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Abstract

Background and aims: Mucosal healing is considered a key therapeutic endpoint in inflammatory bowel diseases (IBD) and comprises endo-
scopic improvement of inflammation without taking barrier healing into account. Mucins are critical components of the mucosal barrier function
that give rise to structurally diverse isoforms. Unraveling disease-associated mucin isoforms that could act as an indication for barrier function
would greatly enhance IBD management.

Methods: We present the intestinal mucin RNA isoform landscape in IBD and control patients using a targeted mucin isoform sequencing
approach on a discovery cohort (n = 106). Random Forest modeling (n = 1683 samples) with external validation (n = 130 samples) identified
unigue mucin RNA isoform panels that accurately stratified IBD patients in multiple subpopulations based on inflammation, IBD subtype
(Crohn's disease [CD], ulcerative colitis [UC]), and anatomical location of the intestinal tract (i.e. ileum, proximal colon, distal colon, and rectum).

Results: Particularly, the mucin RNA isoform panels obtained from the inflamed UC and CD distal colon showed high performance in distinguishing
inflamed biopsies from their control counterparts (AUC of 93.3% and 91.1% in the training, 95.0% and 96.0% in the test, and 89.5% and 78.3%
in the external validation datasets, respectively). Furthermore, the differentially expressed MUC4 (PB.1238.363), MUC5AC (PB.2811.15), MUC16
(ENST00000397910.8), and MUCT (ENST00000462317.5 and ENST00000620103.4) RNA isoforms frequently occurred throughout the different
panels highlighting their role in IBD pathogenesis.

Conclusions: \We unveiled region-specific mucin RNA isoform panels capturing the heterogeneity of the IBD patient population and showing
great potential to indicate barrier function in IBD patients.
Key Words: Splice-variant; barrier dysfunction; biomarker

1. Introduction exacerbations/flares of the disease.’ Numerous therapies are
available, but the current knowledge does not help clinicians
to choose the right therapy for the right patient, forcing them
to do so empirically. As a result, approximately one-third of
the patients fail to respond to the initial biologic therapy and
up to 50% lose response over time."** According to the re-
cent guidelines, mucosal healing is considered a key thera-
peutic endpoint for IBD and encompasses the restoration
of the mucosal barrier and the resolution of inflammation.®
Mucosal healing, as evaluated through endoscopy, is often
combined with symptom relief and/or histological assessment

Crohn’s disease (CD) and ulcerative colitis (UC), collectively
known as inflammatory bowel diseases (IBD), are chronic,
progressive, and heterogeneous diseases characterized by
recurring inflammation of the gastrointestinal tract in asso-
ciation with mucosal barrier dysfunction and gut dysbiosis.
The clinical symptoms usually involve severe diarrhea, ab-
dominal pain, fatigue, and weight loss.! The incidence of
IBD is increasing with 6.8 million cases globally.? Due to the
multifactorial etiology and absence of a specific therapeutic
target for IBD patients, treatment relies on controlling the
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of intestinal biopsies to predict long-term remission which,
however, only measures the presence of inflammation without
taking barrier function and thus the importance of barrier
healing into account.®” Biomarkers used to assess inflamma-
tion, like fecal calprotectin in stool and C-reactive protein in
blood, have proven their worth in the follow-up of disease,
but their predictive value for mucosal healing and therapy re-
sponse is unsatisfactory.®’ Objective measurements at the mo-
lecular level to monitor mucosal healing are therefore lacking
and identifying biomarkers that act as an indication for mu-
cosal healing could significantly improve disease monitoring
and treatment success in IBD patients.

Intestinal mucosal barrier dysfunction is generally accepted
as an important contributor to these diseases."!° Hence, char-
acterization of the intestinal mucosal barrier in IBD could
provide novel biomarkers, permitting an accurate and robust
assessment of treatment response by monitoring mucosal
barrier repairment in addition to inflammation, and thus mu-
cosal healing at the molecular level. The general architecture
of the intestinal mucosal barrier features a thick mucus layer,
a single layer of epithelial cells, and the inner lamina pro-
pria hosting innate and adaptive immune cells. Mucins are
the gatekeepers of the mucus barrier and are expressed either
as secretory (MUC2, MUCSAC/B, MUC6, and MUC19) or
as transmembrane glycoproteins (MUC1, MUC3A, MUCH4,
MUC12, MUC13, MUC15, MUC16, MUC17, MUC20, and
MUC21). The secreted mucins, produced by goblet cells, are
the major constituents of the mucus layer. Below the mucus
layer, epithelial cells that do not secrete mucus, present a dense
network of highly diverse transmembrane mucins which form
the glycocalyx.!"!? Besides their protective function, trans-
membrane mucins possess several epidermal growth factor
(EGF) domains on their extracellular tail and numerous phos-
phorylation sites on their intracellular tail enabling them to
participate in intracellular signal transduction and to play an
important role in epithelial cell homeostasis.'> Aberrant mucin
expression, characterized by a reduced MUC2 secretion and
overexpression of transmembrane mucins, has been described
in IBD':13715 ag well as the active involvement of transmem-
brane mucins in mucosal barrier dysfunction by affecting
junctional protein expression and cell polarity through JAK/
STAT, SNAI1/ZEB1, and ROCK2/MAPK signaling.!3 In add-
ition, we also showed that aberrant mucin signatures associate
with IBD presentation and activity, underlining their potential
use as molecular markers to aid in disease management.'?

Furthermore, mucins are highly polymorphic and the pres-
ence of genetic alterations'”™" can affect alternative mucin
gene splicing resulting in a large repertoire of structurally di-
verse isoforms. While most RNA isoforms produced from the
same mucin gene locus encode similar biological functions,
others may alter protein function resulting in the progression
towards disease.'>!”?* Such disease-associated mucin RNA
isoforms can thus act as novel biomarkers to mirror mucosal
barrier function. Currently, the structural heterogeneity of
mucin isoforms involved in mucosal barrier dysfunction in IBD
remains unexplored. Therefore, in this study, we performed a
novel targeted long-read mucin RNA isoform sequencing ap-
proach in conjunction with short-read bulk RNA sequencing
to map and quantify the mucin RNA isoform landscape in
the intestinal tract of IBD and control patients. Downstream
bioinformatics analysis based on Random Forest classification
and external validation further unveiled unique and distinct
mucin RNA isoform panels that stratified the heterogeneous
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IBD patient population with high performance in multiple
subpopulations based on inflammation, IBD subtype (i.e. CD
and UC) and anatomical location in the intestinal tract.

2. Methods

2.1. Ethics approval statement

The study was conducted in accordance with the Declaration
of Helsinki and approval for the study protocol was granted
by the Ethics Committee of the University Hospital of
Antwerp, Belgium (registration numbers B300201733423
and B3002020000162). A written informed consent was
obtained from all participants prior to their enrollment in the
study. Samples were registered and stored until analysis in the
Biobank Antwerpen, Antwerp, Belgium (BE 71 030 031 000;
BBMR-ERIC, Belgian no. access: 1, Last: April 10, 2021
[BIORESOURCE]).

2.2. Patients and sample collection

IBD patients undergoing endoscopy for medical indications
(i.e. acute flare or follow-up when in remission) were re-
cruited at the policlinic of the Department Gastroenterology
and Hepatology of the Antwerp University Hospital, a ter-
tiary hospital in Belgium from 2018 to 2023 (Supplementary
Table 1). During endoscopy, ileal and colonic biopsies were
collected from macroscopically inflamed and noninflamed
regions of the intestinal tract. Colonic biopsies are subdiv-
ided according to their anatomical origin: proximal colon
(including the cecum, ascending colon, and transverse colon),
distal colon (comprising the descending colon, sigmoid colon,
and rectum), and rectum. Patients without a history of IBD
undergoing an endoscopy due to a positive immunological
fecal occult blood test (iIFOBT) showing no endoscopic in-
flammation, were included as control patients. Biopsies were
immediately submerged in RNA later (Sigma), fresh-frozen in
liquid nitrogen, and stored at -80°C until RNA extraction.

2.3. RNA isolation and quality control

Total RNA was extracted from 106 intestinal biopsies
(Supplementary Table 1) using the Nucleospin RNA Plus kit
(Macherey-Nagel) according to the manufacturer’s instruc-
tions. The purity of the RNA was assessed through spectro-
photometric analysis with the NanoDrop ND-1000 (Thermo
Fisher Scientific). Concentration and RNA quality were evalu-
ated with the Qubit Fluorometer (Qubit Broad Range RNA
kit, Thermo Fisher Scientific) and 2100 Bioanalyzer (RNA
6000 Nano kit, Agilent Technologies).

2.4. Multiplex targeted isoform sequencing:
library preparation and single-molecule real-time
sequencing

The Pacific Biosciences (PacBio) Sequel platform was used
to sequence the RNA samples extracted from the 106 in-
testinal biopsies randomly allocated to different batches
(Figure 1A). From the total RNA, a ¢cDNA library was gen-
erated by reverse transcription of full-length RNA transcripts
with the NEBNext Single Cell/Low Input ¢cDNA Synthesis
& Amplification Module (New England Biolabs). Barcoded
oligo-dT primers were used to allow for multiplexing (max-
imum 12-plex) after which hybrid capture was performed by
using a custom NGS discovery pool (IDT) developed for the
capture of all mucin genes present in the human reference
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Figure 1 Overview of the methodological approach and datasets used for (A) establishing the intestinal mucin transcriptome and (B) evaluating the
biomarker potential of mucin RNA isoforms. (C) Schematic overview of the filtering steps performed to obtain the intestinal mucin transcriptome. (D)
Comparison of isoform length between the mucin RNA isoforms from the intestinal mucin transcriptome and the human reference transcriptome. (E)
Comparison of exon count between the mucin RNA isoforms from the intestinal mucin transcriptome and the human reference transcriptome. (F) Number
of isoforms in the intestinal mucin transcriptome grouped per mucin gene with accompanying coding potential. (G) Number of isoforms in the human
reference transcriptome grouped per mucin gene with accompanying coding potential. In the boxplots, the horizontal line within the box represents the
median, the lower hinge of the box denotes the first quartile and the upper hinge corresponds to the third quartile. Whiskers extend to the largest data
point within 1.5 times the interquartile range of the upper and lower hinge. Data points beyond these ranges are plotted individually. Abbreviations: FSM,
full splice match; ISM, incomplete splice match; NIC, novel in catalog; NNC, novel not in catalog. Created with BioRender.com.
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genome GRCh38, i.e. MUCI, MUC2, MUC3A, MUCH4,
MUCSAC, MUCSB, MUC6, MUC7, MUC12, MUCI3,
MUCI1S, MUC16, MUC17, MUC19, MUC20, MUC21, and
MUC22 gene transcripts. This pool, based on the gene an-
notations of GRCh38, consists of high-fidelity, individually
synthesized, 5’-biotinylated oligos targeting the exons and 5’
and 3" UTR regions of the 17 mucins (Supplementary Table
2). After the removal of the probes with high risk for off-
target capturing, a pool of 2032 probes (containing 1704
probes with low and 328 probes with moderate off-target
risk) was generated (Figure 1A). The captured cDNA was
amplified and after SMRTbell library preparation, samples
were sequenced on an SMRTcell 1M v3 LR tray.

2.5. RNA-seq library preparation and Illumina
sequencing

Total RNA from a subset of intestinal biopsies (i.e. 48 out
of the 106 biopsies; Supplementary Table 3) was used to ob-
tain a poly-A enriched library for bulk RNA sequencing on
the Illumina NovaSeq 6000 platform (v1.5 Reagent kit) with
150 bp unstranded paired-end reads (Figure 1A).

2.6. Publicly available datasets for model building
and external validation

GSE165512 (170 samples),”! GSE83687 (134 samples),?
and GSE193677 (2489 samples)? comprising Illumina short-
read sequencing data of colonic and ileal biopsies of IBD and
control patients were retrieved from the Gene Expression
Omnibus using the sratoolkit (v3.0.0). From the GSE83687
dataset, 4 samples were removed because they originated
from noninflamed regions or the biopsied location was not
known. From the GSE193677 dataset, we removed 36 sam-
ples, either because they were retrieved from patients who
had undergone pouch surgery or due to the absence of an
endoscopic severity level in the metadata. In addition, 770
endoscopic samples were removed because they could not
be unambiguously classified as inflamed or noninflamed. All
Illumina short-read data were trimmed with fastP (v0.20.0)
prior to the analysis.

2.7. Downstream bioinformatics analysis pipeline

2.7.1. Establishment of the intestinal mucin RNA isoform
landscape

PacBio Isoseq raw reads were analyzed using the IsoSeq 3
pipeline in Linux bash (v5.0.17(1)). In short, starting from
the raw sequencing reads from SMRTlink, circular consensus
sequences reads were generated (ccs v6.4.0). From the re-
sulting isoform sequences (2Q20), primers were removed
and the samples demultiplexed (lima v2.6.0). Poly(A) tails
and concatemers were removed from the obtained full-length
reads (isoseq refine v3.8.0) and successively, the full-length
non-concatemer reads were clustered (isoseq cluster, v3.8.0).
The resulting high-quality isoforms were aligned to the
human genome assembly GRCh38 (pbmm2 v1.9.0) and re-
dundant isoforms collapsed to obtain count information on
unique isoforms (coverage 99% and identity 95 %, isoseq col-
lapse v3.8.0). For further classification, quality control, and
rigorous filtering of the isoforms, SQANTI3 (v3.5.1)*** was
used in conjunction with supporting short reads (Illumina)
from a subset of 48 samples, also sequenced on the PacBio
platform, and from the publicly available dataset GSE165512
by using STAR (v2.7.10a)*® and Kallisto (v0.48.0)*” (Figure
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1A). In addition to the default SQANTIS3 filter, we incorpor-
ated 4 supplementary rules being that all isoforms 1) should
have a count > 2 in 3 or more PacBio sequenced samples, 2)
have an expression higher than zero according to the Illumina
sequenced samples (except when the transcript is classified
as a full splice match), 3) are bite negative, and 4) map to a
mucin gene. Failure to comply with one of these rules resulted
in the exclusion of the isoform. The obtained intestinal mucin
RNA isoform landscape was merged with the human refer-
ence transcriptome GRCh38 (Gencode release 42) by using
gffcompare (v0.12.6)*® (Figure 1B).

2.7.2. Model building based on Random Forest
classification

Bulk RNA sequencing data from the GSE193677 dataset was
quantified based on the transcripts present in the combined
MUC transcriptome (Kallisto v0.48.0) for colon (7 = 1221)
and ileum samples (7=462), separately. Reads were
normalized (sleuth v.0.30.1)*° and only mucin RNA isoforms
with a minimal count of § in 30 or more samples were re-
tained. The resulting count data were log2 transformed and
transcripts of which the expression was highly correlated
(>75%) were removed (caret v6.0.94). The GSE193677
dataset was randomly split into a training dataset containing
80% of the samples and a test dataset with the remaining
20% of the samples. Additional dataset manipulation was
done with dplyr (v1.1.2). Before model training, the training
data were balanced when necessary by undersampling. Using
the training data, mucin RNA isoforms with high import-
ance were identified based on a Random Forest algorithm
adapted from Brieuc et al.’® (Figure 1B). In short, for each
binary comparison, importance values for every mucin RNA
isoform were estimated. Based on their importance, mucin
RNA isoforms were divided into different groups. The group
with the lowest out-of-bag error rate was selected and used
for backward purging to obtain the final mucin RNA isoform
panel. To minimize the chance of overfitting, the number
of isoforms used for each classification was optimized by
selecting the panel with the fewest isoforms within the 2%
range of the panel with the lowest out-of-bag error rate
(OOB-ER; randomForest v4.7.1.1; Figure 1B).3' GSE83687
was used as a dataset for external validation.

2.8. Statistical analysis and data visualization

Boxplots and bar charts visualizing the characteristics of the
intestinal mucin transcriptome (isoform length, exon amount,
coding potential, and isoform counts), heatmaps with mucin
isoform expression data, and violin plots showing mucin RNA
isoform expression for each panel were made by using dplyr
(v1.1.2), tidyr (v1.3.0), ggplot2 (v3.4.4), ggpattern (v1.0.1),
ggbreak (v0.1.2), and ComplexHeatmap (v2.16.0).3 The per-
formance of the different Random Forest models when ap-
plied to the training, test, and external validation data are
presented as receiver operating characteristic (ROC) curves
with accompanying area under the receiver operating char-
acteristic curve (AUC) generated by using the pROC package
(v1.18.4) in R Visualization of the exon-intron structure of
the mucin RNA isoforms and the canonical isoform for each
mucin presented was done by using transPlotR (v0.0.2)% and
rtracklayer (v1.62.0). Tables with patient characteristics were
generated with finalfit (v1.0.7), in which statistical hypoth-
esis testing for differences between levels of categorical vari-
ables was done using Chi-square tests and the significance of
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differences in group-specific means of continuous variables
was assessed using an omnibus ANOVA F-test. The correl-
ation between age and mucin isoform expression was as-
sessed using Spearman’s rank correlation test (stats, v4.3.1)
and visualized using corrplot (v0.92). Differential expres-
sion of mucin isoforms was done relying on the Wilcoxon
rank-sum test corrected for multiple testing within each panel
using the Bonferroni method. All analyses, including Random
Forest classification, were carried out by using R (v4.3.1) and
Rstudio (v2023.03.0 + 386).

3. Results

3.1. Discovery of the intestinal mucin RNA
isoform landscape

We developed a targeted long-read mucin isoform sequencing
pipeline enabling the identification of mucin RNA isoform
transcripts expressed in the intestinal tract of IBD and control
patients (Figure 1A). Patient demographics and clinical charac-
teristics are shown in Supplementary Table 1. A total of 20 206
unique RNA isoforms were identified. After rigorous filtering,
facilitated by the addition of short-read sequencing data from
our own IBD and control subcohorts (Supplementary Table 3)
and the public dataset GSE165512 (Figure 1A), 877 isoforms
were retained, from which 208 isoform transcripts origin-
ated from a mucin gene (Figure 1C). These included RNA
isoforms derived from MUCI1, MUC2, MUC3A, MUCH4,
MUCSAC, MUCSB, MUC6, MUC7, MUC12, MUCI13,
MUC17, and MUC20 (Figure 1D-1G). In addition, one RNA
isoform mapped to the MUC20 pseudogene 1 (designated as
MUC20P1) and one to an unidentified gene on the antisense
strand at the chromosomal location of MUC2 (designated as
MUC2-AS). Two RNA isoforms aligned to exons from both
MUC3A and MUCI12 (designated as MUC3A_MUCI12)
and one to sequences originating from both MUC20 and
MUC20-OT1 (designated as MUC20_MUC20-OT1; Figure
1D-1G). To further characterize the intestinal mucin RNA
isoform landscape in our patient population, assigned as the
“intestinal mucin transcriptome” (Figure 1), the isoform
length, exon count, and coding potential were compared to
the mucin RNA isoforms present in the human reference tran-
scriptome. The isoform length of the intestinal mucin transcrip-
tome varied between 385 and 8241 base pairs (bp) whereas
the human reference transcriptome contained relatively large
mucin RNA isoforms (Figure 1D). This was further reflected by
the difference in exon count observed in both transcriptomes
(Figure 1E). Furthermore, most of the mucin RNA isoforms
from the intestinal mucin transcriptome are transcripts with
protein-coding potential (Figure 1F), which contrasts with the
mucin RNA isoforms residing in the reference mucin tran-
scriptome showing a more proportional distribution between
coding and noncoding isoforms (Figure 1G). Of note, the intes-
tinal mucin RNA isoform landscape comprised distinctly more
transcripts of MUC2, MUC3A, MUC4, MUC12, MUC13,
and MUCI17 whereas the human reference transcriptome
contained RNA isoforms of particularly the MUCI1, MUC?7,
MUC15, MUC19, MUC20, and MUC20-OT1 genes (Figure
1F-1G). All 268 mucin RNA isoforms present in the human
reference transcriptome were merged with our intestinal mucin
transcriptome (i.e. 208 mucin RNA isoforms) resulting in a
combined mucin RNA isoform landscape of 386 unique tran-
scripts (Figure 1B). More specifically, 118 of the 208 intestinal

mucin RNA isoform transcripts were considered novel and
designated with a PB number. Ninety were merged with an
existing mucin RNA isoform from the human reference tran-
scriptome and are represented with an ENST transcript ID.
Furthermore, after mapping the short-read sequencing data
of the GSE193677 dataset (7 = 1683) to the combined mucin
isoform landscape, 289 mucin RNA isoforms were assigned to
be expressed in the colon and 261 in the ileum (Supplementary
Table 4). The overall abundance of each mucin RNA isoform
expressed in the colon and ileum of IBD and control patients
is represented in a heatmap (Figure 2A, 2B). A relatively high
abundance of MUC2, MUC4, MUCSAC, MUCSB, MUC12,
and MUC13 RNA isoforms was shown in the colon of IBD
patients with clear differences seen between the proximal and
distal colonic region and inflamed and noninflamed biopsies
for MUC12 RNA isoform expression (Figure 2A). On the con-
trary, MUC12 RNA isoforms appeared to be less abundant in
the terminal ileum of IBD patients, whereas a clear difference
was noted in MUC1, MUC4, MUCSAC, MUCS5B, MUC6, and
MUCI12 RNA isoform expression depending on the inflamma-
tory status in the ileum and population cohort (Figure 2B).

3.2. Mucin RNA isoform features as
discriminators for general IBD and subtype
classification

To determine whether mucin RNA isoforms can be used as
discriminators to classify biopsies derived from IBD patients
and its subtypes (i.e. UC and CD) in the presence/absence of
inflammation from control patients, Random Forest-based
feature selection was carried out on the combined mucin RNA
isoform landscape extracting specific mucin RNA isoform
panels associated with IBD, UC, or CD compared to control
patients based on their OOB-ER. An equal distribution of sex
between the groups for each model (Supplementary Tables
5-24) and no significant correlation between the expression
of mucin isoforms, selected for the panels, and age was found
(Supplementary Figure 1). The expression level of each mucin
RNA isoform in the panel was then used to train, test, and
validate the model for binary classification. Their discrimina-
tive performance is presented using ROC curves with accom-
panying AUC values and the expression levels of the mucin
RNA isoforms of each respective panel are shown in violin
plots (Figures 3 and 4; Supplementary Figures 2 and 3). The
characteristics of the combined mucin RNA isoform land-
scape and patient demographics for each model are summar-
ized in Supplementary Tables 4-24. The mucin RNA isoforms
occurring throughout both the inflamed and noninflamed
panels are schematically depicted as Venn diagrams in Figure
5 and Supplementary Figure 4.

Feature selection to distinguish IBD patients with colonic
inflammation from control patients without inflammation
in their intestinal tract unveiled a panel of 10 mucin RNA
isoforms originating from 8 different mucin genes and half of
them were identified as novel (Figure 3A, 3B; Supplementary
Tables 4, 5). This panel performed well in the training and
test dataset (AUC of 92.3% and 92.5 %, respectively). Its per-
formance decreased slightly in the external validation dataset
to an AUC of 72.2% (Figure 3A). All 10 isoforms were sig-
nificantly increased in the IBD cohort compared to the con-
trol patients, except for the MUC20 (ENST00000447234.7)
and MUC12 (ENST00000473098.5) RNA isoforms which
were significantly downregulated in the IBD patient group
(Figure 3B).
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Figure 2. (A) Heatmap visualization of the mucin RNA isoform expression data in colonic (i.e. proximal and distal regions) inflamed and noninflamed
biopsies of Crohn’s disease and ulcerative colitis patients, and noninflamed biopsies of control patients. (B) Heatmap visualization of the mucin RNA
isoform expression data in ileal biopsies originating from an inflamed and noninflamed region of Crohn’'s disease patients and a noninflamed region of

ulcerative colitis and control patients. The number of patients (n) in each group is shown above each heatmap.
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Figure 3. Mucin RNA isoform expression levels as variables associated with IBD and subtypes (UC or CD) upon inflammation. Overview of model
performance for training (80% of GSE193677), test (20% of GSE193677), and external validation (GSE83687) datasets with accompanying violin plots,
containing the mucin RNA isoform expression panels as predictors for a certain classification are provided. ROC curve, AUC, and violin plots for the
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By using the same approach, we identified several panels to
distinguish UC and CD patients from control patients. These
included a panel of 6 mucin RNA isoforms that accurately
discriminated inflamed colonic biopsies of UC patients from
noninflamed colonic control biopsies (i.e. AUC of 93.0%
[based on the training data], AUC of 89.3% [test data]; Figure
3C, 3D; Supplementary Tables 4, 6), a panel of 5 mucin RNA
isoforms as a major determinant for inflammation in the
colon of CD patients (AUC of 89.1% [training data], AUC of
86.6% [test data]; Figure 3E, 3F; Supplementary Tables 4, 7)
and a panel of 6 mucin RNA isoforms that associated with in-
flammation in the ileum of CD patients compared to control
patients (AUC of 91.1% [training data], AUC of 89.0% |[test
datal]; Figure 3G, 3H; Supplementary Tables 4, 8). Within these
panels, each mucin RNA isoform originated from a different
mucin gene (Figure 3D, 3F) except for the CD ileum inflamed
panel where 4 RNA isoforms originated from the MUC1 gene
(Figure 3H). Performance of the UC colon and CD colon
inflamed models when applied to the external validation
dataset remained remarkably high (i.e. AUC values of 89.0%
and 77.2%, respectively; Figure 3C, 3E). Interestingly, the
MUC4 (PB.1238.363) and MUC20 (ENST00000447234.7)
RNA isoforms were shared by the UC colon inflamed and
CD colon inflamed panels (Figures 3D, 3F, 5) whereas the
MUCI RNA isoform (ENST00000462317.5) was common
between the UC colon inflamed and CD ileum inflamed
panels (Figures 3D, 3H, 5) and the MUCI RNA isoform
(ENST00000620103.4) between the CD colon inflamed and
CD ileum inflamed panels (Figures 3F, 3H, 5). Most of the
mucin RNA isoforms from the three models were upregulated
upon inflammation in the UC or CD group (Figure 3D, 3F,
3H). Only the MUC12 (ENST00000473098.5; UC colon in-
flamed panel; Figure 3D), MUC20 (ENST00000447234.7;
UC and CD colon inflamed panel; Figure 3D, 3F), and
MUC20-OT1 (ENST00000631087.1; CD inflamed ileum
panel; Figure 3H) RNA isoforms were downregulated in the
presence of inflammation.

In addition, we also designed prediction models to classify
IBD patients from control patients in the absence of inflam-
mation. However, due to the absence of noninflamed bi-
opsies in the IBD cohort of the external validation dataset,
ROC curves and AUC values could only be obtained for
the training and test data. Training the model to distin-
guish noninflamed colonic biopsies of IBD patients from
noninflamed control biopsies based on a panel of 10 mucin
RNA isoforms resulted in an AUC of 78.4% for the training
data and 68.2% for the test data. Interestingly, MUCSAC
(PB.2811.15) that resided in the IBD colon inflamed panel
was also found to be overexpressed in the IBD noninflamed
panel (Supplementary Figure 2A, 2B and Tables 4, 9; Figure
3B). In addition, the MUCSB (ENST00000525715.5,
ENST00000527802.1, and PB.2816.52), MUC3A_MUC12
(PB.2118.1123) and MUC2 (PB.2810.148) RNA isoforms
were also overexpressed in the noninflamed IBD group, while

W. Arras et al.

MUC20-OT1 (ENST00000446521.1) was downregulated
(Supplementary Figure 2B). The performance of the models
distinguishing between noninflamed biopsies from CD or
UC patients and control patients was similar in the test and
training datasets (Supplementary Figure 2C-2F and Tables
10, 11). Only the MUCSAC (PB.2811.15) and MUC20
(ENST00000447234.7) RNA isoforms of the UC colon in-
flamed panel (Figure 3D) were also identified in the UC colon
noninflamed panel (Supplementary Figure 2D), whereas the
MUC2 (PB.2810.148) and MUC1 (ENST00000620103.4)
RNA isoforms were shared among the CD colon and ileum
inflamed/noninflamed panels, respectively (Figure 3F, 3H;
Supplementary Figure 2F, 2H and Tables 4, 12). Notably, the
MUCSAC (PB.2811.15) RNA isoform was overexpressed and
MUC20(ENST00000447234.7) RNA isoform downregulated
in UC patients compared to the control group independent of
inflammation (Figure 3D; Supplementary Figure 2D). In the
biopsies of CD patients, the MUC1 (ENST00000620103.4)
and MUC2 (PB.2810.148) RNA isoforms were upregulated
in both the inflamed and noninflamed biopsies compared to
the controls (Figure 3F, 3H; Supplementary Figure 2F, 2H).
Setting up a prediction model that distinguished between co-
lonic biopsies from CD and UC patients in the presence/ab-
sence of inflammation was shown to be difficult as reflected
by the lower AUC values for the different datasets (Figure
31; Supplementary Figure 2I and Tables 13, 14). Both panels
encompassed a high number of mucin RNA isoforms (Figure
3J; Supplementary Figure 2J), particularly in the presence of
inflammation, in which the majority of isoforms were not dif-
ferentially expressed.

3.3. Region-specific mucin isoform panels for UC
and CD patient subpopulation stratification

One of the key features that attribute to disease heterogen-
eity is the variable inflammatory pattern expressed in the in-
testinal tract of IBD patients.! More specifically, UC patients
have a more uniform mucosal inflammation that starts in the
rectum and further extends toward the distal part of the colon
whereas patchy and transmural inflammatory areas are seen in
the terminal ileum and throughout the colon of CD patients.!
Here, we further investigated whether the Random Forest
approach for IBD subtype classification could be improved
when integrating the colonic disease location, i.e. proximal
colon (encompassing cecum, ascending and transverse colon),
distal colon (encompassing descending colon, sigmoid and
rectum), and rectum (Figure 4; Supplementary Figures 2,
3). Feature selection to distinguish UC patients with inflam-
mation in the distal colon from control patients unveiled a
panel of 4 differentially expressed mucin RNA isoforms with
similar high performance (i.e. AUC values of 93.3% (training
data), 95.0% (test data) and 89.5% (external validation
data); Figure 4A, 4B; Supplementary Tables 4, 15) compared
to the UC colon inflamed panel (Figure 3D). Interestingly, the
MUC4 (PB.1238.363), MUCSAC (PB2811.15), and MUC20

versus noninflamed colonic biopsies of control patients (n_ =182, n
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expression was assessed using the Wilcoxon rank-sum test corrected for multiple testing using the Bonferroni method. Significant differences are indicated
by *p < 0.05, **p < 0.01, ***p < 0.001. In the boxplots, the horizontal line within the box represents the median, the lower hinge of the box denotes the
first quartile and the upper hinge corresponds to the third quartile. Whiskers extend to the largest data point within 1.5 times the interquartile range of the
upper and lower hinge. Data points beyond these ranges are plotted individually. Abbreviations: C, control patients; colon-dist, distal colon; ext.val, external

validation.
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Figure 4. Mucin RNA isoform expression levels as variables associated with IBD subtypes (UC or CD) and location in the intestinal tract (i.e. proximal
colon, distal colon, and rectum) upon inflammation. Overview of model performance for training (80% of GSE193677), test (20% of GSE193677),

and external validation (GSE83687) datasets with accompanying violin plots, containing the mucin RNA isoform expression panels as predictors for a
certain classification are provided. ROC curve, AUC, and violin plots for the prediction model of (A, B) inflamed distal colonic biopsies of UC patients
(n, =165,n_.=38, n = 27) versus noninflamed biopsies of control patients (n,. =155, n._ =46, n =23), (C, D) inflamed rectal biopsies of

Train Test ext. val. Train Test ext. val.
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(ENST00000447234.7) RNA isoforms were common in both
panels (Figures 3D, 4B, 5C). The prediction model built to dis-
criminate UC patients with rectal inflammation from control
patients revealed a panel of 9 differentially expressed mucin
RNA isoforms (Figure 4C, 4D; Supplementary Tables 4, 16),
of which 5 were common with the UC colon inflamed panel
(Figures 3D, 4D, 5C) and 3 with the UC distal colon inflamed
panel (Figures 4B, 4D, 5C). The panel for discriminating in-
flamed rectal biopsies of UC patients with noninflamed con-
trol biopsies also performed very well in the training, test, and
external validation datasets with an AUC of 95.3%, 94.5%,
and 96.1%, respectively (Figure 4C; note that for the rectal
UC inflamed model, all distal colonic UC samples (including
sigmoid and colon descendens) were used for external valid-
ation due to an insufficient number of rectal biopsies in this
dataset). When training the Random Forest model to dis-
tinguish, inflamed proximal colon biopsies of CD patients
from their noninflamed control counterpart (Supplementary
Table 17), the AUC decreased to 75.9% in the test dataset
and 61.9% in the external validation dataset (Figure 4E).
However, the isoform panels built to discriminate inflamed
distal colon or rectal biopsies of CD patients from their
noninflamed control counterparts (Supplementary Tables 18,
19), demonstrated a slightly improved performance for the
training (distal colon: AUC = 91.1%; rectum: AUC = 94.8 %
Figure 4G, 41), test (distal colon: AUC = 96.0%; rectum:
AUC = 86.6%; Figure 4G, 41), and external validation datasets
(distal colon: AUC = 78.3%; rectum: AUC = 81.6%; Figure
4G, 4I) compared to the CD colon inflamed model (Figure
3E) (also for the rectal CD inflamed model, all distal colonic
CD samples (including sigmoid and colon descendens) were
used for external validation due to an insufficient number
of rectal biopsies in this dataset). The isoforms in all three
region-specific CD models were differentially expressed ex-
cept for the MUC3A (PB.2118.153) RNA isoform in the CD
proximal colon inflamed panel and the MUC2 (PB.2810.148)
RNA isoform in the CD rectum inflamed panel (Figure 4F
4]). Interestingly, the CD colon distal inflamed and rectum
inflamed panels encompassed all mucin RNA isoforms from
the CD colon inflamed panel, in addition to 1 (MUC12:
ENST00000473098.5) and 2 (MUCI12: PB.2810.148;
MUC20: ENST00000436408.6) RNA isoforms, respectively
(Figures 3FE 4], 4H, 5B; Supplementary Table 4). On the con-
trary, the CD proximal colon inflamed panel consisted of
completely different mucin RNA isoforms (7 = 5), except for
the MUC4 (PB.1238.363) RNA isoform, compared to the CD
colon inflamed panel (Figures 4F, 5B; Supplementary Table 4).

Finally, we also investigated the performance of the region-
specific UC and CD models in the absence of inflammation.
Similarly, due to the absence of noninflamed biopsies in the
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UC and CD cohorts of the external validation dataset, ROC
curves and AUC values could only be obtained for the training
and test datasets (Supplementary Figure 3 and Tables 20-24).
Distinguishing region-specific noninflamed biopsies in the
colon of UC and CD patients compared to control patients
resulted in high AUC values for the training data but per-
formance decreased in the test data, specifically for UC and
CD rectum models (Supplementary Figure 3). The UC distal
colon noninflamed panel contained 3 mucin RNA isoforms
(MUC3A_MUCI12 [PB.2118.1322], MUCSAC [PB.2811.15],
and MUC20 [ENST00000447234.7]) which also resided in
the UC distal colon inflamed panel but with MUC3A_MUC12
(PB.2118.1322) no longer being downregulated (Figure 4B;
Supplementary Figure 3B), whereas all mucin RNA isoforms
from the UC rectum noninflamed panel were differentially
expressed and occurred in the UC rectum inflamed panel
(Figure 4D; Supplementary Figure 3D). On the contrary, the
CD proximal inflamed and noninflamed panels had no mucin
RNA isoforms in common (Figure 4F; Supplementary Figure
3F). Of all 13 mucin RNA isoforms in the CD distal colon
noninflamed panel, only the MUC12 (ENST00000473098.5)
RNA isoform was also present (and downregulated) in the
CD distal colon inflamed panel (Figure 4H; Supplementary
Figure 3H). Of the 23 RNA isoforms from the CD rectum
noninflamed panel, only the MUC4 (PB.1238.363) RNA
isoform was present (and upregulated) in its inflamed coun-
terpart (Figure 4]; Supplementary Figure 3]) Furthermore, the
MUC4 (PB.1238.363) and MUC12 (ENST00000473098.5)
RNA isoforms were respectively up- and downregulated
in both their inflamed and noninflamed CD region-specific
panels (Figure 4H, 4]; Supplementary Figure 3H, 3]).

3.4. Structural characterization of abundant mucin
RNA isoforms in IBD

Several mucin RNA isoforms frequently occurred throughout
the different panels highlighting their importance for fur-
ther investigation. To identify structural differences between
these isoforms, the exon-intron structure of all mucin RNA
isoforms identified in the inflamed models is illustrated
in Figure 6. More specifically, the MUCI RNA isoform
ENST00000462317.5 appeared in the panels comparing
inflamed biopsies of CD ileal, CD proximal, UC colonic,
and UC rectal with (region-matched) noninflamed control
biopsies (Figure 5). Interestingly, this 7 exon-long MUCI
(ENST00000462317.5) RNA isoform lacks the first 2 exons
compared to the canonical MUC1 (ENST00000620103.4)
isoform, which encodes for a part of the extracellular region
and gains 1 exon near the 3" end of the transcript (Figure
6). The canonical MUC1 (ENST00000620103.4; Figure 6)
RNA isoform also appeared in different panelsl; however, its

UC patients (nTram = 94’ nTest = 23’ nextv val.

consisted of all distal colon samples to increase the sample size), (E, F) inflamed proximal colonic biopsies of CD patients (n.

= 2) versus noninflamed proximal colonic biopsies of control patients (n.
patients (nTram =120, Mot = 29, Mot val

inflamed rectal biopsies of CD patients (n.

val

=80, n

Test

=20, n

Train ext. val

val

= 27) versus noninflamed biopsies of control patients (n, . =94, n

= 9) versus noninflamed distal colonic biopsies of control patients (n.
= 9) versus noninflamed rectal biopsies of control patients (n
= 23; the external validation consisted of all distal colon samples to increase the sample size). Differential mucin isoform expression was determined

=44, n = 23, the external validation

Test ext. val.

ain = 03 N = 18, 1,
i = 63, N = 21, 0 . = 21), (G, H) inflamed distal colonic biopsies of CD
=120, n,_. =46, n =23), and (I, J)

Train Test ext. val

Train = 80’ nTest = 44’ next.

using the Wilcoxon rank-sum test corrected for multiple testing using the Bonferroni method. Significant differences are indicated by *p < 0.05,

**p < 0.01, ***p < 0.001. In the boxplots, the horizontal line within the box represents the median, the lower hinge of the box denotes the first quartile
and the upper hinge corresponds to the third quartile. Whiskers extend to the largest data point within 1.5 times the interquartile range of the upper and
lower hinge. Data points beyond these ranges are plotted individually. Abbreviations: C, control patients; colon-dist, distal colon; colon-prox, proximal

colon; ext.val, external validation.
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Figure 5. \Venn diagrams representing an overview of the mucin isoforms obtained by the feature selection Random Forest throughout multiple models
involving inflamed biopsies. (A) Venn diagram summarizing the mucin isoforms as predictors to classify inflamed colonic biopsies of CD or UC patients
from noninflamed biopsies of control patients and inflamed ileal biopsies of CD patients from noninflamed biopsies of control patients. Isoforms
present in the colon, rectum, distal, and/or proximal CD panel are combined as are the isoforms present in the colon, rectum, and/or distal UC panel.
(B) Venn diagram summarizing the mucin isoforms as predictors to classify inflamed biopsies from the proximal colon, distal colon, and rectum from CD
patients from their noninflamed control counterparts. (C) Venn diagram summarizing the mucin isoforms as predictors to classify inflamed biopsies from
the distal colon and rectum from UC patients from their noninflamed control counterparts. The colors represent the mucin gene from which the isoform

$20Z 1890190 $Z Uo Jasn yeayiolqig - uadiamiuy nsusisaiun Aq 0508/ 2/SS Leello0(-0008/£60 "0 1 /10p/2[01e-80UuBAPE/22[-0009/W02 dNO"dIWapEIE//:SdNY WO} POPEOJUMO(]



12

presence was limited to the CD inflamed panels, with the ex-
ception of the CD proximal colon inflamed panel (Figure 5B),
and to the CD noninflamed ileum panel (Supplementary Figure
4). In all models comparing inflamed IBD with noninflamed
control colonic biopsies, the MUC4 (PB.1238.363) RNA
isoform was selected by the feature selection procedure sug-
gesting its high discriminative value (Figure 5). In addition,
MUC4 (PB.1238.363) also appeared in the CD rectum
noninflamed panel (Supplementary Figure 4). Compared to
the 25 exon-long canonical MUC4 (ENST00000463781.8)
sequence, MUC4 (PB.1238.363) comprises only 7 exons and
misses a large part at its 3" end which encodes the intracel-
lular, transmembrane and part of the extracellular region.
Since it also contained novel splice sites, it was categorized as
a “novel_not_in_catalog” isoform (Figure 6; Supplementary
Table 4). The canonical MUC20 (ENST00000447234.7)
and novel MUCSAC (PB.2811.15) RNA isoforms occurred
with a high frequency in the inflamed colon of CD and UC
panels, while also being present in some noninflamed panels
for UC (MUC20 [ENST00000447234.7]) or both CD and
UC (MUCSAC [PB.2811.15]; Figure 5; Supplementary Figure
4). MUC20 (ENST00000447234.7) is a relatively small
isoform, only having 4 exons, which stands in steep con-
trast with many other isoforms like MUCSAC (PB.2811.15)
having 17 exons. Identical to MUC4 (PB.1238.363), the
MUCSAC (PB.2811.15) RNA isoform was categorized as
“novel_not_in_catalog” due to the presence of splice sites
that were previously not identified for MUCSAC. In addition,
this isoform lacks a major part at its 5" end thereby missing
the sequence that encodes for the signal peptide, several Von
Willebrand factor type D domains, and the PTS domain,
rich in proline, threonine, and serine.** Finally, like MUC20
(ENST00000447234.7) and MUC1 (ENST00000620103.4),
the 84 exon-long MUC16 (ENST00000397910.8) occurred
in all inflamed colonic CD panels, except for the proximal
colonic panels (Figure 5B), and was also present in the UC
rectum inflamed panel (Figure 5C, 5D). Of note, a large
number of unique mucin RNA isoforms were identified in
the UC and CD noninflamed panels (Supplementary Figure
4), suggesting the Random Forest approach has difficulty in
finding discriminative isoforms to classify the noninflamed
IBD subgroups and the control patients from one another.

4. Discussion

Our study is the first to describe the complexity of the mucin
RNA isoform landscape expressed in the terminal ileum and
colon of IBD and control patients using a targeted long-read
mucin isoform sequencing approach with custom-designed
probes, encompassing 17 mucin genes present in the human
reference genome in combination with short-read sequencing.
We combined our identified intestinal mucin transcriptome
with the human reference transcriptome to obtain the expres-
sion of the global mucin RNA isoform repertoire. Differences
in the mucin RNA isoform landscapes between both tran-
scriptomes can partially be explained by mucin RNA isoform
expression itself, which is not limited to the intestines in the
reference transcriptome but varies between tissues, sample
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types, and diseases.*3’ The predicted coding potential of the
intestinal-type mucin RNA isoforms was overall higher than
those from the human reference transcriptome with many
novel RNA isoforms discovered, especially for the MUC2,
MUC3A, MUC4, MUC12, MUC13, and MUC17 genes. The
abundance of putatively coding isoforms in the intestinal
mucin transcriptome can be explained by the oligo-dT primers
used to enrich polyadenylated transcripts during the library
preparation for long-read sequencing ensuring consistency
with the polyadenylated enriched libraries of the short-read
sequencing data.*® Some transcripts from the intestinal mucin
isoform transcriptome were also composed of fragments
from two different genes, such as MUC20_MUC20-OT1
and MUC3A_MUC12. Whether these fusion transcripts ori-
ginate from structural rearrangements (at the DNA level),
or during transcription or splicing events, requires further
investigation. Nevertheless, their detection might be attrib-
uted to our targeted long-read sequencing approach which
allowed sequencing of full-length mucin isoforms, even those
with an expression level too low to be detected by the PacBio
sequencing platform without mucin-specific enrichment.*!
The short-read sequencing data (GSE193677) from more
than 1500 intestinal biopsies of IBD and control patients was
then mapped to the combined mucin RNA isoform landscape
to assess the expression levels of the different mucin RNA
isoforms in the intestinal tract of the different study groups.
The obtained heatmaps clearly highlight distinct mucin
isoform signatures between ileal and colonic samples, tissue
status (inflamed versus noninflamed), and patient cohorts, but
also region-specific signatures were noted within the colon.
These findings further add to the heterogeneity of IBD and
suggest that the mucosal changes that occur upon inflamma-
tion throughout different anatomical locations of the colon
are not uniform.

We subsequently assessed the predictive performance of
our newly discovered mucin RNA isoform landscape ex-
pressed in the terminal ileum and colon for IBD patient strati-
fication using Random Forest classification. The performance
of each designed Random Forest model depended on the
specific comparisons that were made between study groups,
the anatomical location from where the biopsies originated,
and the presence/absence of inflammation. Distinguishing in-
flamed colonic biopsies from IBD (irrespective of subtype),
UC, or CD patients and inflamed ileal biopsies from CD pa-
tients from their noninflamed control counterparts unveiled
mucin RNA isoform panels with high performance in both
training and test data. The discriminative potential of the UC
and CD colon inflamed panels in the training and test datasets
was overall improved when dividing the colonic biopsies in
different groups based on their location in the intestinal tract,
i.e. proximal colon, distal colon, and rectum. However, the
functional significance of specific mucin isoforms in relation
to the gastrointestinal region warrants further investigation.
Remarkably, the performance of the mucin RNA isoform
panels when testing on external validation data, still remained
high for the models distinguishing UC inflamed colonic biop-
sies from controls, and even slightly increased when the loca-
tion of the intestinal tract was taken into account. Likewise,

originates, the letters refer to the specific mucin isoform and the size of the circle for each isoform indicates how many panels it occurs. (D) Graphical
overview of the different mucin isoform panels obtained for each anatomical region in Crohn’s disease and ulcerative colitis patients. Significant up-
and downregulation when compared to mucin isoform expression in control samples is indicated with arrows in front of each isoform. Created with

BioRender.com.
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Figure 6. Schematic representation of the exon-intron structure of the isoforms encompassing the IBD, UC, CD colonic, and ileal inflamed panels. The

yellow mucin isoforms are the ENSEMBLE (version 110: Jul 2023) canonical isoforms present as a reference for comparison. On each canonical isoform
originating from a transmembrane mucin, the sequence coding for the cytoplasmic (#), transmembrane (]), and extracellular (*) regions are highlighted.
The arrow below each isoform indicates the direction of transcription.
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the models validated on external data to discriminate in-
flamed distal and rectal biopsies of CD patients from con-
trols exhibited a minor decrease in performance compared
to the test and training datasets. In contrast, a more substan-
tial decrease in AUC was observed for models trained on CD
inflamed biopsies from the proximal colon and ileum. This
reduction in performance might be explained by the large het-
erogeneity in IBD that is not fully represented in the limited
amount of proximal biopsy samples present in the external
validation dataset.

The model that distinguishes between inflamed colonic bi-
opsies from CD and UC patients performed poorly which
was also reflected by the large amount of selected mucin
RNA isoforms. Furthermore, while the panels from all other
models almost exclusively consisted of differentially expressed
isoforms, the majority of mucin RNA isoforms in this panel
had similar expression levels. In addition, the models trained
to distinguish noninflamed biopsies of IBD patients (and sub-
types) from noninflamed control biopsies also showed a de-
crease in performance for the training compared to the models
trained to distinguish inflamed from noninflamed biopsies.
The above observations, combined with the lower amount
of differentially expressed mucin isoforms, suggest a closer
resemblance in mucin RNA isoform expression between the
inflamed colon of UC and CD patients and the noninflamed
intestinal tract of IBD and control patients.

Interestingly, multiple mucin RNA isoforms also fre-
quently occurred among the different inflamed panels sug-
gesting that the Random Forest approach is consistent and
not just capturing noise (Figure SA-C). Furthermore, some
mucin isoforms occurred in both the inflamed panel and in
its noninflamed counterpart, indicating that mucin expression
is still altered in IBD patients showing no macroscopic in-
flammation in their intestinal tract, as has also been reported
recently.'® Besides, multiple studies also identified mucin gene
polymorphisms that cause structural changes in the mucin
protein and have been associated with the susceptibility to
IBD."#>% Therefore, further research is needed to determine
whether the mucin RNA isoforms present in both the in-
flamed and noninflamed panels result from a genetic muta-
tion that predisposes individuals to IBD.

Irrespective of the panel in which the isoforms occurred,
MUC4 (PB.1238.363), MUCSAC (PB.2811.15), MUCI16
(ENST00000397910.8), and MUC1 (ENST00000462317.5,
ENST00000620103.4) were upregulated upon inflammation,
whereas the MUC20 (ENST00000447234.7) and MUC12
(ENST00000473098.5) RNA isoforms were downregulated.
While the overexpression of the MUCI and MUCH4 genes in
IBD is generally accepted,'!54445 literature describing the ex-
pression of the other mucin genes from which these isoforms
originate is limited and sometimes ambiguous.'”** Some
of the abundant mucin RNA isoforms lack several exons
compared to their canonical counterpart resulting in the
absence of functional domains. These included the MUC4
(PB.1238.363) RNA isoform which lacks its cytoplasmic
tail and transmembrane domain, only retaining a part of its
extracellular domain. As such, MUC4 (PB.1238.363) resem-
bles rather a secreted than a transmembrane mucin. Das et
al.¥® suggested MUCH4 to be a driver of intestinal inflamma-
tion after observing an increased resistance of MUC4~~ mice
to DSS-induced colitis. However, functional repercussions of
MUCH4 isoforms without cytoplasmic and transmembrane
domains should be further investigated, as studies suggested
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isoform-dependent effects in pancreatic cancer, such as
complex formation with other isoforms influencing signal
transduction.?’ In contrast to MUC4, MUCSAC expression
was found to have a protective effect in DSS-induced colitis
mice models.* The relatively small MUCSAC (PB.2811.15),
comprising only 2768 bp compared to the 17 448 bp long
canonical MUCSAC (ENST00000621226.2), is missing
the sequences necessary to encode several Von Willebrand
factor type D domains and the PTS domain."”? The ab-
sence of this PTS domain reduces the extent to which the
isoform can be glycosylated, thereby preventing it from exe-
cuting the protective function of the canonical MUCSAC
(ENST00000621226.2).>*  However, since = MUCSAC
(PB.2811.15) also lost its N-terminal signal sequence present
in the canonical MUCSAC, the question remains whether
this MUCSAC isoform gets secreted or stays intracellularly,
impacting signal transduction.’** In the case of MUCI16, it
was the canonical isoform ENST00000397910.8 that was
found to recur in different panels. This transmembrane mucin
has been associated with several cancers, in which its expres-
sion increases after stimulation with TNF-a and IFN-vy, due
to an NF-kf binding site in the proximal promoter region
of MUC16.°° As both TNF-a and IFN-y are key cytokines
in the pathogenesis of IBD, it is likely that they are also re-
sponsible for the upregulation of this MUC16 RNA isoform
observed in the inflamed colon of our IBD patient cohort. The
only mucin RNA isoform occurring in both the inflamed ileal
panel and several colonic inflamed panels for CD and UC is
the MUC1 (ENST00000462317.5) RNA isoform. Translated
MUCT1 isoforms missing parts of their extracellular domain
(like MUC1 [ENST00000462317.5]), have previously been
described to form protein complexes with other MUC1
isoforms resulting in an altered cellular morphology.’! In add-
ition, Cascio et al.’> showed the formation of a MUC1-P65
complex that caused an upregulation of proinflammatory
cytokines IL-6 and TNF-o by enhancing the NF-«xf3 pathway.
While all tested MUCT isoforms succeeded in inducing the
NEF-«f pathway, MUC1 isoforms lacking the variable tandem
repeat region (VNTR) were found to be less proinflammatory.
Interestingly, the VNTR region (encoded by exon 2 of the ca-
nonical MUCT isoform (ENST00000620103.4)%) is not pre-
sent in MUCI (ENST00000462317.5). Nonetheless, its role
in the IBD pathogenesis requires further investigation.

The use of public datasets inferred some limitations in
our study. The external validation included a relatively low
number of samples for certain regions, necessitating the inclu-
sion of all distal colon samples to increase the dataset size for
validating the models trained on rectal samples. In addition,
external validation data containing follow-up samples of IBD
patients in therapy-specific trials will help to demonstrate the
clinical utility of the mucin isoform panels. Unfortunately,
at this moment, no such RNA sequencing data are available
that have location-specific biopsy information, an acceptable
cohort size, and a sufficiently large sequencing read length.
Nevertheless, the strength of our study lies in the identifica-
tion of distinct mucin RNA isoform panels that are associated
with IBD, its subtypes (CD, UC), inflammation, and location
in the intestinal tract (Figure 5D), and accurately stratify IBD
patient subpopulations. Also, the diversity of mucin RNA
isoform expression between the studied population cohorts
highlights the large heterogeneity within IBD and the import-
ance of the anatomical location in the intestinal tract that
should be taken into account in further studies.
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5. Conclusion

We unveiled the intestinal mucin isoform landscape that re-
flects the heterogeneity of the IBD patient population. More
specifically, known and novel mucin RNA isoforms were
found to be significantly up- or downregulated depending on
the inflammatory status and anatomical location of the bi-
opsy in the intestinal tract. Furthermore, the identified mucin
RNA isoform inflamed panels that associate with the IBD
subtype and anatomical region of the intestinal tract, show
great potential to indicate epithelial barrier function at the
molecular level in addition to endoscopic and histologic
measures of inflammation, and thus mucosal healing in IBD
patients. Therefore, adequate independent external validation
in biopsies from large prospective IBD cohorts under therapy
is recommended to further clinically validate the potential of
these mucin RNA isoform panels to monitor barrier healing
in the therapeutic management of IBD.
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