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Abstract

Background: Cellulose nanomaterials (CNMs) are emerging materials
under development for various applications in biomedicine and the food industry.
Consequently, their potential human health effects warrant evaluation, particularly
after oral exposure. Previous studies on two innovative CNMs, CNF-TEMPO and
CMF-ENZ, indicated that genotoxicity could not be ruled out, as DNA damage was
observed in Caco-2 cells. Whether these CNMs may aifect gene expression
regulation and induce downstream effects not assessed through genotoxicity
testing, is still an open question. This work presents a new approach methodology
coupling in vitro simulated digestion with epigenomics, to investigate changes in

DNA methylation upon exposure ot intestinal cells to these CNMs.

Results: DNA methylation patterns differed upon cell exposure to
undigested or digesied samples, showing a trend towards hypermethylation for
undigested and hypomethylation for digested samples. Using Reduced
Representation Bisulfite Sequencing, significant differentially methylated regions
(DMR) and genes were identified in undigested and digested CNMs-exposed cells.
Pathway analysis revealed that CNMs influenced multiple signal transduction
pathways. CMF-ENZ and CNF-TEMPO impacted glycosaminoglycan metabolism and
glycosylation pathways, possibly involved in cell proliferation. CMF-ENZ affected a
DNA repair pathway, while CNF-TEMPO impacted pathways associated with
glucose metabolism, independently of the digestion process. Both CNMs seemed to
affect pathways implicated in overall cytoskeletal and extracellular matrix dynamics.
For digested CNMs, particularly digested CNF-TEMPO, this impact suggests a

possible deleterious disturbance given the involvement of ERBB2/PIK3 signaling.
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Conclusions: This study shows that CNMs may have a biological effect on
Caco-2 cells, affecting DNA methylation, and highlights the importance of epigenetic
analysis in pointing out the way for unraveling the mechanisms underlying their

toxicity.

Keywords: nanocellulose; nanomaterials; in vitro digestion; DNA methylation; gene

ontology; pathway analysis

1. INTRODUCTION

Nanocelluloses (or cellulose nanomaterials, CNMs), such as cellulose
nanofibrils (CNFs), are versatile nanomaterials (NMs), widely studied for use in
multiple fields, including the food and biomedical fields [1]. The toxicological effects
of these NMs have been investigated using intestinal celis and showed, in general,
a lack of mutagenic and carcinogenic properties [1-3]. For two CNFs obtained from
Eucalyptus globulus kraft pulp, no consistent evidence of mutagenic and
chromosomal damage has been shown, using OECD-recommended tests [3].
However, an induction of DNA damage was observed using the comet assay in Caco-
2 and HT29-MTX-E12 intestinal cells, indicating that genotoxicity cannot be
excluded [3]. In addition, there is evidence that cellulose nanocrystals (CNCs) but
not CNFs, may exert inflammatory effects and immunotoxicity [2, 4, 5], although
contradictory outcomes were seen for CNCs [5]. Indications of barrier function
impairment after exposure to CNFs and CNCs in intestinal epithelia have also been
reported, however, without affecting tissue viability [4, 5]. Given these inconclusive
results, safety concerns regarding CNMs and their potential effect on human health
remain and require further clarification.

DNA-damaging agents can affect DNA methylation patterns, a reversible
epigenetic mechanism of gene regulation, which may have an important role in DNA
damage and DNA damage response [6]. DNA methylation refers to the covalent

transfer of a methyl group (CH3) to the C5 position of a cytosine nucleotide ring on



a DNA strand (5-methylcytosine, 5-mC) [7]. Most frequently, these methylations
occur at CpG sites (CpGs), that tend to cluster together in genomic regions known
as CpG islands (CGIs) [7, 8]. Methylation of CpGs located in gene promoter regions
is generally associated with transcriptional gene silencing, while gene body
hypermethylation correlates with gene activation [9]. The well-balanced process
between DNA methylation and demethylation is critical for the regulation of multiple
biological processes related to development (e.g. during embryogenesis, cell
differentiation, tissue development) and cellular homeostasis and may change due
to aging, or disease (including cancer) processes and progression [8, 10, 11].
Epigenetic alterations play an essential role in carcinogenesis and, for instance,
changes in DNA methylation have been implicated in the initiation and progression
of colorectal cancer (CRC) [12].

Exposure to several NMs such as carbon-based NMs, silica, titanium dioxide,
gold, and zinc oxide have been associated with DNA methylation changes in tumour
suppressor genes, inflammation-related and DNA repair genes, among others, all of
relevance for cancer development [13]. Moreover, changes in DNA methylation were
observed in the genome of some cell iypes at noncytotoxic, low doses of NMs,
suggesting that DNA methylation can be an early sensitive marker for detecting
cellular responses upon exposure to NMs [14]. Exposure to NMs can also induce
epigenetic effects through histone modifications and non-coding RNA alterations,
including the epigenetic machinery itself [15]. Although molecular epigenetic effects
of NMs do not directly translate into alterations of toxicological endpoints, including
genotoxicity, they can elucidate their underlying mechanisms of action of
substances, particularly related to low-dose and long-term effects [13, 16, 17]. Most
epigenetic studies on NMs have been conducted in vitro, the majority focusing on
lung-related cell models, and very few applying intestinal cells [13]. To the best of
our knowledge, there are no studies that assessed genome-wide alterations in DNA
methylation patterns caused by CNMs. A single study reported the
immunomodulatory properties of CNFs in immune cells, related to their microRNA

epigenetic profile [18].



In the present study, the epigenetic effects of two fibrillated CNMs, differing
in their physicochemical properties, CMF-ENZ and CNF-TEMPO, undigested and
after simulated digestion, were investigated in intestinal cells. This evaluation was
performed using a new approach methodology combining the in vitro human
digestion simulation established within INFOGEST2.0 with two approaches used to
analyse DNA methylation patterns: global DNA methylation and genome-wide DNA
methylation using the Reduced Representation Bisulfite Sequencing (RRBS). RRBS
is a high-throughput method that uses restriction enzymes in the whole genome and
DNA size selection before bisulfite conversion narrowing down the analysis to the
CpGs-rich regions where most DNA methylation occurs, while only sequencing
approximately 3-5% of the genome [19, 20]. This approach aids in identifying, in the
genome of Caco-2 cells, the potential differentially methylated region (DMR), and
the genes that undergo methylation changes after exposure to these CNMs, further
exploring functional pathways that might be affected by the genomic methylation
changes. Adding the in vitro simulated digestion before genotoxicity testing enables
to consider the potential physicochemical modifications that may occur to the NMs

along digestion, which might influence their interaction with cells.

2. MATERIALS AND METHODS

2.1. Cellulose nanomaterials preparation

CNF-TEMPO and CMF-ENZ samples, obtained from industrial bleached
Eucalyptus globulus kraft pulp (BEKP), were kindly provided by the University of
Coimbra and already characterized [3, 21, 22]. Details on CNF-TEMPO and CMF-
ENZ production are described elsewhere [21, 23]. Briefly, to obtain the CMF-ENZ,
cellulose fibres were firstly suspended in water and the PH adjusted to 5 with sodium
citrate buffer. The suspension was incubated with 5% hemicellulase, 10%
endocellulase, and 10% exocellulase at a dosage of 300 g/ton of fibres (enzymatic
hydrolysis treatment), and heated for 2 h at 50 2C, under constant mechanical
stirring. The hydrolysis reaction was halted by increasing the temperature to 80 C
for 15 min, then cooled to room temperature and washed with demineralized water.

For CNF-TEMPO, fibres were subjected to a 2h treatment with TEMPO-mediated



oxidation. Firstly, fibres were mixed in an aqueous suspension with 0.016 g of radical
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and 0.1 g of NaBr, per gram of fibres,
at room temperature, and stirred for 15 min for good dispersion. After this, 5 mM of
NaOCI per gram of fibres was slowly added to the dispersion. The oxidation was
finished when a stable pH 10 was reached (by adding drops of NaOH 0.1 M). CNF-
TEMPO was filtered and washed with distilled water until 20 pS/cm conductivity.
CNF-TEMPO and CMF-ENZ were then mechanically homogenized in a high-
pressure homogenizer (GEA Niro Soavi, model Panther NS3006 L, GEA Group
Aktiengesellschaft, Diisseldorf, Germany) with 2 passages, the first at 500 bar and

the second at 1000 bar [21].

Before each biological assay, both samples, presenting a gel consistency, were
diluted to a stock solution of 1.5 mg/mL in phosphate buffer saline (PBS), and
dispersed with magnetic stirring for 30 min. Working dilutions were then prepared
in a cell culture medium. Digested samples were treated according to Section 2.2
and then diluted in a cell culture medium to reach final concentrations. In the

biological assays, samples with and without digestion were used.

2.2. Simulated In vitro digestion

The in vitro digestion experiment was performed with the harmonized static
INFOGEST 2.0 digestion protocol to emulates the sequential human digestion
process, using different conditions of digestion time, pH, temperature, ionic
strength, bile salts content, and digestive enzymes to simulate the in vivo oral,
gastric, and intestinal compartments [24, 25]. Three dispersions (simulated
digestion fluids) with a specific electrolyte composition and concentration, were
used to simulate the three phases of digestion: oral (simulated salivary fluid, SSF),
gastric (simulated gastric fluid, SGF), and intestinal (simulated intestinal fluid, SIF)
phase. The components of each simulated digestion fluid are described elsewhere
[24, 26]. A minor modification of the reduction of bile salt concentration from 10 mM
to 4 mM was introduced to the INFOGEST 2.0 digestion original protocol, as
previously reported [3, 26]. At each digestive phase, the different fluids with the

specific electrolyte composition (SSF, SGF and SIF), as well as specific enzymes,



and other constituents were sequentially added to an initial volume of 1 mL of CNF-
TEMPO or CMF-ENZ, as follows: (i) 1 mL of SSF (1X) with 75 U/mL a-amylase, 1.5
mM of CaCl;.2H,0 and Milli-Q water, mixed in a mechanical shaker for 2 min at 37
°C (oral phase, pH 7); (ii) 2 mL of SGF (1X) with 2000 U/mL pepsin, 0.15 mM of
CaCl,.2H,0 and Milli-Q water, mixed for 120 min at 37 °C (gastric phase, pH 3); (iii)
4 mL of SIF(1X) with 100 U/mL pancreatin, bovine bile (to achieve 4 uM final
concentration of bile salt in the reaction vessel), 0.6 mM of CaCl2.,H,0O and Milli-Q
water, mixed for 120 min at 37 °C (intestinal phase, pH 7). At the end of the intestinal
phase, the enzymatic activity was stopped with Pefabloc® SC (final concentration 5
mM) [3, 26]. The final product of the digestion is thereafter denominated as
“digestion product”, while CNMs submitted to digestion are designated as digested

CNMs (DIG CNMs).

2.3. Cell culture and exposure conditions

The in vitro cellular model based on human colorectal adenocarcinoma Caco-
2 (European Collection of Authenticated Cell Cultures, ECACC, Salisbury, UK), was
used to assess DNA methylation alterations. The cell line was cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% of fetal bovine serum
(FBS), 1% penicillin/streptomycin, 1% fungizone and 2.5% HEPES buffer (all from
Thermo Fisher Scientific, Waltham, MA, USA), at 372 C and 5% CO,. They were
routinely checked for mycoplasma using PCR. Before exposure, the cells were grown
24 h in 6-well plates at 1.5x10° cells/mL. The cells were exposed to 3.1, 14.3, and 25
ng/mL of CNMs or digested CNMs, for 24h at 372C and 5% CO,. Untreated cells
were maintained as negative control of undigested CNMs exposure. The digestion
product without CNMs was used as a negative control of the digestion, in the
corresponding concentrations of digested CNMs (DIG Control, C1-C3). The
percentage of digestion product present in the culture medium corresponding to the
CNMs concentrations are the following: 3.1 pg/mL - 1.7% (C1); 14.3 pg/mL - 7.6%
(C2) and 25 pg/mL - 13.3% (C3). All exposure conditions were performed in

biological triplicate cultures for each of the 16 treatment conditions.

2.4. DNA extraction and quantification



Genomic DNA was extracted from exposed and non-exposed Caco-2 cells using
the Wizard Genomic DNA Purification kit (Promega, Madison, WI, USA), according
to the manufacturer’s protocol (3.D “Isolating genomic DNA from tissue culture and
Animal tissue”), with the addition of a step of proteinase K digestion for 3h (final
concentration 100 png/mL). DNA purity was evaluated using the Nanodrop (Thermo
Fisher Scientific, Waltham, MA, USA), with acceptance criteria based on general
guidelines for absorbance ratios (A260/280 ~1.8 for DNA purity; A260/230 >2.0 for
buffer/salt contamination). dsDNA was then quantified in Qubit 3.0 (Thermo Fisher
Scientific, Waltham, MA, USA) using the dsDNA Broad Range (BR) Assay Kit
(Invitrogen, Carlsbad, CA, USA). DNA quality was confirmed in a 0.8% agarose gel

electrophoresis.

2.5. Global DNA methylation analysis

DNA methylation was analysed by measuring the global levels of 5-methylcytosine
(5-mC) using the methylated DNA Quantification Colorimetric Kit ab117128 (Abcam,
Cambridge, UK), according to the manufacturer’s instructions. Briefly, 100 ng of
DNA was added to a 96-well plate previcusly coated with a binding solution, and left
to incubate at 379 for 90 min. Then, the plates were washed, incubated with a
capture antibody for 30 min, rewashed, and incubated with a detection antibody for
30 min. Finally, an enhancer solution was added for 30 min followed by the
developing solution. The absorbances (optical density, OD) were measured in a
SpectraMax iD3 plate reader (Molecular Devices, San Jose, California, USA) at 450
nm. Concurrent positive (methylated polynucleotide containing 50% of 5-
methylcytosine) and negative (unmethylated polynucleotide containing 50% of
cytosine) controls provided by the manufacturer were included and used to
determine the relative methylation status of undigested and digested CNMs DNA
samples. From each exposure condition - 3.1, 14.3, and 25 pg/mL of CNMs or
digested CNMs, negative control and digestion controls - two out of three biological
replicates were used for this assay in two different days, each with two technical
replicates. Calculation of the percentage of 5-mC in total DNA was carried out using

the following formula (Relative Quantification of 5-mC):



( OD sample - OD negative Control) + S

0,
(OD positive Control - OD Negative Control ) x 2 + P x 100%

5-mC% =

Where:

S is the amount of input sample DNA.

P is the amount of input positive control.

2.6. Reduced representation bisulfite sequencing

RRBS libraries were constructed with the Premium RRBS kit V2 Reduced
Representation Bisulfite Sequencing for Illumina Platforms (Cat. No. C02030036,
v2, Agosto 2022. Diagenode, Seraing, BE), according to the manufacturer’s user
guide [27]. Briefly, 100 ng of DNA obtained from Caco-2 cells exposed, for 24h, to
14.3 pg/mL (three replicates/sample) of CNMs were digested with a restriction
endonuclease Mspl (C/CGG), to obtain DNA fragments containing CpGs. Digestion
was followed by end-repairing reaction of the resulting fragments, A-tailing, and
Illumina adapter ligation. Then, libraries were size selected using AMPure XP
magnetic beads (Beckman Coulter, Pasadena, CA, USA #A63881) and quantified by
qPCR (7500 Real-Time PCR System, Applied Biosystems), using the SyBRGreen PCR
master mix (Applied Biosystems, Foster City, CA, USA). Libraries with similar qPCR
Cycle thresholds (Ct) values were multiplexed in pools of three. Pooled libraries
were treated with sodium bisulfite to deaminate unmethylated cytosine residues,
converting them to uracil residues [28, 29]. The bisulfite-converted DNA library
pools were quantified by qPCR to determine the optimal number of amplification
cycles for each pool and bisulfite-converted DNA was enriched by PCR amplification.
The libraries' profile and medium size were assessed in the Fragment Analyser
system (Agilent, Santa Clara, CA, USA) using the DNF-474 High Sensitivity NGS
Fragment Analysis Kit (1 bp - 6,000 bp), and the PROSize software (Agilent).
Libraries were quantified with Qubit (Thermo Fisher Scientific, Waltham, MA, USA),
using the dsDNA High Sensitivity Assay Kit (Invitrogen). RRBS Library pools were
pooled equimolarly and sequenced using 50 bp paired-end reads on a NextSeq 2000
instrument (Illumina, San Diego, CA, USA). The fastq files were generated

automatically on-instrument following the end of the sequencing run.



2.7. Bioinformatics analysis of RRBS data

The RRBS data analysis was based on the workflow and pipeline developed by

Valente et al. [30, 31], with minor modifications. The data processing steps are

represented in Fig. 1 and described below.
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Fig. 1. Overview of the bioinformatics analysis performed with the RRBS samples.
Rounded squares with dot lines correspond to the tools used at each step of the
analysis. a) quality control and preprocessing, b) alignment, ¢) methylation calling,

d) differential methylated analysis, e) functional analysis.

2.7.1 Quality control and preprocessing of reads

The data analysis started with the quality control of the Illumina sequencing
reads using FastQC version 0.12.1 software [32]. Adapter sequences were removed
using Trim Galore version 0.6.7 with the options --rrbs --non_directional [33]. FastQC
was run on the resulting output files once trimming was completed to confirm the

removal of the adapter sequences (Fig. 1a).

2.7.2 Alignment to the reference genome

Bisulfite-treated sequencing reads were mapped (Fig. 1b) to the human
reference genome CHM13 2.0 (T2T genome) using the Bismark Mapper version
0.22.1, with default parameters, and applying the options -score-min ‘L,0,-0.6" and
--pbat option [34, 35]. Mapping quality control was assessed using QualiMap BamQC

version 2.3 [36, 37]. After mapping, bam files were sorted and indexed (bai files)



according to genomic coordinates using SAMtools program (https://www.htslib.org/)

version 1.20 [38].

2.7.3 Methylation calling

Following alignment, the methylated sites were identified and quantified by
estimating proportion-based identification considering the methylation levels at
each site through statistical analysis using MethylDackel software version 5.2 [39].
Firstly, a methylation bias plot (MethylDackel mbias) was created, using the bam
file sort and bed file of CpGs of regions for inclusion, for each of the sample
replicates. The bed file of CpGs containing CGIs genomic coordinates
(CpGislandext.bb) was retrieved from the UCSC Genome Browser Downloads
(https://hgdownload.soe.ucsc.edu/ghdb/hs1/bbi/). Methylation calling per-base
metrics (Fig. 1c) was then extracted with default parameters, using the inclusion
bounds suggested in MethylDackel mbias, and filtered using the same bed file

mentioned above.

2.7.4 Differential Methylation Analysis

After methylation calling, only the CpGs with at least 3x coverage were
retained for the identification of DMR. DMR were identified by comparing non-
exposed and exposed samples using the Metilene version 0.2.6 (Fig. 1d) with default
parameters [40].

To identify the genes overlapping or nearest significant DMR, the coordinates
of the Metilene output file were compared with the T2T-CHM13v2.0 genome
annotation (https://www.ncbi.nlm.nih.gov/datasets/gene/GCF 009914755.1/)
containing all gene coordinates, using the BEDTools closest program version 2.31.0
[41]. The resulting BedGraph file with the closest genes to the DMR for each sample
was then compared to a file containing the number of transcripts per kilobase million
(TPM) of human genes expressed in Caco-2 cells, retrieved from the European
Bioinformatics Institute: https://www.ebi.ac.uk/gxa/experiments/E-MTAB-
2770/Results), using a Python script [31]. A filter was applied to include in the

downstream analysis, all the genes shown to be hypomethylated, and only the
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hypermethylated genes expressed above 5 TPM. A gene list (txt file) was produced

for each CNMs with or without digestion.

2.7.5 Functional analyses

Pathway and Gene Ontology (GO) analysis of the gene lists was performed to
predict the impact of methylation changes in pathways and biological processes (Fig.
le). The retrieved genes were classified according to GO terms, using the DAVID
(Database for Annotation, Visualization and Integrated Discovery) tool [42, 43], with
the options” GOTERM MF ALL”, GOTERM CC AL” and GOTERM BP ALL”,
concerning the molecular function of the gene products, the cellular component
where they are active, and the biological process made up of the activities of multiple
gene products, respectively, provided by the Gene Ontology Consortium
(http://www.geneontology.org/). Then, redundant GO terms were reduced and
summarized with REVIGO (REduce and VIsualize Gene Ontology) [44], using the
Homo sapiens model (9606), and a semantic similarity cutoff of C = 0.70. The same
gene lists obtained for each CNMs were uploaded to the Reactome web server
(https://reactome.org/) for the pathway analysis [45]. This software performs an
enrichment analysis of the predicted target genes. As this is an exploratory study,
in both analyses, top-ranking pathways were retrieved based on raw entities p-value
lower than 0.05 without correction for multiple comparisons, since after increasing
stringency, many pathways did not meet the False Discovery Rate (FDR) threshold

of 0.05.

2.8. Statistical analysis and graphical representations

Statistical analyses and graphs were performed using GraphPad Prism
(GraphPad version 5, San Diego, CA, USA) for the global methylation analysis, with
results presented as the mean * standard deviation, unless specified otherwise. To
determine the type of data distribution (parametric or nonparametric), the Shapiro-
Wilk normality test and the test for the equality of variances were applied. The
differences in means between samples and the respective negative control were then

analyzed with one-way analysis of variance (ANOVA), followed by Dunnett's Multiple
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Comparison Test post-hoc test. For comparing digested vs. undigested samples, the
unpaired Student's #test was used.

Concerning the statistical analysis of genome-wide methylation data, a one-
way ANOVA was used to compare the mean methylation metrics obtained with
MethylDackel. The result was considered significant if the p-value was equal to or
lower than 0.05.

To visualize and identify patterns among all replicates, correlation analysis and
unsupervised principal component analysis (PCA) were performed in R, with the
output bedGraph files from the MethylDackel, after methylation calling with the CpG
filter and the 3x coverage filter. As input to the PCA plot, the top 10% of CpGs with
the highest variance among the mean of the methylation frequency (MF) of each
CpGs were selected for each CNMs replicate [46-48]. The prcomp and ggplot2 [49]
libraries were used to perform and visualize the PCA components. The similarity of
sample replicates in common sites was checked by calculating pairwise Pearson’s
correlation using the package Corrgram [50].

Hierarchical clustering analysis and genomic region annotations were
obtained from bedGraph files from the MethylDackel, after methylation calling and
CpGs filter, using two scripts in Python and R [31]. For the hierarchical clustering
analysis, the Python script function received a unified DataFrame with the identified
CpGs and respective MF filtering the CpGs having at least a 50% difference between
the mean MF of the non-exposed replicates and the mean MF any of the replicates
of CMF-ENZ or CNF-TEMPO, separately for undigested and digested samples. The
output csv file was then imported into R to plot the heatmap using the gplots library
[51]. The CpGs and the DMR were used for genomic region annotations using the R
(v. 4.2.2) package "annotatr” version 1.24.0 [52]. The coordinates from the CpGs
and DMR in the T2T-CHM13v2.0 genome were first converted to the human genome
GRCh38, wusing the alignment LiftOver tool (https://genome.ucsc.edu/cgi-
bin/hgLiftOver, retrieved in 2024-07-23), with the default parameters. This step was
performed because the annotations for the T2T-CHM13v2.0 genome are still not
available in the in the annotatr. For the CpGs, a cutoff of 50 % between the mean

MF of controls and each CNMs, was applied in the Dataframe resulting in a different



number of CpGs for each CNMs. All the hypo- and hypermethylated DMR were used
as input for the analysis of the genomic region annotations using the BedGraph files

from Metilene.

3. RESULTS

3.1. Effects of CNMs exposure on global DNA methylation

Quantification of 5-methylcytosine revealed significant differences after
exposure to undigested CMF-ENZ (p = 0.0143; one way-Anova) when compared to
the control, with increased levels after exposure to the two lowest concentrations of
undigested CMF-ENZ (Fig. 2). For the digested counterpart, DIG CMF-ENZ, a slight
decrease was observed compared to the respective control, especially at the two
highest concentrations tested, but the difference was only significant for the 14.3
pg/mL concentration (p = 0.0127; Student's #test). CNF-TEMPO, either digested or

not, had no impact on global DNA methylation.
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Fig. 2 Percentage of DNA methylation in Caco-2 cells following 24h exposure to
undigested and digested CMF-ENZ and CNF-TEMPO. 0 - negative control. C1-
C3—DIG 0 controls. Results are presented as mean + SD (n = 3). * Significantly
different from the respective negative control (p < 0.05, One-Way ANOVA and

post-hoc tests).

3.2. RRBS

3.2.1. Correlation and PCA analysis



The average quality score per read was Q33 or higher and the mode of
sequence quality across all sequences was Q33, for every sample, with an average
percentage of CG content of 30% and adapter content below 5%, for all samples
(Supplementary file Fig. S1 and Table S1). Following read mapping to the reference
genome after CGIs filter (Supplementary file Table S2), the methylation calling
resulted in approximately 3-4% (1201315 - 13089 CpG Sites) methylation sites
compared to the total number of CpGs (32.28 Million) present in the human T2T-
CHM13v2.0 sequence [53]. Differences were observed between the mean genome
methylation levels of the CGIs in DNA from CNMs-treated cells compared with those
from non-exposed cells (one-way ANOVA, p = 0.0005). For digested samples, no
differences were observed between the genome methylation levels of CNMs-exposed
cells and those from DIG control samples (one-way ANOVA, p = 0.4252).
Considering only the common CpGs amongst all undigested (989353 CpGs) sample
replicates, a strong positive correlation in the MF was found between each CNMs
(CMF-ENZ: 0.94=R=0.97; CNF-TEMPO: 0.95<R=0.97) and the negative control,
and in between replicates (Supplementary file Fig. S2). Likewise, amongst the
common CpGs of all digested (1015823 CpGs) sample replicates, exposed cells
showed a strong positive correlation in the MF among replicates and when
compared to DIG control samples (CMF-ENZ: 0.97=R=0.98; CNF-TEMPO:
0.95=R=0.97).

For undigested samples, the PCA analysis of 10% of CpGs with the highest
variance among undigested samples showed no variation among CNF-TEMPO
replicates, negative control replicates or between the two (Supplementary file Fig.
S3 and Table S3). CMF-ENZ replicates showed some variation among replicates.
Digested samples also showed similarities among replicates and between CNMs
replicates and control replicates, despite a small variance observed in one of the

replicates for each DIG CNMs.

3.2.2. Hierarchical clustering

Narrowing the analysis to consider the difference of 50% in the MF between

the controls and at least one of the CNMs samples, hierarchical clustering analysis



revealed unique methylation patterns among the undigested or digested CNMs,
similar among replicates (Fig. 3). In undigested samples, in the heatmap containing
684 CpGs, CMF-ENZ replicates presented a distinct pattern compared to the
negative control and CNF-TEMPO replicates (Fig. 3a). Regarding digested samples,
the heatmap containing 717 CpGs showed that DIG CMF-ENZ and DIG CNF-TEMPO

samples presented a distinct pattern to DIG control (Fig. 3b).

3.2.3. CpG sites and differentially methylated regions genomic

annotation

Exposure of cells to undigested or digested samples led to a similar number
of CpGs having MF differences higher than 50 % when compared with the respective
negative controls - 498 methylated CpGs for CMF-ENZ, 224 for CNF-TEMPO, 349
for DIG CMF ENZ, and 415 for DIG CNF-TEMPO (Table 1 and Supplementary file
Fig. S4). Cells exposed to undigested CMF-ENZ showed higher MF differences in
the genome compared to the control than those exposed to the digested counterpart.
Undigested CNF-TEMPO produced fewer CpGs with a MF difference higher than
50% compared to the control. After exposure to DIG CNF-TEMPO, the MF difference
increased. Genomic annotation analysis using these CpGs showed a similar
distribution of the CpCs along the genome, for undigested and digested CNMs,
suggesting that differences in methylation upon exposure to either one of the CNMs

occurred independently of the genomic context.
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Fig. 3 Heatmaps showing the results of hierarchical clustering analysis between CpGs from Caco-2 cells exposed and non-exposed to
CNMs. a) undigested samples, b) digested samples. The MF ranges from red (hypomethylation) to blue (hypermethylation). Samples are

represented as columns and CpGs are represented as lines.



Considering the DMR, the results obtained for each CMF-ENZ and CNF-
TEMPO sample (undigested or digested) were compared individually with the
respective negative control. Both undigested and digested CNMs had similar
numbers of DMR. The undigested CNF-TEMPO generated a higher number of DMR
than CMF-ENZ, whereas the inverse was found for digested CNMs (Table 1 and
Supplementary file Tables S4, S5, S6 and S7). It can be noted that the digested
samples produced a very different methylation profile than the undigested samples,
with much more hypomethylated regions. However, the DMR were similarly
distributed along the genomic annotations for the two CNMs and for both
undigested and digested samples (Fig. 4). No evident enrichment of gene promoter
regions could be detected compared with other gene regions.

Table 1. Number of CpGs with a difference = 50% in the MF and differently
methylated genomic regions (DMR) induced by exposure to the two types of

undigested or undigested CNMs

Undigested Digested
CMF- CNrI'- DIG CMF- DIG CNF-
ENZ TEMFPO ENZ TEMPO
Number of o
CpGs 498 224 349 415
Hypomethyla 3 4 97 54
ted
Hypermethyl 56 380 8 10
ated

Total 59 84 105 64




Fig. 4 Distribution of DMR according to genomic annotations in Caco-2 after 24 h

exposure to the undigested and digested CNMs.

3.2.3. Genes in the differentially methylated regions

A total of 246 genes were identified in the DMR of all samples, with 70 genes
shared by two or more samples (CMF-ENZ: 68; CNF-TEMPO: 88; DIG CMF-ENZ:
116; DIG CNF-TEMPO: 65). These 246 genes were filtered for genes expressed in
Caco-2 cells, which resulted in 153 genes, with 53 shared genes (CMF-ENZ: 31;
CNF-TEMPO: 36; DIG CMF-ENZ: 89; and DIG CNF-TEMPO: 46), as represented in
Fig. 5. The genes with the absolute MF difference between CNMs and the respective

control are presented in Supplementary file Tables S4-8.
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CMF-ENZ, CNF-TEMPO, DIG CMF-ENZ, and DIG CNF-TEMPO.

3.5. Functional Analysis

The analysis of Reactome pathways of the genes associated with the DMR
resulted in 10, 27, 17, and 41 pathways having entities p-values < 0.05, in CMF-
ENZ, CNF-TEMPO, DIG-CMF ENZ, and DIG CNF-TEMPO exposed cells. The
Supplementary file Table S9 details the functional pathways for all CNMs samples

and the corresponding genes. Table 2 presents the identified genes in DMR that

S



participate in the identified reactome pathways enriched by after exposure to
undigested and digested CNMs. A total of 65 pathways were identified for both
undigested and digested samples, as presented in Fig. 6.

Gene ontology analysis resulted in 25, 12, 74, and 9 enriched biological process
(BP) clusters affected by the treatments with CMF-ENZ, CNF-TEMPO, DIG CMF-
ENZ, and DIG CNF-TEMPO, respectively (See Supplementary file Table S10 and 11).
For the cellular components (CC) undigested CMF-ENZ, CNF-TEMPO and DIG CMF-
ENZ exposure enriched 10, 3 and 3 terms, respectively, while none was enriched
after DIG CNF-TEMPO exposure (Supplementary file Table S12 and 13). Enrichment
GO terms related to the molecular function are presented in Fig. 7 and detailed in
supplementary file Table S14 and 15.

Table 2. Annotated genes in the DMR genes identified in the Reactome for

each condition tested. In bold, genes shared between 2 or 3 CNMs

Undigested P _‘ |V Undigested
CMF-ENZ CNE-TEMPO DIG CMF-ENZ _ DIG CNE-TEMPO
MF MF MF MF
Gene differe Gene differen Gene differen Gene differen
nce 'f‘e ce ce
FAAP20  43.7 MA§CK 39.8 ADCYI  -36.7  LOXL2 -35.3
OXTR 33.9 T"V[g-’] 7 345 TRIL  -34.7 TRIL  -34.2
& LEfHG 206 HS6ST! 313 STOM  -345 MA§CK 31.5
ARHGAP ARHGA
7o 154  RGS20 299 FGF8  -30.7 RHe 27.0
GPC1  -122 CC%C] 0 918 GAgBR -30.1 GNAS  -26.2
POLRIC 118 AR”;GEF 18.9 Aggc 8.7  PIK3RI  -25.0

POLRIC 17.3 OBSCN -28.0 FzZD2z2 -24.0
GNAS 16.6 KCNE3 -21.8 NRG1 -24.2

PDESB  -159 GNE 204  PKN3  -23.0
A’;’jg“l 13.3 SDKI  -18.8  ZNF597 -20.6
GPC1  -121 NRGI  -17.8 GNE  -195
CSRP1 6.2 COL23A1 -18.6

The signalling transduction by RHOA GTPases pathway was an enriched
pathway common to all samples. GTPases are small signalling G proteins from the
RHO family that switch “on” or “off” signal transduction pathways in response to

chemical or mechanical stimuli. The PLEKHG5, ARHGAP45, and ARHGEF1 genes,



methylated after exposure to undigested or digested CNMs, are involved in the
regulation of the RHOA GTPases activation/deactivation. DIG CMF-ENZ and DIG
CNF-TEMPO enriched additional pathways related to other GTPases - the RHOB,
RHOQ GTPase cycle, and RHOC GTPase, the latter only by DIG CNF-TEMPO.

The pathways that were common to CMF-ENZ and CNF-TEMPO were mostly
related to the hypomethylation of the GPCI gene, which encodes heparan sulfate
proteoglycan (HSPGs) Glypican-1 (GPC-1). GPC-1 is composed by Heparan sulfate
(HS) glycosaminoglycans (GAG) attached to a core protein. These pathways are
related to the metabolism of carbohydrates, particularly the glycosaminoglycan
metabolism in a disease context (5 enriched pathways associated with the GPCI
gene). CNF-TEMPO enriched two additional associated pathways, particularly the
Heparan sulfate/heparin (HS-GAG) metabolism (genes GPCI and HS6ST1), related
to post-translational modifications to the sulfation of the 6-O positions by the 6-O
sulfotransferases (HS6S71). One molecular function terimn was commonly enriched
in Caco-2 cells after undigested CMF-ENZ and CMF-TEMPO exposure, namely,
laminin-binding (G0:0043236), a major ¢lycoprotein constituent of the cell
basement membrane, to which the GPC7 and NID1 genes were assigned. In addition,
cells exposure to both CNMs altered the pathway “RNA Polymerase III Chain
Elongation” during gene transcription (with the participation of the POLRIC 1 gene).

Concerning the undigested CMF-ENZ, few pathways were found to be
enriched. Two pathways were associated with DNA Damage bypass (Translesion
synthesis by POLK and Translesion synthesis by POLI) in which the Fanconi anemia
core complex-associated protein 20 (FAAP20) encoded by the gene FAAP20
participates. One pathway was related to RNA polymerase III chain elongation
during gene transcription (with the participation of the POLRIC 1 gene). Several
molecular function and BP enriched terms were associated with binding to
transcription regulatory regions (GO:0000977, GO0:0000981, GO:0001067,
G0:0001161, GO:0003690, GO:0140110), with the participation of methylated genes
POLRIC, HOXAY9, KDM2B, ELF4, ZBTB45, ZNF280B and SOX12, among others.

These encode transcription factors or components of the transcription regulation



machinery. CMF-ENZ exposure also enriched the “Vasopressin-like receptors”
pathway (gene OXTR), belonging to the G-protein-coupled receptors (GPCRs) family
leading to the activation of several signalling pathways, such as the activation of the
RhoA/Rho-associated pathways. In the GO analysis the PLEKHG5 and OXTR genes
were assigned to BP terms associated with the positive regulation of cellular
processes (G0:0048522; GO:0048518). Other enriched BP were mostly related to
tissue/cell devolvement and differentiation.

CNF-TEMPO exposure enriched 10 pathways related to GPCRs downstream
signalling and ligand binding, with the participation of the hypermethylated GNAS,
MARKS, RGS20 genes, and the hypomethylated PDESB gene. The GNAS gene
(Nucleotide binding protein, alpha-stimulating activity polypeptide) encodes the G-
protein (s) stimulatory alpha subunit (Gas) of the G proteins complex. Six of these
pathways are related to energy metabolism - glucagon and the regulation of insulin
secretion (MARCKS and GNAS genes). These pathways include the class B/2
(Secretin family receptors), signalling by the Cas (GNAS and PDESB gene) and by
G-protein (z) alpha subunit (Gaz) (GNAS and RGS20 gene). CNF-TEMPO also
enriched the “ADORA2B mediated anti-inflammatory cytokines production” (GNAS
gene), two pathways related to the transport of small molecules (aquaporin-
mediated transport), and two related to the cellular response to metal ions (CSRP1
gene). The enriched molecular function terms after CNF-TEMPO exposure were
related to molecular binding (protein, GO:0005515; cation, G0O:0043169; ion,
G0:0043167; small molecule, transition metal ion, GO:0046914). Fewer BP terms
were retrieved, related to the regulation of signal transduction (G0:0010646,
G0:0023051), and cell communication (GO:0010646). The hypermethylated genes
GNAS, ARHGAP45, ARHGEF1, NID1, and the hypomethylated genes RGSZ20,

PDE8B, GPC1 were assigned to these terms.
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Fig. 6 Pathway-enrichment analysis for the target genes significantly differentially

methylated after exposure to undigested and digested CNMs. Pathways were

selected based on p-value < 0.05, ranging from green (lower) to red (higher).
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Fig. 7 GO molecular function enriched with the genes significantly differentially methylated after exposure to undigested and digested

samples. Go terms were selected based on p-value = 0.05, ranging from green (lower) to red (higher).



After digestion, DIG CMF-ENZ and CNF-TEMPO shared several pathways
related to the signal transduction by receptor Tyrosine Kinases (TK) ERBB family,
involving Erbb2:Erbb3 or Erbb2:Erbb4 heterodimerization. The proteins encoded by
NRG1 and PIK3R1 genes, hypomethylated after exposure to DIG-CMF-ENZ and
CNF-TEMPO participate in these pathways. Through GO analysis, after exposure to
DIG CNF-TEMPO, these genes were assigned to the molecular function term “ErbB-
3 class receptor binding” (G0O:0043125).

After exposure to DIG CMF-ENZ, the NRGI genes were allocated to BP or
molecular function related to positive regulation of cell population proliferation
(G0O:0008284; G0O:0008283), cell differentiation (G0O:0030154), cell communication
(G0O:0007154), and cell surface receptor signalling pathway (G0:0007166). DIG
CMF-ENZ enriched molecular function terms related to ligand binding to the cell
surface (including carbohydrate derivative binding). As seen after CMF-ENZ
exposure, a few enriched molecular function terms were related to transcription -
binding to transcription regulatory regions (G0:0000977, GO:0000981,
G0:0001067, GO:0001161, GO:0140110, GO:0003690), to which the HOXASY,
KDMZ2B, ELF4, ZBTB45, SOX12, ZNF280B, ZNF664, ZNF662, among other genes,
were assigned. The enriched BP terms were more broad and poorly informative,
many of which related to tissue/cell development and differentiation.

Exposure to DIG CNF-TEMPO enriched pathways related to the extracellular
matrix (ECM) organization (collagen and elastic fibre formation, COL23A1 and
LOXLZ genes) and signal transduction by Wnt (WNT5A-dependent internalization of
FZD2, FZD5 and ROR2). Moreover, DIG CNF-TEMPO and CNF-TEMPO shared the
above-mentioned pathways related to the GNAS gene, i.e., energy metabolism of
glucagon and regulation of insulin secretion, class B/2 Secretin family receptors,
signalling by G-protein Gaz, and ADORA2B mediated anti-inflammatory cytokines
production. DIG-CNF-TEMPO enriched the molecular function insulin-like growth
factor receptor binding (G0O:0005159, assigned to GNAS, PIK3R1 genes). Fig. 8

summarizes the main findings for each CNMs, listed in no order.
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Fig. 8 Summary of the main findings from Reactome and GO analysis

functional analysis

4. DISCUSSION

Epigenetic effects of two CNMs with different physicochemical properties,
CMF-ENZ and CNF-TEMPO, were studied by investigating alterations in DNA
methylation in Caco-2 cells. Global DNA methylation was generally increased upon
cells exposure to CNMs, particularly for CMF-ENZ. Conversely, a trend toward
hypomethylation was observed upon exposure to digested CNMs, especially to 14.3
pg/mL of DIG CMF-ENZ. With RRBS, a similar number of methylated CpGs and DMR
was identified in undigested and digested CNMs-treated cells. In line with the
previous results, treatment with undigested CNMs resulted in a clear tendency to
DNA hypermethylation of Caco-2 cells while digested CNMs samples produced more

hypomethylated regions. For both undigested CNMs, the DMR distribution was



similar across the genome, suggesting that the genomic context did not influence
the effect on methylation.

Pathway and Gene Ontology analyses of the differentially methylated genes
encompassed by the DMR showed that both undigested CNMs induced alterations
in pathways related to GAG metabolism, particularly the biosynthesises of heparan
sulfate GAG chains constituents of HSPGs. GPC-1, encoded by the hypomethylated
GPC1 gene, is typically attached to the outer surface of the plasma membrane, and
functions as a co-receptor for a range of signalling molecules, such as growth
factors, morphogens, and chemokines [54]. It modulates signalling pathways
associated with cell adhesion, proliferation, motility, migration, survival, or
differentiation, such as fibroblast growth factor (FGF), transforming growth factor-
beta (TGF-B), BMP-2, VEGF-A, and MARK or PI3K/Akt/mTOR signalling pathways
and the Wnts/pB-catenin [54]. Moreover, GPC-1 may function as a tumor promoter
gene in CRC and when mutated promotes the TCF-f1/SMAD2 signalling pathway
[54, 55]. The other enriched pathways were mostly related to defects during post-
translation O-glycosylation involving sequential enzymatic reactions that catalyse
the heparan sulfate chains polymerization, the formation of a tetrasaccharide linker
sequence to which the heparan sulfate chains are covalently attached to the core
protein [54-56]. Given the similar structure between CNMs and HS chains, the
involvement of these pathways may suggest a physical interaction between CNMs
and GAG or competition between CNMs to GAG ligands to the core protein,
impacting GAG regulation. CNMs have been studied as reinforcing materials for
tissue engineering or as cell culture nanostructured scaffolds, given their
mechanical strength and ECM-mimicking capacity with stimulation of cell adhesion
and tissue growth support [57, 58]. Cells cultured attached to nanostructured
scaffolds, particularly hydrogels, such as CNMs, were found to proliferate faster and
to secrete more ECM-related proteins such as GAGs, than when grown on ordinary
scaffolds [57, 58]. On the other hand, excessive GAG production/ storage or deficient
lysosomal degradation with increased GAG fragments may lead to autophagy

disruption or abnormal interaction of GAG with other cell receptors [59]. GAGs are



known to interact with OXTR (which is also expressed in the enterocytes), also in
DMR after CMF-ENZ exposure, forming large aggregates and leading to OXTR
impairment in lysosomal storage diseases, in other cell types [59]. OXTR is involved
in gastrointestinal motility, contractility, and epithelium homeostasis, and increased
expression has been associated with poor prognosis for colon adenocarcinoma and
CRC [59-61].

Cells exposure to CMF-ENZ resulted in enriched DNA repair pathways, with
the participation of the FAAP20 gene encoding the Fanconi anemia core complex
associated protein 20, a subunit of a complex that participates in distinct DNA repair
mechanisms, including DNA interstrand crosslink repair, TLS of single strand and
homology-directed repair of DNA double-strand breaks [62-64]. The TLS enables
DNA replication by DNA damage bypass but is error-prone which may lead to point
mutation, and damage-inducible mutagenesis [62, 65, 66]. Downregulation of
FAAP20 results in loss of TLS (decreased point muiagenesis) and increased
chromosome breakage [62, 65, 66]. Our previous study indicated that both CNMs
were able to induce DNA damage (single and double DNA strand breaks and alkali-
labile sites) in Caco-2 cells, as assessed by the Comet assay, but not chromosomal
damage or mutagenicity [3]. However, the effect of FAAP20 down- or up-regulation
on mutagenesis or chromosomal damage would be noted if cells were challenged,
e.g., with an alkylating agent forming DNA adducts and not directly upon CNMs
exposure. Thus, the potential impact of CNMs on this DNA repair mechanism
deserves further investigation.

Exposure to CNF-TEMPO enriched pathways related to the Gas (encoded by
the GNAS gene) activation and downstream regulation by adenylyl cyclase and
activation of protein kinase A (PKA). Enriched pathways were particularly related to
Glucagon-like peptides-1 (GLP-1), produced and secreted by enteroendocrine cells
(L-cells) in the intestine in response to food consumption, known to also regulate
glucose homeostasis [67]. This occurs by enhancing pancreatic insulin secretion,
suppressing pancreatic glucagon secretion, slowing gastric emptying and increasing

satiety, to lower sugar levels [68-70]. GLP-1 has also been related to the



phosphorylation and acetylation of MARCKS, an actin filament crosslinking protein,
involved in cell adhesion, polarity, vesicular trafficking, cell motility, and barrier
function [71]. GLP-1 is also involved in the downregulation of inflammation
pathways, such as the nuclear factor kappa B (NF-kB) [70]. The GNAS and MARCKS
genes were hypermethylated after exposure to CNF-TEMPO and hypomethylated
after digestion suggesting a possible modulatory effect of glucose. CNFs have been
shown to retard glucose diffusion, due to its viscosity, being studied as functional
dietary fibres to modulate the absorption of glucose and gastric emptying [72, 73].
After digestion, DIG CMF-ENZ and DIG CNF-TEMPO did not elicit the
enrichment of pathways related to the GAG. However, DIG CNF-TEMPO maintained
the same GNAS-enriched pathways as CNF-TEMPO. Both digested CNMs, enriched
signalling pathways by RHO GTPase families ~-RHOA (Common to all undigested and
digested CNMs), RHOB, RHOC and RHOQ. These are RHO GTPases
activated/deactivated in response to chemical or mechanical stimuli leading to the
modulation of downstream effectors, involved in the regulation of cytoskeleton
dynamics, cell-cell adhesion, and adhesion to the extracellular matrix, impacting cell
polarity, motility, migration, and cell cycle, among other functions important to
maintaining cells normal physiology [74-77]. The PLEKHGS5 gene, for instance,
involved in the RHOA pathway, has been related to the activation of the canonical
TNF-a /nuclear factor kappa B (NF-kB) signalling pathway [78, 79]. RHOB is
involved in the modulation of inflammatory intestinal diseases and intestinal cancer,
possibly having a protecting role in epithelial integrity and tumor suppressor activity
[77]. Reduced RhoA expression has been associated with poor prognosis in
colorectal cancer, possibly through the TGF-B and Wnt-B-catenin pathway [80, 81].
In turn, the RHOQ GTPase has been associated with insulin-stimulated glucose
uptake possibly downstream of phosphatidylinositol 3-kinase (PI3K) [82]. The RHOA
and RHOC (the latter only enriched in DIG CNF-TEMPO) have been reported as
reciprocally regulating the epithelial-mesenchymal transition (EMT), with RHOC
contributing to CRC invasion and metastatic potential [77, 83]. Two other genes

involved in other affected pathways after DIG CNF-TEMPO exposure, FZDZ2 and



LOXLZ2, have also been associated with EMT [84-86]. FZD2 participates in the Wnt-
B-catenin independent pathways (“WNT5A-dependent internalization of FZD2, FZD5
and ROR2”), required for the activation of RAC, a member of the Rho family [87],
also possibly implicated in different stages of tumorigenesis [88]. LOXL?2 is involved
in ECM and cytoskeletal remodelling and stabilization, catalyzing the crosslinking
of elastin and collagen, and is regulated by ECM stiffness and increased activation
of the PI3K pathway, contributing to intestinal fibrosis and impaired gut motility
[89]. LOXL2 has been implicated in tumor progression and poor colon cancer
survival [89]. It can influence pro-tumorigenic actions in different tumour contexts
by interacting with various receptors such as tyrosine kinase receptor ERBB2,
through reactive oxygen species (ROS) generation [85]. COL23A1, another gene
identified in DMR after exposure to DIG CNF-TEMPO, encodes a transmembrane
type 23 collagen protein believed to facilitate cell-cell adhesion and cell-matrix
adhesion during cell migration necessary for intestinal mucosal remodelling,
possibly having a role in intestinal chronic intflammation when impaired [90]. Both
digested samples enriched pathways related to the ERBB2 tyrosine kinase receptor,
but only DIG CNF-TEMPO affected PIK3RI. The activation of ERBB2 signalling
initiates multiple dowmnstreami reactions, including the RAS/mitogen-activated
protein kinase (MAPK)-dependent pathway and the PI3K-dependent pathway
involved in mitogenesis, apoptosis, cellular motility, and differentiation. NRGI
encodes for Neuregulin 1, a sulfated glycoprotein ligand for the ERBB family, which
interacts with several other components of basement membrane, such as laminin.
Dysregulation of the NRG1/ERBB pathway has been associated with a
developmental disorder presenting gastrointestinal dysmotility [91]. PIK3RI
encodes the regulatory subunit of PI3K, being involved in several enriched pathways
related to the PI3K/AKT signalling by ERBB, amplifying its regulatory influence.
After exposure to undigested or digested CMF-ENZ, the GO analysis shows
molecular function terms related to RNA polymerase II and III and transcription-
factor binding, with the various genes found associated with these terms (POLRIC,

KDMZ2B, ELF4, HOXAY, ZBTB45, SOX12, ZNF280B, ZNF664, ZNF66Z2). Some of the



genes are associated with DNA methylation machinery, such as the Lysine
demethylase 2B, encoded by KDMZ2Bthat recognizes and binds non-methylated DNA
in CGIs, limiting the binding of RNA polymerase II and transcription factors,
therefore leading to gene repression [92].

The fact that the global DNA methylation pattern was different between
digested and undigested CNMs may be related to physicochemical modifications
resulting from CNMs interaction with the digestive fluids, possibly leading to
agglomeration or formation of a corona, modulating CNMs contact with the matrix
and cells [93-96].

Overall, exposure to both CNMs, either undigested or digested, affected the
methylation of genes encoding for cell surface effectors involved in multiple
pathways. Both undigested CNMs affected pathways related to glycosylation. CMF-
ENZ exposure also affected DNA repair pathways. Undigestied or digested CNF-
TEMPO impacted pathways involved in GNAS signalling, such as the glucagon and
insulin regulation pathways, related to energy metabolism. To clarify the potential
implication of CNF-TEMPO on glucose/insulin metabolism, particular focus should
be given to genes involved in glucose and insulin-like growth factor receptor
binding, such as GNAS, PIK5RI, or GLP-1. All CNMs samples tested seemed to affect
pathways implicated in overall cytoskeletal and extracellular matrix dynamics,
possibly associated with cell proliferation and motility. However, concerning
digested CNMs, particularly DIG CNF-TEMPO, this impact points to a possible
deleterious disturbance given the involvement of several ERBB family pathways.
Although some of the hypomethylated genes after DIG CNF-TEMPO exposure have
been implicated in EMT, this is less probable given the highly variable and intricated
pathways potentially involved in these responses [97].

Further studies addressing the affected pathways would be valuable to
confirm these results, such as gene or protein expression analysis through RT-gPCR,
RNA-seq or western-blot. It should be noted that a limitation of the present study is
the fact Caco-2 cells are derived from a colon adenocarcinoma. It is recognized that

cancer cells undergo widespread unmethylation across the genome which typically,



with hypermethylated CGIs in gene promoter regions [98]. Although the comparison
of methylation patterns of CNMs-treated cells with that of non-exposed cells account
for the background status of Caco-2 cells, it would be worth confirming the present

findings using non-cancer-derived cells.

5. CONCLUSIONS

The results from this study suggest that CNMs, either directly or after
digestion, have a biological effect by inducing changes in DNA methylation in
intestinal cells. With the potential expansion of CNMs in the food, our findings
highlight that further studies are warranted to disclose their potential biological
outcomes and ensure their safety. The new approach methodology herein presented,
based on in vitro simulated digestion coupled with epigenomic analysis, provided
insights into candidate biological pathways and functions that can be affected and
are not captured by the classical toxicity assessment of substances to be used in
food. The results obtained helped to better understand the effects of CNMs on the
first site of contact upon ingestion and tc set the basis for further mechanistic and

toxicological research.
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dysregulation of cell
proliferation, survival,
apoptosis,
differentiation, motility
and migration (Signal
transduction by
receptor Tyrosine
Kinases ERBB2/PI3K)

» Possible epithelial-to-
mesenchymal transition
traits (LOXL2 and FZD2
genes and involvement
of Wnt-B catenin)
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CMF-ENZ

[0 DNA Repair (DNA
Damage Bypass -
Translesion synthesis)

[ Glycosaminoglycan
metabolism/O-
glycosylation

[ Cell proliferation,
motility and migration
(cytoskeletal and
extracellular matrix
dynamics)

[ Gene expression
regulation (binding to
transcription
regulatory regions)

4 )
CNF-TEMPO

[ Regulation of energy
metabolism,
glucagon/insulin
regulation (Signalling
transduction by
GPCR/GNAS)

0 Glycosaminoglycan
metabolism/O-
glycosylation

0 Cell proliferation,
motility and migration
(cytoskeletal and
extracellular matrix
dynamics)

0 Ligand binding to cell
surface and to laminin

0 Cellular responses to

Ctimuli (e.g., metal j

DIG CMF-ENZ

[ Possible modulation of

cell survival and
proliferation, and
apoptosis (Signal
transduction, likely
mediated by ERBB2
receptor tyrosine
kinase signalling and
downstream
alterations in
cytoskeletal and
extracellular matrix
dynamics)

[0 Gene expression

regulation (binding to
transcription
regulatory regions)

4 )

DIG CNF-
TEMPO

[ Regulation of energy
metabolism,
glucagon/insulin
regulation (Signalling
transduction by
GPCR/GNAS)

[ Possible modulation of
cell survival and
proliferation,
apoptosis,
differentiation,
motility and migration
(Signal transduction
by receptor Tyrosine
Kinases ERBB2/PI3K)

[ Possible epithelial-to-

mesenchymal

transition traits

&




Undigested Digested

CMF-ENZ CNF-TEMPO DIG CMF-ENZ DIG CNF-TEMPO

Number of CpGs 498 224 349 415
Hypomethylated 3 4 97 54
Hypermethylated 56 80 8 10

Total 59 84 105 64




Undigested

Undigested

CMF-ENZ CNE-TEMPO DIG CMF-ENZ ___ DIG CNF-TEMPO
MF MF MF MF

Gene differen Gene differenc Gene differenc Gene differenc

ce e e e

FAAPZ0 437  MARCKS 398  ADCYI 36.7 IOXLZ 353
OXTR 33.9 TIMM17B 345  TRIL 34.7 TRIL 34.2
PLEKHG5  20.6  HS6STI 313  STOM 345 MARCKS -315
ARHGAPE 154 Res20 209  Fere 307 ARHGAE 57,
GPC1 12.2 CCDCI06  21.8 GABBR2  -30.1 GNAS  -26.2
POLRIC 118 ARE;GEF 18.9 ARI{;GE 28.7 PIK3RI  -25.0
POLRIC 173 OBSCN  -28.0 FZD2 24.0
GNAS 16.6 KCNE3  21.8 NRGI  -24.2
PDESB 159  GNE 204 PKN3 -23.0
ARZgAP 13.3  SDKI 18.8  ZNF597  -20.6
GPC1 12.1  NRGI 17.8 GNE 19.5
CSRP1 6.2 COL23A1  -18.6




