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Editorial

An Editorial View on the Special Issue “Colorectal Cancers:
From Present Problems to Future Solutions”

Heike Allgayer

Department of Experimental Surgery—Cancer Metastasis, Mannheim Medical Faculty, Ruprecht Karls University
of Heidelberg, 68167 Mannheim, Germany; heike.allgayer@medma.uni-heidelberg.de; Tel.: +49-(0)621-383-71630
or +49-(0)621-383-71635; Fax: +49-(0)621-383-71631
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Colorectal cancer (CRC) represents one of the most frequent human cancer entities
and is still amongst the “top killers” in human cancer, although fundamental progress
has been made in recent years in CRC prevention, early diagnosis, basic and translational
research, and (targeted) therapy. The current Special Issue, “Colorectal cancers: from
present problems to future solutions”, presents 13 highly timely articles, 9 original articles
and 4 reviews, which give insights into, and highlight, the latest developments within
the scientific, translational and clinical CRC community, presenting views and work of
several internationally highly recognized experts in the field. To this end, the special issue
covers exciting novel discoveries in basic and mechanistic research that help to understand
CRC carcinogenesis, progression and metastasis, tumor cell heterogeneity, and novel
microenvironmental components in CRC. It also covers clinical parameters that modify
CRC characteristics and therapy response, and tools and models with a high innovative
potential to open new chapters in the differential diagnosis of CRC heterogeneity and
response to therapy.

Several articles present advances or novel, in part provocative, hypotheses on causes
of CRC carcinogenesis, progression, metastasis, and/or CRC interaction with the (micro-)
environment. In an exciting review, Nobel Laureate Harald zur Hausen and Ethel-Michele
de Villiers give an intriguing overview on a potential, completely novel class of infectious
agents, which might open new avenues to our understanding of indirect carcinogenesis,
but also further chronic diseases, such as type 2 diabetes, as (co-) caused by bovine meat
and milk factors (BMMFs) [1]. BMMFs represent a recently discovered class of infectious
species with self-replicating capacity, isolated by the authors from bovine milk and meat,
the structure of BMMFs being rather plasmid-like. Initial data from the authors suggest
that BMMFs, taken up by nutrition, give rise to chronic inflammation and immune stim-
ulation, thereby contributing to a rather unspecific and indirect means of local (CRC)
carcinogenesis but, over and above, to a systemic priming of inflammatory contributions
to the development of further malignant tumor and chronic diseases, e.g., type 2 diabetes.
This discovery certainly not only widens our understanding of carcinogenesis and chronic
disease in general, but bears the potential to revolutionize views on human nutrition, in
particular on the milk and meat industry. Adding to potential inflammatory or infectious
(co-)factors of CRC carcinogenesis or progression, a review of our own group, together
with nutritional experts, discusses novel hypotheses on bacteriophages and their potential
contributions to colorectal (chronic) inflammatory conditions and CRC, as modulated by
particular components of human nutrition and an associated priming of intestinal microbial
microenvironments [2]. Adding to novel microenvironmental insights into CRC, in the
currently largest case number study of CRC patients, an exciting original article by Sjöblom
and his group [3] systematically analyzes the spatial immune landscape of multiplexed
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CRC tissue immunofluorescence panels. The article shows exciting changes in the type of
immune cells, representing both adaptive and innate immunity, between different types
of CRC. To this end, CRCs of the right colon show an enrichment of most T-cell types
and M2 macrophages, whereas rectal cancer is rich in dendritic cells. In this study, M2
macrophages accumulated in CRCs of the elderly, and CD8+ cells, were able to predict a
more favorable survival in stages UICC I-III of CRC, in contrast to metastatic (UICC IV)
stages, in which CD4+ cells had the strongest impact on survival. Interestingly, immune
infiltrates repopulated after rectal irradiation therapy. Taken together, this article opens
timely new perspectives on the microenvironmental interaction of CRCs with immune
cells and inflammatory components, extends ongoing efforts of additional CRC classi-
fications into particular immune phenotypes, and suggests putative clinical, diagnostic,
and therapeutic conclusions. Focusing back at biological changes in CRC tumor cells in
a further original article, our own group presents a systematic whole-genome analysis
of epigenetic changes across structural and, in particular, microRNA (miR) genes [4] in
CRC. We suggest methylation changes in CRC, as compared to the normal colon or rec-
tum, to occur especially in open sea regions and islands, and found that protein coding
genes, but in particular genes of miRs that have been shown to be important within CRC
progression and metastasis pathways, harbor significant methylation changes in primary
CRCs. This adds to our knowledge of miR-regulation in cancer, since, up to now, rather
transcriptional and genetic mechanisms of miR-deregulation in cancer, (CRC) progression
and metastasis have been elucidated extensively. In a further original article, the group
by Ulrike Stein et al. [5] extends our mechanistic knowledge on Wnt/catenin signaling,
which is essential in CRC cell invasion and metastasis. They demonstrate an exciting novel
means of transcriptional cross-regulation of S100A4 (which is a pro-metastatic Wnt target)
and DKK1 (which is a Wnt antagonist) that includes an S100A4-induced feedback loop,
which sustains Wnt signaling and associated metastatic properties. Thus, a combined
measurement of S100A4 and DKK1 might be powerful as a biomarker for a more precise
identification of high-risk patients in precision medicine. Finally, Pezeshkian, Nobili, Mini,
and coauthors provide a comprehensive and timely overview on the current status of
matrix metalloproteinases (MMPs) in their differential functions for CRC carcinogenesis,
the transition from precancerous lesions to tumors, and CRC progression [6].

The issue of tumor cell heterogeneity is certainly still one of the most unresolved prob-
lems we are facing when it comes to (colorectal) cancer individual diagnosis, prediction,
risk classification, and therapy. Ideally, we would like to aim at scenarios and early diag-
nostic tools that enable us to predict, for every single patient, the likelihood to develop later
progressive disease or metastasis, before this actually happens macroscopically. Therefore,
methods to identify metastatically “dangerous” tumor cell clones in any primary tumor, or
within single disseminated tumor cells that can be identified in, e.g., the blood of cancer
patients, would open tremendous opportunities for a more individualized risk prediction
and (preventive) therapy stratification. In an interdisciplinary consortium of molecular
translational oncology researchers, optical physicists, and chemists, the groups of H.A. Wa-
genknecht, C. Cremer, and our own group recently succeeded in establishing a first-in-field
approach for quantitative single-cell, single molecule localization microscopy (SMLM) at
the nanoscale, within resected human CRC tissues [7]. We specifically show examples of
changes in chromatin nanostructure and intracellular distribution of microRNAs between
individual (cancer) cells in the resected CRC patient tissue context. Such methodologies
have a high potential to enable single-cell differential diagnosis between (cancer) cell clones
of different mechanistic capabilities within individual tissues and tumors of patients in
the future, aiming at a broadening of current macroscopic clinical imaging methods by
microscopic and molecular imaging. Along the same lines, more and more sophisticated
methods to (systematically) analyze single circulating (tumor) cells, or CTCs, within indi-
vidual patients have an equally powerful potential for precision medicine. In an exciting
review, Klaus Pantel and his group [8] present an actual status of CTC diagnosis and
circulating DNA in the blood of CRC patients, and discuss their still increasing potential
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as easily accessible liquid biopsy markers able to indicate, e.g., response or resistance to
therapy, for the prediction, monitoring, and management of CRC. A specific example of
CRC monitoring within a prospective clinical study is impressively demonstrated by C.
Alix-Panabieres and her group, in her original article which contributed to this Special
Issue [9]. These colleagues show that CTC kinetics, as evaluated by the novel EPISPOT
assay, are able to predict prognosis and, most likely, therapy response before and in the
course of treatment in metastatic CRC, in a prospective, multicenter study (COLOSPOT).
Taken together, all of these articles suggest that tackling tumor cell heterogeneity and
single-cell diagnosis have higher chances than ever to enter clinically relevant settings.

Two further articles of this Special Issue show actual clinical study data, illustrat-
ing how, up to now rather neglected clinical characteristics (age and gender), can have
an impact on clinical courses and outcomes in CRC, and, potentially, response to therapy.
During recent years, it has been observed that sporadic CRC has been increasing, also, in
younger patients. In an attempt to address potential causes for this, in a large multinational
cohort of over 2100 newly diagnosed CRC patients, Himbert et al., together with many
colleagues involved in the ColoCare study, analyzed patient, demographic, and lifestyle
characteristics, compared between age of onset younger than, or over, 50 years [10]. The
results of this study will help in guiding further research on CRC, especially in younger
patients with no evidence of hereditary disease components. In another clinical study,
Schuster et al. explore the impact of gender on the sensitivity to radio-chemotherapy in
advanced rectal cancer [11]. Although these colleagues could not detect a significant differ-
ence in response between male and female patients, it is still interesting that female patients
experienced an increased deterioration in quality of life following radio-chemotherapy,
an observation that needs to be taken into account for future studies and therapy design.
Moreover, the data can build a ground for further (re-) translational research on gender
differences, in the response or resistance to particular therapies in CRC.

Translational, and re-translational, research in CRC, and its success and impact for
clinical consequences will, ultimately, also depend on the availability of the right mod-
els that are able to reflect the situation within a CRC patient as authentically as pos-
sible. Therefore, two articles in this special issue introduce novel, and timely, means
of modelling colorectal cancer. A highly interesting article by Jens Hoffmann and his
group [12] introduces powerful patient-derived xenograft (PDX) models that are excellently
suited to model personalized treatment in CRC, within defined molecular human patient
subgroups, the genomic/molecular characteristics of the tumors being analyzed by systems
biology approaches. The article demonstrates how biomarkers, or biomarker panels, can
be developed for single drugs, or drug combinations, within these CRC PDX models, or
how, for example, alternative therapeutic strategies could be suggested in the individual
case, depending on individual oncogenic pathway analysis. Finally, the original article
by Katja Steiger and her group [13] introduces amazing similarities in morphology and
molecular pathways between human and feline CRC, clearly inviting us to broaden our
perspectives to other species of our planet, when attempting to understand, and conquer,
human diseases such as CRC. I, personally, think that this is an article coming at the right
time, given our actual global alert on the threats of climate change, the increasing extinction
of whole species by humankind, and the several-fold overdone exploitation of our planet
by the human species. Perhaps, also, this article can encourage us to be more modest and
respectful to other species on Earth, since there might be a number of species, some of
them maybe already extinguished by us, of whom we could learn a lot for our own life and
diseases, such as cancer. With this, the article again builds the bridge to zur Hausen’s and
de Villiers’s review on, up to now, undiscovered species, discussed at the beginning of this
Editorial.

Taken together, with this Special Issue, “Colorectal Cancers: From Present Problems
to Future Solutions”, we hope to present an exciting compilation of articles, by well-
known international experts, which can deepen discussions and ideas amongst colleagues
in all kinds of disciplines working at CRC and beyond. I hope it can encourage, and
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intensify, even more translational and interdisciplinary collaborations, aiming at an ultimate
understanding of strategies to defeat, and prevent, colorectal cancer, its progression and
metastasis, and all the suffering and death resulting from it.

Acknowledgments: The author is grateful to Joerg Leupold for his support in the formal editing of
the manuscript.
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Simple Summary: This experimental preclinical study developed a strategy to identify signatures
for the personalized treatment of colon cancer focusing on target-specific drug combinations. Tumor
growth inhibition was analyzed in a preclinical phase II study using 25 patient-derived xenograft
models (PDX) treated with drug combinations blocking alternatively activated oncogenic path-
ways. Results reveal an improved response by combinatorial treatment in some defined molecular
subgroups and potential alternative treatment options in KRAS- and BRAF-mutated colon cancer.

Abstract: The current standard therapies for advanced, recurrent or metastatic colon cancer are the
5-fluorouracil and oxaliplatin or irinotecan schedules (FOxFI) +/− targeted drugs cetuximab or
bevacizumab. Treatment with the FOxFI cytotoxic chemotherapy regimens causes significant toxicity
and might induce secondary cancers. The overall low efficacy of the targeted drugs seen in colon
cancer patients still is hindering the substitution of the chemotherapy. The ONCOTRACK project
developed a strategy to identify predictive biomarkers based on a systems biology approach, using
omics technologies to identify signatures for personalized treatment based on single drug response
data. Here, we describe a follow-up project focusing on target-specific drug combinations. Back-
ground for this experimental preclinical study was that, by analyzing the tumor growth inhibition in
the PDX models by cetuximab treatment, a broad heterogenic response from complete regression
to tumor growth stimulation was observed. To provide confirmation of the hypothesis that drug
combinations blocking alternatively activated oncogenic pathways may improve therapy outcomes,
25 models out of the well-characterized ONCOTRACK PDX panel were subjected to treatment with
a drug combination scheme using four approved, targeted cancer drugs.

Keywords: colon cancer; personalized treatment; drug combinations

1. Introduction

Although KRAS and BRAF mutations have been established as biomarkers for ce-
tuximab resistance in colorectal cancer (CRC), the predictive value is not satisfying. Ap-
proximately 35% of the KRAS wild-type (wt) population does not respond to cetuximab,
while there is growing evidence that some mutant tumors might respond to the treatment.
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As cetuximab is usually combined with FOxFI, it is difficult to define the contribution to
the overall response [1]. However, in some colon cancer PDX models treated with single
cetuximab, almost complete regressions were observed [2], raising questions as to whether
the combination with FOxFI is mandatory for all patients.

Within the ONCOTRACK project [2], drug sensitivity to the EGFR antibody cetuximab
was determined in a cohort of 58 colon cancer PDX models, derived from 58 patients with
primary or metastatic cancer. In parallel, these PDX models were treated with the recently
approved VEGF and multikinase inhibitor regorafenib and two further investigational
drugs targeting the mammalian target of rapamycin (mTOR) and mitogen-activated protein
kinase (MAP) pathways, an experimental mTOR inhibitor (BI mTOR FR), and the experi-
mental MEK inhibitor AZD6244. However, no drug combination effects were evaluated in
this project.

To identify a rationale for drug combinations, we selected a subpanel of 25 PDX
models from the ONCOTRACK cohort with a heterogeneous genetic profile as well as
sensitivity towards the four drugs for further analysis.

When comparing the response to the four drugs, the following questions were raised:

1. There is a population of PDX where a strong response to cetuximab is observed—
would this group of tumors still require combination therapy, and is there an additional
molecular predictor for this subgroup other than the KRAS or BRAF wt phenotype?

2. A second group of PDX seems to significantly benefit from one of the treatments, but
still slowly progressing in growth—the most obvious question for this subgroup is
will they profit from a combination?

3. Lastly, there is the group of treatment-resistant tumors mainly with mutant KRAS or
BRAF and usually worse prognoses—are there any new hypotheses/rationales for a
combination of treatments?

To address these questions, a pilot drug combination study was initiated using 25 PDX
models representing each of the three response groups. As, during the ONCOTRACK
project, two experimental drugs were used, which are not available for clinical routine,
we decided to perform the combination study with the approved drugs cetuximab (tar-
geting EGFR), trametinib (targeting MEK), regorafenib (targeting multiple kinases, i.e.,
VEGFR1/2/3, TIE2, KIT, RET, BRAF, BRAFV600E and FGFR-1, PDGFR-ß), and everolimus
(targeting mTOR) (Figure 1). The use of clinically approved drugs should allow the better
translation of the experimental results to the clinical setting.

(a) 

Figure 1. Cont.
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(b) 

Figure 1. Drug combinations (a) and pathways blocked by the different targeted drugs (b).

2. Materials and Methods

2.1. Patient Samples

Patient samples were obtained as described by Schütte et al. [2]. Samples were
obtained and stored according to the current good clinical practice (GCP) guidelines.
Informed consent was obtained from all human subjects included in the study. The study
was approved by the local Institutional Review Board of Charité University Medicine
(Charité Ethics Cie: Charitéplatz 1, 10117 Berlin, Germany (EA 1/069/11)) and the ethics
committee of the Medical University of Graz (Ethic commission of the Medical University
of Graz, Auenbruggerplatz 2, 8036 Graz, Austria), confirmed by the ethics committee of
the St. John of God Hospital Graz (23-015 ex 10/11).

2.2. Development and Characterization of Patient-Derived Xenografts (PDX)

Development of the PDX models was described in detail by Schütte et al. [2]. In brief,
resected tumor tissues were transplanted to immunodeficient mice (NMRI nude or NOG,
Taconic, Bomholdtgard, DK-Tac: NMRI-Foxn1nu, females, 6–8 weeks at start of transplan-
tation). Animal experiments were carried out in accordance with the United Kingdom
Coordinating Committee on Cancer Research regulations for the Welfare of Animals and
of the German Animal Protection Law and approved by the local responsible authorities.
Mice were monitored 3 times weekly for tumor engraftment for up to 3 months. Engrafted
tumors at a size of approximately 1 cm3 were surgically excised and smaller fragments
re-transplanted to naive NMRI nu/nu mice for further passage. Within passage 1 to 3, nu-
merous samples were cryo-conserved (dimethylsulfoxide medium) for further experiments.
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Tumors were passaged no more than 6 times. For confirmation of tumor histology, tumor
tissue was formalin-fixed and paraffin-embedded (FFPE) and 5 μm sections were prepared.
Samples were stained according to a standard protocol for hematoxilin, eosin, and Ki67 to
ensure xenograft comparability to the original specimen. Cases with changed histological
pattern were sent for pathological review and outgrowth of lymphoproliferative disorders
was excluded.

2.3. Molecular Characterization

Molecular characterization was performed within the ONCOTRACK project as de-
scribed by Schütte et al. [2] and data were used in this study. In brief, DNA and RNA
obtained from the PDX tumor sample were analyzed for gene expression, copy number
variants, somatic SNVs, gene fusions [2]. Microsatellite status was analyzed using the five
monomorphic markers BAT25, BAT26, NR21, NR24, and NR27 and pentaplex polymerase
chain reactions (PCR) [2].

2.4. In Vivo Drug Response Testing of the Xenografts

Twenty-five xenografts of the 58 PDX models from the ONCOTRACK cohort were
included in the drug combination studies. Response to the selected compounds and
combinations was evaluated in early passages using the design of a preclinical phase II
study. Tumor fragments of similar size were transplanted subcutaneously to a cohort
of mice. At palpable tumor size (80–150 mm3), mice were randomized to treatment or
control groups consisting of 3 animals each. Doses and schedules were chosen according to
previous experience in animal experiments and represent maximum tolerated or efficient
doses. The following drugs, doses, and schedules for single and combination treatments
were used:

1. Cetuximab (Merck KGA), 30 mg/kg biweekly intraperitoneally, in saline;
2. Regorafenib (Bayer AG), 10 mg/kg once daily orally, in pluronic F68 and PEG400;
3. Everolimus (Novartis), 3 mg/kg once daily orally, in Tween 80 and saline;
4. Trametinib (Selleckchem), 3 mg/kg once daily orally, in hydroxypropylmethylcellu-

lose and Tween 80 in water for injection.

Drugs were obtained from the pharmacy or Selleckchem, Houston, TX, USA. The
injection volume was 0.1 mL/20 g body weight. In case of therapy resistance (no regression
or stable disease), selected mice received all four drugs until further progression for
another 4 weeks. Treatment was continued till tumor size exceeded 1.5 cm3 or animals
showed loss of >15% body weight. From the first treatment day onwards, the tumor
volumes and body weights were recorded twice weekly. At the end of the treatment period,
animals were sacrificed, and blood and tumor samples were collected and stored in liquid
nitrogen immediately.

Animal welfare was controlled twice daily. Tumor volume (TV) was calculated from
the length and width of subcutaneous tumors (TV = (length × [width]2)/2). Sensitivity
to the tested compounds was determined as tumor growth inhibition by treatment in
comparison to the control (T/C) at each measurement point. Efficacy of the tested drugs
in PDX models was classified using the adopted clinical response criteria (RECIST). We
calculated the relative tumor volume (RTV) as the ratio of the TV on the last day before the
study ended or start of quadruple treatment/TV on the first day of treatment.

The response criteria, taking as reference the baseline sum diameters, were defined
as follows:

1. Strong Response: (RTV < 1.6);
2. Moderate Response: (RTV < 2.5);
3. Minor Response: (RTV < 5.5);
4. Resistance: (RTV > 5.5).
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As RTV is a condensed summary parameter, no standard deviation values for replicate
measurements are given in the Supplementary Figures S1–S4; these values have been
determined and are available in the raw data.

2.5. Statistical Analyses of Mutational Load and Drug Sensitivity Values

Statistical and graphical analyses were performed with Prism version 9.1.0 (GraphPad
Software, San Diego, CA, USA). Statistical differences were analyzed by unpaired t tests
with Welch’s correction (comparison of the mutational load in MSI and MSS PDX models),
Kruskal–Wallis test with Dunn’s multiple comparisons post-test, and one-way ANOVA
with Holm–Šídák’s multiple comparisons post-test (comparison of treatment-dependent
RTV values in the respective subgroups). Regarding the comparison of treatment-dependent
RTV values in subgroup I, PDX Co11672-327 was excluded from the analysis, since it was
the sample with an activating BRAF mutation. p values are displayed as follows: p value >
0.05 ns; p value ≤ 0.05 *; p value ≤ 0.01 **; p value ≤ 0.001 ***.

3. Results

The selected panel of 25 colon cancer PDX models with heterogeneous sensitivity
towards cetuximab was tested for response to the single drugs and the drug combinations
with cetuximab and trametinib, cetuximab and regorafenib, and cetuximab with everolimus.
These combinations should provide a parallel blockade of targets in the downstream MAP
kinase pathway or the PI3K/AKT pathway (Figure 1). Mice were treated for up to 4 weeks
to determine the initial response to the mono- and dual combination therapies. Responses
(RTVs) to the single drug and drug combination treatments are summarized in Figure 2.
In the case of therapy resistance (no regression or stable disease), selected mice received
all four drugs until further progression for another 4 weeks. General health status and
body weights were recorded on a regular basis daily or twice weekly as toxicity of drug
combinations has been reported frequently. In our studies, the drugs were well-tolerated
in the groups treated with cetuximab, regorafenib, and trametinib. Everolimus has caused
a reversible minor body weight loss of between 5 and 10% in some studies. The drug
combination treatments were tolerated without additional toxicity (representative data are
shown in Supplementary Figures S1–S3).

Based on the analysis of a panel of 65 genes most frequently mutated in the selected
25 PDX models, four molecular subgroups were determined (Figures 2 and 3). The Con-
sensus Molecular Subtype (CMS) classification describes four CRC subtypes with distinct
biological characteristics that show prognostic and potential predictive value in the clinical
setting. As already described by Schuette et al. [2] for the ONCOTRACK panel of colon
cancer PDX models, the CMS classification cannot be transferred directly to the colon
cancer PDX models as the immune cell components are missed by xenotransplantation in
immune-suppressed mice. Nevertheless, our groups shared some similar characteristics to
the annotation within the CRC consensus molecular group labels (CMS1 to CMS4) [3].

The first group (n = 5) is characterized by microsatellite instability (MSI) status,
accompanied by a statistically significant higher mutational load in the selected panel of
65 genes (>10 mutations in the panel) compared to PDX models with microsatellite stability
(MSS) status (Figure 2). However, in contrast to CMS1, we found a BRAF mutation in
only 2 out of these 5 PDX models. In the second cohort (n = 5), all colon cancers had a
BRAF V600E mutation; however, again, in contrast to CMS1, all tumors were MSS and had
otherwise a very low frequency of mutations (≤3 mutations in the panel). The third group
(n = 7) was KRAS and BRAF wt, characterized by adenomatous polyposis coli (APC) and
p53 mutations and a low frequency of other mutations (Figure 2). This group seemed to
correspond with the CMS2 (canonical) subgroup characteristics. The last group (n = 8) had
KRAS mutations and some frequent co-mutations (Figure 2). This group was MSS and
included characteristics from both the CMS3 and CMS4 subgroups (Figure 3).
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Figure 2. Response of 25 colon cancer PDX to cetuximab, regorafenib, trametinib, and everolimus in
correlation with genetic mutation profile. Response data are provided as RTV values (RTV = quote of
TV on the last day before study ended or start of quadruple treatment/TV on the first day of treatment).
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Figure 3. Genomic classification of colon cancer subgroups.

3.1. Patterns of Drug Response in Colon Cancer PDX Models in Relation to the Four
Molecular Subgroups

To understand potential synergies by the combination treatments in correlation to the
molecular subgroups, drug response evaluation was performed for each described subgroup.

3.1.1. Subgroup I—MSI Hypermutated

Subgroup I with MSI and high mutation frequency is mainly resistant to the four
targeted drugs, with only some minor responses. Although there is a trend for synergistic
effects by the combination of cetuximab and trametinib, these differences are not statistically
relevant (Figure 4a). Taken together, this molecular subgroup is rather resistant to both
single and combination treatment with targeted drugs (Supplementary Figure S1).

 

(a) (b)

Figure 4. Cont.
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(c) (d)

Figure 4. Effects of single treatments in comparison to drug combinations in: Subgroup I with MSI hypermutated colon
cancer (a), Subgroup II with MSS and BRAF-mutated colon cancer (b), Subgroup III with MSS and KRAS and BRAF
wild-type colon cancer (c), Subgroup IV with MSS and KRAS-mutated colon cancer (d) (p values are displayed as follows:
p value > 0.05 ns; p value ≤ 0.05 *; p value ≤ 0.01 **; p value ≤ 0.001 ***).

The PDX model Co11672-327 seems to be an exceptional model in this subgroup due
to the uncommon kinase impaired BRAF G446V mutation. Hence, it was excluded from
the above-mentioned analyses of treatment responses (Figure 4a). However, this model
is very sensitive toward all three combinations. It has been reported that other PDX with
this BRAF mutation have been sensitive to EGFR and MEK inhibition with even stronger
activity of combinations [4].

3.1.2. Subgroup II—MSS BRAF-Mutated

Subgroup II is characterized by the BRAF V600E mutation. However, all five PDX
are MSS and have a low frequency of mutations, a rather uncommon combination when
compared to the classification in CMS1. Interestingly, all models are resistant to cetuximab,
but rather sensitive to the MEK inhibitor trametinib, with a significant difference in terms
of responses (Figure 4b). The effect of trametinib in 4 out of 5 PDX models—Co10629-150,
Co10786-181, Co10979-212, Co11388-289—is long-lasting disease stabilization with partial
regression for up to 3 months (Supplementary Figure S2). Regorafenib and everolimus
as single drugs have some minor activity, which is, however, only for regarofenib sta-
tistically significant different from cetuximab. The combination of cetuximab with both
drugs has synergistic effects and is significantly better. Combination of trametinib with
cetuximab does not improve response in the four strongly responding models; however, it
has synergistic effects in Co11336-283, the model with only a minor response to trametinib
(Supplementary Figure S2).

3.1.3. Subgroup III—MSS KRAS and BRAF Wild-Type

The third group is MSS and does not have prominent oncogenic mutations in the
MAP kinase pathway (KRAS and BRAF). All seven colon cancers share common molecular
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characteristics, with a generally low number of mutations, mainly APC and p53 and
three models with PIK3CA/B mutations. All seven colon cancers are highly sensitive
to cetuximab, with a strong response. Surprisingly, all models are rather resistant to
trametinib and everolimus. The combination with the three other drugs in general did
not further improve the response (Figure 4c). However, in selected models, combination
with trametinib (Co10849-191, Co11192-259) exerted synergistic effects and complete tumor
regressions were observed (Supplementary Figure S3). The combination of cetuximab with
everolimus (mTOR inhibition) showed a tendency for synergistic effects in the same two
colon cancer PDX models, where, in particular, two complete regressions were remarkable.

The colon cancer model Co11291-273 is characterized by a RET mutation. While
both drugs cetuximab or regorafenib alone can induce a strong response, the combination,
however, shows synergistic effects with partial to complete regression of the tumors
(Supplementary Figure S3).

3.1.4. Subgroup IV—MSS KRAS-Mutated

The fourth subgroup consists of eight colon cancer models with KRAS mutations, and
all of them are MSS. Besides the KRAS mutations, these eight colon cancer PDX models
do share other common molecular characteristics: some have mutations in PI3K (4), in
RET (2), and SMAD4 (1). In general, the number of mutations is higher when compared to
Subgroup II.

All models are resistant to treatment with cetuximab and to the inhibition of the
MAPK pathway by the MEK inhibitor trametinib. However, a statistically significant
synergistic activity of the combination of cetuximab with trametinib was reported in this
subgroup (Figure 4). The combination achieved four stable disease states—Co11319-280,
Co10748-171, Co10501-118, Co10803-183—and two minor responses—Co11300-277 and
Co10412-128—in these otherwise highly resistant tumors (Supplementary Figure S4).

Whereas everolimus is not active in any of these models, response to regorafenib
is heterogeneous, with three colon cancers showing a response Co11319-280, Co10501-
118, Co11300-277, and Co10412-128, whereas the other four are resistant. Combination
with cetuximab seems to provide some significant synergistic effects in selected models.
The PDX model Co11993-352, for example, is rather resistant to all single treatments and
combinations, except for cetuximab and regorafenib (Supplementary Figure S4).

4. Discussion

Whereas, in the “pre-” personalized medicine area, doublet chemotherapy was seen
as the standard of care for advanced or metastatic colon cancer, the identification of
activated signaling via the MAPK pathway or the VEGF receptor family in colon cancer has
introduced new treatment opportunities with monoclonal antibodies or kinase inhibitors [5].
As per current clinical guidelines, pan-RAS, BRAF, HER2, and mismatch repair (MMR)
status are established molecular markers for selection of patient treatment [6]. However,
it has been realized that the predictive value of these biomarkers has limitations. From
the group of patients without mutations in the MAP kinase pathway members KRAS and
BRAF, significant sub-fractions do not benefit from EGFR antibody treatment.

Patients with KRAS or BRAF mutations continue to have a very poor prognosis, often
with median survival of less than 12 months, and treatment options are still limited [5].
Approximately 7–10% of CRC patients have a mutation of the BRAF gene, with 90% of
them displaying the V600E [7–9]. There are three classes of BRAF mutations; while class I
and II, i.e., with the most common mutation—V600E—have a notably worse prognosis,
class III has impaired kinase activity and better prognosis. Thus, for patients with BRAF-
or KRAS-mutated colon cancer, alternative targeted treatment strategies still need to be
developed [10]. Before the era of targeted therapy combinations, intense chemotherapy
with anti-VEGF was the standard of care in patients with BRAF class I and II mutations [11].
While KRAS has been, until recently, seen to be undruggable and the new KRAS inhibitors
target only the less frequent mutation G12C [12], several BRAF and MEK kinase inhibitors
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have been developed and tested also in colon cancer patients. The effects of BRAF inhibitors
such as vemurafenib in melanoma treatment raised some expectations for the treatment
of colon cancer patients. However, inhibition of the MAPK pathway with single BRAF
inhibitors such as vemurafenib or dabrafenib has not demonstrated therapeutic benefits in
clinical trials [13,14]. It has become clear that BRAF inhibition in colon cancer can lead to
activation of EGFR through an ERK-dependent negative feedback loop and induce further
upregulation of other receptor tyrosine kinases, including the other human epidermal
growth factor receptors, or activation of the phosphoinositide 3-kinase (PI3K)/AKT/mTOR
pathway [15,16]. Activation of the PI3K/AKT/mTOR pathway has also been implicated in
BRAF inhibition resistance [17].

Based on these findings, we have evaluated combination therapies blocking both
pathways with four different drugs in our representative preclinical models to generate
new hypotheses for treatments that will overcome resistance and improve response in
selected colon cancer patient subgroups (Figure 1). As colon cancers express high levels
of activated EGFR, a combined blockade of EGFR and BRAF or even downstream MEK
may work synergistically and could be a potential therapeutic opportunity in CRC. As the
combination of cetuximab with vemurafenib has not been very effective, we chose either
the approved MEK inhibitor trametinib or the (pan) BRAF and VEGF kinase inhibitor
regorafenib for the combination experiments. Regorafenib inhibits, next to the main targets,
several other kinases, such as TIE2, KIT, RET, RAF-1, BRAFV600E, PDGFR, and FGFR.

As mentioned earlier, activation of the PI3K/AKT/mTOR pathway by negative feed-
back is one potential pathway in cetuximab resistance. We therefore included the mTOR
inhibitor everolimus as the third combination partner in the studies.

The BEACON trial [18] first demonstrated that both a dual therapy targeting BRAF
(encorafenib) and EGFR (cetuximab) and especially a triple combination targeting BRAF
(encorafenib), MEK (binimetinib), and EGFR (cetuximab) can increase the survival of colon
cancer patients compared to the current standard of care (SoC). We observed that tumors
in Subgroup II with BAF V600E as a potential single driver mutation strongly responded
to trametinib. The combination of trametinib with cetuximab seemed to further increase
the overall response in this colon cancer subgroup. Our findings are in line with the results
from the BEACON study; however, they provide additional findings that might be of
clinical relevance for the treatment of these patients.

For selection of the optimal treatment of colon cancer patients with BRAF mutations,
the MSI status might be considered as an additional biomarker. BRAF mutations have
been observed in 30–50% of MSI-high CRC, compared with 10% in microsatellite stable
tumors [19,20]. According to our data, tumors with BRAF V600E mutations and MSS
status (low mutational rate) seem to strongly benefit from the combination of trametinib
(MEK inhibition) and cetuximab (EGFR inhibition), whereas MSI tumors seem not to
have a benefit, although the number of models in this cohort is too low for statistically
significant conclusions.

Colon cancers without KRAS and BRAF mutations strongly respond to treatment
with cetuximab and are rather resistant to the other three treatments. However, findings of
mutations in other oncogenic pathways have been reported in this subgroup. For example,
RET is altered in 2.94% of colorectal carcinoma patients [21] and, further, PI3K signaling can
be activated by direct mutation or amplification of PIK3CA or loss of PTEN. Approximately
40% of CRC have been shown to have alterations in PI3K pathway genes, which are almost
always mutually exclusive from each other [22].

We observed, in selected models, synergistic effects and complete tumor regressions
by the combination of cetuximab with everolimus—for example, in model Co11192-259
with a mutation in PIK3CB. These findings lead to the hypothesis that the combination of
cetuximab with PI3K or mTOR inhibition might be of benefit for a subgroup with wt KRAS
and BRAF, but activation of the PI3K pathway.

The combination of cetuximab with regorafenib (RAF, VEGF, and RET inhibition) did
show synergistic effects in model Co11291-273 with RET mutation. This combination might
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be a potential therapeutic option for the subgroup of patients with RET as a driver mutation,
as we observed complete regressions under this treatment combination (Supplementary
Figure S2).

All PDX models with KRAS mutations tested in our study were resistant to treatment
with cetuximab, confirming, in this case, the good predictivity of KRAS mutations as a
biomarker for cetuximab in colon cancer patients. Similarly, the inhibition of the MAPK
pathway by the MEK inhibitor trametinib was not effective. The most surprising outcome
in this subgroup was the statistically significant synergistic activity of the combination of
cetuximab with trametinib. The combination achieved four stable disease cases and two
minor responses in these otherwise highly resistant tumors (Supplementary Figure S4). As
there are currently no other treatment alternatives for this colon cancer subgroup, in cases
with MSS status, further evaluation of this combination inhibiting EGFR and MEK might
be considered.

The MSI-high subgroup with or without BRAF mutation is resistant to the tested
targeted drugs. Based on the MSI and the hypermutated profile, this group would be
better treated with chemo- or immune therapies. Data from the ONCOTRACK project
confirm this hypothesis at least in part, as strong sensitivity to the SoC chemotherapies
5-FU or irinotecan has been observed in 4 out these 5 models [2]. A combination of
chemotherapy with a PARP inhibitor has recently shown activity in preclinical models of
peritoneal metastases of colorectal cancer with a similar molecular profile [23] and might
be an alternative opportunity for this subgroup of patients. Currently, immunotherapy
is evaluated as a therapeutic option in these subtypes [24]. As immunotherapies cannot
be evaluated in the common PDX models on immunodeficient mice, further studies in
humanized mouse models might be required [25].

5. Conclusions

• Molecular profiling allows the identification of colon cancer subgroups for personal-
ized treatment.

• PDX models of CRC enable preclinical screening of targeted drugs and identification
of synergistic combinations in correlation with molecular profiles.

• Microsatellite stable colon cancer models with BRAF or KRAS mutations in Subgroups
II and IV have shown responses to the combination of EGFR (cetuximab), MEK
(trametinib), and/or RAF (regorafenib) inhibition, providing a strong hypothesis for
further evaluation.

• PI3K, mTOR (everolimus), and RET (regorafenib) inhibition seem to be synergistic with
EGFR (cetuximab) inhibition in selected colon cancers with those activated pathways.

• Although the small preclinical phase II-like sample size precludes firm conclusions, the
results of the study have revealed interesting potential relations, which either might
be followed up in a larger preclinical panel or translated in personalized clinical trials.
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.3390/cancers13236018/s1; Figure S1: Effects of single treatments in comparison to drug combinations
in the subgroup I with MSI hypermutated colon cancer; Figure S2: Effects of single treatments in
comparison to drug combinations in the subgroup II with MSS and BRAF mutated colon cancer;
Figure S3: Effects of single treatments in comparison to drug combinations in the subgroup III
with MSS and KRAS and BRAF wild type colon cancer; Figure S4: Effects of single treatments in
comparison to drug combinations in the subgroup IV, MSS and KRAS mutated colon cancer.
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Simple Summary: Colorectal cancer (CRC) is the second leading cause of cancer deaths in humans
(2020) but modeling late-stage human CRC, including high tumor budding and metastatic activity,
experimentally in mouse models is a major challenge. In the present study, histopathological,
immunohistochemical and molecular features of spontaneous intestinal carcinomas in cats were
evaluated with a special focus on their potential applicability as a valuable model for human CRC.
Feline intestinal tumors display aggressive growth patterns and adequately model invasive late-stage
human CRC. They exhibit the same histological subtypes and display strikingly high tumor budding
activity, both of which are highly significant prognostic factors in human CRC. Moreover, human and
feline colorectal tumors harbor the same mutations of the CTNNB1 gene, encoding β-catenin. Our
data indicate that feline intestinal carcinomas constitute a valuable and promising in vivo model for
human CRC. Further comparative oncological research, and especially investigation of the molecular
landscape of feline intestinal neoplasms, is imperative.

Abstract: Limited availability of in vivo experimental models for invasive colorectal cancer (CRC)
including metastasis and high tumor budding activity is a major problem in colorectal cancer research.
In order to compare feline and human intestinal carcinomas, tumors of 49 cats were histologically sub-
typed, graded and further characterized according to the human WHO classification. Subsequently,
feline tumors were compared to a cohort of 1004 human CRC cases. Feline intestinal tumors closely
resembled the human phenotype on a histomorphological level. In both species, adenocarcinoma not
otherwise specified (ANOS) was the most common WHO subtype. In cats, the second most common
subtype of the colon (36.4%), serrated adenocarcinoma (SAC), was overrepresented compared to
human CRC (8.7%). Mucinous adenocarcinoma (MAC) was the second most common subtype of the
small intestine (12.5%). Intriguingly, feline carcinomas, particularly small intestinal, were generally
of high tumor budding (Bd) status (Bd3), which is designated an independent prognostic key factor
in human CRC. We also investigated the relevance of feline CTNNB1 exon 2 alterations by Sanger se-
quencing. In four cases of feline colonic malignancies (3 ANOS, 1 SAC), somatic missense mutations
of feline CTNNB1 (p.D32G, p.D32N, p.G34R, and p.S37F) were detected, indicating that mutational
alterations of the WNT/β-catenin signaling pathway potentially play an essential role in feline
intestinal tumorigenesis comparable to humans and dogs. These results indicate that spontaneous
intestinal tumors of cats constitute a useful but so far underutilized model for human CRC. Our
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study provides a solid foundation for advanced comparative oncology studies and emphasizes the
need for further (molecular) characterization of feline intestinal carcinomas.

Keywords: spontaneous feline intestinal tumors; comparative oncology; colorectal cancer; tumor
budding; CTNNB1

1. Introduction

Worldwide, colon cancer is the third most common cancer type in humans, with
an estimated 1.9 million new cases in 2020 and it is the second leading cause of cancer
deaths [1]. To date, the most frequently used animal models in colon cancer research
are mice with experimentally induced intestinal cancer; however, modeling late stages of
human CRC is a major challenge as several mouse models tend to develop a high tumor
burden, but no metastasis, leading to preliminary death. Invasively growing, metastasizing
tumors of the large intestine, comparable with late-stage human CRC, are difficult to
model in clean-housed experimental animal models, particularly genetically engineered
mouse models (GEMM) [2–5]. Similarly, other animal models, e.g., rats or pigs, lack the
ability to model metastasis and invasive carcinoma [3]. Moreover, the genotype of human
tumors appears to be more heterogeneous than the one of experimentally induced murine
tumors [6]. Spontaneously arising intestinal tumors of companion animals (pets) thus are
of special interest for comparative research, especially since companion animals share their
living environment with humans [7].

At present, there are only few studies of feline intestinal cancer, its biological behavior,
clinical, histopathological, and molecular features. In cats, lymphoma is the most common
intestinal neoplasm followed by intestinal carcinoma with a study-dependent incidence
varying from 17 to 31.5% among gastrointestinal neoplasias [8–10]. Feline intestinal car-
cinomas are more prevalent than canine ones [11] and occur in both the large and small
intestine. The available literature provides contradictory statements regarding the most
commonly affected site in cats [8,9,11–14]. Feline intestinal carcinomas are more frequent
in older animals with increasing risk starting from the age of seven [8,9] and either a
breed predisposition of Siamese cats [9,11,13] or no breed predisposition [8,12] has been
reported. Tumors metastasize frequently, rapidly, and most often within the peritoneum
or to local lymph nodes, but also to distant sites (lung, liver, spleen) [8,11,13,15]. Subtotal
colectomy via laparotomy is the current standard treatment but mean overall survival
time of cat patients is generally low (68 to 274 days), as recurrence and metastases are
common [11,15,16].

The aim of the present study was to characterize sporadic primary feline intestinal
carcinomas histologically and molecularly in order to further compare them to human
CRC. WHO subtype, tumor grading and tumor budding status are valuable prognostic
tools in human CRC [17,18] and feline tumors were characterized according to the current
human WHO classification [19].

Mutations, which stabilize the CTNNB1 gene encoding for β-catenin and thus activate
the canonical WNT/β-catenin signaling pathway, play a pivotal role in the pathogenesis of
human [20,21] and canine [22] intestinal cancer. Based on previous immunohistochemical
findings of other authors, showing that dysregulated and nuclear translocated β-catenin
was present in spontaneous feline intestinal carcinomas [12], we shed light on the muta-
tional status of feline CTNNB1 by performing Sanger sequencing of feline CTNNB1 exon 2
for the first time.

2. Materials and Methods

2.1. Feline Study Cohort

Thirty-three cases of spontaneous feline colorectal and sixteen cases of feline small
intestinal carcinoma were collected from the tissue archive of LABOKLIN GmbH & Co. KG
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(Bad Kissingen, Germany) between the years 2013 and 2020. All samples (7 full-thickness
biopsies and 42 surgical specimens) were obtained during laparotomy, submitted for
pathological routine diagnostics, and reviewed retrospectively. In 20/49 cases, additional
lymph node samples were available.

Intestinal tumor samples originated from cats of different breeds including 31 Euro-
pean Shorthair (ESH) cats (63.3%), 4 British Shorthair cats (8.2%), 3 Persian cats (6.1%),
2 Chartreux cats (4.1%), 2 Maine Coon cats (4.1%), 1 Exotic Shorthair cat (2%), 1 Norwegian
Forest cat (2%), 1 Oriental Shorthair cat (2%), 1 Siamese cat (2%) and 3 mixed cat breeds
(6.2%). The study set included 26 males (53.1%; 20/26 castrated) and 23 females (46.9%;
15/23 spayed), and the age at the time of diagnosis ranged from 4 to 17 years. Mean age
(± SD) was 11.51 years (± 3.31 years). Detailed information on the feline cohort is provided
in Tables S1 and S2.

2.1.1. Tissue Processing

Tissue samples were fixed in 10% neutral-buffered formalin and routinely processed
for histology. Hematoxylin and eosin (H&E) staining was carried out following standard
protocols. A Periodic Acid Schiff (PAS) reaction was performed on six selected cases in
order to visualize intracytoplasmic mucin for validating the diagnosis of signet-ring cell
carcinoma (SRCC). All slides were scanned in 40× magnification using a high-throughput
slide scanner (Aperio AT2, Leica Biosystems, Wetzlar, Germany). The histological classifi-
cation of tumors was based on H&E and PAS-stained slides and carried out by a trainee
veterinary pathologist (T.G.) under the supervision of experienced board-certified human
(M.J., C.M.) and veterinary pathologists (D.D., K.S.). Immunohistochemistry (IHC) for
β-catenin, Ki-67, Pan-cytokeratin and CD31 was performed. Detailed information on the
IHC protocols and primary antibodies is provided in Table S3. Representative images were
taken using Aperio ImageScope ×64 (v.12.4.0.7018, Leica Biosystems, Wetzlar, Germany).

2.1.2. Histomorphological Characterization

For comparative reasons, the histological subtype classification of feline tumors was
performed based on the current human WHO classification guidelines [19]. The follow-
ing human WHO subtypes were identifiable amongst the feline intestinal carcinomas:
adenocarcinoma not otherwise specified (ANOS), serrated adenocarcinoma (SAC), mu-
cinous adenocarcinoma (MAC), micropapillary adenocarcinoma (MPC), and signet-ring
cell carcinoma (SRCC). ANOS is considered a malignant epithelial neoplasia displaying
glandular differentiation. SAC is characterized by glandular serration and consists of
tumor cells with a low nucleus-to-cytoplasm ratio, which may be mixed with mucinous
areas. MAC is defined by significant pools of extracellular mucin that contain tumor cells
and form >50% of the tumor. MPC consists of ≥5% of small tumor cell clusters surrounded
by stromal spaces, morphologically mimicking lymphatic or vascular channels, and there-
fore displays typical retraction artefacts [23]. SRCC consists of signet-ring cells forming
>50% of the tumor, and containing prominent intracytoplasmic mucin, characteristically
impressing and partially displacing the nucleus to the periphery. Carcinomas of all types
with <50% areas containing mucin are designated as having a mucinous component [19].

The International Tumor Budding Consensus Conference (ITBCC) of 2016 achieved
standardized classification for tumor budding in human colon cancer, establishing a clearly
delineated tumor budding scoring scheme. Tumor buds were defined as individual or
clusters of up to four cancer cells detached from the main tumor mass and counted in one
hotspot area (0.785 mm2) at the invasive front on an H&E slide (20×). Clinically relevant
cut-off values were defined in a 3-tier system as low (0–4 buds), intermediate (5–9 buds)
and high (≥10 buds), and termed Bd1, Bd2, and Bd3, respectively [18] (Figure S1). Tumor
budding assessment was carried out for feline tumors in the same manner (Figure 1).
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Figure 1. Tumor budding (TB) in the invasive front of feline intestinal carcinomas according to the
3-tier-system for budding assessment of human CRC (left: Pan-cytokeratin, right: H&E, consecutive
sections, 20×). Tumor buds are indicated by arrow heads; (A) Low TB activity (Bd1, Pan-cytokeratin);
(B) Low TB activity (Bd1, H&E); (C) Moderate TB activity (Bd2, Pan-cytokeratin); (D) Moderate TB
activity (Bd2, H&E); (E) High TB activity (Bd3, Pan-cytokeratin); and (F) High TB activity (Bd3, H&E).
For corresponding human H&E sections see Figure S1.

Adapted from the human WHO classification of 2019, a 2-tiered grading of feline
intestinal tumor was based on the differentiation degree of cellular gland formations in the
least differentiated tumor area. In consequence, the neoplasms were categorized as either
“low-grade” (≥50% gland formation; well to moderately differentiated) or “high-grade”
(<50% gland formation; poorly differentiated) [19].

All neoplasms were scored for 10 additional histological parameters including vascu-
lar and lymphatic invasion, perineural growth, invasion depth, lymph node metastasis,
inflammatory cell infiltration, scirrhous reaction, presence of osseus metaplasia, a mucinous
component and mucosal ulceration. Vascular (extra- and intra-mural) and lymphatic inva-
sion as well as perineural growth were assessed as either absent (0) or present (1). Invasion
depth was scored as infiltrating the lamina muscularis propria (1), the tunica muscularis
(2), or the serosa or greater omentum (3). A cumulative score of invasiveness, including
vascular (1), lymphatic (1), perineural (1), and serosal (1) infiltration was calculated (max.
score of 4). Regional lymph nodes were available for histological evaluation of metastasis
in 20/49 cases. Cellular immune response was measured semi-quantitatively by scoring
the inflammatory infiltrate in the tumorous area as either absent (0), mild (1; mucosal),
moderate (2; mucosal, submucosal and partly involving the tunica muscularis), or severe
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(3; involving all intestinal layers). A scirrhous reaction, mucinous component, osseous
metaplasia, and mucosal ulceration were determined as either absent (0) or present (1).

Mitotic count (MC) was assessed digitally in an area equaling 10 high-power fields
(hpf; 40×) on a standard monitor using Aperio ImageScope X64 (Leica Biosystems). As-
suming 2.37 mm2 was agreed to be the standard field area of 10 hpf and 0.0954 mm2 was
the area of one hpf in the aforementioned setting, 25 40× image fields were counted to
equal the standard hpf area. The MC was performed randomly within the most densely
cellular areas of the neoplasm and cell poor areas were excluded [24]. The total number of
mitoses/10 hpf (2.37 mm2) were scored as follows: 0–9 mitoses (1); 10–19 mitoses (2); and
≥20 mitoses (3).

2.1.3. Semiquantitative Evaluation and Computer-Assisted Image Analysis

Beta-catenin immunoreactivity, in terms of a nuclear translocation of β-catenin, was
scored semiquantitatively: 0 (negative; <5% positive cells); 1 (5–25% positive cells);
2 (26–50% positive cells); and 3 (>50% positive cells) (modified score from Uneyama et al.) [12]
(Figure 2).

 

Figure 2. Scoring for nuclear translocated β-catenin in feline intestinal carcinomas (Anti-β-catenin;
20×). (A) Tumor with no or scattered (<5%) nuclear β-catenin staining (score 0); (B) 5–25% of tumor
cells display nuclear positivity for β-catenin (score 1); (C) 26–50% of tumor cells display nuclear
positivity (score 2); and (D) >50% of tumor cells are positive for nuclear β-catenin (score 3). For
corresponding human β-catenin stainings see Figure S2.

Regarding proliferative activity, the Ki-67 index was assessed by a computer assisted
algorithm. Selected regions of interest (ROI), i.e., tumor areas, were manually annotated
by a trainee pathologist (T.G.). The ROI were exported as xml files and transferred into
an open-source image analysis software (‘QuPath version 0.2.3, https://qupath.github.io,
University of Edinburgh, Scotland) for quantification. The default set of parameters of the
algorithm was modified according to the stain contrast and intensity of the scanned images.
Cell segmentation was performed using the following settings: detection image, optical
density sum; requested pixel size 0.5 μm; background radius 8 μm; median filter radius
1 μm; sigma 1.5 μm; minimum cell area 10 μm2; maximum cell area 400 μm2, threshold 0.1;
and maximum background intensity 2. Cell classification (tumor cells, immune or stromal
cells) was completed after training an object classifier using ‘Random trees’ as a machine
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learning method [25]. ‘Smoothed object features’ at a 25 μm radius were added. This
was to help with segmenting an image homogeneously so that the classifier performed an
accurate classification. As a quality control step, the results of segmentation and correct cell
classification were reviewed by a trainee pathologist (T.G.). Finally, the Ki-67 proliferation
index was calculated exclusively within the class “tumor cells” as the percentage of cells
with positive Ki-67 immunostaining and was scored as follows: <5% (0); 5–30% (1); 31–50%
(2); 51–80% (3); and >80% (4).

2.1.4. Sanger Sequencing of Feline CTNNB1 Exon 2

In order to elucidate the relevance of feline CTNNB1 exon 2 alterations in intestinal car-
cinogenesis we established a Sanger sequencing protocol for feline CTNNB1 gene exon 2 en-
coding β-catenin. In a first step, we compared and aligned the human (ENST00000349496.11,
NM_001904.4, hg19) and feline DNA-sequences of CTNNB1 (ENSFCAT00000003470.6,
Felis_catus_9.0) to identify the corresponding regions of interest in the feline sequence.
Human CTNNB1 exon 3 is known to include a hotspot region of frequent mutations
in various cancer entities, e.g., liver, stomach, and colorectal cancer [26]. Therefore, by
comparing the two sequences, we identified feline CTNNB1 exon 2 as homologous to
the human nucleotide sequence of exon 3. According to this, a specific primer pair, 5′-
AGCTGATCTGATGGAACTGGAC-3′ (forward) and 5′-ACACCCTTACCAGCCACTTG-3′
(reverse), which amplifies a 237-bp product encompassing feline CTNNB1 exon 2, was
designed. This primer pair was previously established and validated in a pre-study of
feline fibrosarcoma (n = 5) using tumor samples and matching normal tissue samples.
In brief, the DNA was extracted from areas of interest on FFPE sections (tumor tissue
and/or normal tissue) by means of a Maxwell® RSC Blood DNA Kit (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. DNA concentration was afterwards
fluorimetrically measured by using a Qubit 4.0 system and the Qubit DNA high sensitivity
Assay (both: Thermo Fisher Scientific, Waltham, MA, USA). For amplification of the region
of interest (feline CTNNB1 gene, exon 2) 10–20 ng of DNA was used as input for the
polymerase chain reaction (PCR). PCR was performed with AmpliTaq Gold polymerase
(Thermo Fisher Scientific, Waltham, MA, USA) in an Eppendorf Mastercycler® Gradient
(Eppendorf AG, Hamburg, Germany) with an annealing temperature of 60 ◦C. Subse-
quently, the amplification of tumor samples and negative control (non-template control)
was validated using agarose gel electrophoresis and visualization on an Amersham Imager
680 detection system (General Electric Company Healthcare Bio-Sciences AB, Uppsala,
Sweden). For purification, the PCR products were digested using ExoSAP nuclease (New
England Biolabs, Ipswich, MA, USA) for 15 min at 37 ◦C followed by inhibition of the
enzyme at 80 ◦C for 10 min in an Eppendorf Mastercycler®. Sanger sequencing was per-
formed using the BigDye v1.1 Terminator Mix (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol in an Eppendorf Mastercycler®. For capil-
lary electrophoresis the sequencing product was purified using the ZR DNA Sequencing
Clean-up KitTM (Zymo Research Europe GmbH, Freiburg, Germany) and loaded on an
ABS/Hitachi 3130 genetic analyzer (Thermo Fisher Scientific, Waltham, MA, USA). After
sequencing, electropherograms of each tumor sample and corresponding normal tissue
were visually analyzed for the occurrence of mutations.

In this study, eleven cases positive for nuclear β-catenin (score 1–3) and containing a
sufficient quantity of tumor cells (>30% tumor cell content) were selected for molecular
analysis of the feline β-catenin gene exon 2 according to the method described above.
Healthy intestinal mucosa from the same animals (n = 7) and from other animals (n = 2)
was used as a negative control in order to confirm the native sequence of feline CTNNB1.

2.2. Human Specimen

For comparative purposes, human CRC specimens from the diagnostic archive of the
Institute of Pathology of the Technical University of Munich were evaluated. The use of

24



Cancers 2021, 13, 5941

human tissue was approved by the local ethics committee of the Technical University of
Munich/Klinikum Rechts der Isar (reference number: 506/17 s).

2.3. Statistical Analysis

Statistical analyses were performed using SPSS software version 27.0.1.0 (SPSS Insti-
tute, Chicago, IL, USA). Associations between more than two samples (i.e., WHO subtypes)
and the assessed histological features (grade; cumulative score of invasiveness; vascular,
lymphatic, and perineural invasion; lymph node metastasis; tumor budding; inflammation;
scirrhous reaction; mucinous component; osseous metaplasia; mucosal ulceration; prolifer-
ation (MC, Ki-67); and β-catenin translocation) were examined via a Kruskal–Wallis test for
nonnormally distributed parameters and a Bonferroni-adjusted post-hoc analysis. Trends
between two samples (i.e., grades, tumor localization) were tested via a Mann–Whitney U
test. A p value < 0.05 was considered statistically significant for all data sets.

3. Results

3.1. Tumor Site and Frequency

Histomorphological evaluation showed that the majority of examined feline intestinal
carcinoma (33/49 cases, 67.3%) was located in the large intestine, whereas 16/49 cases
(32.7%) appeared in the small intestine. Due to the striking morphologic similarity with
human intestinal neoplasias, we decided to also include small intestinal tumors in the
feline study set. In humans, small intestinal neoplasms are rare compared to colonic
adenocarcinoma but the subtypes resemble the colonic classification [27].

3.2. Distribution of Histopathological Subtypes of the Feline Intestinal Tumor Cohort

Feline intestinal carcinomas closely resembled human WHO subtypes on a histomor-
phological level (Figure 3). Of the 16 small intestinal tumors, 12 were classified as ANOS
(75%), two as MAC (12.5%), one as SAC (6.3%) and one as MPC (6.3%). Of the 33 tumors of
the colon and rectum, 17 were classified as ANOS (51.5%), 12 as SAC (36.4%), 3 as MAC
(9.1%), and 1 as SRCC (3%). Overall, ANOS was the most common histological subtype
in cats (59.2%) followed by SAC (26.5%). MAC comprised 10.2%, and MPC and SRCC
2% of cases, respectively (Table 1). Other human WHO subtypes, including adenoma-like
adenocarcinoma, medullary adenocarcinoma, adenosquamous carcinoma, undifferenti-
ated carcinoma, and carcinoma with sarcomatoid components, were not identified in the
investigated feline tumor set.

3.3. Histopathological Features of Feline Intestinal Tumor Subtypes

The majority of small intestinal carcinomas were of high grade (14/16; 87.5%). A mucinous
component was found in 10/16 cases (62.5%). Vascular invasion was present in 5/16 cases
(31.3%), perineural invasion in 3/16 cases (18.8%) and lymphatic invasion in 9/16 cases (56.3%).
Mesenterial lymph nodes were available in 5/16 cases and metastasis was present in 2 of those
5 cases. Serosal infiltration was present in 8/16 cases (50%). Invasiveness was high (score 3) in
5/16 cases (31.3%) and low (score 0) in 3/16 cases (18.8%). Inflammation was mild in 12.5%,
moderate in 50% and severe in 37.5% of cases. Mucosal ulceration was present in 13/16 cases
(81.3%). A scirrhous reaction was found in 11/16 cases (68.8%). No osseous metaplasia was
present. The number of mitotic figures ranged from 1 to 17, mean (± SD) number of mitoses
was 6.88 (± 4.573) and the median was 5.5. All small intestinal carcinomas were of the highest
budding grade (Bd3).
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Figure 3. Feline intestinal carcinomas (left) closely resemble human WHO subtypes (right) (H&E).
(A) Feline colonic adenocarcinoma not otherwise specified (ANOS, 8×); (B) Human colonic ANOS
(8×); (C) Feline colonic serrated adenocarcinoma (SAC, 8×); (D) Human colonic SAC (8×); (E) Feline
small intestinal mucinous adenocarcinoma (MAC, 8×); (F) Human colonic MAC (8×); (G) Feline
small intestinal micropapillary carcinoma (MPC, 8×); (H) Human colonic MPC (8×); (I) Feline
colonic signet-ring cell carcinoma (SRCC, 20×); and (J) Human colonic SRCC (20×).
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Table 1. Distribution of histological WHO subtypes of feline intestinal carcinomas.

Cohort Subtype n % of Total

Histological Subtypes
(Overall Cohort, n = 49)

ANOS 29 59.18
SAC 13 26.53
MAC 5 10.20
MPC 1 2.04
SRCC 1 2.04

Histological Subtype
(Small Intestinal, n = 16)

ANOS 12 75.00
SAC 1 6.25
MAC 2 12.5
MPC 1 6.25

Histological Subtype
(Colonic, n = 33)

ANOS 17 51.52
SAC 12 36.36
MAC 3 9.09
SRCC 1 3.03

ANOS = adenocarcinoma not otherwise specified; SAC = serrated adenocarcinoma; MAC = mucinous adenocarci-
noma; MPC = micropapillary carcinoma; SRCC = signet-ring cell carcinoma.

Regarding colonic carcinomas, 54.5% were of low grade and 45.5% of high grade.
A mucinous component was identified in 22/33 cases (66.7%). Vascular invasion was
present in 13/33 cases (39.4%), perineural invasion in 13/33 cases (39.4%) and lymphatic
invasion in 11/33 cases (33.3%). Lymph node metastasis was present in 11 of 15 (73.3%)
submitted lymph node samples. Inflammation was mild in 60.6% (20/33), moderate in
15.2% (5/33) and severe in 24.2% (8/33) of the colonic carcinomas. The majority of colonic
carcinomas had a scirrhous component (28/33; 84.8%) and osseous metaplasia was present
in 7/33 cases (21.2%). The number of mitoses per 10 hpf ranged from 0 to 37, the mean
number was 7.42 (± 7.87), and the median was 6. The tumor budding status of colonic
carcinomas was generally high (84.3% Bd3).

Overall, 20 intestinal tumors were classified as low grade (40.2%) and 29 as high
grade (59.8%). Low grade tumors grew significantly less invasive than high grade tumors
(p = 0.025). A mucinous component was present in 32/49 cases (65.3%) of the investigated
neoplasms. Vascular invasion was present in 36.7% (p = 0.137), perineural invasion in
32.7% (p = 0.527) and lymphatic invasion in 40.8% (p = 0.141) of all intestinal carcino-
mas. Metastases were present in 13 of 20 cases with available lymph nodes. Intestinal
tumors penetrated the serosa in 27/49 cases. Mucosal ulceration was present in 37/49 cases
(75.5%) (Figure 4). In 44.9% (22/49) of cases inflammation of the tumor area was mild
and composed of a mixed inflammatory cell infiltrate. A scirrhous reaction was present in
39/49 (79.6%) and osseous metaplasia in 7/49 (14.3%) cases. In general, the feline tumor
budding status was remarkably high (44/49 Bd3, 89.8%). Bd3 tumors had a significantly
higher cumulative score of invasiveness (p = 0.006) and invaded blood (p = 0.205) and
lymphatic vessels (p = 0.152) more frequently. For the overall cohort, statistical analysis
revealed a significant difference between the WHO subtypes regarding the feature inva-
siveness, represented by a cumulative score of invasiveness (p = 0.021). Feline serrated
adenocarcinomas grew significantly less invasive than ANOS (p = 0.014) (Figure 5). Concor-
dantly, ANOS infiltrated upon the serosa more frequently than SAC (p = 0.028). Strikingly,
feline intestinal carcinomas generally exhibited an extremely dissociative and aggressively
infiltrative growth pattern. For all the other aforementioned criteria no significant trends
with regard to the specific histological subtypes could be determined. Detailed information
on the relation between histological subtypes and the assessed histological and molecular
features of the overall cohort is provided in Table S4.

27



Cancers 2021, 13, 5941

 

Figure 4. Characteristic malignancy features of feline intestinal tumors (H&E). (A) Vascular invasion
(10×); (B) Lymphangiosis carcinomatosa (4×); (C) Perineural invasion (10×); (D) Lymph node
metastasis (4×); (E) Serosal invasion, arrow (1×); and (F) Mucosal ulceration (4×).

Figure 5. Kruskal–Wallis test of WHO subtypes regarding invasiveness. For the overall cohort,
statistical analysis revealed a significant difference between the WHO subtypes regarding the fea-
ture invasiveness, represented by a cumulative score of invasiveness (vascular (1), perineural (1),
lymphatic (1) and serosal invasion (1), max. score of 4). (p = 0.021). The score of invasiveness was
significantly higher for ANOS than for SAC (* p = 0.014).
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3.4. Immunohistochemical Features of the Feline Intestinal Tumor Cohort

Of the 16 small intestinal tumors, 93.8% showed no or scattered nuclear translocation
of β-catenin (score 0). Nuclear translocation in 5–25% of tumor cells (score 1) was present
in one small intestinal ANOS (6.3%). The 33 colonic carcinomas were positive for nuclear
β-catenin to various degrees (69.7% score 0; 24.4% score 1; 3% score 3 or 4, respectively).
Out of eight colonic tumors with a score of one, five were of the subtype ANOS, two were
SAC and one was MAC. One colonic SAC was a score 2 and one colonic ANOS was a score
3. Taken together, the majority of the examined feline tumors displayed no or scattered
nuclear translocation of β-catenin (score 0; 38/49 cases; 77.6%). Nine tumors were a score 1
(18.4%), one colonic tumor a score 2 (2%) and one a score of 3, respectively.

Tumor proliferation (Ki-67) did not differ statistically significant between the histolog-
ical subtypes (p = 0.359) or grades (p = 0.26).

3.5. β-Catenin Gene Mutations in Exon 2 of Feline CTNNB1

For 11 tumor samples, which immunohistochemically displayed nuclear translocation
of β-catenin (score 1, 2 or 3), Sanger sequencing identified somatic missense mutations
in exon 2 of the feline CTNNB1 gene in 4 colonic tumors (case 14: colonic ANOS score
1; case 20: colonic ANOS score 3; case 22: colonic ANOS score 1; case 31 colonic SAC
score 1; 36.4% of all samples). Three of these four mutations were of somatic origin, and in
none of the samples germline mutations were detected in exon 2 of the CTNNB1 gene. In
case 20, no matching physiological tissue of the same animal was available, thus, it could
not be determined if the mutation was of somatic or of germline origin in this specific
case. All identified mutations were exclusively heterozygous, and the mutational spectrum
comprised a p.S37F (c.110C>T) (case 14), a p.D32G (c.95A>G) (case 20), a p.D32N (c.94G>A)
(case 22), and a p.G34R (c.100G>A) (case 31) mutation (Figure 6). For all of these, an
orthologous mutation is known in various human cancers, e.g., CRC, liver and stomach
cancer [26]. In the remaining seven samples, a wildtype sequence of CTNNB1 was identified
either exclusively in the tumor tissue (n = 3) or in the tumor tissue and normal tissue (n = 4).
Amplification status of CTNNB1 could not be determined by Sanger sequencing.

3.6. Comparison of Feline Small Intestinal and Colonic Neoplasias

Small intestinal carcinomas were more often of high grade than colonic carcinomas
(p = 0.005). Osseous metaplasia was present in the colonic, but not in the small intestinal
carcinomas (p = 0.049). Nuclear translocation of the β-catenin was proved in one small
intestinal ANOS (score 1), but visible to various degrees in 10 colonic tumors (p = 0.058).
Somatic mutations of CTNNB1 were exclusively detected in colonic carcinomas (p = 0.15).
Inflammatory cell infiltration of the neoplastic area appeared to be mild in the majority
of colonic cases and moderate to severe in the majority of small intestinal cases (p = 0.12).
For all other assessed criteria, no statistically significant differences between the small
intestinal and colonic carcinomas could be determined.
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Figure 6. Four distinct somatic missense mutations were detected, each of them in a different case. DNA forward sequences;
green: wildtype sequence of normal intestinal tissue (n = 3); red: tumor Table S4. (A) Cytosine (C) is substituted by Thymine
(T), resulting in a missense mutation leading to a replacement of Serine (S) by Phenylalanine (F) on the protein level (colonic
ANOS; β-catenin score 1); (B) Adenosine (A) is substituted by Guanin (G) resulting in a missense mutation leading to
a replacement of Aspartic acid (D) by Glycine (G) (colonic ANOS; score 3). For case 20, no normal tissue was available;
(C) Guanin (G) is substituted by Adenosine (A) resulting in a replacement of Aspartic acid (D) by Asparagine (N) (colonic
ANOS, score 1); (D) Guanin (G) is substituted by Adenosine (A) resulting in a replacement of Glycine (G) by Arginine (R)
(colonic SAC, score 1).
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4. Discussion

The most striking morphological feature of the investigated and described feline
cohort was an extremely high tumor budding activity related to a markedly dissociative
tumor growth. Since the WHO criteria for human CRC was reclassified in 2019 and
tumor budding was added, it is now recognized as a major grading criterion and a highly
relevant and independent prognostic factor [17,19] that is generally considered to be a
stage-independent predictor of lymph node metastasis in pT1 CRC and of survival in stage
II CRC [18]. Tumor budding strongly impacts on all survival parameters and regarding its
prognostic significance, it even outperforms WHO grade [17]. This study demonstrates a
high budding status in feline intestinal carcinomas (89.8% Bd3) compared to human CRC
(20% Bd3) [17]. To the authors’ knowledge, no other veterinary studies evaluate feline
tumor budding, and further research to establish prognostic data is imperative.

Although many GEMMs are available, researchers frequently face the problem that
induced intestinal neoplasms of mice lack the invasive features characteristic for late-stage
CRC, e.g., tumor budding. There are orthotopic mouse xenograft models which show
tumor budding that are morphologically and immunohistochemically close to what is seen
in human CRC; however, these models often have an immunocompromised background
and thus are limited in their relevance to the human situation [28,29]. Moreover, the
very limited availability of in vivo budding models to date is another drawback [29].
Our study shows the capability of spontaneous feline intestinal carcinomas to serve as
an immunocompetent model for elucidating the intestinal tumor budding mechanisms
of CRC.

Due to these similarities and the potential use of spontaneously arising feline intestinal
tumors for comparative research trials of human CRC, we decided on categorizing feline
intestinal tumors according to the human WHO classification of 2019 [19]. Human WHO
subtypes were proven to be clinically relevant with a strong impact on overall survival
(OS), disease-free survival (DFS), and disease-specific survival (DSS) (p < 0.001) and a clear
association with WHO grade and budding status. For example, MPC and SRCC are very
aggressive subtypes connected to a poor survival prognosis, whereas SAC mostly does not
invade perineural or venous and is connected to a better prognosis considering the CRC
subtypes [17].

The feline cohort was compared to a large-scale cohort of human colorectal carcinomas
recently characterized and published by Jesinghaus et al. in 2021. Most human CRCs are
ANOS, defined by an invasive growth pattern breaking the line of the lamina muscularis
mucosae and invading the submucosa; a feature which was present in all included feline
intestinal tumors. Overall, ANOS was the most common histological subtype (59.2%)
in cats, similar to the human cohort (62.7%) [17]. In a recent study of feline intestinal
carcinomas, tubular adenocarcinoma was determined to be the most common tumor type
(33/50 cases; 66%), morphologically comparable to ANOS [12]. The second most common
colonic subtype in the feline cohort was SAC, which was overrepresented compared
to human CRCs (8.7%) [17]. Consistent with this, Uneyama et al. found that feline
colorectal carcinomas frequently showed glandular serration, and they detected three
KRAS mutations in seven cases of feline colorectal epithelial tumors [12]. Presuming that
KRAS gene mutations are frequently involved in human CRC development and particularly
in the ‘serrated pathway’, this pathway may play an important role in feline intestinal
carcinogenesis, as it does for human serrated adenocarcinomas [20,30–32]. Although we
unfortunately lack survival data for our described feline study set, we were able to show
that feline SAC displayed less invasive growth compared to other subtypes, compatible
with the rather favorable prognosis of human SAC [17].

A lack of species-specific investigation tools, especially of molecular pathological
markers, constitutes a significant challenge in the use of companion animal cancers as
human tumor models (e.g., DNA primers). Commercially available and formalin-approved
antibodies for cats or dogs are not as readily available as for human and rodent tissue [7]
and molecular methods aiming at the detection of specific somatic or germline mutations
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are infrequently used in companion animal studies. We successfully designed a DNA
primer pair appropriate for amplification of the feline CTNNB1 gene exon 2, which is
homologous to the nucleotide sequence of human CTNNB1 exon 3 and contains a hotspot
region of frequent mutations for various human cancers including CRC [26]. Because of
this homology, CTNNB1 mutations located in this DNA-region are most likely to cause
similar effects in both species.

Mutations activating the canonical WNT/β-catenin signaling pathway are very fre-
quently involved in the ‘classical pathway’ of human colorectal carcinogenesis [20]. β-
catenin is a highly conserved protein, part of the WNT signaling pathway and plays an
important role in cell-adhesion [33]. Alterations of CTNNB1 that result in disturbed degra-
dation of β-catenin lead to its cytoplasmic accumulation and subsequent translocation
into the nucleus, where it acts as an oncogenic player enhancing the expression of sev-
eral downstream target genes, e.g., CCND1 (CYCLIN D1) [34,35], MYC [20,35,36], and
AXIN2 [35]. On the one hand, stabilizing homozygous CTNNB1 mutations play a crucial
role, especially in human CRC associated with Lynch syndrome [21]. On the other hand,
CTNNB1 mutations are less often (5% non-hypermutated (nHM) CRC; 7% hypermutated
(HM) CRC) involved in sporadic human colorectal carcinogenesis than APC (Adenomatous
polyposis coli) mutations (81% nHM; 53% HM CRC) [20].

From a comparative point of view, in intestinal neoplasms in dogs, CTNNB1 muta-
tions were proven to be more often causative than APC mutations, with CTNNB1 being
mutated in >60% of canine colorectal tumors [22]. Several studies also provide evidence
of nuclear β-catenin translocation and accumulation in canine intestinal adenomas and
carcinomas [37–39].

Currently, very little is known about the genomic landscape of companion animal can-
cers [40], and particularly of feline cancers. Because β-catenin score did not correlate with
malignancy, Uneyama et al. concluded from their IHC results that dysregulated β-catenin
is likely not an important player in feline intestinal tumorigenesis; however, accumulation
of β-catenin was evident in 60% of their cases [12]. Our immunohistochemical examination
of feline intestinal carcinomas (22.5% of cases positive for nuclear β-catenin) as well as
the high expression of active β-catenin in feline mammary tumors compared to healthy
tissue [41], prompted us to further investigate the role of this key protein in the entity of
feline intestinal cancer.

For the first time, Sanger sequencing of feline CTNNB1 exon 2 was performed and
revealed four somatic missense mutations identical with pathogenic mutations in hu-
mans [26]. Human codons most frequently displaying mutations related to CRC are,
namely, codons 32, 33, 34, 37, 41, and 45 [26]. Canine mutations were found in codons
32, 34, and 45 [22]. In our study, feline mutations were located at codons 32, 34 and 37,
consistent with mutations of human and canine intestinal tumorigenesis. As a result, we
strongly challenge the finding that dysregulated WNT/β-catenin signaling is not involved
in feline intestinal carcinogenesis.

APC loss-of-function mutations leading to an impacted degradation of β-catenin
can also lead to an increase of cytoplasmic and nuclear β-catenin [20]. This could be a
possible explanation for the seven cases, which displayed nuclear β-catenin positivity but
did not show sequential alterations of CTNNB1. Future investigations conducting feline
APC sequencing (i.e., panel or whole exome sequencing) and including a larger cohort
size are required to finally clarify if APC mutations also play a role in feline intestinal
tumorigenesis. Nevertheless, genomic amplification of the CTNNB1 gene, which might also
be a mechanism for overexpression of the protein in cancer in humans, cannot completely
be excluded [42].

The majority (93.8%) of small intestinal tumors displayed no relevant nuclear β-
catenin translocation and the only tumor showing a nuclear IHC-signal did not harbor
a CTNNB1 mutation. In contrast to that, colonic tumors displayed various degrees of
positivity for nuclear β-catenin (n = 10) and mutations of CTNNB1 (n = 4). Although the
feline small and large intestinal tumors appear to have histomorphological similarities,
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small intestinal tumors were almost exclusively of high grade and high tumor budding
status. Future investigations are needed to further elucidate the mutational spectrum of
feline small intestinal tumors.

A first step has been taken, but much work remains to be done. In order to beneficially
integrate the feline model into human CRC research, further investigation of feline cancers’
genetics, genome-wide studies as well as genome annotation are imperative. The final
ideal of comparative oncology is to include companion animals (pets) with comparative
cancer diseases in clinical trials. Educating and informing pet owners and considering
ethical standards is a major point here [40].

Our data provides an accurate histological classification system for feline intestinal
tumors and a basis for comparative oncology [40] studies by harmonizing histological
classification and conducting molecular examination on spontaneously arising intestinal
tumors in pet cats. The results indicate that feline intestinal carcinomas constitute a valuable
and promising in vivo model for human CRC, worthy of further characterization.

5. Conclusions

In conclusion, the present study evaluates histopathological features and patterns
of feline intestinal tumors. It demonstrates two main reasons for the suitability of feline
intestinal tumors as a valid spontaneous in vivo model for late-stage human CRC: (1) Feline
intestinal carcinomas resemble human subtypes and present with an invasive growth
and high tumor budding activity, (2) CTNNB1 mutations are present in feline intestinal
carcinomas, as has been reported in human and canine intestinal tumorigenesis. Sharing
two important molecular alterations, namely KRAS [12] and CTNNB1 mutations involved
in intestinal carcinogenesis, cats are a valuable model for late-stage sporadic human CRC.

This study provides a solid foundation for the comparison of feline and human CRC,
indicates the need to review the available classification schemes for feline intestinal cancers
and paves the way for future comparative oncology studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13235941/s1, Figure S1: tumor budding (TB) in the invasive front of human CRC,
Figure S2: corresponding human β-catenin phenotypes to Figure 2, Table S1: feline cohort SPSS
dataset, Table S2: feline cohort information (localization, specimen, breed, sex, age), Table S3: primary
antibodies and IHC protocols, Table S4: relationship between histological subtypes and histological
and molecular features.

Author Contributions: Conceptualization of the study, T.G., N.P., W.W., K.M., M.J. and K.S.; re-
sources, U.S., H.A.-L., N.P., W.W., M.J. and K.S.; methodology, T.G., F.S., S.R.J.S., N.P., M.J. and
K.S.; evaluation of slides, results, T.G., D.D., C.M., U.S., N.P., M.J. and K.S.; critical discussion, T.G.,
D.D., C.M., U.S., H.A.-L., S.R.J.S., N.P., M.J., K.M. and K.S.; writing—original draft preparation, T.G.;
writing—review and editing, T.G., F.S., D.D., U.S., H.A.-L., S.R.J.S., N.P., K.M. and K.S.; All authors
have read and agreed to the published version of the manuscript.

Funding: T.G. received a scholarship from the Cusanuswerk, Bischöfliche Studienförderung, Bonn,
Germany. S.R.J.S. is supported by the German Research Foundation (Deutsche Forschungsgemein-
schaft, DFG, SFB1371-395357507). K.S. is supported by the Germany Research Foundation (DFG,
SFB1335-360372040) project Z01.

Institutional Review Board Statement: The use of human tissue was approved by the local ethics
committee of the Technical University of Munich/Klinikum Rechts der Isar (reference number:
506/17 s).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data of the results presented in this study are available on
request from the corresponding author.

Acknowledgments: The authors thank O. Seelbach, A. Jacob, M. Mielke and U. Mühlthaler for their
outstanding technical support.

33



Cancers 2021, 13, 5941

Conflicts of Interest: LABOKLIN GmbH & Co. KG offers histopathological service for routine
diagnostics. T.G. presented preliminary parts of this study at the 4th Cutting Edge Pathology
Congress 2021. W.W. has attended Advisory Boards and served as speaker for Roche, MSD, BMS,
AstraZeneca, Pfizer, Merck, Lilly, Boehringer, Novartis, Takeda, Bayer, Amgen, Astellas, Eisai,
Illumina, Siemens, Agilent, ADC, GSK, and Molecular Health. W.W. receives research funding from
Roche, MSD, BMS and AstraZeneca. N.P. has attended Advisory Boards and served as speaker for
Roche, BMS, AstraZeneca, Lilly, Novartis, Bayer, Illumina, and Thermo Fisher Scientific. K.S. is
consultant for Roche Pharma AG, member of the advisory board of TRIMT GmbH and has filed a
patent on a radiopharmaceutical. All other authors declare no conflicts of interest.

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

2. Washington, M.K.; Powell, A.E.; Sullivan, R.; Sundberg, J.P.; Wright, N.; Coffey, R.J.; Dove, W.F. Pathology of rodent models of
intestinal cancer: Progress report and recommendations. Gastroenterology 2013, 144, 705–717. [CrossRef] [PubMed]

3. Jackstadt, R.; Sansom, O.J. Mouse models of intestinal cancer. J. Pathol. 2016, 238, 141–151. [CrossRef]
4. Taketo, M.M.; Edelmann, W. Mouse models of colon cancer. Gastroenterology 2009, 136, 780–798. [CrossRef]
5. McIntyre, R.E.; Buczacki, S.J.; Arends, M.J.; Adams, D.J. Mouse models of colorectal cancer as preclinical models. Bioessays 2015,

37, 909–920. [CrossRef] [PubMed]
6. McIntyre, R.E.; van der Weyden, L.; Adams, D.J. Cancer gene discovery in the mouse. Curr. Opin. Genet. Dev. 2012, 22, 14–20.

[CrossRef] [PubMed]
7. Vail, D.M.; MacEwen, E.G. Spontaneously occurring tumors of companion animals as models for human cancer. Cancer Investig.

2000, 18, 781–792. [CrossRef]
8. Schwittlick, U.; Becker, S.; Aupperle-Lellbach, H. Vorkommen und Lokalisation von gastrointestinalen Neoplasien bei 293 Katzen.

Kleintiermedizin 2020, 6, 250–253.
9. Rissetto, K.; Villamil, J.A.; Selting, K.A.; Tyler, J.; Henry, C.J. Recent trends in feline intestinal neoplasia: An epidemiologic study

of 1129 cases in the veterinary medical database from 1964 to 2004. J. Am. Anim. Hosp. Assoc. 2011, 47, 28–36. [CrossRef]
10. Bonfanti, U.; Bertazzolo, W.; Bottero, E.; De Lorenzi, D.; Marconato, L.; Masserdotti, C.; Zatelli, A.; Zini, E. Diagnostic value of

cytologic examination of gastrointestinal tract tumors in dogs and cats: 83 cases (2001–2004). J. Am. Vet. Med. Assoc. 2006, 229,
1130–1133. [CrossRef] [PubMed]

11. Turk, M.A.; Gallina, A.M.; Russell, T.S. Nonhematopoietic gastrointestinal neoplasia in cats: A retrospective study of 44 cases. Vet.
Pathol. 1981, 18, 614–620. [CrossRef]

12. Uneyama, M.; Chambers, J.K.; Nakashima, K.; Uchida, K.; Nakayama, H. Histological Classification and Immunohistochemical
Study of Feline Colorectal Epithelial Tumors. Vet. Pathol. 2021, 58, 305–314. [CrossRef] [PubMed]

13. Patnaik, A.K.; Liu, S.K.; Johnson, G.F. Feline intestinal adenocarcinoma. A clinicopathologic study of 22 cases. Vet. Pathol. 1976,
13, 1–10. [CrossRef]

14. Manuali, E.; Forte, C.; Vichi, G.; Genovese, D.A.; Mancini, D.; De Leo, A.A.P.; Cavicchioli, L.; Pierucci, P.; Zappulli, V. Tumours in
European Shorthair cats: A retrospective study of 680 cases. J. Feline Med. Surg. 2020, 22, 1095–1102. [CrossRef] [PubMed]

15. Slawienski, M.J.; Mauldin, G.E.; Mauldin, G.N.; Patnaik, A.K. Malignant colonic neoplasia in cats: 46 cases (1990–1996). J. Am.
Vet. Med. Assoc. 1997, 211, 878–881.

16. Hume, D.Z.; Solomon, J.A.; Weisse, C.W. Palliative use of a stent for colonic obstruction caused by adenocarcinoma in two cats. J.
Am. Vet. Med. Assoc. 2006, 228, 392–396. [CrossRef] [PubMed]

17. Jesinghaus, M.; Schmitt, M.; Lang, C.; Reiser, M.; Scheiter, A.; Konukiewitz, B.; Steiger, K.; Silva, M.; Tschurtschenthaler, M.;
Lange, S.; et al. Morphology Matters: A Critical Reappraisal of the Clinical Relevance of Morphologic Criteria From the 2019
WHO Classification in a Large Colorectal Cancer Cohort Comprising 1004 Cases. Am. J. Surg. Pathol. 2021, 45, 969–978. [CrossRef]

18. Lugli, A.; Kirsch, R.; Ajioka, Y.; Bosman, F.; Cathomas, G.; Dawson, H.; El Zimaity, H.; Fléjou, J.F.; Hansen, T.P.; Hartmann, A.;
et al. Recommendations for reporting tumor budding in colorectal cancer based on the International Tumor Budding Consensus
Conference (ITBCC) 2016. Mod. Pathol. 2017, 30, 1299–1311. [CrossRef]

19. Nagtegaal, I.; Arends, M.; Odze, R. Tumours of the Colon and Rectum: WHO Classification of Tumours of the Colon and Rectum,
TNM Staging of Carcinomas of the Colon and Rectum and the Introduction. In World Health Organization Classification of Tumours
of the Digestive System; IARC Press: Geneva, Switzerland, 2019; pp. 157–187.

20. Cancer Genome Atlas Network. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487,
330–337. [CrossRef]

21. Arnold, A.; Tronser, M.; Sers, C.; Ahadova, A.; Endris, V.; Mamlouk, S.; Horst, D.; Möbs, M.; Bischoff, P.; Kloor, M.; et al. The
majority of β-catenin mutations in colorectal cancer is homozygous. BMC Cancer 2020, 20, 1038. [CrossRef]

22. Wang, J.; Wang, T.; Sun, Y.; Feng, Y.; Kisseberth, W.C.; Henry, C.J.; Mok, I.; Lana, S.E.; Dobbin, K.; Northrup, N.; et al.
Proliferative and Invasive Colorectal Tumors in Pet Dogs Provide Unique Insights into Human Colorectal Cancer. Cancers 2018,
10, 330. [CrossRef]

34



Cancers 2021, 13, 5941

23. Gonzalez, R.S.; Huh, W.J.; Cates, J.M.; Washington, K.; Beauchamp, R.D.; Coffey, R.J.; Shi, C. Micropapillary colorectal carcinoma:
Clinical, pathological and molecular properties, including evidence of epithelial-mesenchymal transition. Histopathology 2017, 70,
223–231. [CrossRef] [PubMed]

24. Meuten, D.J.; Moore, F.M.; George, J.W. Mitotic Count and the Field of View Area: Time to Standardize. Vet. Pathol. 2016, 53, 7–9.
[CrossRef] [PubMed]

25. Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
26. Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al.

COSMIC: The Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res. 2019, 47, D941–D947. [CrossRef]
27. Salto-Tellez, M.; Rugge, M. Tumours of the Small Intestine and Ampulla. In World Health Organization Classification of Tumours of

the Digestive System; Salto-Tellez, M., Nagtegaal, I., Rugge, M., Eds.; IARC Press: Geneva, Switzerland, 2019.
28. Prall, F.; Maletzki, C.; Hühns, M.; Krohn, M.; Linnebacher, M. Colorectal carcinoma tumour budding and podia formation in the

xenograft microenvironment. PLoS ONE 2017, 12, e0186271. [CrossRef] [PubMed]
29. Georges, L.M.C.; De Wever, O.; Galván, J.A.; Dawson, H.; Lugli, A.; Demetter, P.; Zlobec, I. Cell Line Derived Xenograft Mouse

Models Are a Suitable in vivo Model for Studying Tumor Budding in Colorectal Cancer. Front. Med. 2019, 6, 139. [CrossRef]
30. Pai, R.K.; Bettington, M.; Srivastava, A.; Rosty, C. An update on the morphology and molecular pathology of serrated colorectal

polyps and associated carcinomas. Mod. Pathol. 2019, 32, 1390–1415. [CrossRef] [PubMed]
31. Jass, J.R. Classification of colorectal cancer based on correlation of clinical, morphological and molecular features. Histopathology

2007, 50, 113–130. [CrossRef]
32. Rex, D.K.; Ahnen, D.J.; Baron, J.A.; Batts, K.P.; Burke, C.A.; Burt, R.W.; Goldblum, J.R.; Guillem, J.G.; Kahi, C.J.; Kalady, M.F.; et al.

Serrated lesions of the colorectum: Review and recommendations from an expert panel. Am. J. Gastroenterol. 2012, 107, 1315–1329,
quiz 1314, 1330. [CrossRef]

33. Valenta, T.; Hausmann, G.; Basler, K. The many faces and functions of β-catenin. Embo. J. 2012, 31, 2714–2736. [CrossRef]
34. Tetsu, O.; McCormick, F. Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells. Nature 1999, 398, 422–426.

[CrossRef] [PubMed]
35. Herbst, A.; Jurinovic, V.; Krebs, S.; Thieme, S.E.; Blum, H.; Göke, B.; Kolligs, F.T. Comprehensive analysis of β-catenin target

genes in colorectal carcinoma cell lines with deregulated Wnt/β-catenin signaling. BMC Genom. 2014, 15, 74. [CrossRef]
36. He, T.C.; Sparks, A.B.; Rago, C.; Hermeking, H.; Zawel, L.; da Costa, L.T.; Morin, P.J.; Vogelstein, B.; Kinzler, K.W. Identification of

c-MYC as a target of the APC pathway. Science 1998, 281, 1509–1512. [CrossRef] [PubMed]
37. Saito, T.; Chambers, J.K.; Nakashima, K.; Uchida, E.; Ohno, K.; Tsujimoto, H.; Uchida, K.; Nakayama, H. Histopathologic Features

of Colorectal Adenoma and Adenocarcinoma Developing Within Inflammatory Polyps in Miniature Dachshunds. Vet. Pathol.
2018, 55, 654–662. [CrossRef]

38. McEntee, M.F.; Brenneman, K.A. Dysregulation of beta-catenin is common in canine sporadic colorectal tumors. Vet. Pathol. 1999,
36, 228–236. [CrossRef] [PubMed]

39. Herstad, K.M.V.; Gunnes, G.; Rørtveit, R.; Kolbjørnsen, Ø.; Tran, L.; Skancke, E. Immunohistochemical expression of β-catenin,
Ki67, CD3 and CD18 in canine colorectal adenomas and adenocarcinomas. BMC Vet. Res. 2021, 17, 119. [CrossRef]

40. LeBlanc, A.K.; Breen, M.; Choyke, P.; Dewhirst, M.; Fan, T.M.; Gustafson, D.L.; Helman, L.J.; Kastan, M.B.; Knapp, D.W.; Levin,
W.J.; et al. Perspectives from man’s best friend: National Academy of Medicine’s Workshop on Comparative Oncology. Sci. Transl.
Med. 2016, 8, 324ps325. [CrossRef]

41. Sammarco, A.; Gomiero, C.; Sacchetto, R.; Beffagna, G.; Michieletto, S.; Orvieto, E.; Cavicchioli, L.; Gelain, M.E.; Ferro, S.; Patruno,
M.; et al. Wnt/β-Catenin and Hippo Pathway Deregulation in Mammary Tumors of Humans, Dogs, and Cats. Vet. Pathol. 2020,
57, 774–790. [CrossRef]

42. Suriano, G.; Vrcelj, N.; Senz, J.; Ferreira, P.; Masoudi, H.; Cox, K.; Nabais, S.; Lopes, C.; Machado, J.C.; Seruca, R.; et al. beta-catenin
(CTNNB1) gene amplification: A new mechanism of protein overexpression in cancer. Genes Chromosomes Cancer 2005, 42,
238–246. [CrossRef]

35





cancers

Review

Bovine Meat and Milk Factors (BMMFs): Their Proposed Role
in Common Human Cancers and Type 2 Diabetes Mellitus

Ethel-Michele de Villiers * and Harald zur Hausen *

Citation: de Villiers, E.-M.;

zur Hausen, H. Bovine Meat and Milk

Factors (BMMFs): Their Proposed

Role in Common Human Cancers

and Type 2 Diabetes Mellitus. Cancers

2021, 13, 5407. https://doi.org/

10.3390/cancers13215407

Academic Editor: Heike Allgayer

Received: 23 September 2021

Accepted: 25 October 2021

Published: 28 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Deutsches Krebsforschungszentrum (DKFZ), Im Neuenheimer Feld 280, 69120 Heidelberg, Germany
* Correspondence: e.devilliers@dkfz.de (E.-M.d.V.); zurhausen@dkfz.de (H.z.H.);

Tel.: +49-151-4312-3085 (E.-M.d.V.); +49-6221-423850 (H.z.H.)

Simple Summary: This manuscript emphasizes the mechanistic differences of infectious agents
contributing to human cancers either by “direct” or “indirect” interactions. The epidemiology of
cancers linked to direct carcinogens differs (e.g., response to immunosuppression) from those cancers
linked with indirect infectious interactions. We discuss their role in colon, breast, and prostate cancers
and type II diabetes mellitus. A brief discussion covers the potential role of BMMF (bovine meat and
milk factor) infections in acute myeloid leukemia.

Abstract: Exemplified by infections with bovine meat and milk factors (BMMFs), this manuscript
emphasizes the different mechanistic aspects of infectious agents contributing to human cancers
by “direct” or “indirect” interactions. The epidemiology of cancers linked to direct carcinogens
(e.g., response to immunosuppression) differs from those cancers linked with indirect infectious
interactions. Cancers induced by direct infectious carcinogens commonly increase under immunosup-
pression, whereas the cancer risk by indirect carcinogens is reduced. This influences their responses
to preventive and therapeutic interferences. In addition, we discuss their role in colon, breast and
prostate cancers and type II diabetes mellitus. A brief discussion covers the potential role of BMMF
infections in acute myeloid leukemia.

Keywords: indirect carcinogenesis; bovine meat and milk factors (BMMF); chronic zoonosis

1. Introduction:

Viral, bacterial, or parasitic infections contribute, as causative agents, to a number of
human cancers [1]. Most of these reports have noted 14–16% as the global cancer incidence
caused by infectious events—many caused by persisting tumor virus infections [2]. Our
group calculated slightly higher incidence rates (20–21%) [1]. Basic criteria considered here
for definition of a causal role of infections in cancers were:

(1) Persistence of whole genomes or specific genes in certain cancer cells;
(2) Transformed or malignant phenotype of the latter, dependent on the expression

and/or function of those genes;
(3) Induction of malignant growth in susceptible animal systems.

These, among others (Figure 1), are common features of direct carcinogenesis and
evidence for a link between specific infections and cancer [1,3,4]. A few exceptions, however,
did not fit these postulates—for instance, the absence of hepatitis C virus in liver cancer
cells of patients at high risk after long-time exposure to this persistent virus. In cases
where infections lead to chronic inflammation, cancers eventually arise locally, although
the infectious agent itself does not persist in the respective cancer cells. Helicobacter pylori
infections may lead to chronic inflammation, ulcers and eventually gastric cancers. Parasitic
infections of the vascular system in the bladder and liver may eventually lead to bladder
and liver cancer, respectively [1]. The role of chronic inflammations emerges as relatively
non-specific or indirect by inducing the production of reactive oxygen molecules, leading
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to increased mutagenesis at the respective sites [5,6]. Support for this view originated
from observations revealing increased cancer risk in long persisting chronic ulcerations,
scar tissue and even in poxvirus vaccination scars [7]. It has been difficult to identify such
infectious factors, as well as to understand the mechanism in detail of their contribution to
different types of cancers.

Presently established differences between direct and indirect modes of carcinogens are
defined in Figure 1 (summarized from [1,3,4,8]). Further evaluation is required to analyze
whether the role of hepatitis B infection (hepatitis B in both columns) in carcinogenesis is
direct and/or indirect.

Figure 1. Mechanisms by which infections contribute to human cancer development. BMMFs (bovine
meat and milk factors) represent small single-stranded circular DNA, predominantly isolated from
sera and dairy products of Eurasian cattle and subsequently identified in periglandular cells of
colon, breast and prostate cancers [6]. These infectious agents share characteristics of both bacterial
plasmids and known viruses [9], and are related to two DNA isolates from transmissible spongiform
encephalopathies reported by Manuelidis [10].

Recently, several publications reported viral detection after whole-genome DNA se-
quencing of a large number of different human cancers [11–14]. These studies aimed at
identifying hitherto unknown tumor viruses, in part defined by their close relationship to
known oncogenic agents. In summary, taking aspects known for direct carcinogenic in-
volvement into consideration, the majority of results failed to identify additional known or
unknown foreign DNA sequences in the tumors investigated. This resulted in concluding
that at least the majority of infectious agents contributing as direct carcinogens to human
cancers is presently known [15]. The authors supported their argument with observations
that cancers with persisting foreign DNA are commonly substantially increased in inci-
dence during immunosuppression following organ transplantation or persistent human
immunodeficiency infections. This is in remarkable contrast to other common cancers (e.g.,
colon, breast and prostate cancers), which do not increase under the same conditions [8]. In
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contrast to cancers linked to direct carcinogens, immunosuppression was even protective
against these latter cancers (Figure 1).

2. Bovine Meat and Milk Factors (BMMFs)

Epidemiological studies have pointed to a relationship between colon, breast and
prostate cancers and nutritional habits—in particular, to red meat consumption. We evalu-
ated different geographic risks for colon and breast cancers in relation to meat consump-
tion [16]. Surprising results pointed to differences involving consumption of red meat
originating from different species of cattle, e.g., Eurasian dairy cattle versus Zebu and
Yak breeds [16]. Countries consuming red meat mostly from Eurasian dairy cattle origins
revealed high incidences of breast and colon cancers. Mongolia was an outstanding excep-
tion [17]. Residents of this country traditionally consume high quantities of red meat (from
Yak or Chinese Yellow cattle origin), but incidences of colon and breast cancers are remark-
ably low. Wide variations in colon cancer incidences have been reported, depending on
specific life-style habits [18]. Globocan calculations of 2008 calculate an age-standardized
risk in Western populations of <38 per 100,000 inhabitants. In Mongolia the respective data
are <3.2 per 100,000 inhabitants. Thus, the difference in incidence seems to exceed a factor
of 10. Less conspicuous observations exist in a few other countries. Recently, however,
BMMF 1 and 2 sequences were demonstrated in milk from a different aurochs-derived
bovine species: water buffalos (Bubalus arnee f. bubalis) [19].

Our hypothesis [7,16], linking high-risk regions for colon and breast cancers and
preferential consumption of Eurasian dairy cattle meat and milk products, prompted
experimental studies searching for possible nutritional infectious factors as responsible
carcinogens. Thus, we tried to isolate and identify potential agents linked to colon and
breast cancers from the milk, dairy products, and serum of Eurasian dairy cattle [9,20,21].
Based on our previous studies with human TT viruses, we concentrated on the isolation
of small circular single-stranded DNA. A large number of these molecules, grouped in
at least two clades, all share characteristics attributed to both bacterial plasmids, as well
as viruses (Figure 2) [9]. The development of monoclonal antibodies against the protein
derived from the largest open reading frame, identified in silico as a replication gene (Rep),
proved to be very helpful in analyzing the tissue localization and the cell types expressing
this protein (Figure 3) [22].

 
Figure 2. Present knowledge concerning BMMFs (molecular and immunologic evidence).
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Figure 3. Typical staining pattern of cells expressing the BMMF replication protein, surrounding
Lieberkühn crypts of a colon cancer biopsy at 20× and 40× magnification. Photos provided by
Timo Bund.

The obtained results (Figure 4) pointed to an indirect mode of BMMF action in carcino-
genesis, as previously discussed in detail [6]. In addition, Rep antigen staining occurred in
non-glandular tissue of breast and prostate cancer biopsies [23].

 
Figure 4. (A) Lamina propria cells surrounding Lieberkühn’s crypts of the colon, staining positive
with monoclonal anti-Rep antibodies. (B) Schematic representation of active sites of inflammation-
caused oxygen radical activity indicated by white arrows pointing to blue stars. (C) Experimental
confirmation staining of Rep-positive lamina propria cells with antibodies directed against 8-hydroxy-
guanosin as a marker for oxygen radical activity (yellow staining). Reproduced [6] with permission.

In a recent report, Zapatka et al. [14] published a supporting table (without referral
in the text) containing contig data of BMMF sequences obtained after sequencing colon,
breast, prostate and other cancer biopsies. The authors identified the sequences according
to an outdated NCBI databank submission (2014) [14], describing them mainly as “sphinx-
related 1.74 or 2.36 contigs”. An updated analysis of these sequences showed almost all
of them as corresponding to sections of complete BMMF1 or BMMF2 genomes present in
all databanks and as previously published [9]. Although not referencing these latter data,
Zapatka et al. [14] confirm our colon and breast cancer studies and even extend our data
by including a few additional cancers.
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3. Potential Consequences of Indirect Carcinogenesis for Strategies in Prevention and
Therapy of BMMF-Linked Cancers

In virus-induced direct carcinogenesis, uptake and expression of foreign genes from
infectious agents (e.g., cervical cancer, Kaposi’s sarcomas, Burkitt’s lymphomas and others)
lead to growth stimulation and increased mutagenic activity [6]. In addition, the continued
interference of one or more viral proteins with growth-regulating host cell genes is a require-
ment for malignant transition and maintenance of the transformed phenotype [1]. These
transformed cells are recognized by the immune system of the respective host, leading to
inflammatory infiltrates of tumor-associated macrophages (TAM), in addition to T- and
B-lymphocytes, which surround islands of a number of solid human cancers. They seem to
act as a natural defense mechanism against uncontrollable cell proliferation [24,25]. The
majority of these cancers arise at high frequencies under severe immunosuppression [15].

Cancers resulting from an infectious cause and linked to indirect modes of carcinogen-
esis follow a different pattern. The sequence of events, as evidenced by BMMF infections
and cancer of the colon, was, as previously proposed [6], to be the following (Figure 5):

1. Uptake of infectious agents by nutrition through dairy products and/or meat of
Eurasian cattle.

2. Infection by these agents and expression of their antigens in lamina propria cells
(stromal mesenchymal cells and CD68-positive macrophages).

3. Macrophage-mediated inflammatory response (reactive oxygen production).
4. Random mutagenesis in DNA-replicating Lieberkühn crypt cells adjacent to infected

cells, as well as in replicating single-stranded BMMF-DNA.
5. After long latency periods (commonly more than three decades) “driver”-mutations

in genes of specific cells are established and enhanced growth of such clones occurs.
These clones undergo further mutations in two or more additional steps, leading to
the development of premalignant polyps. Final transformation of these polyps into
malignant tumors occurs due to continuing mutagenic activity. This follows a pattern
outlined previously and summarized by Greaves and Maley [26] in a quote: “Cancers
evolve by a reiterative process of clonal expansion, genetic diversification and clonal
selection within the adaptive landscapes of tissue ecosystems”.

6. It is evident from the sequence of events described above, that BMMF DNA itself
will not be present in the precursor epithelial cells, nor in their malignant progeny.
No evidence exists for the frequently quoted “Hit and Run” mechanism [27,28],
since infected cells persist in the lamina propria, and oxygen radical production
continues. The “Hits” in colon polyps continue from adjacent BMMF-infected cells
(Figure 6) [29].

Does this mechanism provide predictable consequences for prevention and even
therapy of such cancers?

Present recommendations for the prevention of colon cancer include avoiding con-
sumption of red meat, avoidance of obesity, use of non-steroidal anti-inflammatory drugs,
e.g., aspirin, cox-2 inhibitors and others [6]. Secondary prevention relies on colonoscopies,
as well as the detection and removal of precursor lesions (colon polyps). Undeniably, this
is a successful procedure, reducing the risk for subsequent colon cancer development. It
requires, however, in several cases surgical intervention, in particular when removal of the
polyp was only partially successful.

Our data point to possibilities for prevention even very early in life. Specific human
milk sugars (2′- and 3′-fucosyllactose and disialyl-lacto-N-tetraose) occur in human, but not
in cow milk [6]. These sugars bind to lectin receptors, thereby blocking the binding for
several different infectious agents. Initial reports unraveled this effect for agents causing
severe gastrointestinal and respiratory infections. Interestingly, where baby formulas had
been supplemented with human milk sugars, a risk reduction was observed for acute
childhood leukemias, Hodgkin’s disease and multiple sclerosis [6] in non-breast-fed or
early-weaned babies. Their risk for developing these diseases then approximates to that of
breast-fed babies [30]. A small number of mostly short-term studies reported analyses of
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the protective effects of these sugars when added to the diet of adults; the results remain
inconclusive at present.

Figure 5. Sequence of events leading to malignant growth in colon. Uptake of two components is
required for binding of infectious particles of bovine meat and milk factors (BMMF) to Neu5Gc as
a terminal component of lectin receptors. Both are commonly present in Eurasian bovine sera and
dairy products. EM—electron microscopy.

Figure 6. Colon polyps stained with anti-Rep and anti-CD68 monoclonal antibodies. The continuation
of inflammation alongside mutagenic activity is evidenced by CD68 presence and Rep expression.

Indirect evidence for activity of the mentioned human sugars in adults originated,
however, from follow-up studies of women with multiple pregnancies and breast-feeding
periods (Figure 7). A significant reduction in breast cancer, but also in a few additional
cancer types occurred in follow-up studies of this group [6]. Human milk sugars appeared
in the blood and urine of these women, emerging during the second half of each preg-
nancy [31,32]. Other groups published similar observations and attempted to link this
protective effect to specific hormonal interactions [33]. Yet, in our interpretation, this may
provide a hint that prolonged exposure to human sugars in adults probably does not pose
a high risk for the recipients and even seems to be protective. Although suggestive, the
beneficial effects of the consumption of human milk sugar components at higher ages
remain to be evaluated.
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Figure 7. Reduced breast cancer risk after multiple deliveries and breast-feeding periods. Slightly less
impressive reductions exist for colon and endometrial cancers (adapted with permission from [6]).

4. N-glycolylneuraminic Acid (Neu5Gc)

As suspected in a previous publication [16] Neu5Gc emerges as a strong candidate, as
a terminal glycan of lectin receptors determining the susceptibility for various infections—
in particular, those which are prevented by human milk sugars. We proposed blocking
effects of the latter (probably due to their high affinity as terminal components of these
receptors) for these infections as a mechanism of the observed protective effect of HMOs.

The nutritional transmission of Neu5Gc and the resulting immune response against
this glycan [34,35] resulted in the speculation that reactive chronic immune reactions
eventually induced mutational modifications in proliferating cells. This was proposed to
explain malignant conversions following red meat consumption. The discovery of BMMF
genomes and the expression of their Rep proteins in chronic inflammatory lesions of the
colon and other tissues binding to the respective receptors added another dimension to
these observations.

Among others, two questions emerge with relevance for the prevention of BMMF-
linked cancers and other diseases:

Why are the cancers discussed here not at all, or extremely rarely, found in Eurasian
dairy cattle, although BMMF infections are very common in their peripheral blood, their
udders and in their milk?

The most likely answer seems to be an almost invariable immune tolerance resulting
from the continuous conversion of Neu5Ac (N-acetylneuraminic acid) into Neu5Gc. Thus,
this stresses the importance of inflammatory lesions in humans—their absence or reduction
clearly leads to risk reductions for colon, breast, and prostate cancers. The subsequent
chapter stresses this point.

It therefore also renders it difficult to include animal experiments for documenting
BMMF carcinogenicity. Cattle, mice and most other mammals, as well as birds (except
chicken) produce Neu5Gc endogenously. They are most likely immune tolerant. Thus,
BMMF infection per se will not induce chronic inflammatory lesions.

The second question concerns an evolutionary aspect: is the loss of the Neu5Ac–
Neu5Gc converting enzyme CMAH (Figure 8) an advantage for human evolution? To
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provide a clear-cut answer is probably difficult; it is unlikely that malignant tumors,
commonly occurring late in life, will influence the selection of Neu5Gc-negative persons.
Frequently fatal infections, however, in the first year or years of life, like noro- and rotavirus,
gastrointestinal or respiratory tract infections, will almost certainly favor selection of
CMAH-negative persons. Other types of prehistoric infections in the early period of
human evolution may have added to this development.

Figure 8. Cytidine monophosphate-N-acetylneuraminic acid hydrolase (CMAH).

Yet, it becomes increasingly clear (if we disregard possibilities of rare vertical trans-
placenta transmissions) that we are commonly born without BMMF infections. Humans are
even devoid of endogenous Neu5Gc, an essential component for binding BMMFs to cellular
receptors. Thus, we receive both of these components through nutrition, mainly from dairy
products and, in particular, Neu5Gc from dairy products and “red” meat. Both of these
components offer possibilities for specific preventive and therapeutic interferences—they
need to be further explored.

5. Non-Steroidal Antiphlogistica: Preventive and Immunosuppressive Events

Inflammatory events adjacent to malignant or premalignant tumors have repeatedly
been implicated in playing a role in tumor initiation or promotion [5,36–38]. This has been
underlined by the tumor-preventive functions of non-steroidal anti-inflammatory drugs
(NSAIDs) (Figure 9), as analyzed in a meta-analysis by Harris et al. [39].

The anti-inflammatory function of these drugs results in blocking of the induction
of mutagenic events induced by oxygen radicals, as described for the mode of action of
indirect carcinogenesis [16,17]. Supporting evidence for this interpretation originates from
the reduced risk for colon, breast and prostate cancers after prolonged immunosuppression
in organ transplant patients or chronic infections with human immunodeficiency viruses [8].
Long-time intake of NSAIDs, in particular of higher doses of aspirin and related drugs,
may cause bleeding risk and requires medical supervision.
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Figure 9. Significance of inflammatory events for specific human cancers, e.g., aspirin, ibuprofen and
other Cox-2 inhibitors. Copied from [6] with permission.

6. Type II Diabetes Mellitus and BMMF

As summarized previously, human milk oligosaccharides (HMO)–among other pro-
tective effects–also reduce the risk for early onset of diabetes mellitus [16]. A remarkably
interesting observation resulted from treating type II diabetes mellitus patients with the
glucagon-inhibitor metformin: intake of this drug reduced the formation of colon polyps.
Based on the knowledge that the latter depends on inflammatory reactions caused by
BMMF infections and CD68 macrophages, this stimulates the hypothesis that metformin
may act as an inhibitor of BMMF synthesis [40–45]. This question at present remains
unresolved. It is, however, an interesting observation that the incidence of several cancers
is increased in type II Diabetes mellitus patients (Figure 10) [46–48].

 
Figure 10. Cancers increased in type II Diabetes mellitus patients (summarized from [46]). The
right lower part (red arrows) of the figure shows vesicular pleomorphic structures labelled with Rep
antibody-coated gold particles, suspected to represent BMMF-structures.
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We previously linked several of these cancers (among them colorectal and breast
cancers) to indirect modes of carcinogenesis. We derived this conclusion from the detection
and isolation of BMMF genomes from these tissues, or the positive staining for BMMF-1
Rep antigen (the latter also in Hepatitis B- and C-negative liver cancers, in prostate and
HPV-negative rectal cancers—not shown in Figure 10).

Are they arising from mutational events triggered by oxygen or nitrogen radicals?
Does this suggest common etiologic factors for these cancers? These cancers are clearly
very different from those with increased incidence arising under immunosuppression [48].

Many of the outlined preventive or therapeutic interventions require intensive further
investigation. Induction of long-lasting immunosuppression, mentioned as a preventive
interference, is presently of no practical value for medical applications. Type-specific
neutralization of BMMF, removal of BMMF from Eurasian-cattle products, as well as Rep-
antibody-directed cytotoxicity of Rep-expressing cells as preventive measures of BMMF
also require further experimentation (Figure 11).

 
Figure 11. Several potential and established preventive interventions for colon cancer in comparison
to possible preventions of BMMF infections.

Additional existing possibilities deserve an evaluation—as previously discussed. The
functional expression of the enzyme CMAH (cytidine-monophosphate-N-acetylneuraminic
acid hydrolase) [34], converting acetylneuraminic acid (Neu5Ac) into N-glycolylneuraminic
acid (Neu5Gc) [35], was deleted in mice [49]. This deletion corresponds to the natural
situation in humans where a mutation in CMAH does not permit Neu5Gc synthesis.

Neu5Gc seems to represent an essential component of receptors for BMMF bind-
ing [6,16]. Theoretically, similar CMAH mutations induced by gene manipulation into
breeds of Eurasian dairy cattle should result in Neu5Gc-negative cattle. The products from
these animals should not pose a risk for BMMF infection of humans in the absence of
appropriate receptors.

Rep antibody-directed cytotoxicity may have some therapeutic value, which needs
further exploration. A possibly even more interesting alternative would be their use in
destroying Rep-positive persistently BMMF-infected carrier cells by this procedure, even at
an early stage of life. Prevention of the carrier state could represent a kind of “early stage
secondary prevention” in already infected persons.
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7. Basal Cell Carcinomas in Pox Vaccination Scars

As previously mentioned, basal cell carcinomas (BCCs) can develop in pox vaccination
scars (Figure 12) [7]. They may deserve special interest if a possible relationship to BMMF
infections exists. Skin cancers occur in excess of one in three newly diagnosed cancers.
BCCs represent the vast majority of skin cancers [7]. Prolonged solar exposure is a major
risk factor for the development of actinic keratoses—precursor lesions for this cancer [50].
Occasional reports claim a role for several types of cutaneous papillomaviruses in addition
to solar exposure in the pathogenesis of these malignancies. This has then frequently been
referred to as a “hit and run” mechanism. This postulate tried to explain inconsistencies—
in particular, the absence of persisting viral DNA in these cancer cells [1,27,28]. A few
observations on BCCs reported over past decades may provide clues deserving a fresh
look; BCCs repeatedly emerged in pox vaccination scars, occasionally as multiple foci,
years after inoculation with the vaccine [7].

Figure 12. Basal cell carcinoma emerged in a pox vaccination scar. Copied [7] (with permission).

Studies performed by our group during the past decade provide the basis for a
different speculation: we demonstrated an almost regular presence of CD68-positive TAMs
in foci of BMMF1 Rep-positive peri-tumorous cells [16]. During previous decades, poxvirus
vaccines were prepared from inoculation of vaccinia virus preparations into the scratched
skin of calves. The initial formation of pox-like pustules subsequently converted to crusts.
The copious vaccinia virus crudely purified from these harvested crusts represented the
basis for human vaccination.

Presently, we know that the majority of Eurasian cattle are carriers of BMMF infections
in various tissues, including peripheral blood [9,17]. BMMF transmission/transfusion into
the scratches on the calfskin is highly probable. The intensive local infection occurring
after vaccination and the subsequent induction of slow chronic inflammation many years
after the inoculation of the vaccine could result in BCCs in the vaccination scars. Other
environmental mutagens may synergize with this process [7].

8. Acute Myeloid Leukemia

In addition to the global epidemiological incidence pattern of BMMF infection-linked
cancers discussed up to now, one other neoplastic disease deserves further investigation:
acute myeloid leukemia (AML). The global incidence of this malignancy is somewhat
similar to the global pattern of colon cancer incidence (Figure 13). The figure compares the
global pattern of those two cancers with the very different epidemiology of gastric and
liver cancers.
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Figure 13. Global epidemiological incidence of AML and colon cancer in comparison to gastric and
liver cancers.

RNA-seq data provided evidence for BMMF1 transcription. These sequences differ
substantially from the BMMF1 HSB1 in colon cancers [51]. These data seem to be of specific
interest for several reasons:

1. To our knowledge, this is the first direct link between a human leukemia and a specific
BMMF infection;

2. Since the respective BMMF types have been identified in dairy products, it is likely that
the human infection was acquired by consumption of infected nutritional components;

3. AML, as well as acute lymphatic leukemia (ALL), has very often been reported to
occur even in the prenatal phase. A further confirmation of their infectious origin
implies prenatal trans-placenta transmission during pregnancy, as proposed previ-
ously [52,53].

Future transcription analyses of acute lymphatic leukemias searching for BMMF-like
infections will be of substantial interest.

9. Conclusions

Except for infection-linked human cancers (EBV, HPV, HBV, HCV, others) our knowl-
edge of agents causally involved in the majority of human cancers is still very limited.
This applies for chronic neurological diseases, arteriosclerosis, autoimmune and metabolic
diseases as well. A fresh look into indirect mechanisms, as defined now for a few common
cancers, may provide surprising results, with far reaching implications for the prevention
and therapy of these diseases.
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Simple Summary: The role and function of bacteriophages (phages) in the intestine, its health and
microbial homeostasis has been underestimated so far. This interdisciplinary review highlights the
effect of dietary compounds on phages and puts this into perspective with putative contributions of
phages to gastrointestinal diseases, specifically inflammation, infection, and cancer. The review dis-
cusses novel fields of opportunities in this context. These include, but are not limited to, perspectives
how a better understanding of modulating the activity of specific phages by particular nutritional
components may contribute to reorganizing the microbial network, thus supporting in the combat,
or even prevention, of inflammation or even cancer in the gut.

Abstract: Natural compounds such as essential oils and tea have been used successfully in natur-
opathy and folk medicine for hundreds of years. Current research is unveiling the molecular role
of their antibacterial, anti-inflammatory, and anticancer properties. Nevertheless, the effect of these
compounds on bacteriophages is still poorly understood. The application of bacteriophages against
bacteria has gained a particular interest in recent years due to, e.g., the constant rise of antimicrobial
resistance to antibiotics, or an increasing awareness of different types of microbiota and their potential
contribution to gastrointestinal diseases, including inflammatory and malignant conditions. Thus,
a better knowledge of how dietary products can affect bacteriophages and, in turn, the whole gut
microbiome can help maintain healthy homeostasis, reducing the risk of developing diseases such
as diverse types of gastroenteritis, inflammatory bowel disease, or even cancer. The present review
summarizes the effect of dietary compounds on the physiology of bacteriophages. In a majority of
works, the substance class of polyphenols showed a particular activity against bacteriophages, and
the primary mechanism of action involved structural damage of the capsid, inhibiting bacteriophage
activity and infectivity. Some further dietary compounds such as caffeine, salt or oregano have
been shown to induce or suppress prophages, whereas others, such as the natural sweeter stevia,
promoted species-specific phage responses. A better understanding of how dietary compounds
could selectively, and specifically, modulate the activity of individual phages opens the possibility to
reorganize the microbial network as an additional strategy to support in the combat, or in prevention,
of gastrointestinal diseases, including inflammation and cancer.

Keywords: Phage; bacteriophages; diet; infection; colorectal; cancer; nutrition

1. Introduction

The impact of the gut bacteriome on the human physiology is currently being in-
vestigated and seems to have a significant influence on the development and treatment
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of various diseases. Collectively, the over one thousand bacterial species residing in the
human gut encode 3.3 million genes, expanding the human genome 150 times over [1].
Several studies have demonstrated that microorganisms present in the human gut (the
gut microbiome) modulate human physiology at different levels. Intestinal bacteria not
only metabolize polysaccharides that would be otherwise indigestible [2], but also regulate
peristalsis [3], help to keep a proper intestinal morphology as it has been shown in a
gnotobiotic pig model [4], maintain the integrity of the intestinal barrier [5–7], attenuate
inflammation [8,9], reduce the virulence of pathogenic species [10], and even influence the
action of anticancer drugs [11]. Although it has been proposed to consider the intestinal
microorganisms as symbionts rather than simple commensal species [12], our understand-
ing of the dynamics underlying the interactions between host and gut microbiome is still
limited [13,14].

Bacteriophages (or phages for short) represent a significant modulator of the gut
microbiome [15]. By definition, phages infect bacteria, but more and more data highlight
the interrelation between eukaryotic cells and bacterial viruses. Phages can interact directly
with the human body since they can translocate inside eukaryotic cells [16] and activate
the immune system, exacerbating ongoing colitis symptoms and boosting the antibacterial
response [17]. It has recently been proposed to consider phages as human pathogens [18].

In the last few years, phages have become a crucial topic in the medical and microbi-
ological fields because these viruses can be used as a treatment of bacterial infections in
the context of the rising problem of antibiotic resistance [19–21]. As our understanding
of phage biology increases, the applications of phage therapy also expand. Phages have
been applied to treat bacterial infections ever since their discovery, and phage therapy
is becoming more and more popular in fields ranging from dentistry to medical micro-
biology [22–25]. For example, phages are currently being evaluated to fight infections
in poultry that are still an economic and health issue [24]. Recent studies suggest that
phages can also be applied in antiviral and anticancer therapies. For instance, it has been
proposed that phage T4 might be used as a co-treatment for COVID-19 because this phage
reduces the immune response, which is an important contributor to the fatality associated
with this disease [26]. Furthermore, it has been shown that phages bind to cancerous cells
and reduce the size of the tumor mass in different mouse models [17,27,28], opening the
possibility of phage-mediated oncolytic virotherapy.

Diet can influence the gut microbiome, and it is actively used as an intervention to
reduce the risk of developing diseases [29]. Particular components have been shown to
be of benefit in the treatment of even severe disease conditions up to cancer. For example,
in own previous studies, it was demonstrated that the plant-derivatives curcumin and
artesunate inhibit tumor cell invasion and metastasis, at least in part via regulating the
expression of proteolytic enzymes, the molecular cascades involving transcriptional factors
and microRNAs, respectively [30–33]. However, there is a lack of studies describing how
dietary compounds impact microorganisms in general and phages in particular. Seminal
studies in the 1950 s demonstrated the antiviral activity of tannins, which are contained in
popular beverages such as tea and coffee, and of acerin, the active component of maple
fruit [34,35]. Especially, tea showed broad antimicrobial activity, including inactivation of
phages [36]. It is also known that essential oils have antibacterial and antiviral properties
as well as anti-inflammatory and regenerative activities [37]. Nevertheless, gaining exper-
imental knowledge on the influence of dietary compounds on phages as modulators of
microbiota has not yet been in focus of attention in the research community.

Most of the studies related to the effect of dietary compounds on phages have been
focusing on human viruses associated with gastroenteritis. Phages have been used as
surrogates for viruses that cannot be easily cultivated, such as norovirus, rather than for
studying bacterial virus biology as such. Also, most of the bacteriophage studies so far
have been limited to phages infecting Escherichia coli (coliphages). Nonetheless, E. coli
plays an essential role in human health since certain strains of this species, known as
Shiga toxin-producing E. coli (STEC), are widespread food-borne pathogens. The most
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prevalent STECs are O157, O26, O45, O103, O111, O121, and O145. These seven serotypes
induce diseases ranging from acute diarrhea to hemorrhagic colitis and fatal hemolytic
syndrome [38–40].

The main STEC derived virulence factor is shiga-like toxin (Stx), which is encoded
by the prophages 933 J (Stx1) and 933 W (Stx2) [41,42]. Upon activation, these prophages
express Stx, and they can horizontally spread this gene by transduction [43,44]. Genotoxins,
such as cytolethal distending toxins and colibactin, are considered cancer risk factors and
can be found in pathogenic E. coli strains [45]. Interestingly, many natural compounds have
been shown to be bactericidal against pathogens [46], and to suppress the biological activity
of toxins, including the cholera and ricin toxins [46–49]. Peas showed to bind with high
efficiency Stx, acting as toxic-scavengers, whereas beans can reduce the intake of Stx [50].

We speculate that a better understanding of how phages are activated or inhibited in
the human gut might be pivotal in modulating the intestinal microbiome, e.g., to coun-
teract bacterial infections, inflammatory conditions, and even carcinogenesis and cancer
progression. Such indirect antibacterial activity is a particularly relevant feature in light of
the urgent need to identify alternatives and additional strategies to antibiotics to defeat
(therapy-resistant) bacterial infections. The present review will summarize the current
knowledge on the effect of dietary compounds on phages, their activity, and infectivity.

2. Interactions between Phages and Bacteria in the Gut Microbiome

Phages were first described by the French-Canadian Félix d’Hérelle, of Institute
Pasteur in 1917, who also defined the term ‘bacteriophage’ (“eater of bacteria”). As a
first, pioneering phage-based therapy, he applied bacteriophages to treat Shigella infections
in soldiers, establishing what became known as phage therapy [51–53]. Phages can be
subdivided into two groups: virulent (lytic) and temperate (lysogenic) (Figure 1) [54]. Lytic
viruses start the replication process soon after the infection of the bacterial host. Once
the progeny virions have assembled in a sufficient number (the burst size), the cell bursts
open, releasing the new phages in the surrounding environment. Lysogenic phages have
an additional phase: they can integrate as prophages in the bacterial chromosome and
undergo a latency period where only a viral transcription suppressor is produced actively.
In particular contexts, such as bacterial starvation or DNA damage, the suppression control
is relieved, and the prophage enters the lytic phase. Conversely, in the presence of a high
number of infected bacteria, phages exit the lytic phase and initiate lysogeny [55]. Both
virulent and temperate phages modulate the bacterial population through lysis.

Phages can also modulate the bacterial population, indirectly. It is well known that
bacteria must undergo a fierce competition within each ecological niche, and, therefore,
some species have developed virulence factors to improve their chances of survival [56].
Moreover, the microbial competition is complex and difficult to predict. For instance,
Lactobacillus delbrueckii and L. rhamnosus inhibit E. coli O157, but L. plantarum suppresses
the commensal strains of E. coli but not O157, and L. paracasei does not constrain E. coli at
all [57]. In addition, the suppression of one species might cause the unexpected expansion
of a species not apparently associated with the suppressed one. For instance, E. coli fosters
the growth of B. fragilis but represses B. vulgatus. Knocking down E. coli by phage T4 is,
therefore, followed by a contraction of the prevalence of B. fragilis and an increased growth
of B. vulgatus, but also of Proteus mirabilis and Akkermansia muciniphila [58]. It is also known
that commensal species can neutralize toxins, reducing the fitness of the pathogens. For
instance, surface proteins of L. plantarum can neutralize Stx, reducing the cytotoxicity (and,
thus, the fitness) of E. coli O157 [59]. Therefore, the alteration of even one species due to
phagial predation can have drastic consequences for the microbiome.

Mounting evidence suggests that phages have access to eukaryotic (and human)
cells [60]. Even though tissues are expected to be sterile, it has been known for decades
that an ingestion of phage preparations during phage therapy is followed by a recovery of
phages in human urine and blood within a few minutes from the administration [61,62].
This recovery implies that the viruses had somehow crossed the gastrointestinal bar-
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rier. Recent virome studies have identified genes belonging to phages in both blood and
brain [63,64]. The circulation of phages in the peripheral blood has been named ‘phagemia’,
but there is a lack of hard evidence for its actual existence in physiological conditions [65].
Furthermore, phages can be actively transported from one side to another of intestinal cells
(transcytosis) via the Golgi network [16].

Figure 1. Outcomes of phagial infection of bacteria. A virulent phage (yellow particle on the left) can infect a bacterium
(in blue). The replication of the phage leads to lysis of the host cell, releasing the viral progeny (yellow particles on the
right). Alternatively, some viral species known as temperate can establish an additional step known as latency. The phagial
genome can remain independent from that of the bacterium (pseudo-lysogeny) or become integrated into the host’s genome
(lysogeny). In both cases, the viral expression is kept to a minimum and there is no virion production until several cellular
conditions are met. Upon induction, temperate phages enter the lytic pathway and determine the lysis of the host.

3. Effect of Dietary Compounds on Phages

Several dietary compounds can alter the physiology of phages, as summarized in
Figure 2. Although many studies showed a connection between nutrition and intestinal
microbiome, there are only a few studies that deal with the effects of nutrition on the
activity of phages. Seminal work in the 1960 s indicated that amino acids and vitamins
had a different impact on the induction of prophage λ in E. coli [66]. For instance, the
amino acid cysteine was an inducer, but its oxidized derivative cystine was not. About
four decades later, it was shown that essential oils extracted from chamomile, lemongrass,
cinnamon, and geranium could greatly reduce the infectivity of E. coli T7 and S. aureus SA,
whereas others (such as angelica, cardamom, lime, and rosemary) affected only the former
phage [67]. A recent study reported how different compounds could selectively activate
some viruses but not others in bacterial growth and prophage-induction assays [68]. This
study demonstrated how stevia, a natural sweetener obtained from the Brazilian shrub
Stevia rebaudiana [69], could strongly induce prophages present in Bacteroides thetaiotamicron
and Staphylococcus aureus but not in Enterococcus faecalis, whereas uva ursi (derived from
the shrub plant Arctostaphylos uva-ursi), aspartame (a peptide), and propolis (a flavonoid)
resulted in the opposite. These data indicate that dietary compounds can modulate the gut
virome and, consequently, alter the gut bacteriome.
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Figure 2. Summary of actions on phages on dietary compounds. There are three main mechanisms of action of dietary
compounds upon phages. A dietary compound can modify the capsid, blocking the infectivity of the targeted phage (capsid
alteration). Alternatively, dietary compounds can lead to the degradation of nucleic acids (genome damage). In this case, a
phage can infect the host, but there will be neither lysis nor viral progeny. However, DNA damage to the host cell’s genome
triggers the induction of prophages (dotted arrows). A final mechanism of action (repression of replication) involves an
interference with the replication of the viral genome. Even in this case, there is infection, but no viral progeny is produced.

Experiments measuring the effect of dietary compounds on phage activity have been
based on few classes of compounds, mainly polyphenols. These are molecules that contain
one or more phenolic aromatic rings (benzenes with hydroxide moieties). Polyphenols
can be subdivided into phenolic acid derivatives and flavonoids [70]. The former can, in
turn, be subdivided into derivatives of either hydroxybenzoic acid (for instance, gallic
acid) or cinnamic acid (for example, caffeic acid) [71]. Tea, the second most frequently
consumed beverage after water, is a primary source for gallic acid [72]. Coffee, whose
consumption is increasing worldwide [73], contains chlorogenic acid (a combination of
caffeic acid and quinic acid) [71]. Tannic acid, which contains several hydroxybenzoic acid
moieties, is particularly abundant in berries; soy is rich in isoflavonoids, such as genistein
and daidzein [74]. The exact mechanism of action of these phenol-compounds is not
entirely understood. Still, it is known that they can be beneficial for human physiology and
have been used in folk medicine since millennia [75]. They are currently being investigated
for their anticancer activity [76–78].

The chemical structure of the compounds discussed herein is shown in Figures 3–5.
A summary of the activities identified is given in Table 1. The most common outcome
of exposure to a given nutrient is a loss of infectivity; this is measured by comparing the
plaque-forming units (PFU) of a control and an exposed suspension (measured in mL) of
phages. If the control and the exposed suspensions showed, for instance, 1010 and 109

PFU/mL, then the reduction is said to be one log10. Herein, we will report the results using
this notation.
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Figure 3. Chemical structures of the phenolic acids reported in the present review.

Figure 4. Chemical structures of the flavonoids reported in the present review.
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Figure 5. Chemical structures of the other active dietary compounds reported in the present review.

Table 1. Effect of the dietary compounds reported in the present review, stratified by chemical class and viral target. The
principle of action is also reported, as far as known so far.

Nutrient Class Virus Effect Mechanism References

Caffeic acid
(or carbonyls)

Phenolic acids
(or hydrocarbons) λ Prophage induction Stress response to DNA

damage [79]

Av-5, MS2 Infectivity reduction Inhibition of replication [80]
Gallic acid, chlorogenic

acid Phenolic acids Av-5, MS2 Infectivity reduction Inhibition of replication [80]

Gallic acid Phenolic acids PL-1 Infectivity reduction Interference to infection [81]
MS2 No effect Unreported [82]

Carvacrol, thymol Phenolic acids 933 W Prophage suppression Unreported [83]

Tea extracts Phenolic acids or
flavonoids Felix 01 and P22 Infectivity reduction Unreported [84]

Pomegranate juice
(punicalagin)

Phenolic acids or
flavonoids MS2 Infectivity reduction Interference to infection

(Capsid denaturation?) [85]

Catechins Flavonoids T4 Infectivity reduction Unreported [86]
EGCG Flavonoids 933 J Prophage suppression Repression of recA [87]
GCG Flavonoids 933 W Prophage induction Stress response to ROS [88]

Genistein, daidzein Flavonoids ϕX174 Genome protection Scavenging [89]
Proanthocyanidin Flavonoids MS2, ϕX174 Infectivity reduction Capsid denaturation [90,91]

PJE Flavonoids MS2 Infectivity reduction Capsid denaturation [92]

GSE Flavonoids MS2 Infectivity reduction Interference to infection
(Capsid denaturation?) [93]

933 W Prophage suppression Unreported [94]
Cranberry juice Flavonoids T2, T4 Infectivity reduction Capsid denaturation [95]

Propolis Flavonoids Unreported Prophage induction or
suppression Unreported [68]

Red propolis
(formononetin) Flavonoids MS2, Av-08 Infectivity reduction Interference to infection

(Capsid denaturation?) [96]

Cinnamaldehyde
(cinnamon) Essential oil (aldehydes) 933 W Prophage suppression Repression of recA [94,97]

Oregano Essential oil Unreported Prophage suppression Unreported [68]
Chamomile,

lemongrass, cinnamon Essential oils T7, SA Infectivity reduction Unreported [67]

Chitosan Polysaccharide MS2, ϕX174 Infectivity reduction Capsid denaturation [98]
1–97 A Infectivity reduction Capsid denaturation [99]

c2 Infectivity reduction Capsid denaturation [100]
933 W Infectivity reduction Unreported [101]

Ascorbic acid Vitamin δA, ϕX174, T7, P22,
D29, PM2, MS2 Infectivity reduction Genome damage [88,102–106]

Psoralen Furocoumarins MS2 Infectivity reduction Unreported [107]

Caffeine Alkaloids ϕX174 Prophage induction Stress response to DNA
damage [108]

Sodium chloride Salt 933 W Prophage induction Unreported [109]

3.1. Phenolic Acids

Roasted coffee, but not freshly brewed coffee, has been shown to induce the prophage
λ in E. coli [79]. However, the λ progeny suffered from aberrant replication, and most of
the resulting virions were not infective [110]. Therefore, one hypothesis to explain this is
that the compounds produced during the roasting process of coffee beans, such as aliphatic
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carbonyls or volatile substances [73], can cause DNA damage that, in turn, initiates a stress
response and the consequent induction of λ prophages. The DNA damage also would
explain why the viral progeny, whose genome is a linear double-stranded DNA (dsDNA)
molecule, displays a reduced level of infectivity.

Potatoes are commonly used as food worldwide, particularly in the Western diet [111,112].
Potato peel extracts (PPE) contain a mixture of polyphenols (e.g., gallic acid, chlorogenic
acid, caffeic acid, and ferulic acid) and flavonoids (such as quercetin and rutin). Exposure of
the E. coli O157 phages MS2 and Av-05 to 5 mg/mL of PPE for three hours in vitro resulted
in a 2.8 and 3.9 log10 reduction, respectively [113]. Hence, Av-05 was more susceptible than
MS2 to PPE exposure. The inhibitory mechanism was probably due to interference with the
replication stage. Also, tomatoes contain different polyphenols, mainly in leaves and stems.
Although the exact composition of these polyphenols varies, gallic acid and chlorogenic
acid belong to the most prevalent. Exposure to 5 mg/mL of tomato leaf extract (TLE) for 12
h reduced the infectivity of both MS2 and Av-05; the magnitude of the reduction depended
on the tomato subspecies: the Pitenza cultivar reduced the infectivity of MS2 and Av-05 by
3.8 and 5 log10, respectively, compared to 0.57 and 1.6 log10 obtained with the Floradade
cultivar [80]. Even in this case, the inhibitory mechanism was supposed to be linked to
viral replication.

Caffeic acid could also inhibit the cytotoxicity of Stx in a Vero-d2EGFP cell-based assay,
in a process independent from the alteration of the induction of 933J and 933W [114]. Gallic
and caffeic acids at low concentration (around 10–6 mg/mL) and tannins (0.5 mg/mL)
reduced the infectivity of PL-1 (infecting L. casei) by 80–90% [81]. Others reported that both
tannic (0.01–0.1 mg/mL) and gallic (0.1–0.4 mg/mL) acids had negligible action upon the
infectivity of MS2, with a reduction that reached a maximum of 0.06 log10 [82].

Zataria multiflora is an aromatic plant native from Iran and Afghanistan that is rich
in the monoterpenoids carvacrol (or cymophenol) and thymol [115]. A 0.03% v/v of
Z. multiflora extracts were bacteriostatic for E. coli O157, but sub-inhibitory concentrations
reduced the induction of 933 W, measured by quantifying the expression of Stx2 [83].
Several other compounds, including several derivatives of gallic acid, showed antiviral
activity in vitro measured with the MTT method and estimated by the inhibition of viral
cytopathic effects [116].

3.2. Flavonoids

Flavonoids also belong to the class of polyphenols. In natural sources, they are usually
mixed with other phenolic acids; thus, it is difficult to separate the former’s activity from
that of the latter. Nevertheless, the active compound of cranberry juice is believed to be
proanthocyanidin, a flavonoid [90]. In contrast, the active compounds of pomegranate juice
extracts (PJE) were identified in punicalagin, a phenolic acid with antioxidant properties
that could also inhibit the influenza virus [117,118]. Flavonoids are classified as antioxidants
because they can react with, and remove from the cellular environment, the highly reactive
superoxide anions (O2

−) in a process known as scavenging [119]. Flavonoids include two
products, catechin and genistein, with peculiar characteristics. Catechin is the basic block
of tannins, found in fruit, tea, and wine; genistein is present in many medicinal plants.

Tea extracts were able to inactivate the Salmonella phages Felix 01 and P22, without
affecting the growth of the bacterial host [84]. Exposure to 35 mg/mL of catechin for
24 h reduced the infectivity of the coliphage T4 by over two log10 in vitro, whereas the
host did not show any reduction in population [86]. In addition, derivatives of catechins
extracted from green tea could inhibit prophage induction. Epigallocatechin-3-gallate
(EGCG) decreased the expression of Stx1 but increased that of Stx2 in E. coli O157 [87].
Since the expression of these two toxins is associated with the induction of 933 W in a
germ-free mouse model [120], it needs to be assumed that, in this situation, EGCG is able
to act as a virus inhibitor. The mechanism of action of EGCG involves the repression of the
bacterial gene recA [87], an effector of the stress response that is central in the induction
of 933 J, whereas the induction of 933 W relies on additional pathways not related to the
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expression of recA. This difference explains why only Stx1 was reduced upon exposure
to EGCG. This nutrient is believed to cause membrane damage that affects the growth of
E. coli O157 and triggers stress response [87]. Other studies suggested that Stx1 was still
produced upon stimulation with EGCG and gallocatechin gallate (GCG), but the toxin’s
extracellular release from E. coli O157 cultured at 37 ◦C for 24 h was hampered, probably
due to both the galloyl and the hydroxyl moieties of these compounds [121].

Tannic acid is known to have antioxidant properties, since it can bind and remove sin-
glet oxygen (1O2) from the cellular environment [122]. A 0.3% w/v solution of persimmon,
a tannin, could induce a 3.13 log10 reduction in the infectivity of MS2. Electron microscopy
confirmed that such exposure caused capsid denaturation [123].

Genistein and daidzein extracted from soybeans could protect the genome of phage
ϕX174 from degradation induced by nitric oxide (NO) or peroxynitrite (ONOO–). Genistein
was more effective than daidzein since a 25 μM solution of these dietary compounds
protected about 75% and 45% of the viral ϕX174 DNA molecule confirmed by agarose gel
electrophoresis, respectively [89]. This protection might be due to the scavenging properties
of the flavonoids [124]. Genistein was also used to protect modified phages containing
thymidine kinase derived from Herpes simplex virus during the delivery of this cytotoxin
enzyme to tumor cells, thus increasing the targeted elimination of cancer cells [125].

Cranberries are fruits imported from North America and traditionally used by na-
tive Americans to treat bacterial infections. Investigations showed that cranberry juice
could drastically reduce the growth of E. coli O157 in vitro [126]. Exposure for one hour to
cranberry juice reduced the infectivity of the coliphages MS2 and ϕX174 by 1.67 and 1.22
log10, respectively, compared to the 0.05 and 0.29 log10 obtained by orange juice, 0.97 and
1.01 log10 obtained by grape juice, and 1.00 and 2.63 log10 obtained by purified proantho-
cyanidin [90,91]. Experiments with the coliphages T2 and T4 confirmed a complete and
immediate loss of infectivity for these viruses when exposed to cranberry juice purchased
from food shops [90,95]. Proanthocyanidin is also contained in blueberries; accordingly, ex-
posure of MS2 to blueberry juice for 21 days induced a 6.32 log10 reduction in its infectivity
when compared to incubation in phosphate buffered saline (PBS) [127].

In some studies, pomegranate and grape seed juices, which are rich in both flavonoids
and phenolic acids, showed an antiviral activity. PJE at a 4 mg/mL concentration displayed
a 0.12–0.32 log10 reduction upon MS2 infectivity in vitro [85,92]. This was in the same order
of magnitude of other experiments carried out with pomegranate juice applied for 21 days,
which showed a 0.14 log10 reduction in MS2 infectivity. Moreover, pomegranate juice
diluted in PBS increased the inactivation to 1.84 log10 [127]. MS2 incubated in 1 mg/mL
of grape seed extract (GSE) for two hours showed a 1.66 log10 reduction evaluated by
plaque assay [93]. GSE also inhibited the growth of non-O157 E. coli serotypes, and GSE at
a concentration of 4 mg/mL reduced the production of Stx2 [83,94,128]. By comparison,
pomegranate, grape, and orange juices showed lower, albeit still significant, reduction
in phage infectivity in vitro [85,127]. In addition, grape seeds, which contain epicatechin,
gallocatechin, GCG, and EGCG, could inactivate the cytotoxicity of Stx [114].

Su and colleagues suggested that cranberry juice in general, and proanthocyanidin in
particular, inhibits the attachment phase of infecting phages in vitro, possibly via alterating
the capsid [91]. This suggestion has been confirmed by electron microscopy analysis, which
revealed that T4 treated with cranberry juice did not attach to their host [95]. Moreover, the
feline calicivirus 9 showed structural modification of the capsid upon exposure to cranberry
juice [91]. Likewise, apple juice, which is rich in procyanidins, increased the resistance of
Vero cells against Stx [129].

Propolis (“bee glue”, a mixture of the saliva of honey bees with beeswax and plant
exudates) contains flavonoids [130]. As mentioned above, it has been shown to specifically
induce prophages in E. faecalis but not B. thetaiotamicron and S. aureus [68]. Brazil is the
major producer of propolis and this natural substance can be classified according to its color.
Green propolis induced a 3.0 log10 reduction in the infectivity of MS2 and 3.5 log10 in Av-08;
red propolis was even more effective in reducing PFU, with a 4.2 and 4.0 log10 reduction
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for MS2 and Av-08 [96]. The main active molecule of red propolis is formononetin and the
suggested mechanism of inhibition was alteration of the structure of the capsid [131].

3.3. Saccharides

Chitosan is a family of polysaccharides present in the exoskeleton of crustaceans
and insects as well as in the cell wall of fungi. The members of this family are classified
according to their molecular weight [132]. A 0.7% w/v solution of chitosan applied for three
hours could decrease the infectivity of MS2 by up to 2.80 log10 (when using a molecule
with a molecular mass of 53 kDa) and 5.16 log10 (when using 222 kDa). By increasing
the concentration to 1%, only the 222 kDa form could completely inhibit MS2 [98,133,134].
Higher concentrations of both forms (1.5% w/v) were needed to achieve the inactivation of
ϕX174, albeit the magnitude was much smaller than that of MS2 (0.94 log10). Chitosan was
also active against Bacillus thuringiensis phage 1–97 A [99] and Lactococcus lactis phage c2
in vitro [100]. Furthermore, in vivo experiments with mice showed that chitosan was able
to reduce Stx expression and the diffusion of induced 933 W progeny into the tissues, and
to improve the lifespan of mice infected with enterohemorrhagic E. coli [101]. The mecha-
nism of action was hypothesized to be a structural modification of the capsid [134–136].
Moreover, mutagenic effects of a sucrose-rich diet were reported by Dragsted et al. when
investigating the colon of Big Blue rats, a specific strain of Fischer rats that carries 40 copies
of the lambda phage on chromosome 4. In this study, a sucrose-rich diet resulted in an
increase of mutational frequency in the DNA of these colons [137]. Lysozyme, which is
widely distributed among prokaryotes and eukaryotes, is expressed by the R gene of phage
lambda. Accordingly, the latter is called bacteriophage lambda lysozyme (LaL), and it has
been shown to have bacteriolytic capabilities [138]. In contrast to other lysozymes, however,
LaL differs regarding the cleavage of the glycosidic bond between N-acetylmuramic acid
and N-acetylglucosamine of bacterial peptidoglycan. Duewel and colleagues showed that
high concentrations of β(1→4) N-acetyl-D-glucosamine oligomers inhibit LaL but are not
cleaved by the enzyme [138]. A similar observation of degrading peptidoglycans into
fragments has also been reported for lysates of phage Vi II [139].

3.4. Essential Oils and Vitamins

Several essential oils show antibacterial and antioxidant activity, together with an-
tiviral function [140]. For instance, oregano, thyme, cinnamon, and allspice (a berry from
Pimenta dioica used commonly in the food industry) extracts, amongst others, can reduce
the growth of E. coli O157 [141,142]. A 4% v/v solution of cinnamon oil, whose main com-
ponent is cinnamaldehyde, inhibited the growth of E. coli O157 in vitro, but sub-inhibitory
doses reduced the expression of Stx2 and the release of viral progeny [72,94]. As in the case
of EGCG, the interference over phage induction was accompanied by down-regulation of
the effector of the stress pathway recA, but also of the quorum sensing (QS) (qseB, qseC, and
luxS) and oxydative stress (oxyR, soxR, and rpoS) pathways, as well as the polynucleotide
phosphorylase PAP I [94], which is also an inducer of 933 W [143]. These results suggest
that cinnamon oil could interfere with 933 W induction as several overlapping levels.
Furthermore, cinnamon oil disrupted E. coli O156 and Pseudomonas aeruginosa biofilms by
interfering with the formation of the fimbriae, which are required to make inter-bacterial
connections [72,94]. Oregano had a general suppressive action upon prophages, but the
effect was stronger in S. aureus than in E. faecalis or B. thetaiotamicron [68]. Eugenol, which
is rich in allspice and clove, reduced the induction of both Stx1 and Stx2, and inhibit the
growth of E. coli O157 in vitro [144].

After a lag phase of few minutes, ascorbic acid (also known as vitamin C), reduced
the infectivity of several phages: δA and ϕX174 (with a genome of ssDNA); T7, P22, D29,
and PM2 (dsDNA); and MS2 (ssRNA) in vitro [88,102–106]. Supplementation of ascorbic
acid with oxidants such as oxygen and hydrogen peroxide enhanced this effect, whereas
antioxidants (for instance thiol compounds), nitrogen gas bubbling, or chelating agents
suppressed it [102]. It was postulated that the autoxidation of ascorbic acid produced
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hydrogen peroxide that damaged the genome of the phages, even though Murata and
colleagues found that hydrogen peroxide produced by autoxidation of ascorbic acid did
not exert effects on activity of phage δA, in contrast to free radical intermediates [145].
Thus, the scavenging activity provided by thiols and chelating agents was hypothesized
to reduce the damage on the viral genome, and the initial delay in the activity of ascorbic
acid was interpreted as the time required to internalize this hydrogen peroxide inside
the capsid [102]. Subsequent in vitro studies confirmed this hypothesis and showed that
ascorbic acid caused the accumulation of nicks in both DNA and RNA genomes, with
double-stranded genomes being less affected than single-stranded ones [88,103]. In these
studies, the overlap of the nicks determined the formation of double strands breaks, which
in fact sometimes appeared after the nicks as a result of the stochastic overlapping of
the single-stranded lesions. Furthermore, these damages could be restored by the host’s
cellular DNA repair system [88].

The oxidized form of vitamin C, dehydroascorbic acid, showed only very limited
effects on phage activity and the amount of strand cleavages in ssDNA from phage δA
was proportional to ascorbic acid concentration and incubation time. It was significantly
increased by Cu2+ or hydrogen peroxide [102,146]. These DNA-damaging properties of the
strong reducing combination of ascorbic acid with metal ions (especially Cu2+) [103] can
have an impact on the phage population in the intestinal microbiome, but could also have
implications in other fields such as the application of high-dose ascorbate in tumor patients.
Towards this end, tumor entities like non-small-cell lung cancer and glioblastoma seem to
be vulnerable towards the disruption of their intracellular iron metabolism and oxidative
damage caused by the formation of hydrogen peroxide and hydroxyl radicals [147].

3.5. Other Compounds

There are very few studies investigating the impact on phages of molecules other than
those listed so far. Pioneering work in the late 1950 s demonstrated how hydroquinone and
pyrogallol (both derivatives of phenol but not polyphenols) reduced the infectivity of T
coliphages [148]. Psoralens belong to the family of furocoumarins, photoactive polyphenols
that can induce DNA damage. They are particularly abundant in the peel of limes [149].
Accordingly, a six-hour exposure with lime juice in vitro reduced the infectivity of MS2 by
1.3 log10 even in the absence of photoactivation [107].

Coffee contains not only caffeic acid but also caffeine, an alkaloid; coffee is a beverage
on its own and the base for a plethora of soft-drinks [150]. High consumption of coffee and
its derivatives has been suggested to confer an increased risk of colorectal cancer, due to
its antimicrobial activity that disrupts the intestinal homeostasis [151]. Caffeine is able to
induce E. coli phage ϕX174 in mitomycin treated E. coli cells [108]. Since caffeine is known
to distort DNA and cause mutations [152], its activity is supposedly similar to caffeic acid
in terms of inducing a stress signal that starts the lytic process.

Finally, even common salt used for meat preservation has been reported to exert effects
on phage biology. Towards this end, a 2% w/v concentration of sodium chloride increased
the expression of Stx2, as measured by immunoblotting, and the activation of the 933 W, as
measured by plaque assay, in E. coli O157 [109].

3.6. In Vivo Studies

In contrast to a steadily increasing body of in vitro data that evaluates the interplay
of diet or certain nutrients with bacteriophages as discussed in the chapters above, there
are still only a few in vivo studies available. However, the possibility to modulate the
microbiome by phage application is currently starting to attract more and more attention,
especially in the field of inflammatory and malignant diseases. For instance, Zheng and
colleagues covalently linked irinotecan-loaded dextran nanoparticles to azide-modified
phages that were able to inhibit the growth of Fusobacterium nucleatum [153]. After i.v. or
oral administration, these phage-guided irinotecan-loaded nanoparticles increased the
chemotherapeutic efficacy in mice with colorectal tumors. In another study, a single in-
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jection of a lytic bacteriophage cocktail was effective as a rescue treatment for murine
severe septic peritonitis, resulting in a significant improvement of the disease state without
harming the microbiome [154]. Wild-type phage T4 and the according substrain HAP1,
which is characterized by enhanced affinity to melanoma cells, were able to reduce lung
metastasis of murine B16 melanoma cells by 47% and 80%, respectively [28]. Moreover, the
modulation of the intestinal microbiome and metabolome was investigated using cognate
lytic phages in gnotobiotic mice that were colonized with defined human gut commensal
bacteria. This approach directly impacted susceptible bacteria, but phage predation also
regulated additional bacteria via interbacterial interactions, yielding strong cascading net
effects on the gut metabolome [58]. In a gnotobiotic pig model, it was shown that bacteria
species are able to affect intestinal morphology as well as the expression of proinflamma-
tory cytokines such as IL-1β and IL-6. Therefore, it can be hypothesized that a modulation
of, e.g., neonatal bacterial colonization would have strong implications for a healthy de-
velopment of the intestine [4]. On the other hand, intestinal inflammation and ulcerative
colitis can be aggravated by high levels of certain bacteriophages that induce interferon-γ
release [17]. Different phage cocktails (ShigActive™ [155] and ListShield [156]) have been
shown to reduce shigella colonization of the murine gut and to decrease Listeria monocyto-
genes in the gastrointestinal tract, respectively. ShigActive™ was found to have comparable
therapeutic effects to ampicillin but without the harmful effects on the gut microbiota ex-
erted by the antibiotic [155]. ListShield was applied via oral gavage before mice were orally
infected with Listeria monocytogenes. Consequently, Listeria monocytogenes concentrations
were found to be reduced in the liver, spleen, and intestines when compared to controls.
Even though, this phage therapy was as effective as the treatment with an antibiotic, it did
not result in weight loss of the animals in contrast to infected controls and antibiotic-treated
mice [156]. In another study, mice with antibiotic-induced perturbed microbiomes were
treated with autochthonous virome transfer and viable phages were effective in reshaping
the murine gut microbiota in a way that closely resembled the pre-antibiotic situation [157].
In vivo targeting of specific bacterial pathogens with recombinant or wildtype phages was
also investigated for Clostridium difficile infections [158], Vancomycin-resistant Enterococcus
faecalis infections [159], Crohn’s disease [160] and even for the attenuation of alcoholic liver
disease [161]. The human Bacteriophage for Gastrointestinal Health (PHAGE) study and
PHAGE-2 study demonstrated that an application of therapeutic doses of bacteriophages
was both safe and tolerable [162–164]. The double-blinded, placebo-controlled crossover
PHAGE trial with adults consuming bacteriophages for 28 days (32/43 participants fin-
ished the study) also demonstrated that bacteriophages are able to selectively decrease
the amount of target organisms, without disrupting the gut microbiome globally [162].
In the randomized, parallel-arm, double-blinded, placebo-controlled PHAGE-2 study (68
participants, four weeks), it could be shown that adding supplemental bacteriophages
(PreforPro) to the probiotic Bifidobacterium animalis subsp. lactis enhanced positive effects
on gastrointestinal health [164]. Taken together, there is increasing evidence, in initial
in vivo studies, for the high potential of treating different diseases with bacteriophages and
for the ability to reshape the gut microbiome via tailored phage cocktails. Still, however,
more in vivo studies are needed that investigate the complex interplay between diet and
bacteriophages, especially in the context of the prevention and treatment of inflammatory
diseases and cancer.

4. Conclusions

In conclusion, the present review shows that many dietary compounds and food
ingredients display significant bioactivity with documented effects on phages. The dietary
compounds discussed in this review can be consumed directly by diet (as in tea or coffee)
or indirectly as food supplements. Still, most of the data reviewed and discussed herein
pertain to E. coli as the, so far, best studied phage target in humans. Although being a
common gut commensal, certain serotypes of this species pose a threat to public health
regarding severe infectious and (in part systemic) inflammatory conditions as discussed
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in the Introduction. A few reports up to now even hypothesized particular E. coli strains
such as those producing the genotoxin colibactin as potential tumor promoters [165],
although their data were restricted to experimental models so far. In own genome data, we
have preliminary evidence of sequences of particular E. coli strains in human colorectal
carcinomas and even metastases (unpublished data based on genomes published in [166]).

The main activity of the dietary compounds discussed in the present review includes
inhibitory effects on phages due to the alteration of the capsid, with subsequent reduction
of infectivity. In other cases, the viral genome is being damaged, again inhibiting the
infectivity of phages. However, some dietary compounds are able to induce (as with
common salt or gallocatechin gallate) or repress (as with carvacrol) prophages. More
importantly, a few dietary compounds display species-specific activities. For instance,
stevia apparently acts as an inducer for S. aureus prophages, but not of those present in E.
faecalis, whereas propolis displays the opposite actions.

Overall, most of the dietary compounds reviewed here, with documented actions
towards phages, showed a beneficial effect for the host by interfering with the activity of
the pathogens at several levels. Thus, a number of concluding scenaria can be summarized
for the putative benefit of nutrients (including the modulation of phages) to human patients
and their microbiota (Figure 6A): Several nutritional compounds can directly affect the
growth of microbial pathogens, but not that of commensals. Also, dietary compounds are
able to inactivate particular toxins produced by pathogens, thus reducing fitness of the
latter. More importantly, dietary compounds can inactivate virulent phages, modifying the
overall equilibrium of the intestinal microbiome. As a result, phages targeting a commensal
species that is a competitor to a pathogen can be removed from the niche. The commensal
species will then expand and compete with the pathogen, again reducing the latter’s
fitness. Finally, dietary compounds might induce prophages present in the pathogen,
determining the hosts’ lysis and a wave of active virulent phages, which in turn reduce
the pathogen’s population. Combining all of these inhibitory outcomes will reduce the
pathogenicity of invading species and for example, help resolve infections or (chronic)
inflammatory conditions.

To better understand how dietary compounds could selectively modulate bacterial
infections, we carried out a simulation model (Figure 6b). This model shows that a
pathogenic bacterium can wipe out a commensal species, but the selective induction of
a prophage can then control the growth of the pathogen, reducing the virulence of the
infecting species. The model suggests that it could be possible, in principle, to reorganize
the microbial network to fight infections and further disease. Experimental data is required
to assess the specificity of particular dietary compounds’ action to, effectively and safely,
direct such attempts of specific reorganization.

Similar considerations as for phage-directed attempts to counteract infections and
inflammatory conditions could be speculated for the field of carcinogenesis and cancer.
Interfering with particular commensals within the intestinal microbiome by phages of dif-
ferent activities and properties, with the result of changing the intestinal microenvironment
towards a more pro- or anti-carcinogenic condition, could be an exciting novel field of
colorectal and other intestinal cancer research, and of treatment development. In parallel,
more specific research on particular dietary compounds, chemical components, and associ-
ated modulation of phages that exert controllable, specific effects on the microbiome could
open exciting new possibilities to interfere with intra-intestinal conditions in ways to foster
anti-carcinogenic, more cancer-preventive environments.
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Figure 6. Overall impact of dietary compounds on infections. Dietary compounds can modify the bacterial population
indirectly, based on the interaction between phages and bacteria, and by bacterial competition. (a) A dietary compound
(nutrient) can interfere with the activity of a pathogenic bacterium at different levels by: inactivating a bacterial toxin
(interposed inhibition); inducing a prophage already present in the invading bacterium, which then lyses the pathogen
(indirect inhibition); acting bactericidal on invading species (direct inhibition); inactivating a lytic phage of an antagonist
commensal species that, freed from the phagial burden, can compete with the pathogen (mediated inhibition). (b) Simulation
of the interaction between bacteria and phages. The model considers the presence of a commensal bacterium (resident)
and its phage. These reach an equilibrium where the number of cells or phages remains constant. A pathogenic bacterium
(invader) will have virulence factors that favor its replication. As a result, it overgrows the commensal species. The
activation of phages, namely through dietary-mediated induction of prophages, reduces the replication rate of the invader
and re-establish, as a result, the commensal population. For the simulation, the parameters used were as follows. Carrying
capacity: 2.2 × 107. Maximum growth rate, 0.47 (commensal), and 0.72 (invader). Phage adsorption rate: 10–9, Phage lyse
rate: 1.0. Phage burst size: 50. Particle loss rate: 0.05. Initial population of commensal bacteria: 50 000 cells. Amount
of invader bacteria inoculated: 500 cells. Amount of phages: 1000 particles each. The model was implemented in Julia
language using the DifferentialEquations package.
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Simple Summary: We sought to provide a detailed overview of the immune landscape of colorectal
cancer in the largest study to date in terms of patient numbers and analyzed immune cell types.
We applied a multiplex in situ staining method in combination with an advanced scanning and
image analysis pipeline akin to flow cytometry, and analyzed 5968 individual multi-layer images of
tissue defining in a total of 39,078,450 cells. We considered the location of immune cells with respect
to the stroma, and tumor cell compartment and tumor regions in the central part or the invasive
margin. To the best of our knowledge, this study is the first comprehensive spatial description of
the immune landscape in colorectal cancer using a large population-based cohort and a multiplex
immune cell identification.

Abstract: While the clinical importance of CD8+ and CD3+ cells in colorectal cancer (CRC) is well
established, the impact of other immune cell subsets is less well described. We sought to provide a
detailed overview of the immune landscape of CRC in the largest study to date in terms of patient
numbers and in situ analyzed immune cell types. Tissue microarrays from 536 patients were stained
using multiplexed immunofluorescence panels, and fifteen immune cell subclasses, representing
adaptive and innate immunity, were analyzed. Overall, therapy-naïve CRC patients clustered into an
‘inflamed’ and a ‘desert’ group. Most T cell subsets and M2 macrophages were enriched in the right
colon (p-values 0.046–0.004), while pDC cells were in the rectum (p = 0.008). Elderly patients had
higher infiltration of M2 macrophages (p = 0.024). CD8+ cells were linked to improved survival in
colon cancer stages I-III (q = 0.014), while CD4+ cells had the strongest impact on overall survival
in metastatic CRC (q = 0.031). Finally, we demonstrated repopulation of the immune infiltrate in
rectal tumors post radiation, following an initial radiation-induced depletion. This study provides a
detailed analysis of the in situ immune landscape of CRC paving the way for better diagnostics and
providing hints to better target the immune microenvironment.

Keywords: colorectal cancer; multiplex; tumor immunology; immune landscape

1. Introduction

Cancer remains one of the leading causes of death worldwide and CRC is the third
most common cancer type and the second most common cancer killer [1]. In addition to the
traditional TNM classification system, molecular subgroups based on mutations and gene
expression profiles are used to identify more homogeneous subgroups as CRC is intrinsi-
cally heterogeneous [2]. In particular, somatic mutations in driver genes, such as those of
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the RAS pathway, have major clinical implications for the response to specific therapies and
molecular testing for such mutations is now a clinical standard in metastatic CRC (mCRC).
During the past decade, a classification system based on the tumor immune environment
has attracted attention. Galon et al. introduced an immune score that grouped CRCs with
regard to the infiltration of T cells (CD3+ and CD8+ lymphocytes) in the tumor and the
invasive margin [3]. The Immunoscore® provides independent prognostic information
in addition to other clinical parameters including the TNM classification in CRC stage
I–III [4,5]. Furthermore, not only the T cell lineage, but also the presence of other immune
cell types including B cells and NK cells have been associated with better outcomes [6,7].
On the other hand, certain immune contexts of the primary tumor dominated by immune
suppressive cells, like T regulatory cells or M2 type macrophages, were connected to tumor
progression and poor prognosis [8]. These observations indicate an active involvement of
the tumor immune environment in tumorigenesis and suggest a diagnostic, prognostic,
and, potentially, also predictive value of a deeper immune classification of CRC.

The introduction of immune checkpoint inhibitors has demonstrated that cancer im-
munity can be modified, leading to immune-mediated long-lasting tumor regression in
subsets of patients with several different solid tumor types [9]. Further, the pre-existing
microenvironment seems of major relevance and high infiltration with immune cells is
associated with better tumor response and long-term survival in patients treated with
checkpoint inhibitors [10]. Transcriptomic analyses have revealed that these tumors also ex-
press inflammatory and effector cytokines, indicating a basic anti-tumor immune response,
though not efficient enough to control tumor growth. This immune phenotype has been
designated ‘inflamed’ or ‘hot’. In contrast, tumors with less immune cell infiltrate were
designated as ‘desert’ or ‘cold’ tumors [11,12]. In CRC, the ‘inflamed’ immune phenotype
is often found in tumors with high microsatellite instability (MSI-H), most probably due
to high tumor mutational load and the presentation of neoantigens leading to anti-cancer
immunity [13,14]. The analysis of tumor exomes allows identification of such neoantigens.
The number of mutations per exome ranges from ~100 in microsatellite stable (MSS) to
~1000 in MSI CRC [15–17]. Checkpoint inhibitor therapy is effective in these tumors [18,19]
and is now approved for mCRC with MSI-H [18–21]. Taken together, there is evidence that
the tumor immune microenvironment plays a major role in terms of CRC prognosis and, at
the same time, indicates whether immune modulating treatment is beneficial.

Despite its obvious clinical relevance, knowledge of the immune microenvironment in
CRC is fragmentary as most studies have focused on only a single cell type or a few subsets
of immune cells. The most applied strategy is based on immunohistochemical analysis
with semi-quantitative measurements, carrying a substantial risk of observer bias. Multiple
markers may be analyzed in consecutive sections, but this has limited relevance when
evaluating cell interactions [22]. Therefore, the focus of prior immunohistochemical studies
was on the T cell lineage. More comprehensive studies rely on deconvolution of gene
expression data, without spatial context of immune cells. This approach has disadvantages,
as low abundance cell types are challenging to quantitate accurately in bulk mRNA profiles.
Given these methodological difficulties, there are few comprehensive efforts towards in
situ mapping of the tumor microenvironment [23]. However, novel immunofluorescence
multiplex techniques in combination with advanced scanning and image analysis systems
can tackle these obstacles to describe the immune response in cancer in a holistic and
standardized manner [24].

The aim is to apply immunofluorescence multiplexing techniques to provide the
first comprehensive overview of the immune landscape across a large population-based
cohort of CRC patients. Relevant molecular and clinical subgroups are analyzed using
antibody panels allowing in situ identification of 15 distinct subclasses of immune cells in
association with clinical parameters and outcome. Finally, we compare the immune status
in rectal tumors treated with different therapies and intervals prior to surgery to identify
therapy-induced modulation of CRC immunity.
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2. Materials and Methods

2.1. Study Cohort

The study cohort consists of prospectively collected CRC patients living in the Uppsala
region of Sweden, most of which have been included in the Uppsala-Umeå Comprehensive
Cancer Consortium (U-CAN) [25]. In total, 937 patients were diagnosed with CRC between
2010 and 2014 in the Uppsala region. Of them, 746 (80%) were included in tissue microarray
(TMA). For the present study, only patients with TMA material from primary tumors were
selected. After the staining procedures and quality control, 536 patients were available for
analysis. The clinicopathological characteristics of the included patients and their tumors
are presented in Table S1.

All patients received stage-stratified standard of care according to the Swedish national
guidelines from 2008. According to the guidelines, colon tumors were recommended
primary surgery and adjuvant chemotherapy if risk-factors for recurrence were present. If
the colon tumor was considered inoperable, neoadjuvant chemotherapy was administered
to shrink the tumor before surgery. Rectal tumors were grouped into three prognostic
categories: early (low recurrence risk), intermediate (intermediate recurrence risk), and
locally advanced (high recurrence risk) with recommendations of primary surgery or
pre-operative radiotherapy or chemoradiotherapy with different time-intervals to surgery,
dependent on group belonging. Formalin-fixed paraffin-embedded tissue blocks of primary
tumors and distant metastases were used to construct TMAs. Each case was represented
on the TMA with cores derived from the central part of the tumor and from the invasive
margin. The study was approved by the regional ethical committee in Uppsala, Sweden
(Dnr 2010/198 and Dnr 2015/419).

MSI status was evaluated in available cases by IHC analysis with antibodies against
the two MMR proteins, PMS2 and MSH6. The tumor was denoted as MSI-H if at least one
of these proteins was absent.

2.2. Multiplex Immunofluorescence Staining

For the multiplexed immunofluorescence staining, 4 μm thick sections were de-
paraffinized, rehydrated, and rinsed in distilled H2O. Three staining protocols were es-
tablished with three panels of antibodies: a lymphocyte panel, with CD4, CD8, CD20,
FoxP3, CD45RO, and pan-cytokeratin (pan-CK) (as described in [26]); a NK/macrophage
panel encompassing CD56, NKp46, CD3, CD68, CD163, and pan-CK; and a dendritic cell
panel with CD3, CD1a, CD208, CD123, CD68, CD15, and pan-CK. The staining procedure
was performed as described [27,28]. In total, 520 cases were evaluable for the lymphocyte
panel, 508 cases for the NK/macrophage cell panel, and 498 cases for the dendritic cell
panel (Table S1). Using a combination of immune markers, we quantified 15 immune cell
subclasses (Figure 1a,b).

2.3. Imaging, Image Analysis, Thresholding and Immune Scores

The stained TMAs were imaged using the Vectra Polaris system (Akoya Biosciences,
Marlborough, MA, USA) in a multispectral mode at a resolution of 2 pixels per μm. This
resulted in 5968 individual multi-layer images, each representing a TMA core. Spectral
deconvolution and initial image analysis were conducted in the inForm (2.4.6) software
(Akoya Biosciences) (Figure S1). Each of the images was reviewed and manually curated
by a pathologist to exclude artefacts, staining defects, and accumulation of immune cells
in necrotic areas and intraglandular structures. The vendor-provided machine learning
algorithm was trained and applied to split tissue into three categories: tumor compartment,
stromal compartment, or blank areas as described [29]. Cell segmentation was performed
using DAPI nuclear staining as described [27,28]. The perinuclear region at 3 μm (6 pixels)
from the nuclear border was considered the cytoplasm area. The nuclear or cytoplasmic
area was evaluated for the expression of nuclear or cytoplasmic/membrane markers,
respectively. The cell phenotyping function of the inForm software was used to manually
define cells positive to each of the markers. The intensity of the marker expression in
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selected cells was used to set the thresholds for marker positivity. The defined thresholds
were then applied to the raw output data of the complete cohort outside the inForm
pipeline. Every cell was characterized as positive or negative for each marker in the
panel, and marker co-expression was used to define immune cell subtypes (Figure 1a,b).
Immune cell infiltration was evaluated as the number of cells per analyzed tissue area, in
the stromal compartment and tumor compartment. This algorithm was applied to quantify
the 15 different immune cell subclasses in the stroma and tumor compartment in the center
of the tumor and in the invasive margin, i.e., obtaining a cell quantification in four tissue
regions. Immune scores were generated for each immune cell subclass. First, immune cell
infiltration in each of the four localizations was dichotomized into 0 (low) and 1 (high),
using the median as threshold. The sum of the values gives a score between 0 and 4
(Figure S1e).

Figure 1. Characterization of immune cell subsets in the tumor and stroma compartments at the
invasive margin and core of the tumor of primary CRC. (a) Representative images of the multiplex
staining with three immune panels; (b) scheme of the immune marker combinations used to define
the subgroups of immune cells; (c) immune cell densities in Tumor and Stroma compartments in
Central Tumor (CT) and Invasive Margin (IM) (boxes show median values and interquartile range,
and numbers represent cell counts per mm2, cube root transformed); and (d) illustration of the mean
immune cell infiltration in tumor center in tumor and stromal compartment.

2.4. Statistics

Statistical analyses were performed using R (version 3.5.1) and SPSS V20 (SPSS Inc.,
Chicago, IL, USA). In radically operated stage I–III patients, recurrence-free survival (RFS)
was computed as the time from surgery to the first documented disease progression
including local recurrence or distant metastases or death due to any reason, whichever
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occurred first [30]. Overall survival (OS) was the time from surgery to death due to any
reason. To estimate relative hazards in both univariate and multivariable models, a Cox
proportional hazards model was used. Hierarchical clustering analyses were conducted
with the heatmap.plus package (version 1.3) in R. For the analyses of associations between
MSS/MSI status and metastases type, the Chi-square test was used. The Ward algorithm
was used for hierarchical clustering and p < 0.05 was considered statistically significant.
The Benjamini–Hochberg procedure was used to adjust for multiple hypothesis testing,
and adjusted q-values were reported.

3. Results

3.1. Identification and Quantification of Immune Cell Subclasses in CRC by Multiplex Staining

The successfully stained tissue microarray cores comprised of 536 surgically removed
primary CRC cases with two cores from each tumor, representing the invasion margin and
the central tumor area. Two thirds of the patients had colon cancer while one third rectal
cancer, 54% of the patients were male and 35% were older than 70 years. In total, 59% of
patients had stage III disease and 15% had metastatic disease at diagnosis. Most colon
cancer patients (99%) were therapy-naïve at the time of surgery, while many rectal cancer
patients had received pre-operative treatment (61%) (Table S1). The TMAs were stained
with three different panels of immune markers along with pan-cytokeratin and DAPI as
nuclear stain. Examples of multiplex immunofluorescent images are shown in Figure 1a and
the analysis pipeline is illustrated in Figure S1. The expression of different immune markers
was combined to assign each cell to one of 15 immune cell subtypes (Figure 1b), including
different lymphocytes, macrophages, natural killer (NK) cells, dendritic cells (DCs), and
myeloid cells (Figure 1b). The density of immune cell subtypes was annotated in the stroma
and tumor compartments of the tumor center and at the invasive margin, resulting in four
different metrics for each immune cell class. Overall, the most abundant cell types were
CD8 single positive cells and M1 macrophages with median (mean) values of 314 (832)
and 431 (685) cells per mm2, respectively. NK cells and NKT cells demonstrated very low
overall density with 77 and 81% of the cases being negative, respectively (Figure 1c,d).
Taken together, the infiltration of immune cells was highly variable between tumors and
immune cell subclasses, spanning from 0 to 11,994 cells/mm2.

3.2. Spatial Distribution of Immune Cells in CRC

Next, we performed case-wise comparisons between the four tissue regions (stroma
and tumor in the tumor center and stroma and tumor in the invasion margin). When
comparing infiltration in stroma against tumor compartments (Figures 1d, S2 and S3), most
immune cell subsets were more abundant in the stroma. Only CD8 single positive cells
(see Figure 1B for immune cell sub-classification) and myeloid cells were more numerous
in the tumor compartment (q < 0.001, Mann–Whitney U test with Benjamini–Hochberg
correction). The distribution of immune cells between the center of the tumor and the
invasive margin were similar, with a few notable exceptions. The most striking difference
was observed for T cells, which were more abundant in the tumor center (Figure S4). In
conclusion, there was greater enrichment of immune infiltrate in the stroma compared
to the tumor cell compartment, but no significant differences between tumor center and
invasive margin.

3.3. Interrelationship of Immune Cells and Immune Scores

We hypothesized that immune cells of the same lineage infiltrate tumor tissue in a
coordinated fashion. Therefore, we correlated the abundance of all immune cell subtypes
to each other in the four analyzed tumor regions (Figure S5). Indeed, the correlations for
each specific immune subclass between the four tissue regions of the same tumor sample
were in generally high. Due to this observation, we summarized the immune cell values in
a single score for each immune cell subclass. These scores were generated in analogy to
the original Immunoscore® [3] by summarizing the cell densities in all four regions into
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one score ranging from 0 to 4 (Figure S1e). Analysis using the immune scores revealed
interrelations between different immune cells, with the highest correlations between lym-
phocyte subtypes, and between M1 macrophages and CD8+ lymphocytes. Interestingly,
NK and NKT cells correlated negatively to mature dendritic cells and plasmacytoid den-
dritic cells (mDCs and pDCs). There was also a negative correlation of T cells to myeloid
cells and M2 macrophages (Figure 2a). In conclusion, we identified distinct dominat-
ing immune infiltration patterns when a set of immune cell subclasses infiltrate tumor
tissue coordinately.

Figure 2. The immune scores interrelations, distribution across different clinical and pathological
groups and unsupervised hierarchical clustering. (a) Graphical representation of Spearman’s correla-
tion matrix between immune scores. Pie charts and the intensity of shading represent the strength of
correlation (Spearman correlation coefficient), blue color indicates direct while red color indicates
inverse correlation. Asterisks indicate statistical significance (p < 0.05). (b) Immune scores mean
levels (black line) and 95% confidence intervals (pink areas limited by gray lines) at specific primary
tumor locations. For additional data, see Table S2. (c) Unsupervised hierarchical cluster analysis of
immune scores. Cases were clustered based on the levels of immune scores. A total of 373 cases with
complete immune score data from therapy-naïve patients were available. Clusters with enriched
CD4 or CD8 cells are marked by dashed black line, while the cluster with low lymphocyte level is
marked by dashed red line. For additional data, see Table S3.

3.4. Clustering of CRC Cases by Immune Cell Scores and Relation to Clinical Parameters

We next evaluated whether the immune scores were related to clinicopathological pa-
rameters. The findings largely replicated associations observed in region-restricted immune
cell densities (Table S4). In line with published data [31,32], tumors of the right colon were
characterized by higher immune scores for most T cell subclasses, M2 macrophages, and
myeloid cells in comparison to the left colon and rectum, while pDC cells were enriched in
the rectum. The most abundant immune infiltrates were seen in the tumors from flexura
hepatica and colon transversum (Figure 2b and Table S2). Higher immune scores of CD8
single positive cells were observed in tumors with lower N stage. Most T cell subclasses,
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macrophages, and myeloid cells were enriched in MSI-H tumors. The M2 macrophages
were associated with higher patient age.

To capture the dominating immune landscapes, we performed hierarchical clustering
based on immune scores across all 373 therapy-naïve cases. The cluster analysis revealed
two distinct groups (Figure 2c). The smaller cluster (n = 145) included tumors with high
immune scores for T cells, reflecting an ‘inflamed’ phenotype. Interestingly, this cluster
consisted of two distinct subgroups with high CD8 or CD4 scores. The second, larger
cluster (n = 228), demonstrated low immune scores for T cells, representing the immune
‘desert’ phenotype. Within this cluster, several smaller subgroups were observed with
either increased M2/myeloid cell scores, NK/NKT cell scores, immature dendritic cell
(iDC) scores, or mDC/pDC scores. The ‘inflamed’ cluster was enriched with tumors
(i) from the right colon, (ii) with high differentiation grade, (iii) without neural invasion,
and (iv) with MSI. Other parameters, such as stage, sex, vascular engagement, local lymph
node involvement, presence of distant metastases, or BRAF mutation status did not affect
the distribution across the main clusters (Table S3). Interestingly, when we analyzed the
impact on OS, the ‘inflamed’ and ‘desert’ immune clusters did not demonstrate significant
differences. Taken together, tumors with an ‘inflamed’ or a ‘desert’ immune phenotype
were clearly distinguishable, although, unexpectedly, not associated with improved or
reduced survival.

3.5. Immune Scores and Survival

Clearly defined ‘hot’ and ‘desert’ tumors did not have significant survival differences.
Therefore, we hypothesized that individual variations in different immune cell subsets
may play more important roles in predicting patient survival and focused on the analyses
of single immune scores. In a first set of survival analyses, we evaluated OS in all therapy
naive patients (Figure 3a and Table S5); since preoperative treatment may influence the
immune scores, these analyses were restricted to untreated patients. In line with previously
published data [32], T cell immune scores had positive associations with improved survival,
but only the immune score for CD8 single positive cells reached statistical significance
(HR = 0.64, 95%CI [0.49–0.84], q = 0.014). In contrast, higher M2 macrophage scores were
associated with shorter survival (HR = 1.50, 95%CI [1.20–2.00], q = 0.014). Due to the
heterogeneity of CRC, both in terms of natural course of the disease and treatments, we
investigated survival in specific patient subgroups with relevant endpoints. The same
survival impact of CD8 cells and M2 macrophages was seen for radically operated stage
I–III colon cancer patients, when disease-free survival (RFS) was analyzed. However, in
the multivariable analysis, adjusted to clinicopathological factors, only single positive CD8
cells had a significant impact on prolonged RFS (HR = 0.64, 95%CI [0.41–0.98], p = 0.039)
(Figure 3b and Tables S6 and S7). Subsequently, we evaluated stage IV patients separately.
Immune scores for single positive CD4, single positive CD8 cells, and mDCs were asso-
ciated with longer survival in the univariable analyses, although only the first retained
statistical significance after adjustment for multiple testing (Figure 3c and Table S8). Thus,
survival analysis in a therapy-naïve cohort and in colon cancer stage I–III confirmed previ-
ous findings indicating a major impact of CD8+ cells. In stage IV, single positive CD8+ were
accompanied by mDCs and even stronger survival-predictive impact of single positive
CD4+ cells.
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Figure 3. Immune scores predict patient survival. Forest plot of hazard ratios (HR) for immune
scores in the univariable and multivariable Cox regression models. Filled squares indicate HR
and whiskers represent 95% CI. Blue-colored squares indicate statistically significant (p < 0.05 and,
where applicable, FDR q < 0.05) associations of the respective immune score with improved survival,
while red squares represent association with reduced survival. Blue-colored squares with black
contour indicate that the association was statistically significant in an individual test (p < 0.05) but
lost statistical significance after adjustment for multiple testing (FDR q ≥ 0.05). (a) Univariable
associations of immune scores with OS in a complete cohort of therapy-naïve patients. For detailed
information see Table S5. (b) Association of immune scores with RFS in stage I–III colon cancer. Left
panel illustrates the result of the univariable Cox regression models. Right panel illustrates the result
of the multivariable Cox regression model, adjusted to clinicopathological parameters: pT, pN stages,
tumor differentiation, patient age, surgery type (elective or acute), and adjuvant treatment. For
detailed information see Supplementary Tables S6 and S7. (c) Univariable associations of immune
scores with OS in stage IV therapy-naïve colorectal cancer patients. For detailed information, see
Table S8.

3.6. Rectal Cancer

Rectal and colon cancer are often considered separate diseases [33]. This is also re-
flected by the different immune phenotype observed with lower numbers of CD4 single
positive cells, CD4 Treg cells, and higher mDC, pDC, NKT cells in therapy-naïve rec-
tal cancer compared to colon cancer (Table S2, Figure 4a), suggesting a lower level of
natural immune activation in rectal cancer patients. Since most rectal cancer patients
receive neoadjuvant radiotherapy or chemoradiotherapy (RT/CRT), we analyzed sam-
ples from 78 patients treated with RT/CRT. These patients were dichotomized regarding
neoadjuvant treatment type, that was either (i) short-course RT (5 × 5 Gy in one week)
followed by immediate surgery or (ii) short-course RT with delayed surgery (later than
three weeks), CRT with delayed surgery, or short-course RT and chemotherapy in the
interval to surgery. The analyses revealed that many immune cell counts decreased in
the group that received RT/CRT therapy and was operated soon after the treatment and
increased again in the delayed surgery group (Figure 4b), with the most characteristic
profile seen for CD4+CD45RO+, CD8+CD45RO+, CD8 regulatory cells, M2 macrophages,
iDCs, and pDCs. Interesting, CD4 and CD8 single cells, as well as B cells, showed quite
a stable level of infiltration independent from neoadjuvant treatment type. None of the
immune cell subclasses showed statistically significant differences when comparing tumors
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from primary surgery and those from the delayed surgery group, with the exception of
M1 macrophages which demonstrated lower densities in the pretreated delayed surgery
group. Taken together, the immune profiles differ between rectal and colon cancers in
several aspects. In rectal cancer, the pattern reflects repopulation of the immune infiltrate
in tumor tissue post radiation, following an initial radiation-induced depletion.

Figure 4. Immune infiltration in rectal cancers is restored after RT/CRT pre-treatment and delayed
surgery, while vasculature is changed. (a) Radar plots of immune scores in therapy-naïve colon
cancer patients (green) and rectal cancer patients (brown). (b) Immune infiltrate levels for patients
who had primary surgery (white), radiation therapy followed by immediate surgery (<21 days),
or delayed surgery after (chemo)radiotherapy. Numbers represent cell counts per mm2, cube root
transformed. Boxes show median values and interquartile range of the ratios, whiskers represent
1.5 IQR. Wilcoxon signed-rank test with Pratt method assuming asymptotic distribution was used
for statistical analysis. Statistically significant differences: * p < 0.05, ** p < 0.01 and *** p < 0.001; not
statistically significant differences: n.s.

4. Discussion

Tumors are composed of malignant cells and host elements of the tumor microen-
vironment which can support or suppress tumor progression and influence anti-cancer
treatment. Although T cells have been considered as the most important anti-tumoral im-
mune cells, detailed analysis of T cell subtypes and of other immune cells classes has been
limited due to methodological difficulties. The functions of different immune cells can vary
dramatically, depending on their activation and differentiation status. These differences
are reflected in unique protein expression profiles, requiring techniques for multiplex in
situ analysis to enable quantification of immune cell classes in clinical samples [34]. This
study describes the immune cell microenvironment of CRC with 15 subgroups of immune
cells at a hitherto unrivaled resolution. We applied a multiplex in situ staining method
in combination with an advanced scanning and image analysis pipeline, akin to flow
cytometry in situ, and analyzed 5968 individual multi-layer images of tissue defining a
total of 39,078,450 cells. Each image was reviewed and thoroughly curated by a pathologist
to exclude artefacts, staining defects, and necrotic areas. Furthermore, we considered the
location of immune cells with respect to the stroma and tumor cell compartment as well as
tumor regions in the central part or the invasion margin. To the best of our knowledge, this
study is the first comprehensive spatial description of the immune landscape in CRC using
a large population-based cohort and a multiplex immune cell identification.

In addition to commonly analyzed immune cells, like CD4 and CD8 cells, or FoxP3+
cells, we could accurately discriminate additional subsets of T lymphocytes. This increased
the depth of cell sub-classification and, at the same time, improved the purity of each
cell class. For instance, in conventional immunohistochemical analysis, FoxP3 positive
cells have usually been considered regulatory T cells. Our approach refined cell count-
ing by excluding FoxP3+ cells of non-lymphocyte or unknown origin, e.g., cancer cells
or immune cells negative for other markers [28,35]. Furthermore, we found that a large
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proportion of the FoxP3+ cells are of the CD8+ lineage. CD8+FoxP3+ T cells have pre-
viously been suggested to be immunosuppressive CD8+ Tregs [36], although conflicting
data exist showing that FoxP3 may be induced upon CD8+ T cell activation [37]. The
unexpected high abundance of the specific cell type observed here should be the subject of
further investigations.

We could clearly identify two distinct immune phenotypes: immune ‘inflamed’, char-
acterized by high infiltration of lymphocytes, and immune ‘desert’ tumors. Interestingly,
the ‘inflamed’ cluster in our analysis consisted of two subgroups with tumors with either
CD4+ or CD8+ infiltration, and with only a small group of cases with concurrent high CD4
and CD8 levels. One may speculate that this finding might explain the general resistance
of CRC to immune checkpoint inhibitors, considering that the presence of both immune
cell linages is necessary for effective cancer cell elimination. Finally, the presence of den-
dritic cells, cells of the myeloid lineage, and NK cells define further subgroups within the
immune desert background. Taken together our analyses refine the immune classification
of CRC.

Despite being expectedly associated with dMMR/MSI-H cases, immune ‘inflamed’
tumors did not demonstrate a statistically significant association with improved patient
survival. We next extended our analysis of individual immune cells in the context of
clinical outcome. In an objective and unbiased analysis, previously reported relations
were confirmed, but we could also uncover new information about the prognostic impact
of further immune cell subclasses. Thus, Immunoscore®, which considers amount and
localization of CD3 and CD8 cells showed an independent prognostic impact in a large
multicenter prospective study [5]. Our CD8 immune score, although generated slightly
differently from the Immunoscore®, had prognostic value in this cohort. Another immune
cell subclass which emerged as a potent prognostic biomarker was the M2 macrophages.
These cells have a broad and not yet fully understood role, but can be considered as pro-
tumoral elements and hallmarks of an immunosuppressive microenvironment [38]. Our
findings suggest that the adverse effect of M2 macrophages should be considered in efforts
to improve the prognostic accuracy of immune scoring systems.

Finally, we evaluated changes in the immune microenvironment of primary rec-
tal cancer tissue subjected to preoperative RT/CRT. Our results demonstrated immune
deprivation in tumor tissue undergoing resection directly after irradiation. The local im-
munosuppressive effect of irradiation is well established, and diverse radio-sensitivity of
different immune cell types has been reported (reviewed in [39]). In agreement with these
reports, we observed lower cell counts for all evaluated cell types. While there are several
studies describing the immediate effect of RT/CRT on the tumor microenvironment, data
about delayed effects, after weeks or months, are largely missing. Here, tumors resected
after a delay following RT or CRT were characterized by an immune microenvironment
largely similar to non-irradiated tumors. Accordingly, the immune suppressive effect of
therapy should be considered when combinations of immune and conventional therapy
are planned and may give a rationale for the sequencing of different therapy modalities
in clinical trials. However, this simplistic explanation is complicated by the fact that the
tumors that received or did not receive neoadjuvant treatment were not randomized, but
rather selected according to stage and other characteristics on magnetic resonance imag-
ing and type and intensity of therapy varied. The patients of the three analyzed groups,
i.e., primary surgery, preoperative RT followed by immediate surgery, and preoperative
RT/CRT followed by delayed surgery, are not comparable with regards to clinicopathologi-
cal characteristics. With this caveat, the causes for the reported observations may be more
elaborate than a direct link between RT/CRT and immune cell count. Overall, early (or so
called ‘good’) rectal tumors [40] were operated immediately and had lower stages and few
other risk factors (like extramural vascular invasion) than intermediate or ‘bad’ tumors
subjected to RT and immediate surgery. Further, the group of locally advanced tumors
receiving preoperative RT/CRT and delayed surgery (so called ‘ugly’ tumors) usually
represent even more advanced tumor forms: stage cT4a/b or cT3 tumors with threat-
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ened/involved mesorectal fascia. Taking this together, the immune characteristics can not
only be compared between neoadjuvant treatment groups, but also need to be normalized
to their non-pretreated counterparts, with respective T and N-stages. With this background,
using data presented in Table S4 as reference, one could expect ‘ugly’ tumors to have lower
levels of immune infiltration. However, our data demonstrate that ‘ugly’ tumors after
RT/CRT were immunologically comparable with non-pretreated ‘good’ tumors for most
of the immune cells (except M1 macrophages). Therefore, we hypothesize that RT/CRT
may convert ‘ugly’ tumors into immunologically ‘good’ ones. Although intriguing, this
interpretation should be considered with caution because the number of cases is relatively
small and due to the absence of proper non-treated reference tissue for RT/CRT cases.
Further studies, involving patients randomized with regards to pre-operative treatment (in
terms of the type of treatment and of the timing prior surgery) are therefore warrantied.
Ideally, such studies should include sampling before the neoadjuvant treatment.

5. Conclusions

In conclusion, to the best of our knowledge this study is the largest in terms of patient
numbers and analyzed immune cell subclasses in CRC. We provide a detailed un-biased
overview of the in situ immune landscape of CRC and were able to confirm but also extend
the concept of cancer immunity. Many of the observations may have clinical relevance
for CRC patients by paving the way for better cancer diagnostics or by providing hints
to better target the immune microenvironment therapeutically. The applied multiplex
technique and the analysis pipeline are applicable on common diagnostic tissue samples;
therefore, it is possible that a comprehensive analysis of the immune microenvironment
will become a part of the future clinical routine in the era of immunotherapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13215545/s1. Figure S1: flow chart illustrating the analytical pipeline: (a) original
multispectral image ‘mixed’ channels; (b) multispectral multilayer image with separated channels;
(c) schematic illustration of the image processing related to compartment segmentation. The Tumor
(brown), Stroma (green) and Non-tissue (yellow) compartments are segmented, based on machine-
learning image analysis approach. Areas of necrosis and artefacts were marked for exclusion from
further analysis (gray). Immune cell infiltrates were analyzed or in Tumor and Stroma compartment
separately. (d) Individual cell segmentation. (e) Generation of immune scores for each of 15 immune
cell subclasses. Figure S2: pairwise comparison of immune cell densities in Tumor and Stroma
compartments. Figure S3: illustration of the mean immune cell infiltration in invasive margin in
tumor and stroma compartment. Numbers represent cell counts per mm2, cube root transformed.
Figure S4: pairwise comparison of immune cell densities in CT and IM. Figure S5: cross-correlation
between the abundance of immune cells. (a) Graphical representation of the Spearman’s correlation
matrix of the abundance of immune cell subclasses. Circle size represents the strength of correlation,
blue color indicates direct while red color indicates inversed correlation. (b, c, d, e) Graphical
representation of the Spearman’s correlation matrix of the abundance of immune cell subclasses
only in: (b) stroma compartment in invasive margin; (c) tumor compartment in invasive margin;
(d) stroma compartment in tumor center; (e) tumor compartment in tumor center, Table S1: baseline
clinicopathological characteristics. Values are the number (percentage) unless indicated otherwise.
Percentages may not add to 100% due to rounding. Table S2: immune scores in tumors with different
clinical and pathological characteristics. Chi-square test was used for statistical analysis. Table S3:
distribution of clinicopathological parameters in tumors within ‘inflamed’ and ‘Immune desert’
clusters. See also Figure 2c. Table S4: differences in immune cell distribution across cancer samples
from patients with different clinicopathological characteristics. The direction of the association is
illustrated by the location of the asterisks. *-p < 0.05; **-p < 0.01; ***-p < 0.001. Table S5: univariable
associations of immune scores with OS in a complete cohort of therapy-naïve patients. See also
Figure 3a. Table S6: association of immune scores with RFS in stage I–III colon cancer, univariable
Cox regression models. See also Figure 3b, left panel. Table S7: association of immune scores with
RFS in stage I–III colon cancer, multivariable Cox regression model, adjusted to clinicopathological
parameters. See also Figure 3b, right panel. Table S8: univariable associations of immune scores with
OS in stage VI therapy-naïve colon cancer patients. See also Figure 3c.
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Simple Summary: Changes in the expression of key molecules such as microRNAs (miRs) can drive
or suppress carcinogenesis and metastasis. A number of established transcriptional and genetic
mechanisms regulate miR gene expression, but methylation/epigenetics have been analyzed less.
Here, we systematically evaluated genome-wide methylation changes, focusing on miR, downstream
targets, and further genes relevant for metastasis in colorectal cancers (CRC), including CpG islands,
open seas, and north and south shore regions. A number of miRs deregulated during CRC progres-
sion/metastasis were significantly affected by methylation changes, especially within CpG islands
and open seas. Several of these miRs cooperate in cancer- and metastasis-related pathways, while
methylation changes otherwise primarily affect protein-coding genes. Our results highlight alter-
native routes to the transcriptional and genetic control of miR and further gene expression relevant
for CRC progression and metastasis by changes in gene methylation. They also bear important
therapeutic implications since drugs that alter methylation states are now in clinical use.

Abstract: MiRs are important players in cancer and primarily genetic/transcriptional means of
regulating their gene expression are known. However, epigenetic changes modify gene expression
significantly. Here, we evaluated genome-wide methylation changes focusing on miR genes from pri-
mary CRC and corresponding normal tissues. Differentially methylated CpGs spanning CpG islands,
open seas, and north and south shore regions were evaluated, with the largest number of changes
observed within open seas and islands. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis revealed several of these miRs to act in important cancer-related pathways,
including phosphatidylinositol 3-kinase (PI3K)–protein kinase B (Akt) and mitogen-activated protein
kinase (MAPK) pathways. We found 18 miR genes to be significantly differentially methylated,
with MIR124-2, MIR124-3, MIR129-2, MIR137, MIR34B, MIR34C, MIR548G, MIR762, and MIR9-3
hypermethylated and MIR1204, MIR17, MIR17HG, MIR18A, MIR19A, MIR19B1, MIR20A, MIR548F5,
and MIR548I4 hypomethylated in CRC tumor compared with normal tissue, most of these miRs
having been shown to regulate steps of metastasis. Generally, methylation changes were distributed
evenly across all chromosomes with predominance for chromosomes 1/2 and protein-coding genes.
Interestingly, chromosomes abundantly affected by methylation changes globally were rarely af-
fected by methylation changes within miR genes. Our findings support additional mechanisms of
methylation changes affecting (miR) genes that orchestrate CRC progression and metastasis.

Keywords: genome-wide methylation array; colorectal cancer; methylation; miRNA; metastasis

Cancers 2021, 13, 5951. https://doi.org/10.3390/cancers13235951 https://www.mdpi.com/journal/cancers87



Cancers 2021, 13, 5951

1. Introduction

CRC is presently the second leading cause of cancer deaths and third most commonly
diagnosed cancer worldwide [1]. The mortality associated with CRC is largely due to its
ability to establish distant metastases, with the 5-year survival rate for metastatic CRC
being approximately 10% without treatment [2].

The successive acquisition of genetic and epigenetic alterations has been shown to
drive the initiation and progression of adenomas to carcinomas in CRC. These mediate the
transformation of a normal colorectal epithelium to a benign adenoma, and the accumula-
tion of further multiple genetic and epigenetic changes in particular clones can result in an
invasive and metastatic phenotype [3–5]. A multitude of research efforts have sought to
identify and investigate the key molecules involved in the initiation and progression of
CRC. A large number of molecular drivers have been identified, of which molecules such
as adenomatous polyposis coli (APC), tumor protein P53 (TP53), kirsten rat sarcoma virus
(KRAS), and catenin beta-1 (CTNNB1) appear to play crucial roles [4].

Almost three decades ago, a group of small non-coding RNAs was identified, which
renders important mediators of post-transcriptional gene regulation. This group of molecules,
also called miRs, represents small endogenous RNA molecules (18–22 nt) that repress the
expression of protein-coding genes [6,7], the predominant function of miRs being RNA
silencing and the negative regulation of gene expression at the post-transcriptional level [8].
The interaction of miR seed sequences with sequences in the 3′ untranslated region (UTR) of
their target mRNAs leads to translational repression. Interestingly, miR binding sites have
also been identified in other mRNA regions, including the 5′ UTR and coding sequence as
well as within promoter regions [9,10]. The analyses of large patient datasets of diverse
cancer entities identified over 10,000 miR–mRNA interactions to be associated with cancer
progression. Almost 40% of these interactions exhibited a high fidelity of miR function [11].
The aberrational regulation of miRs has been shown to interfere with several important
signaling cascades including epidermal growth factor receptor (EGFR), kirsten rat sarcoma
virus (KRAS), PI3K, Wingless and Int-1 (Wnt), myelocytomatosis (Myc), HIPO and Notch
pathways, amongst others, which are vital to tumor progression and metastasis [12]. In
addition, an accumulating number of studies, including our own, make it clear that miRs
are important players in different steps of metastasis in multiple cancer types, including
CRC [5,13–17]. The means of regulation of miR gene expression in this context can be
different; however, most studies so far have investigated, and demonstrated, changes in
transcription as major mechanisms of regulating miR expression during metastasis [17,18].

Epigenetic modifications have emerged as a major mechanistic hallmark that drives
malignant diseases, with the most prominent epigenetic changes comprising the methy-
lation of CpG islands, the methylation of histone proteins, and deacetylation [19]. It is
now well established that aberrant epigenetic modifications play a critical role in cancer
progression and metastasis irrespective of genetic lesions [20]. Comparatively, malignant
cells have been described to be typically hypermethylated at CpG islands [21].

In this study of colorectal carcinomas, we explored genome-wide methylation changes,
specifically focusing on miRs genes due to the important role they play in cancer progres-
sion and metastasis. Toward this end, we selected all miR gene regions that were affected
by methylation including the gene body, islands, shelves, shores, and open seas. KEGG
pathway enrichment analysis revealed that the mRNAs these miRs regulate play important
roles in cancer progression and metastasis. Using a two-fold (up or down) differential
methylation difference between tumor and normal samples, we found 18 miRs to be dif-
ferentially methylated in tumor samples, nine of them being hypomethylated and nine
hypermethylated as compared to normal colorectal tissue. In line with the literature and
own previous studies, these miRs, and their deregulated expression in CRC, have been
identified to play potent roles in cancer progression and metastasis. Our findings support
additional mechanisms orchestrating CRC progression and metastasis by affecting gene
and miR regulation via methylation.
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2. Material and Methods

2.1. Tissue Material and Ethical Consent

In general, all of the samples were analyzed completely anonymized, retrospectively,
and without the possibility to track back any results to the individual patient. The study
was approved by the local board of ethics (Medical Ethics Committee II, University of
Heidelberg), ethics approval: 2012-608R-MA, to T.G. Information regarding UICC stag-
ing and pathological grading were collected in line with the stipulated international for-
mats [22,23]. Tissue specimens from tumor and corresponding normal mucosa distant from
the tumor site were collected after macroscopic verification by a pathologist, and frozen
immediately in liquid nitrogen. In total, samples of 24 patients were analyzed in the study
(24 tumor and 24 matched normal samples). All patients were of Caucasian descent.

2.2. Genomic DNA Isolation

Genomic DNA was isolated from resected tumor and corresponding normal sam-
ples using the QIAamp DNA mini kit (Qiagen GmbH, Hilden Germany) according to
the manufacturer’s instructions. DNA concentration was measured with the Nanodrop
spectrophotometer and 500–1000 ng of DNA/sample were used in later experiments.

2.3. Methylation Profiling

DNA samples were submitted to the Genomics and Proteomics core facility of the
German Cancer Research Center (DKFZ), Heidelberg Germany for methylation profiling
using the Illumina Infinium 450 K Methylation Array according to the standard protocol.
In summary, DNA samples were bisulfite converted using the Zymo EZ DNA Methylation
Kit. Then, the bisulfite converted DNA was denatured and further amplified. Afterwards,
the DNA were fragmented using enzymatic digestion with FMS fragmentation solution
and then precipitated. Then, the re-suspended DNA fragments were hybridized to the
BeadChip. After an overnight incubation step, the un-hybridized probes were washed
away, and the BeadChip was stained and scanned with the Illumina iScan system.

2.4. Bioinformatics Analysis

The level of methylation was determined at each locus by the intensity of the two
possible fluorescent signals from the C (methylated) and T (unmethylated) alleles. Pre-
processing was done in two steps, using the R package “minfi” [24]. Background subtrac-
tion was followed by normalizing to internal controls that were applied to the Meth and
Unmeth intensities separately. Filtering was done according to Sturm et al. [25] by the
removal of probes targeting the X and Y chromosomes, the removal of probes containing a
single-nucleotide polymorphism (dbSNP132 Common) within five base pairs, by including
the targeted CpG site, and probes not mapping uniquely to the human reference genome
(hg19), allowing for one mismatch. In total, 438,370 probes were subjected to analysis. For
analysis, the relative level of methylation was calculated as the ratio of the methylated
probe signal to total locus signal intensity (beta value).

Pairwise comparisons were performed using the Wilcoxon signed-rank test. For
multiple testing, the step-down maxT testing procedure was applied to provide strong
control of the family-wise type I error rate [26]. Genome annotation was based on the
University of California Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu,
accessed on 20 September 2021; UCSC Genome Bioinformatics, Santa Cruz, CA, USA),
whereas miR annotation was from miRBase (http://www.mirbase.org, accessed on 20
September 2021) Release 22.

2.5. Data Availability

All methylation data discussed in the manuscript have been deposited in the NCBI
Gene Expression Omnibus and can be accessed using the GEO Series accession number
GSE184494 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184494, accessed
on 20 September 2021).

89



Cancers 2021, 13, 5951

2.6. KEGG Analysis

All potential mRNA targets of all miR genes were individually identified using the
Targetscan and miRDB online tools. Then, the common gene signatures of the individual
miRs were imported into the DAVID online tool (david.abcc.ncifcrf.gov, accessed on 29
September 2021), and all functional KEGG pathways were identified [27]. All significant
pathways were considered (p < 0.05), and the most frequently delineated pathways were
used in the final analysis. The generated pathways that were irrelevant to cancer in general
or CRC specifically were manually curated. Then, the resulting list of pathways was used
to generate a heat map in Microsoft Excel based on the frequency of occurrence of the given
miRs. Furthermore, canonical pathways that interacted with the highest number of miRs
as well as miRs that individually interacted with the most pathways were delineated.

2.7. Ingenuity Pathway Analysis (IPA)

The IPA pathway tool from QIAGEN Germany was used for the analysis. All pre-
dicted targets of mature miRs encoded by hyper and hypomethylated mRNA genes were
imported into the ingenuity pathway core analysis pipeline using the default settings
with the exception of following changes. Node types were limited to canonical pathways,
disease, function, fusion gene product, G-protein coupled receptor, mature miR, miR, and
others. Species was limited only to humans. Tissues and cell filters were limited to cancer
or colorectal disease. The mutation filter was set to functional effect and translational
impact. From the resulting pathways, only the top hit pathways with oncogenic relevance
were selected.

3. Results

3.1. Methylation Array and Associated Bioinformatics: General Distribution of Differentially
Methylated Sites between Coding, Non-Coding, and Intergenic Regions

Tissue samples from 24 matched primary CRC and corresponding normal colorectal
tissue pairs were profiled on the Infinium 450 K Bead Array. The analyzed samples were
completely anonymized, without the possibility to track back any results to the individual
patient. The median age of the patients at diagnosis was 65 years; 38% were females, and
62% were males. There was no evidence of a familiar hereditary background in all cases.
Only 4% of the patients had pT1 stages, while 21% had pT2, 58% had pT3, and 17% had pT4
stages, this being comparable to the distribution of stages within other, also larger western
CRC cohorts [1,28]. Half (50%) of the patients had pN0 and 50% had pN1-2 stage. As far as
clinical information was available, five patients showed clinically diagnosed metastasis
(M1) to the liver (Supplementary Table S1).

The output of differentially methylated genes between colorectal tumor and corre-
sponding normal tissues comprised both protein and non-protein coding genes. For each
methylated CpG site, the median tumor and normal beta values, together with p-values,
were analyzed using the Wilcoxon Signed-Rank test. For all genes that were significantly
differentially methylated (p ≤ 0.05), the median difference beta values were calculated
to determine if the genes were hyper- or hypomethylated with respect to the normal
colorectal samples. The methylated sites for the genes were also mapped to correspond
to CpG islands, north and south shores, north and south shelves, as well as open seas.
We took the CpG island definition of a 200 bp region of DNA with a GC content higher
than 50% and an observed CpG versus expected CpG ratio greater or equal to 0.6. We
considered methylation sites up to 2 kb upstream/downstream of CpG islands as north and
south shores, respectively, and shelves as −4 kb upstream/downstream of CpG islands.
Open seas represented isolated CpGs within the genome >4 kb from CGIs. Moreover,
the transcriptional start site (TSS) TSS200 and TSS1500 regions represent sites that are
located up to −200 and −1500 bp upstream of the transcriptional start site, respectively.
The definitions of north and south shores, north and south shelves, and open seas were
applied as previously published [29].
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Globally, 34.8% of differentially methylated CpGs occurred in islands, 18.2% occurred
in shores, 7.6% occurred in shelves, and 39.4% occurred in open seas (Figure 1A). Specifi-
cally, 18% of the methylated regions were found within the TSS1500, 11% were found in
the TSS200 site, respectively; 16% were found within 5′ UTRs, 9% were found within the
1st exons of genes, 42% were found in the gene body, and 4% were found in the 3′ UTR
regions, respectively (Figure 1B). Regions neighboring the gene body at both the 5′ and 3′
flanking regions also showed significant methylation differences, with 5′ UTRs accounting
for 4657 and the 3′ UTRs with 1045 differentially methylated sites, respectively (Figure 1B).
More than half (65%) of the aberrant DNA methylation sites were associated with protein-
coding genes, 31% were associated with genes for non-coding RNAs (including miR genes,
long non-coding RNAs (lncRNA) genes, etc.), and 4% were located in intergenic regions
(Figure 1C).

Figure 1. DNA methylation landscape in CRC tissues. (A) Genomic distribution of CpG sites in
relation to CpG islands and neighboring shores, shelves, and open seas. (B) Functional genomic and
neighborhood location and distribution of methylated CpG sites. (C) Distribution of CpGs in relation
to coding, non-coding, and intergenic regions, respectively. (D) Chromosome distribution of the
differential methylated sites.

As shown in Figure 1D, the overall changes in DNA methylation were mainly seen
within chromosome 1 (8.13%), followed by chromosomes 2 (7.77%) and chromosome 7
(7.48%). The least affected chromosomes were chromosome 9 (1.7%), chromosome 18 and
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22 (both 1.1%), and chromosome 21 (0.88%). The global methylation pattern across all
chromosomes, including the proportions of both hyper- and hypomethylated CpGs in
tumor versus corresponding normal tissue, and their relations to the specific genomic
features (islands, shelves, shores, and open seas) is represented in Table 1. Our global
analysis shows that methylation changes predominantly affected protein-coding genes.
Methylation preferentially occurred within gene bodies, and the chromosomal distribution
was relatively proportional to chromosome size, with a few exceptions. The majority of
methylation changes were seen on chromosomes 1, 2, 7, 6, 11, 8, 5, 10, 3, 13, 19, 12, and 4,
respectively, in decreasing order of magnitude. The other autosomes were less affected,
with chromosomes 21, 22, 18, and 9 showing the least changes in their methylation pattern
in tumor as compared to normal tissue (Figure 1D).

Table 1. Overview of genome-wide methylation burden across all chromosomes. The number of
hypermethylation and hypomethylation events in relation to CpG islands and neighborhood regions
are given.

Chromosome
(Chr)

Status OpenSea Island Shelf Shore

Chr1 Hypomethylated 786 39 142 179
Hypermethylated 57 636 10 210

Chr2 Hypomethylated 861 40 137 168
Hypermethylated 36 568 5 154

Chr3 Hypomethylated 532 17 73 70
Hypermethylated 30 430 15 155

Chr4 Hypomethylated 442 5 83 85
Hypermethylated 12 462 7 120

Chr5 Hypomethylated 588 28 91 118
Hypermethylated 62 541 4 116

Chr6 Hypomethylated 781 13 96 111
Hypermethylated 75 503 17 201

Chr7 Hypomethylated 728 55 151 195
Hypermethylated 50 533 21 162

Chr8 Hypomethylated 597 29 93 142
Hypermethylated 26 502 7 164

Chr9 Hypomethylated 106 13 26 69
Hypermethylated 12 177 5 28

Chr10 Hypomethylated 506 26 101 121
Hypermethylated 40 573 5 116

Chr11 Hypomethylated 686 19 84 131
Hypermethylated 41 448 4 147

Chr12 Hypomethylated 485 18 78 115
Hypermethylated 43 357 20 109

Chr13 Hypomethylated 517 17 85 97
Hypermethylated 29 372 11 170

Chr14 Hypomethylated 253 9 39 58
Hypermethylated 13 220 5 74

Chr15 Hypomethylated 313 9 35 39
Hypermethylated 9 219 4 34

Chr16 Hypomethylated 267 29 68 121
Hypermethylated 35 295 15 59

Chr17 Hypomethylated 242 7 75 80
Hypermethylated 27 229 4 46

Chr18 Hypomethylated 37 14 33 27
Hypermethylated 1 161 4 22

Chr19 Hypomethylated 262 40 114 119
Hypermethylated 37 524 18 147

Chr20 Hypomethylated 223 41 88 127
Hypermethylated 2 385 5 85

Chr21 Hypomethylated 67 4 18 23
Hypermethylated 5 88 0 20

Chr22 Hypomethylated 63 23 37 49
Hypermethylated 1 98 3 21

3.2. Hypermethylated and Hypomethylated CpG Areas across Genomic Features

Next, we evaluated the location of all of the differentially methylated CpGs in relation
to functional genomic regions and genomic features. Altogether, 11,513 (45%) sites were
hypermethylated and 13,828 (55%) sites were hypomethylated in the tumor as compared
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to normal colorectal tissue (Figure 2A). Moreover, we found that open seas harbored
the largest number of differentially methylated sites, with the greater majority of sites
being hypomethylated (9342 sites) as opposed to only 643 being hypermethylated in
the tumor as compared to corresponding normal tissues. The next most abundantly
affected genomic feature was CpG islands comprising 8816 sites, of which the majority
was hypermethylated (8321 as compared to 495 hypomethylated sites) in tumor tissue. In
the case of shelves, we also observed a predominant hypomethylation of CpGs (1747) as
compared to 189 hypermethylated sites in the tumor tissues. No significant difference in
number was observed between hypermethylated (2360) and hypomethylated (2244) sites
in shores (Figure 2B).

Figure 2. The methylation landscape of all genes across genomic features relative to hypermethylated and hypomethylated
states. (A) Relative contribution of unique hypermethylated and hypomethylated CpG sites. (B) Percentages of CpG
hypermethylation and hypomethylation events according to their CpG content and neighborhood context. (C) The
distribution of hypermethylated and hypomethylated CpGs examined in different functional genomic regions. (D) The
differentially methylated sites within protein-coding genes, non-coding genes, and intergenic regions.

In a separate analysis, functional genomic regions were evaluated with a total of
28,373 differentially methylated sites. Here, methylation changes within the gene body
were the most abundant (11,832 affected sites). Of these, 4899 were hypermethylated and
6933 hypomethylated in tumor as compared to normal colorectal tissues. Promoter regions
within 200 and up to 1500 bp relative to the transcriptional start sites were the next most
abundantly differentially methylated regions with 8209 sites. Of these, 5025 sites were
hypermethylated and 3184 sites hypomethylated in tumor as compared to corresponding
normal tissues (Figure 2C). These findings are in line with the overall observation that most
of the methylation changes were observed in protein-coding regions (16,582 methylation
sites) as opposed to 7877 sites for non-coding regions (Figure 2D).

3.3. Methylation-Specific Patterns across miR Genes

The methylation pattern in miR genes across all chromosomes, including the contri-
bution of both hypermethylated and hypomethylated CpGs, and their context to specific
genomic features (islands, shelves shores, and open seas) is represented in Table 2. Interest-
ingly, for miR genes, methylation changes occurred predominantly in promoter regions
located within 1500 bp from transcription start sites. In addition, chromosomes 14, 20,
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and 19 accounted for over 43% of the methylation changes observed for miR genes in
tumor versus normal tissue. An interesting observation was that chromosomes that were
abundantly affected by methylation changes within the global gene profile were largely
unaffected by methylation changes within miR genes. Of note, the chromosomes 4, 12, 17,
18, and 21 showed no methylation changes within miR genes (Table 2).

Table 2. Overview of miR-specific methylation changes across all chromosomes. The number of CpG
hypermethylation and hypomethylation events in tumor as compared to normal tissue is shown,
according to their neighborhood context.

Chromosome Status OpenSea Island Shelf Shore

Chr1 Hypomethylated 5 0 0 0
Hypermethylated 0 1 0 2

Chr2 Hypomethylated 1 0 0 0
Hypermethylated 0 0 0 0

Chr3 Hypomethylated 6 0 0 0
Hypermethylated 1 1 0 0

Chr4 Hypomethylated 0 0 0 0
Hypermethylated 0 0 0 0

Chr5 Hypomethylated 1 0 0 0
Hypermethylated 0 0 0 0

Chr6 Hypomethylated 5 0 0 0
Hypermethylated 0 0 0 0

Chr7 Hypomethylated 12 0 0 0
Hypermethylated 0 0 0 0

Chr8 Hypomethylated 1 0 0 1
Hypermethylated 0 3 0 7

Chr9 Hypomethylated 1 0 0 0
Hypermethylated 0 0 0 0

Chr10 Hypomethylated 0 1 3 2
Hypermethylated 0 0 0 0

Chr11 Hypomethylated 2 0 0 0
Hypermethylated 2 12 0 0

Chr12 Hypomethylated 0 0 0 0
Hypermethylated 0 0 0 0

Chr13 Hypomethylated 12 0 3 1
Hypermethylated 0 0 0 0

Chr14 Hypomethylated 25 1 1 2
Hypermethylated 0 0 0 0

Chr15 Hypomethylated 1 1 0 1
Hypermethylated 0 5 0 0

Chr16 Hypomethylated 1 0 0 0
Hypermethylated 0 0 0 1

Chr17 Hypomethylated 0 0 0 0
Hypermethylated 0 0 0 0
Hypomethylated 0 0 0 0

Chr18 Hypermethylated 0 0 0
Hypomethylated 20 0 0 0

Chr19 Hypermethylated 0 0 0 0
Hypomethylated 5 0 0 0

Chr20 Hypermethylated 0 18 0 1
Hypomethylated 0 0 0 0

Chr21 Hypermethylated 0 0 0 0
Hypomethylated 0 0 0 0

Chr22 Hypermethylated 1 0 0 0

Overall, similar trends were observed for the miR genes as with the whole genome
profile. When we specifically focused on miR genes, we found 170 unique sites that were
differentially methylated, with 115 being hypomethylated and 55 being hypermethylated
in the tumors. Regarding their location within functional genomic regions, the highest
number of differentially methylated sites was observed in open seas (103 sites), of which

94



Cancers 2021, 13, 5951

99 were hypomethylated and only four were hypermethylated in tumor tissues. Overall, in
the case of CpG islands, 42 differentially methylated sites were identified from which a
total of 40 sites were hypermethylated and only two were hypomethylated in tumor tissues
when compared to corresponding normal tissues. Within shores, a total of 21 differentially
methylated sites were identified of which 10 sites were hypomethylated and 11 were
hypermethylated in tumor as compared to normal tissue. Only four sites were hypomethy-
lated within sea shelves; none were found here that were hypermethylated (Figure 3A). A
more focused evaluation of the miR genes interestingly showed promoter regions to be
more abundantly hit by methylation changes as opposed to the gene body, as shown in
Figure 3B. The 5′ and 3′ UTR regions were minimally affected by methylation changes in
the miR genes (Figure 3B). Interestingly, aberrantly methylated miR sites were found only
in 17 autosomal chromosomes. Chromosomes 4, 12, 17, 18, 21, and sex chromosomes were
devoid of miR methylation sites (Figure 3C).

Figure 3. MiR gene methylation profiling in CRC tissues. (A) Genomic distribution of differentially methylated CpG
sites in miR genes in relation to CpG islands, shores, shelves, and open sea regions. (B) The number and percentage of
hypermethylated and hypomethylated CpG sites of miR genes ordered according to their functional genomic distribution.
(C) Chromosome location of the differentially methylated sites of miR genes.

3.4. Identification of Significant Differentially Methylated miRs

In total, 170 unique CpG sites were affected by methylation changes across miR genes.
These sites concerned 107 distinct miR genes. In order to ascertain the most significant
differentially methylated candidates, we selected all miR genes with a fold change methy-
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lation difference between tumor and normal tissue of two and above (hypomethylated
and hypermethylated). This analysis revealed 37 distinct CpG sites within miR genes to
be significantly hit by methylation changes. These sites represented 18 unique miR genes
(Figure 4). Of these miR genes, MIR124-3 was the most hypermethylated in the tumor
samples (16-fold methylation difference). The MIR1204 gene was the most hypomethylated
in tumor samples when compared with corresponding normal resected tissues (−2.9-fold
methylation difference). The regions responsible for these methylation changes were most
visible within CpG islands and mostly affected TSS regions up to 1500 bp, as described in
Figure 3B. These 18 unique miR genes were further analyzed for their reported impact on
colorectal carcinogenesis and tumor progression.

Figure 4. Heat map of differentially methylated miR genes. The heat map showcases all >2-fold differentially methylated
CpG sites within miR genes between tumor and normal colorectal samples. A total of 37 unique sites covering 18 miR
genes were identified (nine hypermethylated and nine hypomethylated). The color in each small box represents the relative
methylation level of the individual positions within genes in colorectal carcinomas as compared to normal colorectal tissue.
The light green color to red color represents a low to high relative methylation status of the individual site, respectively. For
the sake of completeness, genes with overlapping open reading frames sharing similar genomic locations are also shown.

Toward this end, we compared these microRNA genes that were affected by methy-
lation changes with recent literature (Table 3) to see whether the observed methylation
pattern correlated with current miR gene expression and functional data. In line with our
findings, we saw most of our hypermethylated miRs described as downregulated in several
tumor types including CRC, and to play a role as potential tumor and/or metastasis sup-
pressors. Similarly, in case of hypomethylated miR genes found in this study, most studies
supported an oncogenic and/or pro-metastatic role while being more highly expressed in
diverse solid cancers, including CRC.
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Table 3. Methylation status of 16 of the miR genes found in this this study and supporting expression and functional
data from the current literature on the respective miRs. For two miRs found in this study, supporting literature is not yet
available to the best of our knowledge.

Hypermethylated
miRs Found in

Our Study

miR
Expression in

Cancer
Regulation Role Cancer Types Target Genes References

hsa-miR-124-2 Downregulated Hypermethylated Tumor
suppressor Cervical cancer IGFBP7 [30]

hsa-miR-124-3 Downregulated Hypermethylated Tumor
suppressor

Prostate cancer,
Cervical cancer, HCC,
Bladder cancer, CRC

IGFBP7, CRKL,
Sp1, EDNRB,

CCL20,
DNMT3B,

STAT3

[30–37]

hsa-miR-129-2 Downregulated Hypermethylated Tumor
suppressor

Esophageal
carcinoma, Breast

cancer, CRC
SOX4, BCL2L2,

BCL2 [38–40]

hsa-miR-137 Downregulated Hypermethylated Tumor
suppressor

Endometrial cancer,
CRC, Pancreatic

cancer

EZH2, LSD1,
TCF4, LSD1,

KLF12, KDM4A
[14,41–45]

hsa-miR-34B Downregulated Hypermethylated Tumor
suppressor

Cervical cancer, Lung
adenocarcinoma,

Breast
cancer,

Oropharyngeal (oral)
cancer, NSCLC

TGF-β1, BMF,
Cyclin D1,

JAG1
[46–51]

hsa-miR-34C Downregulated Hyper-
methylated

Tumor
suppressor

Nasopharyngeal
carcinoma, Prostate

cancer
MET [52,53]

hsa-miR-34b/c Downregulated Hypermethylated Tumor
suppressor CRC - [54]

hsa-miR-762 Upregulated - Tumor
promoter Breast cancer IRF7 [55]

hsa-miR-9-3 Downregulated Hypermethylated Tumor
suppressor

Hodgkin’s
lymphoma, Gastric

cancer
ITGB1 [56,57]

Hypomethylated
miRs Found in

Our Study

miR
Expression in

Cancer
Regulation Role Cancer Types Target Genes References

hsa-miR-1204 Upregulated - Tumor
promoter

Breast cancer,
Glioblastoma VDR, CREB-1 [58,59]

hsa-miR-17 Upregulated - Tumor
promoter CRC - [60]

hsa-miR-18A Upregulated - Tumor
promoter

Prostate cancer,
Breast cancers,
Osteosarcoma,

Nasopharyngeal
carcinoma, CRC

STK4, IRF2,
Dicer1 [14,61–64]

hsa-miR-19A Upregulated - Tumor
promoter

CRC, Gastric cancer,
HCC

TIA1, MXD1,
PTEN [14,65–68]

hsa-miR-19B1 Upregulated - Tumor
promoter Gastric cancer MXD1 [67]

hsa-miR-20A Upregulated - Tumor
promoter CRC WTX [69]

hsa-miR-548F5 - Hyper-
methylated - Schwannomas - [70]

Abbreviations: B-cell lymphoma 2 (BCL2), BCL2-like 2 (BCL2L2), Bcl-2-modifying factor (BMF), CAMP responsive element binding protein
1 (CREB-1), Chemokine (C-C motif) ligand-20 (CCL20), CRK-like proto-oncogene, adaptor protein (CRKL), DNA methyl-transferase
(DNMT3B), Enoyl coenzyme A hydratase short-chain 1 mitochondrial (ECHS1), Hepatocellular carcinoma (HCC), Histone-lysine N-
methyltransferase (EZH2), Insulin-like growth factor-binding protein 7 (IGFBP7), Integrin Subunit Beta 1 (ITGB1), integrin αV endothelin
receptor type B (EDNRB), Interferon regulatory factor 7 (IRF7), Interferon regulatory factor (IRF)2, Jagged1 (JAG1), Kruppel-like factor
12 (KLF12), Lysine demethylase (KDM4A), Lysine-specific demethylase 1 (LSD1), Lysine-specific histone demethylase 1A (LSD1), Max
dimerization protein 1 (MXD1), MET proto-oncogene, receptor tyrosine kinase (MET), Non-small cell lung cancer (NSCLC), Phosphatase
and tensin homolog (PTEN), Serine/threonine-protein kinase 4 (STK4), Signal transducer and activator of transcription 3 (STAT3), Specificity
protein 1 (Sp1), SRY-related HMG-box (SOX4), T-cell intracellular antigen 1 (TIA1), Transcription factor 4 (TCF4), Transforming growth
factor beta 1 (TGF-β1), Vitamin D receptor (VDR), Wilms tumor gene on the X chromosome (WTX).

3.5. Pathway Enrichment Analysis of Differentially Methylated miR Genes

To further explore the potential functions of differentially methylated sites affecting
miRs, we identified all putative targets of the selected 18 miR genes, using the Targetscan
and miRDB online tools. All miR targets were individually uploaded into the DAVID
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Ease online platform. Next, we carried out the KEGG enrichment analysis by using the
DAVID bioinformatics resource. Here, we performed a functional and pathway enrichment
analysis to map the differentially methylated genes to various types of molecular networks.
All pathways with p-values < 0.05 for individual miRs were compiled and only pathways
known to have a published impact on cancer development were considered. The lists of
the pathways for each miR were analyzed together, and pathways that were common to all
miRs were followed further. In total, 17 cancer-relevant pathways were identified for all
of these miRs differentially methylated in their genes in our study, including the MAPK,
EGFR, ras-proximate-1 or ras-related protein 1 (Rap1), mammalian target of rapamycin
(mTOR), and Ras signaling pathway, the Hippo signaling pathway, the PI3K–Akt signaling
pathways, and an implication of events leading to chromosomal instability (CIN) and
microsatellite instability (MSI). The latter comprise several cellular pathways leading to the
development of CRC (Figure 5A). The most recurrent pathways for all miRs implicated to
be differentially methylated in CRC in our study were selected for further evaluation and
are summarized in Figure 5. Additionally, we performed two further independent analyses,
as shown in Figure 5B,C, respectively, to evaluate which of the individual pathways were
targeted by the majority of the miRs we identified to be differentially methylated in their
genes and vice versa. Our analysis showed that hsa-miR-762, hsa-miR-18a-3p, hsa-miR-
17-5p, hsa-miR-20a-5p, hsa-miR-20a-3p, hsa-miR-548f-3p, hsa-miR-17-3p, hsa-miR-19a-3p,
hsa-miR-19b-3p, hsa-miR-34b-5p, and hsa-miR-548g-3p targeted eleven or more of the
pathways identified in the network (Figure 5B). All of these miRs have been implicated
previously, by us and others, to be critical molecular players in the regulation of metastasis
and/or CRC progression [54,55,58,71,72].

Furthermore, we evaluated the most recurring pathways targeted by all of these miRs
together. Toward this end, the MAPK, ErbB, Rap1, mTOR, Ras signaling pathways as
well as the Hippo and PI3K–Akt signaling pathways were regulated by all of these miRs,
implicating changes in the methylation of the corresponding miR genes as a crucial event
in the mediation of CRC progression and metastasis (Figure 5C). The identification of this
network of important signaling pathways as targets of the differentially methylated miRs
shown here further validates the vital role that these miRs play in CRC. To corroborate the
DAVID analysis, pathways specific for gene targets of hypermethylated and hypomethy-
lated miRs were evaluated using the IPA tool. For the hypermethylated miR targets, CRC
metastasis signaling, WNT/β-catenin, and TGF-β signaling were the most significant
pathways targeted (Figure 5D). For the hypomethylated miRs, molecular mechanisms of
cancer, TGF-β signaling, and WNT/β-catenin were most visible as the targeted pathway
groups in this tool (Figure 5E). Taken together, the pathway analyses from DAVID Ease
and IPA analysis had very similar outcomes.
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Figure 5. KEGG pathway enrichment analysis by using DAVID Ease. (A) Number of genes related to the enriched KEGG
pathway. The color of the bar corresponds to log10 (p-value). (B) Bar diagram showcasing miRs regulating the highest
number of canonical pathways in descending order. (C) Bar diagram showcasing canonical pathways regulated by the
largest number of miRs from the differential methylation list (see Figure 4) in descending order. (D) Ingenuity pathway
analysis of targets of hypermethylated miR genes. The threshold line is equivalent to a –log p value of 0.05. (E) Ingenuity
pathway analysis of targets of hypomethylated miR genes. The threshold line is equivalent to a –log p value of 0.05.

4. Discussion

The significant role played by miRs in the mediation of colorectal carcinogenesis,
progression, and metastasis is well established. Depending on the genes targeted, miRs
could have both oncogenic or tumor-suppressor functions. This is evident from several
studies in CRC as well as in other solid carcinoma [14,15,17,36,39,58,60,71,73]. Importantly,
the expression of any miR is only one factor to define its netto influence on its target genes;
other parameters are, e.g., the specificity of interaction of the miR with its target mRNA
(seed) sequence, the accessibility of the target mRNA for the microRNA by, for example,
intracellular compartmentalization, and others [7,9,74]. The abundance of miR expression is
being regulated at a number of levels, of which especially genetically acting ones have been
abundantly studied so far, especially the transcriptional regulation of gene expression but
also copy number changes; however, of course, epigenetics and especially the methylation
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of CpG sites could play a role as in other genes as well [5,8,19]. Interestingly, very few
studies have investigated the impact of methylation on global miR gene expression so far.
Moreover, most of these studies have been limited to studying methylation changes within
the gene promoters only [29,75,76].

However, in our present study, we performed a genome-wide methylation analysis,
covering 99% of all RefSeq genes and also comprising low CpG island density, which
could remain undetected using other capture methods [29,77]. Furthermore, our evalua-
tion of methylation changes was not only limited to promoter regions but also included
shelves, shores, and open sea regions. A total of 25,341 CpG sites were found to be differ-
entially methylated between colorectal tumor and corresponding normal samples (p < 0.05,
Wilcoxon Signed-Rank test). Furthermore, most of the changes were observed within
CpG island (35%) and open seas (39%). Interestingly, a greater proportion of differentially
methylated sites were found in the gene body, which was followed by promoter regions up
to 1500 base pairs from transcriptional start sites. Expectedly, most methylation changes
occurred in the promoter region of coding genes. These findings are in line with pub-
lished data that the methylation of promoters, especially those of tumor-suppressor genes,
leads to a disruption of functional protein expression, which plays a critical role in cancer
progression and other important functional processes [78,79].

The distribution of methylation changes across the different chromosomes was rela-
tively proportional to chromosome size, with chromosomes 1, 2, 7, and 6 accounting for the
most changes. These findings mirror those of other studies that have investigated chromo-
some and genome-wide methylation profiles [80,81]. Although both hypermethylation and
hypomethylation events are common in cancer, the literature indicates that hypomethy-
lation events are slightly more common [82]. Similarly, in our study, we also found both
hypermethylation and hypomethylation events in the tumor as compared to normal tissues,
with hypomethylation being slightly more predominant, with 55% hypomethylated as
compared to 45% hypermethylated sites globally. Interestingly, hypomethylation and
hypermethylation events were not evenly spread across genomic features or regions. Over
90% of the hypermethylation changes observed in tumor tissues were located within CpG
islands, whereas the exact opposite was evident in open seas. Across all genomic regions,
hypomethylation was more predominant with the exception of 3′ UTR and 1st exon regions.

Interestingly, hypermethylation was more evident in protein-coding genes, but the
reverse was the case in non-coding regions, leading to the hypothesis that epigenetic
alterations in coding and non-coding sequences might cooperate in human tumorige-
nesis. In line with the objectives of our study, we proceeded to specifically evaluate
miR genes, many of which have been shown to regulate CRC progression and metas-
tasis [14,36,37,40,42,43,54,60,65,66,68,69,83]. For miR genes, differential methylation was
observed predominantly in the open seas and CpG islands. Functionally, these methy-
lation events were more visible in the regions of −200 to 1500 base pairs relative to the
transcription start sites. As mentioned above, over 95% of methylation events in open
seas were hypomethylated, and those in CpG islands were hypermethylated. Surpris-
ingly, the abundantly methylated chromosomes seen globally were not the same for the
miR genes, with chromosomes 14, 20, 19, 13, and 11 mostly hit by methylation events
within miR genes in contrast to the overall methylation pattern. A previous compilation by
Ghorai and Ghosh identified chromosomes 1, 14, and 19 to harbor the largest number of
cancer-associated miRs in the human genome [84]. These chromosomes with the highest
number of miR genes overlap with the chromosomes hit by miR-gene specific methylation
changes in our study. This underscores an implication that methylation is a potential key
event in regulating tumor-associated miR expression, in addition to further mechanisms
already shown to be essential, such as the transcriptional regulation of miRs, copy number
changes, or changes in subcellular localization such as cytosolic, nuclear, or a concentration
in exosomes to guide miR activity toward certain compartments in cancer [5,9,14,18,82].
To further focus on the most significant differentially methylated miR genes, we chose
all sites that showed at least a two-fold methylation difference between tumor and corre-
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sponding normal samples. Using this selection criterion, we found 37 unique miR-related
CpG sites. The majority of these significant differentially methylated sites were located
in CpG islands, most of these occurring within 1500 base pairs from the transcriptional
start site. The 37 unique CpG sites were located within a total of 18 distinct miR genes.
Of these 18 miRs genes, nine genes were hypomethylated and nine genes were hyperme-
thylated. Many of these miRs we found significantly differentially methylated in CRC
also already have been shown to take functional roles in diverse further cancer entities
besides CRC, which were in part related to changes in the methylation of their genes.
For example, a tumor-suppressor function has been ascribed to all three loci encoding
mature hsa-miR-124 (hsa-miR-124-1/-2/-3), which has been shown to be hypermethylated
in cervical tumors [30], prostate cancer [31], nasopharyngeal carcinoma [85], HCC [32,33],
bladder cancer [34], and CRC [35–37]. Likewise, mature miR-129-2 miR has been shown
to be a tumor suppressor in esophageal cancer [38], breast cancer [39], and CRC [40]. The
hypermethylation of miR-137 was observed in endometrial cancer [41], CRC [42,43], and
pancreatic cancer [44,45].

MiR miR-34 family members have been well described as tumor suppressors by our
own group in CRC [71] and by others in different kinds of carcinomas including cervical
cancer [46], lung adenocarcinoma [47,48], breast cancer [49], oropharyngeal cancer [50],
NSCLC [51], nasopharyngeal carcinoma [52], and prostate cancer [53]. Moreover, Toyota
et al. demonstrated the downregulation of miR-34b/c expression in a panel of colorectal
tumor tissues, again confirming these miRs as tumor suppressors in CRC [54]. These results
also mirror our own findings. Other hypermethylated miR genes in our present study
include miR-548G and the miR-9 family, which comprises tumor-suppressor miRs seen in
Hodgkin’s lymphoma [56] and gastric cancer [57] so far.

Significantly hypomethylated miR genes in our present study included miR-1204 with
established roles in breast cancer [58] and glioblastoma [59]. The mir-17-92 polycistron
encodes six individual miR transcripts comprising miR-17, 18a, 19a, 20, 19b, and 92a.
From our analysis, several members of this polycistron were hypomethylated, includ-
ing MIR17HG, a known promoter of tumorigenesis and metastasis in CRC [60], miR-18a
(miR-18a) having been shown to be important in prostate cancer [61], breast cancers [62],
osteosarcoma [63], and nasopharyngeal carcinoma [64]. Additionally, miR-19a with docu-
mented roles to promote proliferation and migration in CRC [65,66], gastric cancer [67], and
HCC [68] was hypomethylated in our analysis. Likewise, miR-20a has been shown to have
a tumor-promoting activity in CRC [69]. Taken together, it is an established notion that
the miRs we found as significantly changed in the methylation of their genes in colorectal
carcinomas, as opposed to normal tissues, are highly relevant molecules that contribute to
diverse aspects of (CRC) carcinogenesis, tumor progression, and metastasis.

This is further underlined by our evaluation of the canonical pathways that were
attributable to the mRNA molecular targets of these particular miRs. We discovered that
several of the miRs might act as a network regulating essential (CRC) cancer-associated
pathways, e.g., the EGFR, MAPK, Ras, or the mTOR signaling pathway, amongst others.
These strongly enriched canonical pathways, in addition to others, contributed to a gen-
eralized and significant enrichment of pathways in cancer in our study. Our findings are
supported by the work of Sanchez-Vega et al. who, using 9125 samples from 33 cancer
types, found similar pathways to be equally important. Interestingly, this study included
DNA methylation changes in addition to mutations, copy number changes, mRNA ex-
pression, and gene fusion data to decode these pathway signatures [12]. With our own
studies, using our data from miR expression analysis and whole genome sequencing, we
were also able to postulate important contributions from a number of these differentially
methylated miRs to CRC metastasis as a result of alterations in the pathways mentioned
above [5,13,14].

Certainly, our study does have limitations, some of them being the small sample
size and the non-availability of corresponding expression data from the same patients.
Moreover, a sample triplet comprising tumor, normal, and metastatic tissues from the
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same patients would have provided a more significant inference in the context of cancer
progression and metastasis; however, as the scientific community is well aware, metastasis
samples are extremely rare to receive for any experimental analysis. In addition, due to
the completely anonymized design of our study we, unfortunately, are unable to associate
particular methylation changes to specific tumor stages of the cohort. Still, due to the fact
that we studied a mixed population containing patients with some early, but, as a majority
of cases, late cancer stages (e.g., 75% pT3 and pT4 stages, 50% pN1/2 stages, 5% M1), it is
more likely that the methylation signature we identified is more representative of advanced
tumor stages, possibly including features that support metastasis. Along these lines, we
consider it interesting to speculate that the priming of certain genes/pathways that initiate
or promote progression and/or metastatic steps by changes in methylation might already
be visible in primary tumor samples.

Taken together, our present study, which is one of the few to perform genome-wide
methylation analysis with a focus on microRNA genes, covering 99% of all RefSeq genes
and also comprising low CpG island density, suggests it to be very likely that, besides other
means of (genetic) deregulation, changes in methylation already at the primary tumor
stage might contribute to the deregulation of expression of miRs and other (associated)
genes, which contribute to advanced stages and metastasis development in CRC. Certainly,
a definitive causal impact of our observed methylation changes can only be established
with further experimental studies.

5. Conclusions

Taken together, our comprehensive analysis of differential miR gene methylation
strongly implicates DNA methylation to have an important role in the regulation of a
number of important miRs that regulate key cancer pathways in CRC, its progression,
and its metastasis. It is interesting to speculate that methylation might have not only an
equally important function in regulating miR gene expression in this and other cancer
entities as compared to other means of regulation, such as transcription, mutations, or other
genetic alterations, but that it might be more powerful by superimposing itself to modulate
suchlike other means epigenetically. As a result, the modulation of methylation using
clinically available therapeutic agents might be able to modulate essential miR-regulated
molecular networks in CRC, and particular methylation events could be studied further as
biomarkers in the risk classification of CRC.
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Simple Summary: Aberrant Wnt/β-catenin signaling contributes to the development, progression,
and metastasis of CRC, by altering target gene expression connected to cancer cell proliferation and
motility. S100A4 is a Wnt/β-catenin target gene, which strongly enhances migration and invasion of
CRC cells and thus CRC metastasis. Here, we report the transcriptional cross-regulation of S100A4
and the Wnt antagonist DKK1, in which the expression of S100A4 down-regulates DKK1 expression,
sustaining activated Wnt signaling. S100A4 is an established prognostic biomarker for CRC patient
survival, and the combination of S100A4 and DKK1 can be used to improve the prognosis of overall
and metastasis-free survival.

Abstract: Metastasis is directly linked to colorectal cancer (CRC) patient survival. Wnt signaling
through β-catenin plays a key role. Metastasis-inducing S100A4 is a Wnt/β-catenin target gene and
a prognostic biomarker for CRC and other cancer types. We aimed to identify S100A4-dependent
expression alterations to better understand CRC progression and metastasis for improved patient
survival. S100A4-induced transcriptome arrays, confirmatory studies in isogenic CRC cell lines with
defined β-catenin genotypes, and functional metastasis studies were performed. S100A4-regulated
transcriptome examination revealed the transcriptional cross-regulation of metastasis-inducing
S100A4 with Wnt pathway antagonist Dickkopf-1 (DKK1). S100A4 overexpression down-regulated
DKK1, S100A4 knock-down increased DKK1. Recombinant DKK1 reduced S100A4 expression and
S100A4-mediated cell migration. In xenografted mice, systemic S100A4-shRNA application increased
intratumoral DKK1. The inverse correlation of S100A4 and DKK1 was confirmed in five independent
publicly available CRC expression datasets. Combinatorial analysis of S100A4 and DKK1 in two
additional independent CRC patient cohorts improved prognosis of overall and metastasis-free
survival. The newly discovered transcriptional cross-regulation of Wnt target S100A4 and Wnt
antagonist DKK1 is predominated by an S100A4-induced Wnt signaling feedback loop, increasing
cell motility and metastasis risk. S100A4 and DKK1 combination improves the identification of CRC
patients at high risk.

Cancers 2022, 14, 37. https://doi.org/10.3390/cancers14010037 https://www.mdpi.com/journal/cancers107
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1. Introduction

Colorectal cancer (CRC) is a major cause of cancer death worldwide and particularly
in Western countries [1]. Turning healthy epithelial colon cells into CRC cells is frequently
caused by increased Wnt signaling [2–5]. In sporadic CRC, somatic mutations in the Adeno-
matous Polyposis Coli (APC) are found in 70–80% of patients [6]. APC truncation distinctly
reduces the degradation of β-catenin, which subsequently accumulates in the nucleus and
triggers Wnt/β-catenin target gene expression even without upstream activation of the
signaling pathway [7,8]. Similarly, aberrantly activated Wnt/β-catenin signaling is medi-
ated by gain-of-function mutations in β-catenin itself, which occur in almost 50% of CRC
tumors without APC mutations [9]. The majority of gain-of-function mutations (amino acid
substitutions or in-frame deletions) within β-catenin occur in exon 3 at a regulatory region
(aa32-aa45) for protein phosphorylation and binding of the E3 ubiquitin-protein ligase
β-TrCP, which triggers the subsequent proteasomal degradation of β-catenin, resulting in a
stabilization of mutated β-catenin in these cells [10].

One of the Wnt signaling target genes in CRC is the metastasis-inducing small Ca2+

binding protein S100A4 [11,12]. Its high abundance in tumor tissue, both intracellular
and in the interstitial fluid, increases the metastatic potential of CRC cells and decreases
overall survival (OS) and metastasis-free survival (MFS) of patients [13,14]. Therapeutic
approaches to reduce S100A4 expression, and thereby restrict cancer progression and metas-
tasis, including RNA interference (RNAi) [15–17] and small molecules for intervention
strategies in the Wnt pathway [18–21].

Wnt/β-catenin signaling also regulates the expression of Dickkopf-1 (DKK1) [22].
DKK1 itself is an established Wnt antagonist, which competes to recruit Wnt co-receptors,
such as LRP5/6, and is thus preventing the activation of Wnt signaling [23,24]. Elevated
DKK1 expression in multiple myeloma and prostate cancer leads to enhanced bone metas-
tasis [25–27], and the expression level of DKK1 affects the organotropism of breast cancer
metastasis [28,29]. As an inhibitor of proliferative Wnt signaling, DKK1 has also been re-
ported as a mediator to metastatic latency, where quiescent metastatic cells evade immune
surveillance for later sporadic outgrowth [30]. Although DKK1 expression is associated
with poor survival in many solid cancers, it is often found down-regulated in CRC and
reports of its prognostic value in CRC metastasis are controversial [31–33].

In this study, we aimed to explore S100A4-induced transcriptome alterations in CRC
cells. We discovered a so far undescribed feedback loop within the Wnt pathway. S100A4,
the expression of which is induced by active Wnt/β-catenin signaling, suppresses the
expression of DKK1. We analyzed this transcriptional cross-regulation of metastasis-
inducing S100A4 and the Wnt antagonist DKK1 in CRC in cell culture and confirmed it in
CRC xenografted mice. In addition, we found the activating transcription factor 5 (ATF5)
involved in the expression regulation of DKK1 in CRC cells with restored low Wnt/β-
catenin pathway activity. Combinatorial analysis of inverse S100A4 and DKK1 expression
in human CRC patient specimens improved prognostication for patient survival.

2. Materials and Methods

2.1. Cell Lines, Culture Conditions, and Treatment

The CRC cell line HCT116 (heterozygous gain-of-function Δ45-β-catenin), and the sin-
gle allele derivatives HAB68 (Δ45-β-catenin) and HAB92 (wild-type β-catenin), were kindly
provided by Todd Waldman (Georgetown University, Washington, DC, USA). Plasmid
transfection was performed with FugeneHD (Promega, Madison, WI, USA), according to
the manufacturer’s instructions. Transfection of HAB92 and HCT116 cells with pcDNA3.1
or pcDNA3.1/S100A4 resulted in the control cell lines HAB92/vector and HCT116/vector,
and in the S100A4 overexpressing cell lines HAB92/S100A4 and HCT116/S100A4, re-
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spectively. Transfection of HCT116 cells with S100A4-specific (shS100A4) or unspecific
control shRNA-plasmids (shCtrl) resulted in HCT116/shS100A4 and HCT116/shCtrl cells,
respectively. HAB92/shDKK1 and HAB92/shCtrl cells were generated by transfecting
DKK1-specific (shDKK1) or unspecific (shCtrl) shRNA-plasmids (all SABiosciences, Freder-
ick, MD, USA). Generated cell lines with modulated target gene expression were generated
from clonal expansion of selected stably resistant cells after transfection.

Cell lines SW620, LS174T, Colo205, SW480, HCT15, LoVo, HT29, Caco 2, WiDr, KM12,
SW48, and DLD-1 were obtained from ATCC. Authentication of the cell lines was verified by
short tandem repeat (STR) genotyping at the DSMZ (German Collection of Microorganisms
and Cell Cultures; Braunschweig, Germany). All cell lines were tested regularly for the
absence of mycoplasma. The cell lines were cultured in recommended culture medium,
supplemented with 10% FBS (all Life Technologies, Carlsbad, CA, USA). Cells were grown
in sterile conditions in a humidified incubator (37 ◦C, 5% CO2, 95% humidity). Lyophilized
recombinant human DKK1 (rDKK1) protein (R&D Systems, Minneapolis, MN, USA) was
dissolved in PBS, supplemented with 1% BSA (Sigma, St. Louis, MO, USA). Cells were
treated for 24 h with the indicated rDKK1 protein concentrations. Control cells were treated
with the same amounts of 1% BSA solution alone.

2.2. Microarray Analysis of the S100A4-Induced Transcriptome

The competitive hybridization cDNA microarrays were performed at the Center for
Cancer Research/NCI (National Cancer Institute, Frederick, MD, USA). Each experiment
consisted of two identical microarrays containing reciprocally labeled cDNAs from test
samples (HAB92/S100A4) and control samples (HAB92 or HAB92/vector, respectively),
giving 4 arrays for analysis of expression differences. The test sample was stained with
Cy5 (red fluorescence) and the control sample with Cy3 (green fluorescence). In reciprocal
arrays, test samples were stained with Cy3 and controls were stained with Cy5. In brief,
isolated total RNA from HAB92, HAB92/vector, and HAB92/S100A4 cells was reverse
transcribed and labeled with either Cy5 or Cy3 dye. Test samples were combined with
their respective control samples and hybridized onto Human OncoChip arrays (NCI).
Fluorescence intensities were determined with a GenePix 4100A microarray scanner. The
data were analyzed by GenePix Pro 4.1 software, and the microarray intensities were
normalized by setting the ratio of medians to 1. Data were analyzed with available tools
on mAdB (https://madb.nci.nih.gov) (accessed on 30 April 2011) and online tools from the
‘Database for Annotation, Visualization and Integrated Discovery’ (DAVID) [34,35].

2.3. Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNA from cultured cells was extracted with Trizol RNA extraction reagent
(Life Technologies). Total RNA from micro-dissected tumor tissues was isolated us-
ing the Universal RNA Purification Kit (Roboklon, Berlin, Germany). RNA was re-
verse transcribed as described previously [18]. cDNA quantification of target genes was
performed with the following primers and probes: S100A4_fow: 5′-ctcagcgcttcttctttc-
3′, S100A4_rev: 5′-gggtcagcagctccttta-3′, S100A4_FITC: 5′-tgtgatggtgtccaccttccacaagt-3′,
S100A4_LCRed640: 5′-tcgggcaaagagggtgacaagt-3′; DKK1_fow: 5′-tagcaccttggatgggtattc-3′,
DKK1_rev: 5′-agcctcctcctcacacctcctc-3′, DKK1_FITC: 5′-gtctccggtcatgagactgtgcc-3′, DKK1_
LCRed640: 5′-aggattgtgttgtgctagacacctctgg-3′. The hG6PDH Kit (Roche, Basel, Switzerland)
was used for cDNA quantification of the housekeeping gene G6PDH. Quantitative real-time
RT PCR was performed in a LightCycler480 (Roche). Gene-specific standard curves and
a calibrator in each run were used to quantify and normalize the samples. Each run was
performed in duplicates and repeated at least twice with independent biological replicates.

2.4. Western Blot (WB) Analysis and Enzyme-Linked Immunosorbent Assay (ELISA)

Western blot analysis was performed as previously described [11]. Briefly, cells
were lysed with RIPA buffer (Roche) for total protein extraction. Immunoblotting was
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performed with antibodies against hS100A4 (rabbit; 1:1000; Agilent, Santa Clara, CA, USA)
and hGAPDH (goat; 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA).

Secreted DKK1 was quantified with the DuoSet human DKK-1 ELISA System (R&D
Systems). In brief, 4 × 105 cells were plated into 6-well plates, and the cell-free supernatant
was harvested after 24 h. The supernatant was diluted with blocking reagent (1:4 and
1:8; PBS with 1% BSA) before entering the previously blocked wells. rDKK1, dissolved in
blocking reagent, was used as a standard. Each experiment was performed in duplicate
with at least two different dilutions to assure that ELISA reaction occurred in the linear
range of sensitivity. The mean values of secreted DKK1 from each supernatant were
normalized to the amount of total protein extracted from the respective cells.

2.5. Chromatin Immunoprecipitation Assay (ChIP)

A total of 1 × 106 cells were plated in 15 cm dishes 24 h prior to performing the
assay. Cells were incubated with 13.5% formaldehyde for 10 min at room temperature
to assure reversible cross-linking of proteins, washed twice with ice-cold PBS, and lysed
according to the manufacturer’s instructions (Magna ChiP HiSens; Millipore, Burlington,
MA, USA). Cell lysates were sonicated for 20 pulses at 100% output and centrifuged at
10,000 rpm at 4 ◦C for 10 min. The upernatant was transferred to a new tube and aliquoted
in 50 μL aliquots for incubation with antibodies. A total of 5 μL of supernatant was stored
at −20 ◦C and used as an input control. Each ChIP was incubated with 10 μg antibody
or 10 μg control IgG overnight at 4 ◦C. Non-bound proteins were washed, followed by
elution of the protein-DNA complex from the beads according to the manufacturer’s
instructions. Cross-linking of protein and DNA was reversed, and PCR amplification of
the DKK1-promoter was performed with a limit of 35 cycles, using the following primer
set: pDKK1-fow: 5′-cgactaagcaagggagggg-3′; pDKK1-rev: 5′-gcctttataccgcgggcc-3′. PCR
product was analyzed via 2% agarose gel electrophoresis.

2.6. Luciferase-Based Reporter Assay

For transient transfection, cells were seeded at a density of 4 × 104 cells in a 24-well
plate and directly transfected with 500 ng reporter plasmid using TransIT-2020 (MirusBio,
Madison, WI, USA) according to the manufacturer’s instructions. After 48 h, cells were
transfected with a mix of 100 ng DKK1-promoter plasmids (firefly luciferase) and 20 ng
renilla luciferase plasmid (Promega) as an internal control. Cells were lysed 24 h after trans-
fection, and reporter assay was performed using the Dual Luciferase Assay Kit (Promega)
according to the manufacturer’s instructions. Firefly and Renilla luciferase activities were
measured using an infiniteM200Pro (Tecan, Männedorf, Switzerland) plate reader.

2.7. Boyden Chamber Transwell Migration Assaya

Filter membranes of 12 μm pore size (Millipore) were used to analyze the migratory
ability of HCT116/vector and HCT116/S100A4 cells. A total of 2.5 × 105 cells were seeded
into each transwell chamber, treated with 100 ng/mL rDKK1 or control solution, and
incubated for 24 h to migrate through the membrane. After insert removal, cells at the
bottom chamber were trypsinized and counted in a Neubauer chamber (LO Laboroptik,
Friedrichsdorf, Germany). Each well was counted ten times. The experiments were
performed in duplicates and repeated twice.

2.8. mRNA Expression Analysis of Xenograft CRC Mouse Tumor Tissue

Animal experiments were performed in accordance with the United Kingdom Co-
ordinated Committee on Cancer Research (UKCCCR) guidelines and were approved by
the responsible local authorities (State Office of Health and Social Affairs, Berlin, Germany),
with the registration number A0010/19. mRNA samples of intrasplenically xenografted
CRC mouse tumors were obtained after systemic treatment with shRNA expression plas-
mids. Experimental procedures were previously described [17]. In brief, NOD/SCID mice
were intrasplenically transplanted with HCT116 cells and repeatedly treated with S100A4-
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shRNA expressing plasmids via tail vein injection. Mice were sacrificed, and spleens and
livers were removed. Cryosections of the tumor tissue (spleen) were used to isolate total
RNA samples.

2.9. Immunohistochemistry of Xenograft CRC Mouse Tumor Tissue

Cryosections of the tumor tissue (spleen) were fixed with 4% paraformaldehyde,
quenched with 0.1 M glycine/PBS, and residual cellular peroxidase activity was blocked
with 0.9% H2O2/PBS. Cells were permeabilized with 0.5% Triton-X-100/PBS and unspecific
binding sites blocked with 1% horse serum/PBS. Target-specific antibodies (S100A4, Dako,
1:400; DKK1, CellSignalling, 1:400) were applied overnight in 0.1% horse serum/PBS and
detected with a rabbit-specific DAB kit (Vectastain, Vector Laboratories, Inc., Burlingame,
CA, USA) according to the manufacturer’s instructions. Nuclei were stained with hema-
toxylin, and pictures were taken with a BZ-X800 microscope (Keyence, Neu-Isenburg,
Germany) at 20× and 40× magnification. Quantification of IHC signal intensities was
performed with ImageJ (v1.53).

2.10. Data Mining of Expression Microarray Data

Publicly available expression data of CRC tumor microarrays were obtained from
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) (accessed on 10 December 2018).
Expression data of target genes were normalized to G6PDH and analyzed for direct or
inverse correlation. Expression data of the following sets were combined after normalizing:
GDS2201 [36]; GDS4381 [37]; GDS4513 [38]; GDS4515 [39]; and GDS4718 [40].

2.11. Patient Material

Primary tumors were obtained from all patients with informed written consent. The
analyses of patient samples, in accordance with the Declaration of Helsinki, were performed
with their consent to participate and were approved by the responsible local authorities
(State Office of Health and Social Affairs, Berlin, Germany), with the registration number
AA3/03/45. Primary tumor tissues were collected immediately after surgical removal
and snap-frozen in liquid nitrogen according to internal protocols. In addition to routine
pathological examination of the tumor tissue, the histopathology of each sample used for
experimental analysis was reviewed by an experienced pathologist to confirm diagnosis,
tissue composition, and tumor content. Tumor staging and typing were performed accord-
ing to UICC and WHO guidelines. The patients were preoperatively untreated, had no
history of familial CRC, did not suffer from a second tumor, and underwent R0 resection.
One cohort consists of tumor samples from 41 CRC patients at stages I–IV. For the second
cohort, CRC tumor tissues were obtained from 60 CRC patients at stages I, II, or III, i.e.,
without distant metastases at the time point of diagnosis. Detailed information on patients
and tumor tissue of both cohorts are provided in previous reports [41,42]. All tumors
were R0 resected, were fresh frozen in liquid nitrogen, and the areas of tumor cells were
micro-dissected after preparation of serial consecutive cryosections.

2.12. Statistical Analysis

Student’s t-test was used to compare two groups of data. Comparison of more than
two groups was performed by one-way analysis of variance (ANOVA) and Bonferroni
post hoc multiple comparisons, or one-way ANOVA on ranks and Tukey post hoc multiple
comparison, if the normality test of the data failed. Pearson correlation analysis was used
to identify expression correlations. Survival rates were calculated with Kaplan–Meier
estimator, with multiple comparisons (pairwise over strata) if indicated. The cut-offs to
distinguish low and high expression levels were determined using Receiver–operator-
characteristics (ROC) analysis by taking the value with the highest Youden-Index. p-values
less than 0.05 were defined as statistically significant. All computations were performed
using IBM SPSS Statistics 21.
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3. Results

3.1. Inverse Expression Correlation of Wnt/β-Catenin Targets S100A4 and DKK1 in CRC Cells
3.1.1. Identification of the S100A4-Induced Transcriptome

Although many protein–protein interaction partners of S100A4 have been identified
that sustain the pro-metastatic action of S100A4 [5], much less is known about changes in
the transcription of metastasis-associated genes upon elevated S100A4 expression level. To
identify the transcriptional mechanism underlying S100A4-driven metastasis formation,
we compared the expression profiles of the HCT116-derived isogenic cell lines HAB92,
HAB92/vector, and HAB92/S100A4. HAB92 contains only the wild-type allele for β-
catenin, resulting in reduced Wnt pathway activity and very low levels of S100A4 [11].
Ectopic overexpression of S100A4 in these cells was achieved by stable transfection of
S100A4 cDNA. Competitive hybridization of cDNA from HAB92, HAB92/vector, and
HAB92/S100A4 cells onto spotted microarrays identified 195 functionally annotated genes
to be differentially expressed >4-fold on average (n ≥ 3).

The results of four microarrays were combined and subsequently analyzed. A total of
324 transcripts were found differentially expressed in dependency of S100A4 overexpres-
sion, with 195 transcripts showing a more than four-fold difference. A total of 32 of the
functionally annotated genes in this set were up-regulated, and 140 were down-regulated
(Figure 1a). When we clustered the S100A4-associated genes according to their annotations
using DAVID/EASE, we found high enrichment scores in topics related to transcription
regulation (nuclear localization, DNA-protein complex assembly, chromatin modification,
mRNA processing) and cell motility (Figure 1b). Interestingly, we observed a number of
Wnt pathway factors and target genes differentially regulated in HAB92/S100A4 cells,
indicating a previously unreported regulatory mechanism of S100A4 on Wnt signaling
pathway activity (Appendix A).

 
Figure 1. S100A4-dependent transcriptome analysis in HAB92 CRC cells. (a) Two color microarray
analyses of differentially expressed genes in HAB92/S100A4 cells vs. HAB92 and HAB92/vector cells.
(b) Annotation cluster analysis of 195 transcripts with a more than four-fold change in expression,
classified by gene function and protein localization.

3.1.2. S100A4 Inhibits Expression of the Wnt Pathway Antagonist DKK1

One of the most highly and consistently down-regulated genes in the arrays was
DKK1 (Figure 2a). This result was validated by qRT PCR and WB. HAB92/S100A4 cells
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express 14.4-fold more S100A4 than HAB92 cells, both shown for mRNA and protein
levels (p = 0.003; Figures 2b and S1a,b), whereas mRNA levels of DKK1 were reduced
to 40% in these cells, compared to HAB92 cells (p < 0.001; Figure 2c). By quantifying
the amount of secreted DKK1 protein via ELISA, we observed a similar decrease to 34%
in HAB92/S100A4 cells compared to HAB92 cells (p < 0.001; Figure 2d). These data
confirm an S100A4-mediated decrease in DKK1. Although both S100A4 and DKK1 are
target genes of canonical Wnt signaling, their expression pattern inversely differs in CRC
tumors [22]. Therefore, we compared the levels of both genes in HCT116 cells, as well as
in its derivatives HAB68 and HAB92. S100A4 expression was found to be 1.2-fold higher
in HAB68 cells, harboring only mutant β-catenin, compared to HCT116 cells. In contrast,
in HAB92 cells, with only wild-type β-catenin, S100A4 mRNA expression was reduced
to 8% (p < 0.001; Figures 2e and S1c,d). These data were supported by changes in protein
expression, thereby confirming our previous finding [11]. In contrast, we observed an
inverse expression pattern of DKK1 in those cells. HAB92 cells expressed nine-fold more
DKK1 on the mRNA level compared to HCT116 cells (p < 0.001; Figure 2f). We validated
the mRNA expression levels of DKK1 with the amount of secreted DKK1 protein in the
surrounding medium and found a 5.3-fold increase of extracellular DKK1 from HAB92
cells, compared to HCT116 cells (p < 0.001; Figure 2g).

3.1.3. Inverse Expression Correlation of S100A4 and DKK1 in Further CRC Cell Lines

In order to determine if the observation of inverse expression of S100A4 and DKK1
extended to other CRC cell lines, we compared the mRNA levels of both genes in a panel of
12 additional lines. A nearly reciprocal increase of either S100A4 or DKK1 expression was
identified when normalized to HCT116 cells (Figure 3a). S100A4 mRNA levels in SW620,
LS174T, Colo205, and SW480 cells were similar or higher than in HCT116 cells, and all these
cell lines presented with very low levels of DKK1 mRNA. In contrast, HCT15, Lovo, HT29,
HAB92, and Caco-2 cells expressed similar or higher levels of DKK1 than HCT116 cells
and very low levels of S100A4 mRNA. The mRNA levels of both genes were low in WiDr,
KM12, SW48, and DLD1 cells. The expression levels of S100A4 and DKK1 mRNA were
significantly inversely correlated (Pearson correlation coefficient, ρ = −0.566; p = 0.041).
The differences in mRNA expression levels were verified at the protein level by either WB
for S100A4 (Figures 3b and S1e–h) or ELISA for secreted DKK1 (Figure 3c).

3.1.4. Expression Regulation of DKK1 in CRC Cells Involves the Transcription Factor ATF5

By determining the S100A4-induced transcriptome in CRC cells, we were interested
in which transcription factors are involved in the respective expression regulation of differ-
entially expressed transcripts, focusing on the 140 down-regulated genes (Figure 1a). An in
silico approach employed the iRegulon module in the Cytoscape analysis platform [43,44].
ATF5 was the only transcription factor predicted for DKK1 expression regulation (NES
3.37; p = 0.045), on the basis of ChIPseq data from Lovo cells (GSM1208713) [45]. We
validated the binding of ATF5 to the DKK1 promoter via ATF5-specific ChIP assays in the
HAB68 and HAB92 cell pair with differential expression of S100A4 and DKK1 (Figure 4a).
We observed a higher abundance of DKK1 promoter fragments after precipitating RNA
polymerase II in HAB92 cells, confirming the higher DKK1 transcription in these cells. In
addition, precipitating ATF5 also resulted in increased band intensity after amplification
of the DKK1-specific promoter fragment. To confirm the transcriptional regulation of
DKK1 by ATF5 and S100A4 on promoter level, we used the previously described reporter
plasmids containing truncated versions of the human DKK1 promoter [22]. We observed
significantly increased luciferase reporter activity in HAB92 cells for all promoter fragments
(Appendix B) and used the longest and shortest fragment for further analyses. Overex-
pression of ATF5 in HAB68 cells resulted in significantly increased reporter activity for
the longest promoter fragment (2.35 kb; p = 0.026; Figure 4b), with a lesser extent for the
shortest promoter fragment. In turn, ectopic expression of S100A4 in HAB92 did lead to a
significant decrease in DKK1 promoter-driven luciferase activity (p = 0.014; Figure 4b).
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Figure 2. S100A4-induced expression alterations of DKK1 in CRC cell lines HCT116, HAB92, and
HAB68. (a) Increased S100A4 expression and decreased DKK1 expression in HAB92/S100A4 cells vs.
HAB92 cells (part 1) and HAB92/S100A4 cells vs. HAB92/vector cells (part 2). (b) Overexpression
of S100A4 in HAB92/S100A4 cells on mRNA and protein level. Down-regulation of DKK1 mRNA
expression (c) and of extracellular DKK1 (d) in HAB92/S100A4 cells. (e) S100A4 expression in
HCT116, HAB68, and HAB92 cells on mRNA and protein levels; lowest S100A4 expression in HAB92
cells. Differential expression of DKK1 in HCT116, HAB68, and HAB92 cells on mRNA (f) and
extracellular protein (g) levels; highest expression in HAB92 cells.
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Figure 3. Inverse expression correlation of S100A4 and DKK1 in a panel of 13 CRC cell lines.
(a) Relative mRNA expression level of S100A4 and DKK1 determined by gene-specific qRT PCR.
(b) Western blot analysis of S100A4 expression. GAPDH served as loading control. (c) ELISA
of extracellular amounts of human DKK1 in culture medium in the fold of HCT116. Names in
bold indicate mutated β-catenin: HCT116—S45Δ, SW48—S33Y, LIM1215—T41A, LS513—A5-80Δ,
LS174T—S45F. * indicates wt for both APC and β-catenin (Figure S1e–h).
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Figure 4. Expression regulation of DKK1 in CRC cells involves the transcription factor ATF5 and
S100A4 but on different sites of the promoter. (a) ChIP assays of gene-specific pull-downs in HAB68
and HAB92 cells confirm the binding of ATF5 to the DKK1 promoter. Unspecific immunoglobulin
served as the negative control and RNA polymerase II as an indicator of general DKK1 transcription.
(b) Ectopic ATF5 expression in HAB68 cells increased DKK1 promoter-driven luciferase activity,
while ectopic expression of S100A resulted in decreased reporter signal. DKK1 promoter fragments:
−2238 bp–+112 bp (2.35 kb); −231 bp–+112 bp (0.34 kb).

3.1.5. Transcriptional Cross-Regulation of DKK1 and S100A4 Affects S100A4 Phenotype

Since S100A4 overexpression inhibits the expression of DKK1 in CRC cells, we an-
alyzed the functional consequences of this gene regulation. We transfected HAB92 cells
with DKK1-specific shRNA plasmids, generating HAB92/shDKK1 cells. DKK1 mRNA
expression in HAB92/shDKK1 cells was reduced to 9% of HAB92/shCtrl cells (p = 0.009;
Figure 5a). The knock-down of DKK1 mRNA subsequently decreased the amount of
secreted DKK1 protein in HAB92/shDKK1 cells to 47%, compared to the control cells
(p = 0.022; Figure 5b). In turn, we observed a 4.2-fold increase in the S100A4 mRNA level
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of HAB92/shDKK1 cells, compared to control shRNA-transfected cells (p = 0.015) and an
increase in S100A4 protein levels in HAB92/shDKK1 (Figures 5c and S1i,j).

 

Figure 5. Transcriptional cross-regulation of DKK1 and S100A4 affects cellular motility. Relative
DKK1 mRNA expression (a) and DKK1 protein secretion (b) in HAB92/shDKK1 cells. (c) Increase of
S100A4 mRNA and protein expression in HAB92/shDKK1 cells. (d) Relative S100A4 mRNA and
protein expression in HCT116/shS100A4 cells. (e) Increase of relative DKK1 mRNA expression in
HCT116/shS100A4 cells. (f) Decrease of S100A4 mRNA expression level following treatment with
rDKK1. (g) Decrease of cellular motility by rDKK1 treatment in HCT/vector cells is rescued by
ectopic S100A4 expression in HCT116/S100A4 cells.
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Next, we hypothesized that a reduction of S100A4 expression would result in increased
expression of DKK1. We knocked down S100A4 in HCT116 cells by stably transfecting
expression plasmids for either S100A4-specific shRNA (HCT116/shS100A4) or a non-
targeting control shRNA (HCT116/shCtrl). HCT116/shS100A4 cells express 56% less
S100A4 mRNA, compared to the control cells HCT116 and HCT116/shCtrl, which was
confirmed at the protein level (p < 0.001; Figure 5d and S1k,l). When we determined the
expression of DKK1 in these cells, we observed a 2.0-fold increase in DKK1 mRNA levels in
HCT116/shS100A4, compared to the control cells (p = 0.031; Figure 5e). Since DKK1 protein
is secreted to exert its function as a Wnt pathway antagonist, we treated the HCT116 cells
with rDKK1 and analyzed the S100A4 expression in those cells. Treatment with rDKK1
for 24 h reduced the S100A4 mRNA level in a concentration-dependent manner. Cells
treated with 25 ng/mL rDKK1 expressed 85% (p < 0.01) less S100A4 mRNA, whereas
treatment with 100 ng/mL rDKK1 reduced the S100A4 mRNA level to 68% (p < 0.001;
Figure 5f). Treatment with rDKK1 also reduced cellular motility. Compared to untreated
HCT116/vector cells, the migratory ability was diminished to 65% by the application
of 100 ng/mL rDKK1 (p = 0.041; Figure 5g). Treatment with rDKK1 did not reduce the
S100A4-mediated cell migration in cells with ectopic overexpression of S100A4.

3.1.6. Knock-Down of Wnt Target Gene S100A4 Countermands Inhibition of DKK1

To validate the transcriptional cross-regulation of S100A4 and DKK1 in vivo, we
analyzed the S100A4-regulated DKK1 expression in tumor tissue of xenograft mice after
intrasplenic transplantation of HCT116 cells. These animals were systemically treated with
S100A4-specific shRNA expression plasmids (versus non-targeting control shRNA, [18]).
We found significantly reduced S100A4 mRNA expression in tumor tissues of mice, treated
with S100A4-specific shRNA plasmids (median = 1.78), compared to treatment with control
shRNA plasmids (median = 17.52; p = 0.021; Figure 6a). Interestingly, we observed an
inverse correlation for DKK1 mRNA expression levels when compared to S100A4 mRNA.
Tumors of animals treated with S100A4-specific shRNA plasmids expressed increased
levels of DKK1 mRNA (median = 5.19) compared to animals treated with control shRNA,
showing only low DKK1 expression levels (median = 1.26; p = 0.057; Figure 6b). This result
was confirmed by IHC, staining S100A4 and DKK1 protein in sequential cryo-sections of
the tumor tissues (Figure 6c–e). After quantification of the protein signals, we determined
a reduction in S100A4 protein in tumors treated with S100A4-specific shRNA plasmids
(median = 36.69), compared to treatment with control-shRNA plasmids (median = 78.01,
p < 0.001, Figure 6f). In turn, we found a significant increase of DKK1 protein expression in
the tumor tissues with reduced S100A4 expression (median = 35.94), compared to control
treatment (median = 27.54, p = 0.024, Figure 6g).

The reciprocal expression regulation of S100A4 and DKK1 in vivo was further val-
idated by a lower abundance of human DKK1 in mouse plasma when ectopic S100A4
expression was induced in transplanted HAB92 cells (Appendix C).

3.2. Transcriptional Cross-Regulation of S100A4 and DKK1 Has Prognostic Value for CRC
Patient Survival
3.2.1. Inverse Expression Correlation of S100A4 and DKK1 in CRC Microarray Datasets

In order to evaluate the inverse expression correlation of S100A4 and DKK1 in patient
tumors, we exploited several publicly available mRNA expression data generated by
microarray analyses of CRC patient cohorts, using the GEO database from NCBI [36–40].
Expression values of S100A4 and DKK1 were normalized to G6PDH, and the five datasets
were combined after normalization (n = 224). The inverse correlation of S100A4 and DKK1
mRNA expression in CRC patient tumors was confirmed by Pearson correlation analysis
(ρ = 0.151; p = 0.024; Figure 7).
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Figure 6. S100A4 reduction restores endogenous DKK1 expression in vivo. Relative mRNA expres-
sion of S100A4 (a) and DKK1 (b) in intrasplenic tumor tissue of xenografted mice receiving the
systemic application of S100A4-specific shRNA expression plasmids. Immunostaining of S100A4
(c), DKK1 (d), and background control (e) of two independent samples per group of intrasplenic
xenograft tumor tissue. Images were taken at 20× and 40× magnification, and scale bars represent
200 μm and 100 μm, respectively. Quantification of protein-specific immunostaining confirms the
cross-regulation of S100A4 (f) and DKK1 (g) in vivo. Quantified expression of target genes occurred
in triplicates of eight independent animal tumors.
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Figure 7. Correlation analysis of S100A and DKK1 mRNA expression of combined GEO datasets of
CRC microarray analyses. Expression levels of target genes were normalized to G6PDH.

3.2.2. Prognostic Value of Combining S100A4 and DKK1 Expression in CRC
Tumor Samples

Next, we determined the mRNA levels of S100A4 and DKK1 in micro-dissected
primary tumor tissues of two independent patient cohorts by gene-specific qRT PCR. One
cohort consisted of 41 CRC patients in stages I–IV [42]. Based on gene-expression levels
and using ROC-based cut-off values, we calculated the rates for patients’ OS by Kaplan–
Meier analysis. For S100A4, expression below the cut-off correlated significantly with
better outcome in OS (p = 0.016; Figure 8a). The five-year OS was 90% (±4.6%) for low
S100A4 expression and 50% (±2.5%) for S100A4 levels above the cut-off. On the contrary,
patients benefited from higher expression levels of the Wnt antagonist DKK1 in longer OS
(Figure 8b). The five-year OS was 87% (±7.0%) for high DKK1 levels and 71% (±14.3%)
for low DKK1 expression.

The second cohort consisted of 60 CRC patients in stages I, II, and III (R0, no metas-
tases at time of diagnosis) [41]. For S100A4, gene expression below the cut-off correlated
significantly with better outcomes in both OS (Figure 9a) and MFS (Figure 9b). The five-year
OS was 88% (±5.5%) for low S100A4 expression and 65% (±9.3%) for S100A4 expression
levels above the cut-off. For MFS, the five-year survival rates were 65% (±7.3%) and 41%
(±11.9%), respectively. On the contrary, patients benefited from higher expression levels of
the Wnt antagonist DKK1 in OS (Figure 9c) and MFS (Figure 9d). The five-year OS was
63% (±11.1%) for low DKK1 expression and 85% (±5.5%) for high DKK1 levels. Likewise,
the five-year MFS of 37% (±11.1%) for patients with low DKK1 levels increased to 68%
(±7.3%) for DKK1 high expressers.

With the above-reported transcriptional cross-regulation of S100A4 and DKK1 expres-
sion in mind, we combined the survival analyses of S100A4 and DKK1 expression. The
correlation for patients’ OS and their expression levels of the respective genes increased
the significance when based on a combinatorial analysis of S100A4 and DKK1. If patients
expressed low levels of S100A4 and high levels of DKK1 in the tumor, the five-year survival
was 90% (±7.0%) in the first cohort (Figure 8c) and 91% (±6.1%) in the second cohort
(Figure 9e). Expression of both genes below the respective cut-off resulted in a five-year
survival rate of 79% (±13.4%) in the first cohort and 83% (±10.8%) in the second cohort.
Patients with S100A4 and DKK1 expression above the respective cut-off resulted in a five-
year survival rate of 67% (±27.2%) in the first cohort and 79% (±9.4%) in the second cohort.
Patients with high S100A4 and low DKK1 expression levels showed the poorest five-year
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OS in both cohorts. No patient in the first cohort lived longer than five years, and the
rate for the second cohort was 29% (±17.1%). When focused on MFS, the combination of
S100A4 and DKK1 expression increased the significance with respect to DKK1 expression
alone (Figure 9f). Patients expressing low levels of S100A4 and high levels of DKK1 showed
a five-year MFS of 74% (±7.9%). Having both genes above the respective cut-off reduced
the five-year MFS to 50% (±15.8%). If both genes are below the cut-off, a five-year MFS of
42% (±14.2%) was observed. High S100A4 and low DKK1 expression levels in the primary
tumor resulted in a five-year MFS of 29% (±17.1%).

Taken together, the combination of S100A4 and DKK1 expression enables more pow-
erful prognostication of patients’ outcomes. Patients with high S100A4 and low DKK1
expression levels in the primary tumor can be classified as high risk for OS. For MFS,
patients with low intratumoral S100A4 expression become high-risk patients when the
DKK1 expression is also decreased.

 

Figure 8. Combination of S100A4 and DKK1 for improved prognosis of OS CRC patients. DKK1, as
well as S100A4, mRNA expression levels were determined by qRT PCR in micro-dissected tumor
cell populations of primary tumors of stages I–IV (n = 41). The cut-off values to distinguish low
and high expression levels were determined by ROC analyses. (a) OS of CRC patients, based on the
S100A4 mRNA expression in the primary tumor. (b) OS of CRC patients, based on the DKK1 mRNA
expression in the primary tumor. (c) OS of CRC patients, based on the combination of S100A4 and
DKK1 expression in the tumor. Cut-off values for the respective gene and analysis are indicated by
the axis labels.
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Figure 9. Combination of S100A4 and DKK1 for improved prognosis of OS and MFS of CRC patients.
DKK1 and S100A4 mRNA expression levels were determined by qRT PCR in micro-dissected tumor
cell populations of primary, not yet metastasized, tumors of stages I, II, and III (n = 60). The cut-off
values to distinguish low and high expression levels were determined by ROC analyses (highest
Youden index: S100A4—2.68; DKK1—0.21). Survival analysis was performed with the Kaplan–Meier
estimator, with a chi-square multiple comparison. OS (a) and MFS (b) of CRC patients, based on the
S100A4 mRNA expression in the primary tumor. OS (c) and MFS (d) of CRC patients, based on the
DKK1 mRNA expression in the primary tumor. OS (e) and MFS (f) of CRC patients, based on the
combination of S100A4 and DKK1 expression in the tumor.
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4. Discussion

Here we report the transcriptional cross-regulation of the Wnt target genes S100A4
and DKK1 by exploring the first S100A4-regulated transcriptome in CRC. Knock-down of
S100A4 under constitutive active Wnt signaling restored the expression of DKK1 in vitro
and in vivo. As overexpression of S100A4 reduced DKK1 mRNA and protein levels, S100A4
can be seen as the predominant factor in this feedback loop in Wnt signaling modulation.
The inverse correlation of S100A4 and DKK1 was validated in publicly available CRC
expression datasets. Combining the intratumoral expression levels of S100A4 and DKK1
increased OS and MFS prognostication and identification of CRC patients at high risk.

S100A4 expression is a marker for malignancy in several cancer types, including
CRC [46,47]. Some effort has been made to understand the cellular mechanisms that
regulate S100A4 expression. In CRC, the expression of S100A4 is mainly driven by consti-
tutively active Wnt signaling [11]. By comparing transcripts of CRC cell lines that differed
exclusively in the expression level of S100A4, we found that the Wnt antagonist DKK1
was inversely expressed. DKK1 itself is also a Wnt target gene, and it is up-regulated by
highly active Wnt signaling [22,48]. Secreted DKK1 acts as a Wnt pathway antagonist by
interacting with the membranous co-receptor LRP 5/6, which is subsequently sequestered
from the Wnt/frizzled signaling complex [49,50]. This decrease in Wnt pathway activity
creates a negative feedback loop in normal tissue. With our finding of high S100A4 levels
upon active Wnt signaling, suppression of the pathway antagonist DKK1 should reduce the
negative feedback loop allowing for sustained Wnt signaling. Indeed, the transcriptional
up-regulation of DKK1 by active Wnt signaling has been lost in many cases of CRC [51–53].
The inverse correlation of S100A4 and DKK1 expression in CRC tumors was found signifi-
cant when we analyzed the combination of several existing microarray datasets [36–40].
When we overexpressed S100A4 in CRC cells with wild-type β-catenin (HAB92), we ob-
served a significant decrease in DKK1 expression along with AMOTL2, also described as
a Wnt signaling inhibitor. Interestingly, we found a subset of other Wnt signaling target
genes, such as CCND1, PTK2, and MET, down-regulated upon ectopic S100A4 expression
in HAB92 cells with restored Wnt signaling pathway. A potential mechanism is the induced
expression of APC itself, which can affect cytoplasmic and nuclear β-catenin levels, and
thus, activity. In turn, a knock-down of DKK1 in these cells showed re-expression of
endogenous S100A4. When we compared the transcriptional cross-regulation of S100A4
and DKK1 in cells harboring mutated β-catenin, the knock-down of S100A4 expression has
a stronger effect on DKK1 expression than the treatment of the cells with 100 ng/mL rDKK1
on S100A4 expression. We conclude that S100A4 plays a dominant role in the regulation
of DKK1 expression by preventing the normal negative feedback loop induced by DKK1,
thus maintaining an activated Wnt pathway and stabilizing (or even increasing) its own
expression level.

A recent publication by Park et al. describes remaining susceptibility to Wnt signaling
pathway regulation by Wnt stimulation or APC regulation even in the presence of an
S45Δ-β-catenin gain-of-function mutation, such as in HCT116 cells [54]. The proposed
model of ‘just-right’ Wnt signaling activation in CRC cells is supported by our finding
that S100A4 can modulate Wnt/β-catenin transcriptional activity even in the context of
aberrantly active Wnt signaling.

We found ATF5, a member of the ATF/cAMP response element-binding protein
family, involved in the regulation of DKK1 expression in CRC cell lines, depending on
the activity of the Wnt/β-catenin signaling pathway. ATF5 itself has been related to cell
enhanced invasion of fibrosarcoma and breast cancer cells [55], and its therapeutic targeting
strongly reduced cancer cell survival, except for pancreatic cancer and CRC [56,57]. ATF5 is
able to bind to CRE consensus sequences but prefers binding sites with a core sequence of
CYTCTYCCTTW [58]. Interestingly, the promoter of GSK3β, a modulator of Wnt/β-catenin
signaling activity, harbors a predicted ATF5 binding site, and it can regulate the levels of
ATF5 itself [59,60]. With the here-reported regulation of DKK1 expression, ATF5 becomes
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further involved in the modulation of Wnt/β-catenin-mediated target gene expression,
and thus cancer progression and metastasis also for CRC.

While constitutively active Wnt signaling in the colon gives rise to adenocarcinoma, el-
evated levels of S100A4 in the primary tumor drives cancer progression up to the formation
of distant metastases [12,13]. S100A4 is, therefore, widely used as a prognostic marker to
stratify patients’ risks to CRC [61,62]. In CRC, high DKK1 expression levels correlate with
lower tumor stages, less metastasis, and increased five-year survival of patients [33,63,64].

The diagnosis of metastasized CRC is correlated with the worst prognosis for CRC
patients [65]. With the reported transcriptional cross-regulation in expression regulation of
S100A4 and DKK1, their combination in expression analyses should improve the prognos-
tication for CRC patients. In our cohorts, patients with high S100A4 expression combined
with low DKK1 expression showed the lowest five-year survival rates for both OS and MFS.
High DKK1 expression in the tumor tissue or microenvironment seems to compensate
for the aggressive phenotype of elevated S100A4 expression in OS. In the case of tumors
with low S100A4 expression, patients’ outcome in MFS is strongly determined by the
expression status of DKK1. The combination of both S100A4 and DKK1 clearly improves
the prognostic value in CRC compared to each tumor marker alone.

Therapeutic approaches to restore the expression of DKK1 in tumors, with subsequent
reduction of up-regulated Wnt target genes, combined with a reduction of S100A4 expres-
sion, could improve the outcome of S100A4-driven CRC. In recent reports, DKK1 expression
in CRC cells was restored by treatment with Genistein or targeting the vitamin D receptor,
leading to reduced Wnt target gene expression [66,67]. Further, pharmacological inhibitors,
such as niclosamide and sulindac, are reported, which decrease S100A4 expression by
intervening in the Wnt signaling, resulting in restricted metastasis formation [18,19].

5. Conclusions

Taken together, the identification of S100A4-mediated transcriptome revealed the
transcriptional cross-regulation of the metastasis-inducing S100A4 and the Wnt antagonist
DKK1, dominated by S100A4, which leads to increased cell motility, cancer progression and
metastasis, and decreased survival of CRC patients. By combining both genes in expression
analyses of CRC tumors, we were able to identify high-risk patients who might benefit
from adapted cancer therapy.
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Appendix A

Table A1. List of differentially expressed Wnt signaling pathway-related factors or target genes upon
ectopic expression of S100A4 in HAB92 cells with restored Wnt signaling pathway activity.

log2-Fold Change StDev Gene Name Description

5.04 1.21 APC Promotes rapid degradation of β-catenin and participates in Wnt
signaling as a negative regulator.

4.29 0.82 TBL1Y Plays an essential role in transcription activation mediated by
nuclear receptors.

−1.72 0.22 CAMK2D Calcium/calmodulin-dependent protein kinase involved in the
regulation of Ca2+ homeostasis.

−1.72 0.36 CD44 Cell-surface receptor that plays a role in cell–cell interactions, cell
adhesion, and migration.

−1.73 0.36 HDAC2 Responsible for the deacetylation of lysine residues on the
N-terminal part of the core histones (H2A, H2B, H3, and H4).

−1.84 0.57 CCND1 Regulatory component of the cyclin D1-CDK4 (DC) complex that
regulates the cell cycle during G1/S transition.

−1.99 0.43 EPCAM Plays a role in embryonic stem cells proliferation and differentiation.

−2.13 0.35 PTK2

Non-receptor protein-tyrosine kinase that plays an essential role in
regulating cell migration, adhesion, formation, and disassembly of
focal adhesions and cell protrusions, cell cycle progression, cell
proliferation, and apoptosis.

−2.23 0.57 DKK1

Antagonizes canonical Wnt signaling by inhibiting LRP5/6
interaction with Wnt and by forming a ternary complex with the
transmembrane protein KREMEN that promotes internalization
of LRP5/6.

−2.26 0.22 MET

Receptor tyrosine kinase that transduces signals from the
extracellular matrix into the cytoplasm by binding to hepatocyte
growth factor/HGF ligand. Regulates many physiological processes,
including proliferation, scattering, morphogenesis, and survival.

−2.50 0.80 AMOTL2

Regulates the translocation of phosphorylated SRC to peripheral
cell-matrix adhesion sites. Inhibits the Wnt/β-catenin signaling
pathway, probably by recruiting β-catenin to recycling endosomes,
and hence preventing its translocation to the nucleus.

−5.22 3.81 TBL1XR1

F-box-like protein involved in the recruitment of the ubiquitin/19S
proteasome complex to nuclear receptor-regulated transcription units.
Plays an essential role in transcription activation mediated by
nuclear receptors.
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Appendix B

To investigate in which region of the DKK1 promoter an ectopic expression of S100A4
and ATF5 in HAB92 and HAB68 cells, respectively, will affect DKK1 transcription, we
employed previously reported luciferase reporter constructs, driven by DKK1 promoter
fragments of different sizes (kind gift of Alberto Munoz; Gonzalez-Sancho et al., Oncogene
2005). A schematic view of the promoter fragments and their predicted binding sites of
TCF and CREB-transcription factor family members is depicted in Figure A1a. Relative
luciferase reporter activity from each DKK1 promoter fragment is displayed in Figure A1b.
Luciferase activity is not significantly altered within each CRC cell line, but we observed
significantly higher reporter activity in HAB92 cells compared to HAB68 cells (Figure A1b).
As this reflects the observed difference in DKK1 expression between these two cell lines, we
focused on the region around the transcription start site (0.34 kb fragment) in comparison
to the longest fragment (2.34 kb).

 
Figure A1. Expression regulation of DKK1 in HAB68 and HAB92 cells occurs near the transcription
start site. (a) Graphical representation of the human DKK1 promoter. Predicted binding sites of
transcription factor complexes containing TCF and CREB-family members are indicated in black and
grey, respectively. (b) Relative DKK1 promoter-driven luciferase activity in HAB68 cells is significantly
lower for all DKK1 promoter constructs compared to HAB92 cells. * statistically significant.

Appendix C

To confirm the expression regulation of DKK1 by ectopic expression of S100A4 in vivo,
we generated a doxycycline-induced S100A4 expression vector (tetON-S100A4-AIRES-
nLUC; Figure A2a) for lentiviral transduction. This vector and a control vector without
the S100A4 coding sequence (tetON-ctrl-AIRES-nLUC) were transduced via lentiviral
particles into HAB92 cells, generating HAB92/tetON-S100A4 and HAB92/tetON-ctrl cells,
respectively. A total of 1 × 106 cells of each cell line were transplanted into the spleens
of NOG mice, and for half of each group, 6 mg/kg of doxycycline was supplied in the
drinking water. Plasma samples were taken after 15 days, and equal protein amounts were
analyzed for the abundance of human DKK1 via WB. We observed a distinct reduction
of hDKK1 in the plasma samples of doxycycline-treated mice harboring HAB92/tetON-
S100A4 cells, compared to untreated mice from the same group (Figures A2b and S1m).
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Mice with transplanted HAB92/tetON-ctrl cells showed only a minor decrease of hDKK1
in their plasma after doxycycline treatment, which points to a mild unspecific treatment
effect. The animal experiment was performed in accordance with the United Kingdom
Co-ordinated Committee on Cancer Research (UKCCCR) guidelines and was approved by
the responsible local authorities (State Office of Health and Social Affairs, Berlin, Germany),
with the registration number G0030/15.

Figure A2. Induced ectopic expression of S100A4 in xenograft tumors results in a reduced abundance
of human DKK1 in mouse plasma. (a) Schematic representation of the lentiviral vector for doxycycline-
induced S100A4 expression. The respective control vector was generated without the coding sequence
for S100A4 (not shown). Either vector was lentivirally transduced into HAB92 cells. (b) Plasma
samples of mice intrasplenically transplanted with HAB92/tetON-S100A4 or HAB92/tetON-ctrl
cells were taken after 15 days with or without doxycycline treatment. Immunostaining with human-
specific DKK1 antibodies after WB showed reduced hDKK1 abundance in plasma samples of mice
with induced S100A4 expression in the xenograft tumors.
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Simple Summary: Colorectal cancer (CRC) is one of the most common cancer worldwide. CRC
is derived from polyps and many factors, such as Matrix Metalloproteinases (MMPs) can gain the
progression of colorectal carcinogenesis. Many investigations have indicated the role of MMPs in
CRC development while there is not enough knowledge about the function of MMPs in precancerous
conditions. This review summarizes the current information about the role of MMPs in polyps and
CRC progression.

Abstract: Colorectal cancer (CRC) is the third and second cancer for incidence and mortality world-
wide, respectively, and is becoming prevalent in developing countries. Most CRCs derive from
polyps, especially adenomatous polyps, which can gradually transform into CRC. The family of
Matrix Metalloproteinases (MMPs) plays a critical role in the initiation and progression of CRC.
Prominent MMPs, including MMP-1, MMP-2, MMP-7, MMP-8, MMP-9, MMP-12, MMP-13, MMP-14,
and MMP-21, have been detected in CRC patients, and the expression of most of them correlates
with a poor prognosis. Moreover, many studies have explored the inhibition of MMPs and targeted
therapy for CRC, but there is not enough information about the role of MMPs in polyp malignancy.
In this review, we discuss the role of MMPs in colorectal cancer and its pathogenesis

Keywords: Matrix Metalloproteinases (MMPs); polyp; colorectal cancer; TIMPs; MMP polymor-
phisms; MMP targeting

1. Introduction

At approximately 11% of all diagnosed cancer cases, CRC is the third most common
cancer and the second most lethal cancer worldwide [1,2]. It is today well known that
several factors contribute to the CRC pathogenesis, driving complex genetic and epigenetic
processes that, ultimately, transform normal colonic mucosa to cancerous tissue [3]. CRC
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may initiate from benign polyps with the mucosal origin and can develop into carcinoma.
Colorectal polyps, especially adenomas, are proliferative lesions that have been defined
as the precursor of CRC. Therefore, the early detection and removal of these polyps can
interrupt the progression of the adenoma-carcinoma sequence [4,5].

Many molecular signaling pathways are involved in CRC initiation and progression,
such as ERK/MAPK, TGF-β, PI3K/Akt, Src/FAK, and β-catenin pathways. These path-
ways can promote the hallmarks of cancer such as inflammation, angiogenesis, metastasis,
and invasion, also via the activation and overexpression of MMPs [6,7]. Thus, MMPs have
been suggested as potential prognostic factors for the malignancy risk of colorectal polyps.
MMPs are proteolytic enzymes implicated in the degradation of stromal connective tissues
and of the extracellular matrix (ECM), a complex network that plays a key role in sustaining
signaling transduction and thus cancer development and progression [8]. As such, MMPs
have key roles in tumor initiation, progression, and metastasis and can affect tumor cell
behavior by cleaving proapoptotic agents and producing an aggressive phenotype [9].
Because of these roles, MMPs have been detected as biomarkers in CRC progression [10].
A new challenge in CRC treatment is finding an effective pharmacological and therapeutic
method for suppression of MMPs and targeted therapy of CRC [11]. This review will deal
with the role of MMPs in colorectal carcinogenesis from colorectal polyps to CRC.

2. CRC Pathogenesis and Molecular Classification

Colorectal polyps result from atypical cell proliferation in the colorectal tissue. Based on
histological and morphological features, colorectal polyps are divided into neoplastic (ade-
noma) and non-neoplastic (hyperplastic, hamartomatous, and inflammatory) types [5,12].
Neoplastic polyps, also known as adenomatous polyps, are subclassified by their histologi-
cal characteristics as tubular, villous, or tubulovillous adenomas. Previous investigations
demonstrated that approximately 5–10% of neoplastic polyps are villous adenomas and
most of them show dysplasia. Approximately 10–15% of neoplastic polyps show mor-
phological features of both villous and tubular types [13]. Adenomas are not usually
transformed to carcinoma, but there is evidence that the adenoma-carcinoma sequence
originates from adenomatous polyps [14]. Also, hyperplastic polyps may possess malig-
nancy potential [15]. CRC is caused by the misregulation of some oncogenes such as KRAS
and c-MYC and tumor suppressor genes such as P53 and APC, which control cellular signal
transduction [16–18].

2.1. Molecular Mechanism of CRC

Specific features characterize CRC and its pathogenesis based on genetic, epigenetic,
and transcriptomic factors. Three main molecular abnormalities are involved in CRC
carcinogenesis:

A. Microsatellite instability (MSI): it consists of mutations in DNA mismatch repair
(MMR) genes such as MSH2, MLH1, PMS2, MLH3, MSH3, PMSI, and EXO1; MSI is
rare in polyps but it is always found in serrated polyps and about 15–20% of all CRC
cases are derived from MSI [19,20].

B. Chromosomal instability (CIN): this abnormality is identified in 85% of CRC cases
and consists of a gain (1q, 7p, 8q, 13q, 2pq) or loss (8q, 15q, 17p, 18p) of chromosomal
genes, activation of proto-oncogenes (KRAS, SRC, c-MYC), and inactivation of tumor
suppressor genes (P53, APC) [21].

C. CpG Islands Methylator Phenotype (CIMP): these regions, located in the gene pro-
moter, could disturb the activation of tumor suppressor genes. CIMP phenotype is
represented by hypermethylation of CpG dinucleotides and premalignant serrated
polyps are correlated with CIMP [22,23]

2.2. Molecular Classification Based on Transcriptomic Analysis

Based on gene expression profiles, CRC has been classified into subgroups with
distinct molecular and clinical features [24].

132



Cancers 2021, 13, 6226

A. Consensus molecular subtype (CMS) classification: CMS classification provides bio-
logical insight into metastatic colorectal cancer (mCRC) carcinogenesis and predicts
CRC prognosis [25].

◦ CMS1 (14%) indicates MSI, CIMP, and BRAF mutation and immune activation.
◦ CMS2 (37%) shows Wingless-Type MMTR integration site family member

(WNT), MYC signaling activation, and epithelial involvement.
◦ CMS3 (13%) demonstrates MSI, CIMP, and KRAS mutations and metabolic

involvement.
◦ CMS4 (23%) includes invasion, metastatic situations, and TGF-β signaling co-

activation and angiogenesis. Also, epithelial-mesenchymal transition (EMT)
is a crucial event in colorectal carcinogenesis and is involved in CMS4 status.
EMT can result in advanced-stage CRC, poor patient survival, and worst
clinical features [26,27] and CMS4 subgroup shows the most unfavorable
prognosis.

B. CRC intrinsic subtypes (CRIS): CRIS is a unique classification exclusively based on
the cancer cell-specific transcriptome of CRC since the extrinsic factors of the stroma
have not been analyzed. It classifies CRC into five novel transcriptional groups that,
thus, further clarify biological understanding of CRC heterogeneity.

◦ CRIS-A is enriched for BRAF-mutated MSI tumors and KRAS-mutated MSS
tumors that are without targeted therapeutic options.

◦ CRIS-B is related to invasive tumors with poor prognosis and high TGF-ß
signaling. CRIS-B is unconnected to the CMS4 mesenchymal subtype, which
also indicates aggressive tumors with TGF-ß pathway activation.

◦ CRIS-C is dependent on EGFR signals and is sensitive to anti-EGFR mono-
clonal antibody treatment.

◦ CRIS-D shows IGF2 overexpression. This occurrence has been involved in de-
sensitization to the EGFR blockade in patients with KRAS wild-type tumors.

◦ CRIS-E indicates KRAS-mutated, Paneth cell-like CIN tumors refractory to
anti-EGFR antibody treatment [28].

3. Structure and Function of MMPs

MMPs are a family of zinc-dependent endopeptidases consisting of a propeptide
sequence, a catalytic domain, a hinge region, and a hemopexin (PEX) domain [29]. The
propeptide domain is highly conserved and can regulate the sequence that interacts with
Zn2+. Also, cystine within this area permits the MMPs to be in the active or inactive
status [30]. The catalytic domain possesses a conserved zinc-binding motif which, in the
active condition, will disconnect from the propeptide domain. Movement between the
catalytic and PEX domain is done via hinge regions [29]. According to their structural
domains, MMPs have been categorized into collagenase, gelatinase, stromelysin, matrilysin,
and membrane-bound MMPs (MT-MMPs) [31,32].

MMPs play a crucial role in the remodeling of the ECM by digestion of ECM com-
ponents, stimulation of cell surface proteins. Also, they can control the activity of other
proteinases, growth factors, chemokines, and cell receptors, and moderate many biological
functions [33]. MMPs can regulate cellular growth, migration, survival, and adhesion
in biological and pathological statuses (Table 1, Figure 1). Due to the MMP’s key roles,
the dysregulation of their expression levels and their activation lead cancerous cells to
proliferation, angiogenesis, survival, invasion, malignant transitions, and immune dys-
regulation [34–36]. Also, the tissue inhibitors of metalloproteinase (TIMPs) control the
activation of MMPs and have a critical action in precancerous conditions, CRC progression,
and metastasis (Table 2, Figure 2) [11,37].
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Table 1. Matrix Metallopeptidases Features in Humans.

MMP Gene
Chromosomal

Location
Enzyme Substrate

MMP-1 11q22.2 Collagenase-1 Col I, II, III, VII, VIII, X, Gelatin

MMP-8 11q22.2 Collagenase-2 Col I, II, III, VII, VIII, X, Gelatin, Aggrecan

MMP-13 11q22.2 Collagenase-3 Col I, II, III, VII, VIII, X, Gelatin

MMP-2 16q12.2 Gelatinase A Gelatin, Col I, II, III, IV, VII

MMP-9 20q13.12 Gelatinase B Gelatin, Col IV, V

MMP-3 11q22.3 Stromelysin-1 Col II, III, IV, IX, X, proteoglycans,
fibronectin, laminin, and elastin.

MMP-10 11q22.2 Stromelysin-2 Col II, III, IV, IX, X, proteoglycans,
fibronectin, laminin, and elastin

MMP-7 11q22.2 Marilysin-1 Fibronectin, Laminin, Col I, Gelatin

MMP-14 14q11.2 MT-MMP Gelatin, Fibronectin, Laminin

MMP-12 11q22.2 Metalloelastase Gelatin, Fibronectin, Col IV

MMP-21 10q26.2 XMMP Aggrecan

Figure 1. Summary of the prominent MMP genes in CRC. MMPs play different functions in CRC.

134



Cancers 2021, 13, 6226

Table 2. Summary of Investigations about the Roles of MMP Genes and Proteins in Colorectal Polyps and Cancer.

References
Gene/Protein

Expression
Samples Methods Results

Huang X., et al.,
2021 [38]

MMP-7,
MMP-9,

MMP-11,
TIMP-1, TIMP-2,

CEA

Human polyps
and tumor

Enzyme-linked
immunosorbent assay

A combined detection model,
including MMP-7, TIMP-1, and

CEA improved both the specificity
and sensitivity for detecting CRC.

Zhou X., et al.,
2021 [39]

MMP-7,
MMP-9,

MMP-11,
TIMP-1, TIMP-2,

CEA

Human CRC
ELISA and electro-
chemiluminescence

immunoassay

The miR 135a was downregulated
and MMP 13 was increased in

samples. Combined detection of
the two had a good diagnostic

effect on the occurrence of CRC.

Rasool M., et al.,
2021 [40]

TGF, VEGF, TNF,
ILs, MMP-2, 9,

11, and 19

Human polyps
and tumor ELISA

Significant upregulation of MMP-2,
MMP-9, MMP-11, and MMP-19

was reported in polyp and colon
cancer samples compared with

their MMP profile in normal
samples.

Barabás L., et al.,
2020 [41]

MMP-2, MMP-7,
MMP-9, TIMP-1

and TIMP-2

Human adenomas,
and CRC ELISA

The serum antigen concentrations
of MMP-7, MMP-9, TIMP-1, and

TIMP-2 were significantly increased
in patients with CRC and

adenomas compared
with the controls.

They were also activated in
premalignant adenomas.

Hsieh S.L., et al.,
2019 [42]

Study of the
mechanism of

carnosine,
TIMP-1, and

MMP-9

Human HCT-116
CRC cell line MTT assay and qPCR

The carnosine inhibits the
migration and intravasation of

human CRC cells.
The regulatory mechanism may

occur by suppressing NF-κB
activity and modulating MMPs and

EMT-related gene expression in
HCT-116 cells treated

with carnosine.
MMP-9 mRNA and protein levels
were decreased. TIMP-1 mRNA

and protein levels were increased.

Kıyak R., et al.,
2018 [43]

MMP-7, COX-2,
TIMP-1, and
CEA protein

Human polyps

ELISA and
chemiluminescent

enzyme
immunometric assay

(CEIA)

The plasma TIMP-1 levels were
significantly elevated in cancer

compared with the polyp group.
The plasma MMP-7 levels were

decreased in polyps compared with
the control group.

The plasma CEA and TIMP-1 are
valuable biomarker candidates for

differentiating CRC from
colorectal polyps.

Eiró N., et al.,
2017 [44]

MMP-1, 2, 7, 9,
11, 13 and 14

Human adenomas
and hyperplastic

polyps

Real-time PCR and
Western-blot, and

The hyperplastic polyps had the
lowest levels of MMP-1 and

MMP-7. Tubular polyps had high
levels of both MMP-7 and MMP-14,
and tubulo-villous adenomas had
high levels of MMP-1, 7, and 14

compared with the normal group.
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Table 2. Cont.

References
Gene/Protein

Expression
Samples Methods Results

Pezeshkian Z., et al.,
2017 [45]

MMP-7 and
VEGF-A Human adenomas

Real-time PCR in
50 biopsy samples of
adenomas including
villous, tubular, and
tubulo-villous types,
and 20 paired tissue

samples

The MMP-7 mRNA expression was
significantly higher in villous

adenoma with high-grade
dysplasia compared with the

control group. MMP-7 and VEGF-A
are prognostic biomarkers for

colorectal adenoma polyp
progression to malignancy.

Wernicke A.K., et al.,
2016 [46]

Association
between grade of

dysplasia and
MMP-13

expression

Human adenomas
and hyperplastic

polyps

Immunohistochemistry
and immune-reactive

score (IRS)

The MMP-13 has been identified as
an excellent marker of high-grade
intraepithelial neoplasia and CRC.

The strength of the association
between pathologic stage and

immune-reactive MMP-13 scoring
emphasizes its potential for
diagnosis in precancerous

colorectal lesions.

Gimeno-García A., et al.,
2016 [47] MMP-9

Patients’ blood,
adenomas,

hyperplastic
polyps, and CRC

tissue

Luminex XMAP
technology, gelatin

zymography, western
blot, and SNP

analysis in 150 blood
and tissue

There was a significant correlation
between plasma and tissue

levels of MMP-9.
Plasma MMP-9 levels in patients

with neoplastic lesions were
significantly higher than in healthy
controls. Also, MMP-9 in CRC was

higher than in non-advanced
adenomas.

Annaha’zi A., et al.,
2016 [48] MMP-9

Patients′ stool
samples,

adenomas,
hyperplastic

polyps, and CRC
tissue

ELISA

Stool MMP-9 was significantly
increased in CRC compared with

all the other groups.
Stool MMP-9 may be a new
noninvasive marker in CRC.

Klupp et al.,
2016 [49]

MMP-7,
MMP-10, and

MMP-12

Serum specimens
of patients with

colon
adenocarcinoma

Luminex based
multiplex assay

Expression levels of MMP-7,
MMP-10, and MMP-12 in serum of
colon cancer patients are different

compared with serum specimens of
the healthy control group. The

upregulation of MMP-7, MMP-10,
and MMP-12 in colon cancer

patients’ serum was associated with
a poor prognosis.

Otero-Estévez O., et al.,
2015 [50] MMP-9 Human adenomas

and CRC

non-invasive stool
immunochemical test

(FIT) and ELISA

The MMP-9 levels were higher in
advanced adenomas and CRC

compared with those reported in
samples of healthy individual.

Elevated MMP-9 concentration was
associated with several lesions, size,

and adenoma histology.
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Table 2. Cont.

References
Gene/Protein

Expression
Samples Methods Results

Bengi G., et al.,
2015 [51]

MMP-7, TIMP-1,
and COX-2

Human adenomas
and CRC Real-time PCR

The expression of TIMP-1, COX-2,
and MMP-7 was significantly

higher in polyps compared with
normal tissue.

Overexpression of MMP-7, COX-2,
and TIMP-1 determine an

important role of these genes in the
progression of colon cancer.

Odabasi M., et al.,
2014 [52]

MMP-9 and
NGAL

Human adenomas
and CRC Immunohistochemistry

The MMP-9 and NGAL
overexpression in neoplastic polyps

might be used as markers to
separate them from non-neoplastic

polyps.
These genes as

immune-histochemical markers
determine dysplasia in the early

steps of the colorectal
adenoma-carcinoma sequence.

Qasim B.J., et al.,
2013 [53] MMP-7 Human adenomas Immunohistochemistry

MMP-7 was expressed in advanced
colorectal adenomatous polyps

with large size, severe dysplasia,
and villous.

Sheth R.A., et al.,
2012 [54]

MMP-2, and
MMP-9

Xenograft model
of CRC in nude

mice

The MMP enzyme
activity was

measured by an
enzyme-activatable
optical molecular

probe and
quantitative
fluorescence

colonoscopy in nude
mice which received

celecoxib versus
vehicle

There was an apparent linear
relationship between measured

MMP activity and tumor
growth rate.

Murname M.J., et al.,
2009 [55]

MMP-2 and
MMP-9

Mouse models of
CRC and human
HT-29 CRC cell

line

Gene-expression
microarray and

ELISA

The plotted receiver operating
characteristic (ROC) curves

estimated the sensitivity and
specificity profiles of MMP-2 and

MMP-9 for the identification
of CRC.

Jeffery N., et al.,
2009 [56]

MMP-1, 2, 3, 7, 9,
13, MT1-MMP,
MT2-MMP and
TIMP-1, TIMP-2,

and IMP-3

Human adenomas
and CRC Immunohistochemistry

MMP-1, MMP-2, MMP-3, TIMP-1,
and TIMP-2 showed a significant

increase in carcinomatous
epithelium compared with

adenoma epithelium.
The increased expression of MMPs

and TIMPs occurred at an early
stage of colorectal neoplasia.

Lièvre A., et al.,
2006 [57]

The functional
gene promoter

polymorphisms
of MMP1,

MMP3,
and MMP7

Human adenomas Real-time PCR allelic
discrimination assay

These data showed a relation
between MMP-1 -1607 ins/del G

and MMP-3 -1612 ins/del A
combined polymorphisms and risk

of small adenomas.
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Table 2. Cont.

References
Gene/Protein

Expression
Samples Methods Results

Tutton M.G., et al.,
2003 [58]

MMP-2 and
MMP-9

Patients’ plasma
samples,

adenomas, and
CRC

Immunohistochemistry,
real-time PCR, and

ELISA

The expression of MMP-2 and
MMP-9 was significantly increased

in CRC tissues compared with
matched normal tissues. Plasma
MMP-2 and MMP-9 levels were

significantly elevated at all stages
in CRC patients.

Plasma levels of these enzymes
may be a noninvasive indicator of

invasion or metastasis in CRC.

Figure 2. The diagram indicates the role of MMPs genes in adenoma development, colorectal
adenoma-carcinoma sequence, and tumor progression. MMP-1, MMP-3, MMP-7, MMP-9, and
MMP-13 are involved in adenoma development. MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-
9, MMP-12, MMP-13, MMP-14, and MMP-21 participate in adenoma-carcinoma sequence and
tumor progression.

4. The Function of MMPs in Colorectal Polyps and Cancer

4.1. MMP-1, MMP-13, and MMP-8 (Collagenases)

The specific targets for MMP-1 and MMP-13 are in the intestine. MMP-1 can digest
type I, II, III, VII, VIII, X collagen, and gelatin. Upregulation of MMP-1 gene was detected in
CRC patients compared to normal tissue [6,59]. Eiro et al., found overexpression of MMP-1
gene in serrated, villous, and tubulovillous adenomas (i.e., polyps with high potential
for transformation to CRC) [44]. Previous investigations demonstrated the correlation
between MMP-1 gene expression and CRC progression: high expression levels of MMP-
1 were associated with invasion, advanced stage metastasis, LNM, and shorter overall
survival [60,61]. Wang, et al. investigated the role of MMP-1 in the development of CRC.
They found that the downregulation of MMP-1 expression inhibited the progression of
CRC in vitro and in vivo by suppressing the PI3K/Akt/c-myc signaling pathway and
the EMT [6].

MMP-13, another member of the collagenase category, could degenerate type III
collagen. According to the strength of the association between pathologic stage and
immunoreactivity scoring (IRS) of MMP-13, in high-grade adenomas and CRC, MMP-13
was observed with a moderate and strong staining intensity, respectively [46]. This result
indicated that MMP-13 could help to predict metastatic behavior and prognosis of early-
stage cancerous and precancerous colorectal adenoma [46,62]. The study of the association
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between grade dysplasia and MMP-13 expression in 137 biopsies from patients with
cancerous and non-cancerous colorectal adenomas showed that the high expression level of
MMP-13 IRS could be helpful to predict metastatic state, prognosis, and recrudescence at an
early stage of cancerous and precancerous colorectal adenoma. Moreover, the upregulation
of MMP-13 IRS from low to high-grade adenoma was considered an early predictive
cancer biomarker [46]. Meanwhile, several studies confirmed that upregulation of MMP-
13 was related to advanced CRC and liver metastasis [62–64]. Also, the expression of
MMP-13 on the primary tumor cell surface is increased in inflammatory bowel disease.
The expression of MMP-13 is closely related to the progression, early relapse, and high
mortality of CRC [63,65].

Another member of collagenase enzymes is MMP-8 which is frequently expressed
by neutrophils. MMP-8 cleaves many substrates, such as type I, II, and III collagen. This
MMP is mainly considered to play a protective role against cancer. However, more recent
findings also suggest an oncogenic function of MMP-8 gene [66,67].

Sirnio et al., found that enhanced-serum MMP-8 level in CRC patients was significantly
related to advanced-stage CRC, distant metastasis, lack of MMR, and poor survival. Thus„
they evidenced that MMP-8 is correlated with inflammation and CRC progression [68].

4.2. MMP-2 and MMP-9 (Gelatinase)

MMP-2 and MMP-9, known as gelatinases, can digest type IV collagen and gelatin [69].
Murname et al. showed that MMP-2 protein activity in adenomas with high-grade dyspla-
sia (HGD) was different from adenomas with low-grade dysplasia (LGD). They suggested
that the active MMP-2 gene could predict CRC malignancy risk in patients with ade-
nomatous polyps [70]. Some studies also indicated high expression levels of MMP-9
protein in adenomas with HGD compared to adenomas with LGD and normal tissue. As
such, researchers speculated that upregulation of MMP-9 is a primary event in the CRC
adenoma-carcinoma sequence [41,71]. High expression levels of MMP-2 protein in CRC
tumors compared to normal mucosa have also been reported [41,72]. In addition, a statisti-
cally significant relationship between upregulation of MMP-2 gene with advanced-stage
CRC or CRC progression has been observed [41,73–75]. On this basis, MMP-2 has been
suggested as a potential biomarker to detect CRC progression and predict patient survival.
Furthermore, overexpression of the MMP-2 gene was associated with metastasis of lymph
nodes and a decrease of cell adhesion in tumors [73].

Finally, also the upregulation of MMP-9 gene was associated with the advanced stage
of CRC and suggested as a biomarker predictive of poor overall survival [41,76]. Chen et al.
indicated that the overexpression of MMP-9 gene promoted CRC metastasis through the
MKK-3/p38/NF-κB pro-oncogenic pathway. Furthermore, they suggested MMP-9 gene as
a potential molecular target for targeted therapy to treat metastatic CRC patients [76].

On the contrary, some investigations reported that MMP-9 gene has a protective
role in CRC by stimulating Notch activation resulting in the activation of p21WAF1/Cip1
leading to the suppression of β-catenin [77,78]. In a recent study, although in colitis-
associated colon cancer, Walter et al. confirmed this observation by revealing that MMP-9
protein expression was associated with reduced ROS levels, decreased DNA damage, and
stimulated mismatch repair pathway [79].

In an interesting study, Wei et al., by analyzing microbiota in tumors obtained by
patients with different prognoses, found that the expression of some inflammatory genes,
including MMP-9, was associated with the abundance of specific bacteria. High levels of
MMP-9 expression were significantly correlated with the high abundance of B. fragilis and
F. nucleatum whereas a high level of F. prausnitzii was associated with downregulation of
MMP-9 [80].

4.3. MMP-3, MMP-10 (Stromelysin)

Another member of MMPs family is MMP-3, or stromelysin-1, which degrades colla-
gen (types II, III, IV, IX, and X), proteoglycans, fibronectin, laminin, and elastin in ECM.
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Sipos et al., found a positive association between MMP-3 protein expression and the
adenoma–dysplasia–carcinoma sequence. In particular, they reported that high-grade
dysplastic sessile adenomatous-stage and early-stage CRC conditions can be differentiated
based on the stroma expression of MMP3 [81]. Meaningful positive associations between
the protein expression level of MMP-3, invasion, lymph node metastasis, histological type
of CRC, and poorly differentiated tumor were reported by Islekel et al. [82]. MMP-3 can
activate other MMPs, such as MMP-1, MMP-7, and MMP-9, to promote the progression of
tumor initiation [83,84].

MMP-10 also belongs to the stromelysin family. It can digest collagen types II, III,
IV, IX, X, proteoglycans, fibronectin, laminin, and elastin. Also, MMP-10 enhances cell
growth and invasion in CRC, and its upregulation was found to be associated with poor
survival [49,85].

4.4. MMP-7 (Matrilysin)

MMP-7, or matrilysin, digests fibronectin, laminin, type I collagen, and gelatin. It can
provide the right condition for vascularization via cleavage of ECM [86]. A major ratio of
MMP-7 expression in tumor cells has been reported. Qasim et al., found MMP-7 protein
overexpression in villous adenomatous polyps compared to other types of polyps and
demonstrated that MMP-7 protein overexpression is an initial event in CRC carcinogenesis
that could lead adenomas to CRC [53]. In our laboratory, we observed high expression
levels of MMP-7 and VEGF-A mRNA in adenomatous polyps compared to normal tissue.
We found that the expression levels of MMP-7 and VEGF-A genes were higher in villous
adenoma than in other types of adenomas. Thus, we concluded that the MMP-7 gene
overexpression has a critical role in colorectal adenoma angiogenesis and could be a
primary event in the adenoma-carcinoma sequence [45].

MMP-7 gene can enhance tumor growth and metastasis [87]. Also, MMP-7 activates
other MMPs, such as proMMP9 and proMMP2 [88] In addition. MMP-7 exerts a wide
spectrum of activities not only as an enzyme but also as a signaling molecule. In fact, it has
been shown that MMP-7 trans-activates EGFR by releasing the heparin-binding epidermal
growth factor (HB-EGF) in CRC cells, with consequent cell proliferation and apoptosis
regulation [89,90].

4.5. MMP-12 (Metalloelastase)

MMP-12, or metalloelastase, can digest different substrates. Several studies considered
MMP-12 gene as an anti-metastatic agent [91,92]. Also, it could inhibit angiogenesis by
downregulation of VEGF and enhancement of the endogenous angiogenesis inhibitor
angiostatin. Overall, the role of MMP-12 in tumor suppression and increase in overall
survival has been widely recognized [93–95].

Importantly, Klupp et al., found higher levels of MMP-12 protein expression in sera
of CRC patients compared with those of healthy individuals. Also, they suggested an
association between MMP-12 protein expression levels and CRC advanced disease and
vascular invasion. Furthermore, a significant correlation between the upregulation of
MMP-12 expression and poor survival was shown [49].

4.6. MMP-21 (XMMP)

MMP-21 (XMMP) can degenerate aggrecan (cartilage-specific proteoglycan core pro-
tein) in the internal region of ECM [96]. Overexpression of MMP-21 protein in CRC
compared with normal tissue was shown in many studies [97,98]. Furthermore, significant
associations between MMP-21 protein expression and CRC tumor invasion, lymph node
metastasis, and distant metastasis were found [97,99]. Wu et al., showed that MMP-21
not only affected CRC progression but also was an independent prognostic biomarker
in patients with stage II and stage III CRC cancer. Taken together, these facts led them
to conclude that MMP-21 could be used for targeted therapy in CRC [97]. Huang et al.,
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demonstrated that the upregulation of MMP-21 protein was related to shorter overall
survival in patients with CRC [98].

4.7. MMP-14 (MT1-MMP)

MMP-14, called MT1-MMP, acts on matrix substrates, such as collagens I, II, III,
and gelatin. The MMP-14 gene plays a crucial role in many biological and pathological
conditions and activation of proMMP2 [92,100]. The role of MMP-14 in angiogenesis
and cancer invasion has been identified by previous investigations [101–103]. Cui et al.,
observed statistically significant associations between the overexpression of MMP-14 gene
in CRC compared to normal mucosa. Their analysis indicated that high expression levels
of MMP-14 were associated with advanced-stage CRC, lymph node metastasis, and poor
overall survival. They concluded that the MMP-14 gene is an oncogene and may represent
a potential prognostic biomarker in CRC [104].

Yang et al., showed in an in vivo CRC model that the STAT3 phosphorylation activity
and the overexpression of MMP14 protein were enhanced by the overexpression of Hes1
gene. Also, they suggested that Hes1 promoted the invasion of colorectal cancerous cells
via the STAT3-MMP14 pathway [103]. It was reported that the overexpression of MMP-14
protein was associated with Prox1 gene. When Prox1 gene was deleted, MMP14 protein
was increased, and the mice showed slow-growing, matrix-rich, chemotherapy-resistance,
and cancerous cells with malignant stromal features, including activation of fibroblasts,
blood vessels dysfunction, and lack of cytotoxic T cells [105].

5. The Effects of Polymorphisms of MMP Genes on Colorectal Carcinogenesis

Single-nucleotide polymorphisms (SNPs) are a common genetic variation involving a
single base pair in DNA. SNPs are mostly located in the gene promoter region and may
have an impact on gene and protein expression levels. The effects of MMP polymorphisms
have been observed in many cancers such as CRC and hepatocellular carcinoma [106,107].

In a Japanese population, the MMP-1 1G/2G polymorphism was detected and as-
sociated with the development of CRC [108]. In the Iranian population, Kouhkan et al.,
demonstrated that MMP-1 2G/2G genotype polymorphism was correlated with invasion
risk of CRC, especially in smoker men [109]. In the Netherlands, MMP-2-1306C>T SNP
was detected in CRC patients, and the T/T genotype was found to be associated with poor
overall survival whereas C/C and C/T genotypes showed better outcomes. No difference
in overall survival was instead observed among patients with different genotypes of the
MMP-9-1562C>T SNP [110]. Also, in a cohort study of Taiwanese CRC patients, Ting
et al. indicated that patients carrying the A/A genotype of the MMP-2-1575G>A SNP
had a higher risk to develop distant metastasis compared with patients carrying the T/T
genotype [111]. In a Polish population with CRC, individuals with the G/G variant geno-
type of MMP-7-181A>G SNP had a higher risk of lymph node involvement and advanced
tumor infiltration than patients carrying the A/A genotype [112]. A Chinese study showed
that the MMP-9 R279Q SNP relative to the R/R genotype was correlated with a higher
risk of CRC compared with the QQ genotype. Also, the allele frequency of the MMP-1
16071G/2G and MMP-7 181 A/G polymorphisms were not associated with CRC [113]. In
a Korean population, the homozygous MMP-9-1562C/C genotype was significantly more
frequent in CRC cases than in the control group [114]. In Sweden, researchers found that the
A/A genotype of MMP-12-82A>G increased the risk of disseminated malignancy in CRC
patients while the A/A genotype of MMP-13-82A>G was not correlated to invasion [115].

Lièvre et al., investigated MMP-3, MMP-7, and MMP-1 genes promoter polymor-
phisms in 295 patients with large adenomas and 302 patients with small adenomas. The
analysis revealed a significant association between MMP-3-1612 ins/del A, MMP-1-1607
ins/del G polymorphism, and small adenomas; also, adenomas were associated with the
combined genotype 2G/2G-6A/6A. However, no significant association between MMP-7
polymorphism and the development of adenomas was found. The authors suggested that
only the study MMP-3 and MMP-1 gene promoter polymorphisms had potential roles in
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the development of adenomas from normal colon epithelial cells or in the earliest steps
of CRC [57].

Tai et al., showed that MMP-8 rs11225395 related to the risk of CRC and worst outcomes
in a subpopulation of the Han Chinese population. On this basis, they suggested MMP-8
rs11225395 polymorphism as a potential biomarker predictive of CRC susceptibility [116].

6. Targeting MMPs in CRC Treatment

6.1. Pharmacological Inhibition

Several pharmacological inhibitors of MMPs (MMPIs) have been studied and tested
in phase I-III clinical trials, but to date, none of these drugs has been approved for the
treatment of cancer, including CRC. Overall, the late stages of the clinical experimentation
failed because of the substantial toxicity and weak selectivity of MMPIs [117]. Mainly,
candidate MMPIs are represented by small molecules, peptides, and antibodies [118].
Currently, only one broad-spectrum MMPI has been approved by FDA but it has not
indication in cancer (i.e., the small molecule periostat) [117,119]. Other MMPIs, such as the
small molecule prinomastat, selective for MMP-1, MMP-2, and MMP-9 [120–123] and the
GA-5745/andecaliximab, a selective anti-body against MMP-9, have reached the phase
III [124,125]. However, none of these trials includes CRC.

6.2. Inhibition of MMPs by TIMPs

Since MMPs are naturally inhibited by TIMPs, these proteins have also been widely
investigated mainly to exploit their ability to discover potential strategies for MMP inhibi-
tion [126]. The TIMP family consists of four members of proteins (TIMP1-4) that form a 1:1
complex with MMPs. Dysregulation of this complex due to the increased expression of
MMPs or a decreased control by TIMPs has been observed in several diseases, including
cancer. TIMPs control the activity of MMPs via binding to them (Figure 3) [126–128].

Figure 3. MMPs inhibition by TIMPs. TIMP-1 inhibits MMP-1, 3, 7, 9. TIMP-2 can suppress MMP-2
and 9, and TIMP-4 blocks MMP-2. These inhibitions result in the primary tumor transitioning to
advanced CRC. Moreover, TIMP-3 has a protective effect on CRC cases and could bind to several
MMPs [126–128].

TIMP-1 inhibits MMP-1, 3, 7, 9 and affects angiogenesis [37,129]. Previous investiga-
tions considered a dual activity for the TIMP-1 gene: in particular, TIMP-1 was associated
with tumor growth at the early stages of colon cancer, and decreased activity of TIMP-1
could lead to tumor invasion [130,131].

TIMP-2 can suppress MMP-2, MMP-9, and microvascularization [129,132]. Also,
downregulation of TIMP-2 is related to invasive CRC [133]. Wang et al., reported that
downregulation of TIMP-2 in CRC tumor tissues was meaningfully correlated with the
depth of invasion, lymph node metastasis, tumor stage, and poor survival [134].
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TIMP-3 is known as a tumor suppressor gene and inhibits several MMPs. TIMP-
3 downregulation is associated with advanced CRC [135]. Lin et al., represented that,
adenovirus-mediated TIMP-3 transduction in CT26 colon cancer cell line suppressed cell
growth and stimulated apoptosis. Also, TIMP-3 transduction inhibited migration and
invasion. In vivo data indicated that TIMP-3 prevented in vivo tumor growth and liver
metastasis [136].

TIMP-4 protein suppresses MMP-2, and one study showed that overexpression of
TIMP-4 increased the survival rate of rectal cancer [128].

Currently, no drug mimicking the TIMP activity has been obtained as well as no gene
therapeutic approach able to modulate the activity of TIMPs is available.

6.3. MMPs Regulation by microRNA

MicroRNAs, a class of small, endogenous RNAs of 21–25 nucleotides in length, control
gene and protein regulation via binding and digesting target mRNA (Table 3). Suppression
of MMPs by microRNAs is a suggested way for CRC treatment. Some evidence has been
provided. In particular, microRNA-34 (miR-34a) plays a role as a tumor suppressor, and its
overexpression could suppress MMP-1, MMP-9, and tumor cell proliferation, migration,
and invasion via acetylation of P53 in CRC [137–139]. The upregulation of miR-139 reduces
proliferation, migration, and invasion by suppression of the IGF-IR/MEK/ERK signaling
and MMP-2 gene in CRC patients [140]. Upregulation of miR-29a increases CRC metastasis
via suppression of KLF4 (Kruppel-like factor 4), transcription factor, and upregulation of
MMP-2 gene [141]. Also, miR-29b suppresses CRC metastasis, reduces angiogenesis and
EMT by targeting the MMP-2 gene [142]. Overexpression of miR-143 can suppress the
MMP-7 gene directly and prevent colorectal tumor cell proliferation and invasion [143].

Table 3. MMPs are Regulated by microRNAs in CRC.

MicroRNA MMP Result

miR-34a MMP-1, MMP-9 miR-34a overexpression prevents tumor cell
proliferation, migration, and invasion [138,139].

miR-139 MMP-2 Downregulation of miR-139 reduces proliferation,
migration, and invasion [140].

miR-29a MMP-2 Upregulation of miR-29a increases metastasis [141].

miR-29b MMP-2 Upregulation of miR-29b increases metastasis [142].

miR-143 MMP-7 Upregulation of miR-143 enhances tumor cell
proliferation and invasion [143].

6.4. MMPs Regulation by Long Non-Coding RNAs

Long non-coding RNAs (lncRNAs) can regulate gene expression and have key roles
in cell proliferation, migration, invasion, apoptosis, metastasis, and EMT in CRC. In this re-
gard, lncRNA-targeted therapy is today considered a potential promising strategy for CRC
treatment [144]. In fact, based on mechanistic studies investigating the complex lncRNA-
mediated sponge interactions in CRC, potential therapeutic targets for the treatment of this
cancer may be identified. Among the available findings, Tian et al., demonstrated that the
suppression of TUG1 by shRNA prevented MMP-14 expression, proliferation, invasion,
and EMT in colon cancer [145]. Sun et al., found a significant association between XIST
inhibition and suppression of c-Myc, cyclinD1, and MMP-7 expression through inactivation
of Wnt/β-catenin signaling pathway [146]. A recent investigation showed a meaningful
correlation between the overexpression of LINC00963 and the upregulation of MMP-2 and
MMP-9, proliferation, migration, and invasion of CRC cells [147]. Duan et al., revealed
that the inhibition of the CCEPR lncRNA reduced the expression levels of MMP-2 and
MMP-9, and prevented EMT in CRC cells [148]. Pan et al., realized that the expression
level of MMP-2 protein was notably decreased when PCA3 was knocked out. In addition,
suppression of PCA3 inhibited colon cancer cell invasion and migration [149].
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7. Conclusions

In summary, MMPs genes and proteins, through complex mechanisms involving the
induction of many molecular signaling pathways and the EMT process, play a relevant role
in the transition from pre-cancerous lesions and polyps to advanced CRC. However, further
investigation is needed to understand how MMPs exactly work. This would improve the
selectivity of MMPIs that could be exploited in a dual-mode: to treat CRC alone or in
combination with targeted agents and/or chemotherapy and to prevent CRC development.
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Simple Summary: Tumour cell heterogeneity is the most fundamental problem in cancer diagno-
sis and therapy. Micro-diagnostic technologies able to differentiate the heterogeneous molecular,
especially metastatic, potential of single cells or cell clones already within early primary tumours
of carcinoma patients would be of utmost importance. Single molecule localisation microscopy
(SMLM) has recently allowed the imaging of subcellular features at the nanoscale. However, the
technology has mostly been limited to cultured cell lines only. We introduce a first-in-field approach
for quantitative SMLM-analysis of chromatin nanostructure in individual cells in resected, routine-
pathology colorectal carcinoma patient tissue sections, illustrating, as a first example, changes in
nuclear chromatin nanostructure and microRNA intracellular distribution within carcinoma cells as
opposed to normal cells, chromatin accessibility and microRNAs having been shown to be critical in
gene regulation and metastasis. We believe this technology to have an enormous potential for future
differential diagnosis between individual cells in the tissue context.

Abstract: Tumour cell heterogeneity, and its early individual diagnosis, is one of the most funda-
mental problems in cancer diagnosis and therapy. Single molecule localisation microscopy (SMLM)
resolves subcellular features but has been limited to cultured cell lines only. Since nuclear chromatin
architecture and microRNAs are critical in metastasis, we introduce a first-in-field approach for
quantitative SMLM-analysis of chromatin nanostructure in individual cells in resected, routine-
pathology colorectal carcinoma (CRC) patient tissue sections. Chromatin density profiles proved
to differ for cells in normal and carcinoma colorectal tissues. In tumour sections, nuclear size and
chromatin compaction percentages were significantly different in carcinoma versus normal epithelial
and other cells of colorectal tissue. SMLM analysis in nuclei from normal colorectal tissue revealed
abrupt changes in chromatin density profiles at the nanoscale, features not detected by conventional
widefield microscopy. SMLM for microRNAs relevant for metastasis was achieved in colorectal
cancer tissue at the nuclear level. Super-resolution microscopy with quantitative image evaluation
algorithms provide powerful tools to analyse chromatin nanostructure and microRNAs of individual
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cells from normal and tumour tissue at the nanoscale. Our new perspectives improve the differential
diagnosis of normal and (metastatically relevant) tumour cells at the single-cell level within the
heterogeneity of primary tumours of patients.

Keywords: chromatin density; nanoscale; tumour cell heterogeneity; microRNAs; metastasis; super-
resolution microscopy

1. Introduction

One of the most challenging problems in oncology, diagnosis and (personalised)
tumour therapy still is the huge heterogeneity of carcinoma cells within tumours of patients
with malignant diseases. It is estimated that each patient primary tumour comprises
millions of different tumour cells/tumour cell clones that differ in their molecular and
functional characteristics. Within this huge heterogeneity of cells in tumours, some cancer
cells show rather low, some others high potential to promote cancer progression, to give
rise to metastasis, which is still the cause of about 90% of cancer-related deaths [1], or to
respond, or become resistant, to classical or novel personalised therapeutic strategies [2–4].
This has been shown recently, for example, in our own whole genome sequencing work
in which it became apparent that primary tumours and their corresponding metastases
originate from a common ancestor clone each, but that metastases still develop further
changes already at the genome level as compared to their corresponding primaries, an issue
which might impact tremendously therapy response or resistance [5]. Thus, recent years
of research, especially in the fields of cancer stem cells, metastasis-initiating cells, single
cell analysis [5–8], and others have illustrated how important it will be for individualised
diagnosis and therapy to be able to differentiate cells with different molecular, metastatic,
and therapeutic potential already at the stage of the primary tumour. Especially, to improve
patient prognosis fundamentally and prospectively, it will be highly important to establish
micro-diagnostic tools able to detect, ideally, single tumour cell clones that harbour a
high risk to lead to later disease recurrence and metastasis, or particular patterns of
therapy resistance within the primary tumour, before these cells give rise to macroscopic
relapse. This would enable a new generation of targeted therapy design which is capable
of preventing crucial tumour cell clones from spreading, growing, and metastasizing.

Nuclear architecture is crucial for determining the levels of gene activation. However,
the extent and means by which chromatin structure alters gene expression are not fully
understood yet. Early detection of replication “factories” allowed for a simplified nuclear
model comprising heterochromatin (dense, inactive chromatin) and euchromatin (loose,
transcription factor-enriched chromatin) [9]. Recently, a more detailed model has been
proposed which predicts that the nuclear genome is partitioned into two co-aligned regions,
an active nuclear compartment with low DNA density and an inactive nuclear compartment
with high DNA density. There is also an interchromatin compartment in this model,
which consists of channel-like regions mostly with a very low DNA density [10]. Areas
of low density have been proposed to harbour loci of active gene transcription [10,11].
Moreover, studies have already suggested that reprogramming the chromatin status and
increasing chromatin accessibility by different molecular means in cancer cells is associated
with promoting cancer metastasis [12,13]. Moreover, the use of drugs that help recover
normal nuclear architecture features has been linked with the recovery of normal cell
phenotype [14].

Thus, diagnostic tools that involve high-resolution options within the chromatin
nanostructure might be highly interesting to identify cells critical for progression, metasta-
sis, or therapy response, if these tools could be applied directly to histopathological whole
sections already of patient primary tumours and further tissues. This would be critical also
since structural differences have been observed between cells (or cell lines) in monolayer
cultures and the same cells in tissues [15]. However, up to now, attempts in this context
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to achieve subcellular imaging of the DNA distribution in tumour cells at the nanoscale
with SMLM have been rare. In our own preliminary studies, we started to study chromatin
distribution by confocal and SMLM [16], whereby the percentage of compact chromatin
calculated from confocal microscopy images proved to differ for cells with different func-
tionality. SMLM data in nuclei from normal colorectal tissue revealed abrupt changes in
chromatin density profiles at the nanoscale, features not detected by conventional widefield
microscopy. These observations highlight the importance of advancing super-resolution
techniques like SMLM as individual diagnosis tools of single cell heterogeneity [17], as well
as the enormous potential that this can have for answering biological/medical questions
such as diagnosing individual cells within an individual patient with different metastatic
or therapy response potential.

In the diagnosis of metastatically capable cells, microRNAs (miRs) could play a highly
interesting role as well since many of these have been shown, by us and others, to be
critical players in the metastatic process [18–22]. MiRs have an average length of 22
nucleotides and belong to the class of small non-coding RNAs. They bind with their
seed sequence to the 3′ untranslated region (UTR) of their target and then degrade, or
block translation of, the target mRNA [23]. More recently, additional nuclear functions
of miRs have been elucidated, which include post-transcriptional and transcriptional
gene silencing, and the transcriptional activation of genes [24], this potentially links miR-
intracellular diagnostics to chromatin diagnostics. Specific aberrant miRNA expression
profiles have been identified in different cancer types including colorectal cancer, especially
as pro-or antagonists of metastasis at several instances. Towards this end, miR are not only
direct regulators of mRNAs for oncogenes, tumour suppressor genes, or metastatically
relevant genes, but also are able to, for example, prime metastatic niches systemically via
being spread within exosomes by primary cancer cells [25–28]. Therefore, miRNA imaging
could play an important role in cancer diagnostics but is a challenge for imaging methods
due to the short length and homologues. Several miRNA imaging methods have been
developed mainly based on in situ hybridisation (ISH) [29], nucleic acid amplification [30],
northern blotting [31], or microarray [32]. These methods have been improved with regard
to sensitivity, specificity, and imaging over the past years [33]. Nevertheless, detection
of miRNAs with microscopic methods was restricted due to the conventional limit of
resolution in optical microscopy. With the help of SMLM, we recently overcame this
limitation and showed the detection of single miRNA molecules at the superresolution
level in single cells of cultured colorectal cancer cell lines [34]. However, successfully
establishing this technology for single cell, single molecule subcellular diagnosis in specific
resected tissues of patients still remains undone.

Herein, we present the first successful combination of Fluorescence in situ Hybridisa-
tion (FISH) with SMLM based chromatin nanotexture and microRNA analysis in routine-
pathology, paraffin-embedded colorectal cancer tissue sections, to characterise cellular
heterogeneity in the primary tumour tissue of colorectal cancer patients. We believe
that this technology could be interesting for the future to identify tumour cell clones
of, for example, higher individual metastatic potential or therapy resistance, given their
chromatin texture and intracellular distribution and number of metastatically relevant
microRNA molecules.

2. Material and Methods

2.1. Ethics Approval and Colorectal Tissue Samples

Formalin-fixed, paraffin embedded (FFPE) tissue blocks were generously provided by
Prof. Alexander Marx (Pathologisches Institut, UMM/Mannheim Medical Faculty of Hei-
delberg University, Germany). Anonymous colorectal carcinoma and paired corresponding
normal (colorectal) tissue blocks were available from the archival material of the same
patients. Approval by the institutional ethics board (Ethics board II at UMM, approval
no. 2017-806R-MA) was granted to AM, waiving the need for informed consent for this
retrospective and fully anonymised analysis of archival pathological samples.
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FFPE blocks were cut using a Leica RM2255 fully automated rotary microtome. The
first few sections were discharged and 10 μm thick sections were collected on top of
previously cleaned coverslips (No. 1.5H, Paul Marienfeld, Lauda-Könishofen, Germany)
from a 37 ◦C water bath. Coverslips were transferred to a 65 ◦C oven and left there for
a minimum of 30 min. Dried slices were kept at 4 ◦C for not more than a month before
further processing (FISH, confocal microscopy or SMLM).

2.2. Fluorescence In Situ Hybridisation (FISH) on Colorectal Tissue Sections

Tissue sections on coverslips were accommodated in a custom-made Teflon coverslip
holder and placed for 5-min steps in the following solutions: Roticlear, 1:1 Roticlear: 100%
EtOH, ethanol series (100%, 95%, 70%, 50%, 25%), briefly in DI water and PBS. For the
antigen retrieval step, 2 mL of a 1 μg/mL of proteinase K (NEB, Ipswich, MA, USA)
in 50 mM Tris buffer was added per tissue section in a 6-well plate (15 min, RT, gentle
stirring). Two washes followed, one with 0.1% Tween-20/PBS and the second one with
PBS. Samples were permeabilised in a 0.5% Triton-X 100/PBS solution (1 h, RT, gentle
stirring), followed by two PBS washes and immediate dehydration in ethanol solution
steps of increasing concentration (25%, 50%, 70%, 95%, 100%), followed by air drying
(5 min each). A boundary was put around the tissue samples using Picondent Twinsil
(Picodent, Wipperfürth, Germany). Subsequent volumes were added to an extent that the
entire sample was covered (maximum 100 μL). Hybridisation solution (50% v/v formamide,
0.75 M NaCl, 75 mM Na-Citrate, 50 mg/mL heparin, 0.5% v/v Tween-20) was added to
each sample (15 min, 37 ◦C). Prior to hybridisation, miR probes were denatured at 80 ◦C for
5 min. The probes were diluted in hybridisation buffer to 200 nM and added to the samples.
Hybridisation was performed overnight at 37 ◦C. Stringent washes were performed twice
in 0.2× SSC (10 min each, RT, gentle stirring), for 5 min each at RT under gentle stirring.

2.3. DNA Probe Synthesis and Characterisation

DNA sequences complementary to the four metastatically relevant miRNAs miR-135b,
miR-210, miR-21 and miR-31 studied in this work, as well as a positive control (sequence
against U6 snRNA) and negative control (scrambled sequence) were synthesised. The
most central thymidine was exchanged for a 2′-O-propargyl-uridine (cU) (building block is
commercially available from GlenResearch) to enable the post-synthetic modification with
fluorophores via copper-catalysed azide-alkyne cycloaddition (CuAAC). The solid-phase
phosphoramidite synthesis was performed with an H6 DNA/RNA synthesizer (K&A
Laborgeräte, Schaafheim, Germany), using standard protocols. For the incorporation of
the cU-phosphoramidite, the reaction time of the coupling step was increased to 4 min.
After successful synthesis and cleavage from the solid phase with 24% ammonia solution
overnight at 60 ◦C, the synthesised DNA probes were modified in two separate sets with
Cy5-azide and AF488-azide [35]. Cy5 is a well-established fluorophore in confocal mi-
croscopy and was chosen for the proof of concept. AF488 has a better blinking behaviour
than Cy5 which makes it suitable for superresolution microscopy. After modification,
the oligonucleotides were purified via reversed-phase HPLC with a Thermo Fisher Ul-
tiMate 3000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) (0–40% acetonitrile in
50 mM ammonium acetate buffer). Spectroscopic measurements were performed with
solutions of 2.5 μM FISH-probe, 2.5 μM corresponding RNA, 50 mM Na-Pi buffer, and
250 mM NaCl in water at pH 7. Absorption spectra were measured with a Varian Cary 100
UV/Vis-spectrometer, and fluorescence spectra were measured with a HORIBA FluoroMax
4 spectrofluorometer. The used excitation wavelengths were λexc = 647 nm for Cy5 probes
and λexc = 488 nm for AF488 probes.

2.4. Confocal Microscopy on Colorectal Tissue Sections

Imaging of the tissue sections was carried out on a Leica TCS SP5 STED microscope
(used in confocal mode) using either a 40×/1.1 or a 63×/1.2 water immersion objective.
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Sytox Orange was excited by using a 561 laser. A HyD detector (nm range) was employed
to capture the signals.

2.5. Chromatin Compaction Quantitative Analysis—Confocal Data

A total of 50 nuclei images of each of the colorectal cell types (normal tissue: epithelial
cells of the mucosa; stromal cells of the submucosa, and smooth muscle cells of the L. mus-
cularis layer; carcinoma: epithelial-derived tumour cells) were selected from representative
confocal images. For the analysis, the area of each nucleus was estimated using an ImageJ’s
macro. Local intensity maxima were acquired in this area. The number of detected maxima
in the nucleus was defined as the number of chromatin domains [36]. To determine the
local neighbourhood area for each peak, changes in signal intensity distribution on the
image of the stained nucleus were taken into account. All image processing was performed
by using an ImageJ algorithm [37]. To obtain the dark area of each nucleus (low chromatin
density area), the total area of all recognised domains was subtracted from the size of the
whole nucleus.

2.6. miRNA Signal Quantification and Statistical Analysis

Confocal images of samples on which FISH was performed were analysed using
Columbus Software (PerkinElmer, Waltham, MA, USA), to identify the miRNA positive
(miR+) cells within the tissue. 20× magnification fields of view from the confocal images
were analysed. A visual description of the pipeline can be found in Figure S5. Briefly,
nuclei were identified from an input image based on the nuclear dye signal intensities. A
contour was drawn estimating the cytoplasm region for each identified nucleus. Finally, a
list of cells was obtained and filtered exclusively for cells that had a strong probe signal
in the cytosolic area (defined as miR+). A strong probe signal was defined as an intensity
in the miR channel above or higher than 5. This cut-off value was chosen given that all
the measured intensities in the miR channel on negative control samples that were not
incubated with miR-probe, but scrambled sequence instead, were below this value as
background signals. Quantified values from this analysis are presented as the percentage
of miR+ cells in a given tissue area (field of view).

Statistical analysis was performed with R statistical software (version 4.0.0, The R
Foundation for Statistical Computing, Vienna, Austria). An unpaired one-sided Wilcoxon
test (p ≤ 0.05 was considered significant) was used to compare the abovementioned
quantified values between cancer tissue and its matched normal counterpart.

2.7. SMLM on Colorectal Tissue Specimen

2D single molecule localisation microscopy (SMLM) was performed on an SR GSD
setup (Leica Microsystems CMS GmbH, Wetzlar, Germany), based on an inverse widefield
microscope DMI AF6000 equipped with an oil immersion objective (160×/1.43). Fluo-
rescent emission was captured and imaged on an EMCCD camera with a pixel size of
100 nm (iXon3 Ultra 897, Andor Technology Ltd., Belfast, UK). Prior to imaging, the tissue
sections on coverslips (see colorectal tissue samples) were deparaffinised and rehydrated
(see Fluorescence in situ hybridisation on colorectal tissue sections). Samples were perme-
abilised in 0.5% Triton/PBS for 1 h, covered with 50 nM Sytox Orange in PBS for 1 h, and
embedded on freshly prepared GOX/CAT blinking buffer (0.5 mg/mL glucose oxidase
(GOX), 40 μg/mL catalase (CAT) and 10% w/v glucose, all in PBS) [16]. The coverslip was
sealed with a two-part epoxy sealant (Picondent Twinsil, Wipperfürth, Germany) to a glass
slide. All the above mentioned steps were executed at room temperature, and three PBS
washes were carried out in between steps. Samples were taken to the microscope right after
being embedded in the blinking buffer. For Sytox Orange imaging, a 561 nm laser (2.1 mW)
and 30,000 frames with 30 ms camera exposure were used. Single molecule reconstructions
were generated with ThunderSTORM (Fiji plugin).
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2.8. Quantitative Analysis (SMLM)
Chromatin Density Profiles (Binning Analysis)

To compare the chromatin density distributions between colorectal carcinoma and the
corresponding normal tissue nuclei, an in-house R script was used to bin single molecule
localisation signals in a 50 × 50 nm2 grind. The histograms were visualised in the form of
violin plots, showing the frequency of bins with a given number of localisation signals. The
R script was fed with the localisation tables obtained from ThunderSTORM (Fiji plugin,
Prague, Czech Republic). Briefly, a 2D histogram with a given bin size (50 × 50 nm2) was
generated using the geom_bin2d function. Then, the value of the number of localisations
on each bin was transferred into a table.

2.9. Radial Chromatin Density (Ring Analysis)

A region of interest (ROI) was manually drawn, enclosing the nuclear area on each of
the reconstructed images generated by ThunderSTORM. An in-house MATLAB (MATLAB
version 9.3.0 (2017b), The Mathworks, Natick, MA, USA) code was used to subdivide
the cell nucleus into six concentric rings with equal area, and to draw concentric areas
following the nuclear contour as a guide [38]. The number of localisation signals in each of
these rings served as a basis to calculate the average localisation density per ring.

3. Results

Distinctive regions within whole 10 μm tissue sections of human colorectal carcinomas
and matched corresponding normal tissues were analysed in a first-in-field attempt with
SMLM super-resolution microscopy at the nanoscale, following confocal resolution imaging.
In the following, we present results and images for chromatin density within nuclei of
carcinoma, normal epithelial, and further cell types in CRC tissue sections, followed
by single molecule microRNA subcellular analysis for selective miRs, which have been
shown to play significant roles in different aspects of metastasis [18,20,34]. Altogether, we
hypothesise that this technology could be a highly supportive tool to decipher molecular
(tumour) cell heterogeneity at the single cell level within any individual tissue context.

3.1. Chromatin Density of Nuclei from Colorectal Carcinoma and Its Corresponding
Normal Tissues
3.1.1. Chromatin Density—Confocal Resolution

Nuclei from individual tissue regions depicted in Figure S1 were analysed inde-
pendently to demonstrate that nuclei from cells with distinctive functions (benign and
malignant epithelial cells, stromal cells including smooth muscle cells from different tissue
layers) would lead to distinctive chromatin density profiles. Figure S1 shows the three
distinctive regions taken for the analysis: mucosa, submucosa, and the muscularis layer.
Nuclei analysed within the colorectal carcinoma specimen corresponded to the tumour
areas, regions enclosed in blue (Figure S1A).

To obtain a first overview of the different chromatin density distributions and features
between cell types, the human colorectal tissue nuclei were stained with Sytox Orange
and imaged with a confocal microscope (for details, see Section 2 Materials and Meth-
ods). Different nuclear architecture features were observed between (epithelial-derived)
carcinoma and normal epithelial cells, as well as between carcinoma, normal epithelial,
stromal cells within the submucosa, and smooth muscle cells within the muscularis layer.
For each of these cell types, images of 50 nuclei were selected from the confocal images for
quantitative analysis. Segmentation analysis was performed using an ImageJ algorithm
(see Section 2 Materials and Methods). The area of each nucleus was classified into either
a region of high intensity (compact chromatin) or a region of low intensity (loose chro-
matin). Figure 1 shows representative confocal images and the results after performing the
segmentation analysis. Figure 2 shows the nuclear size distributions and percentages of
chromatin compaction for the different cell types from a human colorectal carcinoma and
the corresponding normal tissue specimen.
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Figure 1. Representative confocal images of human colorectal tissue nuclei stained with Sytox Orange dye. (Ai–Ci) Images
from a normal colorectal tissue sample comprising a nucleus from the mucosa (normal epithelial cell) (Ai), the submucosa
(Bi) and the muscularis (Ci) layer. An image from a colorectal carcinoma tissue sample shows a carcinoma cell nucleus from
the tumour region (Di). Resulting images for each cell type after the segmentation analysis was performed (Aii–Dii). Scale
bars: 3 μm.

Figure 2. (Ai–Ci) Nuclear size distribution of normal colorectal tissue cell types: epithelial cells of the normal mucosa (Ai),
stromal cells (Tunica submucosa) (Bi) and muscle cells (Tunica muscularis) (Ci). Nuclear size distribution of epithelial nuclei
from a tumour area within a representative example of a colorectal carcinoma tissue specimen (Di). (Aii–Dii) Percentage of
compact chromatin in the same normal and carcinoma colorectal cell types. Solid red vertical lines correspond to the mode
from the data. Reported values are the mode ± SD. For normal distributions, the mode coincides with the mean of the
distribution. Distributions in (Cii,Dii) might correspond to a multimodal distribution (n = 50).
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To characterise and quantify the differences in chromatin density regions between
cells with different functionality (epithelial, submucosa, and muscle) and malignancy
(non-malignant epithelial versus carcinoma cells), a quantitative analysis was conducted
considering a minimum number of 50 cell nuclei from each of the abovementioned cell
types. The two main properties that were analysed were the nuclear size and the percentage
of bright nuclear area (coloured domains of Figure 1), which quantifies the chromatin
compaction.

Figure 2 shows the sizes of the nuclear cross sections in μm2 (Figure 2(Ai–Di)) as well
as the quantification of the percentage of compact chromatin per nucleus (Figure 2(Aii–Dii))
in a normal and carcinoma colorectal tissue sample with a thickness of 10 μm. Values
shown in the nuclear size distribution graphs correspond to mode values. In the case of a
normal distribution, the mode value corresponds to the mean.

Figure 2(Aii–Dii) shows the distribution of compact chromatin percentages in the
same types of cells. The vast majority of nuclei from mucosa-derived normal epithelial
and submucosal cells had a high percentage (above 90%) of their chromatin compacted
(Figure 2(Aii,Bii)). This is in agreement with a publication that showed that specialised
somatic cells have denser and more compact chromatin in comparison to, for example, stem
cells [39]. In contrast, smooth muscle cell nuclei distribution showed a higher variability
and was multimodal (two peaks), so no central value out of a population of 50 nuclei could
be reported (Figure 2(Cii)).

The same type of analysis was performed for cells from the corresponding colorectal
carcinoma tissue. Here, our attention was focused on cells belonging to a tumour area
(Figure S1). These tumour areas were delineated by an experienced pathologist depending
on the morphological changes presented by tumour cells, a common current practice in
routine pathological diagnosis. Figure 2(Di) shows the size of the nuclear cross sections in
μm2 from cells in a tumour area within a carcinoma tissue specimen. Nuclei from these
cells showed a considerably larger average nuclear size of 115 ± 51 μm2 in comparison to
their normal mucosa epithelial cell counterparts, 47 ± 16 μm2. Not only their size but also
their variability within the distribution was higher for the nuclei of carcinoma cells.

We also observed considerable differences in the distribution showing the percentages
of chromatin compaction (Figure 2(Aii, Dii)). Nuclei from carcinoma cells in the primary
tumour CRC tissue (Figure 2(Dii)) showed a broad distribution, covering cells with values
as low as 5% and as high as 96%. In contrast, nuclei from normal mucosa epithelial cells
(Figure 2(Aii)) showed a narrow distribution around a mode of 92%.

3.1.2. Chromatin Density at the Nanoscale

Colorectal tissue samples were stained with Sytox Orange, imaged, and the super-
resolution data processed as described for SMLM in Materials and Methods. Figure 3 shows
representative images of the super-resolution reconstruction images (right) alongside the
widefield images of nuclei from either carcinoma cells of the tumour region within a
colorectal carcinoma tissue (D), or from normal epithelial, submucosa-derived stromal cells,
and muscle cells of the muscle layer of corresponding normal colorectal tissue, respectively
(A–C).

The total number of blinking signals for each one of the reconstructed images shown
in Figure 3 is 0.98 × 106 (A), 0.55 × 106 (B), 1.34 × 106 (C), and 0.16 × 106 (D), respectively.
Tissue background and signals coming from neighbouring tissue nuclei were present but
did not interfere with the measurements, since the background signal within the nuclear
region was negligible. Tumour regions within cancer tissue samples still had a higher
cell density compared to the corresponding normal colorectal tissue, and therefore, the
background signals were higher and the number of blinking events lower. Therefore, to
isolate the signals coming exclusively from the nuclei of interest, regions of interest (ROIs)
were manually drawn on the widefield images, transferred to the reconstructed images,
and only localisation events within these ROIs were considered for downstream analysis.
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Figure 3. Representative SMLM images of normal colorectal cell nuclei (normal epithelial cell of normal mucosa, submucosa-
derived stromal cell, smooth muscle cell within muscular layer) within normal colorectal tissue specimen (A–C), and of
a carcinoma cell nucleus (D). Widefield images (left) and SMLM reconstructions (right) of nuclei imaged from human
colorectal tissue sections. Scale bars: 3 μm.

Figure 4 shows the chromatin density profiles of the muscle nucleus showed in
Figure 3C. Two profile lines, a vertical (red) and a horizontal (blue), were drawn in both
the widefield image (dashed lines) and the super-resolution reconstruction image (solid
lines). Figure 4B shows the intensity profiles (distance vs. intensity) for each one of the
profile lines. Intensity values correspond to the widefield image for the dashed lines, and
to the super-resolution reconstruction for the solid lines.

Figure 4. Chromatin density profiles of a normal colorectal muscle nucleus. (A) Widefield image and its super-resolved
(SMLM) reconstruction. (B) Comparison of intensity profiles taken from the widefield image (dotted lines) and the SMLM
reconstruction (solid lines). Location of active/inactive genes is hypothesised. Scale bars: 3 μm.
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Strong differences in chromatin density changes can be observed when comparing the
widefield profiles with the super-resolved ones. There is a similar trend followed by the
two profiles for each one of the graphs in Figure 4B. However, the intensity profiles from
the widefield images are not able to detect very low density chromatin regions or regions
where the chromatin is highly condensed (very strong intensity signals). The location of
active genes (in low density and hence more accessible chromatin regions) and inactive
genes (in high density chromatin regions) is hypothesised [36,40,41].

The Heterogeneity of Chromatin Density in Human Colorectal (Cancer) Tissue

Given that strong differences in the super-resolved reconstruction (SMLM) images
were observed when comparing colorectal carcinoma nuclei with the corresponding ones
of epithelial cells in normal colorectal tissue, different ways of quantifying and visually
presenting the super-resolution data are shown. Figure 5 shows the chromatin density
profile distributions for all of the different nuclei analysed. For normal colorectal tissue,
data are shown from epithelial, muscle cell and submucosa nuclei within these regions in
normal colorectal tissue (Figure 5A). Additionally, a comparison of data from carcinoma
cell nuclei (tumour region) versus normal mucosa epithelial cells are shown (Figure 5B).
Distributions from Figure 5 were obtained as described in the SMLM—Binning section
of Materials and Methods. The distributions are represented as a combination of violin
and box plots. The y-axis in Figure 5 is a logarithmic scale of the number of blinking
events (counts) in a 50 × 50 nm2 bin. The x-axis quantifies the frequency of a given count
number in a bin. It can be observed that, for all types of cells except for the mucosa-derived
normal epithelial cells, the big majority of bins had only one event. This was more strongly
observed in the carcinoma nuclei than in all of the cell types from the normal colorectal
tissue. In contrast, outlier bins (black dots in Figure 5) with very high numbers of counts
were detected in all of the different cell types measured. The horizontal black lines in the
middle of the box plots of Figure 5 represent the median for each one of the distributions.
As can be seen from the figure, the carcinoma nuclei had the lowest median value of all
(value of 3), suggesting their low density chromatin areas are more abundant than for all of
the normal colorectal cell types in all of the tissue regions investigated.

Figure 5. Violin + box plot representations of the localisation signal histograms for nuclei from different regions. A
side-by-side comparison is shown between nuclei from (A) normal epithelial cells of the mucosa, cells of the submucosa,
and of the muscularis layer, and (B) between normal epithelial cells of the normal mucosa, and carcinoma cells within
the mucosa of a tumour sample. Binning analysis was done in the super-resolved reconstruction images, and signature
chromatin density profile distributions were found for each cell type. Horizontal lines in each box plot represent the median
value of each one of the distributions. Each distribution is the combination of the replicates (7 for normal submucosa, 2 for
normal mucosa, 3 for normal muscularis and 4 for carcinoma cells in the tumour region) for each cell type. Plots of all the
replicates from each cell type can be found in Supplementary Figure S2. The horizontal black lines in the middle of the
box plots represent the median for each one of the distributions. The values are: mucosa-derived normal epithelial cells 18,
muscle cells 9, submucosal cells 13, carcinoma cells 3.
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Radial Chromatin Density

To further investigate the chromatin density differences between carcinoma cells and
normal cells, we applied the chromatin radial density analysis. The radial density analysis
allows visualizing density differences across the nucleus by measuring densities inside
rings, starting from the centre of the nucleus to the periphery of the nucleus.

Figure 6 shows the box plot representation of the chromatin radial density analysis for
nuclei taken from the epithelial, muscle cell, submucosa, and tumour regions (Figure 6A).
Additionally, a comparison of data from carcinoma cells of the tumour region versus
normal epithelial cells is shown (Figure 6B).

Figure 6. Box plot representations of the radial chromatin density analysis. Box plots show densities measured in rings
of equal area from the nuclear centre (Nucleus ring area 1) to the nuclear periphery (Nucleus ring area 6) for cells taken
from normal mucosa, normal muscularis, normal submucosa, carcinoma cells from the tumour region (A), and, for better
comparison, from epithelial cells of normal mucosa and carcinoma cells of the tumour region (B). Horizontal lines in each
box plot represent the median value of each one of the distributions.

It can be observed that the chromatin density shows a high variability across individual
nuclei and across cell types taken from different regions. For all of the cell types, chromatin
densities are highest in the outer rings, indicating a trend to higher chromatin densities
close to the nuclear periphery. The centre regions show lower chromatin densities.

Compared to the normal cells, carcinoma cell nuclei taken from the tumour region
show a pronounced variability. This becomes evident when looking at the number of out-
liers. Whereas within the normal cells, only one outlier is present for the submucosa region
in the outmost ring, the carcinoma cell distribution shows multiple outliers, suggesting an
increased variability within these cells.

3.2. miRNA Detection on Human Colon Tissue Sections

In the following, we present our work on the stepwise development of single cell, sin-
gle molecule microRNA analysis for selective, metastatically relevant miRs to be applicable
to tissue sections of human colorectal carcinomas.

3.2.1. DNA Probe Synthesis and Characterisation

After synthesis, the commercially available Cy5 dye was incorporated in all probes
of interest (as described in Materials and Methods), and the resulting probes were used
for the first step of confocal measurements. Probes with AF488 dye were used for single
molecule measurements. Figure 7 lists all the sequences of the probes, the miRNA each
one targets, and the positive and negative controls used.
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Figure 7. DNA sequences of the synthesised miRNA probes; cU = 2′-O-propargyl-uridine was modified with Cy5 (first set
of probes) and AF488 (second set of probes).

Spectroscopic measurements were performed to characterise the optical properties of
the synthetic single stranded DNA probes and as annealed hybrids with their target RNA
sequences (of the same length, Figure S3). The excitation wavelengths for the fluorescence
measurements were 647 nm for Cy5 and 488 nm for AF488, respectively, to fit the laser in
the later microscopic experiments. In all cases, the variations in UV/Vis absorption and
fluorescence of the DNA probes were rather small, showing that the optical properties
do not significantly depend on the individual sequences around the site of fluorophore
modification. The Cy5 modified probes showed a slight decrease in fluorescence due
to double strand building with the complementary miRNA targets, whereas the AF488
modified probes show a small increase of the fluorescence in the double strand except for
the miR-135b probe. The latter probe showed a small decrease that can be explained by the
hypochromic shift in absorption.

3.2.2. miRNA Signal Detection of Human Colorectal Tissues

For every set of confocal images, the background signal was subtracted (tissue with
no staining) from the images. As positive control, a U6snRNA probe was used, and a
scrambled sequence probe served as negative control (Figure S4).

miRNA probes with different fluorophores were synthesised. Amongst these, the set
of probes conjugated with Cy5 performed best since their emission spectrum is furthest
away from the tissue autofluorescence emission, which was stronger in the 488 channel.
Figure 8 shows representative confocal images of normal and carcinoma colorectal human
tissues. Images were taken in the mucosa area of each of the tissue samples. Green signals
correspond to the miRNA probes conjugated with Cy5, whereas purple signals represent
the nuclear DNA stained with Sytox Orange.

Images from Figure 8 confirmed that the four miRNAs imaged here show a higher
number of molecules in carcinoma cells of CRC cancer tissue, in contrast to a rather low or
absent expression in cells of the normal tissue. This is evident for miR-21 and especially
miR-31. For miR-135b, the signal intensity in the carcinoma tissue is lower, but still present
in comparison with miR-21 and miR-31. For miR-210, there is some miRNA signal coming
from the normal tissue in contrast to what was observed for the other miRs. Still, however,
the overall miRNA signal is higher in the carcinoma tissue.

The last column from Figure 8 offers a more detailed view of the miRNA signals. In
these zoomed images, miRNA signals appear to be located preferentially in the cytoplasm,
close to the nuclear periphery, however, other subcellular locations such as nuclear ones
cannot be excluded.
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Figure 8. Representative confocal images of FISH performed at normal and carcinoma colorectal human tissue samples with
various pro-metastatic miRNA probes: miR-21, miR-31, miR-135b, and miR-210. Green signals correspond to the Cy5 on the
miRNA probe, and purple signals represent the nuclear stain by Sytox Orange. The last column shows magnifications of the
areas delineated in white rectangles within the second last column (merged images of carcinoma tissue). The brightness
range (0–255) of images with miR signals (except the last column) was re-set to 5–100 for this figure alone to enhance the
contrast. Quantification of miRNA signals can be found in Figure 9. Scale bars: 100 μm. Scale bars for the last column:
20 μm.

miR Positive Cell Fractions

To have a better overview of the FISH results, Columbus Software (PerkinElmer) was
used to quantify the number of miR positive (miR+) cells in a given field of view (for
a description of the miR+ cells detection pipeline see Section 2 Materials and Methods
and Figure S5). miR+ cells were defined here as cells with a high miRNA probe intensity
signals located in their cytoplasm. High intensity was defined as an intensity value in the
miR channel equal to or higher than 5. Quantification analysis using Columbus Software
resulted in a list of miR+ cells with an intensity value representing how strongly a given
miRNA signal was observed in each cell’s cytoplasm region. This analysis included miRNA
negative (miR-) cells as well, which presented a probe intensity lower than 5 which was
comparable to signals detected in the background (see Section 2 Methods).

Figure 9 shows the percentage of miR+ cells according to the definition above in 20×
magnification fields of view. For each analysed field of view, the total number of cells was
quantified (as shown in Figure S5); this value represented 100%. A subset of these cells,
the miR+ cells, is shown as a percentage for each of the four miRNAs analysed: miR-21,
miR-31, miR-135b, and miR-210.
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Figure 9. Quantification of the fraction of miR+ cells in normal and colorectal carcinoma human
tissues in which FISH was done for four miRNAs that have been shown to be significant players in
metastasis. Percentage values shown are with respect to the total cell number in a 20× magnification
field of view. Unpaired one-sided Wilcoxon, * p ≤ 0.05.

For all of the four miRNAs analysed, the miR+ cell tissue fractions were always higher
in comparison to corresponding normal tissue, which matches the published literature on
these miRs including our own publications [18,20,26,34]. Differences between normal and
tumour tissues were significant in all four cases.

miRNA Signal Detection at the Nanoscale in Human Tissue Samples

Based on the previous confocal and FISH analysis, a first-in-field imaging attempt
of miRNAs was performed at the single-cell, single-molecule level in routine colorectal
cancer patient whole tissue sections. To select miR+ single cells for later SMLM, FISH with
a miR-21 probe conjugated with AF488 was conducted on a colorectal carcinoma tissue
sample. This fluorophore had to be chosen because of its blinking capabilities in pyranose
oxidase embedding buffer, with the disadvantage that its emission coincided with the
fluorescence blinking frequency in cases when colorectal tissue presented a strong level
of autofluorescence. In spite of this difficulty, SMLM images were taken successfully for
carcinoma tissue samples incubated with the miR-21 probe. MiR-signals, and vesicle-like
structures containing miR-21 signals, tended to accumulate in the periphery of the nucleus
as already shown in confocal microscopy and FISH (see above); in addition, besides some
cytoplasmic signals, they also showed localisation signals that seemed to be located inside
the nucleus (Figure 10).

Figure 10 shows the representative example of a single-cell nucleus of a human
colorectal cancer tissue sample. Figure 10A shows the conventional widefield image of the
nucleus, Figure 10B the super-resolved reconstruction image. Aggregates of considerable
size of miR-21 signals were detected in the peripheral nuclear area. MiR-21 smaller signals,
located in the cytosol, were detected as well (Figure 10B). The two small insets (white
rectangles) where miR-21 signals were found to be located in rounded shapes are enlarged
(Figure 10(Bi,Bii)). Diameters of the structures in which the miR-signal was condensed were
measured along and across (140 × 110 nm for Bi and 240 × 120 nm for Bii, respectively).
This visually confirms previous evidence that mature miRNAs, besides a well-described
localisation in the cytoplasm and within exosomes [34,42–44] are located inside the nucleus
and act, for example, like localisation signals for other biomolecules active in chromatin
restructuring, nucleolar organisation or in gene silencing/gene activation, chromatin
reorganisation in itself having been linked to an increase of metastatic capacity of tumour
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cells [13,24,45,46]. This, taken together, renders a logical link between analysing chromatin
nanostructure and miR-localisation within single cells as first attempts to tackle cancer cell
heterogeneity, including the putative metastatic potential of particular cells, within whole
tissue sections of individual patient tumours [45].

Figure 10. SMLM of miR-21 aggregates in the nuclear area of a carcinoma cell within a human colorectal cancer tissue sample.
Smaller blinking events were detected in the cytosolic area as well. (A) Widefield and (B) super-resolved reconstruction
images. Two ROIs are highlighted in white (Bi,Bii) showing miR21 aggregates. Scale bars 3 μm. Insets scale bars 200 nm.

4. Discussion

Our present study demonstrates the feasibility of our single-cell, single-molecule
localisation microscopy methodology on whole, 10 μm thick routine patient tissue sec-
tions of primary colorectal tumours and corresponding normal tissue for the diagnosis of
(changes of) chromatin texture and microRNA subcellular localisation at the nanoscale.
We have chosen changes in chromatin nanostructure and particular microRNAs as first
diagnostic targets in our attempt to transfer this technology from cell culture/monolayers
to an application in human tissue sections, since both of them have been shown to be in
the current focus of interest, and of functional importance, for the ability of tumour cells
to metastasise [12,13,18,20,34]. Metastasis, as it is well known, is still the most frequent
cause of death of cancer patients, and one of the most fundamental unsolved problems
for personalised diagnosis and therapy to date is the highly limited ability to recognise
specific, metastatically relevant cells or cell clones within the huge context of heterogeneity
in primary tumours of patients [47–49]. Ideally, diagnostic technologies are needed that
are capable of detecting metastatically relevant cells already in an individual primary tu-
mour of a patient within the first stage of initial diagnosis, before relapse and macroscopic
metastasis can arise. This also can be crucial for prospective targeted therapy planning,
which then could be specifically designed to include particular molecular changes detected
in suchlike individual cells.

In the present study, we used confocal and Single Molecule Localisation Microscopy
(SMLM) in the fBALM (fluctuation-assisted Binding-Activated Localisation Microscopy)
mode to quantitatively analyse the nuclear chromatin texture of cell nuclei in sections of
human colorectal cancer tissues. Already the confocal data (Figures 1 and 2) indicated
marked differences between the chromatin texture of nuclei in normal and tumour areas of
the tissue sections studied. This heterogeneity, however, became much more pronounced
in the super-resolved images (Figures 3–6). In this case, the local DNA density varied up
to almost two orders of magnitude and revealed a large number of very small and highly
compacted chromatin clusters down to the sub-resolution range, in apparent contrast to
the widefield images.

Very similar results were obtained previously in SMLM-fBALM studies of single nuclei
of various cell lines [16,40,50]. To our knowledge, the results reported here for the first
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time show that this unexpectedly larger heterogeneity in nuclear chromatin nanotexture
is also a prominent feature of cells of human colorectal tissue, especially of carcinoma
cells in contrast to corresponding normal epithelial cells and other cells of the colorectal
tissue context.

This large heterogeneity of nuclear chromatin distribution is typically not observed in
conventional resolution microscopy where a much smoother spatial DNA distribution is
obtained. The nanoscale heterogeneity of chromatin texture observed by SMLM-fBALM
is in striking contrast with a plethora of nuclear genome models based on sequencing
approaches like Hi-C [51,52]. These models, however, are derived from biochemical DNA–
DNA interaction probabilities; therefore, the maps constructed from these probability data
do not necessarily reflect spatial configurations. The SMLM-fBALM results presented here
show that, also in nuclei of human colorectal tissue, the spatial distribution of DNA is sub-
stantially more heterogeneous than that observed by conventional resolution microscopy:
The typically relatively smooth DNA distribution changes imaged with conventional meth-
ods were resolved by SMLM into a large number of highly compacted small chromatin
domains, interspersed within a large space of low DNA density.

These results are difficult to reconcile with the typical interaction map derived of
models cited above, but appear to be fully compatible with the basic tenets of the ANC-INC
(Active/Inactive Nuclear Compartment) model, postulating the importance of chromatin
density-related accessibility constraints for transcriptional regulation [10,36,41]. In this
model, silent gene domains are compacted to such a level of DNA density that the diffusion
of macromolecular complexes to target sequences in their interior may be restricted or even
excluded. On the other side, transcriptionally competent gene domains are characterised by
a low DNA density to enhance accessibility. Previous results obtained with SMLM-fBALM
in a mouse cardiomyocyte cell line (HL-1), using YoYo-1 as a DNA stain, also indicated
small compacted clusters (around 50–60 nm in diameter) interspersed within a large space
of low DNA density. Furthermore, transcriptionally competent small domains were almost
exclusively observed within the low density compartment only [40]. The existence of small,
highly compacted chromatin domains is also in line with previous observations obtained
by other methods of super-resolution microscopy [17,50].

Using Fluorescence in situ hybridisation (FISH) with Oligopaint probes synthesised
on the basis of sequence information, it has become possible to directly compare Hi-C data
with super-resolved microscopic observations [53]. Other recent observations also favour
the concept that nucleosomes are assembled in heterogeneous groups comprising a few
kb of DNA, termed nucleosome clutches or clusters (NCs) [39,54]. The acetylation state
determines how tightly DNA is compacted within a given NC [55]. The nucleosome cluster
concept has been supported by oligo-painting combined with super-resolved fluorescence
microscopy [56,57]. While Beliveau et al. [56] used SMLM/STORM with photoswitching
dyes, the ORCA method (Optical Reconstruction of Chromatin Architecture) applied by
Mateo et al. [57] to Drosophila embryos relied on the sequential imaging of the 3D centre
positions of the diffraction limited “spots” produced by each fluorescent probe set in the
nucleus; this allowed specific sections within a diffraction-limited volume to be resolved,
as in SMLM/STORM, while adding sequence resolution across the domain. A related
localisation approach using 3D confocal microscopy and BAC-probes for multicolour
painting has previously been reported to explore the 3D nanostructure of a specific small
chromatin breakpoint domain in human leukaemia cell nuclei [58]. A comparison of
these results with a random walk model indicated highly significant differences between
experiment and simulation.

The previous results obtained in a variety of other cell types corroborate the notion
that the high nuclear chromatin nanotexture heterogeneity observed here in human col-
orectal sections is not restricted to individual cells in monolayers but presents a general
feature of cells also in tissues. They suggest that the space-time structure of chromatin
loops in mammalian cells is generally represented by the existence of small, condensed
and dynamic nuclear domains and that these form the essential building blocks for all
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higher order chromatin structures above the nucleosome level [55]. Altogether, they argue
for a DNA density controlled accessibility of macromolecular aggregates to binding sites
in the interior of such small compacted chromatin domains. These might exhibit a highly
dynamic nanostructure, and we consider it highly likely that such dynamics will also
include, for example, significant increases in chromatin accessibility which has been ob-
served during the promotion of metastasis [13]. As a consequence, it may be hypothesised
that the accessibility conditions would change accordingly fast, in such a way that the
accessibility of a nucleosome in the ensemble centre is dynamically modified with a specific
transition frequency, depending on the mechanical elasticity parameters of the ensem-
ble [59]. These dynamics might be different, or enhanced, within the highly heterogeneous
nuclei of carcinoma cells which we have found in the present work to be substantially
different in size, nanostructure, and distribution of condensed versus relaxed chromatin
areas, as compared to corresponding normal epithelia and also other cell types within
colorectal tissue. Such a dynamic transition frequency might result in a corresponding
modification of the binding probability of transcription factors and, hence, contribute to
the fine regulation of gene expression, including genes for miRNAs, or the accessibility
for miRNAs and further regulatory molecules to modify gene transcription and chromatin
modification [24,45,46]. Since chromatin is an elastic structure, the mechanical properties
of such nucleosome clusters might contribute to affect the micro-environmental regula-
tion of genome programs [59,60]. These might include programs to promote migration,
invasion and metastasis [5], programs to interact with, and reprogram, the tumour cell
microenvironment, to increase the transcription of genes that, for example, contribute to
prime metastatic niches, to initiate programs of resistance towards particularly inflicted
therapeutic pressure, etc.

In this context, our present work also confirms, within an intact whole tissue setting,
that we found blinking signals of particular microRNAs previously discovered to be impor-
tant players in metastasis, to condense in vesicle-like shapes of the cytoplasm or also in the
nucleus. This corroborates previous SMLM super-resolution work we had presented on
microRNAs in single cells of cancer cell lines [34] and in which we had demonstrated miR-
localisation within exosomes, using an additional exosomal marker. It also corroborates
previous findings that miRs can be accumulated in exosomes which, when secreted by
tumour cells, can prime metastatic niches in distant organs via systemic spread [25,47–49].
Our first-in-field SMLM imaging of microRNAs in the nucleus of a carcinoma cell within
the whole tissue context of CRC patients also confirms the functional work of colleagues
in recent years who have discovered several nuclear functions of microRNAs in addition
to their well-studied cytoplasmic ones as translational inhibitors [24,45,46]. Towards this
end, it has been shown that microRNAs can modify, for example, gene expression (activa-
tion and silencing of transcription), chromatin remodelling and epigenetics, or nucleolar
reorganisation. This can happen via several modes of interaction such as, the binding to
nascent RNA transcripts and interactions with promoter and enhancer/silencer regions, or
acting within molecular complexes that involve Ago proteins, transcription factors, RNA
polymerase II, histone methyltransferase enzymes, and others [24]. Interestingly, one of the
interaction models currently postulated suggests that microRNAs might form triple-helical
structures with the target DNA, altering chromatin and thus accessibility for transcription
factors [24]. In this context, it is interesting to note that, a few years ago, we published a
paper showing altered triplex-DNA binding in EMSA studies of colorectal carcinoma as
compared to corresponding normal tissue nuclear extracts [61], and it remains to be studied
in the future whether carcinoma cell nuclei, in general, show higher triplex formation
phenomena as compared to normal cells, which again might be added to an arsenal of
diagnostic tools at the nanoscale to tackle single cell heterogeneity.

In summary, we have shown that SMLM super-resolution microscopy is feasible in
routine histopathological sections of carcinoma- and matched normal tissues of patients
with colorectal cancer, and we anticipate that this will be able to be extended to other
tumour types and to further molecules/molecular conditions of interest for single cell
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heterogeneity diagnosis at the nanoscale. Several future applications for this technological
approach can be anticipated, for example, the identification of single tumour cells in the
tissue context which show active particular areas of transcription, predictive features at the
nanoscale to prepare to become a cancer cell, a particular molecular potential for metastasis,
or accessibility to particular therapeutics. We envisage that technologies such as the ones we
introduce here could be advanced to automated micro-imaging devices [62], to support and
escort pathology and macro-diagnostic imaging fields for a more efficient early differential
diagnosis of heterogeneity within individual tumours and patients, up to the successful
prevention of cancer progression and metastasis. A highly intriguing additional application
of this technology might be to improve the identification and molecular differentiation of
single circulating tumour cells (CTCs) in cancer patients [63–65], after enrichment, e.g., by
flow cytometry and high content conventional resolution micros-copy. On the research side,
this would allow to test and image the hypothesis, at the single cell level, that the blood is
a pool of nucleic acids derived from different tissue sources and tumour cell subsets with
different metastatic capabilities.

5. Conclusions

We demonstrate the feasibility of our SMLM methodology on whole, 10 μm thick
patient tissue sections of carcinoma patients for the differential diagnosis of heterogeneity
in chromatin texture and microRNA subcellular localisation at the nanoscale, and anticipate
a promising potential of this methodology to detect, for example, individual carcinoma
cells with specific metastatic potential at the molecular level as early as possible in the
primary tumour context. For the future, further detailed characterisation of the chromatin
density profile and cluster analysis of the images detected with confocal microscopy and
SMLM, combined with Oligopainting of cancer-relevant DNA and RNA sequences, is
envisaged. These might allow a better understanding of the main differences of chromatin
texture, microRNA distribution, and function, in various relevant cell types, in particular,
cancer- and metastatically relevant cells. The continuous advancement of this technology,
extending to, for example, further molecules to be imaged, to the labelling of particular
genes which are active within a given chromatin location, to “multicolour” imaging of
several molecular features within the same cells and tissues, and to automated diagnostic
systems might open attractive chances to tackle intra-tumour heterogeneity at the earliest
possible diagnostic stage. This might contribute to prevent metastatic spread, design thera-
peutic strategies tailored at the individual heterogeneity of individual tumours, contribute
to the development of improved therapeutics with better targeting abilities, or predict the
accessibility of particular tumour cell fractions for essential therapeutics.
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Simple Summary: Colorectal cancer is one of the most frequent malignant tumors worldwide and
the spread of tumor cells through the blood circulation followed by the colonization of distant organs
(“metastases”) is the main cause of cancer-related death. The blood is, therefore, an important fluid
that can be explored for diagnostic purposes. Liquid biopsy is a new diagnostic concept defined as
the analysis of circulating tumor cells or cellular products such as cell-free DNA in the blood or other
body fluids of cancer patients. In this review, we summarize and discuss the latest findings using
circulating tumor cells and cell-free DNA derived from tumor lesions in the blood of patients with
colorectal cancer. Clinical applications include early detection of cancer, identification of patients
with a high risk for disease progression after curative surgery, monitoring for disease progression in
the context of cancer therapies, and discovery of mechanisms of resistance to therapy.

Abstract: Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide. It is a
heterogeneous tumor with a wide genomic instability, leading to tumor recurrence, distant metastasis,
and therapy resistance. Therefore, adjunct non-invasive tools are urgently needed to help the current
classical staging systems for more accurate prognostication and guiding personalized therapy. In
recent decades, there has been an increasing interest in the diagnostic, prognostic, and predictive
value of circulating cancer-derived material in CRC. Liquid biopsies provide direct non-invasive
access to tumor material, which is shed into the circulation; this enables the analysis of circulating
tumor cells (CTC) and genomic components such as circulating free DNA (cfDNA), which could
provide the key for personalized therapy. Liquid biopsy (LB) allows for the identification of patients
with a high risk for disease progression after curative surgery, as well as longitudinal monitoring
for disease progression and therapy response. Here, we will review the most recent studies on CRC,
demonstrating the clinical potential and utility of CTCs and ctDNA. We will discuss some of the
advantages and limitations of LBs and the future perspectives in the field of CRC management.

Keywords: colorectal cancer; liquid biopsy; biomarker

1. Introduction

Colorectal cancer (CRC) is the 4th leading cause of cancer-related death worldwide [1].
It is expected that the global burden of CRC will increase by 60% by 2030 making CRC a
major global health problem [2].

In recent decades, there has been remarkable progress in the management of CRC.
Starting with the implementation of national screening programs for the early detection
of CRC [3], as well as the improvement of the surgical technique with the introduction
of total mesorectal excision for rectal cancer and complete mesocolic excision for colon
cancer, where sharp dissection along the embryological planes increases lymph node yields,
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subsequently improving staging and survival [4,5]. In addition, different neoadjuvant
and adjuvant biological, chemotherapeutic, and radiotherapeutic strategies have been
developed in the last two decades to improve survival and overall outcome in patients with
CRC. The goal of these strategies is not only to reach resectability but also to increase local
and systemic tumor control [6]. However, the overall outcome is still limited; currently, the
overall 5-year survival is 65% [1,7]. Tumor recurrence or formation of distant metastases
still occurs in 20% of the patients despite proper treatment and is the leading cause of death
in these patients [8].

It is well known that the prognosis of CRC is dependent on the tumor stage at
diagnosis. The most common used system for tumor classification is the AJCC TNM
staging system, which uses anatomical parameters to discriminate patients into different
groups with variable survival outcomes [9]. However, CRC is a very heterogeneous disease
in respect to the clinical and tumor-related features, resulting in overwhelming differences
in the course of disease and treatment responses. These differences in CRC complicate
prognostication and guidance for optimal timing and treatment selection at an individual
level [10]. Therefore, new non-invasive biomarkers are needed to personalize therapies
and to prevent both under and overtreatment of CRC patients.

More than 10 years ago, the term liquid biopsy (LB) has been introduced by Pantel
and Alix-Panabieres [11] as a minimally invasive way for tissue sampling, which allows for
analysis of tumor cells or tumor cell products (e.g., cell-free circulating nucleic acids (ctDNA,
cfRNA), extracellular vesicles, or proteins) released from primary or metastatic tumor
lesions into blood or other body fluids [12]. Here, we discuss recently published reports
on CTCs and ctDNA (within the last five years) because these are the most prominent LB
markers [12], and we restricted our review to studies in patients with colorectal carcinoma
as one of the most common solid tumors worldwide [13]. Following a brief introduction of
CTC and ctDNA technologies, we will focus on the current clinical applications of these
biomarkers, including early detection, risk assessment, and monitoring of cancer therapies.

2. Technologies for CTC and ctDNA Analyses

Before discussing the clinical applications, we would like to give a brief overview of
the methods used for the enumeration and characterization of CTCs and ctDNA.

2.1. CTCs

Working with CTCs includes the following three analytical steps: enrichment, detec-
tion, and analysis. Enrichment includes label-dependent approaches based on antibodies
used for positive or negative enrichment of CTCs as well as label-independent technologies
(e.g., size exclusion by microfiltration, in which blood is passed through filters with small
pores or microfluidic chips calibrated to capture CTCs). Effective enrichment exploits
differences between tumor cells and normal blood cells, such as differential expression of
tumor-associated cell surface proteins (e.g., EpCAM, mucin-1, HER2, or epithelial growth
factor receptor (EGFR)) or distinct physical properties (e.g., larger size or reduced deforma-
bility) of tumor cells [14]. In contrast, negative enrichment approaches enrich CTCs by the
depletion of normal blood cells that are removed by antibodies against antigens expressed
on leukocytes or circulating endothelial cells [15]. Besides the capture of single tumor cells,
CTC clusters have attracted recent attention [13,16].

CTCs can be identified by the use of specific tumor-associated or tissue-specific pro-
teins such as keratins in patients with carcinomas. However, keratins (and other epithelial
markers) can be downregulated or lost during an epithelial-mesenchymal transition (EMT)
of the tumor cells, which can lead to false-negative findings [17]. Therefore, new markers
are being sought out that are neither downregulated during EMT nor expressed on normal
blood cells.

In the last decade, individual CTCs or CTC clusters could be analyzed downstream
at the DNA, RNA, or protein level. Separation of individual CTCs can be achieved by
manual micromanipulation or automated DEP array technology, but usually, a sufficiently
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high initial CTC concentration is required [18]. The whole genome amplification (WGA)
method has been used to perform DNA analysis on a single cell level to generate a sufficient
amount of DNA for subsequent sequencing analysis. However, WGA causes bias; thus, new
methods avoiding WGA are currently being developed. In addition to RNA sequencing,
multiplex real-time polymerase chain reaction can already provide some insights into the
heterogeneity of CTCs [19]. In addition to protein-level analysis using immunostaining,
new multiplex proteomics approaches are under development.

In addition to descriptive methods, there are functional CTC analyses, such as
epithelial immune SPOT, which is based on the measurement of secreted proteins by
live CTCs after short-term culture. In patients with extremely high numbers of CTCs
(usually > 100/mL of blood), the functional properties of CTCs can be further investigated
by establishing long-term cell cultures/cell lines or CTC-derived xenograft models [20,21].
These models provide unique insights into the functional properties of CTCs but the suc-
cess rate of establishing these models needs to be improved to use them for drug screening
in clinical trials or decision making for individual patients in advanced disease stages.

2.2. ctDNA

Circulating free DNA (cfDNA) is released by both normal and tumor cells to the blood
circulation mainly through cellular necrosis and apoptosis but active secretion through
EVs may also play a role [22]. cfDNA consists mostly of 166 bp, which is consistent with
the length of a DNA fragment wrapped around a nucleosome. In cancer patients, a small
portion of cfDNA (usually 0.01–5%) is shed into the blood by tumor cells; this is called
ctDNA (ctDNA, which is shed from tumor cells, represents a small portion of cfDNA
(usually 0.01–5%)) [14]. ctDNA is cleared soon after entering the circulation due to its short
half-life of two hours, allowing for non-invasive real-time tumor monitoring [23,24]. The
molecular biological analysis allows for the identification and characterization of ctDNA.
The following paragraph briefly delineates the types of ctDNA analyses depending on the
objective of the planned investigation.

Plasma DNA can be analyzed by approaches targeting specific tumor-associated
genes (e.g., mutations in the EGFR gene in non-small cell lung carcinoma (NSCLC)) or non-
targeted screening approaches such as array CGH, whole-genome sequencing, or exome
sequencing) [25,26]. In general, targeted approaches have higher analytical sensitivity
than non-targeted approaches, but there are strong efforts to improve the detection limits
of non-targeted approaches [27,28]. Ultrasensitive methods have been developed for the
detection of minute amounts of 0.01% or less ctDNA in blood plasma (e.g., DELPHI,
BEAMing Safe-SeqS, TamSeq, CAPP-Seq, and digital PCR) [12,29]. In addition to mutation
analysis, reliable assays for assessing epigenetic changes such as DNA methylation have
been developed in recent years for blood testing in several types of solid tumors including
CRC [30–32].

3. Clinical Applications of Circulating Tumor Cells (CTCs)

CTCs have the potential to extravasate and seed metastases in distant organs, which
is the most common reason for cancer-related death in CRC and other solid tumors. CTC
analysis has the potential to be used as a biomarker for tumor detection, prognostication,
therapy monitoring, and to tailor appropriate individualized treatments (Figure 1). The
following chapter illustrates the latest developments of CTC-based clinical studies in
CRC [33].
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Figure 1. Clinical applications of liquid biopsies. Clinical hallmark applications of liquid biopsy
(LB): (1) screening and early cancer detection, (2) therapeutic targeting, (3) staging and prognosis,
and (4) monitoring of therapy. LB allows for the portrayal of the entire disease by using blood-
based tumor-specific biomarkers, such as circulating tumor cells (CTCs) and circulating tumor DNA
(ctDNA) released from all metastatic or primary tumor sites to provide comprehensive and real-time
information on tumor cell evolution, therapeutic targets, and mechanisms of resistance to therapy.

3.1. Early Detection of Cancer

The ideal screening tool should be reproducible and efficient with high sensitivity
and specificity. The detection of CTCs in CRC is still infrequent and limited. According
to Bork et al., the detection of CTCs in nodal negative CRC (UICC stage I–II) is as low as
9% [34,35]. In another study, the detection of CTCs using Cellsearch® in CRC (UICC stage
I–IV) was 45% [26]. Therefore, the utility of CTC-based screening using Cellsearch® is still
rather challenging and still not applicable (Table 1).
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In 2018, Tsai et al. reported for the first time that CTCs could be used for early
cancer detection. This prospective study was conducted on 620 subjects including 438 with
precancerous lesions or CRC (UICC stage I–IV) and 182 healthy controls. CTC detection was
performed using the Cellmax platform, which uses a microfluidic anti-EpCAM-antibody-
coated biochip. In precancerous lesions, CTCs showed a sensitivity of 76.6%, a specificity
of 97.3%, and an area under the curve (AUC) of 0.84. In patients with CRC, CTC showed
a sensitivity of 86.9%, specificity of 97.3%, and AUC of 0.88 [42]. Despite the promising
results, larger validation studies are needed before the implementation of CTC-based
screening using Cellmax in CRC.

3.2. Prediction of Treatment Response and Survival

Mesenteric venous blood compartments of patients with CRC harbor more CTCs than
the peripheral blood, which might be explained by the fact that viable CTCs can home
to the liver, frequently leading to liver metastasis in CRC [43]. In advanced CRC, several
studies have shown that CTC count before and during treatment predicts PFS and OS and
provides additional information beyond CT imaging [44–46], whereas surgical resection
of metastases immediately lowers CTC levels [47]. Patients with elevated CTC count,
even when classified as responders by CT imaging, showed significantly shorter survival
(Table 1) [35].

In patients who underwent curative resection (stage III) followed by FOLFOX chemother-
apy, CTC count predicted relapse after chemotherapy [48]. In nonmetastatic CRC, preopera-
tive CTC detection is an independent prognostic marker [34], and CTC count correlated
with reduced DFS [49]. Thus, CTC detection could help select high-risk stage II CRC
candidates for adjuvant chemotherapy [50,51]. Interventional studies are now needed to
assess whether stage II patients with CTCs benefit from chemotherapy. Recently, Aranda
et al. evaluated whether CTC counts may be a useful non-invasive biomarker to assist
with the selection of patients for intensive therapy with FOLFOXIRI-bevacizumab. This
combination is more effective than FOLOFOX plus bevacizumab but is not widely used
because of concerns about toxicity and so far a lack of predictive biomarkers. In their phase
III study in patients with previously untreated, unresectable metastatic CRC, Aranda et al.
found that first-line FOLFOXIRI-bevacizumab significantly improved PFS compared with
FOLFOX-bevacizumab in patients with metastatic CRC who presented with ≥3 CTCs at
baseline [52].

Thus, CTC enumeration can contribute to the identification of a high-risk group of
CRC patients who might profit from more intense therapy.

3.3. Molecular and Functional Characterization of CTCs

KRAS, BRAF, and PIK3CA mutations are important determinants of CRC patients’
response to targeted therapies. For example, blocking EGFR signaling by an antibody
therapy in CRC is inefficient in patients with mutated KRAS tumors, which provide
a stimulatory signal downstream of EGFR. In-depth analysis of individual CTCs from
patients with CRC revealed the striking heterogeneity of KRAS status within and between
patients [53,54], and the occurrence and concordance of these mutations in metastatic
CRC may vary between primary tumors, CTCs, and metastatic tumors [54–56]. When
KRAS mutations in CTCs from patients with metastatic CRC were examined throughout
disease progression and compared with their corresponding primary tumors, CTCs had
different KRAS mutations during treatment [57]. Thus, CTCs are promising markers for
evaluating and predicting treatment response in patients with rectal cancer superior to
carcinoembryonic antigen [58]. Liquid biopsy analyses might also lead to the discovery
of new targets. For example, the comparative analyses of blood from healthy controls,
patients with polyps and adenomas, and cancer patients revealed that lncRNA SNHG11
might serve as a novel therapeutic target in CRC [59].

Among cancer therapies, the new era of immunotherapy has opened new avenues for
the treatment of cancer patients; although, the benefits for CRC patients are still limited,
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which might—among other reasons—result also from a lack of appropriate predictive
markers. Changes in the composition of immune cells in the tumor lesion may also
affect the release of CTC into the blood. Microsatellite instability in CRC is a marker
of immunogenicity and is associated with an increased abundance of tumor-infiltrating
lymphocytes. Recently, Toh et al. found that microsatellite instability was associated with
an increase in CTC numbers intra-operatively and post-operatively when combining data
for all stage I–III CRC patients [60].

Functional CTC analysis using cell lines and xenograft models may also help to
find appropriate targets or pathways for therapeutic intervention. Recent study results
by Smit et al. showed that the PI3K/AKT/mTOR signaling pathway plays a key role
in the proliferation of metastatic CRC [61]. They investigated a functional role of this
pathway in a metastatic CRC cell line called CTC-MCC-41 and suggested that therapies
targeting AKT and mTOR could be beneficial for targeting CTCs in CRC and possibly
other tumor types [61]. Functional CRC models also provide a unique opportunity to
study the biology of CTCs. In CRC, hierarchical organization is maintained during disease
progression, and functional cancer stem cells are marked by Lgr5 expression. Fumagalli
et al. aimed to investigate the cell of origin of metastases in CRC by using a mouse model
of CRC and human tumor xenografts. Given that most disseminating cells were Lgr5−
and could initiate metastatic growth, this leads to the assumption that the majority of
metastases are seeded by Lgr5− cancer cells. Furthermore, the appearance of Lgr5+ CSCs
is indispensable for the outgrowth of metastases founded by Lgr5− cancer cells. Their data
indicate that besides targeting CSC and the CSC inducing niche, there is also a need to
co-target endogenous cellular plasticity to inactivate any potential seeds of metastasis [62].

4. Clinical Applications of Circulating Cell-Free DNA

The quantity of ctDNA varies among individual patients and depends on the type
and location of the primary or metastatic tumor lesion and the stage of the disease. The
implementation of ctDNA in clinical practice holds great potential for early detection and
personalized medicine in CRC [33,59]. The following chapter illustrates the latest clinical
developments of using ctDNA as a biomarker in patients with CRC.

4.1. Early Detection of Cancer

ctDNA measurements hold promise for early detection in CRC and offer the possibility
to address the heterogeneity of the tumor (Figure 1).

To encompass tumor heterogeneity, a complex blood test based on the detection of
more than 1000 mutations in 16 cancer genes was combined with the measurement of eight
tumor-associated blood plasma proteins. The so-called CancerSEEK-Test can detect CRC
through assessment of the levels of circulating proteins and mutations in cell-free DNA
and reached a sensitivity of more than 60% for CRC detection. The advantages of this test
are the non-invasive screening by blood sampling (versus colonoscopy) and the low cost
compared to the approved tests [63].

There is also a potential use of ctDNA methylation markers for early diagnosis of CRC.
Luo et al. determine that a single ctDNA methylation marker, cg10673833, could yield
high sensitivity (89.7%) and specificity (86.8%) for the detection of CRC and precancerous
lesions in a high-risk population of 1493 participants in a prospective cohort study, which
underlines the value of ctDNA methylation markers in the diagnosis, surveillance, and
prognosis of CRC [31].

Future large-scale studies have to demonstrate that the ctDNA blood tests will add
important information or easier acceptance by the individuals at risk than the established
CRC screening tests including improved stool tests for occult blood and colonoscopy.

4.2. Assessment of Tumor Evolution towards Resistance to Therapy

The development of individualized treatment strategies might also profit from ctDNA
analyses, in particular with regard to a better molecular understanding of resistance to
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therapy through ctDNA monitoring [64]. Despite a high degree of concordance between
the mutational status of KRAS in tumor tissue and ctDNA [65,66], ctDNA can sometimes
harbor KRAS mutations that are not detected in the primary lesion [25]. Sequential ctDNA
analysis during EGFR inhibition has shown that KRAS and NRAS mutations can emerge
rapidly due to the selective pressure exerted by targeted therapy [67]. Interestingly, the
emerging population of KRAS-mutated subclones was able to decline after discontinuation
of anti-EGFR therapy [67], indicating the potential to guide “cyclic therapy” characterized
by sequential discontinuation and reintroduction of EGFR inhibitors based on ctDNA
analyses. Patient-specific ctDNA assays can be developed through mutational analyses
of primary tumors [68]. In addition, ctDNA analyses also helped to distinguish recurrent
CRC from a second primary tumor [68].

ctDNA blood analysis can be complemented by tissue DNA analysis in case of a
LB-negative result, which saves LB-positive patients from the unnecessary side effects
of needle biopsies, and this strategy also appears to be a cost saving, in particular in the
context of monitoring resistance to anti-EGFR-targeted therapies [69]. ctDNA genotyp-
ing has the potential to accelerate innovation in precision medicine and its delivery to
individual patients. By evaluating the utility of ctDNA genotyping, Nakamura et al. en-
rolled 1687 patients with advanced gastrointestinal cancer and showed a significant shorter
screening duration for patients undergoing ctDNA genotyping, which had a positive ef-
fect on trial enrollment without negative effects on treatment efficacy compared to tissue
genotyping. Moreover, new candidates for potential clinical development were discovered
through in-depth analysis of the ctDNA profiles [70].

4.3. Early Detection of Molecular Relapse by ctDNA Surveillance

Surveillance of ctDNA concentrations by sequential blood testing following the initial
treatment (e.g., surgery, radiation, or (neo)adjuvant therapy) is another important clinical
application of LB [71]. LB in early-stage, non-metastatic CRC must be sensitive enough
to detect extremely low ctDNA levels. This challenge has been met by combining next-
generation sequencing (NGS) and digital PCR (dPCR) to detect ctDNAs in non-metastatic
CRC patients (n = 39); the NGS/dPCR test reached a sensitivity of 63.6% when combined
with circulating carcinoembryonic antigen protein measurements [72]. ctDNA responders
could be identified by monitoring ctDNA levels before and during chemotherapy including
1046 plasma samples from 230 patients with stage II colon cancer [73]. ctDNA analyzed by
NGS was revealed post-surgery in 14 (7.9%) of 178 patients who did not receive adjuvant
chemotherapy. Twenty-seven months later, ctDNA-positive patients had higher recurrence
rates than ctDNA-negative patients, and a similar prognostic value was observed after
completion of adjuvant chemotherapy [73].

Furthermore, ctDNA also identified patients at risk of developing metastases during
neoadjuvant therapy and post-surgery. In the study of Khakoo et al., ctDNA detection
rates were 74% (n = 35/47) before treatment, 21% (n = 10/47) at mid chemoradiotherapy
(CRT), 21% (n = 10/47) after completing CRT, and 13% (n = 3/23) after surgery. Following
26.4 months of observation, ctDNA-positive patients had an unfavorable metastases-free
survival [HR 7.1; 95% confidence interval (CI), 2.4–21.5; p < 0.001], as compared to ctDNA-
negative patients [74]. In addition, a prospective multicenter trial that recruited 106 patients
with locally advanced rectal cancer for treatment with nCRT followed by surgery ctDNA
suggested that the median variant allele frequency of baseline ctDNA and ctDNA positivity
at all four time points (baseline, during neoadjuvant CRT, pre-surgery, and post-surgery) is
also a strong independent predictor of metastasis-free survival (p < 0.05) [75].

Taken together, these findings lead to the conclusion that ctDNA monitoring identified
patients at risk of developing metastases during the neoadjuvant period and after surgery
in CRC patients.
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5. Conclusions and Perspectives

This review illustrates the latest developments in clinical applications of CTC and
ctDNA as LB markers in CRC. LB enables the development of new methods for the early
detection of primary cancer or minimal residual disease (MRD), monitoring the efficacy
of cancer therapies, and determining therapeutic targets and resistance mechanisms to
tailor therapy to the specific needs of an individual patient. Significant progress has been
made in developing technologies to detect blood-based tumor-specific biomarkers, such as
CTCs and ctDNA, and in developing downstream analyses of CTCs and ctDNA to provide
new information about natural or therapy-induced tumor evolution in cancer patients. In
addition, new members of the LB marker family include extracellular vesicles (EVs) [76],
microRNAs [77], and tumor-derived platelets [78]. The newest findings have shown that
miRNAs play an important role in many signal pathways. Dysregulated expression of
several miRNA expressions is associated with a higher malignant potential and poor
clinical response to therapy, and analysis of specific miRNA expression patterns can be
used to predict chemotherapy efficacy [79–81]. miRNAs can also be detected in CTCs and
contribute to a better understanding of the biology and clinical value of these cells [82].
Besides miRNA, increasing evidence has confirmed that EVs play a significant role in
intercellular communication in CRC. EVs enable tumor communication and manipulation
between tumor cells and the host immune system or the tumor microenvironment and
can be induced by various cell signals such as hypoxia [83,84]. Both EVs and circulating
miRNAs have great potential as biomarkers in cancer patients including CRC [77,78].
Besides tumor-derived cells and products, the peripheral blood is also a pool of host-
derived cells (e.g., circulating immune cells, endothelial cells or fibroblasts) and cellular
products (e.g., EVs from immune cells that may affect the immune response) [83]. Future
studies on the interaction between CTCs and host cells might provide further insights
into tumor biology with potential implications for the discovery of new prognostic and
predictive biomarkers.

Immune checkpoint inhibition therapy has opened a new therapeutic avenue in oncol-
ogy. However, only a fraction of patients will benefit so far from harnessing the immune
response through the application of antibodies to inhibition checkpoint such as PDL1
or PD1, but the discovery of new checkpoints such as TGIT will offer new opportuni-
ties [85]. The utility of liquid biomarkers such as CTCs and ctDNA as prognostic and in
particular predictive markers in the context of immunotherapies in solid tumors including
gastrointestinal cancers have been recently reviewed in detail [86]. While ctDNA offers the
possibility to determine the tumor mutational burden as potential (but still debated) pre-
dictive factor, CTC analysis can enlarge the spectrum by the detection of proteins relevant
for the immune response such as MHC antigens or PDL1 on tumor cells responsible for the
recognition or activation of T cells [87]. Interestingly, the expression of carcinoembryonic
antigen and telomerase reverse transcriptase in CTCs predicted an unfavorable response to
nivolumab, a PD1 inhibiting antibody [87].

To implement LB into clinical practice, harmonized protocols need to be developed.
In this context, the EU-based CANCER-ID consortium has recently validated pre-analytical
and analytical conditions of LB assays for CTCs [88], ctDNA [82], and microRNAs [83].
The activities of CANCER-ID are sustained by the new consortium designated European
Society for LB (ELBS, www.elbs.eu, accessed on 4 September 2021), which is part of the
International Alliance for LB Standardization [84].

Most importantly, the clinical utility of standardized LB assays needs to be proven
in future interventional clinical trials. Previous studies have shown that CTC and ctDNA
detection at the time of CRC diagnosis defines a subgroup of stage II patients at higher risk
to develop relapse; however, it remains to be seen if these patients will benefit from more
aggressive therapy. As another example, postoperative LB surveillance has been shown to
be able to detect early molecular relapse many months before radiological imaging, but the
key question is whether an earlier intervention based on the LB result leads to a survival
benefit for CRC patients. Clinical trials addressing these (and other) relevant questions will
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open new avenues for introducing LB into future guidelines for the personalized treatment
of CRC patients.
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cfDNA circulating free DNA
CI confidence interval
ctDNA circulating tumor-derived DNA
CTC circulating tumor cell
CRC colorectal cancer
CRT chemoradiotherapy
DEP dielectrophoresis
DFS disease-free survival
EGFR epithelial growth factor receptor
EMT epithelial-mesenchymal transition
EpCAM epithelial cell adhesion molecule
EPISPOT epithelial immune SPOT
EV extracellular vesicle
FOLFOX folinic acid, fluorouracil and oxaliplatin
FOLFOXIRI fluorouracil, folinate, oxaliplatin, and irinotecan
HR hazard ratio
HER2 human epidermal growth factor receptor 2
LB liquid biopsy
MRD minimal residual disease
mRNA messenger RNA mRNA
NGS next generation sequencing NSCLC, non-small cell lung carcinoma
OS overall survival
PFS progression-free survival
rtPCR real-time polymerase chain reaction
tDNA tumor DNAs
WGA whole genome amplification
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Simple Summary: The analysis of circulating tumor cells (CTCs) as a “real-time liquid biopsy” in
epithelial tumors for personalized medicine has received tremendous attention over the past years,
with important clinical implications. In metastatic colorectal cancer (mCRC), the CellSearch® system
has already demonstrated its prognostic value and interest in monitoring treatment response, but
the number of recovered CTCs remains low. In this article, we evaluate the early prognostic and
predictive value of viable CTCs in patients with mCRC treated with FOLFIRI–bevacizumab with
an alternative approach, the functional EPISPOT assay. This study shows that viable CTCs can be
detected in patients with mCRC before and during FOLFIRI–bevacizumab treatment and that CTC
detection at D28 and the D0–D28 CTC kinetics evaluated with the EPISPOT assay are associated with
response to treatment.

Abstract: Background: Circulating tumor cells (CTCs) allow the real-time monitoring of tumor
course and treatment response. This prospective multicenter study evaluates and compares the early
predictive value of CTC enumeration with EPISPOT, a functional assay that detects only viable CTCs,
and with the CellSearch® system in patients with metastatic colorectal cancer (mCRC). Methods:
Treatment-naive patients with mCRC and measurable disease (RECIST criteria 1.1) received FOLFIRI–
bevacizumab until progression or unacceptable toxicity. CTCs in peripheral blood were enumerated
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at D0, D14, D28, D42, and D56 (EPISPOT assay) and at D0 and D28 (CellSearch® system). Progression-
free survival (PFS) and overall survival (OS) were assessed with the Kaplan–Meier method and
log-rank test. Results: With the EPISPOT assay, at least 1 viable CTC was detected in 21% (D0), 15%
(D14), 12% (D28), 10% (D42), and 12% (D56) of 155 patients. PFS and OS were shorter in patients who
remained positive, with viable CTCs between D0 and D28 compared with the other patients (PFS =
7.36 vs. 9.43 months, p = 0.0161 and OS = 25.99 vs. 13.83 months, p = 0.0178). The prognostic and
predictive values of ≥3 CTCs (CellSearch® system) were confirmed. Conclusions: CTC detection
at D28 and the D0–D28 CTC dynamics evaluated with the EPISPOT assay were associated with
outcomes and may predict response to treatment.

Keywords: circulating tumor cells; colorectal cancer; EPISPOT assay; CellSearch® system; predic-
tive value

1. Introduction

In western countries, colorectal cancer (CRC) is one of the most frequently diagnosed
cancers and a leading cause of cancer death. In Europe, an estimated 499,700 new cases
occurred in 2018, and 242,500 patients died of CRC in the same year [1].

CRC’s high mortality rate is due to the development of distant unresectable metastases
in more than 50% of patients at some point during the disease course [2]. In this setting, the
current guidelines recommend the use of cytotoxic chemotherapy regimens that combine
fluoropyrimidine with oxaliplatin or irinotecan and a targeted agent (bevacizumab or
cetuximab/panitumumab) as first-line standard-of-care therapy, [3–5]. Although the RAS
oncogene’s mutational status is an unquestionable marker to select patients who are
unlikely to benefit from EGFR antibody therapy [6,7], robust biomarkers for predicting
outcome and early treatment response are still lacking, especially for bevacizumab-based
regimens [8].

The “liquid biopsy” has been introduced for the analysis of circulating tumor cells
(CTCs) in the blood of patients with solid cancers, and many clinical trials have focused on
this new approach for precision medicine over the past decade [9]. Specifically, the most
aggressive tumor cells are actively released by the tumor and/or metastases in body flu-
ids [10]. They can be isolated from peripheral blood and were the first “liquid biopsy” com-
ponent investigated as a biomarker in many cancer types [9]. In metastatic CRC, the CTC
prognostic value has been clinically validated using the FDA-cleared CellSearch® system
(www.cellsearchctc.com, accessed on 21 May 2021). Briefly, three large prospective studies
demonstrated that patients with ≥3 CTCs before chemotherapy have shorter progression-
free (PFS) and overall survival (OS) [10–12]. They also found that the CTC number remains
a strong prognostic factor after a few treatment cycles and might also help monitor the treat-
ment response. In these studies, most patients received the fluoropyrimidine–oxaliplatin
combination and bevacizumab as first-line treatment. With the CellSearch® system, CTC
capture is based on immunoselection using antibodies against the epithelial cell surface
adhesion molecule (EpCAM) [13]. However, CTCs are phenotypically heterogeneous,
and some may not express epithelial markers anymore or weakly, especially if they have
undergone an epithelial-to-mesenchymal transition [14,15]. Consequently, these subpopu-
lations might not be detected by the CellSearch® system, underlining the need to develop
alternative approaches to improve CTC enrichment.

In this context, we developed a functional assay called the Epithelial ImmunoSPOT
assay (EPISPOT) that selects viable CTCs based on the detection of specific secreted tumor-
associated proteins. Therefore, EPISPOT enumerates only viable CTCs, irrespective of
EpCAM expression, because this innovative technology is always combined with depletion
of leukocytes [16]. Using cytokeratin-19 (CK19) as the released protein to detect CTCs
in the bloodstream, we have already validated the prognostic value of functional CTCs
in a prospective study with more than 250 patients with metastatic breast cancer. We
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found that functional CTCs are correlated with OS and could be used in combination
with the CTCs detected by the CellSearch® system to refine the prognostic stratification of
these patients [17]. Moreover, in non-metastatic CRC, the CK19-EPISPOT assay detected
more CTCs than the CellSearch® system in peripheral and mesenteric blood samples from
patients with treatment-naïve tumors [18].

Therefore, we carried out a prospective study, called COLOSPOT, on patients with
untreated metastatic CRC, about to receive FOLFIRI (folinic acid, fluorouracil, and irinote-
can) and bevacizumab as first-line therapy, to further investigate the clinical utility of
viable CTCs detected with the CK19-EPISPOT assay. The objectives were to assess the
prognostic and early predictive values of viable CTC enumeration and their dynamics
during treatment using the CK19-EPISPOT assay and to compare the CTC detection of the
CK19-EPISPOT assay and the CellSearch® system (the gold standard).

2. Materials and Methods

2.1. Study Design

We carried out a multicenter prospective study named “COLOSPOT” (ClinicalTri-
als.gov: NCT01596790) in 11 medical centers in France. The human investigations were
performed after approval by the human investigation committee Sud Méditerranée III
(Ref: 2011.11.01). Patients with untreated metastatic colorectal adenocarcinoma, with mea-
surable disease according to Response Evaluation Criteria in Solid Tumors (RECIST) 1.1,
who started first-line systemic therapy with FOLFIRI–bevacizumab were eligible. Other
inclusion criteria were: patients older than 18 years and an Eastern Cooperative Oncology
Group (ECOG) performance status (PS) score of 0 to 2. Chemotherapy was continued
until disease progression, unacceptable toxicity, or patient/investigator’s decision. Tumor
response was assessed every 8 weeks during the first year of treatment and every 3 months
thereafter until disease progression or for a maximum period of 2 years. Tumor response
was evaluated using contrast-enhanced chest–abdomen–pelvis computed tomography
images and the RECIST 1.1 criteria. All patients gave their written informed consent
before inclusion.

For CTC enumeration, peripheral blood samples were drawn just before and during
therapy, as follows: for the EPISPOT assay, 15 mL of blood was collected in EDTA tubes at
baseline (D0) and at day 14 (D14), day 28 (D28), day 42 (D42) and day 56 (D56) after treatment
initiation. For the CellSearch system, 10 mL of peripheral blood was collected in CellSave
tubes (Silicon Biosystems-Menarini) at D0 and D28, based on the data previously reported
by Cohen et al., showing that the conversion of baseline unfavorable (≥3 CTCs/7.5 mL of
blood) to favorable (<3 CTCs/7.5 mL of blood) CTC profiles at 3–5 weeks is associated with
significantly longer PFS and OS [10]. All blood samples were sent to LCCRH–Montpellier,
where all the CTC detection experiments were processed.

2.2. CTC Isolation and Enumeration

All CK19-EPISPOT assays were performed at LCCRH–Montpellier. The detailed
procedure of the EPISPOT assay has been previously described [16]. Briefly, within 24 h
after blood collection, leukocytes were depleted with RosetteSep CTC enrichment cocktails
(#15167) from Stemcell Technologies. Then, the enriched fraction was frozen in liquid
nitrogen (90% fetal calf serum + 10% DMSO) and unfrozen when all samples from the same
patient were obtained. The idea was to run a single CK19-EPISPOT experiment per patient,
avoiding inter-assay variation during the follow-up. Enriched cells were cultured in 96-
well plates (MAIPN4550, Milipore, Darmstadt, Germany), precoated with an anti-CK19
antibody (Ks19.1, Progen, Heidelberg, Germany), to capture CK19-releasing CTCs. After
48 h, wells were washed to remove cells, and CK19 molecules captured by the coating
antibody were detected with a second anti-CK19 antibody (Ks19.2, Progen) conjugated to
the AlexaFluor 555 fluorochrome. Single fluorescent CK19 immunospots were counted
under a fluorescent microscope equipped with a camera and computer-assisted analysis
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(KS ELISPOT, Carl Zeiss Vision, Oberkochen, Germany). Results were expressed as the
number of cells per 15 mL of blood.

All CellSearch® analyses were performed within 96 h after blood collection using the
CellSearch® CTC kit (7900001, Silicon Biosystem, Menarini, Bologna, Italy), according to
the manufacturer’s instructions. This method enriches CTCs via positive selection with
magnetic beads coated with anti-EpCAM antibodies, followed by immunofluorescence-
based detection. CTCs are Pan-CK(+), DAPI(+), and CD45(−). Results are expressed as the
number of cells per 7.5 mL of blood.

2.3. Statistical Analyses

Data were summarized with medians and ranges for continuous variables and fre-
quency for categorical variables. Fischer’s exact test was used to study the correlation
between CTC detection and clinical–pathological characteristics. Concordance between
technologies was assessed at D0 and D28 by calculating the intraclass correlation coefficient.

PFS and OS were analyzed with the Kaplan–Meier method. Survival curves were
compared with the non-parametric log-rank test (p ≤ 0.05 was considered significant). PFS
was defined as the elapsed time from blood collection to disease progression or death from
any cause. Patients who began a second-line treatment without disease progression were
censored at the date of treatment switch. OS was defined as the elapsed time from blood
collection to death from any cause.

Univariate and multivariate Cox proportional hazards regression models were used
to obtain the unadjusted and fully adjusted hazard ratios (HRs) and 95% confidence
intervals (CIs).

Statistical analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC, USA).

3. Results

3.1. Clinical and Tumor Characteristics

Between April 2012 and September 2016, 168 patients were enrolled in the study,
among whom 155 met the inclusion and exclusion criteria and were assessable. The
number of patients included at each stage of the analysis and the reasons for exclusion are
summarized in the study flowchart (Figure 1).

Figure 1. Study flowchart showing the number of included patients and the number of patients in whom CTCs could be
assessed in peripheral blood samples at different time points before (D0) and during treatment (EPISPOT: D14, D28, D42,
D56; CellSearch®: D28). Abbreviations: N, number; D, day.
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The patient and tumor characteristics are summarized in Table S1. At the time of the fi-
nal analysis (July 2019), the median follow-up was 24.5 months (range, 0.99–75.04 months),
and the median PFS and OS were 9.4 (95% CI, 8.1–10.2 months) and 26.2 months (95% CI,
21.3–29.8 months), respectively.

3.2. CTC Prevalence at Different Time Points and Correlation with Baseline Characteristics

Table S2 summarizes the results obtained with the CK19-EPISPOT and CellSearch®

assays at different time points. With the EPISPOT assay, 32/152 (21%) patients had
≥1 CTC/sample and 18/152 had ≥2 CTCs/sample (11.8%) at D0. During treatment, the
number of patients with at least 1 CTC decreased to 15.4% at D14, 12.3% at D28, 9.6% at D42,
and 11.5% at D56. According to the CellSearch® assay, 59/150 (39.3%) and 13/138 (9.4%)
patients had ≥3 CTCs/sample at D0 and D28, respectively.

The concordance between methods was low, as indicated by the Cohen K coefficient
of 0.23 (p = 0.002) and 0.34 (p ≤ 0.0001) at D0 and D28, respectively.

Only CTCs detected with the CellSearch® system at D0 (≥3) correlated significantly
with some biological and clinical characteristics. Baseline performance status was worse
and more patients had synchronous metastases, liver involvement, and abnormal CEA
levels in the group with ≥3 CTCs/sample than in the group with <3 CTCs/sample at D0
(Table 1).

Table 1. Patient characteristics and correlation with CTC number. CTCs were detected with two methods: CK19-EPISPOT
and CellSearch®.

Parameters
EPISPOT (n = 152) CellSearch® (n = 150)

≥1 <1 p-Value (Fisher) ≥3 <3 p-Value (Fisher)

Age
<70 years 21 (66%) 77 (64%) 1 42 (71%) 55 (61%) 0.22
≥70 years 11 (34%) 43 (36%) 17 (29%) 36 (39%)

Sex
Men 23 (72%) 73 (61% 0.31 35 (59%) 58 (64%) 0.61

Women 9 (28%) 47 (39%) 24 (41%) 33 (36%)
Baseline ECOG PS

score
0 15 (47%) 67 (57%) 0.32 22 (39%) 59 (66%) 0.0021

1–2 17 (53%) 50 (43%) 35 (61%) 31 (34%)
CRC localization

Right 11 (37%) 39 (32%) 0.67 21 (37%) 29 (32%) 0.59
Left 19 (63%) 81 (68%) 36 (63%) 62 (68%)

Metastases
Synchronous 23 (74%) 77 (65%) 0.40 48 (83%) 50 (57%) 0.0012

Metachronous 8 (26%) 41 (35%) 10 (17%) 38 (43%)
Nb of organs with

metastases
1 14 (45%) 47 (39%) 0.55 21 (36%) 39 (43%) 0.49

>1 17 (55%) 73 (61%) 37 (64%) 51 (57%)
Liver metastases

Yes 26 (84%) 97 (81%) 0.80 54 (93%) 66 (73%) 0.0025
No 5 (16%) 23 (19%) 4 (7%) 24 (27%)

RAS status
Wild type 10 (38%) 30 (31%) 0.49 13 (29%) 26 (34%) 0.69

Mutant 16 (62%) 66 (69%) 32 (71%) 50 (66%)
B-RAF status

Wild type 28 (97%) 92 (92%) 0.68 46(92%) 74(95%) 0.71
Mutant 1 (3%) 8 (8%) 4(8%) 4(5%)

CEA value
Normal 8 (25%) 36 (31%) 0.66 7 (12%) 37 (42%) 0.0001
>normal 24 (75%) 81 (69%) 51 (88%) 52 (58%)

Abbreviations: M, men; W, women; CRC, colorectal cancer; PS, performance status.
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3.3. CTC Presence Correlates with PFS and OS in Patients with Metastatic CRC

Considering the CTC data obtained with the CK19-EPISPOT assay, the number of
viable CTCs at D28, but not at D0, was significant correlated with PFS and OS (Figure 2A,B).
PFS and OS were shorter in patients with ≥2 CTCs than in patients without or with only
1 CTC (median PFS = 5.82 months, 95% CI (0.92–6.37 months) vs. 8.28 months, 95% CI
(7.20–9.17 months); p = 0.0082 and median OS = 10.28 months, 95% CI (4.63–14.26 months)
vs. 24.84 months, 95% CI (20.11–28.45 months); p = 0.0003). Similar results were obtained
for CTCs at D42 and OS. No prognostic correlation was observed using 1 CTC as cut-off,
regardless of the sampling time (Table S3).

 

Log Rank p = 0.0082 

Log Rank p < 0.0001 

Log Rank p = 0.0003 

Log Rank p < 0.0001 

Figure 2. PFS and OS in patients with metastatic CRC at D28. CTCs were enumerated after the first two chemotherapy
cycles (D28) with the (A,B) CK19-EPISPOT (≥2 vs. <2) and (C,D) CellSearch® (≥3 vs. <3) assays.

With the CellSearch® system, at D0, OS was shorter in patients with ≥3 CTCs than
in those with <3 CTCs (median OS = 19.1 months, 95% CI (15.57–21.59 months) vs.
37.3 months, 95% CI (26.81–44.58 months); p < 0.0001). Conversely, PFS was not sig-
nificantly different (data not shown). At D28, ≥3 CTCs was associated with shorter PFS
and OS compared with <3 CTCs (median PFS = 5.50 months, 95% CI (1.90–6.93 months) vs.
8.64 months, 95% CI (7.67–9.56 months); p < 0.0001 and median OS = 12.91 months, 95% CI
(4.63–17.77 months) vs. 25.27 months, 95% CI (20.40–30.10 months); p < 0.0001 respectively)
(Figure 2C,D).
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3.4. CTC Kinetics between D0 and D28 Correlates with PFS and OS

To study the CTC kinetics between D0 and D28, patients were divided in two groups:
(1) CTC-positive at D0 and D28, and (2) CTC-negative at D0 and D28 or CTC-positive only
at D0 or D28. PFS and OS were significant shorter in patients in the first group, with
both the CK19-EPISPOT method (median PFS = 7.36 months, 95% CI (1.84–8.97 months)
vs. 9.43 months, 95% CI (8.08–10.25 months); p = 0.0161 and median OS = 13.83 months,
95% CI (5.55–31.63 months) vs. 25.99 months, 95% CI (20.99–29.17 months); p = 0.0176)
and the CellSearch® method (median PFS = 6.6 months, 95% CI (1.84–7.85 months) vs.
9.46 months, 95% CI (8.54–10.31 months); p = 0.0018 and median OS = 14.13 months, 95% CI
(5.55–18.69 months) vs. 26.18 months, 95% CI (21.29–29.83 months); p = 0.0010) (Figure 3).

 

Log Rank p = 0.0161 

Log Rank p = 0.0018 

Log Rank p = 0.0176 

Log Rank p = 0.0010 

Figure 3. PFS and OS in metastatic CRCs according to the D0–D28 CTC kinetics. Patients were divided into two groups in
the function of CTC enumeration at D0 and D28, using the (A,B) CK19-EPISPOT and (C,D) CellSearch® assays.

Univariate analysis confirmed that the early CTC dynamics (both assays), ECOG PS at
D0, and BRAF mutational status were predictors of PFS and OS. A primary tumor localized
to the right colon also significantly correlated with worse OS (Table 2).
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Table 2. Univariate Cox regression analysis for PFS and OS prediction.

Parameters
PFS OS

HR 95% CI p-Value HR 95% CI p-Value

Age: ≥70 vs. <70 years 1.04 0.74–1.46 0.84 1.08 0.72–1.62 0.71
Sex: W vs. M 0.84 0.6–1.19 0.32 1.28 0.86–1.89 0.22

ECOG PS: 1–2 vs. 0 1.46 1.05–2.05 0.0259 2.66 1.77–3.99 <0.0001
Right vs. left colon 1.07 0.75–1.51 0.72 1.54 1.03–2.31 0.04

Synchronous vs. metachronous mets 0.78 0.55–1.11 0.17 1.24 0.81–1.88 0.32
N of organs with mets: >1 vs. 1 1.21 0.86–1.69 0.27 1.34 0.9–2 0.15

Liver mets vs. no-liver mets 0.9 0.59–1.37 0.62 1.53 0.87–2.69 0.14
CEA: >nal vs. nal 1.04 0.71–1.5 0.85 1.46 0.92–2.32 0.11
RAS: MT vs. WT 0.76 0.51–1.12 0.16 0.71 0.45–1.12 0.14

B-RAF: MT vs. WT 3.27 1.61–6.64 0.001 7.39 3.36–16.25 <0.0001
D0-D28 CTC kinetics (EPISPOT):

Positive at both time points (≥1) vs.
other cases

2.52 1.15–5.52 0.0204 2.48 1.14–5.37 0.0219

D0-D28 CTC kinetics (CellSearch®):
Positive at both time points (≥3) vs.

other cases
3.02 1.45–6.3 0.0031 3.22 1.54–6.74 0.0019

Abbreviations: M, men; W, women; HR, hazard ratio; vs., versus; PS, performance status; nal, normal; mets, metastases; CEA, carcinoem-
bryonic antigen; MT, mutated; WT, wild type; D, day; PFS, progression-free survival; OS, overall survival; CI, confidence interval.

In multivariate analysis, D0–D28 CTC kinetics according to the CK19-EPISPOT assay
(HR 2.445, 95% CI (1.04–5.78), p = 0.0414) and the CellSearch® system (HR 2.461, 95% CI
(1.06–5.74), p = 0.037) remained significant predictors of PFS but not of OS (Table 3).

Table 3. Multivariate Cox regression analysis for PFS and OS prediction.

Parameters
PFS OS

HR 95% CI p-Value HR 95% CI p-Value

ECOG PS: 1–2 vs. 0 2.48 1.51–4.07 0.0003
B-RAF: MT vs. WT 3.046 1.43–6.5 0.0043 5.34 2.23–12.79 0.0002

D0–D28 CTC kinetics (EPISPOT):
Positive at both time points (≥1) vs.

other cases
2.445 1.04–5.78 0.0414

D0–D28 CTC kinetics (CellSearch®):
Positive at both time points (≥3) vs.

other cases
2.461 1.06–5.74 0.037

Abbreviations: HR, hazard ratio; vs., versus; PS, performance status; MT, mutated; WT, wild type; D, day; PFS, progression-free survival;
OS, overall survival; CI, confidence interval.

4. Discussion

More than a decade ago, it was shown that CTC enumeration is a prognostic factor
in metastatic breast, prostate, and colorectal cancer [10,19,20]. In this field of expertise, it
was then important to show the clinical validity of CTCs with meta-analyses of thousands
of cancer patients [21] and, especially, to demonstrate their clinical utility for introducing
them in daily clinical practice [22]. CTC clinical validity and utility have been reported for
metastatic breast cancer; conversely, in CRCs, many key questions are still unanswered.

To determine whether viable CTCs are clinically relevant in patients with metastatic
CRC as an early criterion of response to FOLFIRI–bevacizumab treatment, we performed a
prospective multicenter study in which peripheral blood samples were tested before and
during treatment, with two different CTC detection technologies: (i) the EPISPOT assay
to detect viable CTCs, and (ii) the FDA-cleared CellSearch® system. We then determined
whether the subpopulation of viable CTCs detected with the EPISPOT assay is clinically
relevant for the prognosis and as an early biomarker to predict clinical outcomes after
treatment initiation. We assessed the CTC count at different time points and different CTC
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cut-offs for the EPISPOT assay because this system is still under study. Conversely, on the
basis of the work by Cohen et al., with the CellSearch® system, we only tested CTCs at D0
and D28 and considered only the cut-off of ≥3 CTCs [10].

The studied population is representative because their OS (26.2 months) and PFS
(9.4 months) are consistent with previously reported data on unselected patients with
metastatic CRC treated with FOLFIRI and bevacizumab [23]. The detection of viable CTCs
could be assessed in most patients during their routine follow-up at 11 centers in France,
demonstrating the feasibility of this technique in clinical practice. During treatment, we
found significant correlations between survival and the presence of viable CTCs (threshold:
≥2 CTCs) at D28 (PFS and OS) and D42 (only OS). Moreover, the D0–D28 CTC kinetics
predicted both PFS and OS and was an independent factor of PFS by multivariate analysis.
This finding confirms the clinical interest of the CTC kinetic previously assessed with ISET
technology [24] or other assays [25] for early detection of poor outcomes in patients with
metastatic CRC under treatment. During the last decade, the EPISPOT assay’s prognostic
value has already been demonstrated in advanced breast, prostate, and head and neck
cancer as well as in melanoma and non-metastatic CRC [18,26–28]. The prognostic value
of the early kinetics of viable CTCs has already been reported in recurrent and metastatic
head and neck squamous cell carcinoma [28].

According to the CellSearch® system, 40% of patients had ≥3 CTCs, in line with
previous studies (24–52% of untreated patients with metastatic CRC) [10–12,29,30]. We then
confirmed that the CellSearch® system, using the conventional cut-off of 3 CTCs, provides
prognostic information before and early after initiation of the first line of treatment. PFS
and OS were significantly shorter in patients who became or remained positive (≥3 CTCs)
after 4 weeks of chemotherapy (D28), demonstrating that they did not benefit from therapy.

Considering the detection of viable CTCs (EPISPOT), the number of positive patients
was lower at baseline compared with the CellSearch® system, and it decreased during
treatment. Thus, the low number of patients with unfavorable CTC evolution accord-
ing to the EPISPOT assay is a limitation of our study. As already shown in previous
studies [17,26–28], the concordance between EPISPOT and CellSearch® technologies for
CTC detection was low at baseline and during treatment. This could be explained by the
fact that the EPISPOT assay detects only CK19-releasing viable CTCs and not the others
(e.g., apoptotic CTCs). Moreover, the enrichment and detection steps are different. The
CellSearch® system uses positive selection based on EpCAMs to enrich CTCs, whereas
the EPISPOT assay is combined with negative selection by leukocyte depletion. In the
CellSearch® system, detection is based on Pan CK, DAPI, and CD45 staining of fixed
CTCs. Conversely, the EPISPOT assay detects only CK19-releasing CTCs in culture. De-
spite this low agreement, the dynamic CTC count, which changes with both methods,
remained significantly correlated with PFS in multivariate analysis, suggesting that these
assays are complementary for predicting clinical outcomes during treatment. Interestingly,
CTC positivity (≥3 cells) by CellSearch® is correlated with surrogate markers of tumor
burden ([30,31] and the present study), but not the presence of viable CTCs. This might
suggest that their predictive value is not directly linked to the tumor mass changes but
more to the identification of an aggressive chemotherapy-resistant subpopulation of tumor
cells that are certainly at the origin of cancer progression.

Currently, we are developing a new version of the EPISPOT assay, named EPIDROP
(EPIspot in a DROP), that combines EPISPOT and CellSearch® strategies and might rep-
resent an ideal liquid biopsy tool. Indeed, with this new technology, we can detect the
total amount of CTCs by immunostaining, as done by the CellSearch® system, and also the
subset of viable CTCs on the basis of their ability to secrete, shed, or release some proteins.
EPIDROP might also allow the use of a larger panel of CTC biomarkers, such as VEGF
monitoring during bevacizumab therapy. This innovative technology should open new
avenues to detect CTCs that are relevant as prognostic and early predictive information in
metastatic CRC with high specificity and sensitivity.
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5. Conclusions

The CK19-EPISPOT assay detects viable CTCs in metastatic CRC. This prospective
study shows that real-time liquid biopsy for CTC analysis could be clinically relevant in
this setting, particularly to monitor the early response to FOLFIRI–bevacizumab.
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Simple Summary: The number of new colorectal cancer cases continues to increase in individuals
under 50 years of age in the Western world. Underlying reasons for this observation remain unclear.
Here, we compare demographic, clinical, and lifestyle characteristics by age at diagnosis in a large
cohort of newly diagnosed colorectal cancer patients. We aim to identify potential risk factors and
clinical characteristics of colorectal cancer patients diagnosed under the age of 50 years, compared
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to those over 50. The results of this study will help elucidate factors related to colorectal cancer in
younger patients, and may help guide future research on colorectal cancer in younger patients.

Abstract: Early-onset colorectal cancer has been on the rise in Western populations. Here, we compare
patient characteristics between those with early- (<50 years) vs. late-onset (≥50 years) disease in a
large multinational cohort of colorectal cancer patients (n = 2193). We calculated descriptive statistics
and assessed associations of clinicodemographic factors with age of onset using mutually-adjusted
logistic regression models. Patients were on average 60 years old, with BMI of 29 kg/m2, 52%
colon cancers, 21% early-onset, and presented with stage II or III (60%) disease. Early-onset patients
presented with more advanced disease (stages III–IV: 63% vs. 51%, respectively), and received more
neo and adjuvant treatment compared to late-onset patients, after controlling for stage (odds ratio
(OR) (95% confidence interval (CI)) = 2.30 (1.82–3.83) and 2.00 (1.43–2.81), respectively). Early-onset
rectal cancer patients across all stages more commonly received neoadjuvant treatment, even when
not indicated as the standard of care, e.g., during stage I disease. The odds of early-onset disease
were higher among never smokers and lower among overweight patients (1.55 (1.21–1.98) and 0.56
(0.41–0.76), respectively). Patients with early-onset colorectal cancer were more likely to be diagnosed
with advanced stage disease, to have received systemic treatments regardless of stage at diagnosis,
and were less likely to be ever smokers or overweight.

Keywords: early onset; colorectal cancer; cohort; epidemiology

1. Introduction

An emerging concern in colorectal cancer is the rapidly rising incidence among those
under the age of 50 years (early-onset patients) [1–3]. Since 1990, early-onset colorectal
cancer has significantly increased globally and the number of new cases is expected to
increase by 140% by the end of 2030 [4,5]. In response, the American Cancer Society and
the United States Preventive Services Task Force (USPSTF) guidelines have been recently
updated to advocate for initiating colorectal cancer screening at the age of 45 years [6,7].
Drivers of the recent increase in early-onset colorectal cancer have yet to be identified,
although established modifiable risk factors for late-onset colorectal cancer including diet,
obesity, low physical activity, and smoking are potential key players [8–11].

Accumulating evidence suggests that distinct biological characteristics and mecha-
nisms underlie the development of early-onset colorectal cancer as compared to colorectal
cancer diagnosed among individuals over 50 years old [12]. Genetic profiles of patients with
early-onset colorectal cancer still remain unclear [12]. About 30% of early-onset cases can be
attributed to family history and hereditary conditions, although these are not hypothesized
to drive the increasing incidence in this population [12]. Early-onset colorectal cancers are
more likely to be microsatellite stable, and investigators continue to discover chromoso-
mal abnormalities specific to early-onset disease [12]. Recently, our team has discovered
deregulated redox homeostasis as one molecular phenotype of early-onset colorectal cancer
patients [13]. Dysbiosis of the gut microbiome is another hypothesized molecular driver of
the early-onset colorectal cancer burden [12]. External (e.g., stress, antibiotics, diet, etc.)
and internal (e.g., inflammation) elements throughout life can alter gut microbiome health
and may affect the risk of developing colorectal cancer in early years [12]. Key pathways
within these hypothesized biological mechanisms that are associated with early-onset
disease have yet to be discovered [12].

To date, clinical recommendations for colorectal cancer treatment do not differ by age
of onset [14]. Yet, prior studies have observed that a more aggressive treatment regimen is
generally adopted for early-onset patients as compared to late-onset patients [15–18]; in
particular, an increased use of systemic treatments, including neoadjuvant and adjuvant
therapy, are reported. Regardless of tumor stage and treatment regimens, survival among
the early-onset patient population seems to be superior to the older population [19]. Hence,
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whether or not early-onset patients experience a greater benefit and less side effects from
these systemic treatments remains unclear [15–18].

Here, we describe demographic (age, sex, race, ethnicity), clinical (stage at diagnosis,
site, treatment), and lifestyle (smoking status, body mass index (BMI)) characteristics
of a large international cohort of prospectively followed patients with colorectal cancer,
with the goal of identifying potential risk factors and clinical correlates of early-onset
colorectal cancer.

2. Materials and Methods

2.1. Study Population

The design and population of the ColoCare Study (www.clinicaltrials.gov (accessed on
19 July 2021), Identifier: NCT02328677) have previously been described [20–24]. Briefly, the
ColoCare Study is a multicenter international prospective cohort recruiting patients with
newly diagnosed colorectal cancer at any stage (International Classification of Diseases,
10th edition, C18–C20). Patients are recruited at multiple sites in the United States [Fred
Hutchinson Cancer Research Center (FHCRC, Seattle, WA, USA); H. Lee Moffitt Cancer
Center and Research Institute (Moffitt, Tampa, FL, USA); University of Tennessee Health
Science Center (UTHSC, Memphis, TN, USA); Washington University School of Medicine
(WUSM, St. Louis, MO, USA); Huntsman Cancer Institute (HCI, Salt Lake City, UT, USA);
Cedars-Sinai Medical Center (Cedars, Los Angeles, CA, USA)] and in Germany (University
of Heidelberg(HBG, Heidelberg, Germany)).

In the current analysis, we report data on n = 2193 men and women recruited in
the ColoCare Study cohort from December 2009 through to March 2020, with detailed
data from questionnaires and medical chart abstractions. The study was approved by the
Institutional Review Boards of the respective recruitment sites, and all patients provided
written informed consent.

2.2. Data Collection

Questionnaires administered at study enrollment (baseline) assessed demographic
(age at diagnosis, sex, race/ethnicity) and behavioral (smoking, BMI) characteristics. Clini-
cal characteristics including stage at diagnosis and primary tumor site, recurrence, vital
status, and adjuvant and neoadjuvant treatment were abstracted from medical records.

2.3. Data Elements

Demographic characteristics: Patients were categorized by age of onset (<50 and
≥50 years) at the time of diagnosis, ethnicity (Hispanic and non-Hispanic) and race (White,
African American, and other, which includes Asians, Native Hawaiians, Native Americans,
and patients reporting belonging to more than one race).

Tumor and clinical characteristics: Patients were grouped by stage at diagnosis (0,
I, II, III, IV—before receipt of any neoadjuvant treatment), tumor site based on ICD-10
codes (colon = C18.0–C18.9; rectum = C19.9, C20.9, C21.8), recurrence status at 2 years after
surgery (“yes” = had recurrence, “no” = no recurrence), vital status (“alive”, “deceased”),
and neo (rectal cancers only) and/or adjuvant treatment (“yes” = received neo/adjuvant
treatment, “no” = did not receive neo/adjuvant treatment).

Behavioral characteristics: Patients were categorized by their smoking behavior (cur-
rent, former, never smoker). BMI was computed using anthropometric measurements
(kg/m2). BMI categories were computed following the World Health Organization (WHO)
categorization (underweight: ≤18.5 kg/m2, normal weight: >18.5 to <25 kg/m2, over-
weight: ≥25 kg/m2 to <30 kg/m2, obese: ≥30 kg/m2).

2.4. Statistical Analyses

Mean and standard deviation (SD) values were calculated for continuous variables
(age, BMI). Frequencies and percentages were calculated for categorical variables (age of
onset, sex, race, ethnicity, tumor stage, tumor site, recurrence, vital status, neoadjuvant
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and adjuvant treatment, smoking, BMI categories). Clinical characteristics were compared
by age of onset (early- vs. late-onset) and tumor site. Furthermore, we also compared the
clinical characteristics by tumor site within age groups. We have currently modeled all
missing data as a separate category in our statistical models.

Multivariate logistic regression models (odds ratio (OR) and 95% confidence interval
(95% CI)) were computed to assess the independent associations of stage at diagnosis,
tumor treatment (neoadjuvant (rectal cancer patients only) and adjuvant), smoking, and
BMI categories with age of onset. The primary outcome was early-onset colorectal cancer
in each model. ORs and 95% CI were computed for three models: (1) adjusted for sex
and race; (2) adjusted for sex, race, tumor site, and stage at diagnosis; and (3) adjusted
for sex, race, tumor site, stage at diagnosis, smoking, BMI, and study site, respectively.
These variables were parameterized as outlined above. Some studies have suggested a
varying risk for intermediate onset colorectal cancers [25]; therefore, subgroup analyses
were conducted categorizing patients into early- (<50 years), intermediate (50–55 years),
and late-onset (>55 years). All statistical analyses were performed using SAS (Version 9.4,
SAS, Cary, NC, USA) software.

3. Results

Patient characteristics, overall and by age of onset, are summarized in Table 1. Overall,
82% of patients were recruited at one of the American sites, while 18% were recruited in
Germany. Fifty-seven percent were male, and the mean age was 60 years (SD ± 13 years).
The majority of the cohort reported being non-Hispanic (93%) and White (87%). Of note,
the initial recruitment into the ColoCare Study occurred in Germany, and the entire 18% of
our German cohort was European White, impacting the overall racial/ethnic distribution.
Overall, there were approximately equal numbers of colon and rectal cancers (52% vs.
47%, respectively). Study participants were diagnosed predominantly with stage II or
III (60%) colorectal cancers. In a subset with detailed treatment information abstracted
(75% of the cohort), 34% and 43% of the study population received neoadjuvant and/or
adjuvant treatments, respectively. At the time of this analysis, 20% were deceased, and
15% had experienced a colorectal cancer recurrence. A larger proportion of patients were
never smokers (40%), and overweight or obese (60%); the mean BMI of the cohort was
28.6 kg/m2 (±6 kg/m2).

Twenty-one percent (n = 459) of patients were diagnosed with early-onset colorectal
cancer (Table 1). Early-onset colorectal cancer patients were more likely to be of Hispanic
ethnicity compared to late-onset patients (8% vs. 4%), with no differences by race or sex.
Early-onset patients were more likely to be diagnosed at a more advanced stage (III or IV)
(early-onset: stage III: 40%, stage IV: 23%; late-onset: stage III: 34%, stage IV: 17%). They
were also more likely to receive adjuvant and/or neoadjuvant treatment (neoadjuvant: 84%
vs. 68%, adjuvant: 50% vs. 41% in early-onset compared to late-onset patients, respectively).
A lower proportion of early-onset cancers were deceased at the time of the current analyses
(14% vs. 21% early- vs. late-onset patients, respectively), while the proportion of recurrence
was about 15% in both groups. Early-onset patients were less likely to be overweight (25%)
or obese (28%) as compared to late-onset patients (36% and 32%, respectively), while the
proportion of underweight patients was higher in early- vs. late-onset cancers (16% vs.
7%). Patients diagnosed with early-onset cancers were more likely to be never smokers
(45%) in comparison with late-onset colorectal cancers (39%).

Table 2 summarizes patient characteristics comparing early- and late-onset patients
by tumor site. When further categorized by tumor site, the cohort consisted of 18% early-
onset and 82% late-onset colon cancers, and 21% early-onset and 79% late-onset rectal
cancer patients. Forty-nine percent of early-onset patients were diagnosed with colon
cancers as compared to 54% of late-onset patients, while 51% of early-onset patients were
rectal cancers as compared to 46% of late-onset patients. The proportion of women was
slightly higher among early-onset (51%) compared to late-onset colon cancer patients (47%).
Early-onset rectal cancer patients had a slightly lower proportion of deceased patients
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compared to late-onset rectal cancer patients (11% vs. 20%). Among early-onset patients,
the proportion of current and former smokers was higher among patients with rectal cancer
compared to those with colon cancer (42% vs. 29%).

Table 1. Demographic, tumor, treatment, and behavior characteristics of the ColoCare Study cohort by age of onset A.

Early-Onset
Colorectal Cancer

(<50 Years)
(n = 459)

Late-Onset
Colorectal Cancer

(≥50 Years)
(n = 1734)

Total
(n = 2193)

n 21% n 79% n %

Demographic Characteristics

Sex
Male 252 55 1000 58 1293 57

Female 207 45 734 42 941 43

Ethnicity
Hispanic 35 8 63 4 98 4

Non-
Hispanic 409 89 1649 95 2058 94

Race

White 386 84 1528 88 1914 87

African
American 28 6 114 7 142 6

Other * 36 8 80 5 66 6

Tumor and Clinical Characteristics

Stage at diagnosis

0 7 2 61 4 68 3

I 50 11 322 19 372 17

II 93 20 436 25 529 24

III 185 40 597 34 782 36

IV 107 23 291 17 398 18

Tumor site
Colon 209 45 933 54 1142 52

Rectum 219 48 799 46 1018 47

Recurrence
Yes 67 14 252 15 320 15

No 261 57 1134 65 1395 63

Vital status
Alive 392 85 1365 79 428 20

Deceased 64 14 364 21 1757 80

Neoadjuvant Treatment
(rectal only)

Yes—Total 159 84 437 68 596 72

No 30 16 201 32 231 28

Adjuvant treatment
Yes—Total 232 50 704 41 936 43

No 94 21 577 33 671 31

Behavioral Characteristics

Smoking

Current 64 14 208 12 272 12

Former 95 21 638 37 733 33

Never 207 45 679 39 886 40

BMI, mean (SD) 28 (7) 29 (6) 29 (6)

BMI categories

Underweight 62 13 95 5 195 9

Normal
weight 142 31 434 25 576 26

Overweight 116 25 617 36 733 33

Obese 128 28 561 32 689 31

* “Other” includes Asians, Native Hawaiians, Native Americans, and patients reporting belonging to more than one race. A Data has not
yet been abstracted on n = 37 (2%) for ethnicity, n = 21 (1%) for race, n = 56 (3%) for tumor stage, n = 44 (2%) for tumor site, n = 478 (22%) for
recurrence, n = 8 (0.3%) for vital status, n = 621 (27%) for receipt of neoadjuvant treatment, n = 585 (26%) for receipt of adjuvant treatment,
n = 302 (14%) for smoking, and n = 157 (7%) for BMI.

203



Cancers 2021, 13, 3817

Table 2. Frequencies and percentages of patient, tumor, and behavior characteristics by tumor site and age of onset A.

Colon Cancer (n = 1142) Rectal Cancer (n = 1018)

Early-Onset
(n = 209)

Late-Onset
(n = 933)

Early-Onset
(n = 219)

Late-Onset
(n = 799)

n % n % n % n %

Demographic Characteristics

Sex
Male 103 49 434 47 132 60 500 63

Female 106 51 499 53 87 40 299 37

Ethnicity
Hispanic 15 7 36 4 19 9 27 3

Non-
Hispanic 190 91 882 94 193 88 765 96

Race

White 167 80 804 86 189 86 722 90

African
American 18 9 80 9 10 5 34 4

Other * 19 7 43 5 16 7 37 5

Tumor and Clinical Characteristics

Stage at diagnosis

0 5 2 31 4 2 1 30 4

I 27 13 191 20 18 8 130 16

II 42 20 255 27 45 21 181 23

III 65 31 259 28 113 52 228 42

IV 65 31 183 20 38 17 108 14

Recurrence
Yes 34 16 626 67 33 15 507 63

No 119 57 134 14 142 65 119 15

Vital status
Alive 171 82 721 77 193 88 642 80

Deceased 38 18 207 22 25 11 157 20

Neoadjuvant
treatment (rectal only)

Yes - - - - 159 84 437 68

No - - - - 30 16 201 32

Adjuvant treatment *
Yes 108 52 362 39 124 57 342 43

No 47 22 333 36 47 22 242 30

Behavioral Characteristics

Smoking
Current 21 10 91 10 39 18 117 15

Former 40 19 342 37 52 24 296 37

Never 104 50 372 40 95 43 307 38

BMI, mean (SD) 29 (8) 29 (6) 28 (6) 28 (6)

BMI categories

Underweight 2 1 15 2 8 4 12 2

Normal
weight 72 34 231 25 68 31 203 25

Overweight 48 23 316 34 63 29 301 38

Obese 62 30 327 35 63 29 233 29

* “Other” includes Asians, Native Hawaiians, Native Americans, and patients reporting belonging to more than one race. A Data has not
yet been abstracted on n = 37 (2%) for ethnicity, n = 21 (1%) for race, n = 44 (0.2%) for tumor stage, n = 478 (22%) for recurrence, n = 8 (0.3%)
for vital status, n = 191 (19%) for neoadjuvant treatment, n = 585 (26%) for adjuvant treatment, n = 302 (14%) for smoking, and n = 50 (6%)
for BMI.

Regardless of tumor site, early-onset patients were more likely to receive neoadjuvant
and/or adjuvant treatments. Table 3 compares proportions of early- vs. late-onset colon
cancer patients receiving adjuvant treatment by stage at diagnosis. A higher proportion
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of stage II and III early-onset colon cancer patients received adjuvant treatment (45%
and 90%, respectively) as compared to late-onset colon cancer patients (27% and 85%,
respectively). Table 4 compares proportions of early- vs. late-onset rectal cancer patients
receiving neoadjuvant and adjuvant treatment by stage at diagnosis. A slightly higher
proportion of early-onset stage I rectal cancer patients received neoadjuvant treatment
(40% vs. 32%). Overall, a higher proportion of early-onset rectal cancer patients tend to
receive neoadjuvant treatment as compared to late-onset rectal cancer patients (stage I: 40%
vs. 32%, stage II: 82% vs. 71%, stage III: 91% vs. 79%, stage IV: 85% vs. 76%), even when
such treatment may not be clinically indicated, e.g., for stage I rectal cancer patients where
neoadjuvant treatment is not the standard of care. Similar observations were observed for
adjuvant treatment among rectal cancer patients.

Table 3. Proportion of early- and late-onset colon cancer patients receiving adjuvant treatment by stage at diagnosis.

Early-Onset Rectal Cancer Late-Onset Rectal Cancer

Stage at
Diagnosis

Total n
Received

Neoadjuvant
Treatment

% Received
Neoadjuvant

Treatment
Total n

Received
Neoadjuvant

Treatment

% Received
Neoadjuvant

Treatment

Stage I 13 1 1 118 5 0.4

Stage II 31 14 45 179 49 27

Stage III 60 54 90 233 195 85

Stage IV 49 39 80 154 112 73

Table 4. Proportion of early- and late-onset rectal cancer patients receiving neoadjuvant and adjuvant treatment by stage at
diagnosis (i.e., before the receipt of any neoadjuvant treatment).

Early-Onset Rectal Cancer Late-Onset Rectal Cancer

Stage at
Diagnosis

Total n
Received

Neoadjuvant
Treatment

% Received
Neoadjuvant

Treatment
Total n

Received
Neoadjuvant

Treatment

% Received
Neoadjuvant

Treatment

Stage I 10 4 40 81 26 32

Stage II 39 32 82 153 109 71

Stage III 101 92 91 297 230 79

Stage IV 34 29 85 90 68 76

Total n
Received
adjuvant
treatment

% Received
adjuvant
treatment

Total n
Received
adjuvant
treatment

% received
adjuvant
treatment

Stage I 9 2 22 77 16 21

Stage II 36 28 78 136 77 57

Stage III 94 69 73 273 187 68

Stage IV 27 19 70 82 59 72

Table 5 summarizes the results of adjusted logistic regression models assessing associ-
ations between patients with early-onset colorectal cancer and stage at diagnosis, tumor
treatment (neoadjuvant, adjuvant), smoking, and BMI categories. All the results described
below are from a model (Model 3) which is mutually adjusted for sex, race, tumor site,
stage at diagnosis, BMI, smoking, and study site. The odds of being diagnosed with a
more advanced stage for early-onset patients was approximately two times that of late-
onset patients (stage III: 1.99 (1.39–2.87), stage IV: 2.50 (1.69–3.72)). Among rectal cancer
patients, the odds of receiving neoadjuvant treatment was 2.31-fold (1.43–3.70) higher for
early-onset compared to late-onset patients. Similar results were observed for adjuvant
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treatment. Early-onset colorectal cancer patients were less likely to be overweight and
obese compared to patients with late-onset colorectal cancer (OR (95% CI) comparing early-
to late-onset = 0.56 (0.41–0.76) and 0.66 (0.48–0.90), for overweight and obese patients,
respectively). Early-onset patients were more likely to be never smokers compared to
late-onset patients (OR (95% CI) = 1.55 (1.21–1.98)).

Table 5. Logistic regression OR (95% confidence interval) comparing tumor, clinical, and behavioral characteristics between
early- vs. late-onset colorectal cancer patients.

Exposure Variable

Age of Onset
N Model 1 a Model 2 b

Model 3 c

Early Late

Neoadjuvant
treatment

(rectal cancer only)

No 134 721 1.00 1.00 1.00

Yes 319 524 2.45
(1.60–3.75)

2.25
(1.41–3.57)

2.30
(1.43–3.70)

Adjuvant treatment
No 133 453 1.00 1.00 1.00

Yes 232 704 2.00
(1.53–2.62)

1.69
(1.25–2.28)

2.00
(1.43–2.81)

Stage at diagnosis

0 7 61 0.75
(0.33–1.74) – 1.00

(0.46–2.17)
I 50 322 1.00 – 1.00

II 93 436 1.36
(0.93–1.98) – 1.44

(0.97–2.13)

III 185 597 1.98
(1.40–2.78) – 1.99

(1.39–2.87)

IV 107 291 2.31
(1.59–3.37) – 2.50

(1.69–3.72)

Smoking
Ever 159 846 1.00 1.00 1.00

Never 207 679 1.60
(1.27–2.03)

1.56
(1.23–1.99)

1.55
(1.21–1.98)

BMI

Underweight 62 95 1.26
(0.61–2.62)

1.02
(0.46–2.24)

1.08
(0.49–2.41)

Normal weight 142 343 1.00 1.00 1.00

Overweight 116 617 0.58
(0.44–0.77)

0.60
(0.45–0.80)

0.56
(0.41–0.76)

Obese 128 561 0.72
(0.55–0.94)

0.78
(0.59–1.03)

0.66
(0.48–0.90)

a adjusted for sex and race; b adjusted for sex, race, tumor site and stage; c mutually adjusted for sex, race, tumor site and stage, BMI,
smoking, and study site.

Some studies have suggested a varying risk for intermediate onset colorectal can-
cers [25]; therefore, we conducted further subgroup analyses categorizing patients into
early- (<50 years), intermediate (50–55 years), and late-onset (>55 years) colorectal cancer
(Supplementary Table S1). Similar to early-onset patients, the odds of receiving adjuvant
treatment were 1.54-fold (1.15–2.05) for patients with intermediate onset disease as com-
pared to late-onset disease. Intermediate onset patients were more likely to be diagnosed
with stage IV disease (1.79-fold (1.16–2.78)) compared to late-onset patients. No differences
were observed for stage 0–III. Similar to early-onset patients, the odds of being a never
smoker were 1.54-fold (1.19–2.01) for patients with intermediate onset disease in contrast
with late-onset disease. No differences between intermediate and late-onset patients were
observed for neoadjuvant treatment or BMI. These results indicate that cancers developing
early in life may have distinct risk factors compared to those developing later in life.

4. Discussion

This study describes demographic, clinical, and behavioral characteristics of partici-
pants in the ColoCare Study, an international multicenter cohort of patients with newly
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diagnosed colorectal cancer. Patients with early-onset colorectal cancer were observed to
be diagnosed at a higher stage compared to their late-onset counterparts. Additionally,
regardless of stage at diagnosis and tumor site, early-onset patients were more likely to
receive a more aggressive treatment regimen than the recommended standard of care
compared to late-onset patients, e.g., stage I rectal cancer patients received neoadjuvant
treatment when not indicated by National Comprehensive Cancer Network (NCCN) guide-
lines. Early-onset patients were generally “healthier” and were less likely to be smokers or
overweight/obese.

The most recently updated colorectal cancer treatment guidelines from NCCN do not
include different recommended regimens for early- vs. late-onset colorectal cancers [14].
Yet, it has been observed that early-onset patients are generally subjected to more aggres-
sive treatment regimens [15–18]. A large cohort study of 1424 patients with early-onset
and 10,810 with late-onset colorectal cancer recently reported that 12% of patients with
stage I colorectal cancer in their cohort received systemic treatments [15], despite the fact
that the NCCN guidelines do not recommend any systemic treatment for patients with
stage I colorectal cancer [14]. This observation was also reported in other large population-
based studies [16,18]. One study particularly observed a higher prescription of adjuvant
chemotherapy among early-onset patients at all stages without gaining any survival bene-
fit [16]. Results from our study support these observations and indicate that (1) early-onset
patients—regardless of stage at diagnosis or tumor site—are more likely to receive systemic
treatment, and (2) stage I rectal cancer patients seem to receive neoadjuvant and/or adju-
vant treatment regardless of age of onset. Occasionally, multidisciplinary treatment teams
espouse applications for neoadjuvant chemoradiation beyond locally advanced stage II
and III rectal cancers. One such indication is for earlier stage (e.g., stage I, T2N0) distal
rectal cancers for which response may increase the likelihood of sphincter preservation.
Younger patients are often the ideal candidates for this approach due to multifactorial
reasons, including aggressive interest in avoiding permanent colostomy, ability to tolerate
multimodality therapy, and strong pre-existing baseline bowel function that would trans-
late to acceptable function/continence following aggressive sphincter-preserving surgery.
Systemic treatments, however, are highly toxic and may cause severe short- and long-term
complications including cumulative neuropathy and liver toxicity [26]. Understanding
patterns of treatments among this high-risk subgroup will aid further evaluation and
appropriate adjustment of treatment guidelines.

Modifiable risk factors for early-onset colorectal cancer have yet to be established.
Given the strong evidence for the obesity–colorectal cancer relationship, studies on colorec-
tal cancer in young individuals have early on investigated the impact of obesity on the
observed increased incidence in this population [10,27]. To date, results remain limited and
inconclusive. We observed a lower proportion of overweight and obese patients within our
early-onset cancers compared to late-onset cancers. However, a recently published study
comparing BMI of 269 patients with early-onset and 2809 with late-onset colorectal cancer
did not support our findings, and reported similar BMI distributions in the early- and late-
onset groups [10]. While BMI is an established risk factor for colorectal cancer overall, our
data does not identify BMI as the driver for the increased incidence of early-onset colorectal
cancer. Underlying reasons may be that BMI has been more strongly associated with colon
cancer, and the observed association seems to be stronger for men than for women [28].

Smoking has been strongly associated with increased overall colorectal cancer risk in
previous studies [29,30]. Zisman et al. observed that smokers were on average 5.2 years
(95% CI: 4.9–5.5. years) younger at their colorectal cancer diagnosis than non-smokers.
Two studies have investigated smoking as a driver for early-onset colorectal cancer [10,31].
While one study did not observe differences in smoking behavior, a more recent study
supports our findings of early-onset patients being less likely to be smokers [10,31]. Taken
together, our results suggest that the traditional risk factors for CRC such as BMI and
smoking may not explain the recent increase in early-onset cancers, demonstrating the need
to identify other risk factors that may explain this increasing trend of early-onset cancers.
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The observed rise in the incidence of patients with early-onset colorectal cancer has
been reported to be largely driven by rectal and left-sided colon cancers [4,15]. Burnett-
Hartman et al. reported a higher proportion of rectal cancers in patients under the age of
39 years [15]. However, underlying reasons for such an increase remain unknown. We did
not observe such an increase in rectal cancers in younger patients in our cohort, although we
observed a trend for a higher incidence of colon cancer among female early-onset patients.

Our results are aligned with previous studies reporting that patients with early-onset
colorectal cancer are characterized by more advanced disease stage at diagnosis [4,12,32].
Delayed diagnosis or misdiagnosis with other related colorectal diseases in the younger
population, no existing recommended guidelines for targeted screening, varying symp-
toms, as well as other unknown molecular factors are hypothesized to underlie this ob-
servation [4,12,32,33]. Recently, societies, including the American Cancer Society and the
USPSTF [6,7], updated their guidelines to lower the colorectal cancer screening initiation
age to 45 years, which may help reduce the number of cases with advanced stage disease
among the early-onset colorectal cancer population.

Compared to the general US population, our study population consisted of both a
higher proportion of early-onset (21%) and rectal (47%) cancers, making the ColoCare
Study cohort a great resource to study these high-risk subgroups. In comparison, out of the
expected new patients with colorectal cancer in the US in 2020, approximately 12% will be
early-onset, and 29% will be rectal cancers [34]. Our study population was largely recruited
at National Comprehensive Cancer Centers and University clinics. Some of these special-
ized centers are more likely to treat referrals and complex surgeries, which may partly
explain the higher proportion of rectal and early-onset patients in our cohort. In the US, on
average, over 40% of individuals across all age groups are obese (BMI ≥ 30 kg/m2) [35].
Our study population had slightly lower rates of obesity for patients under and over the
age of 50 years.

This study has several strengths and limitations. The ColoCare Study is an observa-
tional cohort and the reported associations may be influenced by unmeasured confounding.
Our study population had a higher proportion of rectal and early-onset patients as com-
pared to the general population, making it an ideal research environment to study these
high-risk subgroups, including patients with early-onset cancer. Previous research assess-
ing treatment differences by age of onset in patients with colorectal cancer were limited
to data from the United States [9,15,33]; having an international study site is particularly
unique to our cohort, and allows comparisons between treatment trends in patients with
early-onset colorectal cancer. Tumor and clinical characteristics were abstracted from medi-
cal records, ensuring accurate classifications of the study population. Family history—as
well as other molecular tumor features including MSI status, which have previously been
associated with early-onset disease—could not be included in the present study due to
pending medical chart abstractions on a larger proportion of our study participants. As
smoking behavior is self-reported in the questionnaires, there may be misclassification of
smoking status due to social desirability or recall bias.

5. Conclusions

This study of a large prospectively followed colorectal cancer cohort revealed dif-
ferences in stage at diagnosis and site, neo and adjuvant treatment, BMI, and smoking
behavior among patients with early-onset colorectal cancer compared to late-onset patients.
Studies comparing treatment differences in patients with early- and late-onset colorectal
cancer are needed to test the risk-benefit of more aggressive treatment regimens for pa-
tients with early-onset colorectal cancer. Future research involving a more comprehensive
assessment of newer modalities of tobacco use, including the use of e-cigarettes, are needed
to completely understand the contribution of tobacco use to the recent increase of colorectal
cancer in younger patients. More accurate assessments of body composition, including the
proportion of visceral and subcutaneous adipose tissues, trends over time in body compo-
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sition measures, and childhood obesity and weight fluctuations should be considered over
BMI when investigating the impact of obesity on early-onset colorectal cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13153817/s1, Table S1: Logistic regression OR (95% confidence interval) comparing
tumor, clinical, and behavioral characteristics between early- (≤50 years), intermediate (50–55 years),
and late-onset (≥55 years) colorectal cancer patients.
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Simple Summary: In radiotherapy for rectal cancer, the treatment is identical for women and men. In
recent years, the question has arisen whether there are gender differences in radiochemotherapy. We
have investigated, in detail, differences between men and women, especially with regard to radiation
sensitivity. We found no evidence for a difference in radiosensitivity between the sexes. Nevertheless,
during radiochemotherapy, women experienced increased impairments in the quality of life, which,
however, are restored in the subsequent period. One possibility is an increased sensitivity of women
to chemotherapy.

Abstract: Gender is increasingly recognized as an important factor in medicine, although it has
long been neglected in medical research in many areas. We have studied the influence of gender
in advanced rectal cancer with a special focus on radiosensitivity. For this purpose, we studied a
cohort of 495 men (84.1% ≥ T3, 63.6% N1, 17.6%, M1) and 215 women (84.2% ≥ T3, 56.7% N1, 22.8%,
M1) who all suffered from advanced rectal cancer and were treated with radiochemotherapy. The
energy deposited, DNA double-strand break (dsb) repair, occurrence of chromosomal aberrations,
duration of therapy, tumor regression and tumor-infiltrating lymphocytes, laboratory parameters,
quality of life and survival were assessed. The residual DNA dsb damage 24 h after irradiation
in lymphocytes was identical in both sexes. Furthermore, chromosomal aberrations accurately
reflecting radiosensitivity, were similar in both sexes. There were no gender-dependent differences
in tumor regression, tumor-infiltrating lymphocytes and outcome indicating no differences in the
radiosensitivity of cancer cells. The irradiated tumor volume in women was slightly lower than in
men, related to body weight, no difference was observed. However, when the total energy deposited
was calculated and related to the body weight, women were exposed to higher amounts of ionizing
radiation. During radiochemotherapy, decreases in blood lymphocyte counts and albumin and
several quality-of-life parameters such as nausea and vomiting, loss of appetite, and diarrhea were
significantly worse in women. There is no difference in radiation sensitivity between men and women
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in both normal tissue and tumors. During radiochemotherapy, the quality of life deteriorates more in
women than in men. However, women also recover quickly and there are no long-term differences in
quality of life.

Keywords: gender; rectal cancer; radiochemotherapy; radiosensitivity; DNA double-strand breaks;
radiosensitivity; deposited energy; quality of life; blood values

1. Introduction

In medicine, gender differences are receiving more and more attention both with
regard to the choice of therapy and side effects [1,2]. In oncology, the gender-dependent
induction of cancer is also an important topic and clear sex differences are observed.
For the vast majority of cancers, men have a significantly increased risk of developing
malignancies [3]. In colorectal carcinoma, men have 30% higher incidence rates than
women [3]. Causes of colon and rectal cancer seem to be different, and in the case of
rectal cancer, alcohol and smoking are clearly of importance as to what might explain
the difference. Additionally, there are clear differences depending on the sex with regard
to response to cancer therapy and the occurrence of undesirable therapy-related side
effects [2,4,5].

From a molecular point of view, several findings support a clear difference in carcino-
genesis and therapeutic response. Gender-dependent differences in epigenetic regulation,
metabolism, expression of tumor suppressor genes such as p53, cellular senescence, anti-
tumor immune reaction and angiogenesis are described [3]. However, the most important
differences are probably the hormonal differences and the resulting different effects [6].

Locally advanced rectal cancer is commonly treated with neoadjuvant radiochemother-
apy (RCT) or short course radiotherapy alone, followed by total mesorectal excision and
adjuvant chemotherapy. New treatment strategies comprise total neoadjuvant treatment
or a watch and wait strategy after clinically complete remission following neoadjuvant
treatment. RCT carries a certain risk of adverse therapeutic effects both during therapy and
in the long term. It is extremely important that acute side effects are well tolerated and
do not lead to therapy discontinuation thus comprising oncologic outcome. Long-term
therapy consequences can only be experienced if the therapy was successful but might be
associated with debilitating symptoms and reduced quality of life. However, judgement on
the tolerability of RCT is based on results looking at the average patient population, but
does not consider gender [7]. We searched for indicators of differences in men and women
in terms of altered efficacy of therapy or side effects. In particular, we were interested as
to whether there are gender differences between the radiosensitivity of both normal and
tumor tissue and whether this could lead to adverse radiation or chemotherapeutic effects
in one sex or an altered tumor response.

2. Materials and Methods

2.1. Rectal Cancer Cohort and Healthy Individuals

This advanced rectal cancer cohort of 495 males and 215 females was originally derived
from three studies on radiosensitivity, tumor-infiltrating lymphocytes and quality of life
analyses. The study period was between 2005 and 2018 and represented a consecutive
cohort. The fourth cohort of laboratory values is composed of the first three cohorts,
including patients who were scheduled for one of the other studies but from whom blood,
tissue, or questionnaires were not available and therefore could not be included in these
studies. In the radiosensitivity cohort, besides 400 rectal cancer patients, an additional
187 healthy individuals were included as a control group. The γH2AX cohort of 137 rectal
cancer patients and 59 healthy individuals was a subgroup of the radiosensitivity cohort.
The tumor-infiltrating lymphocytes study consists of 209 patients and the quality of life
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group consists of 357 patients. Lab data are derived in maximum from 616 patients
(Figure 1).

Figure 1. Members of the cohort from four subgroups. The number in the four overlapping circles
indicates the number of participants from all four subgroups, corresponding to the three, two and
single subgroups. The numbers “+TIL” stand for the intersection of the patient numbers from the
radiosensitivity group and the TIL group or “+QOL” for the intersection of the QOL group and the
laboratory data group. m = male, f = female, QOL = quality of life cohort, TIL = tumor-infiltrating
lymphocytes cohort.

All patients were intended to receive a neoadjuvant RCT consisting of a conventional
radiotherapy of 28 fractions with 1.8 Gy each, up to a total dose of 50.4 Gy. Simultaneous
chemotherapy was 5-fluorouracil-based. The most commonly used concurrent chemother-
apy combination was 5-FU and oxaliplatin. The remaining patients received similar treat-
ment regimens, including 5-FU alone, capecitabine, 5-FU + antibody, 5-FU + cisplatin, or
5-FU + irinotecan. Metastatic patients usually received FOLFOX, FOLFIRI, or FOLFOX-IRI;
in some cases, in combination with antibodies. After completion of radiochemotherapy,
patients were treated with a total mesorectal resection.

2.2. Deposited Energy Calculation

The 95%, 90%, 80%, 60%, 40%, 30% and 20% isodose volumes were derived from
the treatment planning software (TPS) Pinnacle (Philips Radiation Oncology Systems,
Fitchburg, WI, USA). Deposited energy values were calculated according to the equation
described previously (Figure 3B) [8].

2.3. γH2AX Detection of DNA Double-Strand Breaks

EDTA blood was drawn before RCT was started and divided into three samples. The
background was the initial damage of 0.5 Gy and 30 min repair time and the remaining
residual damage 24 h after a dose of 2 Gy IR (Isovolt 160, General electrics, Ahrensburg,
Germany). Lymphocytes were then prepared on a slide by cytospin centrifuge and im-
munostaining with γH2AX (abcam, Cambridge, UK) and counterstained with dapi [9];
1000 lymphocytes were counted in each group for the average number of foci [10].
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2.4. Chromosomal Aberrations by Three Color Fluorescence In Situ Hybridization

Before starting the RCT, heparinized blood was drawn and half of it was irradiated
with 2 Gy 6-MV ionizing radiation (Oncor, Siemens, Erlangen, Germany) and the other
half was taken as background. Lymphocytes were stimulated with phytohemagglutinin
and incubated at 37 ◦C for 48 h. Colcemid was added for 3 h and then the chromosomes
were prepared. Chromosomes #1, #2 and #4 were stained with fluorescent probes in red,
green and yellow and counterstained with dapi. Metaphases were imaged automatically
using a fluorescence microscope (Zeiss, Axioplan 2, Göttingen, Germany) and a specialized
software (Metafer 4 V3.10.1, Altlussheim, Germany). An image analysis software (Biomas,
Erlangen, Germany) was used to determine the breaks per metaphase. The background
value was subtracted from the 2 Gy irradiated values [11,12].

2.5. Therapy Duration and Regression Grade

Therapy duration, total dose, and fractions were derived from patient records. The
Dworak regression grade was derived from the pathological reports.

2.6. Blood Values

Blood values of leucocytes, thrombocytes, monocytes, eosinophils, erythrocytes,
hemoglobin, albumin, LDH, creatinine, alkaline phosphatase, C-reactive protein (CRP), glu-
tamic oxaloacetic transaminase (GOT), glutamate pyruvate transaminase (GPT), potassium,
thyroid-stimulating hormone and 25-hydroxyvitamin D were obtained from the hospital
database. In each case, the value immediately before the start of therapy and before each
start of the following therapy weeks was selected. Blood values for thyroid-stimulating
hormone and 25-hydroxyvitamin D were only available prior to the start of RCT.

2.7. Tumor-Infiltrating Lymphocytes

Paraffin-embedded tissues from biopsies (n = 103) and tumor resections (n = 173)
were repunched into tissue micro arrays of 2 mm diameter. Immunohistochemical double-
staining for FoxP3+ (Ab20034, abcam, Cambridge, UK) and CD8+ (M7103, Agilent, Santa
Clara, CA, USA) was performed. Visualization was performed using a Polymer Kit and
Fast Red and Polymer Kit and Fast Blue (POLAP-100 Zytomed Systems, Berlin, Germany).
Images of each spot were acquired at 400× magnification (Imager Z2, Zeiss, Göttingen,
Germany) combined with a Metafer software (Metasystems, Altlussheim, Germany). The
number of lymphocytes per square mm were counted separately for tumoral stroma and
tumoral epithelium using an image analysis software (Biomas, Erlangen, Germany) [13,14].

2.8. Quality of Life

Quality of life was prospectively assessed using the EORTC QLQ C30 and CR38
questionnaires. Time points were before the start of the RCT (n = 357), during the RCT
at week 2 (n = 218) and at the end of the RCT at week 5 (n = 195), and after 10 weeks
(n = 208) immediately prior to surgery. From then on, the questionnaire was answered
annually (1 year = 185; 2 years = 105; 3 years = 71; 4 years = 68; 5 years = 48). Scores were
calculated according to the official EORTC manual. In the function scales, a higher score
means that the patient is doing well in this category. In contrast, a higher score in the
symptom category means that the patient has more complaints [15]. Clinical significance
for QOL data was assumed at a change of 10% or more.

2.9. Survival Curves

Overall survival is calculated as the time from diagnosis to the time of death. Tumor-
specific survival was defined as the duration from the date of diagnosis until death due to
rectal cancer. Recurrence-free survival was measured from the time of diagnosis to the date
of recurrence or death from any cause. Metastasis-free survival was measured from the time
of diagnosis to the date of distant metastasis or death from any cause. Local recurrence was
defined as recurrent disease within locoregional area and distant recurrence was defined as
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recurrence beyond the locoregional area. Progression was defined as locoregional failure or
distant metastasis. Patients lost to follow-up or who have no events are censored at this
time. Median time to follow-up was 49.5 months.

2.10. Statistics

All statistical analyses were performed using SPSS version 24 (IBM Inc., Chicago, IL,
USA). Student’s t-test was used for independent samples and Pearson’s Chi-squared test
was used to compare the TNM stages of women and men. Survival plots were gener-
ated according to the Kaplan–Meier method [16] and compared using the log-rank test;
p-values < 0.05 were considered to be statistically significant.

3. Results

3.1. Patient and Treatment Characteristics

We studied the influence of gender on therapy-related effects in a cohort of 710 patients
suffering from rectal cancer; 495 patients were male (69.7%) and 215 female (30.3%). The
cohort consisted of four sub-cohorts, namely a cohort testing radiosensitivity (n = 400), a
quality of live cohort (n = 357), a tumor-infiltrating lymphocytes cohort (n = 209) and a lab
data cohort (n = 616). Patients were consecutively included.

Data of all four endpoints (radiosensitivity, tumor-infiltrating lymphocytes, lab data
and quality of life analyses) were available in 33 patients, of three endpoints in 200 patients
and of two endpoints in 373 patients (Figure 1). TNM stages were slightly different between
females and males (p = 0.048) (Table 1). The mean age of female (62.2 years) and male (62.8)
patients was nearly identical (p = 0.554) (Figure 2A). Body weight (p < 0.001) (Figure 2B)
and height (p < 0.001) (Figure 2C) was significantly higher in males. Nevertheless, the body
mass index was comparable (p = 0.409) (Figure 2D).

Table 1. Tumor stage according to gender of the entire cohort.

Stage Male (%) Female (%) Significance (p)

cT-stage

1 13 (2.6%) 8 (3.7%)
2 66 (13.3%) 26 (12.1%)
3 332 (67.1%) 127 (59.1%)
4 84 (17.0%) 54 (25.1%) 0.011

pN-stage 0 180 (36.4%) 93 (43.3%)
1 315 (63.6%) 122 (56.7%) 0.093

cM-stage 0 408 (82.4%) 166 (77.2%)
1 87 (17.6%) 49 (22.8%) 0.144

Significance calculated by Pearson’s Chi-squared test. For the cT-stages, only stage 3 and 4 were used for the
statistical calculation.

We assessed whether there was a difference in the total deposited energy between
males and females. We used the isodose volumes of the radiation planning system and
calculated a deposited energy of each patient (Figure 3A). The deposited energy is defined
as the sum of the isodose dose values multiplied by the volume of this dose level and the
mass density (Figure 3B). Equal amounts of energy were deposited in males and females
(Figure 3C). However, taking into account that females have a lower mass, the mean dose
related to the total body is significantly higher in females (p < 0.001) (Figure 3D). The 95%
isodose volume to treat the tumor, however, tended to be smaller in women than in men
(p = 0.088). In terms of body weight, there was no difference, indicating that the tumor
region was treated equally in men and women (p = 0.488), as shown in Supplementary
Figure S1. Chemotherapy given simultaneously was 5-FU based in males in 90.9% and
in females in 85.6% of the cases. The healthy control cohort consisted of 79 men and
108 women with mean ages of 51 years and 49.4 years, respectively.
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Figure 2. Age, body weight, height and body mass index compared between women and men in the
entire cohort. Indicated are the number of individuals: (A) Age; (B) Body weight; (C) Height and
(D) Body mass index. The box represents the median, the 25th to 75th percentiles and the whiskers
of the 10th to 90th percentiles. The mean and standard deviation are shown to the right of the box;
p-values were calculated by the Student’s t-test.
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Figure 3. Deposited energy in patients with rectal cancer (radiosensitivity cohort): (A) Treatment
plan of a patient with rectal cancer where the isodose ranges are marked with different color wash.
The magenta line represents the gross target volume; the inner yellow line represents the planning
target volume; (B) The deposited energy (Edep) is calculated using the equation given, where V is
the volume and ρ is the density; (C) The deposited energy and (D) The deposited energy related to
body mass in the cohort. The box represents the 25th to 75th percentiles and the whiskers represent
the 10th to 90th percentiles. The mean and standard deviation are shown to the right of the box; p-
values were calculated by the Student’s t-test.

3.2. DNA Double-Strand Breaks and Chromosomal Aberrations

A key question of our analyses was whether a gender difference in the DNA double-
strand break (dsb) repair and chromosomal aberrations induction exists. DNA dsb were
analyzed by γH2AX staining (Figure 4A) in blood lymphocytes obtained prior to RCT. DNA
dsb background rates in men were slightly higher in both healthy individuals (p = 0.021)
and patients with rectal cancer (p = 0.017) (Figure 4B). The initial dsbs 30 min after an
ex vivo dose of 0.5 Gy ionizing radiation were equal in healthy individuals and slightly
higher in males with rectal cancer (Figure 4C). The remaining DNA DSB after a dose of

219



Cancers 2022, 14, 148

2 Gy and 24 h of repair time were identical between genders in healthy subjects (p = 0.684)
and patients with rectal cancer (p = 0.507) (Figure 4D).

Figure 4. Number of DNA double-strand breaks per lymphocyte quantified by γH2AX after im-
munostaining of lymphocytes from healthy individuals and patients with rectal cancer (radiosensitiv-
ity cohort): (A) Representative images of an unirradiated cell, a 0.5 Gy irradiated cell with 30 min
and a 2 Gy irradiated cell with 24h repair time. Blue staining is dapi and green staining is γH2AX;
(B) Pre-existing γH2AX foci; (C) Initially formed γH2AX foci 30 min after an IR dose of 0.5 Gy and
(D) γH2AX foci after an IR dose of 2 Gy and a repair time of 24 h. The mean and standard deviation
are shown to the right of the dot plots; p-values were calculated by the Student’s t-test.
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Chromosomal aberrations were analyzed by three color fluorescence in situ hybridiza-
tion (Figure 5A). Background levels of both genders in rectal cancer patients were clearly
higher compared to healthy individuals, yet between genders no difference was observed
(Figure 5B). After 2 Gy ex vivo irradiation, there was no difference in between healthy
individuals and rectal cancer patients between sexes. The same was observed when only
stable or unstable or complex aberrations were compared (Supplementary Figure S2A–C).

 
Figure 5. Radiosensitivity testing by three color fluorescence in situ hybridization of chromosomes
#1, #2 and #4 (radiosensitivity cohort and healthy individuals). Metaphase spreads of human
blood lymphocytes with chromosomes #1 (red), #2 (green) and #4 (yellow) stained. DNA was
counterstained with DAPI (blue): (A) Normal metaphase spread in comparison to a metaphase
spread with a translocation and a dicentric aberration each in chromosome #2, in sum scored with
4 breaks. Chromosomal aberrations in 179 healthy individuals and 400 patients suffering from rectal
cancer; (B) Individual background B/M rates for both cohorts; (C) After ex vivo IR of 2 Gy. The
mean and standard deviation are shown to the right of the dot plots; p-values were calculated by the
Student’s t-test.

3.3. Total Treatment Time, Tumor Regression, Blood Counts and Serum Parameters

During radiotherapy, higher energy per mass was deposited in females. In addition,
there was only marginal difference in DNA DSB repair and chromosomal aberrations.
Therefore we examined indicators of higher toxicity. An interruption of RCT and thus a
prolongation of total radiation treatment time can be an indicator of a stronger toxic effect
of the RCT. Therapy length was slightly longer by nearly one day in women as compared
to men (38.4 day versus 37.8day, p = 0.063) (Figure 6A). Total dose (49.9 Gy versus 49.2 Gy
p = 0.634) and fractions (27.5 versus 26.8 p = 0.672) were comparable between both genders
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(Figure 6B,C). An indicator of radiation sensitivity is histological tumor regression after
RCT. For this purpose, Dworak grading was used that indicated a mean value of 2.59 for
men and 2.56 for women, which did not show a significant difference (p = 0.778) (Figure 6D).

 
Figure 6. Therapy length, total dose and number of fractions of the entire cohort: (A) Length
of therapy in days of 479 men and 189 women; (B) Total dose applied in Gy; (C) Number of
fractions irradiated. The line indicates the median; (D) Regression of the cancer cells after RCT of
the radiosensitivity cohort. Dworak regression grade means 0 is no regression and 4 is no remaining
cancer cells. The mean and standard deviation are shown to the right of the dot plots; p-values were
calculated by the Student’s t-test and the Fisher’s exact test were used for regression.

Changes in leukocyte blood counts may indicate differences in toxicity and were
studied during RCT. Leucocyte decrease was mildly enhanced in females compared to
males, while thrombocytes, monocytes, eosinophils (Figure 7A–D) and erythrocytes did
not differ between the two groups. Hemoglobin decreased constantly in both groups
(Figure 7E) while albumin decreased slightly more in females (Figure 7F). There was no
gender specific difference in thyroid-stimulating hormone prior to therapy (p = 0.537),
yet women had slightly higher levels in 25-hydroxyvitamin D (p = 0.043). Erythrocytes,
LDH, creatinine, alkaline phosphatase, CRP, GOT, GPT and potassium did not clearly differ
during RCT between both genders (Supplementary Figures S3–S5).
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Figure 7. Blood values prior to and during the RCT of the lab data cohort. The filled dots represent
women and the open rectangles represent men. The number of people with blood samples is indicated.
The number of (A) Leukocytes; (B) Platelets; (C) Monocytes; (D) Eosinophils and the amount of
(E) hemoglobin and (F) Albumin were given. Length of the error bars is the 95% confidence interval
for the mean. m = male, f = female.

3.4. Tumor-Infiltrating Lymphocytes

The immune response against the tumor could differ depending on sex, so that tumor-
infiltrating CD8+ cytotoxic lymphocytes and FoxP3+ regulatory T lymphocytes prior to RCT
in the biopsy and about 55 days after RCT in the surgical specimen were compared between
sexes. Lymphocyte counts were analyzed in the stromal and epithelial compartment of the
tumors. No differences were found between genders with the exception of lower counts of
CD8+ cytotoxic lymphocytes in the epithelial compartment after RCT in women (Figure 8).
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Figure 8. Stromal and intraepithelial cell density distributions of CD8+ and FoxP3+ regulatory
T cells from samples (A) prior to RCT and, on average, (B) 55 days after RCT (tumor-infiltrating
lymphocytes cohort). The center line represents the median value, while the box indicates the
interquartile range (IQR). The whiskers represent 1.5 times the IQR or the minimum/maximum.
Outliers are indicated by symbols; p-values were calculated by the Student’s t-test. The box represents
the 25th to 75th percentiles and the whiskers represent the 10th to 90th percentiles. M = male,
F = female, RCT = radiochemotherapy.

3.5. Health-Related Quality of Life

Furthermore, we analyzed quality of life to study therapy-related side effects during
therapy and for a long follow-up period of up to 5 years after RCT. The QLQ-C30 and
C38 questionnaires were used. In nearly all function and symptom scores, the females’
baselines tended to be worse or were 10% points below the males’ scores and were therefore
regarded as significantly inferior. During RCT, females tend to deteriorate more than males
in several scores. This was most pronounced for nausea and vomiting, appetite loss
and diarrhea (Figure 9). However, already ten weeks after the beginning of RCT, most
symptoms returned to baseline. One year after beginning the RCT or later, there was even
an improvement in the state of women compared to men of 10% or more with regard to
body image, fatigue, dyspnea and diarrhea. This was true for most of the other functional
scores (Supplementary Figures S6–S9).
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Figure 9. Quality of life by QLQ C30 and CR38 questionnaires of the quality of life cohort. Data
points are baseline, during RCT (2nd and 3rd point), directly prior to surgery (4th point) and 1 to
5 years after beginning of RCT. Functional scores (A–C) and symptom scores (D–I). The scores are:
(A) Physical functioning (B) Body image (C) Global health status (D) Fatigue (E) Nausea & Vomiting
(F) Appetite loss (G) Dyspnoea (H) Diarrhea (I) Chemotherapy side effects. Asterisks to the left of
the abscissa mark differences of more than 10% in the baseline, and asterisks (*) in the time data
mark a change of more than 10 percentage points from the baseline. The length of the error bars
corresponds to the 95% confidence interval for the mean. The number of patients who answered the
questionnaires is given.

3.6. Survival and Oncologic Outcome

Finally, we analyzed the difference in survival between men and women. We found no
differences in overall survival (p = 0.596), tumor-specific survival (p = 0.199), local recurrence
free survival (p = 0.621), distant metastasis free survival (p = 0.306) or progression- free
survival (p = 0.423) (Figure 10). Cumulative incidence of local recurrence (p = 0.375),
metastatic disease (p = 0.804) and progression (p = 0.657) was not different between men
and women.
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Figure 10. Ten year follow-up of male and female patients suffering from rectal cancer of the entire
cohort: (A) Overall survival; (B) Tumor-specific survival; (C) Cumulative incidence of local recurrence;
(D) Local recurrence-free survival; (E) Cumulative incidence of metastatic disease; (F) Metastasis-free
survival; (G) Cumulative incidence of any recurrence and (H) Progression-free survival. The 10-year
survival is given in brackets. Log-rank test was used to calculate p-values.
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4. Discussion

The most significant finding of this study was an only minor difference in DNA repair
between genders in normal tissue but no difference in the occurrence of chromosomal
aberrations. This data were derived from a large number (n = 587) of rectal cancer patients
and healthy individuals. In the repair examined with γH2AX, the accuracy of the repair
plays an important role in addition to the reconnection, but this can only be checked to
a limited extent with γH2AX [17]. In contrast, chromosomal aberrations reflect not only
the repair but also the mutation frequency and thus, to a certain extent, the correctness of
the repair. Additionally, chromosomal aberrations reflect individual radiosensitivity very
well [18]. Therefore, this finding reveals that DNA repair and DNA damage processing is
not different between males and females. Since there is a notion that instable aberrations
predominantly reflect the occurrence of cell death and thus side effects, and stable aberra-
tions represent more the stochastic risk [19], these parameters were also studied. There were
no identifiable differences between both sexes. In epidemiological observations from the
Hiroshima and Nagasaki atomic bomb studies, the stochastic risk of cancer development
was significantly higher in women [20]. In the context of our data, this would suggest that
the increased stochastic risk of the Hiroshima and Nagasaki cohort is not indicative of
poorer repair or damage processing, but later processes of carcinogenesis where hormonal
differences then lead to the development of cancer [3].

On the contrary, in a study with fibroblast cell lines from 89 women and 63 men, a
higher sensitivity of the female cell lines was found despite a very strong variation in the
colony-forming assay. Likewise, significant gender differences were found in 10 radiation
responsive genes [21]. A review on Sex Difference of Radiation Response reports that
long-term radiosensitivity in females is higher than that in males. The same paper also
states that data are still insufficient [22].

To investigate the radiation sensitivity of the tumor, we measured the regression of
tumor cells after RCT in surgical tumor specimens, on average, 55 days after the end
of RCT. We found no sex-dependent difference in tumor regression grades. In addition,
no differences in the amount of tumor-infiltrating CD8+ and FoxP3+ lymphocytes were
detected. This indicates that there is no differential immune response between the sexes
in these two lymphocyte types. Finally, no difference in the therapy outcome was found.
This also indicates that the radiosensitivity of the tumor is not different between males
and females.

The clearest difference between men and women during the RCT was seen in quality
of life. Already at baseline, women often had worse scores than men. There was a general
trend for these scores to worsen during therapy and to improve significantly after RCT. In
long-term follow-up, even an improved state in women compared to men as opposed to
the baseline was shown. This suggests an increased acute sensitivity to RCT. It is not clear
whether this is more an effect of radiotherapy or chemotherapy. Most blood parameters
proceeded similarly between sexes. However, leukocytes and albumin decrease more in
women than in men.

One possible explanation for these effects, as we have shown, could be the relatively
higher deposited energy of radiation in women. Although the 95% isodose volume is
smaller in women than in men, no difference can be seen in relation to body weight.
If the total deposited energy is calculated in relation to body weight, then 17% more
energy per mass is deposited in women. The reason for this is probably the different
anatomical situation in women compared to men. Since the BMI was the same in both
groups, overweightness in women cannot be the reason for this difference. Toxicity of
chemotherapeutic agents could be an alternative explanation for the increased side effects
in women. Women have an increased risk of therapy-related side effects after application
of chemotherapeutic agents [23,24]. This has been reported for colorectal cancer [25] and
rectal cancer [26]. Fluorouracil as the main component of therapy causes higher toxicity
in women [27]. This could be due to the lower concentration of the 5-FU degrading
enzyme dihydropyridine dehydrogenase [2] or more frequent polymorphisms in women’s
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enzyme [28,29]. Moreover, the gender-specific heterogeneous body fat composition could
have an influence [26,29]. In addition, the calculation of body surface area in women
leads to a relatively high dose, since the percentage of fat in women is higher [30]. A
combination of both the increased deposited energy per mass and the increased side effects
of chemotherapy might also be operational. It was suggested to use lean body mass instead
of body surface area to calculate the 5-FU dose [30].

In general, increased side effects in women were limited to the duration of therapy
and disappeared in the long-run. In terms of quality of life, women tended to achieve
better values in the long-term. Finally, there was no observed difference between men
and women in the incidence of local recurrences or distant metastases, or in progression-
free, tumor-specific, or overall survival. This is in line with multiple observations of no
difference between men and women in survival parameters [26,31].

5. Conclusions

Radiation sensitivity of normal tissue and tumor appears to be the same in males
and females in this large set of rectal cancer patients and healthy individuals. During
radiochemotherapy, QoL deteriorates more in women than in men, and women also
experience larger depletions in leucocyte counts during treatment. We postulate that
increased chemotherapy-derived toxicity and a slightly higher deposited energy is the
underlying cause for these phenomena.
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quality of life by QLQ CR38 questionnaires; Figure S8: Symptom scores of quality of life by QLQ C30
questionnaires; Figure S9: Symptom scores of quality of life by QLQ C30 questionnaires.
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