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Abstract

Background and Aims: Early treatment of Crohn’s disease [CD] is required in order to optimize
patient outcomes. To this end, we need to gain a better understanding of the molecular changes at
the onset of CD.

Methods: As a model for the earliest mucosal CD lesions, we study post-operative recurrent
CD [Rutgeerts score > i2b]. We are the first to analyse gene and microRNA [miRNA] expression
profiles in ileal biopsies from these patients, and compare them with those of newly diagnosed
[<18 months] and late-stage [>10 years after diagnosis] CD patients.

Results: Except for one gene [WNT5A], there are no differential genes in CD patients without post-
operative recurrence [i0], showing that previous disease did not influence gene expression in the
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neoterminal ileum, and that this model can be used to study early mucosal CD lesions. Gene
expression and co-expression network dysregulation is more pronounced in newly diagnosed and
late-stage CD than in post-operative recurrent CD, with most important modules associated with
[a]lgranulocyte adhesion/diapedesis, and cholesterol biosynthesis. In contrast, we found a role for
snoRNAs/miRNAs in recurrent CD, highlighting the potential importance of regulatory RNAs in
early disease stages. Immunohistochemistry confirmed the expression of key dysregulated genes
in damaged/regenerating epithelium and immune cells in recurrent CD.

Conclusions: Aside from regulatory RNAs, there are no clear gene signatures separating post-
operative recurrent, newly diagnosed, and late-stage CD.The relative contribution of dysregulated
genes and networks differs, and suggests that surgery may reset the disease at the mucosal site,
and therefore post-operative recurrent CD might be a good model a good model to study to study

early mucosal CD lesions.

Key Words: Early Crohn’s disease; gene expression; gene regulation; molecular mechanisms

1. Background

Crohn’s disease [CD] is a chronic, relapsing inflammatory bowel
disease [IBD] with increasing prevalence worldwide.! CD is be-
lieved to be caused by an interaction of genetic, immune, and en-
vironmental factors, leading to an inappropriate chronic activation
of the mucosal immune response,? often resulting in strictures or
fistulas. Several studies suggest that treatment is more effective
and can prevent complications when initiated early in the disease
course,>* although currently we do not know what the early triggers
of disease are. The subclinical phase before diagnosis of CD often
goes unnoticed, and at the time the diagnosis of CD is made, bowel
damage has already occurred in a significant number of patients, and
immune dysregulation, dysbiosis and tissue injury associated with
full-blown disease is set, and in many cases, irreversible.®

Up to 50% of patients with CD need surgery within 10 years
of diagnosis.® Rutgeerts et al. showed that after ileal resection with
ileo-colonic anastomosis, in >70% of patients new CD lesions recur
in the neoterminal ileum within weeks to months.” These lesions may
progressively evolve to full blown CD, and develop only when the
gut is exposed to luminal contents.® When luminal fluid is diverted
through a proximal stoma and the ileo-colonic anastomosis is pro-
tected, the gut mucosa remains intact.’ Infusion of intestinal contents
through the diverted bowel triggers early changes consistent with
recurrent inflammation. '

To get a better understanding of the underlying mechanisms of
early CD, it is important to know which molecular changes are at the
onset of CD. Large-scale gene expression studies have been performed
in IBD and found dysregulated expression of genes mainly involved in
immune response, cell adhesion, barrier integrity and tissue remodel-
ling.!""* These however did not focus on the earliest mucosal lesions
in CD. Gene expression is partly regulated by microRNAs [miRNAs],
small noncoding RNAs that bind to the 3’ untranslated region of
target mRNAs, hereby negatively regulating their stability or transla-
tion. A few studies have investigated the role of miRNAs in IBD, and
found distinct miRNA expression profiles in IBD patients with active
and inactive disease, and normal controls,'>'® but again did not specif-
ically include the earliest mucosal lesions in CD patients.

To understand what happens early in the disease course, we stud-
ied ileal mucosal mRNA and miRNA expression in patients with
post-operative recurrence, and compared the expression with that in
patients without post-operative recurrence, or with newly diagnosed
CD, and with late-stage CD.

2. Materials and Methods

2.1. Ethics statement

This study was carried out at the University Hospitals Leuven
[Leuven, Belgium]. The ethics committee of the University Hospitals
Leuven approved the study [IRB approvals B322201213950/553684
and B322201110724/S52544]. All individuals gave written in-
formed consent.

2.2. Patients and biopsy specimens
Ileal mucosal biopsies were obtained during endoscopy from 24
post-operative recurrent CD patients [Rutgeerts score > i2b,!” taken
<18 months after ileal resection with ileo-colonic anastomosis]; from
18 newly diagnosed, active CD patients [taken <18 months after
diagnosis as defined by Peyrin-Biroulet et al.!$; however, only fistuliz-
ing disease was excluded]; from 14 late-stage CD patients [>10 years
after diagnosis, and with active disease]; and from non-IBD controls
with normal endoscopy [12 for mRNA profiling; eight for miRNA
profiling]. We also included three CD patients with uninflamed
post-operative ileum since surgery [Rutgeerts score i0, and taken
<18 months after ileal resection with ileo-colonic anastomosis].
Baseline characteristics of the different groups are summarized in
Table 1, and Supplementary Table S1. An overview of the number of
samples used for each analysis is listed in Supplementary Table S2.
Biopsies were taken at the most affected site of the [neoterminal]
ileum, and always at the border of the ulcerative surface. Part of the
biopsies were immediately snap-frozen in liquid nitrogen [mRNA
profiling], or placed in RNAlater [Ambion, Austin, TX, USA] and
snap-frozen in liquid nitrogen [miRNA profiling] and stored at
-80°C. Remaining biopsies were used for routine histopathological
examination. The features of chronic intestinal inflammation were
scored in hematoxylin/eosin stained slides from the paraffin blocks
of each patient using a previously reported scoring system for CD.'

2.3. mRNA isolation and oligonucleotide array
hybridization

Total RNA was extracted from biopsies using the RNeasy Mini
Kit [QIAGEN Valencia, California, USA]. The quantity and integ-
rity was assessed with a Nanodrop ND-1000 spectrophotometer
[Nanodrop Technologies, Wilmington, Delaware, USA] and 2100
Bioanalyzer [Agilent, Waldbronn, Germany] using the Agilent RNA
6000 Nano kit, respectively. All samples showed good RNA quality
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Table 1. Baseline characteristics of subjects from gene expression study

Baseline characteristic Post-operative Newly Late-stage CD Post-operative Controls
recurrent CD diagnosed CD CDi0
[n = 24] [n=18] [ = 14] [n=3] [n=12]

Median [IQR] age [years] 39.0 [27.3-53.6]

Male/Female [%]
Median [IQR] duration of disease [years]

12/12 [50.0/50.0]
10.1 [4.2-20.8]

Median [IQR] time between surgery and 5.6 [4.7-7.0]
biopsy [months]
Disease location
ileal L1 [%] 22 [91.7]
ileo-colonic L3 [%] 2 (8.3]
Disease behavior
inflammatory B1 [%] 18 [75.0]
stricturing B2 [%] 5120.8]
fistulizing B3 [%] 11[4.2]
Prior use of anti-TNF [%] 13 [59.1]

Concomitant medication:

Mesalazine [%] 1[4.2]
Corticosteroids [%] 4[16.7]
Immunomodulators [%] 0 [0.0]
Biologics [%] 0 [0.0]
Antibiotics [%] 1[4.2]
Active smoking [%] 9[37.5]

24.7 [18.9-32.6]*

12/6 [66.7/33.3]
0 [0.0-0.0]*

47.6 [40.0-59.4]  63.5 [22.4-66.1]  55.4
[29.4-74.1]
6/8 [42.9/57.1]  0/3[0/100] 7/5 [58.3-41.7]
23.7[17.1-32.9] 19.4[0.49-33.2] NA
38.5[13.8-47.6]  S5.3[5.0-5.5]* NA

7[38.9] 2[14.3] 0[0.0] NA

11[61.1] 12 [84.7] 3[100.0] NA
[66.7] 2[14.3] 3[100.0] NA
[33.3] 9 [64.3] 0[0.0] NA
[0.0] 3[21.4] 0[0.0] NA
[0.0] 3[21.4] 2[66.7] NA
[0.0] 5135.7] 0[0.0] NA
[21.1] 3[21.4] 0[0.0] NA
[0.0] 2 [14.3] 0[0.0] NA
[0.0] 0[0.0] 0[0.0] NA
[5.6] 00.0] 0[0.0] NA
[55.6] 117.0] 2[67.0] 3[25.0]

SMin-max duration of disease: 0.2-1.5 years; **no recurrence since surgery; *p < 0.05 as compared with controls.

CD, Crohn’s disease; IQR, interquartile range; 7z, number; NA, non-applicable.

[260/280 nm absorbance ratios > 1.9 and RNA Integrity Number
[RIN] > 7].

Total RNA [150 ng] was used to analyze mRNA expression via
Affymetrix GeneChip® Human Gene 1.0ST arrays [Affymetrix,
Santa Clara, CA, USA], which are comprised of 33 252 probe sets
(99% of all well-annotated human genes; and a limited fraction of
non-coding RNAs, including small nucleolar RNAs [snoRNAs]).
All steps were performed according to Affymetrix manufacturer’s
manual 4425209 Rev.B, and as described earlier.'®"” The mRNA
microarray data were deposited to the Gene Expression Omnibus
database according to Minimum Information About a Microarray
Experiment [MIAME] guidelines [series accession GSE102133,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102133].

2.4. miRNA isolation and oligonucleotide array
hybridization

For miRNA analysis, total RNA, including small RNA, was iso-
lated from adjacent biopsies with the mirVana miRNA Isolation kit
[Ambion]. The quantity and integrity was assessed with a NanoDrop
ND-1000 spectrophotometer and a 2100 Bioanalyzer using the
Agilent Small RNA kit, respectively. All samples showed good RNA
quality [260/280 nm absorbance ratios > 1.9 and RIN > 7].

Total RNA [250 ng| was analyzed with Affymetrix GeneChip®
miRNA 2.0 arrays containing 4560 probe sets for human small
RNAs, out of which 1082 human mature miRNAs were filtered.
These probe sets guarantee 100% coverage of all human mature
miRNAs in miRBase v.15 [April, 2010]. Probe sets that were de-
leted in a more recent version of miRBase were excluded for analysis.
All steps were performed according to Affymetrix, as previously
described.'® Quality control was performed with the Affymetrix
Expression Console Software, version 1.4. The miRNA microarray

data were deposited in MIAME format to the Gene Expression
Omnibus database [series accession GSE102127, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE102127].

2.5. Differential expression analysis
Microarray data [mRNA and miRNA] were analyzed as previ-
ously described! using Bioconductor tools* in R [version 3.4.2,
http://www.r-project.org]. Probe level analysis was performed on
the Affymetrix raw data [.cel files] with the robust multichip aver-
age [RMA] method?! to obtain log2 expression values. GeneChip®
Human Gene 1.0 ST and GeneChip® miRNA 2.0 arrays were pro-
cessed using the aroma.affymetrix R package [http:/www.aroma-
project.org/] or the Affymetrix Expression Console Software,
respectively. A non-specific filtering was applied on the normalized
log2 expression values to obtain only those probe sets hybridizing
above background levels [intensity > log2[100] in 5% of samples].
In addition, only those probe sets with a high variability in intensi-
ties across the samples [interquartile range, IQR > 0.5] were selected.
The probe sets that passed these filtering [7 = 4110 on mRNA level;
n = 1187 on miRNA level] processes were used for further analysis.
The linear models for microarray data [LIMMA] package?
was used to identify differentially expressed probe sets. Obtained
p-values were adjusted for multiple testing [Benjamini-Hochberg
method].?» An adjusted p-value < 0.05 and >2-fold change [FC]
[mMRNA] or >1.5-FC [miRNA] were considered biologically sig-
nificant. Gene probe sets were annotated through the Affymetrix
NetAffx website [NetAffx release 33.2, http://www.affymetrix.com/
analysis/index.affx] or the NCBI website [http:/www.ncbi.nlm.
nih.gov]. Annotations of miRNA probe sets were derived from the
Sanger miRBase database v.20 [June 2013, http://mirbase.org]. IPA
[QIAGEN Inc., https://www.qiagenbioinformatics.com/products/
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ingenuity-pathway-analysis] was used to identify biological [sub]
functions and canonical pathways associated with the differentially
expressed gene probe sets.

Differentially expressed genes and miRNAs were integrated
using the IPA microRNA Target Filter. Tarbase, miRecords, and IPA
Expert were used to annotate experimentally validated miRNA-
mRNA pairs. TargetScan was used to determine the confidence lev-
els for the remaining predicted pairs. The confidence level indicates
whether the miRNA is predicted to repress its mRNA target to 40 %
[high] or to 65% [moderate] of the ‘normal’ expression level.

2.6. Quantitative real-time reverse-transcriptase
polymerase chain reaction
To validate the array data, quantitative real-time reverse-transcriptase
polymerase chain reaction [qQRT-PCR] was performed for selected
differentially expressed genes. B actin was used as the endogenous
reference gene. An overview of the validated genes with the corre-
sponding primer and probe sequences are given in Supplementary
Table S3. All steps were performed as described earlier.

miRNA microarray data were validated for selected differentially
expressed miRNAs [hsa-let-7g-5p, hsa-miR-30d, and hsa-196a-5p]
using qRT-PCR, as previously described.'® Specific Locked Nucleic
Acid miRNA primers were purchased from Exiqon [Vedbaek,
Denmark]. The relative amount of each miRNA was calculated
as a ratio to the amount of RNU6B, the endogenous reference, as
before.'

2.7. Immunohistochemistry
To localize the corresponding proteins of validated genes [FOLHI1,
MUCI1, MUC4, LCN2, S100A8 and WNTSA] in the ileal mucosa,
immunohistochemistry was performed on 5-pum-thick sections from
paraffin blocks of formalin-fixed endoscopic biopsies as previously
described.? Specific protocols for each protein are summarized in
Supplementary Table S4. All procedures were manually conducted
by the same operator [SaV]. All stains were evaluated by an expe-
rienced IBD pathologist [GDH]. Microscopic images were acquired
with Leica Application Suite V4.1.0 software using a Leica DFC290
HD camera [Leica Microsystems Ltd, Heerbrugg, Switzerland]
mounted on a Leica DM2000 LED bright field microscope.
WNTSA staining was also performed on resected ileum from a
CD patient undergoing surgery, and resected normal ileum from a
non-IBD control with colorectal cancer. The resected tissue in the
latter case was taken next to the tumor-free resection margin.

2.8. Co-expression network analysis

To identify group-specific network clusters [modules] based on
highly correlated genes, Weighted Gene Correlation Network
Analysis [WGCNA] was applied using R [Supplementary Figure
§1].2* Co-expression networks were generated by calculating a gene
pair-wise Pearson correlation matrix. An additional filtering step was
performed on gene probe sets analysed for differential expression
[ = 4110], i.e. only annotated genes were included in this network
analysis [7 = 2979]. Gene probe sets were subsequently assigned to
modules by average linkage hierarchical clustering. Minimal module
size was set to 20 probe sets at a deepSplit = 3. Co-expression analy-
sis was performed on the combined expression data of all samples
[post-operative recurrent, newly diagnosed, and late-stage CD, and
controls]. Each module was then tested for correlation with each
of the traits [post-operative recurrent CD, newly diagnosed CD,
late-stage CD]. Multiple testing correction [Benjamini-Hochberg

method] was applied on the module-trait correlation testing. An
adjusted p-value < 0.05 was considered significant. Module eigen-
gene was defined as the first principal component, which summa-
rizes the expression patterns of all probe sets into a single expression
profile within a given module. Genes showing high correlation with
the module eigengene were referred to as intramodular hub genes.

2.9. Statistical analysis

Continuous variables [except for microarray data] are expressed as
median and IQR, and categorical variables as frequencies and per-
centages. Comparisons were done using the Mann—Whitney U-test
[continuous variables], and Fisher’s exact test [categorical variables].
A p-value < 0.05 was considered significant. Statistical analyses were
done using IBM SPSS Statistics 24 [IBM SPSS, Costa Mesa, CA,
USA] and R [version 3.4.2].

3. Results

3.1. Patient cohorts

Fifty-nine CD patients with post-operative recurrence [n = 24],
without post-operative recurrence [z = 3], with a new diagnosis
[ = 18], or with late-stage disease [ = 14], and controls [r = 12]
were recruited and included in the gene expression study [Table 1].
There were no significant differences between the CD groups and
non-IBD control group for any of the demographic variables, except
for age, which was significantly different between newly diagnosed
CD (median age 24.7 [IQR, 18.9-32.6] years) and non-IBD controls
(median age 55.4 [IQR, 29.4-74.1] years).

Biopsies from newly diagnosed CD patients were collected at the
time of index endoscopy, except for four patients (median time between
diagnosis and biopsy collection 0.0 years [min-max 0.2-1.5 years).
Moreover, newly diagnosed CD patients were treatment-naive, except
for four patients being exposed to corticosteroids. In addition, none
of the 59 CD patients was being treated with a biologic at the time of
biopsy collection. However, the proportion of patients exposed to anti-
TNF treatment before was the highest in post-operative CD patients
[without recurrence: 66.7%; with recurrence 59.1%], compared with
late-stage CD patients [21.4%]. Besides, the proportions of L1/L3 dif-
fered among the several CD groups, with most of the post-operative
recurrent CD patients showing ileal disease [91.7%]. In addition, as
disease behaviour is partly associated with the disease stage, the pro-
portion of stricturing and fistulizing disease was the highest in late-
stage CD [64.3% and 21.4%, respectively].

3.2. Differential gene expression analysis in

different CD stages

Compared with non-IBD controls, 353 [234 up, 119 down], 659
[382 up, 277 down] and 613 [388 up, 225 down] significantly dif-
ferentially expressed gene probe sets were identified in post-oper-
ative recurrent, newly diagnosed and late-stage CD, respectively
[Figure 1A-C; Supplementary Tables S5-7]. A total of 265 gene
probe sets were overlapping for the three groups [Figure 2A], which
encode for proteins involved in immune-related [sub]functions
[Supplementary Figure S2A]J: cell-to-cell signaling and interaction
[e.g. adhesion, activation of immune cells], cellular movement [e.g.
chemotaxis, cell migration], hematological system development and
function, immune cell trafficking, and cellular growth and prolif-
eration. Associated canonical pathways included [a]granulocyte
adhesion and diapedesis, IL-17 signaling, and acute phase response
[Supplementary Figure S2B].
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Figure 1. Volcano plots of differentially expressed gene probe sets in [A] post-operative recurrent CD vs controls, [B] newly diagnosed CD vs controls and
[C] late-stage CD vs controls. The log2 ratio and -log10 adjusted p-values are plotted in the form of volcano plots. The probe sets in red represent biologically
significantly different gene probe sets. The non-biologically significant probe sets are represented in black. CD, Crohn’s disease; vs, versus.

The top dysregulated gene in post-operative recurrent CD was
FOLHI1 [FC = 42.11, adjusted p = 8.01E-23]. This was also the
most dysregulated gene in newly diagnosed CD [FC = 23.05, ad-
justed p = 1.34E-09], while it was ranked 27th in late-stage CD
[FC = 28.66, adjusted p = 2.60E-08]. Several other genes related to
CD pathogenesis (antimicrobial peptides [AMPs], barrier genes, cel-
lular adhesion molecules [CAMs], and CD susceptibility genes) were
also significantly differentially expressed in post-operative recurrent
CD [listed in Table 2].

Five dysregulated genes in post-operative recurrent CD vs con-
trols were chosen to confirm their altered expression with qRT-PCR
in all patient groups. Selection was based on their biological sig-
nificance in post-operative recurrent CD and/or clinical or func-
tional relevance: [1] the most significantly differentially expressed
gene [FOLHI1]; [2] top intestinal barrier genes [MUC1, MUC4]; and

[3] top AMPs [ST100AS8, LCN2]. Differential expression of all five
mRNAs was confirmed [Supplementary Figure S3A-E].

3.3. Differential gene expression analysis in i0 CD
To be sure that expression levels in post-operative recurrence i2b/i3/
i4 are not influenced by previous disease [before surgery], we also
studied gene expression in uninflamed post-operative CD ileum [i0].
LIMMA analysis found only one biologically significant gene probe
set [WNTSA, FC = 2.00, adjusted p = 3.45E-02] between i0 CD
patients and non-IBD controls. No other gene probe sets were signi-
cantly different between i0 CD and controls.

Similarly to the microarray data, qRT-PCR validation
[Supplementary Figure S3F] found significantly increased WNTSA
expression levels in post-operative recurrent CD (median 0.45
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12

1
hsa-miR-223-5p T

NEWLY DIAGNOSED CD
vs CONTROLS (5) (26.3%)

LATE CD vs CONTROLS (1)
(5.3%)

Figure 2. Venn diagram of [A] the significant gene probe sets in post-operative recurrent, newly diagnosed, and late-stage CD; and [B] significant miRNAs in
post-operative recurrent, newly diagnosed, and late-stage CD compared with controls. The significantly differentially expressed gene or miRNA probe sets
in the comparative analyses are depicted in overlapping circles. Percentages reflect the number of differentially expressed gene/miRNA probe sets for each
comparison relative to the total number of differentially expressed gene/miRNA probe sets in the three comparisons. CD, Crohn’s disease; miRNA, microRNA;

VS, versus.

[IQR 0.34-0.70]) versus controls (median 0.21 [IQR 0.10-0.33],
p < 1E-04), and even more in newly diagnosed CD (median 0.74
[IQR 0.61-1.12], p < 1E-04), while late-stage CD showed similar
expression (median 0.43 [IQR 0.30-0.55, p = 1E-03]) to that of

recurrent CD. We also observed a slightly increased WNTSA ex-
pression in the uninflamed post-operative ileum [i0], but unlike the
microarray data this was not significantly different from controls
[p = 0.21].
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Table 2. List of selected genes significantly differentially expressed in post-operative recurrent, newly diagnosed and late-stage CD as

compared with controls

Post-operative recurrent CD

vs controls

vs controls

Newly diagnosed CD

Late-stage CD
vs controls

Symbol FC Adjusted p FC Adjusted p FC Adjusted p
AMPs LCN2 9.84 1.13E-11 8.68 1.98E-05 15.56 6.18E-10
NOS2 7.56 2.52E-09 4.56 5.48E-04 7.48 4.02E-07
S100A8 4.97 5.36E-05 6.61 1.47E-04 9.26 5.25E-08
(68} 2.75 8.74E-06 - - - -
NTS -2.51 4.00E-03 -6.85 2.69E-04 -5.08 2.48E-04
Barrier genes MUC1 6.41 4.10E-10 8.62 4.30E-06 13.13 1.42E-10
MUC4 3.57 1.78E-05 5.25 1.42E-05 6.11 1.61E-07
CLDNI1 2.35 2.13E-04 2.71 3.44E-04 3.78 1.90E-05
TFF1 2.20 1.52E-04 - - 4.51 2.01E-06
CLDN18 2.08 5.93E-06 - - 4.86 3.37E-04
ABCBI1 -2.26 3.11E-05 -3.24 5.87E-04 -2.87 1.75E-05
CDHRI1 -7.88 3.26E-11 —4.87 2.37E-05 -7.56 1.76E-07
CAMs CXCL10 4.40 5.27E-05 4.99 3.13E-04 5.73 3.22E-06
CXCL11 3.94 2.92E-05 3.67 3.43E-04 5.07 6.73E-07
CCL28 3.92 1.14E-09 2.78 8.09E-04 4.50 6.54E-07
CXCL9 3.81 3.33E-04 6.28 5.90E-05 4.95 1.16E-05
ILS 3.73 5.49E-04 5.10 2.19E-04 7.23 3.20E-09
CXCL1 2.73 8.94E-05 3.33 1.98E-04 4.33 6.28E-09
SELE 2.57 4.12E-03 3.16 3.86E-03 3.39 5.87E-05
CCL2 2.58 1.88E-03 4.56 5.90E-05 3.46 6.83E-05
ICAM1 2.37 7.23E-04 2.95 3.25E-04 2.79 2.61E-05
CXCR1 2.35 2.04E-03 2.92 6.79E-04 3.73 6.12E-07
CXCLS 2.31 6.18E-04 3.48 9.57E-05 291 3.74E-05
SELP 2.30 7.53E-04 2.76 1.08E-03 2.68 1.65E-04
CXCL2 2.25 9.98E-05 - - 2.76 1.31E-05
CXCR2 2.09 2.50E-03 2.38 1.70E-03 3.12 3.22E-06
CCL20 2.26 2.62E-02 - - 2.69 2.86E-02
CD susceptibility genes' FCGR3A 3.88 1.17E-05 5.38 5.44E-05 6.21 1.25E-08
ITLN1 3.64 2.26E-08 2.65 1.23E-02 3.62 4.25E-05
FCGR2A 3.32 5.67E-04 4.39 1.66E-04 5.12 4.43E-08
S100A11 2.30 9.15E-08 2.31 6.39E-06 2.84 2.64E-08
STAT1 2.28 7.46E-08 2.45 4.48E-05 2.42 1.93E-07
SLAMF7 2.10 1.58E-03 2.64 1.14E-03 2.40 9.15E-05
PRDM1 2.0 8.92E-05 2.47 1.87E-04 2.54 7.33E-07
PLAU 2.03 3.92E-03 2.64 2.59E-04 2.31 4.73E-06
FCRLA -2.13 3.07E-03 - - -2.41 1.60E-03
DHDH -2.14 1.88E-04 -2.98 7.95E-05 -2.76 2.27E-05
FAIM3 -2.19 6.71E-03 - - -2.37 1.16E-02
SLC9A2 -2.34 7.22E-05 -2.12 7.10E-03 - -
MS4A10 -2.56 1.06E-02 -6.50 1.14E-03 -5.68 1.62E-03
PLB1 -3.25 3.04E-03 -4.01 1.06E-03 -5.66 8.94E-05

When significant, the fold change and adjusted p-value in the other comparisons [newly diagnosed CD versus controls, or late-stage CD versus controls] are

also given.
'Selection of CD susceptility genes was based on Jostins et al.’

AMPs, anti-microbial peptides; CAMS, cellular adhesion molecules; CD, Crohn’s disease; FC, fold change; vs, versus.

3.4. Protein localization of selected genes

Immunohistochemistry was performed to localize FOLH1, MUC1,
MUC4, LCN2, S100A8 and WNTSA in the ileal mucosa of
post-operative recurrent CD patients and controls. FOLH1 was
not detectable in normal mucosa of controls, whereas an increased
protein expression was observed in surface epithelium and in regen-
erating and damaged epithelium of post-operative recurrent mucosa
[Supplementary Figure S4A-C]. MUC1 was weakly detected along
the apical membrane and in Paneth cells in normal mucosa of con-
trols, whereas in post-operative recurrent mucosa, we observed a
more intense and widespread expression in regenerating epithelium

and in inflammatory cells [Supplementary Figure SSA-C]. MUC4
protein expression was accentuated in Goblet cells in normal mu-
cosa of controls. A similar pattern was seen in post-operative re-
current mucosa with somewhat enhanced expression in Paneth cells
[Supplementary Figure S5D and E|. LCN2 expression was detected
in Paneth cells in the normal mucosa of controls [Supplementary
Figure S6A]. In post-operative recurrent mucosa, an intensive
staining was observed in epithelial cells, and also in inflammatory
cells, although to a lesser extent Supplementary Figure S6B and C].
S100A8 expression was found in few inflammatory cells in normal
mucosa, whereas in post-operative recurrent mucosa S100A8 was
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detected in polymorphonuclear leukocytes and in endothelial cells
[Supplementary Figures S6D and E|.

Given that we found no prior reports on ileal WNTSA expres-
sion, we first studied WNTSA localization and expression in resected
ileum. WNTS5A expression was observed in Paneth cells in normal
control ileum [Supplementary Figure S7A and D]. In active CD,
there was extensive staining in damaged and regenerating epithe-
lium [Supplementary Figure S7B, C and E]. Considering inflamma-
tory cells, in normal ileum, WNTS5A expression was only observed
in lamina propria lymphocytes [Supplementary Figure S7A and F],
whereas in active CD there was an increased expression in B and
T cells, and in solitary giant cells or in epithelioid granulomas
[Supplementary Figure S7G, H and J]. A clear staining in fibroblasts
[scar tissue| and endothelial cells was also detected in active CD
Supplementary Figure S7I, J and K]. WNTSA expression localiza-
tion was confirmed in a series of ileal biopsies from post-operative
recurrent CD patients, with a stronger staining when damaged and/
or regenerating epithelium or an increased inflammatory infiltrate
was present [Supplementary Figure S8A and BJ.

3.5. Co-expression gene network analysis

To identify clusters of genes with a similar ileal mucosal expression
pattern, we performed WGCNA. Twenty-eight modules of correlated
gene probe sets ranging in size from 31 to 453 transcripts were iden-
tified [Supplementary Figure S9]. Module—trait correlation analysis
found that approximately half of these modules were significantly
correlated with post-operative recurrent [ = 15], newly diagnosed
[7 = 19] and/or late-stage CD [n = 19] [Figure 3, Supplementary
Table S8].

The strongest correlation with post-operative recurrent CD was
found for a module of 64 gene probe sets [darkturquoise color code,
r = 0.88, adjusted p = 7E-11] [Figure 3]. Strongest correlation with
the darkturquoise eigengene included hub genes CFB and CASP10.
Among the probe sets present in this module, 27 were significantly
differentially expressed in post-operative recurrent CD as compared
with controls [e.g. FOLH1]. The royalblue module [42 probe sets]
was identified as the strongest correlated module in newly diagnosed
CD [r = 0.79, adjusted p = 9E-06]. Hub genes within this module
included MYOF and SETD7. Among the probe sets present in this
module, 30 were dysregulated in newly diagnosed CD as compared
with controls [e.g. SLC39A8]. The grey60 module [49 probe sets]
was the strongest correlated module in late CD, including hub genes
APOM and TMEM252; from this, 37 gene probe sets were dysregu-
lated in late CD [e.g. CDHR1] [Supplementary Table S8].

Fourteen modules were correlated with all three traits, includ-
ing the top modules mentioned above [Figure 3]. Other overlapping
modules included magenta [e.g. MUC1, MUC4, LCN2], red [e.g.
S100A8, PTGS2, PRDM1, SLC7A11], and greenyellow [WNTSA,
ANXAT]. In addition, most of the overlapping modules [9 out of 14]
followed a specific trend across the different CD groups, i.e. a high
correlation in post-operative recurrence, even higher in newly diag-
nosed CD, and the highest in late-stage CD [Figure 3]. Pathways
enriched for positively correlated [7 > 0] modules, and following this
trend [modules royalblue, greenyellow, red, white, pink, cyan, tan],
were [a]granulocyte adhesion and diapedesis, and fibrosis; while
associated biological [sub]functions included cellular movement [e.g.
chemotaxis], cellular development [e.g. proliferation of mononuclear
leukocytes], and cellular growth and proliferation [e.g. proliferation
of fibroblasts]. Modules negatively correlating [r < 0] with each of
the outcomes, and with increasing correlation across the different
CD stages [grey60, blue], consisted of genes enriched for cholesterol

biosynthesis; and biological functions included molecular transport
and lipid metabolism.

Five modules were correlated with only one of the three traits
[Figure 3]: the midnightblue module was uniquely correlated with
post-operative recurrent CD [r = —=0.43, adjusted p = 0.03] and it
contained only snoRNAs. The modules salmon [r = 0.49, adjusted
p = 2E-02] and lightgreen [r = —0.44, adjusted p = 4E-04] were spe-
cifically correlated with newly diagnosed CD, while orange [r = 0.59,
adjusted p = 6E-03] and darkred [r = 0.54, adjusted p = 1E-02] were
only correlated with late-stage CD. Modules uniquely correlated
with newly diagnosed and late-stage CD [black, purple, turquoise]
were mainly enriched for melatonin degradation.

3.6. Differential miRNA expression analysis

In post-operative recurrent CD, 13 miRNAs [7 up and 6 down]
gave significantly different signals [Table 3] compared with non-
IBD controls. In contrast, five and one miRNA[s] were differentially
expressed in newly diagnosed and late-stage CD, respectively [Figure
2B]. One dysregulated miRNA was common to post-operative
recurrent CD and newly diagnosed CD: hsa-miR-21-5p. The only
significantly different miRNA in late CD, hsa-miR-223-5p, was also
dysregulated in newly diagnosed CD.

3.7. Integrated analysis of gene and miRNA

expression in post-operative recurrent CD

3.7.1. Inverse expression profiles

Next, we integrated differentially expressed genes and miRNAs in
post-operative recurrent CD: 66 miRNA-mRNA pairs with inverse
expression profiles were identified, comprising nine different miR-
NAs, and 57 different mRNAs [Figure 4; Supplementary Table S9].
The mRNA targets of these pairs encode for proteins mainly involved
in cellular development, growth and proliferation, cell death and sur-
vival, and hematological system development and function. Of the
66 miRNA-mRNA pairs, five pairs were experimentally supported
in literature [hsa-miR-196a-5p is known to target ANXAT; hsa-let-
7g-Sp targets PRDM1 and PTGS2; and hsa-miR-30d-5p targets
SLC7A11 and WNTSA], seven pairs had a predicted repression to
40% of the ‘normal’ level, and 54 pairs had a predicted repression to
65% of the ‘normal’ level. The three miRNAs of all experimentally
supported pairs were validated using QRT-PCR, together with their
target mRNAs. We could confirm all five inverse expression profiles
[Supplementary Figure S10].

3.7.2. Modules enriched for target genes of differentially

expressed miRNAs

Of the 57 mRNAs targeted by dysregulated miRNAs, 41 were
assigned to modules blue, darkgrey, darkturquoise, greenyellow,
grey60, lightcyan, magenta, pink, red, tan or yellow. All these mod-
ules were correlated with post-operative recurrent CD [Figure 3;
Supplementary Table S10]. The modules red and magenta were the
most enriched for these dysregulated mRNAs [8. 8% and 8.3%,
respectively] [Figure 55 Supplementary Table S10]. Genes in the
module red [e.g. PRDM1, PTGS2, SLC7A11, S100A8] were all
targeted by hsa-let-7g-5p and/or hsa-miR-30d-5p, except for one
pair [hsa-miR-10b-5p/CXCR2]. In addition, genes belonging to
the module magenta were all targeted by hsa-let-7g-Sp and/or
hsa-miR-629-5p [e.g. MUC4], except for one pair [hsa-miR-10b-
Sp/RNF186]. Pathways enriched for both modules included [a]
granulocyte adhesion and diapedesis, and acute phase response
signaling.
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Figure 3. Co-expression network analysis: module-trait relationships. WGCNA
late-stage CD, and controls. Correlation strengths r of each module were calcul

on ileal mucosal biopsies of post-operative recurrent, newly diagnosed and
ated for each CD subgroup with adjusted p-values in brackets. All significant

correlations are indicated in bold. *Modules correlated with all three traits, which follow a spectrum across the different CD groups, i.e. a high correlation in

post-operative recurrence, an even higher correlation in newly diagnosed CD, a
eigengene; r, correlation; WGCNA, Weighted Gene Correlation Network Analysis.

4. Discussion

Effective intervention before bowel damage occurs is required in
order to optimize therapeutic outcomes in CD. To this end, defining
the earliest lesions in CD is pivotal. Our study is the first to integrate
whole-genome gene and miRNA expression profiles in ileal mucosal
biopsies from CD patients with post-operative recurrence, the model
that we used to study the earliest mucosal lesions in CD. Expression
was compared with that in the ileal mucosa of newly diagnosed CD
patients, and those with a disease duration of at least 10 years and
having active disease at the time of sampling [late-stage CD]. This
allowed us to see which genes and miRNAs remain dysregulated
throughout different stages of disease.

In post-operative CD patients without recurrence [Rutgeerts score
i0], only one differentially expressed gene was found. This confirms
that previous disease does not influence baseline ileal gene expression
in the neo-terminal ileum, and that the post-operative recurrence

nd the highest correlation in late-stage CD. CD, Crohn’s disease; ME, module

model can be used to study what happens in the early stages of CD
pathogenesis. In addition, in newly diagnosed and late-stage CD,
many more mRNAs were dysregulated than in post-operative recur-
rent CD. This was also seen in the co-expression analysis with [1]
more modules significantly correlated with newly diagnosed and late
CD; and [2] most of the modules correlated with all three CD stages
showed a specific trend, i.e. the highest correlation in late-stage
CD, followed by newly diagnosed, and then post-operative recur-
rent CD. These findings suggest that ileal resection with ileo-colonic
anastomosis might reset ileal CD at the mucosal level, resulting
in fewer genes being dysregulated in post-operative recurrent CD.
Pathways enriched for in positively correlated modules following
this trend were [a]granulocyte adhesion and diapedesis, and fibrosis.
Interestingly, gene expression profiles of inflamed ileal biopsies of
newly diagnosed pediatric CD patients [RISK cohort] were also en-
riched for [a]granulocyte adhesion and diapedesis.?®
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Table 3. Differentially expressed miRNAs in post-operative recurrent, newly diagnosed and late-stage CD as compared with controls
miRNA Post-operative Newly diagnosed CD Late-stage CD

recurrent CD vs controls vs controls

vs controls

FC Adjusted p FC Adjusted p FC Adjusted p
hsa-miR-345-5p 2.10 1.87E-03 - - - -
hsa-miR-1307-5p 1.88 1.87E-03 - - - -
hsa-miR-18a-5p 1.80 1.80E-03 - - - -
hsa-miR-502-3p 1.73 1.94E-03 - - - -
hsa-miR-182-5p 1.61 1.21E-02 - - - -
hsa-miR-21-5p 1.60 1.54E-02 1.94 1.09E-03 - -
hsa-miR-130b-5p 1.59 3.48E-02 - - - -
hsa-miR-30d-5p -1.53 1.21E-02 - - - -
hsa-let-7g-5p -1.73 1.21E-02 - - - -
hsa-miR-10a-5p -2.29 1.94E-03 - - - -
hsa-miR-629-5p -2.36 3.48E-02 - - - -
hsa-miR-10b-5p -4.15 1.87E-03 - - - -
hsa-miR-196a-5p -6.67 1.65E-02 - - - -
hsa-miR-223-5p - - 4.03 2.25E-04 2.56 2.80E-04
hsa-miR-1246-5p - - 2.01 7.90E-04 - -
hsa-miR-30c-5p - - -1.54 1.76E-03 - -
hsa-miR-378-3p - - -1.94 1.75E-03 - -

CD, Crohn’s disease; FC, fold change; vs, versus.
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Figure 4. Integrated analysis of miRNA and mRNA expression profiles in ileal mucosal biopsies from post-operative recurrent CD patients compared with
controls using the Ingenuity microRNA Target Filter. 2 The miRNA is predicted to repress the expression of its mMRNA target to 65% of the ‘'normal’ level with
consultation of TargetScan; ® the miRNA is predicted to repress the expression of its mRNA target to 40% of the ‘normal’ level with consultation of TargetScan;
¢ indicates that the miRNA-mRNA pairs were experimentally supported in the literature using Tarbase, miRecords and Ingenuity Expert findings. CD, Crohn’s

disease.

Modules negatively correlating across the different CD stages
were associated with cholesterol biosynthesis. Indeed, hypocholes-

terolemia is observed in CD patients, which is influenced by inflam-

matory status, impaired intestinal adsorption, and bowel resection.?®

In addition, one module, containing only snoRNAs, was uniquely
correlated with recurrent CD, whereas modules only correlated with
newly diagnosed and/or late-stage CD were enriched for melatonin
degradation. These modules were negatively correlated with both
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Figure 5. Regulatory network of inversely correlated miRNAs and mRNAs in post-operative recurrent CD. Differentially expressed mRNAs targeted by
differentially expressed miRNAs are represented, and coloured according to the corresponding co-expression module [red, magenta, greenyellow, tan, yellow,
tan, grey60, darkgrey, blue, lightcyan] if applicable. Uncoloured mRNAs do not belong to a module or belong to the module grey [i.e. non-correlated genes that

cannot be clustered into one of the modules].

traits, which might suggest a decrease in melatonin degradation,
leading to anti-apoptotic, anti-oxidative and anti-inflammatory
activities.”” This might be associated with more extensive bowel
damage observed in newly diagnosed and late-stage disease patients,
compared with post-operative recurrent lesions. Again, we could
confirm previous findings of the RISK cohort, as melatonin degrad-
ation also belonged to the top enriched pathways.?

We identified interesting dysregulations in early post-operative
recurrent CD [see Summary Figure 6 for an overview]. FOLH1 was
the most significantly differentially expressed gene in both post-
operative recurrence and newly diagnosed CD, and ranked 27th in
late-stage CD. It encodes a glutamate carboxypeptidase that acts on
substrates such as folate.?® This gene was also identified as the most
dysregulated gene in ileal mucosal biopsies from CD patients with a
mean duration of disease of 6 years.?” Immunohistochemical stain-
ing localized FOLH1 expression in ileal post-operative recurrent
CD mostly to the surface epithelium. Zhang et al. reported a similar
FOLH1 expression pattern in the villous epithelium of unaffected

ileal CD.** We also found several mucosal barrier genes to be dys-
regulated in post-operative recurrent CD. Impaired barrier function
plays an important role in IBD, but there is debate whether this is
a primary or secondary [to gut inflammation and damage] event.?!
A dysregulated MUCI and MUC#4 expression in early recurrent
CD confirms our earlier findings of a persistently increased MUC1
and MUC#4 expression in uninflamed CD ileum.?> Both our previ-
ous and current findings imply an early, primary mucosal barrier
defect in CD and support the development of barrier-enhancing
therapeutic agents. Likewise, several AMPs were found to be dys-
regulated IBD.'"*3 LCN2, a bacteriostatic protein, has been found
as a serological disease activity marker,** and as a fecal biomarker
in IBD.*> We detected a clear LCN2 expression in the epithelium and
in inflammatory cells of post-operative recurrent mucosa, which is
in accordance with the study of Thorsvik et al.** ST00AS, a calcium-
binding protein, forms a heterodimer [calprotectin] with ST00A9,
and fecal calprotectin has been used to detect intestinal inflamma-
tion.”” We detected S100A8 in neutrophils and in endothelium of
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Figure 6. Schematic overview of some of the major players identified in post-operative recurrent CD. Several of the dysregulated genes observed in post-
operative recurrent CD [e.g. WNT5A, FOLH1, LCN2, MUC1] show increased expression in damaged epithelium, and/or are important in mucosal regeneration
[e.g. ANXA1, FOLH1 and WNT5A]. The crossroads between the innate and adaptive immune system are also involved in the early CD stages, with among
others dysregulated expression of S100A8, PTGS2, PRDM1 and WNT5A, of which in addition the latter three are all targets of dysregulated miRNAs in
post-operative recurrent CD. Major players represented are [1] genes validated using qRT-PCR and of which the corresponding protein was localized using
immunohistochemistry [*]; [2] identified gene/miRNA pairs, which are experimentally supported in the literature and therefore validated using qRT-PCR [®]; and/
or [3] genes belonging to modules enriched for target genes of differentially expressed miRNAs [modules red and magental. For genes/miRNAs not satisfying
[1], the position relative to the different cell types was based on their biological function reported in the literature; except for two genes [°]. Gene expression

level is indicated by font size. CD, Crohn'’s disease; miRNA, microRNA.

post-operative recurrent mucosa. Indeed, in inflamed tissues, the
S100A8/A9 complex is deposited onto the endothelium associated
with extravasating leukocytes.’® Based on the microarray data, we
found an aberrant WNTSA expression in uninflamed post-operative
ileum [i0]. Although this finding could not be confirmed with qRT-
PCR [probably because of the small sample size or because different
biopsies from i0 patients were used for microarray and qRT-PCR
validation], its potentially important role in early CD was also dem-
onstrated by the integrated analysis, showing that WNTSA was tar-
geted by one of the dysregulated miRNAs. Wnt signaling pathway
plays a pivotal role in the gut mucosal homeostasis and therefore in
the intestinal epithelium.’?* WNTSA, a non-canonical ligand, plays
a critical role from embryonic development to the maintenance of

post-natal homeostasis.*’ Its role in the context of IBD is unclear:
WNTSA might be involved in intestinal crypt regeneration,* but
also promotes Th1 differentiation in a colitis mouse model.* In
resected ileal mucosa from active CD, we detected WNTSA pro-
tein expression in damaged and regenerating epithelium; as well
as in B and T cells, fibroblasts, giant cells, and endothelial cells. In
a series of ileal biopsies from post-operative CD patients, similar
findings were observed: when damaged/regenerating epithelium or
increased inflammatory infiltrate was present, WNTSA levels were
strongly increased. These findings are in accordance with previously
reported studies,** and complement WNTSA observations in other
inflammatory diseases [sepsis, atherosclerosis, rheumatoid arthritis,
psoriasis|.*
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At the miRNA level, the opposite was observed: the most dys-
regulated miRNAs were found in post-operative recurrent CD [13],
then newly diagnosed [5], and last late-stage CD [1];]; suggesting
that miRNA dysregulation plays an important role at the mucosal
level after resetting the disease by surgery, and therefore potentially
in the early stage of CD. Gene co-expression analysis complemented
these findings, i.e. one module containing only snoRNAs was only
correlated with post-operative recurrence. These small non-coding
snoRNAs influence mRNA splicing and serve as miRNA-precur-
sors, giving further evidence for an important regulating function
of small non-coding RNA in early CD.

The small number of dysregulated miRNAs is in accordance
with a previous report concerning miRNA profiling of the terminal
ileum of chronically active CD patients. They found one miRNA
with decreased expression, and six miRNAs, including hsa-miR-21
and hsa-miR-223, with increased expression in Crohn’s ileitis as
compared with control tissues.* In contrast, Guo et al. found 55
differentially expressed miRNAs in inflamed CD terminal ileal
mucosa. One miRNA [hsa-let-7g-5p| showed a similar decreased
expression as in our post-operative recurrent CD cohort, and two
[hsa-miR-21-5p and hsa-30c-5p] had comparable dysregulated
expression with our newly diagnosed CD group.*” It is unclear why
the number of miRNAs differ across the reported studies and our
study. However, it is unlikely that the differences result from differ-
ent sample sizes because both reported studies included six subjects
in each study group. In addition, different patient characteristics [e.g.
therapy use, disease duration, IBD-related surgery, ethnicity] and
also the type of microarray and data processing might partly explain
the expression differences. Furthermore, some patient characteristics
were not [e.g. smoking status] or not clearly [e.g. definitions disease
activity] reported, which hampers the comparison of miRNA expres-
sion studies in ileal CD.

Integrated analysis of the dysregulated genes and miRNAs in
post-operative recurrent CD found five miRNA-mRNA pairs with
inverse expression profiles and with experimental support in lit-
erature, which we also validated using qRT-PCR [Summary Figure
6].45-51 All five mRNA targets were also dysregulated in newly diag-
nosed and late-stage CD, and four [PRDM1, PTGS2, SLC7A11 and
WNTSA] were also found to be increased by Ben-Shachar et al. in
ileal mucosal biopsies from late-stage CD patients.”’

In order to identify functional networks of genes and miRNAs
contributing to early CD, we used multi-level integration of gene
co-expression network analysis with mRNA-miRNA pair correla-
tion in post-operative recurrence. The modules red and magenta
contained the highest proportion of dysregulated mRNAs targeted
by a dysregulated miRNA, in which a central role for hsa-let-7g-5p
and hsa-miR-30d-5p was observed [Summary Figure 6]. Pathways
enriched for both modules included [a]granulocyte adhesion/diape-
desis, and acute-phase response signaling, which are linked to CD
pathogenesis.”

Although this study provides a better insight into the earliest
mucosal CD lesions, it has some limitations. We studied different
CD stages in different patient sets, not in patients that were being
followed over time. Besides, studies with high-throughput meth-
odologies applied on clinical samples frequently face confounding
factors. First, mucosal biopsies contain varying proportions of dif-
ferent cell types, meaning that we studied averaged expressions of
all cells within the biopsy. Using cell deconvolution methods may
provide insight regarding the proportions of cell types within each
biopsy and the role of each cell type in disease pathogenesis. In
addition, other potential confounders are related to the clinical

heterogeneity of both the control and different CD groups [i.e.
age, disease duration, failed prior therapy, medication at time of
biopsy, disease activity and inflammation status]. However, cor-
rection for age resulted in similar results to the ones presented
[i.e. similar main pathways and top dysregulated genes, data not
shown]; and based on hierarchical clustering analysis, we could
exclude potential confounding effects of medication [data not
shown]. Moreover, most of the newly diagnosed patients were
treatment-naive. Taken together, we believe the different patient
groups studied were fairly comparable. Furthermore, by defini-
tion, transcriptomic analyses are descriptive in nature, and there-
fore further studies are warranted to determine the functional
impact of these expression changes.

In conclusion, we demonstrated that early post-operative recur-
rent CD is a good model for studying early mucosal CD as [1] previ-
ous disease [before surgery] did not influence gene expression levels;
and [2] our findings suggest that surgery may reset the disease at
the mucosal site. We suggest a potentially important role for snoR-
NAs and miRNAs in post-operative recurrent CD, and found that
dysregulated gene expression and gene co-expression networks were
more pronounced in newly diagnosed and late-stage CD. Functional
studies of interactions among and between the identified mRNAs
and miRNAs will provide further insights into the role of these key
molecules during early-stage CD, which might allow pointers for
new therapies, and help to identify early diagnostic markers.
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