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Background: Patients with primary sclerosing cholangitis (PSC) and inflammatory bowel disease (IBD) run a 10-fold increased risk of developing
colorectal cancer (CRC) compared to patients with IBD only. The aim of this study was to perform an extensive screen of known carcinogenic
genomic alterations in patients with PSC-IBD, and to investigate whether such changes occur already in nondysplastic mucosa.

Methods: Archival cancer tissue and nondysplastic mucosa from resection specimens of 19 patients with PSC-IBD-CRC were characterized,
determining DNA copy-number variations, microsatellite instability (MSI), mutations on 48 cancer genes, and CpG island methylator phenotype
(CIMP). Genetic profiles were compared with 2 published cohorts of IBD-associated CRC (IBD-CRC; n = 11) and sporadic CRC (s-CRC; n = 100).
Results: Patterns of chromosomal aberrations in PSC-IBD-CRC were similar to those observed in IBD-CRC and s-CRC, MSI occurred only once.
Mutation frequencies were comparable between the groups, except for mutations in KRAS, which were less frequent in PSC-IBD-CRC (5%)
versus IBD-CRC (38%) and s-CRC (31%; P=.034), and in APC, which were less frequent in PSC-IBD-CRC (5%) and IBD-CRC (0%) versus
s-CRC (50%; P < .001). Cases of PSC-IBD-CRC were frequently CIMP positive (44 %), at similar levels to cases of s-CRC (34%; P = .574) but less
frequent than in cases with IBD-CRC (90%; P = .037). Similar copy number aberrations and mutations were present in matched cancers and
adjacent mucosa in 5/15 and 7/11 patients, respectively.

Conclusions: The excess risk of CRC in patients with PSC-IBD was not explained by copy number aberrations, mutations, MSI, nor CIMP status,
in cancer tissue, nor in adjacent mucosa. These findings set the stage for further exome-wide and epigenetic studies.

Lay Summary

The excessive risk of colorectal carcinoma (CRC) in patients with both primary sclerosing cholangitis and inflammatory bowel disease (IBD) was
not explained by an extensive screen of copy number aberrations, mutations, microsatellite instability, and CpG island methylator phenotype
status when compared with patients with IBD-CRC and sporadic CRC.
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Introduction increases substantially in cases of concomitant primary scle-
rosing cholangitis (PSC), yielding a 3- to 4-fold higher risk for
CRC in patients with both PSC and IBD (PSC-IBD) compared
to patients with IBD alone.? In a nationwide cohort study in

Patients with longstanding inflammatory bowel disease (IBD)
are at risk of developing colorectal cancer (CRC) that is
2-3 times higher than in the general population.! This risk
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the Netherlands, this risk was even higher, with a 10-fold risk
of developing CRC in patients with PSC and ulcerative colitis
(UC) compared to patients with UC alone, and a cumulative
risk of CRC of 13% at 30 years since IBD diagnosis.’

Little is known regarding the mechanisms behind this
increased CRC risk in patients with PSC-IBD compared
to patients with IBD alone. When low-grade dysplasia is
detected in patients with PSC-IBD, they are at higher risk of
developing advanced CRC compared to patients with IBD
without PSC, suggesting a more aggressive disease course.*
Moreover, since the development of CRC in IBD is thought to
be influenced by chronic inflammation with subsequent dys-
plasia, the PSC-IBD colonic phenotype, with a predominance
of involvement of the right-sided colon, where most of the
neoplasia occurs, is intriguing.’ Notwithstanding, this pheno-
type is often characterized by a relatively mild disease course
with less inflammation, which seems contradictory to the re-
lation between the inflammatory burden and dysplasia.>®

It is unknown which genomic alterations are associated
with PSC-IBD-associated CRC (PSC-IBD-CRC) compared
to IBD-associated CRC (IBD-CRC), giving rise to the high
risk of patients with PSC-IBD to develop CRC. In general,
3 molecular carcinogenesis pathways have been identified in
CRC; chromosomal instability (CIN), microsatellite insta-
bility (MSI), and CpG island methylator phenotype (CIMP).”
In several aspects, the molecular pathways occurring in IBD-
CRC differ from those observed in sporadic CRC (s-CRC),
in which the adenoma-to-carcinoma pathway is well estab-
lished.>® Mutations in tumor suppressor gene APC and on-
cogene KRAS are less prevalent in IBD-CRC versus s-CRC.*!?
Furthermore, IBD-associated dysplasia more frequently
shows DNA copy number aberrations compared to sporadic
adenomas.'" Also, the timing of pathway disruption may
be different in IBD-CRC compared to s-CRC. For instance,
mutations in tumor suppressor gene TP53 usually occur as
a late event in s-CRC, whereas they occur early in IBD-CRC
development or are even already present in nondysplastic
mucosa.®!?

Previous studies have suggested that chronically inflamed
mucosa of patients with IBD undergoes a so-called field
change, causing molecular alterations associated with cancer
in histologically still nondysplastic mucosa.'3 Adjacent tissue
from patients with UC with high-grade dysplasia or cancer
showed hypermethylation of adjacent, normal-appearing mu-
cosa.'* Mutations in the TP53 gene were found in a subset
of biopsy IBD samples without dysplasia.'? Also, in patients
with PSC-UC, aberrant expression of p53 was found to al-
ready be significantly increased in nondysplastic mucosa as
compared to in the nondysplastic mucosa of patients with UC
without PSC."

Because of the increased CRC risk, patients with concomi-
tant PSC-IBD need annual surveillance colonoscopies, leading
to a high diagnostic burden. Identification of early changes
in the gut mucosa, heralding the development of CRC in
patients with PSC-IBD, could pave the way for development
of biomarkers for early detection of the dysplasia-carcinoma
sequence in PSC-IBD. This could help to stratify patients for
short or long surveillance intervals.

In this retrospective study, our aim was 2-fold. First, we
aimed to investigate molecular alterations associated with
CRC in patients with concomitant PSC-IBD and compare
this with patients with IBD-CRC and s-CRC. Secondly, we in-
tended to investigate whether genomic alterations present in

de Krijger et al

the cancer also could be identified in adjacent, nondysplastic
mucosa.

Methods

Patient and Sample Selection

Cases were selected from the well-defined cohort of the “Epi
PSC PBC project’, a large, population-based cohort to study
cholestatic liver diseases (PSC and primary biliary cholan-
gitis [PBC]) in the Netherlands.* Out of 590 patients, 25
patients with PSC and concurrent IBD developed CRC during
a median follow-up of 92 months. Formalin-fixed, paraffin-
embedded (FFPE) biopsies and resection specimens were
requested via the nationwide network and registry of histo-
and cytopathology in the Netherlands (PALGA).!¢ Tissue of
the cancer itself, as well as of adjacent, nondysplastic mucosa,
was collected based on the pathology reports. Cases with
high-grade dysplasia were reevaluated by an experienced gas-
trointestinal pathologist (J.V.), and were not included if no
cancer was diagnosed. Dysplasia was absent in all adjacent
mucosa samples. The diagnosis of PSC was established ac-
cording to the guidelines of the European Association for the
Study of the Liver, and the diagnosis of IBD was based on
the Lennard-Jones criteria.> The Medical Research Involving
Human Subjects Act did not apply for this study. Collection,
storage, and use of tissue and patients’ data were performed
in compliance with the Code for Proper Secondary Use of
Human Tissue in the Netherlands (available at: http://www.
coreon.org). All data and tissue samples were handled coded-
anonymously throughout the study.

Control Group

Two published series were used as control groups. The first
series consisted of IBD-associated CRC samples (7 = 13), of
which 2 samples from patients with concomitant PSC were
excluded.!! The second series consisted of cases of sporadic
adenocarcinomas (7 = 100)."7

DNA Isolation

One pathologist (J.V.) evaluated hematoxylin and eosin—
stained sections of the tumor and adjacent mucosa in order
to distinguish between carcinoma tissue and adjacent, non-
dysplastic mucosa. After macro-dissection from 10-um FFPE
sections, DNA was isolated using the AllPrep DNA/RNA
FFPE isolation kit (Qiagen). Briefly, slides were deparaffinized
in series of xylene and ethanol, after which either of the 2
different conditions (cancer mucosa or adjacent mucosa)
were scratched out from the tissue sections. DNA was iso-
lated after incubation with proteinase K (20 mg/ml) at 56
°C in lysis buffer for an overnight incubation period. Small
samples were incubated for a 6-day incubation period. DNA
concentrations and purity were measured with a Nanodrop
ND-1000 spectrophotometer (Isogen), as well as with a Qubit
3.0 Fluorometer (Thermo Fisher Scientific) using the Qubit
dsDNA HS Assay Kit to measure double-stranded DNA.

Microsatellite Instability Status

The MSI analysis was performed using the fluorescent mul-
tiplex polymerase chain reaction (PCR)-based method from
Promega (MSI Analysis System, version 1.2, Promega), ac-
cording to the manufacturer’s instructions. When 2 or more
of the markers did not show the normal pattern, samples were
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considered to have MSI. All other samples were classified as
being microsatellite stable.

DNA Copy Number Analysis

DNA copy number aberrations were analyzed with low-
coverage, whole-genome sequencing (WGS).!® Briefly, DNA
was fragmented by sonication (Covaris S2) and run on the
[llumina HiSeq 2500 (Illumina) on a 65-basepair, single-read
modus using the KAPA HyperPrepKit (KAPA Biosystems,
KK8504). The WGS reads were analyzed with Bioconductor
R-package QDNAseq, using a workflow that was previously
published.” For every nonoverlapping, fixed-sized region of
30 kb on the genome, the relative abundance of sequence
reads was used to determine the aberration status. Copy
number profiles were corrected for their mappability and the
GC content, and germ-line-specific variations were removed.'®
Genomic waves, which may be caused by replication timing
of proliferating cells, were smoothed using NoWaves.” Raw
DNA copy number data have been deposited in the European
Genome-Phenome Archive (EGA)*' with the study ID:
EGAS00001004497.

Mutation Analysis

For mutation analysis, DNA libraries were prepared using
the KAPA HyperPrep Kit (KAPA Biosystems), according to
the manufacture’s protocol (KR0961, V5.16). A gene panel
consisting of 48 cancer-related genes was used (Table S1).
Target enrichment was performed as previously described,?
using a custom 48-gene IDT Custom xGen Predesigned Gene
Capture Pools (Integrated DNA Technologies), according to
the Rapid Protocol for DNA Probe Hybridization and Target
Capture using an Illumina TruSeq Library, version 2.1, with
an extended hybridization reaction of 24 hours. Paired-end
65-basepair sequencing data were produced on an Illumina
Hiseq 2500 (Illumina) with rapid run mode. Variants affecting
noncoding sequences, as well as variants present in >1% in the
population according to the Exome Aggregation Consortium
exome data, were excluded.” Oncoprints of the mutations
in the genes present in each patient were generated using
R Bioconductor, package ComplexHeatmap in R Studio.
To appraise whether the derived variants were pathological
mutations or not, the mutations were compared with the pub-
licly available variant list from OncoKB and the Catalogue
of Somatic Mutations in Cancer (COSMIC) Cancer Gene
Census.?*?’ National Center for Biotechnology Information’s
remap tool was used to convert from hg38 assembly to hg19
coordinates, followed by a comparison using “bcftools” in-
tersect. Additionally, ClinVar was consulted when a mutation
was not present in either of those databases. Raw DNA mu-
tation data have been deposited in the EGA?' with the study
ID: EGAS00001004497.

CIMP Status

The CIMP status was analyzed using a panel of 5 loci
(CACNA1G, NEUROG1, RUNX3, SOCS1, and IGF2), as
defined by Weisenberger et al.?® This CIMP panel was de-
termined by nested methylation-specific PCR (MSP) using
sodium bisulfite-modified genomic DNA (EZ DNA methyl-
ation kit; ZYMO Research Co.), as described before.?” When
3 or more loci were methylated, the sample was considered to
be CIMP-positive; samples with less than 3 methylated loci
were considered to be CIMP-negative.
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Statistical Analysis

Patient characteristics were analyzed using descriptive sta-
tistics. Differences between 2 or 3 independent groups were
calculated with the Mann-Whitney U test and Kruskal-Wallis
test for continuous variables and the Fisher’s exact test for
dichotomous variables. Paired data were compared with a
McNemar test. Results were considered statistically signifi-
cant at a P value <.05. For the comparison of copy number
aberration frequencies between 2 groups, R package CGHtest
was used, which runs a chi-square test. In order to correct for
multiple testing, a correction to the P value was performed
according to the Benjamini and Yekutieli false discovery rate
(FDR) rule, using a cutoff for significance of FDR < 0.1.2® For
the unsupervised data analysis, a hierarchical cluster anal-
ysis of the copy number aberrations was performed using
weighted clustering of called array Comparative Genomic
Hybridization (aCGH) data, using Ward linkage.?’

Results

Clinical Characteristics

Nineteen patients with PSC-IBD who developed CRC (PSC-
IBD-CRC) were included, and their clinical characteristics are
described in Table 1. All patients were diagnosed with large-
duct PSC. The vast majority of patients were diagnosed with
UC (18 [95%] with UC; 1 [5%] with Crohn’s disease [CD]).
The median age at CRC diagnosis was 38 years (interquartile
range [IQR], 30-56 years), with a median IBD duration of 14
years (IQR, 10-23 years) and a median duration since diag-
nosis of PSC of 4 years (IQR, 0-13 years). In 3 cases, patients
developed overt PSC only after the diagnosis of CRC (range,
5-20 vyears). Two patients developed cholangiocarcinoma
after their diagnosis of CRC, but no other malignancies were
reported. The control group of patients with IBD without a di-
agnosis of PSC (IBD-CRC) contained 11 CRCs in 9 patients.'!
The age at IBD diagnosis and duration of IBD at the time of
the CRC diagnosis of patients with diagnosed PSC did not
differ from those in the patients with IBD without PSC (Table
1). Patients with PSC-IBD developed CRC at a younger age
than patients without PSC (median ages of 38 years and 48
years, respectively; P =.061). The s-CRC series consisted of
100 carcinoma samples from patients diagnosed with CRC
between 2001 and 2010. Patients with hereditary CRC (ie,
Lynch syndrome or polyposis syndromes) or a previous his-
tory of CRC or IBD were excluded from this cohort.'” The age
at CRC diagnosis was significantly higher in the s-CRC group
compared with both the PSC-IBD-CRC and IBD-CRC groups
(median, 72 years; P < .001; Table 1).

Comparison Between Molecular Profiles of PSC-
IBD-CRC, IBD-CRC, and s-CRC

In order to assess whether CRCs of patients with PSC comprise
a specific molecular phenotype, we compared the specimens of
PSC-IBD-CRC with 2 control data sets (IBD and sporadic data
sets). The MSI status was successfully determined for 17 cancers;
in 1 sample the signal was too low to determine the MSI, due to
an insufficient DNA yield, and in 1 sample not enough DNA
was available (Figure S1). Only 1 out of the 17 cancer samples
was MSI (6%). This patient was known to have UC for 9 years,
but developed PSC 5 years after the CRC diagnosis. In both the
IBD control group and cases of sporadic carcinomas, 9% were
MSI (1/11 IBD-CRC and 9/96 s-CRC; Table 1).
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Table 1. Patient characteristics of patients with PSC-IBD-CRC, IBD-CRC, and s-CRC.2

Characteristic PSC-IBD-CRC IBD-CRC, s-CRC, P value
n=19 n=9 n =100
Male, 7 (%) 9 (47) 4 (44) 43 (43) 947
Age at PSC diagnosis, years, median (IQR) 35 (23-46) - - -
Age at IBD diagnosis, years, median (IQR) 22 (17-39) 34 (22-40) - 562
IBD type, 1 (%) 084
ucC 18 (95) (67) -
CD 1(5) (33) ;
Age at CRC diagnosis, median (IQR) 38 (30-56) 48 (44-59) 72 (63-78) <.001
Disease duration of PSC, years, median (IQR) 4 (0-13) - - -
Disease duration of IBD, years, median (IQR) 14 (10-23) 16 (10-30) - 410
UC phenotype,® 7 (%)* 494
Pancolitis 10 (77) 9 (100)
Left sided 2(15) 0 (0)
Proctitis 1(8) 0 (0)
Post LTx, 1 (%) 1(5) - - -
MSI status,® 72 (%) 673
MSI 1(6) (9) 9(9
MSS 16 (94) 10 (91) 87 (91)

* Statistical differences were calculated with a Fisher’s exact test, Kruskal-Wallis test, or Mann-Whitney U test. A P value < .05 is considered statistically
significant. Abbreviations: CD, Crohn’s disease; CRC, colorectal cancer; IBD, inflammatory bowel disease; IBD-CRC, colorectal cancer associated with
inflammatory bowel disease; IQR, interquartile range; LT, liver transplantation; MSI, microsatellite instability; MSS, microsatellite stable; PSC, primary
sclerosing cholangitis; PSC-IBD, both primary sclerosing cholangitis and inflammatory bowel disease; PSC-IBD-CRC, colorectal cancer associated with
primary sclerosing cholangitis and inflammatory bowel disease; s-CRC, sporadic colorectal cancer; UC, ulcerative colitis.

b The UC phenotype was known for 13 patients with PSC-IBD and 9 patients with IBD.

¢ The MSI was determined for 17 PSC-IBD samples, 11 IBD samples, and 96 sporadic samples.

Patterns of Chromosomal Aberrations in PSC-IBD-
CRC are Similar toThose Observed in IBD-CRC and
s-CRC

Good-quality DNA copy number profiles were obtained from
all 19 cancer samples (Figure S1). Several DNA copy number
gains and losses were observed in PSC-IBD-CRC, with an av-
erage of 9.8 gains (range, 0-16 gains) and 8.2 losses (range,
0-12 losses). Frequently observed gains were present in 5p,
6p, 7, 8q, 13q, 19q, and 20q. Frequently observed losses
occurred in chromosome 4, 5q, 8p, 15q, 18, 21q and 22q
(Figure 1A, middle panel). In the cancer sample of the only
patient with an MSI cancer, almost no aberrations were
present, as expected.

The patterns of chromosomal aberrations in PSC-IBD-
CRCs were very similar to those of sporadic and IBD-
associated CRCs, and the averages of gains and losses were
similar between groups (Figure 1A; Table S1). The frequencies
of different gains and losses were overall higher in the s-CRC
and IBD-CRC groups compared with the PSC-IBD-CRC
group (Figure 1A), but after correction for multiple testing,
no significant differences were found between the groups. The
IBD-CRCs showed significant losses in chromosomes 3p and
17p compared to the PSC-IBD-CRCs, yet this did not remain
significant after correction for multiple testing (FDR > 0.1;
Figure 1A, upper panel). Compared to the s-CRC group, the
PSC-IBD-CRC group showed a significant gain in the q-arm
of chromosome 19 and a significant loss in the g-arm of chro-
mosome 5, though again this did not remain statistically
significant after correction for multiple testing (FDR > 0.1;
Figure 1A, lower panel). This loss in 5q was also present in
the IBD-CRC group.

The Gene TP53is Mutated in the Majority of
PSC-IBD-CRCs

Mutation analysis was successful in all 19 cancer samples
(Figure S1). Targeted deep sequencing was performed using
a panel of 48 genes that are known to be frequently mutated
in cancer (Table S2). From the 48 genes analyzed, 24 were
mutated in the PSC-IBD-CRCs (Figure 1B). TP53 was the
most frequently mutated gene, present in 68% (13/19) of
the cancers (Figure 1B). The second most mutated gene was
NOTCH1, in 21% (4/19) of the cancers. Both KRAS and
APC mutations were only present in 1 patient (5% [1/19]
and 5% [1/19], respectively), and no BRAF mutations were
found. Table 2 gives an overview of the mutated genes in
the cancer samples and their suspected pathogenicity. TP53
detected mutations involved 10 different variants. The ma-
jority of these mutations were allocated as pathogenic. The
mutation observed in the NOTCH1 gene was predicted to
be a benign mutation. The only APC mutation, present in 1
patient, was considered a benign mutation. More detailed in-
formation about the specific variants is depicted in Table S3.

Mutation statuses for the 48 genes analyzed in the 19 PSC-
IBD-CRCs were compared with mutation statuses obtained
from 8 IBD-CRCs and 80 s-CRCs.!'"»'” Mutation frequencies
of the majority of genes mutated in the PSC samples did not
differ between the groups (Table 3). The highest mutated
gene throughout all 3 groups was again TP53, of which
the mutation frequency did not differ significantly between
the PSC-IBD-CRCs as compared to the IBD-CRCs and the
s-CRCs (68%, 75%, and 48%, respectively; P = .134).
However, mutations in the KRAS gene were significantly less
frequent in PSC-IBD-CRCs than in IBD-CRCs and s-CRCs
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Figure 1. Copy number aberrations in PSC-IBD-CRC, IBD-CRC, and s-CRC and mutation frequencies in PSC-IBD-CRCs. A, Frequency plots of the copy
number aberrations in cancer samples of IBD-CRC (upper panel; n = 11), PSC-IBD-CRC (middle panel; n = 19), and s-CRC (lower panel; n = 90). Copy
number gains (blue) and amplifications (dark blue) or losses (red) and homozygous deletions (dark red) on the different chromosomes are shown.

B, Oncoprint of the top 24 mutated genes from the 48-gene mutation panel in PSC-IBD-CRCs (n = 19). Abbreviations: CRC, colorectal cancer; IBD,
inflammatory bowel disease; IBD-CRC, colorectal cancer associated with inflammatory bowel disease; PSC, primary sclerosing cholangitis; PSC-IBD,
concomitant primary sclerosing cholangitis and inflammatory bowel disease; PSC-IBD-CRC, colorectal cancer associated with primary sclerosing
cholangitis and inflammatory bowel disease; s-CRC, sporadic colorectal cancer.

(5%, 38%, and 31%, respectively; P = .034). Mutations in
the APC gene were less prevalent in the PSC-IBD-CRC and
IBD-CRC groups as compared to the s-CRC group (5%, 0%
and 50% respectively; P < .001). Mutations in the NOTCH1
gene were present in 21% of the PSC-IBD-CRCs and none
of the other 2 cancer types, yet these mutations were not
allocated as being pathogenic in the COSMIC and OncoKB
databases (Table 2).

A Large Proportion of PSC-IBD-CRCs has a CIMP-
positive Phenotype

For a determination of CIMP status, DNA was available from
18 cancer samples. In 2 cases the test failed; hence, results
could not be assessed (Figure S1). Seven out of 16 cancers
(44%) showed a CIMP-positive phenotype. One CIMP-
positive cancer also displayed an microsatellite instable pro-
file. There were no differences in the age at CRC diagnosis,
PSC or IBD duration, or cancer location between patients with
a CIMP-positive or CIMP-negative cancer (Table S4). In the
s-CRC series, 34 out of 100 (34%) of the cancers was CIMP
positive, which was not significantly different from the result
in the PSC-IBD group (P = .574). In the IBD-CRC group, 9
out of 10 (90%) cancers was CIMP positive, which was sig-
nificantly higher than in the PSC-IBD-CRC group (P = .037).

No Clear Separation of PSC-IBD-CRCs and IBD-
CRCs in Hierarchical Clustering Analysis

To provide an overview of the different molecular charac-
teristics and to address whether this shows new insights
contributing to the cancer formation in patients with IBD,
with and without concomitant PSC, a hierarchical cluster
analysis of the copy number aberrations was performed
(Figure 2). There was no clear separation of the patients
with and without PSC. Additionally, there was no separa-
tion evident based on the disease location, IBD duration, or
PSC duration. Five cancers with only minimal chromosomal
aberrations also showed fewer mutations in the TP53 gene.

Comparison of PSC-IBD Cancers and Adjacent
Mucosa

To assess potential early defects or changes in nondysplastic co-
lonic mucosa of patients with PSC-IBD, DNA was isolated from
mucosal tissue adjacent to the cancerous tissue. The copy number
variations, mutation profile, and CIMP status were determined.

DNA Copy Number Aberrations are Present in
Adjacent Mucosa

Good-quality DNA copy number profiles were obtained
from 15 adjacent mucosa samples (Figure S1). The adjacent,
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Gene Mutations, n Mutated samples, 7 (%) Mutations in COSMIC Cancer Gene Census Mutations in OncoKB
TP53 10 13 (68) 10/10 pathogenic 6/10 likely oncogenic, 2/10 oncogenic
NOTCH1 3 4(21) - -

ATM 3 3 (16) 2/3 pathogenic, 1/3 SNP -

EBXW7 2 3 (16) 1/2 pathogenic 1/2 likely oncogenic
ERBB2 2 2(11) 2/2 pathogenic 1/2 oncogenic
PIK3CA 2 2 (11) 2/2 pathogenic 1/2 oncogenic
PDGFRA 2 2 (11) - -

KDR 2 2 (11) 1/2 pathogenic -

CDKN2A 2 2 (11) 2/2 neutral -

MPL 1 1(5) - -

KRAS 1 1(5) 1/1 pathogenic 1/1 oncogenic
FLT3 1 1(5) 1/1 pathogenic -

CDH1 1 1(5) - -

SMAD4 1 1(5) 1/1 pathogenic -

STK11 1 1(5) 1/1 pathogenic -

ALK 1 1(5) - -

IDH1 1 1(5) - -

GNAS 3 1(5) - -

MLH1 1 1(5) - -

CTNNB1 1 1(5) - -

APC 1 1(5) - -

CSF1R 1 1(5) - -

EGFR 1 1(5) 1/1 pathogenic -

JAK2 2 1(5) 1/1 pathogenic -

* A hyphen (-) indicates that the value is not present in the database. Abbreviations: COSMIC, catalogue of somatic mutations in cancer; PSC-IBD-CRC,
colorectal cancer associated with primary sclerosing cholangitis and inflammatory bowel disease; SNP, single nucleotide polymorphism.

non-dysplastic mucosa was relatively quiescent in most PSC
samples, showing only a few DNA copy number aberrations
compared to the cancer mucosa samples (Figure 3). The av-
erage numbers of gains and losses in the adjacent mucosal
samples were 3.2 (range, 0-15 gains) and 2.9 (range, 0-8
losses), respectively. In 5 out of 15 paired samples, 1 or more
aberrations that were found in the cancer tissue were also
present in nondysplastic, adjacent mucosa (Figure S2). In 2
cases, aberrations present in the adjacent mucosa were not
present in the cancer tissues. This included a gain in chro-
mosome 7q and losses in chromosomes 5q, 8q, and 12p in 1
patient, and a loss in chromosome 6p in another patient. All
patients with mucosal aberrations were diagnosed with con-
comitant UC, and the majority were male (4/5; 80%). There
was a trend towards a longer disease duration of PSC in
patients with aberrations in the adjacent mucosa compared to
patients with no changes in the mucosa (25 years vs 2 years,
respectively; P =.055).

Mucosa Adjacent to the Cancer Also Shows
Mutations

Paired samples were used to assess whether mutations present
in the cancer tissue were also present in the non-dysplastic,
adjacent mucosa, reflecting a widespread defect in mucosal
tissue. Mutation profiles of 48 genes were addressed in mu-
cosal, nondysplastic tissue adjacent to the cancer (proximal
from the tumor when possible) and compared with the muta-
tion profile in the cancer itself. Matched cancer and adjacent

mucosal tissue were available from 11 patients. In 7 out of
these 11 patients, at least 1 mutation was present in both
the cancer and adjacent mucosa, and in total, 37% (95% CI,
22%-55%) of detected mutations occurred in both tissues.
Identical mutations were present in genes TP53 (2/11),
FBXW7 (1/11), PDGFRA (2/11), NOTCH1 (2/11), ATM
(1/11), MPL (1/11), LT3 (1/11), IDHI (1/11), CTNNB1
(1/11), and KDR (1/11; Table 4). The 2 patients with
mutations in the TP53 gene in the adjacent mucosa shared 3
different TP53 mutations, all characterized as pathogenic ac-
cording to the COSMIC Cancer Gene Census. In the majority
of mutations present in adjacent mucosa, the same mutation
was also present in the cancer tissue (13/15; 87%; Figure S3).
In the 2 cases in which this did not apply, the mutation was
predicted to be either pathogenic (TP33, p.Trp146) or a mu-
tation with unknown significance (FBXW7, p.Thr3851le).

CIMP Phenotype is Variable Across Cancer and
Adjacent Mucosa

For determination of CIMP status, DNA was available from
15 adjacent, nondysplastic mucosa samples. In 4 cases, results
could not be assessed, as the test failed (Figure S1). A paired
analysis was available in 10 patients. The cancers showed a
CIMP-positive phenotype in 5/10 (50%) cases, and the ma-
jority (3/5; 60%) of adjacent mucosal samples in these cases
also showed a CIMP-positive phenotype. In 3 patients, the
cancer was CIMP negative, but the adjacent mucosa was
CIMP positive. Overall, there was no significant relation
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Table 3. Mutation frequencies in PSC-IBD-CRC (n = 19), IBD-CRC (n = 8), and s-CRC (n = 80).2

Gene PSC-IBD-CRC, IBD-CRC, 1 (%) s-CRC, 1 (%) P value

n (%)

TPS3 13 (68) 6 (75) 38 (48) 134
NOTCH1 4 (21) 0 (0) 0 (0) .001
ATM 3 (16) 0(0) 4(5) .186
EBXW7 3 (16) 0 (0) 9 (11) 657
ERBB2 2 (11) 0(0) 1(1) 156
PIK3CA 2 (11) 2 (25) 14 (18) 663
PDGFRA 2 (11) 0(0) 2 (3) 264
KDR 2 (11) 0 (0) 2 (3) 264
CDKN2A 2 (11) 0(0) 1(1) 156
MPL 1(5) 0 (0) 0(0) 252
KRAS 1(5) 3(38) 25(31) .034
FLT3 1(5) 0 (0) 0 (0) 252
CDHI1 1(5) 0 (0) 4(5) 1.000
SMAD4 1(5) 1(13) 9 (11) 744
STK11 1(5) 0 (0) 3(4) 694
ALK 1(5) 0 (0) 0 (0) 252
IDH1 1(5) 0(0) 0 (0) 252
GNAS 1(5) 0 (0) 0 (0) 252
MLH1 1(5) 0(0) 1(1) 443
CTNNB1 1(5) 0 (0) 0 (0) 252
APC 1(5) 0 (0) 40 (50) <.001
CSFI1R 1(5) 0 (0) 0 (0) 252
EGFR 1(5) 0 (0) 1(1) 443
JAK2 1(5) 0 (0) 0 (0) 252

“ The P values were calculated with a Kruskal-Wallis test. A P value < .05 is considered statistically significant. Abbreviations: IBD-CRC, colorectal cancer
associated with inflammatory bowel disease; PSC-IBD-CRC, colorectal cancer associated with primary sclerosing cholangitis and inflammatory bowel

disease; s-CRC, sporadic colorectal cancer; UC, ulcerative colitis.

between the CIMP statuses of cancer and adjacent mucosal
tissue (P = 1.000). The age at CRC diagnosis was significantly
higher in those with CIMP-positive mucosa samples compared
to those with CIMP-negative mucosa samples (median ages
54 years and 31 years, respectively; P = .038). Mutation data
was available in 5/6 CIMP-positive mucosa samples. Of these,
only in 2 patients mutations were present in the mucosa; a
pathogenic TP53 mutation and 2 likely benign PDGFRA
and NOTCH1 mutations in 1 case, and a likely pathogenic
ATM mutation in the other case. From the CIMP-negative mu-
cosa samples, mutations were detected in the FDGFRA and
FBXW?7 genes in 1 patient (both of unknown significance) and
in FLT3 and KDR in 2 other patients (both likely pathogenic).

Discussion

Patients with concomitant PSC and IBD have a much higher
risk of developing CRC than patients with IBD alone, but
it is unclear whether the molecular phenotypes of these
carcinomas are distinct. We performed the first extensive mo-
lecular characterization of PSC-IBD associated CRCs to date.
DNA copy number changes in PSC-IBD-CRCs were similar
to those of IBD-CRCs and s-CRCs. In case of a difference,
mutation frequencies were overall lower in PSC-IBD-CRC
compared to s-CRC. Mutation frequencies of PSC-IBD-
CRC and IBD-CRC were rather comparable. A substantial

percentage of PSC-IBD-CRCs showed a hypermethylated
phenotype, suggesting that epigenetic changes may play an
important role; however, this was less prominent than in
IBD-CRCs.

The PSC-IBD-CRCs harbored many copy number
aberrations that are well established in CRC, including
losses on chromosomes 5 and 18, which are both linked to
more aggressive disease.”® The PSC-IBD phenotype was
not associated with major differences in terms of DNA copy
number patterns compared to both the IBD-CRC and s-CRC
phenotypes. In the series analyzed, only 1 lesion was MSI,
which is in line with previous studies showing that MSI is rare
in colitis-associated CRC and nonmalignant lesions.”?!

The most frequently mutated gene in this cohort was TPS53,
a known early event in IBD-associated tumorigenesis. The mu-
tation frequency was comparable to those in previous studies
reporting TP53 mutation frequencies ranging from 63% to
89% in IBD-CRCs, suggesting that this mutation is also an
early event in PSC-IBD-CRC.'*3? Mutations in the APC gene,
which is located on the 5q arm, were present only in 1 patient
(5%). This is in line with previous observations that IBD-
CRCs have a lower frequency of APC mutations compared to
s-CRCs. %3233 We did observe a high frequency of loss of the
5q arm in our series, which could have led to a disruption of
the APC gene. Interference with the WNT signaling pathway
could therefore be caused by copy loss of APC rather than
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Figure 2. Hierarchical cluster analysis of PSC-IBD-CRC and IBD-CRC. Hierarchical cluster analysis of the copy number aberrations using weighted
clustering of called aCGH data, with Ward linkage. Copy number gains (blue) or losses (red) on the different chromosomes are shown. Different
chromosomes are depicted on the left in blue and yellow, with chromosome 1-22 listed from the bottom up. PSC-IBD-CRC (n = 19) and IBD-CRC
(n = 11) were included. Mutations with a frequency >50% are shown. Abbreviations: CD, Crohn's disease; CIMP, CpG island methylator phenotype;
IBD, inflammatory bowel disease; IBD-CRC, colorectal cancer associated with inflammatory bowel disease; MSI, microsatellite instability; MSS,
microsatellite stable; n.d., not determined; PSC, primary sclerosing cholangitis; PSC-IBD-CRC, colorectal cancer associated with primary sclerosing

cholangitis and inflammatory bowel disease; UC, ulcerative colitis.

mutations, which was previously suggested in IBD-CRC.’
Alternatively, 1 study showed that in IBD, methylation of
WNT signaling genes occurs, thereby circumventing the need
for APC mutations for a cancer to develop.**

DNA methylation interferes with the accessibility of
a gene to transcription factors, and has been linked to
silencing of mismatched repair genes and tumor suppressor
genes in cancer.”” A meta-analysis study has shown a shorter
survival time in patients with CIMP-positive s-CRCs.** The
role of hypermethylation in IBD-CRC remains rather un-
clear, with a varying prevalence between 5% and 15% re-
ported amongst studies.’®? Interestingly, in our samples,
7116 (44%) of the PSC-IBD-CRCs and 9/10 (90%) of the
IBD-CRCs displayed a CIMP-positive phenotype, compared
to 34/100 (34%) in the s-CRCs. This could suggest that
especially in the IBD population, promotor methylation
is an important player in tumorigenesis, which seems to

be less the case in the PSC-IBD-CRCs. Nevertheless, we
investigated the methylation status based on a specific panel
of 5 loci, reflecting only a small proportion of possible ep-
igenetic interference. Therefore, it would be of interest to
further characterize the individual methylation profiles of
the PSC-IBD-CRCs.

Overall, our data did not allow us to pinpoint the PSC-IBD-
CRCs towards a specific tumor profile. The relatively high
CIMP positivity could indicate a more serrated-like lesion phe-
notype.*® However, we did not observe any BRAF mutations in
the 19 cancers, and only 1 cancer showed MSI. Furthermore,
the low abundance of KRAS mutations and the absence of
NRAS mutations suggests that different mechanisms are in
place for further progression from dysplasia to carcinoma. An
alternative explanation could be that for PSC-IBD, the rele-
vant mutations are not included in the panels we applied in
this exploratory study. For example, the cancer stemness gene
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Figure 3. Copy number aberrations in cancer samples and adjacent mucosa of patients with PSC-IBD. Frequency plots of the copy number aberrations
in 19 cancer samples of PSC-IBD-CRC (upper panel) and 15 adjacent mucosa samples (lower panel). Copy number gains (blue) and amplifications

(dark blue) or losses (red) and homozygous deletions (dark red) on the different chromosomes are shown. Abbreviations: PSC-IBD, concomitant
primary sclerosing cholangitis and inflammatory bowel disease; PSC-IBD-CRC, colorectal cancer associated with primary sclerosing cholangitis and

inflammatory bowel disease.

OLFM4 was overexpressed in colonic biopsies of patients with
PSC-UC.* Also, the recent study of Pleguezuelos-Manzano
et al.** may be of particular interest. The authors showed a
distinct mutational signature in CRC, induced via colibactin-
producing Escherichia coli bacteria carrying the pks pathoge-
nicity island.** Colonic dysbiosis has been firmly established
in both IBD and PSC-IBD; however, the abundance of this
specific E. coli strain is unknown.*' Additionally, we did not
investigate the potential role for changes associated with the
bile acid metabolism giving rise to altered concentrations of
potentially carcinogenic secondary bile acids.*!

The second aim of this study was to address whether in
patients with PSC-IBD, changes arise either from a field de-
fect or from noxious DNA changes in the mucosa. Previous
studies in UC have shown that field defects occur throughout
the colons of patients with UC with dysplasia or cancer.'
A recent study by Pekow et al.*> showed fewer differences
in cancers and adjacent tissues of patients with UC-CRC
compared to cancers and adjacent tissues in patients with
s-CRC, suggesting some changes were already present in the
UC mucosa. Our findings suggest that only in a subset of
patients, changes present in the cancer extend to a wider sur-
face, exceeding the malignant mucosa.

Although mutations were present in the adjacent mucosa
of a substantial amount of patients, the number of mutations
present were small; between 0 and 2 mutations per patient,
with the exception of 1 case with 6 genes mutated. We con-
firmed prior findings that mutations in tumor suppressor gene
TP53 can be present in nondysplastic mucosa in patients with

PSC-IBD." Previous studies have shown this in IBD mucosa,
and showed an increased TP53 mutation load in relation to
inflammation.'> We did also observe TP53 mutations in the
adjacent mucosa of our PSC-IBD series. However, in general,
the degree of colonic inflammation in patients with PSC-IBD
is relatively low, and in this study we could not evaluate in-
flammation, as we did not have information on the inflamma-
tory status at the time of resection. The second most mutated
gene in our mucosal samples was FBX W7, a tumor suppressor
gene whose mutations are associated with a variety of cancer
types, including CRC.* One of the FBX W7 mutations, which
was present in both cancer and adjacent mucosa in 1 patient
(p-Arg465His), was described in cholangiocarcinoma as well
as colon carcinoma in a study characterizing primary human
tumors.” The other FBXW7 mutation was only present in
adjacent mucosa, which has also been described in a recent
study by Lee-Six et al.* who showed that several driver
mutations, including mutations in FBXW7, but also PIK3CA
and ERBB2, appear in normal colonic crypts.

Of the adjacent mucosal samples, 60% showed a CIMP-
positive phenotype. In UC, it has been shown that in cases
of high-grade dysplasia or cancer, normal-appearing (non-
dysplastic) mucosa can be highly methylated.' In our series,
3 cases showed a CIMP-positive phenotype in the normal mu-
cosa, whereas the cancer from the same patient was not CIMP
positive, suggesting that this hypermethylated status does not
appear throughout the colonic mucosa.

This study has some limitations. Although this PSC-
IBD-CRC series is unique, the number of samples was
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Table 4. Mutations present in cancer mucosa samples and frequencies of the same mutation appearing in adjacent nondysplastic mucosa of 11
patients with PSC-IBD.?

Gene Mutation Cancer Adjacent mucosa Both cancer and mucosa Not present
MPL p.-Arg102Pro 0/11 0/11 1/11 10/11
ATM p-Ala220Val 1/11 0/11 0/11 10/11
p.Asp1853Val 0/11 0/11 1/11 10/11
FLT3 p.Ser102Phe 0/11 0/11 1/11 10/11
TPS3 p-Arg282Gln 0/11 0/11 1/11 10/11
p.Arg280Thr 1/11 0/11 1/11 911
p-Arg273His 1/11 0/11 0/11 10/11
p-Val272Met 1/11 0/11 0/11 10/11
p.Glu271 1/11 0/11 0/11 10/11
p-Gly266Glu 1/11 0/11 0/11 10/11
p-Arg248Gln 3/11 0/11 0/11 8/11
p-Argl75His 1/11 0/11 0/11 10/11
p-Trpl46 0/11 1/11 0/11 10/11
ERBB2 p.Ser310Phe 1/11 0/11 0/11 10/11
STK11 p.Pro179Leu 1/11 0/11 0/11 10/11
ALK p.Gly756Ser 1/11 0/11 0/11 10/11
IDH1 p-Asp220Gly 0/11 0/11 1/11 10/11
GNAS p.Pro22Leu 1/11 0/11 0/11 10/11
p.Glu192Asp 1/11 0/11 0/11 10/11
MLH1 p.-Arg659GIn 1/11 0/11 0/11 10/11
CTNNBI1 plle607Val 0/11 0/11 1/11 10/11
PIK3CA p-Asp725Asn 1/11 0/11 0/11 10/11
PDGFRA p-Thr200Ser 0/11 0/11 1/11 10/11
p-Arg293His 0/11 0/11 1/11 10/11
KDR p-Ser112Leu 0/11 0/11 1/11 10/11
EBXW7 p-Arg465His 1/11 0/11 1/11 9INn1
p-Thr3851le 0/11 1/11 0/11 10/11
p-Trp321Cys 1/11 0/11 0/11 10/11
EGFR p-Asn139Asp 1/11 0/11 0/11 10/11
CDKN2A p.-Arg128Gln 1/11 0/11 0/11 10/11
p.Arg58 1/11 0/11 0/11 10/11
NOTCH1 p-Arg1350Leu 0/11 0/11 1/11 10/11
p.-Arg621His 0/11 0/11 1/11 10/11

* Abbreviation: PSC-IBD, concomitant primary sclerosing cholangitis and inflammatory bowel disease.

limited. Therefore, for some of the comparisons the power
to detect statistically significant differences may be lacking.
Notwithstanding, the large difference in cancer risk between
patients with PSC-IBD, IBD, and patients who develop s-CRC
suggests a strong contrast in any of the molecular alterations,
should there be 1 or more responsible for the excess CRC risk
in PSC-IBD cases. A recent study by Trivedi et al.* pointed
out that a diagnosis of IBD at an age younger than 40 was
associated with a greater CRC risk in patients with PSC-IBD.
The majority (15/19; 79%) of patients included in our study
were diagnosed with IBD at an age below 40, suggesting
that we were indeed looking at this high-risk group. In ad-
dition, we also applied hierarchical clustering to look for
combinations of several molecular alterations, together with
phenotypic characteristics that may each have small indi-
vidual effect sizes but together may explain the high cancer
risk. Hierarchical clustering also did not reveal such a syner-
gistic phenomenon. There was a significant difference in age

between the s-CRC group and the other 2 groups. However,
this is unavoidable since sporadic cancer develops at an older
age. Three patients with IBD and PSC developed their CRC
before they were diagnosed with PSC. The ages at CRC di-
agnosis were 26, 27, and 60 years. The young ages of 2 of
the 3 patients suggest that the underlying PSC was indeed
an effector. Nonetheless, another underlying cause cannot be
excluded. A sensitivity analysis excluding these 3 patients did
not change the outcomes. Because our data did not reveal a
common denominator in either carcinoma or non-dysplastic
adjacent tissue in the PSC-IBD-CRC group, we did not study
earlier surveillance biopsies from these patients. Although un-
likely, a neoplasia heralding pattern based on the read-outs
used in our study is not fully excluded by our current findings.

Although we applied a large and well-established panel
of 48 genes known to be involved in cancer, this may not
cover all potentially carcinogenic mutations that could un-
derlie the development of CRC in patients with PSC. Other,
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more extensive approaches, like exome sequencing covering
all exomes, could be a possibility to discover genetic variants
or mutations contributing to carcinoma formation in the PSC
setting. In s-CRC, polygenic risk scores have proven valuable
for predicting the CRC risk.* In PSC, the attribution of genetic
variation to carcinoma formation is unclear, and no genome-
wide association studies studies have been performed yet. The
ongoing formation of large-scale, prospective registries of
patients with PSC-IBD could aid in collecting larger sample
sizes to study CRC in PSC-IBD.

Biomarkers for a more personalized surveillance strategy
are highly needed, since there are still patients with PSC-IBD
who die from incurable CRC despite regular surveillance,
while others are submitted to a high burden of colonoscopies
but might not profit from them. In this first-ever explora-
tory study, we found no striking differences between PSC-
IBD-CRC, IBD-CRC, and s-CRC, despite their contrasting
phenotypical characteristics. The excess risk of CRC in
patients with PSC-IBD is not explained by differences in copy
number aberrations, the MSI or CIMP status, nor the muta-
tional burden based on a large panel of 48 cancer genes. Our
findings set the stage for exome-wide or epigenetic studies to
better understand the development of CRC in PSC, and for a
potential translation to clinical practice.

Supplementary data

Supplementary data are available at Inflammatory Bowel
Diseases online.
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