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Microvillus inclusion disease (MVID) is a severe form of congenital diarrhea that arises from inactivating 
mutations in the gene encoding myosin Vb (MYO5B). We have examined the association of mutations in 
MYO5B and disruption of microvillar assembly and polarity in enterocytes. Stable MYO5B knockdown  
(MYO5B-KD) in CaCo2-BBE cells elicited loss of microvilli, alterations in junctional claudins, and disruption 
of apical and basolateral trafficking; however, no microvillus inclusions were observed in MYO5B-KD cells. 
Expression of WT MYO5B in MYO5B-KD cells restored microvilli; however, expression of MYO5B-P660L, a 
MVID-associated mutation found within Navajo populations, did not rescue the MYO5B-KD phenotype but 
induced formation of microvillus inclusions. Microvilli establishment required interaction between RAB8A 
and MYO5B, while loss of the interaction between RAB11A and MYO5B induced microvillus inclusions. Using 
surface biotinylation and dual immunofluorescence staining in MYO5B-KD cells expressing mutant forms of 
MYO5B, we observed that early microvillus inclusions were positive for the sorting marker SNX18 and derived 
from apical membrane internalization. In patients with MVID, MYO5B-P660L results in global changes in 
polarity at the villus tips that could account for deficits in apical absorption, loss of microvilli, aberrant junc-
tions, and losses in transcellular ion transport pathways, likely leading to the MVID clinical phenotype of 
neonatal secretory diarrhea.

Introduction
Microvillus inclusion disease (MVID) is a rare neonatal diar-
rheal disorder of the small intestine that arises mainly in Euro-
pean, Middle Eastern, and Navajo Native American cohorts  
(1, 2). Recent investigations have identified putative inactivat-
ing mutations in myosin Vb (MYO5B) in patients with MVID. 
In the Navajo population, MVID has an incidence of 1 case per 
12,000 live births, with a single homozygous MYO5B-P660L  
(1979C>T p.Pro660Leu, exon 16) mutation responsible for all 
of these cases, inherited in an autosomal recessive pattern (2, 3). 
Of the 41 published mutations in the MYO5B gene that contrib-
ute to MVID, 16 mutations were homozygous, 9 mutations were 
heterozygous, and 16 further mutations were found in patients 
who have compound heterozygous mutations.

MYO5B is a highly processive motor, which functions as a 
homodimer and is activated by calmodulin binding. Struc-
turally, MYO5B has 3 distinct domains: an N-terminal motor 
domain, a central light chain binding domain, and the C-terminal  
cargo-binding tail domain. The motor domain generates force, 
and the central calmodulin light chain binding domain acts as the 
lever arm. Together, these domains generate motion that allows 
MYO5B to function as a dynamic tether for cargo bound to the tail 
domain by treadmilling in place on F-actin (11–16). MYO5B has 
binding regions in its tail domain for RAB8A via exon C (exon 30),  
RAB11 via the globular tail, and RAB10 through its alternatively 
spliced exon D (exon 31). It should be noted the predominant 
splice variant of MYO5B in enterocytes lacks exon D (17). Muta-

tions that disrupt the function of the motor, lever arm, calmod-
ulin binding, or RAB binding or induce premature termination 
before the tail domain can lead to MVID (1, 4, 6, 9).

MVID was first characterized in 1978 in newborns with chronic, 
unremitting diarrhea (18, 19). The underlying cause of the diar-
rhea remains to be determined definitively, but biopsy data point 
to a decrease in sodium absorption that could be the result of 
absent microvilli or leaky tight junctions in the enterocytes of 
the patients’ small intestine (20, 21). In these biopsy samples, 
pathognomonic microvillus inclusions were observed in 10% of 
enterocytes. No studies until now have identified conclusively the 
origin or nature of these structures (22, 23). The accumulation of 
PAS-positive “granules” also occurs at higher frequency in sam-
ples from patients with MVID than in the enterocytes of normal 
duodenum (9). MVID is uniformly fatal and no current pharmaco-
therapy exists, but it can be treated with total parenteral nutrition 
or an intestinal transplant (24).

While recent studies have identified MYO5B mutations in MVID, 
the pathophysiology remains less clear. Previous investigations 
have established that microvillus inclusions contain apical entero-
cyte proteins such as sucrase isomaltase, alkaline phosphatase, 
and sodium hydrogen exchanger 3 (NHE3) (25). In patients with 
MVID, normally apically trafficked proteins are mislocalized 
subapically, while sodium potassium ATPase (Na/K-ATPase)  
basolateral localization was unaffected in the biopsy samples 
(25). In another study, CD10, which is normally associated with 
the brush border, accumulated on the subapical surface of the 
enterocytes in patients with MVID (26). Since the initial discovery 
that MYO5B mutations were responsible for MVID, much spec-
ulation has focused on the role of MYO5B interacting proteins 
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in the manifestations of this disease. In previous studies, we have 
demonstrated that MYO5B regulates intracellular trafficking and 
endocytic recycling by localizing with specific RAB small GTPases 
(RAB8A, RAB10, and RAB11) in subapical vesicle populations 
(27). Of interest, Rab8a knockout mice display a deficit in intes-
tinal microvilli with prominent intracellular vacuoles that has 
similarities to some of the features of MVID, but no mutations 
in Rab8a have been associated with the disease in humans (28). 
All of these previous investigations suggest that MVID represents 
a pathophysiologic window into this apical trafficking process, 
because it arises as a result of inactivating mutations in MYO5B 
predicted to elicit aberrant apical trafficking of proteins and loss 
of apical microvilli in intestinal enterocytes (2). Therefore, under-
standing how mutations in MYO5B lead to aberrant trafficking 
in enterocytes should provide novel insights into the fundamental 
mechanisms governing plasma membrane recycling system traf-
ficking and lay the framework for producing a viable therapeutic 
alternative for patients with MVID.

In this study, we report that MYO5B regulates global intes-
tinal enterocyte polarity. Using stable MYO5B knockdown  
(MYO5B-KD) in CaCo2-BBE cells, we demonstrate that MYO5B 
loss results in a decrease in microvilli, mistrafficking of apically 
and basolaterally trafficked proteins, a decrease in CDC42, and 
dispersal of RAB8A and RAB11A. In samples from Navajo patients 
with MVID, microvilli are decreased, apical membrane proteins 
are mistrafficked, and RAB8A and RAB11A are dispersed from 
their normal apical position. While microvillus inclusions were 
not observed in MYO5B-KD cells, the reexpression in MYO5B-KD  
CaCo2-BBE cells of MYO5B-P660L, a mutation found within 
Navajo populations that slows MYO5B movement, causes the 
formation of microvillus inclusions. Rescue of the microvilli 
loss in the MYO5B-KD cells required intact RAB8A binding with 
MYO5B, while expression of a MYO5B that cannot bind RAB11A 
elicited microvillus inclusions. Finally, we demonstrate in CaCo2-
BBE cells that microvillus inclusions arise from internalization of 
the apical membrane and are likely the products of macropino-
cytosis. Together, these studies demonstrate that loss of apical 
microvilli in patients with MVID likely arises from a defect in 
RAB8A-dependent trafficking, while deficits in the RAB11A- 
dependent pathways account for the formation of microvillus 
inclusions. The broad changes in cell polarity in enterocytes at 
the microvillus tips likely account for the secretory diarrhea that 
dominates the clinical picture in patients with MVID.

Results
Loss or mutation of MYO5B causes a reduction in apical microvilli in 
enterocytes. Previous work has demonstrated that both trunca-
tions and nonfunctional motor mutations in MYO5B are associ-
ated with the MVID phenotype in neonates, including the loss of 
microvilli and microvillus inclusion formation (6, 8). To examine 
the effects of loss of MYO5B, we stably knocked down MYO5B 
in CaCo2-BBE cells, a subclone from the CaCo2 parental cell 
line selected specifically for the extensive microvilli that develop 
when grown on permeable Transwell filters (29). For this study, 2 
lentiviral shRNA vectors targeting MYO5B and a control shRNA 
were used for transduction of CaCo2-BBE cells. With both shRNA 
MYO5B constructs, MYO5B protein and mRNA were reduced by 
greater than 50% compared with the control cells (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI71651DS1). The MYO5B-KD shRNA2–expressing 

cell line was used for all the subsequent studies discussed below, 
unless stated otherwise.

Previous published work has demonstrated that CaCo2 cells 
polarize completely when grown on permeable filters for 14 days, 
and all CaCo2-BBE cell lines for this study were grown on Tran-
swell filters for 15 days, unless stated otherwise (30). We exam-
ined the microvilli of these cells by staining both CaCo2-BBE cells 
expressing control and MYO5B-KD shRNA CaCo2-BBE cells with 
anti-ezrin antibodies and colabeling with fluorescent phalloidin 
(Figure 1, A–F, K, and L). In the control cells, we observed a nor-
mal apical brush border distribution of F-actin and ezrin (Figure 
1, A–C and K). By scanning electron microscopy and transmission 
electron microscopy (TEM), normal densely packed microvilli 
were observed in the control cells with no microvillus inclusions 
(Figure 1, G and H). In the MYO5B-KD cells, phalloidin staining 
accumulated in the terminal web and apical ezrin decreased (Fig-
ure 1, D–F and L). Scanning electron microscopy and TEM stud-
ies of these cells showed sparse, shortened apical microvilli with 
no microvillus inclusions (Figure 1, I and J). Similar results were 
found with MYO5B-KD cell lines expressing both shRNA vectors. 
Quantitation of ezrin immunofluorescence revealed a reduction in 
CaCo2-BBE MYO5B-KD cells, and quantitation of ezrin by West-
ern blot showed a significant decrease in total ezrin protein in the  
MYO5B-KD cells (Figure 1, M and N).

To examine whether the loss of microvilli was due to improper 
formation or a delay in formation in the MYO5B-KD cells, we 
examined the stages of microvillar development in both control 
and MYO5B-KD CaCo2-BBE cell lines. In a time series of control 
cells grown on Transwell filters, microvilli formed in stages and 
established a mature brush border by 12 days after plating (Sup-
plemental Figure 2A). In the control cells, microvilli began to bud 
from the plasma membrane after 2 days, initiated contact with their 
neighbors after 4 days, formed tepee-like structures after 6 days, 
and initiated the process of packing their microvilli after 8 days on 
Transwell filters. By Western blot analysis, villin-1 was upregulated 
throughout microvillar development (Supplemental Figure 2, B 
and C). In a time series for CaCo2-BBE MYO5B-KD cells, the initial 
stages of microvilli development were similar to those seen for the 
control cells. However, MYO5B-KD cells did not progress past the 
tepee-like stage and did not achieve microvillar packing, even when 
cultured for up to 20 days on Transwell filters (Supplemental Fig-
ure 3A). In MYO5B-KD cells, villin-1 was not upregulated during 
culture on Transwell filters, compared with the control cells, by 
Western blot analysis (Supplemental Figure 3, B and C).

A wide array of mutations in MYO5B are associated with MVID. 
As a result, it was unclear whether the loss of MYO5B or the effect 
of MYO5B mutation was responsible for the MVID phenotype. 
Notably, we did not observe evidence for microvillus inclusions in 
the MYO5B-KD cells. To examine the effects of the Navajo MYO5B 
mutation (referred to herein as MYO5B-P660L) on the MVID phe-
notype, we immunostained small intestine biopsy samples from 
Navajo patients with MVID for ezrin and MYO5B (Figure 2, A–F). 
In normal duodenum sections, MYO5B immunostaining was con-
centrated in the subapical region of enterocytes below the brush 
border, which stained strongly for ezrin (Figure 2, A–C). In con-
trast, samples from patients with MVID showed a marked decrease 
in ezrin, dispersal of MYO5B staining, and microvillus inclusion 
formation in a subset of enterocytes at the tips of intestinal villi, 
when compared with controls (Figure 2, D–F). Interestingly, the 
cells within the lower regions of the villi demonstrated normal 
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ezrin staining of the apical brush border (Figure 2E). Structured 
illumination microscopy (SIM) of the samples from patients with 
MVID revealed an accumulation of β-actin in the terminal web 
and a dispersal of MYO5B from its normal subapical position 
above the terminal web (Figure 2, G and H). TEM of the sam-
ples from patients with MVID revealed a prominent decrease in 
microvilli and enlarged intracellular vesicular structures (Figure 
2, I and J). Thus, while MYO5B-KD in CaCo2-BBE cells replicated 
losses in microvilli seen in patients with MVID, we did not observe 
microvillus inclusions.

Alteration of tight junctions was observed in CaCo2-BBE MYO5B-KD 
cells and enterocytes from patients with MVID. We evaluated the 
integrity of the tight junctions by immunostaining for claudin 1  
(CLDN1), claudin 2 (CLDN2), claudin 4 (CLDN4), and ZO-1 (Sup-
plemental Figure 4, A–H). Immunocytochemistry supported the 
loss of CLDN1 at the junctions as well as an increase in CLDN2 

staining in the junctions of MYO5B-KD cells. Quantitation of 
CLDN1, CLDN2, CLDN4, and ZO-1 immunofluorescence showed 
a reduction in CLDN1 and ZO-1 and an increase in CLDN2 and 
CLDN4 in MYO5B-KD cells (Supplemental Figure 4I). Western 
blot analysis and quantitation showed that CLDN1 was down-
regulated and CLDN2 was upregulated in the MYO5B-KD cells 
compared with control cells (Supplemental Figure 4, J and K). 
The increase in CLDN1 and concomitant decrease in CLDN2 is 
indicative of a shift from a high resistance junctional complex to a 
leaky junction (31). In support of this concept, the transepithelial 
electrical resistance (TEER) in MYO5B-KD cells was reduced sig-
nificantly compared with that in control cells (Supplemental Fig-
ure 4L). Interestingly, previous studies have noted that microvilli 
formation is correlated with TEER in CaCo2 cells (32).

We next examined the effects of the MYO5B-P660L mutation 
on components of the tight junction by immunostaining duode-

Figure 1
Confocal fluorescence imaging, scanning electron microscopy, and TEM of CaCo2-BBE cells demonstrating loss of microvilli with MYO5B-KD. 
(A–F) x-y images are shown in the top panels with x-z images below each. (A and B) Immunostaining for ezrin (red) and phalloidin F-actin (green) 
in control cells showed prominent staining of microvilli. Triple overlay with DAPI nuclear staining (blue) is shown in C. (D and E) Immunostaining 
for ezrin (red) and phalloidin F-actin (green) in MYO5B-KD cells showed reduced apical ezrin and an accumulation of F-actin in the subapical 
region. Triple overlay with DAPI nuclear staining (blue) is shown in F. (G and H) Scanning electron microscopy and TEM of control cells showing 
normal densely packed microvilli. (I and J) Scanning electron microscopy and TEM of MYO5B-KD cells showing immature sparse microvilli. (K) 
Control cells x-z images from C magnified showing microvilli stained for both ezrin and F-actin. (L) CaCo2-BBE MYO5B-KD cells x-z images from 
F magnified showing loss of apical microvilli stained for both ezrin and F-actin and their accumulation in the terminal web. (M) Quantitation of ezrin 
mean fluorescence in maximum-intensity Z-stack projections showing a reduction in CaCo2-BBE MYO5B-KD cells. (N) Ezrin Western blot with 
quantitation showing a decrease in total ezrin in the MYO5B-KD cells. Scale bar: 10 μm (A–F, K, and L); 3 μm (G and I); 1 μm (G and I, insets); 
500 nm (H and J). *P ≤ 0.05, **P ≤ 0.01, Mann-Whitney test. Error bars denote mean ± SEM.
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nal biopsy samples from Navajo patients for CLDN1 and CLDN4 
(Supplemental Figure 5). Unfortunately, no CLDN2 antibody is 
presently available for reliable staining of human paraffin sections. 
CLDN1 in samples from patients with MVID was lost from junc-
tions and mislocalized to the cytoplasm (Supplemental Figure 5, A 
and B). In contrast, CLDN4 maintained its normal localization in 
the samples from patients with MVID, although its expression was 
reduced (Supplemental Figure 5, C and D). These findings sug-
gest that loss or mutation of MYO5B in both the CaCo2-BBE cell 
model and patients with MVID leads to alterations in junctional 
composition in enterocytes.

Loss of polarity in basolateral and apical compartments is observed in 
MYO5B-KD CaCo2-BBE cells and enterocytes from patients with MVID. 
We next examined the effects of reducing MYO5B on compo-
nents of the basolateral and apical compartments in CaCo2-BBE 
cells. To evaluate the integrity of the basolateral compartment, 
we immunostained for p120-catenin (p120), Na/K-ATPase,  
E-cadherin, and β-catenin (Figure 3). In the control CaCo2-BBE 
cells, p120, Na/K-ATPase, and β-catenin were distributed along 
the basolateral membranes, while E-cadherin was confined to the 
junctions (Figure 3, A, C, E, G, and I). In the MYO5B-KD cells, 
p120 and Na/K-ATPase staining were decreased at the lateral 
membrane by immunofluorescence (Figure 3, B and D). Remark-
ably, E-cadherin staining in the MYO5B-KD cells was redistrib-
uted to both apical and basolateral membranes as well as to ves-
icles underlying both surfaces (Figure 3, F and J). Nevertheless,  
β-catenin was not redistributed or decreased by immunofluorescence 
between these 2 cell lines (Figure 3, G and H). Quantitation of 
immunofluorescence for the basolateral proteins revealed that 
MYO5B-KD cells showed a reduction of p120, no change in 

Na/K-ATPase or β-catenin, and an increase in E-cadherin (Figure 
3K). Interestingly, the apical-to-basolateral ratio in MYO5B-KD  
cells for p120 or β-catenin showed no change. However, Na/K-AT-
Pase shifted to the apical surface, while E-cadherin was redistributed 
from the junction to both the apical and basolateral surfaces (Fig-
ure 3N). Western blot analysis of p120 in MYO5B-KD cells showed 
isoform switching when compared with the pattern observed in 
the control cells (Figure 3L), which is indicative of an alteration in 
polarity (33, 34). This change was not accompanied by a decrease in 
total p120 protein (Figure 3M). The apparent decrease, shown by 
immunofluorescence staining, was likely due to the restricted spec-
ificity of the immunostaining antibody for extended carboxyter-
minal isoforms (35). We observed no changes in Na/K-ATPase and 
β-catenin and an increase in total E-cadherin (Figure 3, L and M).

To investigate the localization of E-cadherin using a biochem-
ical approach, we performed cell surface biotinylation of both 
the apical and basolateral surfaces and analyzed the distribution 
of E-cadherin in proteins collected on streptavidin-coated beads 
(Figure 3O). Analysis of the relative distributions across biotiny-
lated fractions demonstrated that E-cadherin in the apical-bound 
fraction was increased in MYO5B-KD cells compared with that in 
the control cells (17.93% ± 2.15% versus 9.76% ± 3.1%) and E-cad-
herin in the basolateral-bound fraction decreased in MYO5B-KD 
cells compared with that in control cells (12.43% ± 7.46% versus  
22.8% ± 5.87%). All of these results suggest that loss of MYO5B 
caused aberrant trafficking of E-cadherin.

To evaluate the integrity of the basolateral compartment in 
samples from patients with MVID, we immunostained sections 
for p120, E-cadherin, Na/K-ATPase, and β-catenin (Figure 4). In 
the control duodenum biopsy samples, all 4 markers were dis-

Figure 2
Immunostaining of duodenum samples from Navajo patients 
with MVID reveals that mutation of MYO5B causes loss of apical 
microvilli, microvillus inclusion formation, and accumulation of  
F-actin into the terminal web. (A–C) Normal duodenum 
immunostaining for MYO5B (green) and ezrin (magenta) showed 
subapical MYO5B with increased staining at the tips of villi and 
ezrin localization to the brush border. (D–F) MVID patient duode-
num immunostaining for MYO5B and ezrin showed dispersal of 
MYO5B from the subapical region of enterocytes and ezrin local-
ization to microvillus inclusions in cells at the villus tips. Note that 
cells near the crypts (white arrowhead) showed a normal apical 
ezrin distribution when compared with cells at the villus tips (red 
arrowhead). (G) SIM imaging of β-actin (red) and MYO5B (green) 
in normal duodenum showed actin staining in the apical brush 
border (yellow arrow), discrete staining of the terminal web (white 
arrow), and MYO5B localization above the terminal web and below 
the apical surface (blue arrow). (H) SIM imaging of the samples 
from patients with MVID revealed an accumulation of β-actin 
(red) in the terminal web and dispersal of MYO5B (green) from 
its normal subapical position above the terminal web. (I) TEM in 
normal duodenum showed normal apical microvilli. (J) TEM of 
the MVID patient duodenum revealed a decrease in microvilli and 
enlarged subapical vesicular structures. Scale bar: 50 μm (A–F);  
10 μm (A–F, insets); 5 μm (G and H); 2 μm (I and J).
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tributed along the basolateral membranes (Figure 4, A, C, E, and 
G). In the samples from patients with MVID, p120 and β-catenin 
staining was decreased at the lateral membranes, as shown by 
immunofluorescence, but maintained a normal lateral distribu-
tion (Figure 4, B and H). E-cadherin staining in the samples from 
patients with MVID, however, was redistributed to both the apical 
and basolateral surfaces (Figure 4D). Na/K-ATPase staining in the 
samples from patients with MVID was maintained with dispersal 
in enterocytes at the villus tips (Figure 4F).

To examine the effects of MYO5B-KD on a nonstructural com-
ponent of the microvilli, we immunostained the CaCo2-BBE cells 
for dipeptidyl peptidase-4 (DPPIV). In control cells, DPPIV labeled 

the apical external surface of microvilli (Figure 5, A–F and M). How-
ever, in the MYO5B-KD cells, DPPIV staining was reduced in the 
apical membranes, consistent with the loss of microvilli, and we 
observed DPPIV staining in internal punctate vesicular structures. 
In the RAB8A knockout mouse, DPPIV was observed in enlarged 
lysosomes (28). To test whether DPPIV in MYO5B-KD cells was 
also diverted to the lysosomes, we dual immunostained the cells 
for DPPIV and LAMP2a. In the MYO5B-KD cells, DPPIV localized 
to both LAMP2a-negative and also LAMP2a-positive vesicles (Fig-
ure 5, G–L and N). To determine the origin of the LAMP2a-negative 
vesicles, we dual immunostained both the control and MYO5B-KD 
cell lines for RAB11A, which labels the apical recycling endosome, 

Figure 3
Loss of MYO5B in CaCo2-BBE cells causes the redistribution of basolateral markers. (A–H) x-y confocal images are shown above z-axis recon-
structions. (A) p120 staining in controls showed a lateral distribution, (B) while MYO5B-KD cells showed decreased p120 at the lateral mem-
branes. (C) Na/K-ATPase staining in controls showed a lateral distribution, (D) while MYO5B-KD cells showed reduction in lateral membranes. (E)  
E-cadherin staining in controls showed a junctional distribution, (I) with the x-z image magnified in junctional E-cadherin (white arrows). (F) MYO-
5B-KD showed redistribution of E-cadherin along the apical and lateral membranes and with internal pools of E-cadherin distributed throughout 
the cells; x-z image magnified in J. (G and H) In control and MYO5B-KD cells, β-catenin stained lateral membranes. (K) Quantitation of basolateral 
mean fluorescence. MYO5B-KD cells showed a reduction of p120 and an increase in E-cadherin. (L and M) Western blot with quantitation of 
basolateral markers in MYO5B-KD showed an isoform switch of p120, with no decrease and an increase E-cadherin total protein. (N) Quantitation 
of apical-to-basolateral ratio in MYO5B-KD cells showed a redistribution of Na/K-ATPase to the apical surface, while E-cadherin was localized 
over both the apical and basolateral surfaces. (O) Surface biotinylation of either the apical or basolateral surfaces in control and MYO5B-KD cells 
with total protein, flow through from streptavidin beads (FT), and biotinylated-streptavidin-bound protein from control (Bound-Ctrl) or MYO5B-KD 
(Bound-MVBKD) cells showed an increase in apical and a decrease in basolateral E-cadherin in the MYO5B-KD cells. Scale bar: 10 μm. *P ≤ 0.05,  
**P ≤ 0.01, Mann-Whitney test. Error bars denote mean ± SEM.
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and DPPIV (Figure 5, O–R). In control cells, DPPIV labeled the api-
cal surface and RAB11A labeled punctate vesicles below the apical 
surface (Figure 5O). In the MYO5B-KD cells, RAB11A localized to 
both DPPIV-positive vesicles and vesicles that contained no DPPIV 
(Figure 5, P–R). Quantitation of DPPIV immunofluorescence 
revealed a decrease in DPPIV in the MYO5B-KD cells, and, as shown 
by Western blot analysis, total protein expression of DPPIV was sig-
nificantly reduced (Figure 5, S and T).

To investigate the localization of DPPIV using a biochemical 
approach, we performed cell surface biotinylation of the apical 
surface and analyzed proteins collected on streptavidin-coated 
beads for DPPIV (Figure 5U). In the MYO5B-KD cells, we observed 
a loss of DPPIV from the apical membranes (7.209% ± 3.63% versus 
13.42% ± 2.98% in controls) and an increase in the nonbiotinylated 
pool of DPPIV (92.79% ± 3.63% versus 86.58 ± 2.98% in controls). 
All of these results suggest that DPPIV is lost from the apical mem-
brane and localized intracellularly in part to lysosomes as well as 
to endosomes in MYO5B-KD cells.

Other proteins reported previously as mistrafficked in samples 
from patients with MVID, such as transferrin receptor (CD71) 
and CD10, also displayed an altered distribution in MYO5B-KD 
cells. CD10 was observed in subapical and lateral puncta in the 
MYO5B-KD cells, instead of in the more diffuse pattern observed 
in the control cells, and quantitated CD10 fluorescence was sig-
nificantly decreased (Supplemental Figure 6, A, B, and F). CD71 
was redistributed strongly to the subapical region throughout 
the cytoplasm, and total protein was increased in MYO5B-KD 
cells (Supplemental Figure 6, C–F). Finally, we also evaluated the 
pattern of transferrin trafficking in MYO5B-KD cells. Fluores-
cently labeled transferrin was endocytosed from the basolateral 
membranes and then chased with serum for 60 minutes in both 
control and MYO5B-KD cells. Fluorescently labeled transferrin 
was endocytosed appropriately from the basolateral membranes 

in both the control and MYO5B-KD cells (Supplemental Figure 6,  
G and H). In MYO5B-KD cells, fluorescently labeled transferrin 
accumulated in subapical vesicles, rather than recycling out of 
the cell following serum chase, as in the control cells (Supple-
mental Figure 6, I and J). Quantitation of transferrin trafficking 
showed no significant difference in uptake between the con-
trol and the MYO5B-KD cells, but transferrin was significantly 
retained in MYO5B-KD cells (Supplemental Figure 6K). All of 
these results suggested that MYO5B-KD caused alterations in 
apical and basolateral trafficking.

To examine the effects of the MYO5B-P660L mutation on apical 
nonstructural components of the microvilli, we immunostained 
the duodenal biopsy samples for CD10 and sodium glucose 
transporter 1 (SGLT1). In the duodenal biopsy control samples, 
CD10 and SGLT1 labeled the apical brush borders of enterocytes 
(Supplemental Figure 7, A and E). In contrast, transferrin recep-
tor (CD71) was diffusely distributed throughout the enterocytes 
(Supplemental Figure 7C). However, in the samples from patients 
with MVID, CD10 and SGLT1 were redistributed away from the 
apical surface with a loss of SGLT1 (Supplemental Figure 7, B, D, 
and F). In contrast, CD71 staining was increased in both the api-
cal and basolateral poles of enterocytes (Supplemental Figure 7D). 
Interestingly, when DPPIV was costained with villin-1, they colo-
calized in microvillus inclusions, but DPPIV was also observed in 
large internal punctate vesicular structures that did not stain for 
villin-1 (Figure 6). These findings confirmed that loss of MYO5B 
in CaCo2-BBE cells caused a disruption of normal apical and baso-
lateral trafficking and localization similar to what is observed in 
Navajo patients with MVID enterocytes.

RAB8A- and RAB11A-positive vesicles are dispersed in CaCo2-BBE 
MYO5B-KD cells and enterocytes from Navajo patients with MVID. To 
determine the underlying effects of MYO5B loss on trafficking to 
microvilli and polarity, we stained the MYO5B-KD cells for 2 RAB 

Figure 4
Immunostaining of MVID patient duodenum samples demonstrated alteration of the basolateral compartment. (A) In normal duodenum, p120 
staining showed a lateral distribution. (B) In MVID patient duodenum, p120 staining was reduced but maintained its lateral membrane local-
ization. (C) In normal duodenum, E-cadherin staining demonstrated a lateral distribution. (D) In MVID patient duodenum, E-cadherin staining 
was present on both apical and lateral membranes. (E) In normal duodenum, Na/K-ATPase antibodies stained the lateral membranes. (F) In 
the MVID patient samples, Na/K-ATPase stained the lateral membranes with dispersal of staining in enterocytes at the villus tips. (G) In normal 
duodenum, β-catenin staining was present in the lateral membranes. (H) In MVID patient duodenum, β-catenin staining was decreased in the 
lateral membranes. Scale bar: 50 μm; 10 μm (insets).
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proteins that bind to MYO5B: RAB8A and RAB11A. Both RAB8A 
and RAB11A were concentrated in large vesicular complexes sub-
apically in the control cells, with RAB11A showing a central sub-
apical distribution and RAB8A having a subapical and lateral dis-
tribution. In the MYO5B-KD cells, both RAB8A and RAB11A were 
dispersed throughout the cytoplasm away from their normal sub-
apical distributions (Figure 7, A–C). Maximum-intensity Z-stack 
projections of MYO5B-KD cells showed dispersal of both RAB8A 
and RAB11A into smaller vesicles located diffusely through the 
cell cytoplasm (Figure 7D). Quantitation of the mean total cel-

lular fluorescence intensity demonstrated that RAB11A staining 
across the entire cell volume did not change for RAB11A but was 
decreased for RAB8A (Figure 7E). Total RAB8A and RAB11A pro-
tein, as shown by Western blot, showed no change between control 
and MYO5B-KD cells (Figure 7, F and G). All of these findings sug-
gest that loss of MYO5B expression disrupts the normal defined 
submembrane localization of RAB8A and RAB11A.

To examine the effects of loss of MYO5B on other markers of 
polarity, we also stained the CaCo2-BBE cells for CDC42. Activa-
tion of CDC42 is regulated by RAB8A via its guanine nucleotide 

Figure 5
Coimmunostaining of DPPIV and LAMP2a in CaCo2-BBE cells with redistribution of DPPIV to large vesicles in MYO5B-KD cells. (A–L) x-y con-
focal images are shown above z-axis reconstructions. Control and MYO5B-KD cells were immunostained for DPPIV (green) and LAMP2a (red). 
(A–F) Control cells showed a normal apical distribution of DPPIV and diffusely cytoplasmic LAMP2a. (G–L) In MYO5B-KD cells, DPPIV was seen 
in internal vesicles, some of which also stained for LAMP2a (white arrow). (M) Magnified x-z image from control cells in F. (N) Magnified x-z image 
from MYO5B-KD cells in L showing cytoplasmic distribution of DPPIV. (O) Control cells immunostained for DPPIV (green) and RAB11A (red) 
showed apical DPPIV and subapical RAB11A. (P–R) MYO5B-KD cells, immunostained for DPPIV (green) and RAB11A (red), showed dispersal 
of RAB11A from the subapical surface and localization in large DPPIV positive vesicles (white arrows). (S) DPPIV reduction in MYO5B-KD cells 
shown via mean fluorescence in maximum-intensity Z-stack projections. (T) Western blot comparing control and MYO5B-KD cell lines probed 
for DPPIV and α-tubulin demonstrating reduction of DPPIV expression. (U) Apical surface biotinylation in control and MYO5B-KD cells showing 
DPPIV immunoreactivity in total protein, flow through from streptavidin beads, and biotinylated streptavidin-bound protein, demonstrating an 
increase in the nonbiotinylated cytoplasmic pool and a decrease in DPPIV on the apical surface in the MYO5B-KD (Bound-MVBKD) versus 
control (Bound-Ctrl) cells. Scale bar: 10 μm. *P ≤ 0.05, Mann-Whitney test. Error bars denote mean ± SEM.
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exchange factor TUBA, and both CDC42- and RAB8A-deficient  
mice develop aspects of the MVID phenotype (36–38). In the 
control cells, we observed 2 distinct CDC42 populations. In one, 
CDC42 was dispersed throughout the cells, while in another, 
CDC42 localized to small puncta. In the MYO5B-KD cells, 
the punctate population was disrupted and total CDC42 was 
reduced, as assessed by immunofluorescence quantitation (Sup-
plemental Figure 8, A and B). Total CDC42 protein was reduced 
in MYO5B-KD cells, and, furthermore, the active CDC42 pop-
ulation was also reduced (Supplemental Figure 8, B and C). 
Immunostaining in normal duodenum showed an apical dis-
tribution of CDC42; however, in samples from patients with 
MVID, total CDC42 was reduced and mislocalized away from 
the apical surface (Supplemental Figure 8D). It should be noted 
that atypical protein kinase C (aPKC) was also mislocalized in 
MVID patient tissue samples (Supplemental Figure 8D), consis-
tent with regulation of the localization and activation of aPKC 
by CDC42 (39, 40). These findings, along with previous work 
using CDC42-deficient mice, suggest that loss of CDC42 con-
tributes to the MVID phenotype.

To determine the underlying effects of the Navajo MYO5B 
mutation on trafficking to microvilli and polarity loss, we stained 
the samples from patients with MVID for RAB8A and RAB11A. 
Both RAB8A and RAB11A were distributed subapically in con-
trol duodenal biopsy samples, with RAB8A showing a subapical 
and lateral distribution and RAB11A showing a subapical vesi-
cle distribution (Supplemental Figure 9, A and C). In the MVID 
patient sample, RAB8A was dispersed throughout the cytoplasm 
and accumulated in small puncta (Supplemental Figure 9B). 
Moreover, in the samples from patients with MVID, RAB11A was 
dispersed throughout the cytoplasm away from its normal dis-
tribution and accumulated with increased fluorescence intensity 
throughout the enterocytes (Supplemental Figure 9D). These 
findings demonstrate that loss or mutation of MYO5B leads to 
a disordered distribution of RAB8A and RAB11A both in vitro 
and in patients with MVID and suggest that MYO5B tethers these 
RABs and their associated vesicles in the apical domain.

MYO5B-P660L mutation causes the motor to move slowly along F-ac-
tin. All of our preceding studies suggested that loss of MYO5B 
expression could replicate many aspects of the MVID phenotype, 
with the notable exception of the production of microvillus inclu-
sions. The MYO5B-P660L mutation seen in Navajo patients with 

MVID lies outside the actin binding region, so the functional 
impact of this mutation required clarification. We expressed  
3x-mCitrine-MYO5B-WT or 3x-mCitrine-MYO5B-P660L in HEK 
cells, and both proteins were precipitated by F-actin pull down 
(Supplemental Figure 10). It should be noted that MYO5B breaks 
down readily because of an internal PEST site, which can be appre-
ciated by the second band visualized in the F-actin pull down. 
Previously published work has shown that MYO5B motors that 
move slowly along F-actin or cannot bind to F-actin are nonfunc-
tional motors (6). Thus, to evaluate the effects of MYO5B-P660L 
mutation on MYO5B dynamics in live cells, we used single mole-
cule TIRF-FRAP microscopy. We reasoned that fluorescent myo-
sin motors with similar actin binding properties and motor func-
tion would demonstrate comparable photobleaching kinetics. For 
these studies, we tagged synthetic MYO5B wild-type (MYO5B-WT) 
motor domain (MYO5B-1016X) and MYO5B-P660L motor 
domain (the Navajo MVID mutation, MYO5B-P660L-1016X) 
with 3 tandem copies of mCitrine (3x-mCitrine) and expressed 
these constructs in BF16 cells (1). Previous studies have used this 
approach to measure average motor speed, the processivity of sin-
gle kinesin molecules, and the lifetimes of myosin-1a tail/mem-
brane interactions (41, 42). 3x-mCitrine-MYO5B-WT-1016X mole-
cules demonstrated localization and movement toward the tips of 
filopodia, which indicated active forward movement along F-actin 
(Supplemental Figure 11A and Supplemental Video 1). In contrast,  
3x-mCitrine-MYO5B-P660L-1016X localized with the F-actin 
binding protein espin but showed negligible movement toward 
the tips of filopodia, which is indicative of stalled forward move-
ment along F-actin (Supplemental Figure 11A and Supplemental 
Video 2). Single molecule TIRF-FRAP imaging of 3x-mCitrine-
MYO5B-WT-1016X showed that these motors were photobleached 
by 50% of the maximum intensity after 30 seconds of laser expo-
sure in live BF16 cells (Supplemental Figure 11B). In contrast,  
3x-mCitrine-MYO5B-P660L-1016X was photobleached to 20% of 
the maximum intensity after 30 seconds of laser exposure in live 
BF16 cells, consistent with a stalled motor (Supplemental Figure 
11B). Together, these results suggest that, while MYO5B-P660L can 
bind F-actin, the motor movement is consistent with a rigor-type 
phenotype for a nonfunctioning slow moving motor.

Reexpression of MYO5B-WT rescues the phenotype in MYO5B-KD cells, 
but MYO5B-P660L reexpression does not rescue the knockdown phenotype 
and causes microvillus inclusion formation. To determine the speci-

Figure 6
DPPIV is mistrafficked to intracellular vesicles and to 
microvillus inclusions in samples from patients with 
MVID. (A–C) Normal duodenum villin-1 (red) and 
DPPIV (green) immunostaining showed localization 
of DPPIV and villin-1 to the brush border. Merged 
overlay images with DAPI nuclear staining (blue) are 
shown at right. (D–F) MVID patient duodenum villin-1 
and DPPIV immunostaining showed mislocalization 
of DPPIV to microvillus inclusions (white arrows) and 
to large intracellular vesicles (red arrow). Merged 
overlay images with DAPI nuclear staining (blue) are 
shown at right. Scale bar: 50 μm; 10 μm (insets).
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ficity of MYO5B-KD effects in CaCo2-BBE MYO5B-KD cells, we 
reexpressed synthetic full-length sequences for either mCher-
ry-MYO5B-WT or mCherry-MYO5B-P660L. We stained both of 
these “rescued” cell lines for the microvillar markers ezrin and 
phalloidin (F-actin). The reexpression of mCherry-MYO5B-WT 
in MYO5B-KD cells restored apical microvilli, as visualized by 
both immunofluorescence and scanning electron microscopy 
(Figure 8, A, B, E, and G). In contrast, the expression of mCherry-

MYO5B-P660L in CaCo2-BBE MYO5B-KD cells failed to restore 
microvilli and induced the formation of microvillus inclusions 
containing F-actin–based structures with inward facing microvilli, 
as visualized by both immunofluorescence and scanning electron 
microscopy (Figure 8, C, D, F, and G). Microvillus inclusions form 
normally in CaCo2 cells during their initial polarization on Tran-
swell filters, but after 14 days on Transwell filters, unless induced by 
colchicine or nocodazole treatment, microvillus inclusions do not 

Figure 7
RAB8A and RAB11A immunofluorescence staining in MYO5B-KD cells was dispersed from the apical surface. (A and B) x-y confocal images 
are shown above z-axis reconstructions. (A) RAB8A (red) and p120 (green) costaining in CaCo2-BBE cells. Control cells showed apical-lateral 
RAB8A distribution. MYO5B-KD cells showed RAB8A dispersal throughout the cytoplasm. (B) RAB11A (red) and Na/K-ATPase (green) staining 
in CaCo2-BBE cells. In control cells, RAB11A showed a subapical distribution. In MYO5B-KD cells, RAB11A was dispersed throughout the cyto-
plasm. (C) Magnified RAB8A staining x-z images from control and MYO5B-KD cells in A, and magnified RAB11A staining x-z images from control 
and MYO5B-KD cells in B. (D) In control cells, z-axis projection showed the normal distribution of RAB8A-positive vesicles and RAB11A-positive 
vesicles. In MYO5B-KD cells, z-axis projection showed dispersal of RAB8A-positive vesicles and RAB11A-positive vesicles. (E) Quantitation of 
RAB8A and RAB11A mean fluorescence in maximum-intensity Z-stack projections showed a reduction in RAB8A but no change of RAB11A in 
MYO5B-KD cells. (F) Western blot with quantitation of RAB8A showed no change in RAB8A in MYO5B-KD cells. (G) Western blot with quantitation 
of RAB11A showed no change in RAB11A in MYO5B-KD cells. Scale bar: 10 μm. *P ≤ 0.05, Mann-Whitney test. Error bars denote mean ± SEM.
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form (30). Quantitation of microvillus inclusions in CaCo2-BBE  
control, MYO5B-KD, MYO5B-WT rescue, and MYO5B-P660L 
reexpression cells showed a significant increase in microvillus 
inclusions associated with MYO5B-P660L reexpression over the 
other control or wild-type MYO5B-rescued cell lines (Figure 8H).

The mCherry-MYO5B-WT rescue of MYO5B-KD cells par-
tially reestablished the normal distribution of CLDN1 and 
CLDN2 (Supplemental Figure 12A). In contrast, the expres-
sion of mCherry-MYO5B-P660L in MYO5B-KD cells caused 
CLDN1 to be mislocalized into the cytoplasm and an increase in 
CLDN2 at the lateral membrane (Supplemental Figure 12A). The  

mCherry-MYO5B-WT res-
cue of CaCo2-BBE MYO5B- 
KD cells also reestablished 
the normal distribution of 
DPPIV, while the expression 
of mCherry-MYO5B-P660L 
caused mislocalization of 
DPPIV to microvillus inclu-
sions and large vesicles 
(Supplemental Figure 12B). 
Reexpression of mCherry-
MYO5B-WT in MYO5B-KD  
cells restored the normal dis-
tributions of both RAB8A- 
and RAB11A-containing 
ves ic les  (Supplement al 
Figure 13A). In contrast, 
the expression of mCherry- 
MYO5B-P660L in CaCo2-
BBE MYO5B-KD cells failed 
to rescue the dispersal of 
either RAB8A or RAB11A 
(Supplemental Figure 13A). 
The failure of MYO5B-P660L 
to rescue suggests that this 
motor has lost its ability to 
function as a tether, likely 
due to loss of the ability of 
MYO5B-P660L to treadmill 
on F-actin at the speed of 
actin polymerization (43–45). 
These findings suggest that 
MYO5B-P660L expression 
promotes microvillus inclu-
sion formation and can reca-
pitulate the MVID phenotype.

MYO5B mutant that selec-
tively binds to RAB8A rescues the 
loss of microvilli in CaCo2-BBE 
MYO5B-KD cells. In previ-
ous work, we have identified  
2 mutants of MYO5B that 
have altered interactions with 
critical RAB proteins (27). 
MYO5B(Y1714E/Q1748R) 
(referred to  herein as  
M YO 5 B -Y E / Q R )  b i n d s 
RAB8A but does not interact 
with RAB11A. In contrast, 

MYO5B(Q1300L/Y1307C) (referred to herein as MYO5B-QL/YC) 
can bind to RAB11A but does not interact with RAB8A. Thus, to 
determine whether aspects of MYO5B loss result from interac-
tions with specific RAB proteins, we evaluated the MYO5B-KD 
cell lines with reexpression of either mCherry-MYO5B-YE/QR or 
mCherry-MYO5B-QL/YC. The expression of mCherry-MYO5B- 
YE/QR in MYO5B-KD cell lines reestablished microvilli, as 
visualized by phalloidin staining, scanning electron micros-
copy, and TEM (Figure 8, G, I, K, and M). However, we also 
observed the presence of microvillus inclusions in these cells 
by immunofluorescence and TEM (Figure 8, I and O). It should 

Figure 8
MYO5B-WT and MYO5B-YE/QR rescue the MYO5B-KD phenotype, while MYO5B-P660L and MYO-
5B-YE/QR promote microvillus inclusions. (A) Ezrin and (B) phalloidin staining in microvilli was rescued in  
MYO5B-KD–expressing MYO5B-WT. Arrowhead, high expressers; –, low expressers. (C and D) Ezrin and phal-
loidin staining in microvilli was not rescued in MYO5B-KD–expressing MYO5B-P660L and induced microvillus 
inclusions (asterisks). (E and F) Scanning electron microscopy of (E) MYO5B-KD–expressing MYO5B-WT 
showed reestablished mature microvilli and (F) MYO5B-KD–expressing MYO5B-P660L showed immature 
microvilli in the tepee-like stage. (G) Western blot of rescue cell lines showed similar expression levels of 
mCherry. (H) Microvillus inclusions in MYO5B-KD reexpressing MYO5B-P660L and MYO5B-YE/QR were signifi-
cantly higher compared with other cell lines. (I) Expression of MYO5B-YE/QR reestablished phalloidin staining of 
microvilli (yellow arrow) but also induced the formation of microvillus inclusions (white arrow). (J) Expression of 
MYO5B-QL/YC partially recovered microvilli. (K and M) Scanning electron microscopy and TEM of MYO5B-KD 
cells expressing MYO5B-YE/QR showed reestablished mature microvilli. (L and N) Scanning electron micros-
copy and TEM of MYO5B-KD cells expressing MYO5B-QL/YC showed partial rescue of nonuniform microvilli. 
(O) MYO5B-KD cells expressing MYO5B-YE/QR showed subapical microvillus inclusions (red arrows), with 
corresponding denuded microvilli (black arrow) and surrounding brush border (blue arrow). (P) MVID patient 
duodenum with pathognomonic microvillus inclusion (red arrows) and denuded microvilli (black arrow). Scale 
bar: 10 μm (A–D, I, and J); 2 μm (E and F); 500 nm (E and F, insets); 5 μm (K and L); 1 μm (K and L, insets),  
2 μm (M and N); 500 nm (O and P). *P ≤ 0.05, ***P ≤ 0.001, Mann-Whitney test. Error bars denote mean ± SEM.
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be noted that the microvillus inclusions that formed were con-
sistent with the size seen in samples from patients with MVID 
(Figure 8, O and P). Reexpression of mCherry-MYO5B-QL/
YC in MYO5B-KD cells elicited incomplete rescue of microvilli, 
but no microvillus inclusions formed (Figure 8, G, J, L, and N). 
Quantitation of microvillus inclusions in MYO5B-QL/YC– and  
MYO5B-YE/QR–rescued cells showed a significant increase in 
microvillus inclusions in the MYO5B-YE/QR–expressing cells com-
pared with that in MYO5B-QL/YC–expressing cells (Figure 8H).

The expression of mCherry-MYO5B-YE/QR in MYO5B-KD cells 
reestablished the normal pattern for RAB8A, but not RAB11A, dis-
tribution (Supplemental Figure 13B). In contrast, the expression 
of mCherry-MYO5B-QL/YC in MYO5B-KD cells did not elicit the 
normal RAB8A distribution but was able to reestablish the normal 
distribution of RAB11A (Supplemental Figure 13B). Interestingly, 
mCherry-MYO5B-QL/YC was able to reestablish the proper dis-
tribution of both ezrin and DPPIV, while mCherry-MYO5B-YE/
QR did not rescue either (data not shown). Thus, establishment of 
apical microvilli appeared to involve interactions of MYO5B with 
RAB8A, while microvillus inclusion formation was associated with 
a loss of RAB11A interactions with MYO5B.

Microvillus inclusions arise from internalization of the apical surface. 
Microvillus inclusions could arise when either endocytosis or 

exocytosis is altered (30). Since microvillus inclusions do not con-
tain acid phosphatase, a lysosomal marker, it was postulated that 
microvillus inclusions do not originate from autophagocytosis 
of the apical membrane (46). Previous investigations using organ 
culture of duodenal biopsies from patients with MVID incubated 
for 5 minutes in PBS containing cationized ferritin suggested that 
microvillus inclusions originate from engulfing brush border 
membrane (22). We postulated that, because of the large size of the 
microvillus inclusions, only macropinocytosis could facilitate such 
a large endocytic event. Macropinocytosis is an actin-based endo-
cytic process, in which the plasma membrane is internalized to 
form large endocytic vesicles, >0.2 μm in diameter, designated mac-
ropinosomes (47). In MYO5B-YE/QR–reexpressing CaCo2-BBE  
cells, we observed microvillus inclusions forming in a series of 
stages. First, we observed cells with apical membrane invagina-
tions into the cytoplasm (Figure 9A). Other cells showed invag-
inations with increased size as well as internalized inclusions in 
which the apical membrane was completely engulfed and sepa-
rated from the apical surface (Figure 9, B and C). To determine 
the origin of these inclusions, we biotinylated the apical surface of 
the mCherry-MYO5B-YE/QR–expressing CaCo2-BBE MYO5B-KD 
cells, and we fixed and stained cells with phalloidin and fluores-
cent streptavidin after 24 hours (Figure 9, D–F). We observed the 

Figure 9
Microvillus inclusions in CaCo2-BBE cells 
arise from internalization of the apical sur-
face. x-y confocal images of MYO5B-YE/
QR–expressing MYO5B-KD cells are shown 
above z-axis reconstructions. (A–C) CaCo2-
BBE cells were stained with phalloidin 
(green). Images in A and B use correspond-
ing x-y and different z-axis reconstructions 
from the same field of view. The z-axis recon-
struction in A shows the development of an 
apical invagination, whereas that in B shows 
a nearly completed microvillus inclusion. (C) 
A separate field of view in which the z-axis 
reconstruction demonstrates a completely 
internalized microvillus inclusion. (D–F) The 
apical surface of CaCo2-BBE cells was bioti-
nylated and fixed after 24 hours. These cells 
were then stained with phalloidin (green) and 
fluorescent streptavidin (red). Single aster-
isks indicate the position for the first z-axis 
reconstruction directly below the x-y confocal 
image. Double asterisks indicate the position 
for the second z-axis reconstruction directly 
below the first z-axis reconstruction. Fluores-
cent streptavidin was observed in microvillus 
inclusions inside the cells. (G–I) CaCo2-BBE 
cells from A and B double labeled with both 
phalloidin and SNX18 showed SNX18 local-
ization at the bottom of a forming microvillus 
inclusion (white arrows), while more mature 
microvillus inclusions showed dispersal of 
SNX18 (red arrows). Scale bar: 10 μm.
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presence of fluorescent streptavidin in the microvillus inclusions 
in CaCo2-BBE cells expressing mCherry-MYO5B-YE/QR (Figure 
9, D–F). Similar results were observed in cells expressing mCherry-
MYO5B-P660L (data not shown). To examine whether microvil-
lus inclusions in CaCo2-BBE cells represented products of mac-
ropinocytosis, we stained mCherry-MYO5B-YE/QR–expressing 
MYO5B-KD cells with phalloidin and antibodies against sorting 
nexin 18 (SNX18), a marker of early macropinosome formation 
(Figure 9, G–I, and ref. 47). SNX18 and phalloidin double label-
ing of these cells revealed that early stages of microvillus inclusion 
formation were marked by SNX18 staining, while more complete 
microvillus inclusions lost their SNX18 staining as they matured 
(Figure 9, G–I). Interestingly, some microvillus inclusions were 
detected in samples from patients with MVID triple labeled for 
SNX18, MYO5B, and DPPIV (Figure 10). As a whole, these results 
provide evidence that microvillus inclusions arise from mac-
ropinocytosis of the apical surface.

Discussion
In this study, we developed a cellular model of MVID using shRNA 
to stably knockdown MYO5B and then reexpressed wild-type 
MYO5B and MYO5B mutants in CaCo2-BBE cells. Using this 
model, we demonstrated that loss of MYO5B caused a decrease 
in apical microvilli and dispersal of RAB8A and RAB11A from the 
subapical surface. RAB8A and RAB11 family members act on recy-
cling endosomes and are involved in the establishment of a variety 
of specialized apical processes that depend on apical trafficking. 
RAB8A and RAB11A interactions with MYO5B are required for 
proper establishment of apical polarity in MDCK cells, and phos-
phorylation of the RAB11 effector RAB11-FIP2 by MARK2/PAR1B 
also regulates the establishment of polarity and the proper assem-
bly of junctional proteins (27, 48). Other studies have suggested 
that RAB8A and RAB11A are involved in the assembly and main-
tenance of apical primary cilia in kidney cells (49–51). However, 
enterocytes do not form primary cilia above the transition zone, 
and, in contrast, the mechanisms behind microvilli formation 

have not been well characterized. This study supports the concept 
that MYO5B functions as a dynamic tether for both RAB8A and 
RAB11A and normally maintains these proteins at their appro-
priate subapical membrane localization. The present investiga-
tion has also shown that uncoupling of MYO5B from RAB8A 
promotes loss of microvilli, since a MYO5B mutant that can bind 
RAB8A, but not RAB11A, reestablished microvilli in CaCo2-BBE  
MYO5B-KD cells. However, the RAB8A-binding mutant of 
MYO5B also induced microvillus inclusions. Thus, formation of 
microvillus inclusions resulted from a loss of interactions between 
RAB11A and MYO5B. Similar to expression of MYO5B-YE/QR, 
reexpression of MYO5B-P660L, the mutation found in the Navajo 
population, led to the formation of microvillus inclusions and 
exacerbation of the MYO5B-KD phenotype. Thus, MYO5B, in 
concert with RAB8A and RAB11A, regulates the polarity of intes-
tinal epithelial cells, and uncoupling of these RABs from MYO5B 
causes gross changes in cellular polarity and mucosal integrity in 
patients with MVID. These results when paired with previous work 
demonstrate that MYO5B interacts with RAB8A and RAB11A to 
regulate enterocyte polarity, apical trafficking, and microvilli 
growth (Supplemental Figure 14). Both RAB8A and RAB11A 
bind to MYO5B directly on recycling vesicles (27). RAB11A also 
regulates actin dynamics in a MYO5B-dependent manner, and we 
have now implicated RAB11A in the recycling of apical brush bor-
der contents from macropinosomes (52). RAB8A also plays a role 
in apical recycling and trafficking. CDC42 associates with both 
RAB8A- and RAB11A-positive vesicles and is also activated via 
RAB8A through TUBA to facilitate regulation of cellular polarity 
and actin polymerization (36). All of these processes aid in the for-
mation and maintenance of microvilli.

The pathognomonic characteristic of MVID is the presence of 
intracellular microvillus inclusions, although they are observed 
in only 10% of enterocytes from patients with MVID, mainly at 
the villus tips. Interestingly, knockdown of MYO5B expression in 
CaCo2-BBE cells did not induce microvillus inclusions. A previ-
ous investigation reported that transient knockdown of MYO5B 

Figure 10
Immunostaining of MVID patient duodenum shows early microvillus inclusions labeled with SNX18, MYO5B, and DPPIV. (A) Normal duodenum 
section stained for SNX18 showed subapical and lateral localization of SNX18. (B) Staining of MVID patient duodenum for SNX18 showed local-
ization of SNX18 to early microvillus inclusion (white arrow). (C) Normal duodenum stained for MYO5B showed subapical localization of MYO5B. 
(D) Staining of MVID patient duodenum for MYO5B showed dispersal from the subapical region and accumulation and increase of MYO5B 
staining throughout the cytoplasm and localization of MYO5B to an early microvillus inclusion (white arrow). (E) Normal duodenum stained for 
DPPIV showed apical localization of DPPIV. (F) Staining of MVID patient duodenum for DPPIV showed localization of DPPIV to an early microvil-
lus inclusion (white arrow). (G and H) Merged images of normal duodenum and samples from patients with MVID stained with SNX18, MYO5B, 
and DPPIV from A–F. (I) Merged image of MVID patient duodenum showed an early microvillus inclusion formation (yellow arrow) staining for 
SNX18, MYO5B, and DPPIV. Scale bar: 10 μm.
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cells indicate that loss of functional MYO5B causes not only a 
deficit in microvilli, but also a global loss in polarity, which leads 
to alterations in both intercellular junctions and ion transport 
pathways necessary for adaptation through transcellular pumps 
and channels. The results of these changes lead to a mucosa with 
decrements in absorptive pathways and a leaky epithelium at the 
villus tips. This scenario would account for the observed secretory 
diarrhea. Finally, it is important to note that we observed in the 
duodenal biopsies from Navajo patients with MVID that normal 
ezrin-containing brush borders were often present on the entero-
cytes in the proximal villus. Similar results have been reported 
recently in sporadic cases of MVID (10). The loss of apical brush 
border and formation of microvillus inclusions occurred in cells at 
the villus tips. Thus, it seems likely that the enterocyte microvilli 
can be formed initially and that stabilization of initial cell polarity 
may represent a future target for therapy in infants with MVID.

Methods
Cell lines, real-time PCR analysis, lentivirus-mediated MYO5B-KD, and rescue. 
Human colonic epithelial CaCo2-BBE and human embryonic kidney 
293 (HEK) cell lines were grown in DMEM. The mouse melanoma BF16 
cells were grown in RPMI (Cellgro). All cell media was supplemented with  
L-glutamine (Cellgro), nonessential amino acids (Cellgro), penicillin/
streptomycin (Cellgro), 10% fetal bovine serum (Hyclone), and glucose 
for RPMI. Cell culture dishes and Transwell filters were purchased from 
Costar. For CaCo2-BBE cells, 200,000 cells were plated and grown on 
12-well Transwell filters for 15 days in culture, unless otherwise stated, 
and media was changed daily through the culture duration.

Two lentiviral shRNA vectors targeting MYO5B (Open Biosystems, 
V3LHS_323980 and V3LHS_323981) and a control shRNA (Open Bio-
systems, RHS4346) were used for transduction of Caco2-BBE cells. The 
CaCo2-BBE cells were transduced with lentiviral media produced in 
HEK cells and selected using puromycin (Cellgro). Rescue of CaCo2-BBE  
MYO5B-KD was performed using vectors that were synthesized from opti-
mized MYO5B sequences (GeneArt) resistant to silencing by the above  
shRNAs, cloned into mCherry-C2 at the N terminus, and selected using 
both puromycin (shRNA vector) and G418 (mCherry vector) selection.

RNA was isolated from CaCo2-BBE control and MYO5B-KD cell 
lines using TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions and treated with RQ1 RNase-Free DNase (Promega). cDNA 
was synthesized using a High-Capacity cDNA Reverse Transcriptase Kit 
(Applied Biosystems) with both oligo-dT and random hexamer primers. 
Real-time PCR was performed using a StepOnePlus Real-Time PCR sys-
tem with Express SYBR Green ER Supermix (Applied Biosystems) and the 
following primer pairs: MYO5B-forward 5′-CAGCAAGAAAGTCCAGG-
CGG-3′, MYO5B-reverse 5′-CCACGGTTTCCTCAGCTCA-3′, GAPDH-
forward 5′-AGATCCCTCCAAAATCAAGTGG-3′, and GAPDH-reverse 
5′-GGCAGAGATGATGACCCTTTT- 3′. These primers were validated 
for efficiency and melting temperature, and the results were analyzed by 
comparative CT method.

Human tissue preparation. Samples from patients with MVID were 
obtained via endoscopic biopsy for 4 of the samples we used and via resec-
tion for 1 additional sample, for a total of 5 samples from patients with 
MVID. All tissue samples were obtained through protocols approved by 
the Phoenix Children’s Hospital IRB. All biopsy and resection samples were 
washed in PBS and fixed in 10% formalin. Samples were stored in 70% eth-
anol, embedded, and sectioned for immunostaining.

Western blot. The CaCo2-BBE MYO5B-KD and CaCo2-BBE control 
cell lines were plated on 6-well Transwell filters for 15 days, washed with 
PBS, and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

using siRNA in CaCo2 cells caused an increase in microvillus 
inclusions (4). As this manuscript was being submitted, another 
group found structures reminiscent of microvillus inclusions 
with stable knockdown of MYO5B in parental CaCo2 cells (10). 
The differences observed in our studies likely accrue from our 
use of the highly polarized CaCo2-BBE cell line. Parental CaCo2 
cell lines obtained from ATCC often show variable polarity. 
Nevertheless, reexpression of either MYO5B-YE/QR or MYO5B- 
P660L in CaCo2-BBE MYO5B-KD cells induced microvillus 
inclusions, which formed from internalization of segments of 
the apical membrane. Whether apical membrane macropinocy-
tosis is a normal cellular process in polarized intestinal epithelial 
cells remains unclear, but colchicine treatment causes microvillar 
inclusions to form in normal rat small intestine (53). In CaCo2 
cells, colchicine or nocodazole treatment can also elicit microvil-
lus inclusion formation (30). Thus, the disruption of normal 
microtubule-dependent trafficking may cause microvillus inclu-
sions to form. Since the normal apical recycling process is depen-
dent on RAB11A and microtubule-dependent pathways, the 
microvillus inclusions may reflect the effects of mutant MYO5B 
molecules on the process of recycling. Thus, the nonfunctional 
MYO5B mutants may not cause the formation of microvillus 
inclusions but rather induce the phenotype by the inability of 
the cell to recycle internalized apical membrane through the 
RAB11A-dependent recycling system.

Currently, it is not understood why MVID mutations lead to an 
enterocyte-specific effect as opposed to more global effects, since 
other highly polarized epithelial tissues appear grossly unaffected 
by this disease. In addition to the chronic unremitting diarrhea, 
patients with MVID can also develop extraintestinal liver abnor-
malities, but it remains uncertain whether liver complications 
accrue from long-term total parenteral nutrition administration 
or the disease. In patients with MVID, kidney function generally 
appears normal, but these patients do have an increased rate of 
kidney stone development (54). In vertebrates, there are 3 isoforms 
of myosin V: MYO5A, MYO5B, and MYO5C (55). All 3 of these 
isoforms can interact with RAB10 and RAB8A, but only MYO5A 
and MYO5B can bind to RAB11 family members (17). One pos-
sible explanation for the severity of the intestinal phenotype 
in patients with MVID is that MYO5A may compensate for the 
loss of MYO5B in other polarized cell types and that low levels 
of MYO5A in enterocytes make enterocytes more vulnerable to 
loss or mutation of MYO5B (17). To address this possibility, we 
have attempted to rescue the MYO5B-KD of CaCo2-BBE cells with 
mCherry-MYO5A-WT, but reexpression of MYO5A was unable to 
rescue the MYO5B-KD phenotype in CaCo2-BBE cells (data not 
shown). It may be more likely that the mechanisms for establish-
ing apical microvillar specializations differ in different polarized 
epithelial cells. Increasing evidence suggests that important parts 
of the trafficking machinery in one cell type might serve another 
function in others (56). Furthermore, it should be noted that even 
if mutant MYO5B were affecting primary cilia function in kidney 
cells, few patients with MVID have reached the age at which poly-
cystic disease from ciliopathy would be detected.

The question remains why infants with MVID manifest such 
prominent secretory diarrhea. Loss of apical microvilli would be 
predicted to yield an absorptive diarrhea, and loss of intestinal villi 
in other intestinal diseases, such as celiac disease, usually occurs 
without secretory diarrhea (57). The results presented here in both 
samples from Navajo patients with MVID and in CaCo2-BBE  
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Scanning electron microscopy. CaCo2-BBE cell lines were washed 3 times 
with PBS. The cells were fixed with 3% glutaraldehyde in scanning electron 
microscopy buffer (0.1 M sodium phosphate buffer, pH 7.4, 0.1 M sucrose) 
at 4°C overnight. Cells were washed with scanning electron microscopy 
buffer twice, treated with 1% osmium tetroxide (in scanning electron 
microscopy buffer) for 1 hour on ice, and washed 3 times with scanning 
electron microscopy buffer. The cells were dehydrated with a serial dilution 
of ethanol (35%, 50%, 70%, 95%, and 100%) for 15 minutes each and incu-
bated with hexamethyldisilazane (HMDS). After the HMDS treatment, 
samples were mounted on stubs and coated with gold in a sputter coater 
and analyzed using an FEI Quanta 250 scanning electron microscopy  
(Vanderbilt Cell Imaging Shared Resource, Vanderbilt University).

Immunofluorescence quantitation. All images were captured with an 
Olympus FV-1000 confocal microscope (Olympus) using a ×60 oil 
immersion objective, as detailed above. The Z-stacks were exported as 
individual images and converted to tiff files using FV-1000 software. 
These image sequences were opened in ImageJ, and the fluorescence 
mean intensity was determined for each Z-stack (maximum inten-
sity projections), placed in Excel, and means, standard deviation, and 
standard error were calculated. Significance was determined using the 
Mann-Whitney 1-tailed test, and these measurements were graphed 
using Prism GraphPad. All of these experiments were done in triplicate 
for each selected protein of interest.

Histology and TEM. Normal human duodenum sections and those from 
patients with MVID were deparaffinized and were submitted to antigen 
retrieval in a pressure cooker using the target retrieval solution (Dako 
North America Inc.). Serum-free protein block (Dako North America Inc.) 
was used for blocking the duodenum, and immunofluorescence staining 
was performed as stated above for confocal immunofluorescence for all 
proteins of interest except for RAB8A and RAB11A. Duodenum sections 
stained for both RAB8A and RAB11A were placed in serum-free block for 
8 hours at room temperature or for 48 hours at 4°C. All other aspects 
of immunofluorescence staining were performed as stated above. All 
imaging was performed using the Olympus FV-1000. TEM samples from 
patients with MVID were prepared and analyzed by the Vanderbilt Cell 
Imaging Shared Resource, Vanderbilt University.

Transferrin trafficking assay. CaCo2-BBE cells were serum starved for  
60 minutes in serum-free media at 37°C. Transferrin–Alexa Fluor 633 
(Molecular Probes) was added to the basolateral surface for 1 hour at 
37°C. The transferrin was chased out with normal media for 60 minutes, 
and cells were washed 2 times in PBS and fixed and prepared for imaging 
as described above.

CDC42 activity assay. CDC42 activity was assayed using the CDC42 activ-
ity assay kit (BK034, Cytoskeleton). Cells were plated on 6-well Transwell 
filters for 15 days, as described above for Western blot protein isolation. 
Protein isolation and CDC42 activity were performed as described in the 
manufacturer’s data sheet (BK034, Cytoskeleton).

F-actin pull down of MYO5B. 0.4 mg/ml actin was polymerized in actin 
polymerization buffer (500 mM KCl and 20 mM MgCl2) and 2 mM ATP 
and 1 mM DTT were added to the mixture and incubated for 1 hour at 
room temperature. The polymerized F-actin was stabilized using 6.6 μM 
phalloidin (Molecular Probes) and incubated for 20 minutes at room tem-
perature. HEK cells transfected with either 3x-mCitrine-MYO5B-WT-1016x 
or 3x-mCitrine-MYO5B-P660L-1016x were lysed and spun down at  
150,000 g. 1 μM actin was added to the cell lysate supernatant and incu-
bated for 1 hour. The lysates were spun down at 150,000 g, and samples 
from the supernatant and actin pellet were collected and analyzed by West-
ern blot using an affinity-purified chicken anti-MYO5B antibody (39).

Live cell single molecule total internal reflection fluorescence–fluorescence recovery 
after photobleaching microscopy. MYO5B-WT-1016x and MYO5B-P660L-1016x 

1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) for 10 minutes at 4°C. 
The lysates were sonicated for 25 seconds and centrifuged at 16,000 g for  
10 minutes. The protein concentration was determined by the bicincho-
ninic acid (BCA) method using the Pierce BCA protein assay reagent 
(Pierce). A 20 μg total of protein was suspended in 1× SDS sample buffer, 
heated for 10 minutes at 70°C, resolved on a 6% to 12% SDS-PAGE gel, 
and transferred to Protran Nitrocellulose Transfer Membrane (What-
man). The blots were blocked in 5% DMP/TBS-T (5% dry milk powder 
in Tris-buffered saline, 0.01% Tween-20). The blots were incubated for  
1 hour at room temperature or overnight at 4°C with primary antibody 
diluted in 1% DMP/TBS-T. The blots were washed 5 times for 10 min-
utes at room temperature with TBS-T (0.1% Tween-20) and incubated for  
1 hour at room temperature with horseradish peroxidase–conjugated 
secondary antibodies (Jackson ImmunoResearch) and washed 5 times for  
10 minutes at room temperature with TBS-T (0.1% Tween-20), followed by 
1 wash with TBS. Specific tagging was identified by chemiluminescence 
reagent (Pierce), with detection using BioMax ML film (Kodak). Western 
blot quantitation was performed using scanned tiffs placed into Image 
Studio (LI-COR Biosciences), which was used to determine the signal. 
Using Excel, the normalized signal was determined relative to α-tubulin 
or β-actin. Significance was determined using the Mann-Whitney 1-tailed 
test, and these measurements were graphed using Prism GraphPad. All of 
these experiments were performed in triplicate for each protein of interest.

Confocal immunofluorescence and SIM. The CaCo2-BBE MYO5B-KD and 
CaCo2-BBE control cell lines were plated on 12-well Transwell filters and 
cultured for 15 days. Cells were washed with PBS and fixed. For tight and 
adherens junction staining, cells were fixed with 100% methanol for 5 min-
utes at –20°C. For all other staining, the cells were fixed in 4% PFA for 
15 minutes at room temperature. These cells were washed 3 times with 
PBS and blocked/extracted for 30 minutes at room temperature in 10% 
normal donkey serum (Jackson ImmunoResearch) and 0.3% Triton X-100 
in PBS. Cells were incubated overnight at 4°C with primary antibodies 
diluted in 1% normal donkey serum and 0.01% Tween-20 in PBS. Cells were 
washed 3 times for 15 minutes at room temperature with 0.01% Tween-
20 in PBS (PBS-T). Appropriate secondary antibodies were conjugated for 
immunofluorescence with Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 
647, Cy3, or Cy5 (1-hour incubation at room temperature). Detailed infor-
mation on primary antibodies and their dilutions is provided in Supple-
mental Table 1. The cells were washed 3 times in PBS-T and washed once 
in PBS and then washed in water and mounted with ProLong Gold plus 
DAPI (Invitrogen).

All images were captured with an Olympus FV-1000 confocal microscope 
(Olympus), using a ×60 oil immersion objective with a numerical aperture 
of 1.42 and using the microscope’s software at a ×3 optical zoom. The indi-
vidual images were converted to tiff files with the FV-1000, and Photoshop 
(Adobe) or ImageJ was used to create the final figures.

Samples for SIM were prepared as for confocal immunofluorescence 
(see above). SIM imaging was performed on a DeltaVision OMX micro-
scope (Applied Precision Inc.) using 488 nm, 568 nm, and 642 nm lasers. 
Reconstruction and alignment of SIM images was performed using 
softWoRx version 5.0 (Applied Precision Inc.). These corrections were 
applied back into the acquired images, and Photoshop (Adobe) was used 
to produce the final images.

TEER measurement. The cell lines were plated on 12-well Transwell filters, 
and media was changed every day. The TEER was measured using a Milli-
cell-ERS (Millipore) for each Transwell filter, the numbers were recorded, 
and the results are expressed in Ω × cm2. All of these experiments were 
done in triplicate for each time point of interest. Significance was deter-
mined using the Mann-Whitney 1-tailed test, and these measurements 
were graphed using Prism GraphPad.
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were centrifuged at 1,600 g for 3 minutes, and 50 μl of the flow through 
was obtained and dissociated in 1× SDS sample buffer and heated for  
10 minutes at 70°C. The beads were washed 3 times with 500 μl of the 
isolation dilution buffer and centrifuged at 1,600 g for 3 minutes each 
time. The beads were resuspended in 1× SDS sample buffer, heated for 
10 minutes at 70°C, and resolved on a 10% SDS-PAGE gel, and Western 
blots were performed for DPPIV and E-cadherin, as described above. Band 
densities were quantified using digitally scanned tiffs placed into Image 
Studio (LI-COR Biosciences). Using Excel, the percentage of total protein 
in the unbound and streptavidin-bound pools was determined by adding 
the relative unbound pools to the streptavidin-bound protein pools.

Statistics. Reported values represent the mean ± SEM of 3 or more inde-
pendent experiments, unless otherwise indicated. Statistical significance 
for all experiments was determined using a Mann-Whitney 1-tailed test 
with significance at P ≤ 0.05 using Prism GraphPad.

Study approval. The studies in these investigations used archival paraffin 
tissue duodenal specimens from healthy children and patients with MVID. 
All procedures and studies were performed according to protocols approved 
by IRBs at both Phoenix Children’s Hospital and Vanderbilt University 
School of Medicine. IRB-approved informed consent was obtained from 
all families of living subjects prior to research, and IRBs approved decedent 
research on tissue blocks from patients who had died.
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were tagged with 3x-mCitrine and verified by sequencing. BF16 cells express-
ing 3x-mCitrine-MYO5B-WT-1016x or 3x-mCitrine-MYO5B-P660L-1016x 
were plated sparsely in glass bottom imaging dishes. Cells were gently washed 
twice in PBS and placed in CO2-independent media (Gibco) for imaging 
experiments. Total internal reflection fluorescence–fluorescence recovery 
after photobleaching microscopy (TIRF-FRAP) and TIRF microscopy was 
performed on a Nikon TiE inverted light microscope equipped with a Nikon 
TIRF illuminator, a 100×/1.49 numerical aperture TIRF objective (used in 
combination with a 1.5× optivar), and a Hamamatsu ImagEM-CCD camera. 
Rectified pixel size was 75 nm per pixel. Fluorescence was excited using a 
50-milliwatt 491-nm diode laser working between 20% to 30% of full power. 
Single particle events appeared as bright diffraction restricted spots on the 
surface of the cell. Cells expressing exceedingly high levels of each construct 
were chosen for analysis to improve the signal/noise ratio of single molecule 
detection; image stacks consisting of 500 frames (30 seconds) were captured 
at 16.667 frames per second and subjected to contrast enhancement using 
ImageJ. Using ImageJ, fluorescence maximum intensity for each video was 
measured, placed in Excel, normalized to 1, and graphed as a percentage. All 
of these experiments were done in triplicate for each construct.

Microvillus inclusion scoring. Microvillus inclusions in the cell lines pre-
sented in this study were measured by assembling 3D reconstructions of 
Z-stacks from 8 randomly chosen fields of view of each cell line stained 
with DPPIV, ezrin, or phalloidin. The absolute number of microvillus 
inclusions in each 3D reconstruction was counted. Significance was deter-
mined using the Mann-Whitney 1-tailed test, and these measurements 
were graphed using Prism GraphPad.

Biotin labeling and cell surface biotinylation. For biotin labeling, CaCo2-BBE  
cell lines on Transwell filters were washed 3 times with PBS contain-
ing 0.1 mM CaCl2 and 1.0 mM MgCl2 (PBS-CM) on ice. Biotin work-
ing solution (0.5 mg/ml in PBS-CM from a 200 mg/ml stock dissolved 
in anhydrous DMSO) was added to the apical side of the filters for  
20 minutes at 4°C. The biotin was quenched with 5 washes of PBS-CM 
containing 0.2% BSA and 100 mM glycine at 4°C. The cells were incu-
bated for 24 hours at 37°C. CaCo2-BBE cells were fixed with PFA as 
described above. Streptavidin 647 (Molecular Probes) and Phalloidin 
405 (PromoKine) were added in PBS-T. The cells were washed 3 times 
in PBS-T, washed once in PBS, and washed in water and mounted with 
ProLong Gold (Invitrogen).

For cell surface biotinylation assays, CaCo2-BBE cell lines on Transwell 
filters were washed as specified above, and biotin (0.5 mg/ml in PBS-CM 
from a 200 mg/ml stock dissolved in anhydrous DMSO) was added to the 
apical or basolateral side of the filters for 20 minutes at 4°C. This pro-
cess was subsequently repeated for an additional 20 minutes at 4°C. The 
biotin was quenched with 5 washes of PBS-CM containing 0.2% BSA and 
100 mM glycine and washed 2 times with PBS-CM at 4°C. The Transwell 
filters were cut out of the Transwell inserts and placed in Eppendorf tubes 
containing 800 μl lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1% 
Triton X-100, 1 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 
2 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM PMSF,  
5 μg/ml leupeptin, 5 μg/ml pepstatin, and 10 μg/ml aprotinin added fresh) 
(58). The tubes were gently rotated for 1 hour at 4 °C, filters were removed 
from the tubes, and lysates were processed for biotinylated protein iso-
lation on streptavidin beads. Protein concentration was determined as 
described above, and 800 μg total protein was resuspended in isolation 
dilution buffer (200 mM HEPES [pH 7.5], 600 mM NaCl, 40% glycerol, 
and 0.4% Triton X-100) brought up to 700 μl with mammalian protease 
inhibitors (Sigma-Aldrich). 50 μl of the total protein was obtained and 
dissociated in 1× SDS sample buffer and heated for 10 minutes at 70°C. 
Streptavidin agarose beads (Novagen 69203) were added to the above 
lysates and incubated overnight at 4 °C while gently rotating. The samples 
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