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Abstract
Background: Epithelial barrier dysfunction is associated with the pathogenesis of a number of immune
inflammations; the etiology is not fully understood. The fusion of endosome/lysosome is a critical process in the
degradation of endocytic antigens in epithelial cells. Recent reports indicate that myosin VI (myo6) is involved in
the activities of endosomes. The present study aims to investigate the role of myo6 in epithelial barrier dysfunction.
Results: The endosome accumulation was observed in myo6-deficient Rmcs. More than 80% endosomes were
fused with lysosomes in naïve Rmcs while less than 30% endosomes were fused with lysosomes in the myo6deficient Rmcs. The myo6-deficient Rmc monolayers showed high permeability to a macromolecular antigen,
ovalbumin, the latter still conserved the antigenicity, which induced strong T cell activation.
Conclusions: We conclude that myo6 plays a critical role in the fusion of endosome/lysosome in Rmc epithelial
cells. Deficiency of myo6 compromises the epithelial barrier function.
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Background
The epithelial barrier is formed by epithelial cell bodies
and the tight junctions around the top of each epithelial
cell. Such a barrier separates the body tissue from the
external environment. Under the physiological states, the
epithelial barrier only allows water and substances with
small molecular weight to pass through [1]. Pathogens
and macromolecular antigens are generally prevented
from entering into the deep tissue by the epithelial barrier
[2]. However, under the states of epithelial barrier dysfunction, the macromolecular antigens do enter the deep
tissue in the body to interact with immune cells and induce skewed immune responses and cause immune
inflammations [3,4]. The pathogenesis of epithelial barrier
dysfunction is to be further understood.
Protein antigens can pass the dysfunctional epithelial
barrier via paracellular pathways [5] or intracellular
pathways [6] to enter the deep regions of tissue. The
paracellular pathway is sealed by the tight junctions
under normal physiological conditions [5]. In harsh
conditions, such as psychological stress, the paracellular
pathway may be opened to allow noxious substances to
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be absorbed [7]. Alternatively, antigens can be also
transported across the epithelial barrier via the
intracellular pathways [6]. In the process of via the
intracellular pathways, the antigens are firstly wrapped
by the plasma membranes to form endosomes, and
then to be transported to the subepithelial region [8].
Theoretically, the endosomes can fuse with lysosomes
within epithelial cells [9]. The endocytosed antigens
should be degraded by the acidic hydrolases of lysosomes [9]. However, according to previous reports,
the antigen-carrying endosomes can be transported
across the epithelial barrier to be delivered into the
deeper regions of tissue [10]. The phenomenon implies that the fusion of endosome and lysosome may
be disturbed in the case of epithelial barrier dysfunction; the underlying mechanism needs to be further
investigated.
Recent reports suggest that myosin VI (myo6) is involved in the activities of endosome and lysosome [11]
in body cells. Myo6 belong to the myosin family that is
composed by the ATP-dependent motor proteins, which
play a role in muscle contraction and are involved in a
wide range of other eukaryotic motility processes. After
engulfing by epithelial cells, antigens can be wrapped to
form endosomes. Previous studies observed that the
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endosomes in intestinal epithelial cells could move from
the luminal side to the bottom side [10]. Thus, we
hypothesized that myo6 may be involved in the movement of the endosomes. In this study, we knocked down
the gene of myo6 from epithelial cells and found that
the myo6-deficient epithelial cells showed endosome
accumulation, less frequency of the fused endosome
and lysosome and the endocytic protein antigens were
transported across the epithelial barrier.

Methods
Reagents

The antibodies of EEA1, LAMP2, myosin VI and shRNA
(sc-37133-SH) of myo6 were purchased from Santa Cruz
Biotech (Shanghai, China). The 51Cr-EDTA was purchased
from Chemindustry (Shanghai, China). Ovalbumin (OVA)
and bovine serum albumin (BSA) were purchased from
Sigma Aldrich (Shanghai, China). The ELISA kit of OVA
was purchased from the AlphaDiagnosis (Hangzhou,
China). Reagents of real time RT-PCR were purchased
from Invitrogen China (Shanghai, China). The reagents of
immune cell purification were purchased from Miltenyi
Bioltech (Shanghai, China).
Cell culture

The RPMI 2650 cells (Rmc, in short; a Human nasal
epithelial cell line) were purchased from ATCC (Manassas, VA) and grown in Eagle’s minimal essential medium
(MEM) supplemented with 100 U/ml penicillin, 100 μg/ml
streptomycin and 10% fetal bovine serum (FBS) in a
humidified incubator at 37°C with 5% CO2. The cells were
further cultured in Transwells (polycarbonate membrane,
0.4 μm pore size, 1.12 cm2 surface area, Corning Costar
Co., USA) to form monolayers to be used in further
experiments.
Permeability of Rmc monolayer assessment

Rmcs were cultured for 2 weeks in Transwell inserts to
confluence (TER ≥500 Ohm/cm2). Two types of tracers
were tested. For the macromolecular tracer, OVA
(10 μg/ml) was added to the apical chambers of
Transwells. Samples were taken from the basal chambers
and analyzed the levels of OVA by ELISA. For the small
molecular tracer, 51Cr-EDTA (Ethylenediaminetetraacetic
acid; 1 μCi) was added to the apical chambers of
Transwells. The [51Cr]- radioactivity was counted using
a γ-counter. The permeability was expressed as the ratio between the original amount added to the apical
chambers and the recovered amount from the basal
chambers.
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Enzyme-linked immunoassay (ELISA)

The levels of OVA in the basal chambers of Transwells
were determined by ELISA with commercial reagent kits
following the manufacturer’s instruction.
Western blotting

Total proteins were extracted from the cells. The protein
extracts were fractioned in sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membrane. The membrane was incubated
with primary antibodies (100 ng/ml) at 4°C overnight.
After washing with TBST (Tris-buffered saline with
Tween-20), the membrane was incubated with HRPlabeled secondary antibodies (50 ng/ml). The immune
blots were developed with the ECL Western Blotting
Reagent (Amersham; Shanghai, China).
RNA interference of myo6

The myo6 gene was knocked down in Rmcs with the
shRNA of the myo6 (non-specific shRNA was used as a
control; cshRNA) following the manufacturer’s instruction. When the Rmcs in Transwells reach 3/4 confluent,
the lentiviral vectors carrying the shRNA of myo6 or
cshRNA were added to the inserts. The Rmc monolayers
were kept culturing. After reaching confluence, the
monolayers were used in the designed experiments. The
gene knockdown effect was presented in Figure 1A,
which occurred 48 h after the transduction. As we observed the effects in separate experiments, the gene
knockdown effect lasted for at least for 2 weeks (data
not shown).
Immunocytochemistry

Following published procedures with modifications [12],
endosomes and lysosomes were stained in Rmcs. The
cells were fixed with 2% paraformaldehyde for 2 h at room
temperature, incubated with the primary antibodies
(0.5 μg/ml) for 1 h at room temperature and followed by
incubating with fluorescence-labeled secondary antibodies
(0.5 μg/ml) for 1 h at room temperature. The cells were
smeared onto a slide and observed under a confocal
microscope with the × 630 objective. When the positive
staining of interest was identified, the images were
further enlarged using the built-in enlarging software
feature. Thirty images were photographed from experimental each group. The total number of positive stained
particles in the cells was counted on each image. The
OVA+/EEA1+ and OVA+/EEA1+/LAMP1+ particles
were counted respectively.
Preparation of immune cells

Recording transepithelial resistance (TER)

The TER of Rmc monolayer was recorded using the Millicell
ERS apparatus (Millipore, Bedford, Massachusetts, USA).

The CD3+ CD4+ CD25- T cells (Th0) and dendritic cells
(DC) were isolated from the spleen of OVA-TCR transgenic DO11.10 mice (purchased from Beijing Experimental
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Figure 1 Myo6 deficiency induces endosome accumulation in epithelial cells. A-B, the immune blots indicate the levels of myo6 (A) or
EEA1 (B; a marker of endosome) in epithelial cells. The bars below he blots indicate the summarized integrated density of the blots. C, the
confocal images show the EEA1 staining (in red) in epithelial cells. D, the bars indicate the average number of endosomes in epithelial cells,
which was averaged from 30 cells. Naïve: Naïve epithelial cells. shRNA: The epithelial cells were treated with shRNA of myo6. cshRNA: The
epithelial cells were treated with control shRNA. The data in bar graphs were presented as mean ± SD. *, p < 0.01, compared with the naïve
group. The data represent 3 separate experiments.

Animal Center; Beijing, China) by the magnetic cell sorting
with commercial reagent kits following the manufacturer’s
instruction (the cell purity was more than 95% as checked
by flow cytometry. The cells were cultured in RPMI1640
medium for further experiments. The using animal in
the study was approved by the Animal Ethic Committee
at our university.

Statistical analysis

Antigenicity assay

Published data indicate that the intracellular transport
pathway plays a role in the pathogenesis of epithelial
barrier dysfunction [13]. The process by which epithelial
cells transport antigens across the epithelial barrier remains largely unknown. Recent studies indicate that the
endosome/lysosome system and myo6 in epithelial cells
plays a critical role in the transporting endocytic cargo
[12,14,15]. Thus, we firstly observed the role of myo6 in
the endosome metabolism in epithelial cells. We cultured

The isolated Th0 cells were labeled with CFSE (Carboxyfluorescein succinimidyl ester) and cultured with
DC (T cell: DC = 10:1; 105 cells/ml) in the presence of
OVA (10 μg/ml; BSA was used as an irrelevant control
protein) or sample protein (from the basal chamber
medium) in culture medium for 3 days. The CFSEdilution assay was performed with a flow cytometer
(FACSCanto, BD Bioscience, San Jose, CA).

The data were presented as mean ± SD. Differences
between two groups were determined by Student t test.
p < 0.05 was set as the significant criterion.

Results
Deficiency of myo6 results in an accumulation of
endosomes in epithelial cells
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an airway epithelial monolayer with or without the myo6
gene knockdown (Figure 1A). The epithelial cells were
then processed for determining the levels of EEA1, a protein marker of endosome [16]. As shown by Western blotting, EEA1 protein was detected in naïve epithelial cells,
which was markedly increased in myo6-deficient epithelial
cells (Figure 1B). The results were confirmed by morphological study; the immunocytochemical staining showed
much more non-fused endosomes and EEA1 staining in
the myo6-deficient epithelial cells than that in control
cells (Figure 1C-D). The results indicate that myo6 plays
a critical role in the metabolism of endosomes in epithelial cells.
Myo6 Facilitates fusion of endosome and lysosome

The fusion of endosome and lysosome is an important
procedure in the metabolism of the endocytic cargo in
phagocytes and epithelial cells. The factors regulate the
fusion of endosome and lysosome have not fully understood yet. Since myo6 is associated with the activities of
endosomes [11], we wondered if the deficiency of myo6
could affect the fusion of endosome and lysosome in
epithelial cells. To this end, we further examined the
cell samples of Figure 1 by immunocytochemistry with
the cells stained with anti-EEA1 and LAMP2 (a marker of
lysosome). As shown by confocal microscopy, the positive
staining of EEA1, LAMP2 and the merge of EEA1 and
LAMP2 appeared as granules in epithelial cells. We
randomly selected 30 cells from each experimental group;
the positively stained granules were counted. The results
showed that in naïve epithelial cells (Figure 2A; Table 1),
more than 90% EEA1+ positive granules were also
LAMP2+ while the EEA1+ alone granules or LAMP2+
alone granules were less than 3% respectively. The results
from myo6-deficient epithelial cells (Figure 2B; Table 1)
were quite different from those myo6-sufficient epithelial
cells. Among the myo6-deficient epithelial cells, only 3.2%
EEA1+/LAMP2+ granules were observed; the EEA1+ granules were 68.7% and the LAMP2+ granules were 28.2%.
The epithelial cells treated with control shRNA (Figure 2C;
Table 1) showed similar results to naïve epithelial cells.
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Table 1 Positively stained granules in epithelial cells
Total

EEA1+

LAMP2+

EEA1+/LAMP2+

Naïve

895

72 (8.0%)

68 (7.6%)

755 (84.4%)

shRNA

856

352 (41.1%)*

284 (33.2%)*

220 (25.7%)*

cshRNA

903

85 (9.4%)

74 (8.2%)

744 (82.4%)

Naïve: Naïve epithelial cells. shRNA: The epithelial cells were treated with
shRNA of myo6. cshRNA: The epithelial cells were treated with control shRNA.
Isotype IgG: Cells were stained with isotype IgG using as a control. The data in
Table 1 were presented as mean (SD). *, p<0.01, compared with naïve group.
The data represent 3 separate experiments.

Deficiency of myo6 promotes intracellular antigen
transport across epithelial barrier

The data of Figure 2 imply that the deficiency of myo6
disturbs the fusion of endosome and lysosome. Since
the endocytic cargo, such as protein antigens, is
degraded by the acidic hydrolases in lysosomes of
epithelial cells, we wondered if the deficiency of myo6
affected the degradation of endocytic antigens in
epithelial cells. To this end, we prepared epithelial cell
monolayers with Transwells. After reaching confluence,
OVA was added to the apical chambers. The samples
were collected from the basal chambers 24 h later. As
shown by the data of ELISA and Western blotting, no
detectable OVA was transported across the monolayers.
To clarify if the monolayers were permeable, we added a
small molecular weight tracer, 51Cr-EDTA, to the apical
chambers of Transwells. The samples from the basal
chambers of Transwells showed that the monolayers
were permeable to 51Cr-EDTA in a time-dependant
manner. To assess the role of myo6 in the degradation
of the endocytic antigens, we knocked down the gene of
myo6 from epithelial cells. The myo6-deficient epithelial
cells were cultured into monolayers. Samples were
taken from the basal chambers 24 h later (Figure 3). The
results showed a marked increase in the antigen, OVA,
was detected in the basal chambers while the monolayers treated with control shRNA did not disturb the
permeability of the monolayers. The results showed that
myo6 plays an important role in the degradation of the
endocytic antigens in epithelial cells.

Figure 2 Immune staining of endosome and lysosome. The confocal images indicate the positive staining of EEA1 (in red) and LAMP2 (in
blue) in epithelial cells. The treatment of the cells was annotated on each image. A (Naive), naïve epithelial cells. B (shRNA): The epithelial cells
were treated with shRNA of myo6. C (cshRNA): The epithelial cells were treated with control shRNA. D (Isotype IgG): Cells were stained with
isotype IgG using as a control. The data represent 3 separate experiments.
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Figure 3 Assessment of epithelial monolayer permeability. A, the bars indicate the levels of OVA in basal chambers (assessed by ELISA).
B, the immune blots indicate OVA in basal chambers (assessed by Western blotting). C, the bars indicate the levels of 51Cr-EDTA in basal chambers
(assessed by a γ counter). D, the bars indicate the TER of the epithelial monolayers recorded at o h and 24 h respectively. The data in bar graphs
were presented as mean ± SD. *, p < 0.05, compared with group 12 h (C) or naïve group (D). Naïve: Naïve epithelial cells. shRNA: The epithelial cells
were treated with shRNA of myo6. cshRNA: The epithelial cells were treated with control shRNA. The data represent 3 separate experiments.

Antigens passed through the myo6-deficient epithelial
monolayers conserve antigenicity

To elucidate if the antigens passed through the myo6deficient epithelial monolayers still conserved the antigenicity, we isolated the CD3+ CD4+ CD25- Th0 cells from
the OVA-TCR transgenic mouse spleen and cultured in
the presence of dendritic cells and OVA (positive control) or samples extracted from the basal chambers of
Transwells, or BSA (an irrelevant antigen using as a control) in the culture for 3 days. The T cell proliferation
was assessed by the CFSE-dilution assay. The results
showed that the Th0 cells did not proliferate with no
specific stimuli (Figure 4A1, B). About 36.9% Th0 cells
proliferated after stimulating by OVA (Figure 4A2, B).
Samples taken from the basal chambers of Transwells of
myo6-deficient epithelial monolayers caused 32.6% T cell
proliferation (Figure 4A3, B) that was similar to that
caused by OVA. Stimulated by BSA did not induce T cell
proliferation (Figure 4A4, B).

Discussion
In this study, we found that endosomes accumulated in
the myo6-deficient epithelial cells. Myo6 was required in

the process of the fusion of endosome and lysosome in
epithelial cells. The knockdown of myo6 gene compromised the epithelial barrier function manifesting the
increase in the permeability to macromolecular protein
antigens. After passing the myo6-deficient epithelial barrier, the antigens still conserved the antigenicity.
The epithelial barrier function plays a critical role in
the maintenance of the homeostasis of the body. The
pathogenesis of a number of diseases, such as allergic
diseases [17] and chronic immune inflammation [18],
are associated with the epithelial barrier dysfunction.
Various factors, such as psychological stress, microbial
infection and radiations, are suggested associated with
the epithelial barrier dysfunction. The present data
have added a piece of novel information to this area;
the myo6 plays a critical role in the maintenance of
the epithelial barrier function. The data indicate that
the myo6-deficiency-induced epithelial barrier hyperpermeability is via the intracellular pathway since the
TER, the indicator of the paracellular functional state,
is not altered in the epithelial monolayers. Myo6 is
thought to transport endocytic vesicles into the cell,
functions in a variety of intracellular processes such as
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Figure 4 T cell proliferation. The T cell proliferation was assessed by CFSE-dilution assay. A1-A4, the histograms indicate the T cell proliferation.
The numbers indicate the frequency of proliferating T cells. A5 is an isotype control. B, the bars indicate the summarized data of A1-A4. The data
in the bar graph were presented as mean ± SD. *, p < 0.01, compared with group A1. The data represent 3 separate experiments.

vesicular membrane traffic, cell migration, and mitosis
[19]. The present data indicate that myo6 is also
involved in the fusion of endosome/lysosome. Inhibition of myo6 results in accumulation of endosomes in
the cytoplasm as we observed in the present study.
The phenomenon implicate that myo6 is required in
the fusion of endosome/lysosome to render the endocytic cargo to be digested by the enzymes in lysosome. Shorting of myo6 may drive the endosomes
with endocytic cargo, such as macromolecular antigens, to be transported to the subepithelial region to
contact immune cells; some of the antigens may induce unwanted immune responses.
The sub-cellular pathology of this study showed that
the myo6-deficient epithelial cells had the endosome
accumulation. Under physiological states, the early
endosomes form late endosomes, and then, fuse with
lysosomes. The acidic hydrolases in lysosomes can degrade the endocytic cargo in endosomes. The accumulation of endosomes in the myo6-deficient epithelial cells
implies the metabolism of the endosomes may be disturbed. The inference is supported by the subsequent
data; much less endosome/lysosome fusion was observed
in the myo6-deficient epithelial cells. The data are in line
with others’ findings. Chen et al [20] reported that the
ubiquitin TNFAIP3-deficient epithelial cells had less
fusion of endosome/lysosome; the cells showed less
ability to degrade the endocytic microbial products.
Huang et al [21] suggested that ubiquitin myo6-deficient

Caco-2 monolayers had disturbed fusion of endosome/
lysosome.
The permeability is an important aspect to mirror the
epithelial barrier function. In the present study, we observed marked increases in the permeability of the
myo6-deficient epithelial monolayers; abundant protein
antigens were transported across the epithelial monolayers to arrive the basal chambers of Transwells. The
Transwell system is a mimic of epithelial barrier; the
basal chambers are somewhat similar to the subepithelial
region in the mucosa. The transported antigens have the
opportunity to interact with immune cells in the
subepithelial region. Thus, whether the antigens still
conserve the antigenicity is of significance. Our further
results corroborate the reasoning by showing that the
transported antigens have strong antigenicity to induce
T cell proliferation. Similar results were also reported
recently; Song et al [14] found that antigens passed
through the 20-deficient epithelial monolayers could
activate antigen specific T cells.

Conclusions
Taken together, the data indicate that the fusion of endosome/lysosome plays a critical role in the maintenance
of the epithelial barrier function. The deficiency of myo6
can compromise the epithelial barrier function by
increasing the intracellular permeability to macromolecular protein antigens.
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