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SUMMARY

Loss of Myosin Vb results in intracellular inclusions that
arise from endocytosis of the apical membrane in intestinal
absorptive cells. Forming inclusions have a dense accumu-
lation of tight junction proteins and are associated with
apical polarity Crumbs and Par complexes.

BACKGROUND & AIMS: The molecular motor, Myosin Vb
(MYO5B), is well documented for its role in trafficking cargo
to the apical membrane of epithelial cells. Despite its
involvement in regulating apical proteins, the role of MYO5B
in cell polarity is less clear. Inactivating mutations in MYO5B
result in microvillus inclusion disease (MVID), a disorder
characterized by loss of key apical transporters and the
presence of intracellular inclusions in enterocytes. We pre-
viously identified that inclusions in Myo5b knockout (KO)
mice form from invagination of the apical brush border via
apical bulk endocytosis. Herein, we sought to elucidate the
role of polarity complexes and tight junction proteins during
the formation of inclusions.
METHODS: Intestinal tissue from neonatal control and Myo5b
KO littermates was analyzed by immunofluorescence to
determine the localization of polarity complexes and tight
junction proteins.

RESULTS: Proteins that make up the apical polarity
complexes—Crumbs3 and Pars complexes—were associated
with inclusions in Myo5b KO mice. In addition, tight junction
proteins were observed to be concentrated over inclusions that
were present at the apical membrane of Myo5b-deficient
enterocytes in vivo and in vitro. Our mouse findings are com-
plemented by immunostaining in a large animal swine model of
MVID genetically engineered to express a human MVID-
associated mutation that shows an accumulation of Claudin-2
over forming inclusions. The findings from our swine model
of MVID suggest that a similar mechanism of tight junction
accumulation occurs in patients with MVID.

CONCLUSIONS: These data show that apical bulk endocytosis
involves the altered localization of apical polarity proteins and
tight junction proteins after loss of Myo5b. (Cell Mol Gastro-
enterol Hepatol 2021;12:59–80; https://doi.org/10.1016/
j.jcmgh.2021.01.022)
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primary function of the gut epithelium is the ab-
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Asorption of nutrients and water. These actions are
facilitated by the proper distribution of transporters at the
apical and basal membranes of intestinal epithelial cells. The
establishment and maintenance of epithelial polarity are
controlled by a network of protein trafficking machinery,
cytoskeletal rearrangements, and polarity complexes. One
key trafficking component in enterocytes is the molecular
motor protein, myosin Vb (MYO5B). MYO5B interacts with
the small guanosine triphosphatases Ras-related in brain
(Rab) 8a and Rab11a, thereby regulating plasma membrane
recycling and vesicle trafficking.1,2 Although many studies
have focused on epithelial polarity under homeostatic con-
ditions, the role of MYO5B in regulating polarity remains
poorly understood. Inactivating mutations in MYO5B result
in microvillus inclusion disease (MVID) in newborns.3–9

MVID is characterized by severe congenital diarrhea,
resulting from an inability to properly absorb water coupled
with active chloride secretion, which drives further dehy-
dration.10–14 The presence of intracellular inclusions con-
taining microvilli is a hallmark of MVID.6,15 We previously
showed that inclusions in Myo5b-deficient enterocytes form
through apical bulk endocytosis, which requires Pacsin2 and
Dynamin2.16 Other features of MVID include the loss of, or
altered, apical microvilli, improper accumulation of apical
components below the brush border, and morphologic
changes in the overall villi structure.4,15,17,18

Intestinal abnormalities that result from the loss of
functional MYO5B have raised the question of the role of
MYO5B in regulating epithelial cell polarity. Despite
correlative evidence that loss of MYO5B results in altered
localization of both apical and basal proteins, few studies
have investigated the impact of MYO5B on the core polarity
proteins and no studies to date have used experimental
animal models to elucidate alterations in polarity proteins
after loss of MYO5B. Interestingly, knockout (KO) models of
polarity complex proteins, such as the Crumbs3 KO mice,
manifest many of the same intestinal characteristics as
Myo5b KO mice, including villi fusion, short and disorga-
nized microvilli, and membrane blebbing.19,20 Crumbs3 acts
as a link between the apical membrane and the actin cyto-
skeleton.21,22 Crumbs3 can bind to proteins associated with
Lin-7 (Pals1) and Pals1-associated tight junction protein
(Patj) to form the Crumbs3–Pals–Patj complex, which reg-
ulates epithelial cell polarization and tight junction assem-
bly.23 In addition to Pals1 and Patj, Crumbs3 also can
interact with Par6 to regulate epithelial polarity and tight
junctions. Par6 is a core protein that makes up the apical Par
complex, which is composed of Par3–Par6–aPKC.24

Apical membrane identity in polarized cells is regulated
by the localization and modulation of atypical protein kinase
C (aPKC) kinase activity by Par3 and Par6.24–26 Providing a
potential link between MYO5B and Par complexes, Michaux
et al27 showed that Par6, cell division control protein 42
homolog (Cdc42), and PKCz/i were mislocalized from the
apical membrane and redistributed to the cytoplasm or the
basal side of enterocytes in MVID patients. Moreover, Dhekne
et al28 reported that aPKCi co-distributes with Rab11a, a
MYO5B binding partner, in intestinal epithelial cells. Bryant
et al29 also identified that Cdc42 localized to Rab11a-positive
vesicles. These studies provide a potential link between
MYO5B, along with its binding partner Rab11a, and polarity
complexes comprised of Crumbs3 and Par proteins. As a
result, we hypothesized that loss of interaction of MYO5B and
Rab11a would result in altered localization of the key apical
polarity proteins Crumbs3 and Par complexes.

To dissect the role of Myo5b in regulating polarity com-
plexes, we used germline Myo5b KO mice and intestinal
organoids and determined the localization of polarity com-
plexes and tight junction proteins in Myo5b-deficient enter-
ocytes. We observed that Crumbs3 and aPKC co-localize with
inclusions as they are forming through apical bulk endocy-
tosis and also are associated with completely internalized
inclusions. We further found that inclusions that are contig-
uous with the apical membrane show an accumulation of
Pals1, Patj, Par3, Par6, and the components of the apical
junctional complex (claudin-2, zonula occludens [ZO]-1, ZO-2,
and occludin) over the top of the inclusion before excision
from the brush border.Moreover, we show that a pigmodel of
MVID showed claudin-2 concentrated over inclusions that
were forming from the apical membrane. Data acquired from
2 unique animal models of MVID suggested that inclusion
formation is accompanied by a concentration of tight junction
proteins immediately above forming inclusions.We postulate
that this unique accumulation of tight junctional components
above the neck of inclusion endocytosis may provide a seal at
the site of apical bulk endocytosis in enterocytes.
Results
Loss of Myosin Vb In Vivo Results in Microvilli
Lined Inclusions Associated With Rab11a

Impairment of the molecular motor Myo5b gives rise to
numerous cytoplasmic vacuoles, known as intracellular
microvillus inclusions. This phenomenon has been shown in
multiple animal models, including germline Myo5b KO
mice,18,30 a MYO5B gene-edited pig model,10 and in
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morpholino-depleted zebrafish.31 We recently showed that
inclusions form through a novel process of apical bulk endo-
cytosis.16However, the exactmechanismsregulating inclusion
formation are incompletely understood and currently under-
studied. To address these gaps in knowledge, we used germ-
line Myo5b KO mice and systematically compared them with
neonatal control (wild-type or heterozygous) littermates that
lacked inclusions. In the normal neonatal mouse intestine, the
enterocyte brush border is lined by Ezrin, which links apical
membrane proteins with the underlying actin cytoskeleton
(Figure 1A). Small intestinal enterocytes typically express the
cytoskeleton marker g-actin, which is enriched in the
absorptive brushborder (Figure1B). Consistentwith previous
reports in neonatal control mice, we observed a-actinin 4
localized to the terminal web and the apical junctional com-
plexes32,33 (Figure 1B). In contrast, in Myo5b KO mice, in-
clusions could be visualized in enterocytes along the length of
the villi. These inclusions stained for Ezrin and could be seen
invaginating from the membrane or within the cytoplasm
(Figure 1A). In Myo5b KO mice, intracellular inclusions were
lined by microvilli (g-actinþ) and surrounded by a-actinin in
enterocytes (Figure 1B), indicating that the terminal web was
endocytosed along with the brush border during inclusion
formation. Moreover, Myo5b KO enterocytes had less distinct
lateral membranes marked by a-actinin, and cytoplasmic a-
actinin alsowasobserved, suggesting that loss ofMyo5b alters
a-actinin localization in enterocytes. These findings support
our previous studies suggesting that microvillus inclusions in
Myo5b KO mice form through invagination of the apical
membrane of enterocytes in a process termed apical bulk
endocytosis.16

Rab11a is a Myo5b binding protein that has been impli-
cated in inclusion formation in MVID.17,34 To determine
whether Rab11a may be involved in inclusion formation, we
performed immunofluorescence staining for Rab11a in
littermate control and Myo5b KO mice (Figure 1C). The
proximal small intestine of control mice showed Rab11a
concentrated in the subapical compartment below the apical
brush border in enterocytes. In contrast, neonatal Myo5b KO
mice showed Rab11a closely associated with numerous in-
clusions adjacent to the apical brush border and fully inter-
nalized. Rab11a accumulated around inclusions inMyo5b KO
enterocytes and also was present as puncta in the cytoplasm,
providing further evidence that loss ofMyo5b in vivo disrupts
the normal localization of Rab11a.

To visualize the structure of inclusions during formation,
phalloidin staining was performed to label F-actin in frozen
sections from littermate neonatal control and Myo5b KO
mice. Confocal imaging of the proximal small intestine of
mice to acquire z-stack projections showed a well-
developed brush border in control mice with no inclusions
(Figure 1D). In Myo5b KO mice, numerous inclusions were
apparent in z-stack projections, several of which appeared
to be excising from the apical membrane. To better visualize
the 3-dimensional nature of inclusions, we used scanning
electron microscopy (SEM) of fractured duodenal villi from
Myo5b KO mice (Figure 1E). SEM images show the forma-
tion of inclusions from the apical membrane and highlight
the brush border surrounding inclusions.
The Par Polarity Complex Is Associated With
Inclusions in Myo5b-Deficient Enterocytes

At present, the role of polarity complexes has not been
investigated in animal models of MVID or in the setting of
inclusion formation. Past work has suggested that there is
endocytic regulation of cellular polarity and that, recipro-
cally, polarity regulators impact endocytosis. Extensive
work in Caenorhabditis elegans indicates that polarity
modules are required for endocytosis.35–37 To determine
whether polarity complexes were involved in the process of
apical bulk endocytosis in Myo5b KO enterocytes, we per-
formed immunostaining for the polarity complexes begin-
ning with the Par polarity complex, composed primarily of
aPKC, Par3, and Par6.

Immunofluorescence of neonatal control mouse prox-
imal small intestine showed aPKC enriched at the apical
tight junction complex and localized to the apical mem-
brane in the top half of the villi (Figure 2A). In neonatal
Myo5b KO mouse small intestine, aPKC was similarly
present in the apical junctions and apical membrane, but it
also was concentrated in inclusions as identified by g-actin
staining. Par3 immunostaining showed normal localization
to the apical junctions in control mice. In contrast, Myo5b
KO mice showed increased cytoplasmic staining for Par3
and a close association of Par3 with forming inclusions
present at the apical membrane (Figure 2B). The locali-
zation of Par6 was similar to that of Par3, with Par6 being
evident at the apical tight junctions of enterocytes in
control mice (Figure 2C). Par6 was present at the apical
junctions of Myo5b KO mouse enterocytes, but also had
increased cytoplasmic Par6, and Par6 also localized
immediately above inclusions that were contiguous with
the brush border. The altered localization of aPKC, Par3,
and Par6 suggests that Myo5b regulates the positioning of
these polarity complexes in vivo and suggests that the Par
complex may be involved in inclusion formation in Myo5b
KO mice.

Crumbs3 and Its Binding Partner, Pals1, Are
Concentrated in Inclusions in Neonatal Myo5b
KO Mice

Next, we sought to examine the other apical polarity
complex, Crumbs3, in the setting of Myo5B loss. The Crumbs
family of proteins is known to regulate the establishment
and maintenance of epithelial cell polarity.19,20,24,38 Of the 3
mammalian Crumbs isoforms, Crumbs3 is widely expressed
in epithelial tissues, including the gastrointestinal tract.39

Crumbs3 binds ezrin–radixin–moesin (ERM) proteins that
link the cell membrane to the underlying actin cytoskeleton
in epithelial cells.19,39–41 To determine whether Crumbs3
localization is altered after loss of Myo5b, we immuno-
stained for Crumbs3 in the proximal small intestine of
neonatal control and Myo5b KO mice. In neonatal control
mice, Crumbs3 was localized to the apical membrane of
enterocytes delineated by phosphorylated ERM (P-ERM)
immunofluorescence, as expected and previously reported19

(Figure 3A). In Myo5b KO mice, Crumbs3 also localized to
the apical membrane. However, strong Crumbs3
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immunofluorescence was observed near the apical aspect of
the lateral membrane and in forming and internalized in-
clusions as visualized by P-ERM immunostaining. Crumbs3
was concentrated in inclusions both at the membrane and in
fully internalized inclusions within enterocytes in Myo5b KO
mice.

Crumbs3 binds Pals1 through its carboxy terminal tail.42

We predicted that similar to Crumbs3, Pals1 localization



Figure 2. The Par polarity
complex associates with
inclusions in Myo5b KO
enterocytes. (A) aPKC
(magenta), a component of
the Par polarity complex, is
concentrated in inclusions
in Myo5b KO mice,
whereas in control mice,
aPKC was localized to the
apical brush border and
the lateral membrane. (B) In
control mice, Par3
(magenta) was present at
the apical tight junctions.
In the small intestine of
Myo5b KO mice, cyto-
plasmic Par3 was evident
and Par3 was enriched at
the site of inclusions
forming from endocytosis
of the apical membrane.
(C) Similar to Par3, Par6
(magenta) was observed at
the apical tight junction in
control mice. Enterocytes
from Myo5b KO mice
showed an accumulation
of Par6 at the apical
membrane of forming in-
clusions. (D) The small
guanosine triphosphatase,
Cdc42 (magenta) was pre-
sent at the brush border
and basolateral membrane
of control mice. Myo5b KO
mice had decreased apical
Cdc42 compared with
littermate control neonatal
mice. n ¼ 4–6 mice per
group. Scale bars: 50 mm.

Figure 1. Myo5b KOmice have microvilli-lined inclusions associated with a-actinin and Rab11a. (A) Immunofluorescence
staining for the basolateral protein p120 (magenta) and the plasma membrane and actin cytoskeleton linker Ezrin (green)
shows the presence of numerous intracellular inclusions in Myo5b KO mice. (B) Micrograph of a-actinin-4 (magenta), which
delineates the terminal web immediately below the apical brush border and the lateral membrane of intestinal epithelial cells
and g-actin (green), which identifies the actin-rich apical membrane immunostaining. No intracellular inclusions were observed
in the proximal small intestine of neonatal control mice. Myo5b KO mice had numerous g-actin–positive inclusions that also
were ringed by a-actinin–4. (C) The small intestine of littermate control and Myo5b KO mice were stained for Rab11a (magenta)
and g-actin (green), which showed altered Rab11a localization in Myo5b-deficient enterocytes. Moreover, Rab11a surrounded
numerous inclusions at the apical membrane and inclusions that were fully internalized. (D) Z-stack projections of the proximal
small intestine of control and Myo5b KO mice to visualize the 3-dimensional nature of inclusions after loss of Myo5b. (E)
Fracture SEM was performed on neonatal small intestine from Myo5b KO mice to view microvilli-lined inclusions. A completely
internalized inclusion (pseudocolored magenta) and a forming inclusion (pseudocolored purple) are shown. n ¼ 4–6 mice per
group. Scale bars (immunofluorescence images): 50 mm. Scale bars (SEM from left to right): 10 mm, 5 mm, 5 mm.
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Figure 3. Micrographs of
components of the
Crumbs3 polarity com-
plex in control and
Myo5b KO proximal small
intestine. (A) Crumbs3
(magenta) and g-actin
(green) staining showed
Crumbs3 localized to the
apical membrane and
lateral membrane in control
mice. In Myo5b KO mice
Crumbs3 was concen-
trated in both internalized
and forming inclusions. (B)
The Crumbs3 binding
partner Pals1 (magenta)
was present at the apical
junctional complex of
enterocytes in control
mice. In Myo5b KO mice,
Pals1 was associated with
inclusions. (C) Patj
(magenta), another
Crumbs3 polarity complex
protein, was localized to
the apical junctional com-
plex in the proximal small
intestine of control mice. In
Myo5b KO mice, Patj was
enriched at the site of in-
clusions forming from
internalization of the apical
membrane. n ¼ 4–6 mice
per group. Scale bars:
50 mm.
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also would be impacted by loss of Myo5b in the mammalian
small intestine. Immunostaining for Pals1 in the neonatal
proximal small intestine showed that Pals1 was localized
primarily to the apical membrane with enrichment of Pals1
near the apical junctional complex (Figure 3B). Similar to
our controls, apical Pals1 localization was observed in
Myo5b KO mice. However, consistent with our observations
for Crumb3, Pals1 also was present in inclusions identified
by g-actin immunostaining. In Myo5b KO enterocytes, Pals1
was concentrated at the apical membrane, where inclusions
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were forming through endocytosis. The enrichment of Pals1
in forming inclusions and inclusions that are fully internal-
ized suggests that Crumbs3 and Pals1 are involved in in-
clusion formation after loss of Myo5b.

Pals1 can bind Patj, acting as an adaptor mediating
Crumbs3 and Patj interaction indirectly and forming the
Crumbs3/Pals1/Patj polarity complex.43 Patj is postulated
to stabilize the Crumbs3 complex,44 so we next sought to
determine whether the localization of Patj was altered by
loss of Myo5b in vivo in mammalian small intestine. In the
small intestine of neonatal control mice, Patj was localized
immediately below the brush border and was concentrated
around apical junctions, closely coinciding with other re-
ports in mammalian cell lines (Figure 3C).45–48 In Myo5b KO
mice, the apical localization of Patj was less evident, espe-
cially in the top half of villi. Furthermore, Patj was
concentrated around inclusions and at the apex of inclusions
contiguous with the apical membrane. Inclusions that had
not excised from the apical membrane had an accumulation
of Patj, suggesting that Patj may play a role in the complete
internalization of inclusions in enterocytes of Myo5b KO
mice.
The Localization of Tight Junction Proteins Is
Altered in Myo5b KO Enterocytes

Crumbs3 can regulate tight junction formation in
mammalian cells through its binding partners including
Pals1 and Patj.43,47,49,50 In particular, Patj associates with
many tight junction scaffolding proteins including ZO
proteins.47 Therefore, we next sought to determine
whether Myo5b KO mice had altered tight junction protein
localization in the small intestine. Claudin-2 is a para-
cellular cation-selective channel that is expressed and
located at the tight junction in neonatal small intestinal
villi.51 As expected, immunostaining for Claudin-2 in
neonatal control mice showed normal localization, with
Claudin-2 appearing near the apical-most edge of lateral
membranes in the apical junction complex of enterocytes
along the villi52 (Figure 4A). In contrast, neonatal Myo5b
KO mice showed aberrant Claudin-2 localization in enter-
ocytes emerging from the crypts. At the base of the villi,
Claudin-2 was located intracellularly inside of Myo5b KO
enterocytes. Enterocytes located in the top two thirds of
the villi showed more regular distribution of Claudin-2.
However, Claudin-2 was highly concentrated at the apical
membrane of enterocytes where inclusions were forming
from endocytosis of the apical membrane along the length
of villi. Inclusions that were contiguous with the apical
membrane showed a dense accumulation of Claudin-2
immediately above the inclusion.

To determine whether other tight junction proteins are
associated with inclusion formation similarly to claudin-2,
we immunostained for ZO-1, ZO-2, and occludin in
neonatal control and Myo5b KO mice. ZO-1, ZO-2, and
occludin were distributed normally in the apical junctional
complexes in the proximal small intestine of control mice
(Figure 4B–D). Similar to claudin-2, Myo5b KO mice showed
discrete accumulation of ZO-1, ZO-2, and occludin at the
apical membrane above inclusions that were forming
through endocytosis of the brush border in enterocytes.

To determine whether tight junction proteins remained
attached to inclusions after excision from the apical mem-
brane and internalization, we focused on cytoplasmic in-
clusions in Myo5b KO mice. We observed that occasionally
subapical inclusions were associated with claudin-2 staining
(Figure 5A). Immunostaining for ZO-1 (Figure 5B), ZO-2
(Figure 5C), and occludin (Figure 5D) showed that inter-
nalized inclusions were rarely positive for tight junction
proteins. These data suggest that during inclusion excision,
ZO-1, ZO-2, and occludin remain at the apical membrane and
are not internalized or excised from the apical membrane.
The enrichment of tight junction proteins at the apical
membrane of enterocytes during inclusion formation sug-
gests that tight junction components are either being
recruited to the apical membrane or are being inserted at
the sight of inclusion formation de novo. These data suggest
a unique role for tight junction proteins in inclusion for-
mation and internalization.
ZO-1 and Claudin-2 Accumulate Over Forming
Inclusions in Myo5b KO Mice

To better visualize the apical accumulation of tight
junction components during inclusion formation in Myo5b-
deficient enterocytes, we used confocal microscopy to
generate 3-dimensional z-stack projections (Figure 6A).
Frozen sections (25 mm) were immunostained for claudin-2,
and phalloidin was used to label F-actin to delineate the
apical brush border and inclusions (Figure 6A). In the z-
stack projection, inclusions that are forming from apical
bulk endocytosis appear to have a dense accumulation of
claudin-2 immediately above the forming inclusion. This cap
or patch of claudin-2 lacks F-actin. Immunostaining for ZO-1
showed a similar pattern of accumulation over the site of
inclusion formation (Figure 6B). These observations suggest
that claudin-2 and ZO-1 may be accumulating over the in-
clusions, perhaps to act as a seal as the inclusion is excised
from the apical membrane. Indeed, the grayscale images of
claudin-2 and ZO-1 both appear to show tight junctions
feeding into the dense cap or patch over the inclusion.

We next quantified the number of inclusions that still
were attached to the apical membrane and were associated
with apical accumulation of tight junction proteins claudin-2
or ZO-1 immediately above inclusions (Figure 6B). As ex-
pected, no inclusions were observed in neonatal control
mice. In Myo5b KO mice, approximately 47% of inclusions
that were contiguous with the apical membrane had
claudin-2 present at the apical membrane of the forming
inclusion. Quantification of forming inclusions that also had
an accumulation of apical ZO-1 in Myo5b KO mice showed
that approximately 80% of forming inclusions also were
positive for ZO-1. These data suggest that recruitment of
tight junction proteins during apical bulk endocytosis to
form inclusions in Myo5b-deficient enterocytes occurs in a
large majority of forming inclusions.

To determine whether inclusion formation in the setting
of MVID may be forming similarly to inclusions in Myo5b KO



Figure 4. Apical tight
junction proteins accu-
mulate at the sites of in-
clusion formation in
Myo5b KO enterocytes.
In control mice, the apical
tight junction proteins (A)
claudin-2, (B) ZO-1, (C)
ZO-2, and (D) occludin (all
in magenta) were distrib-
uted normally at the site of
apical cell–cell contact in
control mice. (A) In Myo5b
KO mice, claudin-2 was
found to be dispersed
within the cytoplasm in
enterocytes at the base of
the villi and was associated
with inclusions at the api-
cal membrane. (B) ZO-1,
(C) ZO-2, and (D) occludin
also accumulated at the
site of brush-border endo-
cytosis of forming
inclusions in Myo5b-
deficient enterocytes. n ¼
4–6 mice per group. Scale
bars: 50 mm.
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mice, we used small intestinal tissue from pigs that were
genetically edited to express a homolog of a mutation in
Myo5b that results in MVID in patients in the Navajo Nation.
Patients with MVID cannot tolerate enteral feeding, have
villous atrophy, and are reported to have inclusions in
approximately 10%–20% of enterocytes.15 Thus, intestinal
specimens from MVID patients rarely have discernible in-
clusions forming from the apical membrane that are well
oriented with good cellular architecture and morphology.
Therefore, we examined tissue from a pig model of MVID



Figure 5. Cytoplasmic inclusions lack ZO-1, ZO-2, and occludin, and infrequently associate with claudin-2. (A) Immu-
nostaining for tight junction proteins in Myo5b KO mice showed internalized inclusions occasionally stained positive for
claudin-2. In Myo5b KO, small intestine inclusions rarely contained (B) ZO-1, (C) ZO-2, or (D) occludin. n ¼ 4–6 mice per group.
Scale bars: 50 mm.
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that closely recapitulates the human MVID phenotype,
including the presence of inclusions throughout the small
intestine.10 Immunostaining for claudin-2 and g-actin
showed the presence of claudin-2 above inclusions that
appear to be contiguous with the apical membrane
(Figure 7A). The presence of claudin-2 over inclusions
forming through endocytosis in the pig model of MVID
suggests that tight junction proteins likely are involved in
inclusion formation in patients with MVID.
Cortactin Localization During Apical Bulk
Endocytosis

Cortactin is an actin binding protein that is recruited to
sites of endocytosis.53–55 To determine whether cortactin
was localized to sites of apical bulk endocytosis, we
immunostained for cortactin, ZO-1, and P-ERM in neonatal
control and Myo5b KO mice (Figure 8). In the small intestine
of control mice, cortactin was observed to localize imme-
diately below the apical membrane and at the tight junction
where the signal overlapped with ZO-1 (Figure 8A),
consistent with previous reports.56,57 In Myo5b KO mice,
cortactin was observed at the site of inclusion formation and
was found to co-localize with ZO-1. Maximum-intensity Z-
stack projections of Myo5b KO tissue showed inclusions at
the membrane with discrete cortactin puncta associated
with ZO-1 caps (Figure 8B). Thus, we hypothesize that tight
junctions orchestrate the molecular machinery to facilitate
inclusion scission through cortactin. Based on literature that
shows a link between ZO-1, cortactin, and dynamin,56,58–62

we propose that membrane perturbation caused by apical
bulk endocytosis recruits tight junction proteins to form a
cap over the forming inclusion/bulk endosome. Because ZO-
1 interacts with cortactin and cortactin links the actin
cytoskeleton and dynamin (including dynamin 2),53,58,61,63

we speculate that as the ZO-1 cap forms, cortactin directs
dynamin to the neck of the forming bulk endosome
to enable scission of the inclusion from the apical
membrane.
Inclusion Formation in Small Intestinal Organoids
Derived From Myo5b KO Mice Is Independent of
aPKC Activity

The generation of small intestinal organoids allows for
the long-term propagation of progenitor cells from intestinal
stem cells, which can be differentiated to form multiple
cellular lineages in vitro that recapitulate the native small



Figure 6. Three-dimensional imaging of inclusions in Myo5b KO proximal small intestine show a cap of claudin-2 and
ZO-1 formed over inclusions contiguous with the apical membrane. Imaging of 25-mm frozen sections of Myo5b KO
proximal small intestine showed the dense accumulation of (A) claudin-2 (magenta) and (B) ZO-1 (magenta) immediately above
forming inclusions identified by F-actin (green). Claudin-2 and ZO-1 appear to form a cap over inclusions where F-actin is
absent. (C) Quantification of total inclusions that were present at the apical membrane and inclusions that were contiguous
with the apical membrane and positive for Claudin-2 or ZO-1. *P < .05, n ¼ 4–5 mice per group. TJ, tight junction.
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intestinal milieu.64 We used the organoid culture system to
determine whether inclusion formation in vitro was
dependent on aPKC. Myo5b KO organoids were treated with
dimethyl sulfoxide (DMSO) vehicle or 10 mmol/L z-Stat, an
aPKC inhibitor. Two days after crypt isolation and organoid
formation, intestinal organoids were differentiated and
DMSO or 10 mmol/L z-Stat was administered during dif-
ferentiation. Intestinal organoids require differentiation to



Figure 7. Inclusions at the
apical membrane have
enrichment of claudin-2
in a pig model of MVID.
Small intestinal tissue from
aged matched wild-type
(WT) pigs and pigs that
expressed a P663L muta-
tion in MYO5B that resul-
ted in MVID were
immunostained for
claudin-2 (magenta) and g-
actin (green) to determine
whether a physiologically
relevant model of MVID
formed inclusions in a
similar manner as Myo5b
KO mice. Inclusions in
MVID pigs showed
claudin-2 accumulated at
the site of inclusion for-
mation. n ¼ 2 MVID pigs
and 3 WT pigs. Scale bars:
50 mm.
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develop robust inclusion formation.16,65 Inclusion formation
in DMSO and z-Stat treatment resulted in a similar number
of inclusions identified by F-actin staining (Figure 9A).
Therefore, treatment of Myo5b KO intestinal organoids with
z-Stat did not prevent inclusion formation, suggesting that
inclusion formation is not entirely dependent on aPKC or
that there are redundancies in the functions of polarity
proteins. Immunostaining of Myo5b KO intestinal organoids
for Crumbs3 showed no alteration in Crumbs3 after inhi-
bition of aPKC (Figure 8B). However, Crumbs3 intensity was
decreased in Myo5b KO intestinal organoids treated with z-
Stat compared with DMSO-treated organoids.



Figure 8. Cortactin asso-
ciates with ZO-1 during
inclusion formation in
Myo5b KO mice. (A) Im-
munostaining for cortactin
(magenta), ZO-1 (green), P-
ERM (cyan), and nuclei
(white) in control and
Myo5b KO mice. Magenta
arrows indicate cortactin at
sites of inclusion formation
in Myo5b KO mice. (B)
Maximum-intensity Z-
stack projection of a
representative inclusion in
a Myo5b KO enterocyte.
n ¼ 4 mice per group.
Scale bars: 50 mm.
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Immunostaining for ZO-1 and claudin-2 in organoids
generated from control and Myo5b KO showed normal
localization at the apical junctional complex in control-
derived organoids (Figure 9C and D). In Myo5b
KO–derived organoids, claudin-2 was observed at the apical
membrane of forming inclusions similar to our observations
in the small intestine (Figure 9C). Immunofluorescence for
ZO-1 in Myo5b KO organoids showed ZO-1 at the top of the
forming inclusion (Figure 9D). These findings suggest that
in vitro inclusion formation in Myo5b KO mice involves
recruitment of tight junction proteins likely to promote
excision of inclusions before internalization.
Discussion
In this study, we identified that loss of Myo5b alters the

localization of polarity complex proteins Par3, Par6, aPKC,
Cdc42, Crumbs3, Pals1, and Patj; MYO5B binding partner



Figure 9. Intestinal orga-
noids generated from
Myo5b KO mice have in-
clusions that are associ-
ated with claudin-2 and
ZO-1. (A) Intestinal orga-
noids derived from the
proximal small intestine of
Myo5b KO mice were
treated with DMSO vehicle
or z-Stat, an aPKC inhibitor
to determine whether inhi-
bition of aPKC would pre-
vent inclusion formation.
Both DMSO- and z-Stat–
treated intestinal organoids
from Myo5b KO mice
developed numerous in-
clusions. (B) Immunostain-
ing for Crumbs3 in
DMSO-and z-Stat–treated
Myo5b KO intestinal orga-
noids showed no alteration
in the localization of
Crumbs3. However, a
decreased intensity of
Crumbs3 in intestinal
organoids treated with z-
Stat was observed
compared with DMSO-
treated organoids. Intesti-
nal organoids from
littermate control and
Myo5b KO mice were
immunostained for g-actin
and (C) claudin-2
(magenta) or (D) ZO-1
(green). Control-derived
organoids showed a
normal distribution of
claudin-2 and ZO-1, while
Myo5b KO mouse–derived
organoids showed in-
clusions that were associ-
ated with accumulations of
claudin-2 and ZO-1. n ¼ 3
mice per group were used
to generate organoids.
Scale bars: (C and D) 10
mm, and (A and B) 50 mm.
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Rab11a; and tight junction components claudin-2, ZO-1, ZO-
2, and occludin in the small intestine. Our findings provide
direct evidence that Myo5b deficiency alters the localization
of multiple polarity complexes. Interestingly, these proteins
accumulated in or at the site of inclusion formation, sug-
gesting that they play a role in apical bulk endocytosis. We
previously showed that apical bulk endocytosis mirrors
neuronal activity–dependent bulk endocytosis requiring
Pacsin2 and dynamin2 for inclusion formation.16 The work
presented here indicates that endocytic trafficking and po-
larity complexes are closely associated with the formation of
inclusions via bulk endocytosis. Based on our findings, we
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postulate that MYO5B regulates multiple aspects of epithe-
lial homeostasis, including cell polarity, tight junction pro-
tein distribution, and localization of ion transporters.

The maintenance of apical–basal polarity and tight
junctions that provide cell–cell contact and barrier function
in the intestine is required to maintain mucosal integrity.
Consistent with the important role of polarity in health,
numerous disorders result when polarity is perturbed.
These pathologies include MVID,5,66 diarrhea resulting from
enteropathogenic Escherichia coli (EPEC) infection,67–69 in-
flammatory bowel disease,70,71 celiac disease,72 and can-
cer.73 Two studies recently reported decreased expression
of MYO5B in gastric cancer74,75 and 1 study has implicated
loss of MYO5B in colorectal cancer.76 Because loss of po-
larity is an early event in epithelial cancers, decreased
expression of MYO5B may be a precursor to perturbation of
polarity complexes and the onset of intestinal epithelial
cancers. These studies and our work suggest an interaction
between MYO5B and polarity complexes.

Microvillus inclusions are formed over 3–4 hours
through a novel mechanism of apical bulk endocytosis,
which requires both Pacsin2 and dynamin2.16 This mecha-
nism in enterocytes has overlapping characteristics with
activity-dependent bulk endocytosis described during
neuronal hyperstimulation.77–81 The accumulation of tight
junction proteins (claudin-2, ZO-1, ZO-2, and occludin) at
the site of inclusion formation suggests that tight junction
proteins may be recruited to sites of apical bulk endocytosis
to promote excision and internalization within Myo5b KO
enterocytes. Studies with EPEC have shown tight junction
recruitment at the site of pedestal formation. EPEC induces
actin-rich pedestal formation in intestinal epithelial cells
and disrupts Par polarity complexes perturbing tight
junctions.82–86 The E coli effector EspF is injected into host
cells and recruits junctional scaffold proteins ZO-1 and ZO-2
into the actin-rich pedestal during infection.86 Moreover,
tight junction components were found to co-localize with
the actin-rich pedestals. Notably, claudin-1 was found at the
tip of the pedestal immediately below the bacteria after E
coli infection of rabbit kidney 13 (RK13) cells.86 Tapia
et al82 recently showed that EPEC recruits active aPKC to
actin within pedestals and away from polarity complexes.
They suggested that EPEC-induced recruitment of active
aPKC may be the initiating event that leads to disrupted
tight junctions. These findings coincide with our data, which
show aPKC concentrated in inclusions in Myo5b KO mice.
The accumulation of aPKC in forming inclusions may recruit
tight junction proteins from the apical junctional complex as
well as polarity complex proteins to the site of inclusion
formation in Myo5b-deficient enterocytes.

The presence of intracellular inclusions lined by micro-
villi is not unique to loss of Myo5b. Indeed, numerous
knockout mouse models have shown the presence of apical
membrane components intracellularly, including for
Rab8a,87 Rab11a,88 Rab8a;Rab11a double KO,89 Cdc42,90,91

and endotubin.92 Intracellular inclusions in various genetic
mouse models suggest overlapping pathways, which likely
all involve altered expression of polarity proteins. To date,
all mouse models that show inclusions in the small intestine
enterocytes show the hallmarks of dysregulated polarity.
For example, Cdc42-deficient mice have defective polarity
and altered junctional protein expression in enterocytes.91

Rab8a;Rab11a double-knockout mice had mislocalization
of PKCz and diminished apical PKCz, again suggesting a
polarity defect.89 Endotubin interacts with tight junction
proteins and regulates the assembly and maintenance of
tight junctions, which indicates that it may be associated
with other polarity proteins that are found at the apical
junctional complex.93,94 In 3-dimensional Madin-Darby
canine kidney (MDCK) cysts, Rab11a and Rab8a were
required for the apical localization of Par proteins and
Cdc42 to the forming lumen.29 The presence of inclusions in
the small intestine of various genetic mouse models points
to the critical roles of polarity complexes in inclusion for-
mation. Our study extends these findings by specifically
identifying polarity complexes and tight junction proteins in
inclusion formation in Myo5b-deficient mice.

One interesting observation in our study was that inhi-
bition of aPKC in intestinal organoids from Myo5b KO mice
did not prevent or diminish inclusion formation. Although
aPKC is a member of the Par complex, we speculate that
other proteins can compensate in the setting of diminished
aPKC activity. This is consistent with previous investigations
that have identified redundancy in polarity complexes. To
prevent the formation of inclusions in Myo5b KO enter-
ocytes, multiple polarity proteins may need to be knocked
out or inhibited. Our findings that aPKC inhibition does not
impact inclusion formation support previous data that
showed overlapping functions for the apical polarity com-
plexes. For example, Crumbs3 KO mouse embryos show
altered intestinal architecture including fused villi,19,20

however, barrier function and tight junctions were unaf-
fected.19 This in vivo finding was surprising because work in
MCF10a breast epithelial cells showed tight junction for-
mation in response to exogenous Crumbs3, leading Fogg et
al49 to suggest that Crumbs3 regulates tight junction for-
mation. Based on these studies, it is likely that in vivo,
multiple polarity proteins or complexes compensate and
maintain tight junction formation. In support of this concept,
adult inducible VillinCreERT2;Myo5bfloxed/floxed mice show
many intestinal alterations after loss of Myo5b including
diarrhea, however, they do not have an intestinal barrier
defect based on tissue resistance and dextran permeability
measurements.11,12

We observed that in Myo5b KO mice, polarity complex
proteins Crumbs3, Patj, Pals1, and aPKC all were present in
intracellular inclusions. These findings appear to mirror
observations with enteric pathogens. Infection with EPEC
results in loss of apical–basal polarity through the EPEC
effectors EspF and Map.95 Tapia et al95 showed that EspF
and Map promote endocytosis of Crumbs polarity proteins
(Crumbs3 and Pals1) in intestinal cells, leading to disruption
in tight junction proteins and perturbation of polarity. EPEC
and Citrobacter rodentium both were found to redistribute
the Crumbs3 complex from the apical membrane to the
cytoplasm of mouse intestinal colonocytes.95 These data
support our findings that polarity complexes and tight
junctions are intricately connected. In addition to infection



Figure 10. Diagram of
proposed model of in-
clusion formation in
Myo5b KO enterocytes.
Based on our findings, we
propose that during apical
bulk endocytosis, tight
junction proteins are
recruited to cover the
forming bulk endosome/
inclusion. These tight
junction proteins form a
dense cap over inclusions
that are contiguous with
the apical membrane,
implying a functional role
during apical bulk endocy-
tosis excision from the
membrane. In addition,
apical polarity complexes
(the Crumbs and Par
complexes) are present at
the apical membrane and
in internalized inclusions.
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models, knockdown of Patj in human intestinal cells in vitro
disrupted the normal apical localization of Crumbs3,
resulting in Crumbs3 being present in a large vesicular
compartment below the apical membrane.44 These results
mirror our work with microvillus inclusions.

Finally, loss of Cdc42 function increases the endocytic
uptake of apical proteins, including Crumbs in Drosophila.96

In Drosophila, loss-of-function mutations in aPKC also re-
sults in internalization of Crumbs into endosomes.96,97

Work in Drosophila follicle cells and embryos show that
Rab11 is essential for Crumbs to maintain its polarized
location at the plasma membrane.97,98 Our results are
reminiscent of these findings and suggest that Crumbs3 may
be involved in apical bulk endocytosis in Myo5b KO enter-
ocytes. We further speculate that Myo5b may be responsible
for the stabilization of the Crumbs3 polarity complex
through its binding partner Rab11a.

Although we speculate that polarity complexes are
functionally involved in inclusion formation, it also is
possible that polarity complexes could be pulled into in-
clusions simply by association with the actin cytoskeleton
through cross-linking proteins. The Crumbs complex in-
teracts with ERM proteins, which couples the cell membrane
to the underlying actin cytoskeleton.19,39,99,100 Pals1 also
can bind Ezrin in the stomach and regulates the localization
of ezrin in parietal cells.101 Thus, it is feasible that apical
polarity complexes are internalized with inclusions as a
result of association with Ezrin. Future work is required to
understand the sequence of events that occur during in-
clusion formation and to determine the specific role of po-
larity proteins in apical bulk endocytosis.
Figure 10 presents a proposed model of our findings.
Loss of Myo5b results in apical bulk endocytosis in small
intestinal enterocytes. We postulate that during apical bulk
endocytosis tight junction proteins are recruited from sur-
rounding apical junctions to cover the forming bulk endo-
some/inclusion. These tight junction proteins form a dense
cap over inclusions that are attached to the apical mem-
brane. We suggest that this re-localization of tight junction
proteins is similar to events that occur in the small intestine
in response to cell shedding. By using live imaging of mice
expressing fluorescence ZO-1, Guan et al102 showed that
apical ZO-1 redistributes during cell shedding. After a cell is
extruded from the epithelium into the intestinal lumen, a
gap exists where the cell previously resided, ZO-1 appears
to condense and cover this gap.102 We propose that claudin-
2, ZO-1, ZO-2, and occludin redistribute and condense to
form a patch over inclusions during apical bulk endocytosis.
In addition, during apical bulk endocytosis, apical polarity
complexes (the Crumbs and Par complexes) are present at
the apical membrane and relocated into internalized in-
clusions, suggesting that these polarity proteins are
involved in inclusion formation.

In summary, this study shows that loss ofMyo5b results in
the redistribution of the Crumbs3 and Par polarity complexes
and the accumulation of tight junction proteins at the site of
inclusion formation. Collectively, these data support the
conclusion that in vivo loss of Myo5b results in aberrant
localization of Rab11a, which likely impacts the normal dis-
tribution of polarity complexes including Cdc42. Thus,Myo5b
acts to regulate polarity complexes in normal intestinal
epithelial cells. Loss of Myo5b induces inclusion formation, in
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part through recruitment of tight junction proteins to the
sites of apical bulk endocytosis. These findings could have a
broad impact, supporting a role for MYO5B in numerous
disorders involving alterations in polarity.

Materials and Methods
Animals and Tissue Processing

Animal care, maintenance, and experimental procedures
all were performed with approval from the Institutional
Animal Care and Use Committee of Vanderbilt University
Medical Center. Germline Myo5b KO mice were generated
and characterized for epithelial abnormalities as previously
described.18 Briefly, 2- to 6-day-old mice were killed and the
proximal small intestine was excised and fixed for analysis.
Littermates, either wild type or heterozygous for Myo5b,
were used as controls for all experiments. Myo5b KO mice
die approximately 5–7 days after birth from an inability to
absorb and retain water.18 Thus, all mice used in this study
were neonatal (age, 2–6 d), including control littermates.
The proximal small intestine consisting of the duodenum
and jejunum were excised from neonatal mice, washed in
phosphate-buffered saline (PBS), and then fixed in either
4% paraformaldehyde (J19943; Thermo Fisher Scientific,
Waltham, MA), 10% neutral buffered formalin (16004-128;
VWR, Radnor, PA), or 3% glyoxal103 overnight at 4�C. Fixed
tissue was washed in PBS, processed, and embedded in
paraffin. For frozen embedding, fixed tissues were washed
in PBS, then moved to 30% sucrose in PBS solution and
stored overnight at 4�C. After sucrose infiltration, the tis-
sues were embedded in optimal cutting temperature com-
pound (4583; Sakura, Torrance, CA) and frozen at -80�C.
Thick frozen sections (25 mm) were cut using a cryostat and
sections were used for immunostaining. The gene editing
and generation of a pig model of MVID, as well as a detailed
harvesting protocol, was described previously.10 Briefly,
swine primary fetal fibroblasts were edited with transcrip-
tion activator-like effector nucleases and homology-directed
repair oligonucleotide template containing the P663L mu-
tation of the MYO5B gene, which then were cloned via so-
matic cell nuclear transfer. Small intestinal tissues from
wild-type and MVID (MYO5B[P663L]) piglets were fixed in
10% neutral buffered formalin and paraffin-embedded. The
jejunum of wild-type and MVID pigs were analyzed for the
presence of inclusions associated with claudin-2.

Immunofluorescence Staining
Paraffin-embedded section immunostaining. Paraffin
sections were warmed on a heating block set at 65�C for 10
minutes to facilitate bonding of the tissue with the glass
slide. Tissue then was deparaffinized in Histo-Clear (HS-
200; National Diagnostics, Atlanta, GA) and a series of
ethanol, followed by rehydration and antigen retrieval in
citrate buffer (S1699; Dako) in a pressure cooker set for
high pressure for 15 minutes. After antigen retrieval, slides
were cooled on ice and blocked at room temperature for 1.5
hours with serum-free protein block (X0909; Dako). Mouse
on mouse block (MKB-2213; Vector Laboratories, Burlin-
game, CA) was used for mouse antibodies following the
manufacturer’s instructions. Primary antibodies were
diluted in antibody diluent with background reducing
components (S3022; National Diagnostics) and were incu-
bated overnight at 4�C in a humidified chamber. After 3
washes in PBS for 5 minutes, sections were incubated with
secondary antibodies diluted 1:200 in antibody diluent
(S0809; Dako, Santa Clara, CA) for 1 hour at room temper-
ature. Hoechst (1:1000 in PBS, 62249, 12.3 mg/mL; Thermo
Fisher Scientific) was added to stain the nuclei for 5 mi-
nutes. Sections then were washed 3 times in PBS for 5 mi-
nutes each. Coverslips were added to sections with ProLong
Gold Antifade (P36934; Thermo Fisher Scientific) and
allowed to dry before imaging.
Frozen section immunostaining. Frozen sections were
air dried for 30minutes before immunostaining to ensure the
tissue bonded with the glass slides. After air drying, sections
were placed in cold acetone for 1 minute, followed by 1
minute in PBS. Slides then were blocked with 10% normal
donkey serum and 0.3%Triton X-100 (Thermo Fisher) in PBS
for 1 hour at room temperature. Primary antibodies were
diluted in 10% normal donkey serum and 0.3% Triton X-100
in PBS and added to slides in a humidified chamber at 4�C
overnight. Next, slides were washed 3 times in PBS for 5
minutes each and then secondary antibodies at 1:200 dilution
were added in 0.3%Triton X-100 in PBS at room temperature
for 1 hour. Nuclei were stained with 1:1000 dilution of
Hoechst for 5minutes and then slideswerewashed 3 times in
PBS for 5 minutes each. Slides were coverslipped using Pro-
Long Gold Antifade and imaged after drying.
Primary antibodies. The following primary antibodies
and dilutions were used for immunostaining:

mouse a-p120 1:200 (610133; BD Biosciences, Franklin
Lakes, NJ); rabbit a-ezrin 1:200 (3145S; Cell Signaling
Technology, Danvers, MA); mouse a-g-actin 1:100
(sc65638; Santa Cruz Biotechnology, Dallas, TX); rabbit a-a-
actinin 4 rabbit 1:200 (ab108198; Abcam, Cambridge, MA);
mouse a-Rab11a 1:50 (sc166912; Santa Cruz Biotech-
nology); rabbit a-Crumbs3 1:100 (NBP1-81185; Novus Bi-
ologicals, Littleton, CO); mouse a-Pals1 1:200 (sc365411;
Santa Cruz Biotechnology); rabbit a-Patj 1:100 (PA5 85444;
Thermo Fisher); sheep a-PKCz/i 1:500 (AF4465; R&D Sys-
tems, Minneapolis, MN); rabbit a-Par3 1:200 (NBP1-88861;
Novus Biologicals); rabbit a-Par6 1:200 (ab49776; Abcam);
rabbit a-Cdc42 1:100 (ab187643; Abcam); rabbit a–claudin-
2 1:30 (Prestige Antibodies HPA051548; Sigma, Saint Louis,
MO); rat a–ZO-1 1:200 (MABT11; Millipore, Billerica, MA);
rabbit a–ZO-2 1:200 (71140; Invitrogen, Carlsbad, CA);
mouse a–occludin 1:200 (33-1500; Invitrogen); and 1:1000
mouse a-cortactin (05-180, clone 4F11; Millipore). For im-
munostaining of pig intestinal tissues mouse a-g-actin
1:100 (sc65638; Santa Cruz Biotechnology) and rabbit
a–claudin-2 1:30 (Prestige Antibodies HPA051548; Sigma)
were used. Secondary antibodies were conjugated to Alexa
Fluor 488, Cy3, Alexa Fluor 594, Alexa Fluor 647, or Cy5.
Microscope Imaging
All immunostaining was analyzed using a Zeiss Axio

Imager.M2 microscope equipped with an Axiovision digital
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imaging system (Zeiss, Oberkochen, Germany) using a 20�
objective or a Nikon Ti-E microscope with an A1R laser
scanning confocal system (Nikon Instruments, Inc, Melville,
NY) using a 60� objective. The Axio imager 20� objective
has a Plan-apochromat with a numeric aperture of 0.8 M27.
The Nikon A1R 60� oil objective has a Plan apochromat
with a numeric aperture of 1.4. Imaging of tissue sections
was performed at room temperature and all tissue sections
were mounted in ProLong Gold Antifade reagent. The Axio
Imager microscope was equipped with an AxioCam HRm
Rev.3 camera. The Axiovision digital imaging system was
used to export single-channel grayscale TIFF images for all
images acquired on the Axio Imager. The Nikon A1R used a
Nikon A1 plus camera. Nikon Elements software was used
to export images as individual channel TIFF files. Adobe
Photoshop (Adobe, San Jose, CA) was used to merge indi-
vidual channel images into Red Green Blue (RGB).

SEM Tissue Fracture
To generate SEM images, 5-mm pieces of the most

proximal region of the small intestine (duodenum) of Myo5b
KO mice were briefly washed in PBS and fixed by immersion
in 2.5% glutaraldehyde in 0.1 mol/L cacodylate buffer for 1
hour at room temperature, followed by further fixation at
4�C. The samples were postfixed sequentially in 1% tannic
acid, 1% OsO4, and 1% uranyl acetate, followed by dehy-
dration in a graded ethanol series. The samples were dried
by critical point drying and fractured through the villi using
a dulled razor blade. Fractured villi were mounted face up
or sideways on carbon tape and sputtered with gold palla-
dium. Scanning electron microscopy was performed on a
Quanta 250 FEG at 5 kV (FEI, Lausanne, Switzerland).

Intestinal Organoid Culture and Differentiation
Proximal small intestinal organoids were generated from

neonatal control and Myo5b KO mice following a previously
published method.104 Briefly, the proximal small intestine
was excised and the tissue was washed in ice-cold PBS and
minced into small pieces using a razor blade. The intestinal
pieces were collected in 2 mmol/L EDTA in PBS and incu-
bated at 4�C for 15 minutes on a shaker. After shaking, the
EDTA solution was aspirated and replaced with 5 mL of 55
mmol/L D-sorbitol and 34 mmol/L sucrose in PBS. The tis-
sue pieces were shaken in the D-sorbitol and sucrose solu-
tion for 1 minute and the supernatant was examined to
determine the crypt yield. The suspension of tissue, villi, and
crypts in D-sorbitol and sucrose then was passed through a
70-mm strainer (431751; Corning, Corning, NY) and the
strained solution containing intestinal crypts was collected
for centrifugation. The contents were centrifuged for 5 mi-
nutes at 300 � g and the resulting pellet was resuspended
in Matrigel (356231; Corning). Thirty microliters of
Matrigel-containing crypts were added to wells in a 48-well
plate and allowed to polymerize for 30 minutes at 37�C.
After polymerization, prewarmed mouse Intesticult media
(06000; Stem Cell Technologies, Vancouver, Canada) con-
taining Mycozap (VZA-2031; Lonza, Basel, Switzerland) and
antibiotics was added to wells containing Matrigel domes
and crypts. After 2 days in Intesticult media, the medium
was replaced with differentiation media, which lacked Wnt
to promote enterocyte differentiation. After 3–5 days in
differentiation media, intestinal organoids were fixed in 4%
paraformaldehyde or 10% neutral buffered formalin for 30
minutes at room temperature, washed twice, and embedded
in Histogel (HG-4000-012; ThermoFisher) for paraffin
embedding or in optimal temperature compound for frozen
sectioning. To inhibit PKC, 10 mmol/L z-Stat (DC10984; DC
Chemicals, Shanghai, China) was added to Myo5b
KO–derived intestinal organoids in the Intesticult media and
in the differentiation media so that PKC was inhibited
continuously in intestinal organoids during culturing.105,106

DMSO (1:1000) was added as vehicle control.

Quantification of Inclusions Associated With
Tight Junction Proteins and Statistical Analysis

Intestinal tissue from littermate control and Myo5b KO
mice were immunostained for g-actin and either claudin-2
or ZO-1. Two 20� fields were examined to determine the
total number of inclusions that were present at the apical
membrane as defined by g-actin staining. The number of
inclusions that were contiguous with the apical membrane
and expressed claudin-2 or ZO-1 at the apical membrane
over inclusions then were counted. The percentage of in-
clusions associated with tight junction proteins was calcu-
lated by dividing the number of inclusions positive for
claudin-2 or ZO-1 at the apical membrane by the total
number of inclusions that still were attached to the apical
membrane. Four to 5 mice per group were analyzed. Two-
way analysis of variance was used to determine significance.
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