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Chronic intestinal pseudo-obstruction (CIPO) is a rare but life-threatening disease characterized by
severe intestinal dysmotility. Histopathologic studies in CIPO patients have identified several different
mechanisms that appear to be involved in the dysmotility, including defects in neurons, smooth
muscle, or interstitial cells of Cajal. Currently there are few mouse models of the various forms of CIPO.
We generated a mouse with a point mutation in the RNA recognition motif of the Nup35 gene, which
encodes a component of the nuclear pore complex. Nup35 mutants developed a severe megacolon and
exhibited a reduced lifespan. Histopathologic examination revealed a degenerative myopathy that
developed after birth and specifically affected smooth muscle in the colon; smooth muscle in the small
bowel and the bladder were not affected. Furthermore, no defects were found in enteric neurons or
interstitial cells of Cajal. Nup35 mice are likely to be a valuable model for the subtype of CIPO char-
acterized by degenerative myopathy. Our study also raises the possibility that Nup35 polymorphisms
could contribute to some cases of CIPO. (Am J Pathol 2016, 186: 2254e2261; http://dx.doi.org/
10.1016/j.ajpath.2016.04.016)
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Chronic intestinal pseudo-obstruction (CIPO) is a rare and
debilitating condition in which deficiencies in intestinal
peristalsis mimic a mechanical obstruction.1 CIPO can be
caused by defects in the enteric nervous system (neuropa-
thy), interstitial cells of Cajal (ICCs), and/or intestinal
smooth muscle (myopathy).1e5 Although CIPO can occur
secondary to other clinical complications, or downstream of
environmental factors, certain forms of CIPO have a heri-
table genetic component.1,6 For example, mutations in genes
such as SOX10, FLNA, L1CAM, RAD21, TYMP, ACTG2,
and POLG have all been linked to CIPO pathology.3,7e12

Nonetheless, the genetic cause of a large portion of herita-
ble CIPO cases remains unknown.3

Mouse models have previously been used to investigate
the role of genetic pathways in CIPO pathology.13 Although
data from mouse models have implicated the disruption of a
tigative Pathology. Published by Elsevier Inc
number of genetic pathways in intestinal neuropathy, there
is a paucity of models that mimic clinical intestinal smooth
muscle myopathy. We report a novel mouse model of CIPO
associated with a mutation in the RNA recognition motif
. All rights reserved.
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NUP35 and Colonic Myopathy
(RRM) of nucleoporin (NUP)-35. NUP35 (also called
NUP53) is part of the multiprotein nuclear pore complex
(NPC), which is composed of multiple copies of approxi-
mately 30 different NUP proteins forming a complex >40
MDa in size.14 The NPC plays a crucial role in allowing
diffusion of small molecules and controlled movement of
larger factors in and out of the nucleus. Proper NPC for-
mation is also important for normal nuclear morphology.
NUP35 is indispensable for vertebrate NPC formation and
nuclear integrity,15e19 and NUP35 dimerization via its
RRM is crucial for its function.19,20

Here we characterize the colonic changes associated with
the Nup35-mutant CIPO mouse model, and show that the
mice have colon-specific smooth muscle myopathy without
detectable deficits in enteric neurons and with persistence of
ICCs. These data suggest that the Nup35-mutant mouse
represents a novel model of CIPO associated with degen-
erative myopathy.

Materials and Methods

Mice

Nup35F192L/F192L mice were isolated from the Australian
Phenomics Facility Phenome Bank at the Australian National
University (Canberra, ACT, Australia). All animals used in
this study were cared for and used in accordance with pro-
tocols approved by the Australian National University
Table 1 Colon and Ileum Histologic Examination Scoring

Region Layer Criteria

Colon Longitudinal muscle Layered muscle cells with few col
Loss of muscle cells, with promin
Substantial loss of muscle cells, so
in muscle layer, >50% collagen

Circular muscle Muscle cells plump, eight or more
Muscle cells smaller and fewer, on
Muscle cells smaller and substant

Submucosa Thin with fibroblasts, no or extre
Thickened with some macrophage
Thickened more than twofold nor

Mucosa Goblet cells small at bases of gla
Goblet cells swollen and common
of glands

Ileum Longitudinal muscle Layered muscle cells with few col
Loss of muscle cells, with promin
Substantial loss of muscle cells, so
in muscle layer, >50% collagen

Circular muscle Muscle cells plump, five or more
Muscle cells smaller and fewer, on
Muscle cells smaller and substant

Submucosa Thin with fibroblasts, no or extre
Thickened with some macrophage
Thickened more than twofold nor

Mucosa Mucosa intact
Disruptions to the mucosa

Scoring system designed to be objective, 8-point scale for each region [0 (nor
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Animal Experimentation Ethics Committee and the current
guidelines from the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

NUP35 Sequence Alignment and Protein Modeling

NUP35 sequences were isolated from UniProt (http://www.
uniprot.org, last accessed April 1, 2016) and aligned using
ClustalW software package version 2.1 (Conway Institute
UCD Dublin, Dublin, Ireland; http://www.clustal.org/
clustal2).21 RRM sequences and accession numbers are
provided in Supplemental Table S1. Protein structure visu-
alization was performed with the UCSF Chimera software
package version 1.8 (Resource for Biocomputing, Visuali-
zation, and Informatics, University of California, San
Francisco, CA).22

IHC Analysis and Histopathology

Mice were sacrificed by cervical dislocation, and the bladder,
colon, and small intestine were removed and fixed overnight
in formalin. Tissue for hematoxylin and eosin and Masson’s
trichrome staining was processed as described previously.23

Tissue from three randomly chosen sections of ileum and
distal colon were graded by a blinded observer (J.B.F.) using
a �40 objective lens and 8-point graded scales (Table 1).

Tissue for whole-mount immunohistochemistry analysis
was opened along the mesenteric border and processed for
Score

lagen strands between, <10% collagen 0
ent collagen between, 10%e50% collagen 1
me areas may have no muscle cells. Prominent collagen 2

layers, <10% collagen 0
ly four to seven layers, 10%e50% collagen 1
ially fewer, less than four layers, >50% collagen 2
mely rare macrophages 0
s 1
mal with numerous macrophages 2
nds and in gland walls, rare at surface 0
ly observed at surface as well as at bases and in walls 1

lagen strands between, <10% collagen 0
ent collagen between, 10%e50% collagen 1
me areas may have no muscle cells. Prominent collagen 2

layers, <10% collagen 0
ly two to four layers, 10% to 50% collagen 1
ially fewer, less than layers, >50% collagen 2
mely rare macrophages 0
s 1
mal with numerous macrophages 2

0
1

mal); 7 (severely affected)].
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immunohistochemistry analysis, as described previously,24

using the following primary antisera: rabbit anti-Kit
(1:100; Merck Millipore, Bayswater, Australia), mouse
antieneuronal class III b-tubulin (1:2000; Covance
Princeton, NJ), sheep antieneuronal nitric oxide synthase
(1:200025), and rat anti-F4/80 (1:5026). All primary antisera
have been characterized previously.25,27e29 Secondary
antisera (all from Jackson ImmunoResearch Laboratories,
West Grove, PA) were: donkey anti-rat Alexa488 (1:100),
donkey anti-rabbit Alexa647 (1:400), donkey anti-mouse
Alexa594 (1:200), and donkey anti-sheep Alexa594
(1:100). No staining was observed in preparations in which
the primary antisera were omitted. Whole-mount prepara-
tions were imaged on Pascal or LSM 800 confocal micro-
scopes (Carl Zeiss, Oberkochen, Germany).
Data Analysis

Graphing and data analysis were conducted using Prism
software package version 7 (GraphPad Software, San
Diego, CA).
Figure 1 Conservation and structural positioning of the nucleoporin (NUP)-
Sequence alignment showing NUP35 RNA recognition motif (RRM) amino acid con
mouse NUP35 protein showing the RRM (blue, amino acids 169 to 249), and the F1
(blue). C: Survival in Nup35F192L/F192L (n Z 26), Nup35F192L/þ (n Z 76), and Nup
and wild-type littermate (top) within the body cavity (left) and after isolation (

2256
Results

Nup35F192L/F192L-Mutant Mice Exhibit Mortality
Associated with Megacolon

As part of a larger ethylnitrosourea mutagenesis screen for
mutant mice with immune phenotypes, mice with an F192L
mutation in Nup35 were identified and isolated from the
Australian Phenomics Facility Phenome Bank, and the
mutation was bred to homozygosity. The crystal structure
for the NUP35 RRM dimer has been solved,20 and F192,
which is highly conserved (Figure 1A), lies on the a helix of
the dimer interaction interface (Figure 1B). A substitution of
phenylalanine for leucine, as occurs in the F192L mutation,
will delete an aromatic ring that is buried within the hy-
drophobic core of the RRM (Figure 1B) and is predicted to
be highly damaging [1 (PolyPhen); 0 (SIFT [sorting intol-
erant from tolerant])]. This mutation will thus likely disrupt
the RRM interaction interface and thereby interfere with
NUP35 dimerization and function.
Given the essential role of NUP35 in NPC formation and

nuclear integrity,15e19 damaging mutations in the gene
35 F192 residue, and mortality and megacolon in Nup35-mutant mice. A:
servation between species, including the F192 residue (red). Schematic of
92L-mutated residue (red). B: NUP35 RRM dimer crystal structure with F192
35þ/þ (n Z 21), mice. D: Intestines of a Nup35F192L/F192L mouse (bottom)
right).
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NUP35 and Colonic Myopathy
encoding this protein could be anticipated to cause embry-
onic lethality. However, although homozygous mutant mice
were born below the expected 25% ratio, viable homozy-
gous Nup35F192L/F192L-mutant mice were still obtained in
appreciable numbers [Nup35F192L/F192L, 46 mice (15%);
Nup35þ/þ, 83 mice (28%); and Nup35F192L/þ, 171 mice
(57%)]. Homozygous mutant mice failed to display a
detectable steady-state immune phenotype; however, mor-
tality was observed within this strain, with 50% of mice
failing to survive beyond 55 days of age and no mice sur-
viving beyond 120 days of age (Figure 1C). These high
mortality rates were not observed in heterozygous
Nup35F192L/�mutant mice (Figure 1C). Postmortem exami-
nation of mutant mice revealed substantial megacolon
(Figure 1D), with no obvious superficial pathology noted in
the other organs examined (lung, liver, heart, bladder,
spleen, thymus, kidney). The small intestine appeared
normal; however, fecal impaction was observed within the
colon, without any obvious physical obstruction. Thus,
Nup35F192L/F192L-mutant mice develop symptoms consis-
tent with human CIPO that appear to cause mortality.

Ethylnitrosourea randomly introduces point mutations into
the genome, and each strain may carry a number of passenger
mutations that could be involved in the development of any
observed phenotype. Based on exome sequencing data of the
The American Journal of Pathology - ajp.amjpathol.org
pedigree from which the Nup35F192L/F192L-mutant mice were
derived, two other exome mutations existed on chromosome
2 within this pedigree that could be loosely linked to the
Nup35 locus and may potentially contribute to the observed
phenotype. These mutant alleles (in the genes Cst10 and
Fbn1) were subsequently found to be present within the
Nup35-mutant mouse colony. To confirm that these alleles
did not contribute to the observed phenotype, a Nup35-
mutant mouse substrain was established that lacked these two
mutations, and mortality was still observed, with histopa-
thology comparable to that of the parental mouse strain (see
Nup35F192L/F192L-Mutant Mice Display Degenerative Mid-
and Distal Colonic Smooth Muscle Loss; data not shown).
Thus, the Nup35 F192L mutation appears to be the mutation
causative of the observed CIPO phenotype.

Nup35F192L/F192L-Mutant Mice Display Degenerative
Mid- and Distal Colonic Smooth Muscle Loss

CIPO can be caused by neuropathy, myopathy, and/or de-
fects in ICCs, so we next used histopathology and immu-
nohistochemistry analysis to determine the cause of bowel
obstruction in Nup35 mutants. Transverse sections of the
ileum, and proximal, mid-, and distal colon of 6- to 8-week-
old Nup35F192L/F192L (n Z 5), Nup35F192L/þ (n Z 2), and
Figure 2 Smooth muscle loss from the external
muscle layers of the colon of adult, but not
newborn, Nup35-mutant mice. AeF: Masson’s tri-
chrome staining of the proximal, mid-, and distal
colon from 6- to 8-week-old wild-type (AeC) and
Nup35F192L/F192L (DeF) mice. There is a dramatic
loss of muscle cells from the circular and longitu-
dinal muscle layers, and replacement by connective
tissue (green), in the mid- and distal colon of the
mutant mice. There is a less dramatic loss of muscle
cells in the proximal colon. The widths of the
external muscle layers are indicated by vertical
lines. Note greater numbers of surface goblet cells
(E and F) and thickened submucosa (F). G and H:
High magnification images of circular muscle cells.
Although the nuclei (arrows) of WT mice are uni-
form in appearance (G), many nuclei (arrows) in the
remaining smooth muscle cells in the mutant have
chromatin condensations (H). I: Pathology grading
of distal colon and ileum tissue from three randomly
chosen Nup35þ/þ and Nup35F192L/F192L mice [0
(normal); 7 (severely affected)], which included
assessments of the longitudinal and circular muscle
layers, the submucosa and mucosa (Table 1).
Although the colons of all mutants were graded as
severely affected, the ileum was graded normal. J
eM: Masson’s trichrome (MT; J and K) and hema-
toxylin and eosin (H&E) (L and M) staining of
transverse sections of distal colon from newborn
wild-type (þ/þ, J and L) and Nup35F192L/F192L

(mutant, K and M) mice. There are no detectable
differences between the longitudinal muscle layer
(LM) and circular muscle layer (CM; double arrow)
between mutants and wild-type littermates.
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http://ajp.amjpathol.org


Parish et al
Nup35þ/þ (n Z 6) littermates were stained with hematox-
ylin and eosin or Masson’s trichrome. No differences were
observed in the ilea of Nup35F192L/F192L mice compared to
those of Nup35F192L/þ or Nup35þ/þ mice. However, the
distal and midcolon of homozygous Nup35F192L/F192L mice
exhibited substantial loss of muscle cells and replacement
by connective tissue in the muscularis externa, but not in the
muscularis mucosae (Figure 2, AeF). In some areas, no
muscle cells were observed in the longitudinal and circular
muscle layers, although the layering was still defined by
connective tissue. The nuclei of smooth muscle cells in the
circular muscle layer of the colon of Nup35F192L/þ and
Nup35þ/þ mice were very uniform in appearance
(Figure 2G). In contrast, the nuclei of the remaining muscle
cells in Nup35F192L/F192L mice were very variable; some had
chromatin condensations (Figure 2H), whereas others were
indistinguishable from those in control mice. There were
also patches of thick adherent mucus, and increased
numbers of surface goblet cells that appeared to displace
surface enterocytes in the mid- and distal colon. There was
also thickening of the submucosa of Nup35F192L/F192L mice,
with greater numbers of macrophages being present.

The proximal colon of Nup35F192L/F192L mice displayed
only a minor myopathy (Figure 2, A and D), but like more
distal regions, there was also a thick, adherent mucus and
more surface goblet cells. The histologic characteristics of
distal colon and ileum of Nup35þ/þ and Nup35F192L/F192L

mice were quantified by a blinded observer (J.B.F.) using 8-
point scales [0 (normal); 7 (severely affected)] that included
appraisals of the longitudinal and circular muscle layers,
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the submucosa, and mucosa (Table 1). The ilea of
Nup35F192L/F192L mice were graded normal, whereas the
distal colons of Nup35F192L/F192L mice were graded as
severely affected (Figure 2I). The bladder of homozygous
Nup35 mutants appeared normal, with no detectable
changes in the smooth muscle cells (data not shown). No
defects were detected in the gross morphology or histologic
appearance of the mutant heart (data not shown). Striated
muscle within the pelvic floor also appeared normal (data
not shown), suggesting that the myopathy was highly
restricted to the external smooth muscle within the colon.
To determine whether the colonic myopathy is congenital

or degenerative, sections of colon from newborn
Nup35F192L/F192L (n Z 5), Nup35F192L/þ (n Z 3), and
Nup35þ/þ (n Z 3) littermates were stained with hematoxylin
and eosin orMasson’s trichrome. The externalmuscle layers of
Nup35F192L/F192L newborn mice were similar in appearance to
that of littermates, and no histologic differences were detected
between newborn homozygous mutant, heterozygous, and
wild-type mice, including the appearance of nuclei in the
external muscle layers (Figure 2, JeM).
Like smooth muscle cells, ICCs, macrophages in the

muscularis layers and enteric neurons, play an essential role
in gut motility.30,31 For example, a congenital absence of
enteric neurons from the distal bowel results in bowel
obstruction and megacolon.32,33 Whole-mount preparations
of the external muscle layers of the ileum and colon from 6-
to 8-week-old mice of Nup35F192L/F192L, Nup35F192L/þ, and
Nup35þ/þ littermates were processed for immunohisto-
chemistry analysis using antisera to the pan-neuronal
Figure 3 Neurons and interstitial cells of
Cajal (ICCs) are present along the colon of
Nup35F192L/F192L-mutant mice. AeF: Whole-mount
preparations of external muscle and myenteric
plexus from the distal colon (A and B) and
midcolon (CeF) of 6- to 8-week-old wild-type (WT;
AeC) and Nup35-mutant (DeF) mice after immu-
nostaining for the pan neuron marker, neuronal
class III b-tubulin (Tuj)-1 (A and B); the ICC
marker, Kit (C and D); and the macrophage marker,
F4/80 (E and F). A and D: Tuj1þ myenteric neurons
in the distal colon. C and D: Although circular
smooth muscle cells have been largely replaced by
connective tissue, Kitþ ICCs are present in the
circular muscle layer of mutants. However, ICCs in
the mutants have simpler morphology and fewer
processes than do ICCs in the circular muscle of WT
mice. E and F: In WT mice, F4/80þ macrophages
are present in the external muscle and are stellate
in shape, as described previously.26,34
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marker, neuronal class III b-tubulin 1; the enteric neuron
subtype marker, neural nitric oxide synthase; the ICC
marker, Kit; and the macrophage marker, F4/80.34 Enteric
neurons (Figure 3, A and B) and the ICC network (Figure 3,
C and D) were present along the entire bowel, although
ICCs in the circular muscle layer of the colon of the mutants
had fewer fine processes than did those in wild-type mice
(Figure 3D). There were many more F4/80þ macrophages in
the external muscle and associated with myenteric ganglia,
particularly in the mid- and proximal colon of homozygous
Nup35 mutants compared to heterozygote and wild-type
littermates (Figure 3, E and F). In addition, macrophages
were more rounded in shape in Nup35F192L/F192L-mutants
compared to those in Nup35F192L/þ and Nup35þ/þ litter-
mates (Figure 3, E and F). Collectively, these data show that
the megacolon in homozygous Nup35-mutant mice appears
to be due to a degenerative myopathy of the colon.
Discussion

We describe a novel mouse model of colonic myopathy and
CIPO associated with a mutation in Nup35. In several ani-
mal models, intestinal distension that is not due to a muscle
defect results in secondary muscle hypertrophy.35e37 Given
the absence of any muscle hypertrophy, it is highly likely
that the colonic myopathy in the Nup35-mutant mouse is the
primary cause of obstruction and distension.

The phenotype associated with the Nup35 mutation is sur-
prising at two levels. First, NUP35 is reported to be indis-
pensable forNPC formation and nuclear integrity,15e19 and it is
essential for Caenorhabditis elegans embryonic develop-
ment,18 so it is surprising that viable mutant mice were ob-
tained. Second, the phenotype observed is highly selective,
with smoothmusclemyopathy observed only in themuscularis
externa of the colon despite no evidence of tissue-specific
NUP35 expression within existing expression databases such
as BioGPS (http://biogps.org, last accessed April 1, 2016) and
the Human Protein Atlas (http://www.proteinatlas.org, last
accessed April 1, 2016). Overall, these data reveal an unex-
pected link between the NPC and CIPO, and suggest that
Nup35 polymorphisms could contribute to disease.

The phenotype within the Nup35-mutant mouse appears
distinct from other gene-deficient myopathy models and, to
our knowledge, this is the first gene-deficient mouse model
demonstrating spontaneous degenerative smooth muscle
myopathy and associated fibrosis. Previous models of
myopathy associated with CIPO-like disease have involved
inducible deletion of the transcriptional regulator, serum
response factor, from smooth muscle,38,39 or deletion of the
smooth muscleerestricted factor smoothelin A.40 In both
cases, the CIPO phenotype was associated with loss of
smooth muscle cell contractility rather than active loss of
smooth muscle cells; serum response factor deletion failed
to affect smooth muscle cell numbers, whereas smoothelin
A loss triggered smooth muscle cell hypertrophy. The large
The American Journal of Pathology - ajp.amjpathol.org
phenotypic differences between the Nup35F192L/F192L mouse
and the other models described earlier make it unlikely that
Nup35 deficiency causes myopathy by disrupting serum
response factor or smoothelin A, implicating a potentially
novel pathway in the Nup35F192L/F192L mouse phenotype.

As smooth muscle fibrosis has been reported in a clinical
case of hollow visceral myopathy (a form of CIPO associ-
ated with degenerative myopathy),41 the Nup35F192L/F192L-
mutant mouse represents a potentially valuable model of the
disease in humans. Moreover, unlike patients with the
congenital neuropathy, Hirschsprung disease,42,43 CIPO
patients with degenerative myopathy are variable in age.3

The colonic myopathy in Nup35-mutant mice was not
apparent at birth and so is consistent with the degenerative
myopathy seen in a subpopulation of CIPO patients.

The histopathologic characteristics of CIPO vary between
patients and include neuropathy, loss of ICCs, as well as
degenerative myopathy.3 Mutations linked to CIPO in
humans are often associated with neuropathy rather than
myopathy (eg, SOX10 and RAD21),3,12 and so are unlikely
to be related to the Nup35-mutant phenotype. The mecha-
nism by which NUP35 deficiency triggers smooth muscle
myopathy thus remains unclear. Mutations in FLNA are
associated with myopathy in X-linked CIPO8; however,
such myopathy is associated with abnormal (additional)
layering of the small intestinal muscularis propria rather
than smooth muscle cell loss.11 Myopathy associated with
fibrosis is observed in patients with mitochondrial neuro-
gastrointestinal encephalomyopathy, a multifactorial disease
with CIPO symptoms.9 These patients bear mutations in
TYMP, which lead to mitochondrial depletion from smooth
muscle that likely causes myopathy.9 There is no reported
association between either NUP35 and TYMP, or NUP35
and other mitochondrial components; however, we cannot
rule out that mitochondrial abnormalities contribute to
myopathy in these mice.

One possible explanation for the phenotype is that nuclear
abnormalities associated with NUP35 deficiency cause
myopathy. Polymorphisms in LMNA, encoding lamin A, a
structural factor that lines the nucleus, have been linked to
striated muscle wasting and muscular dystrophy.44,45 Lamin
A is also a relatively widely expressed protein, so the rea-
sons for the tissue-selective effect of LMNA polymorphisms
on striated muscle maintenance remain unclear. One theory
is that the more fragile nucleus that results from lamin A
loss is susceptible to rupture in muscle due to mechanical
stress.44,45 The subsequent loss of nuclear integrity is
postulated to cause cell death. The NPC is known to asso-
ciate with lamins, and interestingly a direct association
between NUP35 and lamin B has been reported.17

Furthermore, NUP35 depletion leads to nuclear abnormal-
ities that closely resemble those seen in LMNA-mutant
cells.17 It is thus possible that NUP35 deficiencies cause
disrupted nuclear morphology that triggers cell death in
contractile smooth muscle cells. Consistent with this idea,
we did observe some degree of abnormal nuclear
2259
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morphology within the mutant smooth muscle cells,
although these changes could simply be due to ongoing
apoptosis. However, some degree of tissue specificity is still
required for this mechanism to operate, as altered nuclear
morphology should also cause striated muscle loss, which
we failed to observe in Nup35-mutant mice. Furthermore,
cell loss was observed in only a small subset of smooth
muscle cells within the body (colonic smooth muscle cells),
suggesting a complex, highly tissue-specific effect.

In some cases, CIPO is associated with inflammation,
predominantly of the enteric ganglia, which exhibit in-
flammatory neuropathy.1 Neither inflammation nor enteric
nervous system damage was observed in tissue from the
Nup35-mutant mice. However, we did observe increased
numbers of macrophages in the affected external muscle and
the adjacent submucosa, which is possibly a response to
smooth muscle cell degeneration. Changes in the
morphology of ICCs may also be secondary to the myop-
athy and the loss of muscle cells. ICCs form gap junctions
with smooth muscle cells,46 and the simpler morphology of
ICCs in Nup35 mutants is likely to be due to reduced
contacts with smooth muscle cells. The accumulation of gut
contents, pressure on the gut wall, and failed propulsion
may have induced the increased numbers of surface goblet
cells and the adherent mucus that was observed.

As NUP35 does not exhibit clear tissue-specific expres-
sion, it is unclear why we observed such a selective
phenotype in Nup35-mutant mice. There is emerging evi-
dence of heterogeneity within NPC composition between
tissues, which is highlighted by the tissue-specific pathol-
ogies associated with loss of other NUPs.14 It is thus
possible that the NPC present within colonic smooth muscle
is particularly susceptible to NUP35 depletion, leading to
selective myopathy within this cell type. Regardless of the
mechanism, the Nup35F192L/F192L-mutant mouse phenotype
has revealed a novel pathway involved in smooth muscle
myopathy that may contribute to CIPO in humans.
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