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Abstract

Severe gut motility disorders are characterized
by ineffective propulsion of intestinal con-
tents. As a result, patients often develop
extremely uncomfortable symptoms, ranging
from nausea and vomiting along with altera-
tions of bowel habits, up to radiologically con-
firmed subobstructive episodes. Chronic
intestinal pseudo-obstruction (CIPO) is a typi-

F. Bianco
Department of Medical and Surgical Sciences,
University of Bologna, Bologna, Italy

Department of Veterinary Sciences University of
Bologna, Bologna, Italy

E. Bonora
Department of Medical and Surgical Sciences,
University of Bologna, Bologna, Italy

G. Lattanzio - P. Clavenzani - M. Mazzoni
Department of Veterinary Sciences University of
Bologna, Bologna, Italy

M. Guarino - G. Caio
Department of Translational Medicine, University of
Ferrara, Ferrara, Italy

V. A. Baldassarro - L. Lorenzini - L. Giardino
L. Calza
IRET Foundation, Ozzano Emilia, Italy

cal clinical phenotype of severe gut dysmotil-
ity due to morphological and functional
alterations of the intrinsic (enteric) innerva-
tion and extrinsic nerve supply (hence neu-
ropathy), interstitial cells of Cajal (ICCs)
(mesenchymopathy), and smooth muscle cells
(myopathy). In this chapter, we highlight
some molecular mechanisms of CIPO and
review the clinical phenotypes and the genet-
ics of the different types of CIPO. Specifically,
we will detail the role of some of the most
representative genetic mutations involving
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RAD21, LIG3, and ACTG?2 to provide a better
understanding of CIPO and related underlying
neuropathic or myopathic histopathological
abnormalities. This knowledge may unveil tar-
geted strategies to better manage patients with
such severe disease.
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2.1 Introduction
Severe gut dysmotility is a clinical condition
characterized by a major impairment of intestinal
propulsion due to changes of various key cells,
such as enteric neurons and/or glial cells, intersti-
tial cells of Cajal (ICCs), and smooth muscle
cells of GI tract [6]. In very few cases, the func-
tional impairment of digestive neuro-ICC-
muscular integrated systems is so pronounced to
hinder oral feeding leading to severe symptoms,
which markedly compromise patients’ quality of
life. CIPO is a clinical phenotype of severe gut
dysmotility usually with poor prognosis.
Patients with CIPO typically manifest with
recurrent intestinal subocclusive episodes and
clinical /radiological findings mimicking
mechanical obstruction [5, 24]. In addition to the
acute subobstructive phases, during the intercri-
sis period, patients complain of a variety of
symptoms (e.g., chronic nausea, vomiting,
abdominal distension, and constipation/diarrhea)
requiring nutritional support to avoid weight loss
and malnutrition [7]. Treatment options for CIPO
are essentially aimed at preventing malnutrition
(by providing adequate caloric intake), restore
motility (via prokinetic/enterokinetic pharmaco-
logical agents), and control symptoms, for exam-
ple, abdominal pain, nausea/vomiting, and
diarrhea (often ascribable to bacterial over-
growth). Taken together, these options might
allow for stabilization of the clinical picture at
best, but certainly do not target the mechanisms
underlying CIPO. The lack of established animal

models, which could provide a basis for a better
understanding of the molecular pathways con-
tributing to neuro-ICC-myopathy underlying
CIPO, is hindering preventative approaches and
effective treatments. Highlighting molecular
mechanisms of CIPO can be a strategy to deci-
pher its clinical complexity, simplify the wide
heterogeneity inherent to this condition, and ulti-
mately pave the way to new treatment options.
Herein, we review the clinical phenotypes and
the genetics of the different types of CIPO with
the goal of providing answers for a better under-
standing of severe dysmotility and related histo-
pathological abnormalities with a special
emphasis on neuro-myopathy.

2.2  Genetics of CIPO

In recent years, we and other groups have pro-
vided evidence for a genetic basis of the enteric
neuronal and/or smooth muscle degeneration and
loss observed in specific forms of CIPO. The dis-
covery of novel genes mutated in different
patients represents the first step in identifying the
downstream molecular impairment in CIPO. The
genes so far identified in CIPO patients are sum-
marized in Table 2.1. An in-depth study of these
gene variants in vitro and in vivo is required to
understand the role of the different genes identi-
fied in the ENS and muscular alterations that can
lead to a severe enteric dysmotility, such as CIPO.
In the next paragraphs, we will highlight the role
of genetic mutations involving RAD2I, LIG3,
and ACTG2.

2.2.1 RAD21

We identified the homozygous causative variant
in a large consanguineous family segregating an
autosomal-recessive form of CIPO. The affected
family members also presented other clinical fea-
tures including megaduodenum, long-segment
Barrett’s esophagus (up to 18 cm from the squa-
mocolumnar junction or ‘“Z-line”), and cardiac
abnormalities of variable severity (OMIM
611376; Mungan syndrome). We performed
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whole-exome sequencing analysis on the
genomic DNA from two affected individuals and
found the novel homozygous change c.1864
G>A in RAD21 (NM_006265.2) producing the
damaging missense variant p.Ala622Thr [3]. Any
derangement to RAD21 molecular structure and
function can result in significant changes to many
tissues, including the gut neuro-muscular layer.
In fact, RAD21 is part of the cohesin complex,
involved in pairing and unpairing of sister chro-
matids during cell replication and division, and
also regulates gene expression directly and inde-
pendently of cell division [13]. The RAD21 sub-
unit of the cohesin complex plays important
structural and functional roles, as it serves as
physical link between the SMCI1/SMC3
(Structural Maintenance of Chromosome 1 and
3) heterodimer and the STAG subunit. RAD21
integrity regulates the association or disassocia-
tion of functional cohesin with chromatin and
also plays a key role in double-strand breaks
DNA repair [1]. Cohesin binds to many sites
throughout the genome, in combination with the
CCCTC-binding factor (CTCF) insulator protein,
which is known to mediate chromatin loop for-
mation. Cohesin colocalizes with CTCF along
chromosome arms, cooperating with this protein
in the regulation of gene expression and chroma-
tin structure [23]. RAD21 is associated with
other transcriptional regulators, such as estrogen
receptor-o [8], and the RNA-polymerase-binding
complex Mediator [14] in a cell-type-specific
manner. In combination with other factors, cohe-
sin selectively binds genes with paused RNA
polymerase II and can regulate transcription by
determining the amount of elongating RNA poly-
merase I on genes [18]. Cohesin-mediated chro-
matin organization plays an important role in the
formation/stabilization of chromosome architec-
ture and gene transcription and repression.
RAD21 interacts with CTCF and other cohesin-
associated proteins to maintain and stabilize mul-
tidimensional organizations of topologically
associating domains and chromatin loops [12]. In
addition, human RAD?21 is linked to the apop-
totic pathways and RAD21 cleavage can be
induced by a broad spectrum of apoptotic stimuli
at residue p.Asp279, which is different from the

mitotic cleavage sites required for chromosomal
segregation [4, 22].

In our study, in vitro and in vivo data (zebraf-
ish model) showed that the mutant RAD21
p-Ala622Thr protein did not activate one of its
well-known target genes, that is, RUNX/, which
exerts a crucial role for RAD21 function [3].
Moreover, using the zebrafish as a model, we
recapitulated the CIPO phenotype observed in
patients with the homozygous RAD21 causative
variant, in terms of severe impairment of motil-
ity and marked reduction of neurons (hence a
histopathology pattern reminiscent of an “oligo-
neuronal hypoganglionosis™). After injecting a
morpholino (mo) specific for the functional abla-
tion of rad2 1, zebrafish embryos were allowed to
develop to 5 days post-fertilization (dpf), when
the digestive system has already developed.
Control and mo-treated embryos were fed fluo-
rescent beads through microgavage, a technique
that allows to determine the rate of intestinal
motility as a function of time. After 8 hours post
microgavage of fluorescent beads, the GI tract
of embryos was divided into four zones based
on anatomical landmarks and the presence of
fluorescent bead was scored in each segment.
Compared to controls, rad21 morphants showed
delayed food transit along the gut and a significant
depletion of enteric neurons as shown by staining
the enteric neurons with antibodies against the
neuronal marker HuC/D. The marked reduction
of HuC/D-immunolabeled enteric neurons was
highly suggestive of a neuropathic impairment
responsible for the observed motility impairment
(no evidence of any smooth muscle damage in
the zebrafish embryos) [3]. Furthermore, Rad21
immunoreactivity was detected in about 43% of
HuC/D-immunoreactive myenteric neurons/field
of both adult and young mouse small intestine.
A subset of ChAT-immunolabeled myenteric
neurons was also immunoreactive for Rad21.
Rad21 silencing confirmed specificity of the
immunolabeled neurons [2]. Following this first
evaluation of the normal Rad21 localization in
the mouse ENS, and based on the evidence that
rad21~- mice were embryonic lethal [27], we
designed and developed a conditional knock-in
(KI) mouse with the p.Ala626Thr missense vari-
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ant (equivalent to the p.Ala622Thr in humans)
in order to generate a model reminiscent of the
clinical phenotype and histopathological changes
in the originally described affected family mem-
bers. The design of the construct allowed us to
selectively drive the p.Ala626Thr variant into the
mouse ENS in response to Cre-driven recombi-
nation of the floxed alleles by crossing with mice
carrying the expression of Cre under the Wntl
promoter. Compared to wild-type animals, pre-
liminary data on the homozygous mice revealed
that there was about 30% reduction of HuC/D
myenteric neurons/ganglion in the Rad2I1KI
mice [15], a finding indicative of the CIPO phe-
notype observed in patients. Also, subsets of
HuC/D-IR myenteric neurons of wild-type mouse
colon displayed either ChAT-immunoreactivity
(4371 += 3.45) or nNOS-immunoreactivity
(30.84 = 5.40). However, in the Rad21KI mice,
the HuC/D/ChAT-immunoreactive neurons/gan-
glions were 45.13 + 4.27, whereas the HuC/D/
nNOS-immunoreactive neurons/ganglions were
14.13 + 1.40 (Bianco, unpublished data). These
preliminary data point to an overall reduction of
the myenteric neurons with a selective depletion
of inhibitory motor neurons in Rad21KI mice,
suggesting a role of this gene alteration in gut
motility dysfunction. Further studies are currently
ongoing to determine the full spectrum of abnor-
malities caused by the RAD2] mutation.

2.2.2 LiIG3

We recently characterized another mutant gene
underlying CIPO and neurological manifesta-
tions (reminiscent of mitochondrial neurogastro-
intestinal encephalomyopathy, MNGIE) in seven
patients from three unrelated families (Bonora
2021 in press). In addition to CIPO, the most
prominent and consistent clinical signs were
neurological abnormalities, including leukoen-
cephalopathy, epilepsy, migraine, stroke-like
episodes, and neurogenic bladder. DNA from
these patients was subjected to whole-exome
sequencing. Compound heterozygous variants
were identified in the gene L/G3 in all patients.
All variants were predicted to have a damaging

effect on the protein. The LIG3 gene encodes the
unique mitochondrial DNA (mtDNA) ligase that
binds POLG and plays a pivotal role in mtDNA
repair and replication. The study of the conse-
quences of LIG3 mutations was conducted in
primary skin fibroblasts derived from patients
and in transiently transfected cells expressing
the different mutant versus wild-type proteins.
All assays showed a severely reduced quantity of
LIG3 protein in the mutant cells. In concor-
dance, we demonstrated the lack of ligase activ-
ity in the mitochondrial extracts derived from
patients’ cells compared to control fibroblasts.
The LIG3 gene defects altered the mitochondrial
network (Fig. 2.1a), affected mtDNA mainte-
nance, leading to mtDNA depletion without the
accumulation of multiple deletions observed in
other mitochondrial disorders (e.g., MNGIE)
and induced a severe imbalance in cell metabo-
lism, with impaired ATP production and
increased mitochondrial reactive oxygen species
generation. The resultant mitochondrial dys-
function was key in the causative effects leading
to the clinical phenotype observed in these
patients. In the gut, the histopathological analy-
sis and neuronal HuC/D immunoreactivity eval-
uation demonstrated a significant loss of the
number of myenteric neurons in the colon
(Fig. 2.1b). Likewise, in Rad21, the disruption of
lig3 in the zebrafish model reproduced leukoen-
cephalopathy in the brain and impaired gut tran-
sit, with an alteration of mitochondrial markers
in the mutant models. Biallelic heterozygous
loss-of-function variants in the LIG3 gene result
therefore in a novel mitochondrial disease char-
acterized by predominant gut dysmotility,
encephalopathy, and neuronal abnormalities.

Smooth Muscle Actin-
Related Diseases: Visceral
Myopathy Driven by ACTG2
Mutations

2.3

Visceral myopathy (MIM# 155310) causes gut
dysmotility due to smooth muscle dysfunction
with phenotypes ranging from functional intesti-
nal dysmotility along with massively distended
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Fig. 2.1 Mitochondrial defects in vitro and ex vivo in
presence of LIG3 mutations underlie a severe reduction in
ENS neurons. (a) Representative images of 3D z stacks
and relative Imaris software reconstruction of the mito-
chondrial network using MitoTracker green staining.
Quantification of mitochondrial network volume repre-
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tures/group). A significant decrease in the mitochondrial
isosurface volume and green intensity was observed in a

Patient

F. Bianco et al.

Mean Volume percell

tr Patient

Total Volurme percell
1500+

=3 oy

Ctrl Patient

MiteTracker Intensity
1500+

500+ e ke

Ctrl  patlent

Control Patient

HuC/D positive neurons / field

patient with biallelic L/G3 mutations (P < 0.001). Scale
bars: 5 pm and 25 pm. (b) Histological features of gut
(colon) biopsies. HuC/D immunofluorescence (green) in
gut tissue biopsies (colon) of controls and patient carrying
LIG3 mutations; nuclear staining was obtained with DAPI
(blue). Arrows point to labelled myenteric neurons.
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bladder requiring catheterization, a condition
also referred to as megacystis-microcolon intesti-
nal hypoperistalsis syndrome (MMIHS), to cases
characterized by predominant involvement of the
GI tract with typical CIPO features. Causative
variants in several genes have been identified in
these phenotypes, but the majority of molecularly
diagnosed cases are caused by heterozygous vari-
ants in ACTG2, resulting in dominant alleles run-
ning in families or arising de novo in the affected
subjects [17, 25]. In vitro studies of the identified
variants have shown an impairment of ACTG2
polymerization and a reduction of smooth muscle
cell contractility [10, 11]. In a recent study, the
molecular diagnostic rate of visceral myopathy
was 64% (34/53), of which 97% (33/34) could be
attributed to ACTG2 variants. In particular, mis-
sense changes in five conserved arginine residues
contributed for 49% (26/53) of disease in the
cohort. The ACTG2-negative cases had a more
favorable clinical outcome and more restricted
disease. In the ACTG2-positive group, the poor
outcome (i.e., total parenteral nutrition depen-
dence, need for transplantation, and death) was
always due to one of the arginine missense
alleles. The analysis of the effect of the specific
residues suggests a severity degree of the mis-
sense changes, with p.Argl78>p.Arg257>p.
Arg40, along with other less frequent variant
alleles at p.Arg63 and p.Arg211. Four novel mis-
sense variants were also reported, including one
that is apparently transmitted according to a
recessive mode of inheritance [19], indicating
that the overall genetic architecture of visceral
myopathy is still to be fully characterized.
Additional genes have been found to play a
role in visceral myopathy pathogenesis. ACTA2,
encoding for a smooth muscle actin gene, is
mutated in the multisystemic smooth muscle dys-
function syndrome (MIM #613834). The clinical
features include bladder hypotonicity and abnor-
mal intestinal peristalsis as well as a significant
involvement of vascular and ciliary smooth mus-
cle, leading to vascular aneurysms and mydriasis
[20]. Autosomal-recessive forms of MMIHS are
caused by biallelic loss-of-function variants in
genes encoding for proteins involved in actin—
myosin interactions, such as MYHII (myosin

heavy chain; [9]), MYLK (myosin-light chain
kinase; [10, 11]), LMODI (leiomodin 1, an actin-
binding protein expressed primarily in vascular
and visceral smooth muscles [10, 11]), and MYL9
(regulatory myosin-light chain; [21]).

Several studies have highlighted the altera-
tions in smooth muscle structural proteins and
pathways related to smooth muscle function, pro-
viding mechanistic insights in the disease etiol-
ogy. As an example, loss of LMOD]1 in vitro and
in vivo results in a reduction of filamentous actin,
with elongated cytoskeletal dense bodies and
impaired intestinal smooth muscle contractility
[10, 11].

Conclusion and Future
Perspectives

24

In this chapter, we have highlighted a possible
strategy based on accurate clinical phenotyping
followed by histopathology and in-depth molecu-
lar (genetic) analysis, which can be used to
reconstruct a model to better understand neuro-
ICC-muscular changes underlying severe gut
dysmotility such as CIPO. Next-generation
sequencing (NGS) has now made possible the
analysis of multiple genomic regions simultane-
ously, shortening the time and cost of gene tests.
Thus, several studies have unveiled the presence
of many independent genes for severe gut dys-
motility by adopting this technique (Fig. 2.2).
The discovery of additional genes is crucial to
identify altered pathways and is paramount for a
better understanding of the disease and develop-
ment of novel therapeutic targets. Moreover,
identifying novel genetic factors is crucial to pre-
dict who 1is at risk of developing the disease,
allowing for early detection. Regardless of the
rates of clinical manifestations within each
genetic group, patients with severe gut dysmotil-
ity represent difficult medical challenges, with a
tremendous impact of the disease on the quality
of life, severe clinical complications, and costly
medical care, with minimally effective
treatments.

Nonetheless, the future is full of exciting prom-
ises relying upon the differentiation of human-
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Fig. 2.2 STRING analysis of the proteins involved in
severe gut dysmotility. The proteins mutated in severe gut
dysmotility disorders (red boxes) cluster into two differ-

induced pluripotent stem cells (PSCs) directed to
the formation of organoids, physiological three-
dimensional human organ cultures [16]. A recent
study applied a tissue-engineering approach with
embryonic and PSC to generate a human intesti-
nal tissue containing functional ENS. The normal
intestinal ENS development was recapitulated
in vitro by combining human-PSC-derived neu-
ral crest cells and developing human intestinal
organoids (HIOs), with migration into the mes-
enchyme, differentiation into neurons and glial
cells, and generation of neuronal activity exhib-
iting rhythmic waves of calcium transients. The
ENS-containing HIOs in vivo formed neuroglial
structures in a close fashion to a myenteric and
submucosal plexus, contained functional inter-
stitial cells of Cajal, and regulated waves of
propagating contraction. Equivalent approach
was applied to repopulate with a functional ENS
a PHOX2B mutated Hirschsprung disease mouse
model [26]. We see this as the dawn of a new era

gene neighborhood

gene co-occurence

Others
2 textmining
=Y co-expression

A~ protein homology

ent groups: the myopathic (i.e., ACTG2-related) and/or
mitochondrial-related neuro-myopathic forms vs. preva-
lent enteric neuropathies (i.e., RAD21 related)

highlighting pluripotent stem cells as possible
treatment options for patients with CIPO and
broadly with severe gut dysmotility.
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