort (RNA-Seq

version 2)

Genome Reference

Consortium

Hanley et al.’

Fishilevich et al.?
Orouji et al.?
Wang et al.*
Smit et al.”

TCGA

TCGA

TCGA

http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

GEO: GSE95654

https://genome.ucsc.edu/
GEO: GSE136888

GEO: GSE30263
https://genome.ucsc.edu/

https://portal.gdc.cancer.gov

https://portal.gdc.cancer.gov/

https://bioinformatics.mdanderson.org/

estimate/

Software and algorithms

Bismark

DMAP

R packages: hclust, prcomp, methyLImp,
TCGADbiolinks, deeptools, featureCounts,
DESeq2, ClusterProfiler

BEDTools
Wanderer
Enrichr
HISAT2
TIMER2.0
ESTIMATE

Krueger et al.®

Stockwell et al.”

RStudio

Quinlan et al.®

Diez-Villanueva et al.”

Xie et al.’®

Kim et al."’

Lietal.’?

Yoshihara et al."*

https://www.bioinformatics.babraham.ac.uk/
projects/bismark/

https://www.otago.ac.nz/chatterjee-lab/tools/

https://posit.co

https://bedtools.readthedocs.io/en/latest/
http://maplab.cat/wanderer
https://maayanlab.cloud/Enrichr/
http://daehwankimlab.github.io/hisat2/
http://timer.cistrome.org

https://bioinformatics.mdanderson.org/

public-software/estimate/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contact, Aniruddha
Chatterjee: aniruddha.chatterjee@otago.ac.nz.

Materials availability

This study did not generate any new unique materials or reagents.

Data and code availability

® RRBS and RNA-seq data have been deposited at GEO and are publicly available as of the date of pub-
lication; the series accession number is listed in the key resources table. De-identified patient data is
available in this paper’s supplemental information. This paper also analyses existing, publicly available
data. The accession numbers for these datasets are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyse the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sample collection and analysis

Tissue samples of primary colorectal adenocarcinomas (n=10) and liver metastases from the same patients
(n=10) were accessed from the Cancer Society Tissue Bank (University of Otago, Christchurch). Ethical
approval was granted for the study from the University of Otago, Human Ethics Committee (Approval num-
ber: H16/037). Patients provided written, informed consent prior to biobanking of specimens. Patient data,
including staging, recurrence, metastases, treatment and histology were retrospectively collected from pa-
tient medical records (Table S1). Routine clinical testing of MMR, BRAF and KRAS was not undertaken at the
time these patients underwent resection and therefore this data is not available. Exclusion criteria included
patients with hereditary CRC, and patients who had received pre-operative chemotherapy or radiation
therapy, prior to resection of their primary cancers. Patients were included if resection specimens were
available from their liver metastases. Tumour core samples were dissected from surgical specimens and
immediately frozen in liquid nitrogen and initially stored at —80°C.

METHOD DETAILS

RRBS library preparation and sequencing

We used reduced representation bisulfite sequencing (RRBS) to map genome-scale DNA methylation at
single nucleotide resolution as we have described previously.®”® Briefly, genomic DNA was extracted
from <20 mg of tissue using the Qiagen QlAamp DNA Mini Kit. The DNA was digested with NEB Mspl
enzyme followed by end-repair and ligation of Illumina TruSeq sequencing adaptors. Fragments were
then size-selected and bisulfite-converted using the Zymo EZ DNA Methylation Kit prior to 16-18 rounds
of PCR amplification. The quality and size distribution of the libraries was determined using an Agilent
2100 Bioanalyzer and libraries were sequenced on an lllumina HiSeq2500 machine (100 bp reads, single-
ended). Base-calling of the reads was performed with lllumina Real Time Analyzer (RTA) software.

RNA isolation and sequencing

RNA extraction and sequencing were carried out as detailed previously.®” Briefly, RNA was extracted from
<20 mg of tissue using the RNeasy Plus Mini Kit, including DNAse treatment, following tissue disruption
using a Retsch Mixer Mill. RNA-seq libraries were prepared using Illumina TruSeq V2 reagents, including
ribosomal RNA depletion using RiboZero Gold. Sequencing was performed using the Illumina HiSeq
2500 V4 platform to produce 125 bp paired-end reads.

QUANTIFICATION AND STATISTICAL ANALYSIS
DNA methylation data analysis

The quality check and processing of the sequenced RRBS reads was performed using in-house developed
bioinformatics tools as previously described.”®”" The sequencing coverage and quality statistics for each
sample are summarised in Table S2. Processed sequence reads were aligned to the reference human
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genome (GRCh37) using Bismark’? with stringent mapping criteria by allowing only one mismatch (default =
2) in the seed. The median non-CpG DNA methylation of all samples was 0.41%, indicating effective bisul-
fite conversion and low levels of true non-CpG methylation. CpG sites overlapping with SNPs (dbSNP build
151) were filtered out. For CpGs with at least 5% coverage in at least eight paired samples, a two-sample
t-test with Welch correction identified 244 differentially methylated CpGs (DMCs) with at least 20% differ-
ence in methylation and P-value < 5.0 10°*. Gene information for all CpGs, including location of gene pro-
moters, introns and exons, was derived using the identgeneloc program of the DMAP tool.”’ R packages
were used for unsupervised hierarchical clustering of CpG site methylation, using ward linkage (hclust
method = "ward.D2") and Euclidean distance (dist method = "euclidean"), and Principal Component Anal-
ysis (PCA) using default parameters (prcomp). The methyLImp package was used to impute missing methyl-
ation data values (maximum 2 per group for each CpG).

Comparison with external datasets

We utilised previously described RRBS data from primary colorectal adenocarcinomas (n=10), adjacent
normal colon (n=10), normal colonic crypt (n=10) and aberrant crypt foci (n=10; GSE95654).7% There
were 4,733,522 CpGs in common with our data. We used BEDTools’* to overlap the methylation data
with several genomic elements and regulatory features: enhancers (GeneHancer’®), super-enhancers
(H3K27Ac ChIP-seq data of HCT116 cells, GSE136888),”> CTCF binding sites (CTCF ChIP-seq data of
HCT116 cells, GSE30263)’° and specific repeat classes (RepeatMasker).”” Level 2 normalised TCGA Infin-
ium HumanMethylation450K (HM450K) methylation data from colon adenocarcinoma (TCGA-COAD)
and rectum adenocarcinoma (TCGA-READ) projects (n = 410) were obtained using the R package
TCGADbiolinks. There were 136,838 CpGs in common with our data. The Wanderer tool’® was used to obtain
level 3 TCGA-COAD methylation array data of the HM450K probes closest to each of the DMCs and cor-
responding RNA-Seq gene expression data (n=249). ATAC-Seq bigwig files from the TCGA-COAD cohort
(n=81) were downloaded from the National Cancer Institute Genomic Data Commons (https://portal.gdc.
cancer.gov/). The multiBamSummary function from the deeptools package was used to profile the chro-
matin accessibility at the loci of the 244 DMCs. The online platform Enrichr’? was used to infer the enrich-
ment of the DMCs within several datasets (modified Fisher's exact test, P-value <0.05): Epigenomics Road-
map histone modifications, TRANSFAC/JASPAR transcription factor binding profiles and ENCODE/ChEA
consensus target genes.

Analysis of transcriptomic data

The quality check and processing of the RNA-seq data was performed as previously described.®’ The
sequencing coverage and quality statistics for each sample are summarised in Table S7. Adaptor and
low quality (<Q20) sequences were removed using fastg-mcf tools. Cleaned reads were then aligned to
the human genome (GRCh37) using HISAT2 version 2.0.5.°" Read counts were retrieved using feature-
Counts based on Ensembl gene annotation. Read counts were normalised and differential expression anal-
ysis was conducted using DESeq2. The design formula integrated tumour type, controlling for “patient-
specific effect”. A Wald test identified 424 genes significantly differentially expressed genes (DEGs) with
Benjamini-Hochberg (BH) adjusted P-value <0.05 and fold-change of mean RPKM >2.

Pathway, tumour microenvironment and tumour purity analysis

Pathway analysis was performed using an over-representation approach. DEGs were tested against Gene
Ontology terms using ClusterProfiler and all annotated genes as background (BH-adjusted P-value <0.05).
The online platform TIMER2.0%” was used to perform expression-based deconvolution, estimating the pro-
portion of 22 different immune cell types in each tissue sample, using the CIBERSORT-ABS values from the
estimation matrix for comparisons (Wilcoxon signed-rank test, P-value <0.05). The tidyestimate R package
(URL: https://cran.r-project.org/web/packages/tidyestimate/vignettes/using-tidyestimate.html; based on
ESTIMATE algorithm®) was used to calculate tumour purity, immune and stromal scores from expression
data. To compare our results with TCGA data, tumour purity, immune and stromal scores were downloaded
from MD Anderson Cancer Centre curated TCGA database (URL: https://bioinformatics.mdanderson.org/
estimate/disease.html), using RNA-Seq version 2 to match our platform of data. As recommended, we used
ESTIMATE as a measure of tumour purity — higher purity is indicated by a lower ESTIMATE score. For
consistent comparisons, a Wilcoxon signed-rank test (P-value <0.05) was used between different groups
to calculate the significance of immune, stromal and purity components.

¢? CellPress

OPEN ACCESS

iScience 26, 106986, June 16, 2023 19



https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://cran.r-project.org/web/packages/tidyestimate/vignettes/using-tidyestimate.html
https://bioinformatics.mdanderson.org/estimate/disease.html
https://bioinformatics.mdanderson.org/estimate/disease.html

	An epigenetic signature of advanced colorectal cancer metastasis
	Introduction
	Results
	Whole-genome scale DNA methylation profiles are conserved between primary CRC cancers and liver metastases but differ from  ...
	Genome-wide analysis identifies late-stage, liver metastasis-specific methylation changes compared to matched primary cance ...
	Independent validation of methylation data and functional analysis of DMCs
	Transcriptomic mapping revealed large expression changes and distinct pathways in liver metastasis
	Immune cell composition and tumor microenvironment in paired primary colorectal cancers and liver metastases
	Coordinated methylome-transcriptomic changes of colon-to-liver metastasis

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Sample collection and analysis

	Method details
	RRBS library preparation and sequencing
	RNA isolation and sequencing

	Quantification and statistical analysis
	DNA methylation data analysis
	Comparison with external datasets
	Analysis of transcriptomic data
	Pathway, tumour microenvironment and tumour purity analysis




