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Removal of colorectal adenomas is an effective strategy to reduce colorectal cancer (CRC) mortality rates. However, as only a minority

of adenomas progress to cancer, such strategiesmay lead to overtreatment. The present study aimed to characterize adenomas by

in-depthmolecular profiling, to obtain insights into altered biology associated with the colorectal adenoma-to-carcinoma

progression. We obtained low-coverage whole genome sequencing, RNA sequencing and tandemmass spectrometry data for

30 CRCs, 30 adenomas and 18 normal adjacent colon samples. These data were used for DNA copy number aberrations profiling,

differential expression, gene set enrichment and gene-dosage effect analysis. Protein expression was independently validated by

immunohistochemistry on tissuemicroarrays and in patient-derived colorectal adenoma organoids. Stroma percentagewas

determined by digital image analysis of tissue sections. Twenty-four out of 30 adenomas could be unambiguously classified as high

risk (n= 9) or low risk (n = 15) of progressing to cancer, based on DNA copy number profiles. Biological processesmore prevalent in

high-risk than low-risk adenomas were related to proliferation, tumor microenvironment and Notch,Wnt, PI3K/AKT/mTOR and

Hedgehog signaling, while metabolic processes and protein secretion were enriched in low-risk adenomas. DNA copy number driven

gene-dosage effect in high-risk adenomas and cancers was observed for POFUT1, RPRD1B and EIF6. Increased POFUT1 expression in

high-risk adenomas was validated in tissue samples and organoids. High POFUT1 expression was also associated with Notch

signaling enrichment andwith decreased goblet cells differentiation. In-depthmolecular characterization of colorectal adenomas

revealed POFUT1 and Notch signaling as potential drivers of tumor progression.

Additional Supporting Information may be found in the online version of this article.
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Introduction
Colorectal adenomas are benign precursor lesions of colorectal
cancer (CRC) that arise from normal epithelium.1 The preva-
lence of adenomas in the large intestine is much higher than
the incidence of cancer,2,3 implying that the majority of ade-
nomas will never progress to CRC.4 In clinical practice, ade-
nomas detected during colonoscopy are completely removed,
and consequently the natural history of disease is disrupted.
Based on the prevalence of focal cancer in endoscopically
removed adenomas, it is estimated that only 5% of adenomas
will eventually progress to CRC.5,6 Currently, adenomas larger
than 1 cm and/or with a villous component and/or with high-
grade dysplasia are referred to as “advanced adenomas” and
are considered to be clinically relevant precursors of CRC.
However, incidence studies of both advanced adenomas and
CRCs suggest that these features alone are not precise predic-
tors of the malignant progression.7

Cancer is caused by molecular alterations in DNA, thereby
affecting gene expression at RNA and protein level. The
“advanced adenoma” definition neglects molecular changes that
accompany adenoma-to-carcinoma progression. In multiple
cancer types, the progression of dysplastic epithelial premalig-
nant lesions, like colorectal adenomas, has been associated with
acquisition of genomic instability.8,9 This often concerns chro-
mosomal instability, which affects about 85% of CRCs.10 Studies
on chromosomal instability in colorectal adenomas and cancers
led to identification of nonrandom chromosomal aberrations
and potential CRC driver events, which play a major role in
adenoma-to-carcinoma progression.11–18 Seven chromosomal
copy number aberrations have been identified as colorectal
cancer-associated events (CAEs); gains of chromosomal arms
8q, 13q and 20q and losses of chromosomal arms 8p, 15q, 17p
and 18q. With the accuracy of 78%, the presence of at least two
of these CAEs enabled distinction of an adenoma with a focus of
cancer from a nonmalignant adenoma.11 Therefore, adenomas
with at least two out of the seven CAEs are marked as high risk
of progressing to malignancy, further referred to as high-risk
adenomas (HRAs).11 We recently observed that only 23–36% of
advanced adenomas classify as HRAs based on their DNA copy
number profile.19

The aim of the present study was to characterize adenomas
at low and high risk of progressing to cancer by molecular pro-
filing at DNA, RNA and protein level, allowing to examine the

biological processes in which these adenomas differ and to dis-
cover putative drivers of early colorectal tumor development.

Materials and Methods
Tissue data
Fresh frozen tissue material from 30 CRCs, 30 adenomas and
18 normal colorectal mucosa samples was collected at the
Department of Pathology of the Amsterdam University Medical
Center (VUmc) in Amsterdam, as described previously.20 Col-
lection, storage and use of tissue and patient data were per-
formed in compliance with the “Code for Proper Secondary Use
of Human Tissue in the Netherlands” (https://www.federa.org/).
All normal samples were adjacent to colorectal neoplasia; four
normal colon samples were adjacent to adenomas and cancers,
six to colorectal adenomas and eight to CRC. All normal sam-
ples were obtained from the furthest point from colorectal neo-
plasia within the surgically resected material and judged as
100% normal by an expert pathologist. In our study all adeno-
mas were larger than 1 cm in size to allow sampling of fresh
frozen material for research purposes from tissues that were
collected for routine diagnostics. Therefore, all of the adenomas
used in our study were “advanced adenomas.” For each sample,
one tissue piece was cut into serial sections that were
alternatingly used for DNA, RNA and protein isolation in the
order DNA–RNA-protein-(…)-DNA–RNA-protein, to obtain
the most comparable molecular profiles on DNA, RNA and
protein level.

Genomics data
Low-coverage whole genome sequencing (WGS) data for the
adenomas and RNA sequencing (RNA-seq) data for colorectal
adenomas and cancers were obtained in our previous study.20 For
the normal adjacent colon sample collection, DNA and RNA iso-
lation, low-coverageWGS and RNA-seq was performed as previ-
ously described for adenomas and cancers.20 Raw sequencing
data were made available through the European Genome-
Phenome Archive (https://ega-archive.org/, EGAS00001002854).
DNA copy number aberration identification in CRCs and normal
adjacent colon samples was performed as described previously
for the adenomas.20

Mass spectrometry proteomics data
Sample preparation for liquid chromatography tandemmass spec-
trometry proteomics (LC–MS/MS) was performed as previously

What’s new?
Removal of colorectal adenomas is an effective strategy to reduce colorectal cancer (CRC) mortality rates. However, as only a

minority of adenomas progress to cancer, such strategies may lead to overtreatment. While high-risk adenomas, defined by

specific DNA copy number aberrations, have an increased risk of progression, the mechanisms underlying colorectal adenoma-

to-carcinoma progression remain unclear. This molecular characterization of colorectal adenomas, CRCs, and normal adjacent

colon samples demonstrates that biological processes inherent to CRC are already more active in high-risk adenomas

compared to low-risk adenomas. Moreover, the findings highlight POFUT1 and Notch signaling as potential drivers of colorectal

tumor development.
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described,21 with some modifications (Supplementary Materials
andMethods). Mass spectrometry was performed on a Q Exactive-
HF mass spectrometer (Thermo Fisher, Bremen, Germany) using
a data independent acquisition mass spectrometry protocol. The
data independent acquisition mass spectrometry method consisted
of a MS1 scan from 400 to 1,000 m/z at 15,000 resolution (AGC
target of 3 × 106 and 50 ms injection time). For MS2, 24 variable
size DIA segments were acquired at 30,000 resolution (AGC target
3× 106 and auto for injection time). The data independent acquisi-
tion mass spectrometry method included 20 windows of 20 m/z,
2 × 40 m/z and 2 × 60 m/z. Collision energy was set at 28%. The
spectra were recorded in centroid mode. The default charge state
for theMS2was set to 3.

RNA-seq data analysis
RNA-seq data preprocessing was performed as described
previously,20 now using human genome build hg19 (USCS
RefSeq hg19, gencode v19 annotation). RNA-seq data were
subjected to differential expression analysis, cellular decompo-
sition (ESTIMATE22 algorithm), gene set enrichment analysis
(GSEA)23 and gene-dosage effect analysis (Supplementary
Materials and Methods).

Proteomics data analysis
An in-house spectral library was established using LC–MS/MS
data derived from CRCs, colorectal adenomas and normal adja-
cent colon samples (manuscript in preparation), which was used
in Spectronaut24 to identify mass spectra. Protein groups were
identified, quality control was performed and protein expression
data was subjected to differential expression analysis, GSEA23

and gene-dosage effect analysis (Supplementary Materials and
Methods).

Quantification of tumor-stroma and goblet cells
Fresh-frozen tissue sections taken “before” and “after” the tissue
sections used for DNA, RNA and protein isolation were stained
with hematoxylin and eosin, and scanned using Aperio AT2
Scanner (Leica Biosystems Imaging, Amsterdam, The Nether-
lands). The digital images were used for stroma and goblet cells
quantification (Supplementary Materials and Methods).

Immunohistochemical staining of tissue microarrays and
patient-derived colorectal adenoma organoids
Candidate drivers of adenoma-to-carcinoma progression were
selected for immunohistochemical (IHC) validation of protein
expression in colorectal tissues using tissue microarrays (TMAs),
and in cultures of epithelial cells using sections of patient-derived
colorectal adenoma organoids. Candidates were selected using
the following criteria: higher expression in HRAs when compared
to low-risk adenomas (LRAs); and higher intensity in CRCs when
compared to normal colon according to the Human Protein Atlas
(www.proteinatlas.org).25 See Supplementary Materials and
Methods for details on IHC and patient-derived organoids.

Data availability
Raw sequencing data were made available through the
European Genome-Phenome Archive (https://ega-archive.org/,
EGAS00001002854). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the accession identifier
PXD012254.

Results
Molecular characterization of LRA and HRA
With the aim to characterize colorectal adenomas in the context
of colorectal tumor progression, we have performed low-coverage
WGS, genome-wide RNA-seq and tandem mass spectrometry
proteomics (LC–MS/MS) on 30 colorectal adenomas,20 30 CRCs
and 18 adjacent normal colon tissues (see Fig. 1 for an overview
of the analyses applied in the entire study and Supplementary
Table S2 for clinical information on the samples). Using
low-coverage WGS we determined DNA copy number aberra-
tions in the samples. Within the adenomas, nine HRAs were
identified based on the presence of at least two CAEs. To obtain a
robust representation of LRAs, only microsatellite-stable (MSS)
lesions that carried none of the CAEs were included. Two adeno-
mas were microsatellite-instable (MSI), two adenomas carried
only one CAE, and for two adenomas the calling of CAEs
remained inconclusive,20 leaving 15 MSS adenomas with no
CAEs that were classified as LRAs (Supplementary Fig. S1a and
Table S3). No significant associations were observed for risk of
progression and pathological adenoma features like size, grade of
dysplasia or histology (Table S4). CRCs showed the well-known
nonrandom pattern of chromosomal instability with CAEs being
themost frequent, next to gain of chromosome 7 and loss of chro-
mosome 14 (Fig. S1a). As six CRCs had previously been identi-
fied as MSI,20 the DNA copy number frequency for MSI CRCs
andMSS CRCs were examined separately, revealing less chromo-
somal aberrations in MSI CRCs (Fig. S1b). No chromosomal
aberrations were observed in the normal adjacent colon samples
(Fig. S1a).

To explore the biological processes playing a role in colo-
rectal tumor progression, the tissue samples were analyzed by
RNA-seq and LC–MS/MS. Mass spectrometry analysis lead to
identification of 5,080 protein groups in the whole data set
and 4,903 in the group of HRAs and LRAs (false discovery
rate ≤0.01). Among the adenomas, one HRA was identified
as an outlier due to low protein group number and highly dif-
fering expression profile from the rest of the adenoma samples
(Fig. S2) and was excluded from further proteomic analyses.
Dimensionality reduction of the RNA and protein expression
data allowed to clearly discern adenomas from CRCs and nor-
mal adjacent colon tissues (Figs. S3a and S3c) while HRAs
and LRAs were indistinguishable (Figs. S3b and S3d).

Differential gene expression analysis between the HRAs and
LRAs revealed 298 genes with higher and 125 genes with lower
expression in HRAs (Table S5). Differential protein expression
analysis revealed 78 proteins with higher and 86 with lower
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Figure 1. Fresh-frozen tissue fragments of colorectal cancers (n = 30), colorectal adenomas (n = 30) and normal adjacent colon samples
(n = 18) were used for low-coverage WGS, RNA-seq, tandem mass spectrometry proteomics and histology analysis. DNA copy number
aberration identification and HRA and LRA stratification was performed using the low-coverage WGS data. RNA-seq and proteomics data were
used for differential gene/protein expression analysis and GSEA. Additionally, single sample GSEA and ESTIMATE algorithm, which calculate
the enrichment of stromal and immune gene signatures, were used on the RNA expression data set. Stroma quantification was performed on
sections originating from the same tissue fragments as used for the molecular profiling data to validate the results of the expression
analysis. Stroma percentage was compared between HRA and LRA and correlated with the stromal score of the ESTIMATE algorithm. Next,
DNA copy number driven gene-dosage effect analysis was performed. Ninety-two and ten genes were identified to correlate in terms of DNA
copy number, RNA and protein expression in CRCs and adenomas, respectively. Three genes, POFUT1, RPRD1B and EIF6, were overlapping
between adenomas and cancers and were observed to be amplified and overexpressed in HRAs and CRCs. Validation of POFUT1 and RPRD1B
by immunohistochemical staining was performed in TMAs of the formalin-fixed, paraffin-embedded tissue pieces and for POFUT1 also in full
sections of patient-derived adenoma organoids. Additionally, goblet cell quantification was performed on the sections of colorectal
adenomas and association with POFUT1 expression and risk of progression was identified. [Color figure can be viewed at
wileyonlinelibrary.com]
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expression in HRAs (Table S6). Fourteen genes were differentially
expressed on both RNA and protein level, with 9 genes higher and
5 lower expressed in HRAs (Table S7). To gain further insights
into the global differences between the adenomas, we performed
GSEA with hallmark gene signatures (molecular signature data-
base26) on lists of genes and proteins ranked according to differ-
ences in the expression between HRAs and LRAs (Fig. 2).
Processes that were more prominent in HRAs on RNA and
protein level were related to proliferation, immune response
and stroma development. Additionally, a number of signaling
pathways were enriched in HRAs either only on the RNA (KRAS-
signaling up, Hedgehog-, WNT-, IL2-STAT5-, NOTCH-signal-
ing’ or protein level (PI3K/AKT/mTOR-, mTORC1-signaling).
The processes more prominent in LRAs compared to HRAs were
identified on the protein level and included “protein secretion”
and themetabolic gene sets (Fig. 2).

To put the GSEA group-level differences between HRAs and
LRAs in context of progression toward CRC, we performed
single-sample GSEA on RNA level in adenomas and cancers using
the hallmark gene sets (Fig. S4). Seven gene sets were significantly
differential between HRAs and LRAs (p ≤ 0.05, Fig. 3). In six
cases, the single-sample GSEA score increased through colorectal
tumor progression, with the lowest score in LRAs and the highest
in CRCs. These include “Notch-” and “Hedgehog-signaling”
together with immune- and stroma-related gene sets, like
“epithelial-mesenchymal transition.” For “heme metabolism,” the
single-sample GSEA score decreased through colorectal tumor
progression (Fig. 3).

Characterization of LRA and HRA tumor microenvironment
As GSEA revealed increased stroma and immune processes in
HRAs, we examined the differences in tumor microenviron-
ment between HRAs and LRAs. By applying the ESTIMATE
algorithm22 on RNA expression data, enrichment scores for
stromal and immune signatures were calculated in each sam-
ple reflecting the expression of stroma- and immune-related
genes (Fig. S5). A significant increase of stromal score was
identified in HRAs when compared to LRAs (p = 0.012). An
even more significant increase was observed between MSS
cancers and HRAs (p = 5.7e−5). In terms of the immune score,
even though a gradual increase from LRAs through HRAs to
MSS cancers was identified, the differences between the
groups were insignificant (p = 0.096 and 0.98, respectively).
MSI cancers had significantly higher immune score than MSS
cancer (p = 0.021, Fig. S5).

To morphologically confirm the differences in the amounts
of stroma between the HRAs and LRAs, we performed stroma
quantification on hematoxylin and eosin-stained slides by dig-
ital image analysis (Fig. 4a). One sample could not be ana-
lyzed due to excessive tissue folds. The amount of stroma in
HRAs (median = 40.89) was significantly higher than in LRAs
(median = 27.20, p = 0.002, Fig. 4b). Stroma percentage calcu-
lated by image analysis also positively correlated with the

ESTIMATE stromal score from the RNA expression analysis
(Fig. 4c). This indicates that the expression differences
between HRAs and LRAs in stromal and immune pathways
are associated with the morphological differences in the
amount of stroma in the tissue samples.

Candidate drivers of adenoma-to-carcinoma progression
Next to identification of differences in tumor microenviron-
ment, we investigated DNA copy number driven gene-dosage
effect to reveal changes between HRAs and LRAs driven by
the aberrations in the epithelial cells (Fig. 1). Pairwise correla-
tion analysis was performed between DNA copy number,
RNA and protein expression for colorectal adenomas and
CRCs. In the cancers, 92 genes were positively correlated
among the data types (Fig. S6 and Table S8). Chromosome
20 was associated with the largest global expression changes
on RNA and protein level with 28 genes (~30%), including
HNF4A, TOMM34 and RPRD1B, which were previously
described to be gained and overexpressed in CRC cell lines
and tissues.27,28 Gene-dosage effect was also identified for
DIS3, which is located on chromosome 13 and often gained in
CRC.27,29 Other genomic regions with the highest number of
perturbed genes considered almost all chromosomes involved
in the CAEs.

In the adenomas, positive and significant correlations
between DNA copy numbers, RNA and protein expression
were identified for 10 genes (Fig. S6 and Table S9). As HRAs
are characterized by presence of CAEs, potential drivers of
early colorectal tumor progression are expected to reside on
the CAE-defined chromosomes. Gene-dosage effect was iden-
tified for two genes from chromosome arm 8p; however,
these genes were associated both with gains and losses in the
HRA group (Fig. S1a) and consequently, higher and lower
gene and protein expression when compared to LRAs. For the
genes located on the CAE-related chromosome 20, POFUT1,
RPRD1B and EIF6, gene-dosage effect was associated with
only gains (Fig. S1a) and overexpression in HRAs when com-
pared to LRAs (Fig. 5). We performed gene-level overlap anal-
ysis between gene-dosage effects in CRCs and in adenomas to
identify genes prominent for both HRAs and CRCs. The anal-
ysis revealed POFUT1, RPRD1B and EIF6, implying that the
gain of chromosome arm 20q and expression of these three
genes play an important role in both HRAs and CRCs. For all
of these three genes DNA copy number, RNA and protein
expression increased gradually from normal adjacent colon,
through LRAs and HRAs to CRCs (Fig. 5). POFUT1, RPRD1B
and EIF6 reside on neighboring cytogenetic bands—20q11.21,
20q11.23 and 20q11.22, respectively. Moreover, significant
positive correlations were identified between these genes on
DNA, RNA and protein level, suggesting their coamplification
and coexpression (Fig. S7).

To validate gene-dosage effect of POFUT1, EIF6 and
RPRD1B in colorectal tumors, we evaluated the relation
between DNA copy numbers, RNA and protein expression of
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these genes in The Cancer Genome Atlas (TCGA) Provisional
CRC data set.30,31 Gene-dosage effect was confirmed for each
of these three genes in this data set on both RNA (n = 382)

and protein level (n = 90), as gene and protein expression was
higher when the DNA copy of the gene was gained or ampli-
fied (Figs. S8–S10).

Figure 2. Legend on next page.
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Validation of increased POFUT1 expression in HRAs
To verify whether protein expression of POFUT1, RPRD1B
and EIF6 is increased in CRCs and HRAs compared to LRAs
and normal colon tissue, we aimed to evaluate their expres-
sion by immunohistochemistry (IHC) using TMAs obtained
from the same samples as were used for the molecular profil-
ing. Data in the Human Protein Atlas25 indicated that the
expression of EIF6, as measured by IHC, is already high in
normal colon tissue, leaving little room to detect increased

EIF6 protein expression in adenomas and CRCs. Therefore,
TMAs were stained for POFUT1 and RPRD1B, while EIF6
was discarded from IHC analysis.

Within the TMA cores of colorectal tissues, RPRD1B was
observed mainly in the nuclei of epithelial cells (Fig. S8), the
staining confirmed increasing protein expression of RPRD1B in
HRAs and CRCs as observed in the molecular profiling data
(Fig. 5c). Nevertheless, several LRAs and normal adjacent colon
samples exhibited high intensity of RPRD1B staining (Fig. S11

Figure 2. Gene set enrichment analysis results in the differential analysis between HRA and LRA, on RNA and protein level, as measured by
RNA-seq and mass spectrometry proteomics. Genes or proteins were ranked based on their fold change and p-value, with genes/proteins
significantly overexpressed in HRAs on top of the list. GSEA was performed on the ranked list using hallmark gene sets. Gene sets enriched
in HRAs are marked red, and gene sets enriched in LRAs are marked blue. The size of the dot reflects the significance of the enrichment
(false discovery rate ≤0.15). For a subset of the signaling pathways, like Hedgehog, Wnt and Notch, GSEA on the protein level could not be
determined since the number of proteins from these gene sets identified by LC–MS/MS was too small. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 3. Single sample gene set enrichment scores represented per sample type; LRAs, HRAs and CRCs. Gene sets with significant
differences in enrichment scores between HRA and LRA (p ≤ 0.05) were selected for this figure. [Color figure can be viewed at
wileyonlinelibrary.com]
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and Table S10). Therefore, the difference in RPRD1B expression
measured by IHC between LRAs and HRAs was not significant
(p = 0.197; Table S10). Comparisons of CRCs with HRAs to
LRAs and of CRCs with HRAs to LRAs with normal colon sam-
ples yielded significant differences (p = 0.017 and 0.003, respec-
tively; Table S10).

POFUT1 immunohistochemical staining was predominantly
observed in the cytoplasm of epithelial cells, the staining showed
gradual increase of POFUT1 expression through different stages
of colorectal tumor progression (Figs. 6a and 6b), thereby

verifying the molecular profiling data (Fig. 5b). High levels of
POFUT1 expression measured by IHC were more frequent in
HRAs compared to LRAs, in HRAs and cancers compared to
LRAs and in HRAs and cancers compared to LRAs and normal
adjacent colon (Tables S11a and S11b). POFUT1 expression was
also significantly associated with grade of dysplasia (Table S11b).
Interestingly, POFUT1 expression was lower in MSI than in MSS
cancers on both RNA and protein level (Figs. 5b and 6), suggesting
its specific role for chromosomal instability tumors. Previously,
depletion of POFUT1 was shown to play a role in differentiation

Figure 4. Stroma quantification on hematoxylin and eosin-stained slides. (a) Representative image of assigning class to area on the slide;
stroma, epithelium or lumen. Each class was quantified by calculating the size of its area. (b) Significant difference in stroma percentage
between HRA and LRA, as calculated by the image analysis. (c) Significant positive correlation identified between stroma percentage
measured by image analysis and ESTIMATE stromal score. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Proteogenomic representation of the potential drivers of colorectal tumors. DNA copy number, RNA and Protein expression
(as measured by mass spectrometry proteomics) were plotted for EIF6 (a), POFUT1 (b) and RPRD1B (c) for each sample among different
stages of colorectal tumor development: normal adjacent colon, LRAs, HRAs and CRCs. Correlating, gradual increase in DNA copy number and
RNA and Protein expression was observed for each of these three genes. [Color figure can be viewed at wileyonlinelibrary.com]
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of the proliferative epithelial cells into goblet cells through
inactivation of Notch signaling.32 Therefore, we quantified the
amount of goblet cells in the adenomas using hematoxylin and
eosin-stained sections to examine this finding in the context of
risk of progression. No association of the amount of goblet
cells with dysplasia or other pathological features was

identified (Table S11b). Lower amounts of goblet cells were
significantly associated with high POFUT1 expression
(p = 0.017; Table S11a) and high risk of progression
(p = 0.007; Table S11b), implying that also in our study
POFUT1 is linked to goblet cell differentiation and indicating
its role in early colorectal tumor development.

Figure 6. Immunohistochemical staining of POFUT1 in colorectal tissues and patient-derived organoids. (a) Representative POFUT1 staining in different
tissue sample type. Top left: normal adjacent colon; top right: LRA; bottom left: HRA; bottom right: CRC. (b) POFUT1 expression asmeasured by a
product of epithelial cytoplasmic staining intensity (negative = 0, weak = 1, moderate = 2 or strong = 3) and percentage of the cells stained positively
(0–100%)was plotted for each tissue sample among different stages of colorectal tumor development. See Table S11 for group comparisons and
statistical testing. (c) Representative images of POFUT1 staining in LRA organoid (top) and HRA organoid (bottom). (d) POFUT1 expression in epithelial
cytoplasmplotted in HRA and LRA organoids, asmeasured by a product of epithelial cytoplasmic staining intensity (negative = 0, weak = 1,
moderate = 2 or strong = 3) and percentage of the cells stained positively (0–100%). See Table S13 for group comparisons and statistical testing.
[Color figure can be viewed at wileyonlinelibrary.com]
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To further corroborate the role of POFUT1 in the patho-
genesis of CRC in an independent series, expression of
POFUT1 was investigated in a cohort of patient-derived colo-
rectal adenoma organoids. First, we performed low-coverage
WGS and based on the presence of two or more CAEs rev-
ealed 8 HRA and 15 LRA organoids in the series (Table S12).
Next, IHC staining of the organoids was performed to evalu-
ate POFUT1 expression in the neoplastic cells. Also in the
organoids, POFUT1 was mainly observed in the cytoplasm
and high POFUT1 expression was associated with HRAs
(p = 0.008; Table S13 and Figs. 6c and 6d), confirming its
potential role in early colorectal tumor development.

Discussion
Studying the natural history of colorectal adenomas, including
progression to cancer, is challenging because adenomas are
removed when detected during colonoscopy. Yet, there is a
need for better understanding of the biology of adenomas that
progress to CRC. We set out to molecularly characterize adeno-
mas at high risk of progressing to CRC and to identify putative
drivers of this process. POFUT1 was found to be amplified and
overexpressed in HRAs and CRCs when compared to LRAs
and adjacent normal colon epithelium. POFUT1 overexpression
was successfully validated by immunohistochemical staining on
TMAs and in patient-derived colorectal adenoma organoids,
indicating that POFUT1 plays a role in colorectal adenoma-to-
carcinoma progression. Additionally, high POFUT1 expression
and high risk of progression to cancer were associated with a
decrease in goblet cell differentiation.

The novelty of the current study is multi-omics analysis of
colorectal adenomas at high and low risk of progressing to cancer,
in the context of CRCs and normal adjacent colon samples. Com-
prehensive analysis of high throughput DNA, RNA and protein
profiling data of the same samples has not been performed yet for
colorectal adenomas, while it did provide additional insights in
CRC.27,28 On RNA and/or protein level, the enrichment of gene
sets and pathways were identified to be increasing through differ-
ent stages of colorectal tumor development, from normal colon,
through LRA and HRA to CRC. These included pathways known
to play a role in or accompany colorectal carcinogenesis like
Hedgehog, Notch, KRAS, PI3K/AKT/mTOR or Wnt signaling,
proliferation, epithelial-mesenchymal transition or immune acti-
vation.33 This suggests that a lot of processes inherent to cancer
are already more active in HRAs compared to LRAs. Conversely,
gene sets enriched in LRAs when compared to HRAs, like protein
secretion, fatty-acid or heme metabolism, decreased in CRC, con-
sistent with previous observations.34 Fourteen genes were identi-
fied to be differentially expressed between HRAs and LRAs on
both RNA and protein level. Among upregulated genes/proteins
in HRAs, genes of both epithelial and stromal origins were found.
This includedHNF4A, a transcriptional activator of epithelial dif-
ferentiation35 that is located on chromosomal arm 20q, previously
shown to be amplified and activated in the majority of CRCs28

and studied as a prognostic biomarker for this disease.36 An

unexpected result was the overexpression of multiple tumor
microenvironment-related genes/proteins in HRAs, including
collagens, fibronectin, vimentin, immunoglobulins or calprotectin.
While a broad range of stroma proportion has been reported in
CRC,37 this is far less evident in adenomas. It has been shown that
stromal genes can be expressed by epithelial cells, which typically
occurs in association with invasion, a phenomenon referred to as
epithelial-mesenchymal transition.35 Nevertheless, by definition,
stroma invasion is a process characteristic to cancer and not yet
occurring in adenomas.We have performed stroma quantification
by image analysis on adenoma tissue sections originating from the
same tissue fragments that were used for molecular profiling, and
observed a significant increase in stroma percentage in HRAs
compared LRAs. Our data indicate that differential expression of
the stroma genes between HRAs and LRAs is likely due to the dif-
ferences in the stroma proportion. Even though significant, the
variation in the amount of stroma in the adenomas is certainly not
as big as in CRCs.37

To identify putative drivers of adenoma-to-carcinoma pro-
gression from the epithelial cells, we examinedDNA-driven aber-
rations in the colorectal tumors. Combining DNA and RNA data
to study gene-dosage effect has been performed in CRC18; how-
ever, only for a limited number of potential candidates functional
assays confirmed their oncogenic potential.14,29,38 Addition of the
protein layer provides insight into which chromosomal aberra-
tions lead to functional consequences.28 Despite the high depth of
the proteomics measurement in the present study with over 5,000
protein groups detected in total, adding the protein layer can be
also limiting, in terms of the number of proteins measured overall
and subsequently considered in the analysis. In our study, gene-
dosage effect analysis in CRCs led to the identification of 92 genes,
a subset of which has previously been described, including
HNF4A,28 TOMM34,28DIS329 or RPRD1B.27

In the adenomas, the CAE-driven gene-dosage effect analysis
yielded potential drivers of colorectal tumor progression that are
already amplified and overexpressed in HRAs—POFUT1,
RPRD1B and EIF6. The three genes are located on neighboring
cytobands of chromosome arm 20q, which is the most frequently
amplified chromosomal arm in CRC.18,28

POFUT1 is a fucosylation factor that activates Notch through
addition of fucose groups,39 a process required for the canonical
Notch signaling.32,40 In our study, POFUT1 was amplified and
overexpressed while Notch signaling was enriched in HRAs and
CRCs, when compared to LRAs. High expression of POFUT1 in
HRAs and CRCs was validated using immunohistochemical
staining of TMAs and adenoma-derived organoids. Recently,
POFUT1 overexpression was shown to have oncogenic activity in
CRC through activation ofNOTCH1 signaling, and consequently
affecting proliferation, invasion and migration.41 Additionally,
depletion of POFUT1 or Notch signaling was shown to be associ-
ated with converting proliferative cells into goblet cells.32,42

Indeed, in the present study, low numbers of goblet cells were sig-
nificantly associated with high-risk status and high POFUT1
expression in adenomas, indicating that in HRAs POFUT1 and
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Notch signaling play a role in increased proliferation and
decreased differentiation. Altogether this suggests that POFUT1
through the Notch signaling pathway is a putative driver of
adenoma-to-carcinoma progression. Further functional studies
on adenoma preclinical models are needed to confirm this
hypothesis.

RPRD1B is overexpressed in many tumor types and has been
shown to have an oncogenic activity by regulating the transcrip-
tion of cyclin D143 and other Wnt targets,44 consistent with the
significant enrichment of Wnt signaling in HRAs demonstrated
by GSEA in the present study. RPRD1B was proven to accelerate
tumorigenesis by promoting cell proliferation and invasion.43,44

Altogether, this suggests that RPRD1Bmay play a role in colorec-
tal tumor progression through enhanced Wnt signaling.
Although the TMA IHC analyses did not validate differences in
RPRD1B expression levels between LRA and HRA, its predomi-
nant staining of neoplastic cells combined with the molecular
profiling data suggest that RPRD1B should also be considered as
a putative driver of colorectal tumor development.

EIF6 is a translation initiation factor that plays a role in ribo-
some complex formation and protein synthesis downstream of
PI3K/Akt/mTOR signaling pathway.45,46 It is overexpressed in
multiple tumor types,47,48 including CRC, where expression of
EIF6 has been shown to increase from normal colon, through
adenoma to CRC.49 Functional studies on EIF6 suggest its onco-
genic activity through increasing cancer cell motility and inva-
sion.50,51 The fact that we identified significant enrichment of
PI3K/Akt/mTOR signaling in HRAs when compared to LRAs,
suggests that EIF6 and PI3K/Akt/mTOR signaling play a role in
adenoma-to-carcinoma progression. Additionally, the transcrip-
tion of EIF6 has been shown to be regulated by NOTCH1,51 con-
sistent with Notch signaling enrichment inHRAs and CRCs.

Individuals with a history of colorectal neoplasia carry an
increased risk of developing CRC in the future and therefore are
enrolled in the colonoscopy-based surveillance programs.52 As
removal of nonmalignant precursor lesions during colonoscopy
is an approach to decrease CRC incidence and mortality rates,53

currently, detection of advanced adenoma is an indication to
shorten the interval for the follow-up surveillance colonoscopy.52

The high prevalence of advanced adenomas in an elderly popula-
tion leads to a substantial burden on endoscopic capacity.52

Moreover, given that not all advanced adenomas eventually pro-
gress to cancer, frequent surveillance colonoscopies in patients
with these lesions lead to overdiagnosis and overtreatment.4 In

our study, we have shown that HRAs, in contrast to LRAs, in a
number of aspects resemble CRCs on molecular level, while they
represent only approximately 30% of the advanced adenomas.19

Introduction of a more specific definition of adenomas associated
with risk of future CRC development may significantly improve
the CRC surveillance programs and reduce patient burden. Addi-
tional studies are still needed to evaluate if patients with HRAs
indeed have higher CRC incidence and mortality rate compared
to patients with advanced adenomas, and whether POFUT1 can
be used as biomarker to identify HRAs in the surveillance setting.

In our study, we performed multi-omics characterization of
colorectal adenomas in the context of colorectal tumor develop-
ment. We focused on conventional chromosomal instability
adenomas, the most prevalent precursors of CRC,10 as MSI
adenomas are relatively rare with a prevalence of only 3%.54 MSI
CRCs were included in our analyses, which frequently differed
from MSS CRCs in terms of gene expression and GSEA, con-
firming the distinct etiology of MSS and MSI CRCs. POFUT1,
RPRD1B and EIF6 were identified as putative drivers of
adenoma-to-carcinoma progression. In light of what is known
about the roles these genes play in carcinogenesis, our results
imply that the transition from LRAs to HRAs involves the inter-
play of Wnt, Notch and PI3K/AKT/mTOR signaling pathways.
As such, our study shows that biological processes inherent to
CRC are already more active in HRAs than in LRAs. Moreover,
our study emphasizes the key role that specific DNA copy num-
ber alterations play in progression from premalignancy to cancer,
indicating that in comparison to the generally used morphology-
based concept of “advanced adenoma,” the molecular CAE-based
concept of HRA is a more specific marker to define risk of pro-
gressing to CRC.
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