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Abstract

Ezrin, encoded by EZR, is a central module of epithelial polarity and links membrane proteins to the actin cytoskeleton
directly or indirectly through scaffold proteins in the epithelium. Ezrin knockout mice fail to thrive and do not survive
past weaning. We identified a homozygous EZR loss-of-function (LoF) variant, ¢.356dup, by exome sequencing in an
infant with intractable diarrhea and failure to thrive, who died from septicemia at 5 months of age. The variant local-
ized within a homozygous region of 13.2 Mb in the proband, is consistent with inheritance identical-by-descent from the
consanguineous parents, and segregated with disease in the proband’s family. EZR transcript analyses in a heterozygous
carrier showed that the variant triggers nonsense-mediated mRNA decay. Homozygous EZR LoF variants have not been
reported in public databases. In this study, we generated a Caco-2 EZR knockout cell line to investigate the role of ezrin in
human intestinal epithelia. Our analyses used electron and immunofluorescence microscopy to assess structural changes in
the knockout cells. We observed significant disorganization of the terminal web region, microvillus rarefaction and abnor-
mal branching. Furthermore, the absence of ezrin resulted in the mislocalization of the ezrin-interacting scaffold protein
Na+/H+exchanger regulatory factor-1. In conclusion, this represents the first documentation of complete ezrin deficiency
in humans, highlighting the essential and non-redundant functions of the protein in maintaining intestinal physiology.

Introduction et al. 2023), and in addition, a number of inborn errors

of immunity (IEI) present with protracted diarrhea as the

Congenital diarrheas and enteropathies (CODESs) comprise
a group of ultrarare diseases caused by variants in approxi-
mately 60 genes; variants disturb intestinal epithelial devel-
opment and cell function (Babcock et al. 2023; Stallard
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first or major sign in infancy (Uhlig et al., 2021). Infantile-
onset, persistent diarrhea typically leads to a life-threaten-
ing situation with severe dehydration and serum electrolyte
abnormalities. Infantile-onset secretory diarrhea and intes-
tinal failure in CODEs require intricate interventions that
frequently include long-term parenteral nutrition (PN).
Secretory diarrhea can be distinguished from osmotic and
functional diarrhea by virtue of higher stool volumes that
continue despite fasting and occur at night while osmotic
diarrhea results from luminal water retention due to poorly
absorbed substances. Genetic testing, particularly exome
sequencing (ES), has significantly changed the diagnostic
landscape for CODEs, reducing the need for invasive pro-
cedures. The identification of pathogenic gene variants,
accompanied by functional testing, has improved our under-
standing of these rare conditions (Babcock et al. 2023).
Proper apical and basolateral membrane polarization is
fundamental for enterocyte function and intestinal homeo-
stasis (Szabo et al. 2024). At the apical plasma membrane,
ezrin, radixin, and moesin (ERM) proteins play a funda-
mental role in organizing cortical domains by assembling
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membrane protein complexes and linking them to the cor-
tical actin cytoskeleton (McClatchey 2014). ERM proteins
are characterized by a ~300 amino acid, plasma membrane-
associated FERM (four-point-one ezrin, radixin, moe-
sin) domain, followed by a putative coiled-coil domain
that contains a F-actin binding site (Turunen et al. 1994).
ERM proteins exist as monomers, homo- or heterodimers,
in which the tail domain is bound to the FERM domain.
Upon binding of phosphatidylinositol 4,5-bisphosphate and
phosphorylation of distinct threonine residues in the C-ter-
minal domain, ERMs get activated, the C-terminal domain
can bind to F-actin and the FERM domain becomes acces-
sible for binding to specific interaction partners such as
Na+/H+exchanger regulatory factor 1 (NHERF1) (Fehon
et al. 2010). Both constitutive and conditional ezrin knock-
out (KO) mice fail to thrive postnatally, display increased
stool volumes, and die at weaning (Casaletto et al. 2011;
Saotome et al. 2004). Here, we report the first instance of
a corresponding human phenotype, an infant with intrac-
table diarrhea in whom a candidate disease-causing ezrin
(EZR) variant, NM_001111077.2:¢c.356dup, was identified
by ES. This variant was present in homozygous state, pre-
dicted to result in a frameshift and premature stop codon
(NP_003370.2:p.Glul20%*), and be subjected to nonsense-
mediated mRNA decay (NMD).

Materials and methods
Patients

There is a diagnostic and research focus on inherited enter-
opathies at the Department of Paediatrics I, Medical Univer-
sity of Innsbruck. Patients and parents’ samples are referred
continuously for genetic testing to identify the etiology of
the disorder. Written informed consent for genetic testing
and correlation with clinical data was obtained from the
proband’s parents, and the studies were approved by the
local ethics committee (vote no. AN2016-002, 10/2021).
ES is routinely performed, and data evaluation first focuses
on known CODEs (panel analyses) (Babcock et al. 2023).
When no etiology is identified, the analysis is eventually
extended to the whole ES set of genes in order to identify
potentially causative variants.

Exome sequencing, variant validation, and
intrafamilial segregation analysis

Genomic DNA was isolated from peripheral leukocytes by
standard procedures. DNA samples from the proband, her
healthy parents, and four healthy siblings were available
(Fig. 1). ES was performed with the proband’s DNA sample
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using Agilent’s Sureselect xt2 V6 enrichment kit, respec-
tively, and an Illumina HiSeq4000 instrument, generating
100-bp paired-end reads that were aligned to the human ref-
erence genome GRCh37 with Burrows-Wheeler transfor-
mation algorithm (Li and Durbin 2009). Polymerase chain
reaction (PCR) duplicates were removed with PICARD
(http://picard.sourceforge.net) and single nucleotide substi
tutions, and small indels were called with SAMtools soft-
ware. Sequencing reads were also aligned to the human
reference genome GRCh38 and variants were called with
the Genome Analysis Toolkit (GATK) version 4.0 (https:/
/github.com/broadinstitute/gatk). Variants were annotated
and filtered against public variant databases with Ensembl’s
Variant Effect Predictor (https://www.ensembl.org/info/doc
s/tools/vep/index.html).

The resulting lists of sequence variants were filtered
for an allele frequency below 0.005, and for a predicted
effect on protein function (missense, stop gain, frameshift,
inframe insertion and deletion, canonical splice-site altera-
tion). Pathogenic or likely pathogenic variants were prefer-
entially searched for in genes associated with those listed in
the following gene panels obtained from Genomics England
(https://panelapp.genomicsengland.co.uk/panels/) “Intesti-
nal failure or congenital diarrhoea (Version 3.5),” “Primary
immunodeficiency or monogenic inflammatory bowel dis-
ease (Version 7.21).” The lists were also filtered manually
with respect to rare variants with an effect on protein func-
tion. All variants were evaluated in silico for pathogenicity
using CADD (http://cadd.gs.washington.edu/score) (Rent-
zsch et al. 2019); missense variants were evaluated by Poly-
Phen-2 (http://genetics.bwh.harvard.edu/pph2) (Adzhubei
et al. 2010) and SIFT (Ng and Henikoff 2003); and splice
site variants were evaluated using SpliceAl lookup (https://
spliceailookup.broadinstitute.org/) (Jaganathan et al. 2019).
GRCh37 ES data were evaluated for copy-number variants
(CNVs), including single exon deletions and duplications
with the panelen. MOPS v1.28.0 software (Povysil et al.
2017).

The current “gold standard” human genome reference
assembly is GRCh37 in our diagnostic setting, where more
than 40,000 exome data sets are available as controls, in
addition to public databases. Aligning to both GRCh37 and
GRCh38 reference sequences is currently performed for
samples who remained negative for pathogenic or likely
pathogenic variants in well-established disease genes fol-
lowing GRCh37 alignment. There appears to be a good
agreement between both alignments and variant call datas-
ets generally in our institute, but this has not been evaluated
systematically yet. Exome variant discrepancies due to ref-
erence-genome differences and with respect to monogenic
and multifactorial diseases were reported (Guo et al. 2017;
Liet al. 2021; Vogel et al. 2024).
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Fig. 1 Simplified pedigree of the family under study and EZR 1-bp
deletion (delineated by D) segregation (A), documentation of the EZR
variant by ES (B) and Sanger sequencing (C) (arrows), and the local-
ization of the EZR gene within a large region of homozygous variants
(D). The EZR transcript harboring the NM 001111077.2:¢.356dup
variant undergoes NMD as demonstrated by Sanger sequencing in

The EZR variant designation is based on the National
center for biotechnology information reference transcript
NM 001111077.2 (corresponding to Ensembl transcript
reference sequence ENST00000367075.4) and the genomic
reference sequence NG 052952.1 (corresponding to
Ensembl gene ENSG00000092820). The exon numbering
is based on NG_052952.1. Nucleotide numbering uses+ 1
as the A of the ATG translation initiation codon in the refer-
ence sequence, with the initiation codon as codon 1. Sanger
sequencing of a genomic, 561-bp PCR fragment containing
EZR exon 5, produced with forward primer 5’-TGTGGTA
GCACTTTTGACTAACC-3’ and reverse primer 5’-ACTG
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RNA derived from variant carrier fibroblasts untreated (upper panel)
and treated (lower panel) with puromycin to inhibit NMD. A mix-
ture of mutant and wild-type transcript is seen with NMD inhibition,
underlined by a red bar (E). (F) Localization of the ¢.356dup and
the reported ¢.385G>V variants in the ezrin gene and protein (with
domains indicated); ex, exon; P, phosphorylation

GCGAAGTCCTTGTGTT-3’ permitted £ZR variant valida-
tion and segregation within the family.

Primary fibroblasts culture, and EZR expression
analysis

Primary fibroblasts from the proband’s father and control
individuals were cultured to ~90% confluency in Dulbecco’s
Modified Eagle’s Medium (DMEM/F-12, Corning), supple-
mented with 100 U/ mL penicillin (Sigma-Aldrich), 100 pg/
mL streptomycin (Sigma-Aldrich) and 10% FBS (Gibco) in
a humidified atmosphere with 5% CO2 at 37°C. Cells were
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synchronized by serum starvation to enrich for mitotic phase
cells. Cells were lysed with QIAzol solution (Qiagen) and
total RNA was extracted, with and without puromycin addi-
tion to the medium (to a final concentration of 200 pg/ml)
6 hours before harvesting the cells, according to the manu-
facturer’s recommendations (RNeasy Plus Universal Mini
kit, Qiagen). cDNA synthesis was done according to the
protocol provided by the Thermo Fisher Scientific Rever-
tAid First Strand cDNA synthesis kit. A 560-bp fragment of
the EZR transcript (exons 3 to 7) was PCR-amplified from
cDNA using the primer pair 5’-CTGGAGTTTGCAATCC
AGCC-3’ and 5’-CCATACATTTCCAGGTCCTGAGC-3’
and directly sequenced.

Cell lines, cell culture, cloning and genome editing

HEK293T and Caco-2 cells (ATCC) were cultured in
DMEM (Sigma-Aldrich) containing high glucose, sodium
pyruvate, 100 U/ mL penicillin (Sigma-Aldrich), 100 pg/
mL streptomycin (Sigma-Aldrich) and 10% FBS (Gibco) in
a humidified atmosphere with 5% CO2 at 37°C. NHERF1
was amplified via PCR from cDNA and ligated into a
pENTR-HA-Strep (a gift from S. Geley, Innsbruck Medical
University, Innsbruck, Austria). Testing several antibodies
to visualize endogenous NHERF1 expression by immuno-
fluorescence microscopy was unsuccessful and we therefore
resorted to ectopic expression and visualization via the HA-
tag. For lentiviral transduction, cDNA was further subcloned
via LR clonase into a pCCL-EF1a-BlastiR-DEST lentiviral
vector using Gateway Cloning Technology (Invitrogen). For
CRISPR/Cas9-mediated depletion, guide RNA (gRNA) tar-
geting sequence for human EZR (5'-CTGAGCGGCTGATC
CCTCAA-3’) was selected using an online prediction tool
[CHOPCHOP (Labun et al. 2016)]. The gRNA was cloned
into a lentiCRISPRv2 vector via BsmBI restriction enzyme
sites. lentiCRISPRv2 was a gift from F. Zhang [Massachu-
setts Institute of Technology, Cambridge, MA; Addgene
plasmid 52961; (Sanjana et al. 2014)]. Lentiviral plasmids
were cotransfected with Lipofectamine LTX (Invitrogen)
together with pVSV-G and psPAX2 in the Hek293LTV pro-
ducer cell line. Viral supernatant was harvested 48 and 72 h
after transfection and directly used for CaCo2 cell infec-
tion. 6 d after infection, cells were selected with 10 pg/ml
puromycin (Sigma-Aldrich) or 20 pg/ml blasticidin S (Invi-
trogen), as previously described (Vogel et al. 2015). Deple-
tion efficiency was verified via Western blotting (WB), and
a gRNA-resistant cDNA was used for rescue experiments.
One clone of parental Caco-2 cells was used for subsequent
experiments. Colonies of transduced cells were selected
by limiting dilution. Cells were cultured, sub-cultured
and used for Western blot experiments on 10 cm culture
dishes (Sarsted, #83.3902). For experiments requiring fully
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polarized growth conditions [e.g., immunofluorescence (IF)
experiments, transepithelial electrical resistance (TEER)
and dextran permeability measurements], Caco-2 cells were
seeded on 24-mm (Costar Transwell; pore size of 0.4 pm;
Corning) and cultured for 14 days.

Antibodies and reagents

Primary antibodies used in this study include those against
ezrin (WB, 1:1000, 610602, Transduction Laboratories),
GAPDH (WB, 1:1000, 97166 S, Cell Signaling) and HA
(IF, 1:500, MMS-101R, Covance). Secondary horseradish-
peroxidase-conjugated goat anti-mouse and goat anti-rabbit
(1:5000; Sigma-Aldrich) antibodies were used for WB.
Actin filaments were labeled with phalloidin—Alexa Fluor
568 (1:500; Life Technologies). Secondary Alexa Fluor-
conjugated (Alexa Fluor 488 and 568) goat anti-mouse
(1:1000; Life Technologies), goat anti -rabbit (1:1000; Life
Technologies), and Hoechst 3342 (1:10,000; Thermo Fisher
Scientific) were used for IF labeling.

Western blotting

WB was performed as described previously (Fialka et al.
1997). Polyvinylidene fluoride membranes were incubated
with primary antibody at room temperature (RT) for 1 h or
overnight at 4 °C. Secondary antibody incubation was per-
formed for 1 h at RT. Chemiluminescence was exposed on
films.

Immunofluorescence microscopy

Immunofluorescence labeling of Caco-2 cells grown on
Transwell filters were performed as described previously
(Vogel et al. 2015) and mounted in Mowiol. Samples were
analyzed at RT with an epifluorescence microscope (Axio
Imager M1; Carl Zeiss) equipped with a charge-coupled
device camera (SPOT Xplorer; Visitron Systems) and
recorded with VisiView 2.0.3 (Visitron Systems). Objective
lenses used were a 25 x oil immersion objective (numerical
aperture of 0.8) and a 10 X air objective (numerical aperture
of 0.3; Carl Zeiss). Single confocal planes or stacks were
recorded with a confocal fluorescence microscope (SP5;
Leica) using a glycerol 63 x lens with a numerical aperture
of 1.3 (Leica) at RT and mounted in Mowiol. The record-
ing software used was LASAF 2.7.3 (Leica). Images were
deconvolved with Huygens Professional Deconvolution
and Analysis Software (Scientific Volume Imaging), and
adjusted for brightness, contrast, and pixel size.
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Transmission electron microscopy Identification of EZR as a CODEs candidate
Transmission electron microscopy was performed as  ES identified a  homozygous  EZR  variant

described previously (Ruemmele et al. 2010; Vogel et al.
2015a). In brief, 2D cultures were cryofixed, freeze substi-
tuted, and embedded in plastic (Ruemmele et al. 2010). Thin
sections were recorded on a transmission electron micro-
scope. Image processing was optionally carried out with
iTEM-analySIS five software (from OSIS).

Results
Phenotype of EZR-related disease

The female proband was born to healthy parents, who are
first cousins, at 37 weeks of gestation with a birth weight
of 2330 g. Five siblings are healthy (Fig. 1A). Pregnancy
was uneventful, there was no polyhydramnios. On exami-
nation, the proband had no dysmorphic features. Diarrhea
started on postnatal day 3, accompanied by hypernatremic
dehydration.

Initial stool analysis revealed a pH of 5 with positive
reducing substances, raising the suspicion of carbohydrate
malabsorption. A lactose-free formula was introduced,
followed by a galactomin-19 formula, but the diarrhea
persisted.

Immunoreactive trypsinogen was positive. She was trans-
ported to a tertiary center at age 35 days, dehydrated and
weighing 1800 g. She had watery, sometimes bloody stools,
with some improvement seen with total PN for three days.
Introduction of amino-acid based formula (Neocate) led to
watery, at times bloody stools 7—10 times/day. A represen-
tative blood gas analysis at the time read pH 7.45, HCO3
19.9 mEq/L (22-26 mEq/L), with stool electrolytes, Cl 72
mEq/L, Na 118 mEq/L, K 14 mEg/L, and an osmotic gap of
26 mOsm/kg. Serum sodium and chloride levels were nor-
mal with 2-3 mEq/kg sodium per day. Hypokalemia of 2.5
mEq/L was treated with 30 mEq/L in total PN. Stool pH
was 5.5 at the time, and reducing substances were negative,
and steatocrit was normal. The diarrhea ceased with total
PN suggesting osmotic diarrhea, but the low stool osmotic
gap suggested secretory diarrhea. Persistent hypoglycemia
with normal serum insulin levels required glucose infusion
of up to 12 mg/kg/minute. Thyroid function tests were nor-
mal. Her motor and cognitive development was appropriate
for age. The patient experienced several episodes of septi-
cemia, including sepsis with candida albicans, and neutro-
penia was noticed during these episodes. The patient died
from septicemia at 5 months of age, weighing only 3300 g
despite total PN for weeks. Intestinal biopsy material was
not obtained; autopsy was not performed.

NM 003379.4:c.356dup (p.Glul20*) in the proband
(Fig. 1B, C). Inspection of her ES data showed that the EZR
variant localized within a 13.2-Mb region of homozygosity
in the proband indicating inheritance identical-by-descent
from the consanguineous parents (Fig. 1D), and supporting
autosomal recessive inheritance of the proband’s disorder.
Other potentially pathogenic rare or private variants that
might explain the phenotype were neither seen within cod-
ing regions or at splice sites in genes known to cause CODEs
or [EL, nor in other genes covered by ES. Follow-up Sanger
sequencing demonstrated segregation of the EZR variant
with disease (Fig. 1A). This EZR variant (rs923993817) is
present in the Genome Aggregation Database (gnomAD; h
ttps://gnomad.broadinstitute.org/) in the heterozygous state
only, with a global minor allele frequency of 0.00001425,
consistent with the low prevalence of the CODEs spectrum
in the general population. The LOEUF metric from gno-
mAD shows a trend towards intolerance of EZR haploinsuf-
ficiency (gnomAD v2.1.1 LOEUF score: 0.44, pLI score:
0.18; gnomAD v4.1.0 LOEUF score: 0.7, pLI score: 0), and
homozygous EZR LoF variants are not found in gnomAD.
The variant identified in the proband localizes to EZR exon
5 of 14, and is thus expected to trigger NMD of the mutant
transcript. This was indeed demonstrated in a carrier of the
¢.356dup variant: cDNA was synthesized both with RNA
derived from fibroblasts that were treated with puromycin
to inhibit the NMD machinery prior to cell harvesting, and
with RNA from untreated fibroblasts. Using EZR transcript-
specific primers and PCR conditions, Sanger sequencing
detected only the wild-type transcript in fibroblasts with
intact NMD machinery (Fig. 1E, upper panel) but detected
an additional aberrant transcript containing the c.356dup
variant when the NMD machinery was inhibited. This aber-
rant transcript was present at a lower extent when compared
to the wild-type transcript (Fig. 1E, lower panel). As this
result demonstrated the loss of the mutant transcript, we did
not perform Western blotting for EZR protein expression
in the carrier’s fibroblasts compared with controls. Collec-
tively, our data indicate pathogenicity and LoF of the EZR
¢.356dup variant.

Ezrin is required for the integrity of the terminal
web and the brush border in human colon
carcinoma cell line Caco-2

To investigate the effects of ezrin loss on enterocyte func-
tion, we generated a CRISPR-Cas9-mediated ezrin KO in
the Caco-2 intestinal epithelial cell line, which was sub-
sequently validated by Western blot analysis (Fig. 2A).
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Fig.2 (A) Western blot confirming depleting of ezrin protein levels in
EZR knockout (KO) Caco-2 cells. GAPDH is shown as loading con-
trol. (B) Electron micrographs of the apical brush region of wild-type
(WT) and EZR KO Caco-2 cells. The terminal web (TW) is marked by
the white dashed line and actin rootlets are indicated by white arrows.
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Scale=1 pum. (C) Confocal IF micrographs of Caco-2 WT and EZR
KO monolayers. NHERF1 (green) shows disturbed apical localization
and microvilli and apical brush border actin (red) are aberrantly in EZR
KO cells. XY =top view of polarized monolayer; XZ/YZ=lateral view
of polarized monolayer. Scale=5 pm
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Transmission electron microscopy of cryosectioned polar-
ized Caco-2 cells revealed a pronounced rarefaction and
deformation of the apical microvilli, together with a marked
reduction in the actin filament network of the subapical ter-
minal web (Fig. 2B). In addition, ezrin depletion resulted
in aberrant and reduced apical localization of its interacting
protein ectopically expressed NHERF1 (Fig. 2C), highlight-
ing the critical role of ezrin in maintaining structural integ-
rity and protein localization within the intestinal epithelium.

Discussion

We identified a homozygous EZR null variant in an infant
with intractable diarrhea of congenital onset and with com-
plete failure to thrive. Evidence for pathogenicity of this
ultrarare variant is provided by variant segregation analy-
sis within the proband’s family, inheritance of the variant
identical-by-descent, and in that homozygous LoF variants
are not found in the gnomAD population database despite
adequate coverage of this gene. Further, ES in the patient
did not disclose any other pathogenic or likely pathogenic
variant in any of the genes known to cause CODEs or IEI
that would explain the severe diarrhea in this patient. As
ezrin is highly expressed in human intestinal epithelium and
plays roles in cell surface structure adhesion, migration and
organization, the identified EZR LoF variant was considered
an excellent candidate to explain the diarrhea in our patient
by affecting the establishment and the maintenance of the
apical plasma membrane structure and composition.
Previously, an isolated case of B-cell deficiency and
impaired adaptive immune function was reported in associa-
tion with ahomozygous p.Alal29Thr variant (rs528409234).
At the time of reporting, the affected individual was 30
years old with normal stature and without gastrointestinal
symptoms. The mutant ezrin was found to be expressed in
peripheral blood mononuclear cells at slightly lower levels
compared to controls. Phosphorylation at tyrosine-146 and
tyrosine-353 residues was absent (Garcia-Solis et al. 2023),
however, how these modifications affect the conformation
and function of ezrin is unclear, and how the mutant ezrin
produced the immunological phenotype in their patient
remained unsolved. The markedly different phenotypes
observed in this individual and our proband may be due to
residual ezrin function conferred by the p.Alal29Thr vari-
ant in the intestinal tract, as well as the influence of genetic
and non-genetic modifiers. Furthermore, as the EZR variants
were each identified through ES in single individuals who
were born to consanguineous parents, this leaves the pos-
sibility that disease-related intronic, regulatory or structural
variants at other gene loci might have been missed. Of note,
B cell development, as well as the proportion and numbers

of major B cell subsets in peripheral lymphoid organs, were
unaffected by the loss of ezrin in conditional ezrin knockout
mice (Pore et al. 2013), and despite high expression in lym-
phoid precursor cells, ezrin was dispensable for lymphoid
development, likely due to redundancy with moesin (Shaf-
fer et al. 2010).

Our clinical and cell biological observations lead us
to conclude that ezrin deficiency may be associated with
severe enteropathy in humans, of congenital onset as in the
patient we report here.

It is tempting to speculate that ezrin deficiency might
lead to fetal demise given that biallelic LoF variants are not
represented in the gnomAD database. The idea of an early-
onset, severe enteropathy is strongly supported by both con-
stitutional and conditional ezrin deletion studies in mice.
Constitutional deletion of ezrin resulted in severe defects
in the apical integrity of the entire developing intestinal
epithelium and ultimately in neonatal mortality, underlin-
ing the critical role of ezrin in intestinal development and
function (Saotome et al. 2004). Requirement for ezrin in
the intestinal epithelium was confirmed by producing this
same phenotype in mice with an ezrin deletion confined to
the intestinal epithelium (Casaletto et al. 2011). Tamoxifen-
induced ezrin deletion in adult mice bypassed the neonatal
lethality but resulted in severe defects in apical integrity that
were nearly identical to that seen in constitutional and con-
ditional neonates in which ezrin was deleted before villus
morphogenesis (Casaletto et al. 2011). Mouse intestinal epi-
thelial cells showed rarefied and deformed apical microvilli,
a phenotype similar to the one observed in £ZR KO Caco-2
cells. However, while mouse Ezr null enterocytes showed
an aberrantly thickened and disorganized terminal web,
EZR depletion resulted in a less prominent terminal web in
Caco-2 cells. The intestinal epithelium-derived, polarized
Caco-2 cells have been used earlier to model enteropathies
such as microvillus inclusion disease (MVID), a genetically
heterogenous type of congenital secretory diarrhea (Aldrian
et al. 2021; Janecke et al. 2021; Vogel et al. 2017b). The
severe clinical symptoms in MVID and ezrin deficiency
arise from a severe reduction in the absorptive capacity of
the intestine due to a combination of villus and microvillus
defects.

The defects at the apical brush border seen in ezrin defi-
cient Caco-2 cells, and in the intestine of ezrin KO mice
share similarities with those seen in MVID. However, a
number of differences also exist between the small intestine
in ezrin KO mice and MVID patients. Brush border enzymes
alkaline phosphatase and sucrase isomaltase accumulated
intracellularly in MVID enterocytes (Cutz et al. 1989; Phil-
lips et al. 1985, 2004), but remained at the apical surface
of intestinal epithelial cells in ezrin KO mice (Casaletto
et al. 2011; Saotome et al. 2004). Characteristic findings
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of MVID, such as ectopic microvilli forming microvillus
inclusions of variable morphology and basolateral subapical
accumulations of pleomorphic vesicles - including numer-
ous PAS-positive “secretory granules” - were not observed
in the enterocytes of ezrin KO mice or in EZR KO Caco-2
cells. While the loss of apical ezrin, or possibly its phos-
phorylation at threonine-567, may explain the abnormalities
in the brush border and terminal web, it does not explain the
intracellular retention of brush border proteins and the for-
mation of microvillus inclusions seen in MVID enterocytes.

Ezrin has been identified as an apical marker in intestinal
epithelial cells that was lost from the apical membrane and
accumulated either in the cytoplasm or on the basal side of
enterocytes in MVID patients, contributing to the conclu-
sion of MVID representing a cell polarity defect (Ameen
and Salas 2000; Michaux et al. 2016). In addition, the actin-
organizing scaffold protein ezrin was shown to contribute
to microvilli development and organization at the apical
surface of epithelial cells (Fehon et al. 2010). Interestingly,
ezrin LoF was suggested to represent a downstream conse-
quence of myosin VB LoF and part of MVID pathogenesis.
This suggestion was based on the observation that myo-
sin VB LoF in intestinal epithelial cell lines, as well as in
patients carrying myosin VB variants, caused an aberrant
localization of Rablla-positive recycling endosomes with
a concomitant inhibition of ezrin phosphorylation and of
microvilli development (Dhekne et al. 2014).

Ezrin and NHERF1 function are crucial for apical local-
ization of Na+/H+exchanger 3 (NHE3) (Zhao et al. 2004).
Direct binding of NHE3 to ezrin is necessary for basal exo-
cytosis, delivery from the synthetic pathway and movement
of NHE3 in the brush border; NHE3 is regulated by binding
indirectly to ezrin via NHERF1 (Cha and Donowitz 2008).
Ezrin depletion in Caco-2 cells led to a mislocalization of
HA-tagged NHERF1. Presumably, this would result in mis-
targeting and impaired NHE3 function in patients, a pattern
that is also seen in MVID patients (Vogel et al. 2017; Vogel,
Klee, Vogel et al. 2015a, b; Vogel, van Rijn, Vogel et al.
2017a, b). Impaired NHE3 function is considered a driver
of diarrhea (Priyamvada et al. 2015), and NHE3 deficiency
caused both by variants in its encoding gene and through
downregulation by increased intracellular cyclic guano-
sine monophosphate results in a secretory diarrhea as well
(Janecke et al. 2015; Muller et al. 2016).

A limitation of our study is the fact that we were unable
to identify further patients with ezrin deficiency resulting
from biallelic LoF variants in EZR, as well as the unavail-
ability of proper antibodies against NHERF1 and NHE3,
which impacted the in vitro functional studies.

Taken together, however, our findings provide com-
pelling evidence that the homozygous EZR LoF variant,
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¢.356dup, underlies the severe enteropathy observed in the
patient described here.

Author contributions G.F.V. and A.R.J. conceived and designed the
study. A.M.D. provided clinical data and managed patients. G.F.V. and
K.M.C.K. conceived and conducted cell biological studies. M.W.H.
obtained electron microscopy data. G.F.V.,, KM.CK., M.\W.H. and
L.A.H. interpreted cell biological and electron microscopy data. D.G.
conducted the mutation segregation and transcript analyses. T.M. and
A.R.J. evaluated clinical and genetic results. A.R.J. and G.F.V. drafted
the manuscript. All authors reviewed and agreed on the manuscript.

Funding Open access funding provided by University of Innsbruck
and Medical University of Innsbruck.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Adzhubei 1A, Schmidt S, Peshkin L, Ramensky VE, Gerasimova
A, Bork P, Kondrashov AS, Sunyaev SR (2010) A method and
server for predicting damaging missense mutations. Nat Methods
7(4):248-249. https://doi.org/10.1038/nmeth0410-248

Aldrian D, Vogel GF, Frey TK, Civan A, Aksu H, Avitzur AU, Ramos
Boluda Y, Cakir E, Demir M, Deppisch AM, Duba C, Duker HC,
Gerner G, Hertecant P, Hornova J, Kathemann J, Koeglmeier S,
Koutroumpa J, Lanzersdorfer A, Janecke R, A. R (2021) Congen-
ital diarrhea and cholestatic liver disease: phenotypic spectrum
associated with MYOS5B mutations. J Clin Med 10(3). https://doi
.0rg/10.3390/jcm 10030481

Ameen NA, Salas PJ (2000) Microvillus inclusion disease: a genetic
defect affecting apical membrane protein traffic in intestinal epi-
thelium. Traffic 1(1):76—83. https://doi.org/10.1034/j.1600-0854.
2000.010111.x

Babcock SJ, Flores-Marin D, Thiagarajah JR (2023) The genet-
ics of Monogenic intestinal epithelial disorders. Hum Genet
142(5):613-654. https://doi.org/10.1007/s00439-022-02501-5

Casaletto JB, Saotome I, Curto M, McClatchey Al (2011) Ezrin-medi-
ated apical integrity is required for intestinal homeostasis. Proc
Natl Acad Sci U S A 108(29):11924—-11929. https://doi.org/10.1
073/pnas.1103418108


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.3390/jcm10030481
https://doi.org/10.3390/jcm10030481
https://doi.org/10.1034/j.1600-0854.2000.010111.x
https://doi.org/10.1034/j.1600-0854.2000.010111.x
https://doi.org/10.1007/s00439-022-02501-5
https://doi.org/10.1073/pnas.1103418108
https://doi.org/10.1073/pnas.1103418108

Human Genetics (2025) 144:505-514

513

Cha B, Donowitz M (2008) The epithelial brush border
Na+/H+exchanger NHE3 associates with the actin cytoskeleton
by binding to Ezrin directly and via PDZ domain-containing
Na+/H+exchanger regulatory factor (NHERF) proteins. Clin
Exp Pharmacol Physiol 35(8):863—871. https://doi.org/10.1111/j
.1440-1681.2008.04931.x

Cutz E, Rhoads JM, Drumm B, Sherman PM, Durie PR, Forstner GG
(1989) Microvillus inclusion disease: an inherited defect of brush-
border assembly and differentiation. N Engl J Med 320(10):646—
651. https://doi.org/10.1056/NEJM198903093201006

Dhekne HS, Hsiao NH, Roelofs P, Kumari M, Slim CL, Rings EH, van
Ijzendoorn SC (2014) Myosin Vb and Rab11a regulate phosphor-
ylation of Ezrin in enterocytes. J Cell Sci 127(Pt 5):1007-1017. h
ttps://doi.org/10.1242/jcs. 137273

Fehon RG, McClatchey Al, Bretscher A (2010) Organizing the
cell cortex: the role of ERM proteins. Nat Rev Mol Cell Biol
11(4):276-287. https://doi.org/10.1038/nrm2866

Fialka I, Pasquali C, Lottspeich F, Ahorn H, Huber LA (1997) Subcel-
lular fractionation of polarized epithelial cells and identification
of organelle-specific proteins by two-dimensional gel electropho-
resis. Electrophoresis 18(14):2582-2590. https://doi.org/10.1002
/elps.1150181414

Garcia-Solis B, Van Den Rym A, Martinez-Martinez L, Franco T,
Perez-Caraballo JJ, Markle J, Cubillos-Zapata C, Marin AV,
Recio MJ, Regueiro JR, Navarro-Zapata A, Mestre-Duran C, Fer-
reras C, Cotazar M, Mena C, de la Calle-Fabregat R, Lopez-Lera
C, Fernandez Arquero A, Perez-Martinez M, de Diego A (2023)
R. Inherited human ezrin deficiency impairs adaptive immunity. J
Allergy Clin Immunol, 152(4), 997-1009 e1011. https://doi.org/1
0.1016/j.jaci.2023.05.022

Guo Y, Dai Y, Yu H, Zhao S, Samuels DC, Shyr Y (2017) Improve-
ments and impacts of GRCh38 human reference on high through-
put sequencing data analysis. Genomics 109(2):83-90. https://do
i.org/10.1016/j.ygeno.2017.01.005

Jaganathan K, Kyriazopoulou Panagiotopoulou S, McRae JF, Dar-
bandi SF, Knowles D, Li YI, Kosmicki JA, Arbelaez J, Cui W,
Schwartz GB, Chow ED, Kanterakis E, Gao H, Kia A, Batzoglou
S, Sanders SJ, Farh KK (2019) Predicting splicing from primary
sequence with deep learning. Cell 176(3):535-548e524. https://d
oi.org/10.1016/j.cell.2018.12.015

Janecke AR, Heinz-Erian P, Yin J, Petersen BS, Franke A, Lechner
S, Fuchs I, Melancon S, Uhlig HH, Travis S, Marinier E, Perisic
V, Ristic N, Gerner P, Booth IW, Wedenoja S, Baumgartner N,
Vodopiutz J, Frechette-Duval MC, Muller T (2015) Reduced
sodium/proton exchanger NHE3 activity causes congenital
sodium diarrhea. Hum Mol Genet 24(23):6614—6623. https://do
i.org/10.1093/hmg/ddv367

Janecke AR, Liu X, Adam R, Punuru S, Viestenz A, Strauss V, Laass
M, Sanchez E, Adachi R, Schatz MP, Saboo US, Mittal N,
Rohrschneider K, Escher J, Ganesh A, Zuhaibi A, Al Murshedi
S, AlSaleem F, Alfadhel B, Janz M, R (2021) Pathogenic STX3
variants affecting the retinal and intestinal transcripts cause an
early-onset severe retinal dystrophy in Microvillus inclusion dis-
ease subjects. Hum Genet 140(8):1143—1156. https://doi.org/10.1
007/s00439-021-02284-1

Labun K, Montague TG, Gagnon JA, Thyme SB, Valen E (2016)
CHOPCHOP v2: a web tool for the next generation of CRISPR
genome engineering. Nucleic Acids Res 44(W1):W272-276. http
s://doi.org/10.1093/nar/gkw398

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14):1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li H, Dawood M, Khayat MM, Farek JR, Jhangiani SN, Khan ZM,
Mitani T, Coban-Akdemir Z, Lupski JR, Venner E, Posey JE,
Sabo A, Gibbs RA (2021) Exome variant discrepancies due to

reference-genome differences. Am J Hum Genet 108(7):1239—
1250. https://doi.org/10.1016/j.ajhg.2021.05.011

McClatchey Al (2014) ERM proteins at a glance. J Cell Sci 127(Pt
15):3199-3204. https://doi.org/10.1242/jcs.098343

Michaux G, Massey-Harroche D, Nicolle O, Rabant M, Brousse N,
Goulet O, Le Bivic A, Ruemmele FM (2016) The localisation of
the apical Par/Cdc42 Polarity module is specifically affected in
Microvillus inclusion disease. Biol Cell 108(1):19-28. https://doi
.org/10.1111/boc.201500034

Muller T, Rasool I, Heinz-Erian P, Mildenberger E, Hulstrunk C,
Muller A, Michaud L, Koot BG, Ballauff A, Vodopiutz J, Rosipal
S, Petersen BS, Franke A, Fuchs I, Witt H, Zoller H, Janecke AR,
Visweswariah SS (2016) Congenital secretory diarrhoea caused
by activating germline mutations in GUCY2C. Gut 65(8):1306—
1313. https://doi.org/10.1136/gutjnl-2015-309441

Ng PC, Henikoff S (2003) SIFT: predicting amino acid changes that
affect protein function. Nucleic Acids Res 31(13):3812-3814. htt
ps://doi.org/10.1093/nar/gkg509

Phillips AD, Jenkins P, Raafat F, Walker-Smith JA (1985) Congenital
microvillous atrophy: specific diagnostic features. Arch Dis Child
60(2):135-140. https://doi.org/10.1136/adc.60.2.135

Phillips AD, Brown A, Hicks S, Schuller S, Murch SH, Walker-Smith
JA, Swallow DM (2004) Acetylated Sialic acid residues and
blood group antigens localise within the epithelium in microvil-
lous atrophy indicating internal accumulation of the glycocalyx.
Gut 53(12):1764-1771. https://doi.org/10.1136/gut.2004.041954

Pore D, Parameswaran N, Matsui K, Stone MB, Saotome I, McClatchey
Al, Veatch SL, Gupta N (2013) Ezrin tunes the magnitude of
humoral immunity. J Immunol 191(8):4048-4058. https://doi.or
2/10.4049/jimmunol.1301315

Povysil G, Tzika A, Vogt J, Haunschmid V, Messiaen L, Zschocke J,
Klambauer G, Hochreiter S, Wimmer K (2017) panelen.MOPS:
Copy-number detection in targeted NGS panel data for clinical
diagnostics. Hum Mutat 38(7):889—897. https://doi.org/10.1002
/humu.23237

Priyamvada S, Gomes R, Gill RK, Saksena S, Alrefai WA, Dudeja
PK (2015) Mechanisms underlying dysregulation of electrolyte
absorption in inflammatory bowel Disease-Associated diarrhea.
Inflamm Bowel Dis 21(12):2926-2935. https://doi.org/10.1097/
MIB.0000000000000504

Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M (2019)
CADD: predicting the deleteriousness of variants throughout the
human genome. Nucleic Acids Res 47(D1):D886-D894. https://d
oi.org/10.1093/nar/gky1016

Ruemmele FM, Muller T, Schiefermeier N, Ebner HL, Lechner S,
Pfaller K, Thoni CE, Goulet O, Lacaille F, Schmitz J, Colomb V,
Sauvat F, Revillon Y, Canioni D, Brousse N, de Saint-Basile G,
Lefebvre J, Heinz-Erian P, Enninger A, Huber LA (2010) Loss-
of-function of MYO5B is the main cause of Microvillus inclusion
disease: 15 novel mutations and a CaCo-2 RNAI cell model. Hum
Mutat 31(5):544-551. https://doi.org/10.1002/humu.21224

Sanjana NE, Shalem O, Zhang F (2014) Improved vectors and
genome-wide libraries for CRISPR screening. Nat Methods
11(8):783-784. https://doi.org/10.1038/nmeth.3047

Saotome I, Curto M, McClatchey Al (2004) Ezrin is essential for epi-
thelial organization and villus morphogenesis in the developing
intestine. Dev Cell 6(6):855-864. https://doi.org/10.1016/j.devc
¢1.2004.05.007

Shaffer MH, Huang Y, Corbo E, Wu GF, Velez M, Choi JK, Saotome
I, Cannon JL, McClatchey Al, Sperling Al, Maltzman JS, Oli-
ver PM, Bhandoola A, Laufer TM, Burkhardt JK (2010) Ezrin is
highly expressed in early thymocytes, but dispensable for T cell
development in mice. PLoS ONE 5(8):e12404. https://doi.org/10
.1371/journal.pone.0012404

@ Springer


https://doi.org/10.1016/j.ajhg.2021.05.011
https://doi.org/10.1242/jcs.098343
https://doi.org/10.1111/boc.201500034
https://doi.org/10.1111/boc.201500034
https://doi.org/10.1136/gutjnl-2015-309441
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1136/adc.60.2.135
https://doi.org/10.1136/gut.2004.041954
https://doi.org/10.4049/jimmunol.1301315
https://doi.org/10.4049/jimmunol.1301315
https://doi.org/10.1002/humu.23237
https://doi.org/10.1002/humu.23237
https://doi.org/10.1097/MIB.0000000000000504
https://doi.org/10.1097/MIB.0000000000000504
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1002/humu.21224
https://doi.org/10.1038/nmeth.3047
https://doi.org/10.1016/j.devcel.2004.05.007
https://doi.org/10.1016/j.devcel.2004.05.007
https://doi.org/10.1371/journal.pone.0012404
https://doi.org/10.1371/journal.pone.0012404
https://doi.org/10.1111/j.1440-1681.2008.04931.x
https://doi.org/10.1111/j.1440-1681.2008.04931.x
https://doi.org/10.1056/NEJM198903093201006
https://doi.org/10.1242/jcs.137273
https://doi.org/10.1242/jcs.137273
https://doi.org/10.1038/nrm2866
https://doi.org/10.1002/elps.1150181414
https://doi.org/10.1002/elps.1150181414
https://doi.org/10.1016/j.jaci.2023.05.022
https://doi.org/10.1016/j.jaci.2023.05.022
https://doi.org/10.1016/j.ygeno.2017.01.005
https://doi.org/10.1016/j.ygeno.2017.01.005
https://doi.org/10.1016/j.cell.2018.12.015
https://doi.org/10.1016/j.cell.2018.12.015
https://doi.org/10.1093/hmg/ddv367
https://doi.org/10.1093/hmg/ddv367
https://doi.org/10.1007/s00439-021-02284-1
https://doi.org/10.1007/s00439-021-02284-1
https://doi.org/10.1093/nar/gkw398
https://doi.org/10.1093/nar/gkw398
https://doi.org/10.1093/bioinformatics/btp324

514

Human Genetics (2025) 144:505-514

Stallard L, Siddiqui I, Muise A (2023) Beyond IBD: the genetics of
other early-onset diarrhoeal disorders. Hum Genet 142(5):655—
667. https://doi.org/10.1007/s00439-023-02524-6

Szabo L, Pollio AR, Vogel GF (2024) Intracellular trafficking defects
in congenital intestinal and hepatic diseases. Traffic 25(8):e12954.
https://doi.org/10.1111/tra.12954

Turunen O, Wahlstrom T, Vaheri A (1994) Ezrin has a COOH-terminal
actin-binding site that is conserved in the Ezrin protein family.
J Cell Biol 126(6):1445—-1453. https://doi.org/10.1083/jcb.126.6
.1445

Uhlig HH, Charbit-Henrion F, Kotlarz D, Shouval DS, Schwerd T,
Strisciuglio C, de Ridder L, van Limbergen J, Macchi M, Snap-
per SB, Ruemmele FM, Wilson DC, Travis SPL, Griffiths AM,
Turner D, Klein C, Muise AM, Russell RK, Paediatric IB D. P. G.
0. E. (2021). Clinical genomics for the diagnosis O. Monogenic
forms O. inflammatory bowel disease: A position paper from the
paediatric IBD Porto group O. European society O. paediatric
gastroenterology, hepatology and nutrition. J Pediatr Gastroen-
terol Nutr, 72(3), 456—473. https://doi.org/10.1097/MPG.000000
0000003017

Vogel GF, Ebner HL, de Araujo ME, Schmiedinger T, Eiter O, Pircher
H, Gutleben K, Witting B, Teis D, Huber LA, Hess MW (2015a)
Ultrastructural morphometry points to a new role for LAMTOR2
in regulating the Endo/Lysosomal system. Traffic 16(6):617-634.
https://doi.org/10.1111/tra.12271

Vogel GF, Klee KM, Janecke AR, Muller T, Hess MW, Huber LA
(2015b) Cargo-selective apical exocytosis in epithelial cells is
conducted by Myo5B, Slp4a, Vamp7, and syntaxin 3. J Cell Biol
211(3):587-604. https://doi.org/10.1083/jcb.201506112

@ Springer

Vogel GF, Janecke AR, Krainer IM, Gutleben K, Witting B, Mitton
SG, Mansour S, Ballauff A, Roland JT, Engevik AC, Cutz E,
Muller T, Goldenring JR, Huber LA, Hess MW (2017a) Abnor-
mal Rabl1-Rab8-vesicles cluster in enterocytes of patients with
Microvillus inclusion disease. Traffic 18(7):453—464. https://doi.
org/10.1111/tra.12486

Vogel GF, van Rijn JM, Krainer IM, Janecke AR, Posovszky C, Cohen
M, Searle C, Jantchou P, Escher JC, Patey N, Cutz E, Muller T,
Middendorp S, Hess MW, Huber LA (2017b) Disrupted apical
exocytosis of cargo vesicles causes enteropathy in FHLS patients
with Munc18-2 mutations. JCI Insight 2(14). https://doi.org/10.1
172/jci.insight.94564

Vogel GF, Podpeskar A, Rieder D, Salzer H, Garczarczyk-Asim D,
Wang L, Abuduxikuer K, Wang JS, Scharrer A, Faqeih EA, Aseeri
AT, Vodopiutz J, Heilos A, Pichler J, Huber WD, Muller T, Knisely
AS, Janecke AR (2024) Kinesin family member 12-related hepa-
topathy: A generally indolent disorder with elevated gamma-glu-
tamyl-transferase activity. Clin Genet 106(3):224-233. https://do
i.org/10.1111/cge.14524

Zhao H, Shiue H, Palkon S, Wang Y, Cullinan P, Burkhardt JK, Musch
MW, Chang EB, Turner JR (2004) Ezrin regulates NHE3 trans-
location and activation after Na+-glucose cotransport. Proc Natl
Acad Sci U S A 101(25):9485-9490. https://doi.org/10.1073/pna
5.0308400101

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/tra.12486
https://doi.org/10.1111/tra.12486
https://doi.org/10.1172/jci.insight.94564
https://doi.org/10.1172/jci.insight.94564
https://doi.org/10.1111/cge.14524
https://doi.org/10.1111/cge.14524
https://doi.org/10.1073/pnas.0308400101
https://doi.org/10.1073/pnas.0308400101
https://doi.org/10.1007/s00439-023-02524-6
https://doi.org/10.1111/tra.12954
https://doi.org/10.1111/tra.12954
https://doi.org/10.1083/jcb.126.6.1445
https://doi.org/10.1083/jcb.126.6.1445
https://doi.org/10.1097/MPG.0000000000003017
https://doi.org/10.1097/MPG.0000000000003017
https://doi.org/10.1111/tra.12271
https://doi.org/10.1111/tra.12271
https://doi.org/10.1083/jcb.201506112

	﻿Congenital enteropathy caused by ezrin deficiency
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients
	﻿Exome sequencing, variant validation, and intrafamilial segregation analysis
	﻿Primary fibroblasts culture, and EZR expression analysis
	﻿Cell lines, cell culture, cloning and genome editing
	﻿Antibodies and reagents
	﻿Western blotting
	﻿Immunofluorescence microscopy
	﻿Transmission electron microscopy

	﻿Results
	﻿Phenotype of EZR-related disease
	﻿Identification of ﻿EZR﻿ as a CODEs candidate
	﻿Ezrin is required for the integrity of the terminal web and the brush border in human colon carcinoma cell line Caco-2

	﻿Discussion
	﻿References


