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Microvillus inclusion disease (MVID) is a rare intestinal enteropathy
with an onset within a few days to months after birth, resulting in
persistent watery diarrhea. Mutations in the myosin Vb gene
(MYOS5B) have been identified in the majority of MVID patients. How-
ever, the exact pathophysiology of MVID still remains unclear. To ad-
dress the specific role of MYO5B in the intestine, we generated an
intestine-specific conditional Myo5b-deficient (Myo5b™":Vil-CreERT2)
mouse model. We analyzed intestinal tissues and cultured organoids
of Myo5b™:Vil-CreERT2 mice by electron microscopy, immunofluores-
cence, and immunohistochemistry. Our data showed that Myo5b™";
Vil-CreERT2 mice developed severe diarrhea within 4 d after tamoxifen
induction. Periodic Acid Schiff and alkaline phosphatase staining re-
vealed subapical accumulation of intracellular vesicles in villus entero-
cytes. Analysis by electron microscopy confirmed an almost complete
absence of apical microvilli, the appearance of microvillus inclusions,
and enlarged intercellular spaces in induced Myo5b™”;Vil-CreERT2 in-
testines. In addition, we determined that MYO5B is involved not only
in apical but also basolateral trafficking of proteins. The analysis of
the intestine during the early onset of the disease revealed that sub-
apical accumulation of secretory granules precedes occurrence of mi-
crovillus inclusions, indicating involvement of MYO5B in early differ-
entiation of epithelial cells. By comparing our data with a novel MVID
patient, we conclude that our mouse model completely recapitulates
the intestinal phenotype of human MVID. This includes severe diar-
rhea, loss of microvilli, occurrence of microvillus inclusions, and sub-
apical secretory granules. Thus, loss of MYO5B disturbs both apical
and basolateral trafficking of proteins and causes MVID in mice.
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M icrovillus inclusion disease (MVID) is a rare intestinal
enteropathy with autosomal recessive inheritance, which
was first described in 1978 (1). MVID patients cannot take up
any nutrients and are often completely dependent on parenteral
nutrition. The disease is characterized by villus atrophy, (partial)
loss of microvilli on the apical plasma membrane of intestinal
epithelial cells, and accumulation of intracellular vesicles/vacuoles,
containing apical proteins and microvilli (2, 3). In addition, some
studies also show mislocalization of apical and basolateral pro-
teins, occasional crypt hyperplasia, and villus fusion (4-6).

In the great majority of patients, MVID is caused by mutations in
MYO5B, encoding the motorprotein, myosin Vb (5). In two patients,
mutations in syntaxin 3 (S7X3) caused a variant form of MVID (7).
More than 41 unique mutations along the different regions in
MYO5B have been identified in MVID patients, including deletions

12408-12413 | PNAS | October 6,2015 | vol. 112 | no. 40

and nonsense, missense, and splice-site mutations (8-10). MYO5B is
coding for the actin-based myosin 5b motor protein, which regu-
lates apical membrane trafficking (5, 11). MYOSB functions as a
homodimer and has three functional domains: an N-terminal motor
domain, a calmodulin-binding domain, and a C-terminal tail, which
binds cargo through association with the small GTPases RABSA
and/or RAB11A (12, 13). Altered expression of myosin Vb af-
fects the apical membrane trafficking mechanism in epithelial
cells, causing mislocalization of apical brush border proteins,
such as villin (vil), CD10, or alkaline phosphatase (ALP) in the
cytoplasm of duodenal enterocytes (2, 3, 5), and an increased
apical localization of transferrin receptor (5, 14).

Although mouse models mimicking certain features of MVID
have previously been described, such as Rab8 (15), Cdc42 (16, 17),
and Rablla knockout (KO) mice (18, 19), no mutations in the
coding regions of those genes have been reported in human
MVID patients. Current in vitro models to study apical trafficking
and polarization-associated diseases such as MVID are the pa-
rental Caco?2 cell line, Caco-BBE, and LS174 W4 cells, in which
polarization can be induced in vitro (4, 8, 12, 20). Although
valuable knowledge about the function of MYOS5B in polarization
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was gained in these models, the direct relevance of the colon
cancer cell lines for the disease is questionable, and diverging
results have been obtained with knockdown of MYO5B in the
parental Caco2 cells compared with the more polarized Caco-
BBE cells (8, 12, 20). As such, we here present an inducible MVID
mouse model that recapitulates the genetic defects in man, which
allows analysis of the role of MYOSB in a physiological setting
and the sequence of events in MVID pathophysiology.

Results

Generation of Mice. To study the consequence of Myo5b ablation
in an in vivo model, we generated a Cre-inducible floxed Myo5b
mouse in which LoxP sites were placed around exon 4 (Fig. 14).

PNAS

Targeted ES cell clones were checked for homologous re-
combination by Southern blotting (Fig. S14). Cre-induced de-
letion of exon 4 in our mouse model results in a frame shift and a
premature stop codon leading to a truncated protein of 111
amino acids (a full-length protein is 1,818 amino acids) and loss
of the MYOS5B protein. To generate an intestine-specific in-
ducible KO mouse model for Myo5b, we have crossed homozy-
gous Myo5b™ mice with a Vil-CreERT2 mouse strain (21).
Vil-CreERT?2 mice express the Cre enzyme under the control of
the Vil promoter, which drives stable and homogeneous expres-
sion of the Cre recombinase in all epithelial cells of the small and
large intestine. Because the Cre recombinase is fused to the estro-
gen receptor ERT2, it remains retained in the plasma membrane of
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Fig. 1.

Myo5b deficiency causes an MVID phenotype in mice. (A) Diagram depicting the strategy for the conditional KO of exon 4 of the Myo5b gene. The

probe used for Southern blot analysis (indicated in red) hybridizes with a 13.6-kb Kpnl fragment from the wild-type allele and with a 6.7-kb Kpnl fragment
from the targeted allele. F and R indicate the location of the primers used for genotyping. Exons are indicated with yellow squares. LoxP sites and FRT sites are
represented by red and green triangles, respectively. (B) Relative weight curves of homozygous Myo5b™:Vil-CreERT2 mice (n = 2-8 per time point), het-
erozygous Myo5b™*;Vil-CreERT2 control mice (n = 2-6 per time point), one Myo5b*'*;Vil-CreERT2, and one Myo5b™* control mouse. All mice were induced
with 4.5 mg tamoxifen at 8-10 wk of age. Graph shows means + SEM. (C-E) At day 4 after induction, Myo5b™*:Vil-CreERT2 mice showed (C) subapical
accumulation of PAS-positive vesicles (small arrows) and villus fusion (white arrowheads) and (D) mislocalization of the apical marker ALP to the cytoplasm
(arrows). (E and F) TEM revealed (E) erosion and loss of apical microvilli (large arrows), subapical accumulation of vesicles (small arrows), intracellular mi-
crovillus inclusions (black arrowhead), A/Ls, and widened intercellular spaces (*) in villus epithelial cells of Myo5b™":Vil-CreERT2 mice. (F) EM-cytochemistry
shows epithelial cells at the crypt-villus transition with PAS-positive, classical secretory granules (small arrows).
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Table 1. Quantification of TEM characteristics

MVID characteristics Myo5b™*,Vil-Cre (n = 50)  Myo5b™"Vil-Cre (n = 100) P value
Microvillus inclusions 0% 19% 0.0004
Apical microvilli 100% 20% <0.0001
Basolateral microvilli 0% 20% 0.0002
AlLs 30% 78% <0.0001
Subapical accumulation of vesicles 4% 73% <0.0001
Increased intercellular space 6% 50% <0.0001

Five Myo5b™:Vil-Cre and two Myo5b™*;Vil-Cre mice were injected with tamoxifen and killed 4 d later. TEM
was performed, and 50-100 enterocytes per mouse strain were analyzed for MVID characteristics.

the epithelial cells. Only upon induction with tamoxifen, the Cre-
ERT?2 protein is translocated to the nucleus, where it can pro-
mote recombination of the LoxP sites and thereby inactivate the
conditional Myo5b allele. The resulting MyoSbfZﬂ;Vll-CreERTZ
mice were genotyped by PCR (Fig. S1B).

To determine the intestine-specific phenotype of loss of Myo5b,
we have injected MyoSb™":Vil-CreERT2 mice and Myo5b™™;Vil-
CreERT2, My05bﬂ/ *Vil-CreERT?2, and My05bﬂ/ﬂ control mice with
tamoxifen and measured their weight everf}]f day. Starting from day
3 after tamoxifen induction, only My05bﬂ/ ,Vil-CreERT2 mice dis-
played severe weight loss compared with controls (Fig. 1B). Mice
were killed no later than day 4 after induction, due to severe weight
loss and dehydration as a result from watery diarrhea (Fig. S1C).
We observed that Myo5b**;Vil-CreERT2, Myo5b™"*Vil-CreERT?2,
and Myo5b™":Vil-CreERT? control mice did not show any pheno-
type, as confirmed by weight curves, Periodic Acid Schiff (PAS)
staining and EM (Fig. 1B and Fig. S1D). Absence of myosin Vb
upon tamoxifen induction was confirmed by mRNA expression and
immunohistochemistry (Fig. S2 4 and B).

Loss of Myo5bh Causes MVID Phenotype in Mice. The histological
analysis of the intestine of the tamoxifen-induced MyoSH"";Vil-
CreERT2 mice on day 4 showed villus atrophy and crypt hyper-
plasia, which was confirmed by a significantly (P < 0.0001) increased
amount of Ki67-positive crypt cells (Fig. 1 C and D and Fig. S2 C
and D). We have counted 23 + 0.4 and 29 + 0.6 Ki67" cells in 50
crypts from a Myo5h"*;Vil-CreERT2 and a Myo5b™":Vil-CreERT?
mouse, respectively (Fig. S2D). Furthermore, PAS and ALP stain-
ing revealed subapical accumulation of intracellular vesicles in villus
enterocytes. Finally, fusion of villi was observed, a feature only re-
cently reported from MVID patients (4) (Fig. 1 C and D).
Pathognomonic features of MVID are the so-called microvillus
inclusions that are found in ~10% of mature enterocytes at the
tips of the villi of these patients (3, 22). Analysis of the intestines
of induced Myo5b™":Vil-CreERT2 mice by electron MiCroscopy
(EM) showed a severe reduction to almost complete absence of
apical microvilli on day 4 after induction. Furthermore, we found
conspicuous clusters of subapical vesicles as well as (auto)lyso-
somes (A/Ls) and microvillus inclusions in mature villus entero-
cytes (Fig. 1E). Finally, we observed enlarged intercellular spaces
between enterocytes and occasionally basolateral microvilli.
Strongly PAS-positive vesicles, representing the classical electron-
dense secretory granules (3), occurred in crypt enterocytes and at
the crypt—villus transition (Fig. 1F). The features described above
have been reported to be the main pathological features of MVID
patients (1, 3, 5, 8, 11, 14), indicating that our mouse model
phenocopies human MVID. Additionally, we have quantified the
phenotypic characteristics of our mouse model in Table 1.

STX3 and RAB11A Define Microvillus Inclusions as Apical Domains. Pre-
viously, it has been shown that MYOS5B regulates localization of
apical proteins toward the plasma membrane (2, 4, 5, 8, 9, 14, 20,
23, 24). In concordance with previous findings, ALP stainin,

showed subapical accumulation in villus enterocytes of MyoSb™";
Vil-CreERT?2 mice (Fig. 1D). Furthermore, phosphorylated Ezrin—
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Radixin—-Moesin (pERM), which connects the apical plasma
membrane to F-actin filaments to stabilize microvilli (25-27), was
markedly decreased at the apical membrane and was found in the
cytoplasm of Myo5b""Vil-CreERT2 mice (Fig. 2 A and B).

To perform its function, MYOS5B associates with RABSA and
RABL1A, working as a tether and connecting Rab-associated
vesicles to actin filaments (9, 12). Depending on the association
with either RABSA or RAB11A, MYOS5B is involved in distinct
trafficking pathways. MYOS5B association with RABSA has been
linked to direct trafficking from the Golgi to the plasma mem-
brane, whereas association of MYOS5B with RAB11A is crucial
for apical endosomal recycling (13).

RAB11A pERM RAB11A/pERM/nuclei

Rey i

Myo5b";Vil-CreERT2 T Myo5b™"-Vil-CreERT2 ~ Myo5b™*Vil-CreERT2 I>

Myo5b™; Vil-CreERT2

Fig. 2. Apical proteins mislocalize to inclusions that are surrounded by
RAB11A. Coimmunofluorescence staining for (A) pERM with RAB11A and
(B) ezrin with STX3 on day 4 after Cre induction revealed a loss of apical pERM
(arrows) and occurrence of pERM/ezrin-positive microvillus inclusions (closed
arrowheads) in Myo5b™7;Vil-CreERT2 mice, which costained with STX3 (open
arrowheads) and are surrounded by RAB11A.
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Fig. 3. Basolateral proteins are mislocalized. On day 4 after induction with
tamoxifen, Myo5b™"Vil-CreERT2 intestines displayed mislocalization of the
basolateral markers (A) a2 integrin to the basolateral cytoplasm of enterocytes
at the tip of the villus (arrowheads) and (B) E-cadherin and (C) Na/K-ATPase to
the apical membrane (arrowheads).
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Here, we show that control mice show diffuse staining of
RABSA and subapical staining of RAB11A. In contrast, MyoSb™";
Vil-CreERT2 mice show reduced RABSA staining with a few
subapical foci (Fig. S34). RAB11A was lost at the apical mem-
brane and showed a more diffuse cytoplasmic staining. In addition,
several intracellular ezrin-positive inclusions were surrounded by
RABI11A-positive vesicles (Fig. 24). Lysosome-associated mem-
brane protein 1 (LAMP1), which normally localizes subapically,
was diffusely distributed in the cytoplasm of Myo5H™";Vil-
CreERT? enterocytes (Fig. S3B). These data indicate a disturbed
trafficking and recycling machinery in Myo5b-deficient cells.

Previously, we have shown that, next to MYOS5B, the target-
soluble N-ethylmaleimide—sensitive factor attachment protein re-
ceptor (t-SNARE) protein STX3 is also involved in MVID
pathogenesis, as we described two patients with a variant form of
MVID having mutations in STX3 (7). Furthermore, in a Rabl1-
KO mouse model, it was reported that microvillus inclusions were
associated with STX3 (18). Here, we show that the ezrin-positive
inclusions in our Myo5b-KO mouse model colocalize with STX3
(Fig. 2B). This indicates that microvillus inclusions present as
ectopic apical domains positive for the apical t-SNARE STX3 and
being surrounded by RAB11A-positive vesicles.

Loss of Myo5b Causes Disturbed Basolateral Polarity. Data on
basolateral markers in different MVID patients or MYO5B-
deficient cell lines are not consistent, and basolateral polarity seems
not always to be disturbed (2, 5, 12, 14). We analyzed the locali-
zation of selected basolateral markers and found that 4 days after
tamoxifen induction, Myo5b™":Vil-CreERT2 mice showed a slightly
abnormal distribution of a2-integrin. This integrin subunit is mainly
expressed on basolateral membranes of lower villus enterocytes.
Notably, in My05bﬂ/ﬂ;Vil-CreERT2 mice, enterocytes at the tip of
the villus showed stronger staining at the basal plasma membrane
and near the nucleus (Fig. 34). E-cadherin and Na/K-ATPase,
which are normally only located at the basolateral membrane,
were found on apical surfaces of some, but not all, Myo5b-deficient
cells (Fig. 3 B and C).

Myo5b™:Vil-CreERT2 Mice Phenocopy Human MVID. As summarized
in Table 1, all histological characteristics found in MVID patients
were phenocopied in our Myo5h™":Vil-CreERT2 mouse model. To
better compare mouse and human disease phenotypes, we addi-
tionally show the analysis of a newly identified MVID patient, har-
boring a homozygous c.1323-2A > G splice-site mutation in MYOSB,

Schneeberger et al.

identified previously in MVID (5). EM shows loss of microvilli,
subapical accumulation of vesicles/secretory granules, basolateral
microvilli, and microvillus inclusions (Fig. 44). EM-cytochemistry
for PAS-reactive material revealed strongly positive vesicles at the
crypt-villus transition of the MVID patient, which represents clas-
sical (“dark”) secretory granules (Fig. 4B). Furthermore, costain-
ings on cryosections show that intracellular actin-positive inclusions
are surrounded by RAB11A (Fig. 4C) and the basolateral Na/K-
ATPase was partly mislocalized to the apical membrane (Fig. 4D).
Actin-positive inclusions colocalized with STX3 (Fig. 4E), and
LAMP1 was distributed more diffusely throughout the cytoplasm
of MVID enterocytes (Fig. 4E).

In conclusion, the analysis of the MVID patient fully confirms
the validity of the mouse model presented here presented (see
Table S1 for a summary).

Loss of Myo5b First Affects Inmature Enterocytes and Consecutively
Leads to Disturbed Recycling in Mature Enterocytes. In MVID pa-
tients, the most severe phenotype is observed in mature villus
enterocytes at the tip of the villi, whereas crypt cells appear less

Actin RAB11A/Actin/nuclei

A 7

Healthy control

Na/K/Actin/nuclei

Healthy control

Fig. 4. Phenotypic analysis of a newly identified human MVID patient with
a MYO5B 1323-2A > G mutation. (A) TEM shows loss of microvilli (big ar-
rows), subapical accumulation of translucent vesicles (small arrows), A/Ls,
and microvillus inclusions (arrowhead). The Inset shows basolateral microvilli
(double arrowhead). (B) EM-cytochemistry for PAS-positive material shows
classical electron-dense, secretory granules (arrows) in epithelial cells at the
crypt-villus transition. (C-E) Costainings on crysections show that actin-
positive inclusions (arrowheads) are (C) surrounded by RAB11A-positive
vesicles (open arrowheads) and (D) colocalizing with STX3. (E) LAMP1 is lo-
calized more diffusely in the cytoplasm and does not colocalize with actin
inclusions in the MVID patient. [Scale bar, (A and B) 2 um and (C-E) 10 pm.]
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Fig. 5. Lower villus cells are the first cells affected by loss of MYO5B.
Myo5b™+;Vil-CreERT2 and Myo5b™":Vil-CreERT2 mice were killed 2 d after
tamoxifen injection. (A) PAS and (B) ALP staining located subapically in ep-
ithelial cells at the crypt-villus transition and lower villus (arrows). (C) TEM
confirmed subapical accumulation of vesicles (arrows) and widened in-
tercellular space (*) in lower villus cells of Myo5b™";Vil-CreERT2 mice.

affected (5, 14). In our mouse model, we analyzed the effects of
loss of Myo5b in immature and mature epithelial cells over time.
On day 1 after induction, we still observed MYOS5B protein by
immunohistochemistry in the intestines, and as such we did not
observe any phenotype.

We confirmed the loss of Myo5b from day 2 after induction
onwards. On day 2, cells in the upper part of the villus displayed
a normal morphology, whereas the more immature cells at the
crypt—villus transition and lower villus cells showed intracellular
accumulation of PAS-positive material (Fig. 54), cytoplasmic
ALP staining (Fig. 5B), and accumulation of subapical vesicles
(Fig. 5C). However, at this time point, we did not observe
pERM-positive microvillus inclusions. In contrast, at day 4 after
induction, all enterocytes along the villi were affected.

Collectively, these data show that loss of Myo5b first affects
differentiation at the crypt—villus transition, leading to subapical
accumulation of secretory granules. Consecutively, Myo5b de-
ficiency disturbs apico-basolateral polarity, reflected by the oc-
currence of pERM/Ezrin/STX3-positive microvillus inclusions
and defective RAB11A-dependent recycling.

Myo5b™":Vil-CreERT2 Organoids Represent an in Vitro Model for MVID
and Reveal Impaired Functionality of Intestinal Epithelial Cells. To
perform detailed cellular and functional analysis of Myo5b-
deficient intestinal epithelial cells, we established intestinal organoids
from MyoS5b"™":Vil-CreERT2 mice (28). Noninduced organoids
from Myo5b™":Vil-CreERT2 mice showed the same morphology as
wild-type control organoids (Fig. 64). Upon in vitro activation of
Cre recombinase with 4-hydroxytamoxifen (4-OHT) for 15 h, the
organoids appeared more compact with less budding structures
and more cell death (Fig. 64). By histology and TEM, we con-
firmed that the induced organoids reflect MVID, including in-
tracellular accumulation of apical proteins such as ALP (Fig. 6B),
microvillus inclusions, and absence of microvilli (Fig. 6C).

We applied this in vitro model for MVID to assess the func-
tional capacities of Myo5b-deficient intestinal epithelial cells. It was
previously shown that apical localization of the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR) in polarized
epithelial cells is MYO5B-dependent (2, 24). As such, we have
performed Forskolin-Induced Swelling (FIS) assays, which mea-
sure the functional activity of the CFTR anion channel (29).
Upon stimulation with forskolin, ;cAMP/protein kinase A-mediated
phosphorylation of CFTR, for instance, enables opening of various
ion channels, thereby facilitating transport of anions and fluids into
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the lumen of the organoids, which leads to swelling. Here we show
that within 24 h upon Cre induction, Myo5b-deficient organoids are
less able to swell upon stimulation with forskolin compared with
control organoids (Fig. 6D). These data indicate that loss of Myo5b
affects functional capacities of intestinal epithelial cells and myosin
Vb is involved in the forskolin-dependent activation of CFTR and
perhaps other basolateral ion channels or transporters required for
the cAMP-induced secretory response.

Discussion

In this study, we describe an intestine-specific conditional Myo5b
KO mouse model, in which loss of Myo5b can be induced by
tamoxifen injection. We showed that our model completely re-
capitulates the disease phenotype of human MVID patients
carrying MYO5B mutations (Table S1).

Patients usually present with severe diarrhea within the first days
after birth (3). Similarily, Myo5b-deficient mice developed watery
diarrhea within 4 days after induction (Fig. 1B and Fig. S1C). We
demonstrated that loss of Myo5b led to an almost complete ab-
sence of enterocyte brush border, accumulation of intracellular
vesicles, and occurrence microvillus inclusions (Fig. 1 C-E). Myo5b
is known to interact with RABSA or RAB11A (13). Both GTPases
are involved in epithelial polarity. Furthermore, Rab8a and Rablla
KO mice displayed MVID-like phenotypes (15, 18, 19). However,
the phenotypes observed in these mouse models were less severe
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Fig. 6. Myo5b-deficient organoids represent an in vitro model for MVID. Myo5b™
and Myo5b™:Vil-CreERT2 organoids were treated in vitro with 1 pM 4-OHT or
vehicle control (EtOH) for 15 h and analyzed 3 d later for (A) morphology by
brightfield (BF) microscopy, (B) ALP staining showing subapical accumulations (ar-
rows), and (C) TEM showing subapical accumulation of vesicles (small arrows), in-
tracellular microvillus inclusions (arrowhead), and intercellular space (*) in 4-OHT-
treated Myo5b™.:Vil-CreERT2 organoids. (D) FIS assays were performed 24 h after
in vitro treatment with 4-OHT or EtOH. CFTR-mediated swelling of the organoids
was measured after 40 min of incubation with 10 or 3 uM forskolin. Swelling was
calculated relative to the area under the curve (AUC) of Myo5bﬁ/ﬂ,'\/il—CreER72
organoids that were treated with EtOH and 10 pM forskolin. Graph shows
means + SD of quadruplicate measurements of four independent experiments.
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than in our Myo5b-deficient mice, with a shortening but no absence
of apical microvilli, and mice dying only within 2 wk (Rab11 KO) or
5 wk (Rab8 KO) after birth (15, 18, 19).

This suggests that Myo5b acts in different trafficking pathways,
dependent on its association with either RABSA or RAB11A, and
that the severe phenotype observed in patients and in our mouse
model results from the combined disturbance of both pathways.

In our inducible mouse model, we observed dispersal of both
RABSA and RAB11A. Similar RAB11A staining patterns were
observed in the MVID patient. Interestingly, in Myo5b™";Vil-
CreERT2 mice, only RAB11A but not RABSA accumulated
around pERM/Ezrin-positive microvillus inclusions (Figs. 2 and
4 and Fig. S3). This is in concordance with previous findings that
only the loss of MYOS5B binding to RAB11A caused the for-
mation of microvillus inclusions in Caco-BBE cells (12). Because
normal apical recycling through the apical recycling endosome is
RAB-dependent, we suggest that this process is disturbed in
MVID. Furthermore, we conclude that microvillus inclusions are
an ectopic apical domain within the cytoplasm of enterocytes, as
they contain the apical t-SNARE STX3 and are surrounded by
RAB11A-positive vesicles, which are usually found subapically.

Recently, it was suggested that stabilization of initial cell polarity
might be a future target for therapy of MVID patients (12, 17). Here,
we confirmed that a normal pERM-containing brush border was
present at an early time point (day 2) after induction, and microvillus
inclusions were mainly formed in mature enterocytes at a late time
point (day 4). However, despite formation of brush border, apical
polarity was already affected in the immature enterocytes at the crypt—
villus junction on day 2 after induction, represented by subapical ac-
cumulation of ALP- and PAS-positive vesicles (Fig. 5). Moreover,
using organoids from Myo5b™":Vil-CreERT2 mice, we show that al-
ready on day 1 after induction, the functionality of the epithelial cells
was impaired, as they showed reduced swelling upon stimulation with
forskolin (Fig. 6). Importantly, at that time point after splitting, the
organoids do not contain mature enterocytes yet (28), confirming
again that immature enterocytes are also affected in polarity and
function upon loss of MYOSB. Stabilization of early brush border
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formation might therefore not be effective, and a stem cell-based
therapy might be necessary as a future treatment for MVID patients.

Materials and Methods

A detailed description of materials and methods can be found in the S/
Materials and Methods.

Generation of Mice. We generated a conditional Myo5b allele by inserting two
LoxP sites around exon 4. Male chimaeras were subsequently crossed to C57BL/6
females, and germ-line transmission was confirmed by PCR. The neomycin
expression cassette was excised in vivo by crossing the mice with Flp7 trans-
genic mice (29). For intestinal epithelium-specific KO, Myo5b™" mice were
crossed to a Vil-CreERT2 line. All animal procedures were performed in ac-
cordance with local animal welfare laws and guidelines and were reviewed by
the Animal Ethics Committee of the Royal Dutch Academy of Sciences.

Human Material. We studied biopsies from a 4-wk-old female Turkish patient.
The study was approved by the Ethics committee of the Medical University of
Innsbruck (study no. UN3987), and written informed consent from the par-
ents was obtained.

(Immuno)histochemistry and Inmunofluorescence. Stainings were performed
as described previously (17). An overview of all antibodies used, their di-
lutions, incubation times, and antigen retrieval can be found in Table S2.

Transmission Electron Microscopy. Transmission electron microscopy (TEM)
was performed as described previously (30).

Organoid Culture. Small intestinal organoids were established from WT and
My05bﬂ/ﬂ,'ViI-CreERT2 mice as described previously (26).

Note Added in Proof. During the review and revision process, the following
paper was published, reporting another Myo5b mouse model for MVID (31).
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