Myosin-X functions in polarized epithelial cells
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ABSTRACT Myosin-X (Myo10) is an unconventional myosin that localizes to the tips of filopo-
dia and has critical functions in filopodia. Although Myo10 has been studied primarily in
nonpolarized, fibroblast-like cells, Myo10 is expressed in vivo in many epithelia-rich tissues,
such as kidney. In this study, we investigate the localization and functions of Myo10 in polar-
ized epithelial cells, using Madin-Darby canine kidney Il cells as a model system. Calcium-
switch experiments demonstrate that, during junction assembly, green fluorescent protein—
Myo10 localizes to lateral membrane cell-cell contacts and to filopodia-like structures imaged
by total internal reflection fluorescence on the basal surface. Knockdown of Myo10 leads to
delayed recruitment of E-cadherin and ZO-1 to junctions, as well as a delay in tight junction
barrier formation, as indicated by a delay in the development of peak transepithelial electri-
cal resistance (TER). Although Myo10 knockdown cells eventually mature into monolayers
with normal TER, these monolayers do exhibit increased paracellular permeability to fluores-
cent dextrans. Importantly, knockdown of Myo10 leads to mitotic spindle misorientation, and
in three-dimensional culture, Myo10 knockdown cysts exhibit defects in lumen formation.
Together these results reveal that Myo10 functions in polarized epithelial cells in junction
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formation, regulation of paracellular permeability, and epithelial morphogenesis.

INTRODUCTION

Myosin-X (Myo10) is an unconventional myosin that is broadly ex-
pressed in vertebrate tissues (Berg et al., 2000; Kerber and Cheney,
2011). Myo10 has key functions in filopodia, and experiments with
fibroblast-like cells have revealed that Myo10 localizes to the tips of
filopodia and undergoes intrafilopodial motility (Berg and Cheney,
2002; Kerber et al., 2009; Watanabe et al., 2010). Importantly,
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overexpression of Myo10 induces filopodia, while knockdown of
Myo10 inhibits the formation of filopodia (Berg and Cheney, 2002;
Bohil et al., 2006). Knockdown of Myo10 also inhibits the formation
of invadopodia (Schoumacher et al., 2010), actin-based extensions
involved in the spread of cancer cells. Although mRNA and blotting
studies indicate that Myo10 is expressed at highest levels in epithe-
lia-rich tissues, such as kidney (Berg et al., 2000), very little is known
about the localization and functions of Myo10 in polarized epithelial
cells.

Myo10 is a member of the myosin tail homology 4 domain and
band 4.1/ezrin/radixin/moesin domain (MyTH4-FERM) family of
myosins, a phylogenetically ancient group of actin-based motor
proteins that have key functions in membrane-cytoskeleton inter-
actions (Breshears et al., 2010; Sousa and Cheney, 2005). The
~237-kDa Myo10 heavy chain can be divided into three regions: a
myosin head with motor activity (Kovacs et al., 2005; Nagy et al.,
2008; Sun et al., 2010), a neck consisting of three 1Q motifs that
bind calmodulin or calmodulin-like light chains, and a large tail.
The Myo10 tail includes three pleckstrin homology domains, one
of which can bind to phosphatidylinositol-3,4,5-trisphosphate
(PIP3; Mashanov et al., 2004; Plantard et al., 2010; Lu et al., 2011).
Binding to PIP3 targets Myo10 to phagosomes (Cox et al., 2002)
and has recently been reported to facilitate targeting to filopodia
(Plantard et al., 2010; Lu et al., 2011; Umeki et al., 2011). The
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structure of the MyTH4-FERM region was recently solved (Wei
et al., 2011), and it has been shown that this region of Myo10
can bind directly to microtubules (Weber et al., 2004) and that
Myo10 is required for normal spindle positioning and orientation
(Weber et al., 2004; Toyoshima and Nishida, 2007; Kwon et al.,
2008; Woolner et al., 2008). The FERM domain of Myo10 can bind
the cytoplasmic domains of B1, B3, and B5 integrins (Zhang et al.,
2004), important transmembrane receptors for extracellular matrix
components. It should also be noted that the neck domain of
Myo10 binds to calmodulin-like protein (CLP), an epithelia-specific,
calcium-binding protein that can function as a Myo10 light chain
(Bennett et al., 2007).

Epithelial cells have critical functions in normal physiology and
disease, and epithelial morphogenesis is required for the proper
development of tissues and organs. In tissues such as kidney, the
epithelium of a tubule is organized into a single layer of polarized
cells. The polarity of the epithelial cell is defined by the apical and
basolateral domains, with the apical domain facing the lumen,
and the basolateral domain contacting the extracellular matrix. The
two domains are separated by the apical junctional complex (AJC),
the major components of which are the adherens junction and the
tight junction. The adherens junction promotes cell-cell adhesion
and coordinates changes in cell shape during morphogenesis of tis-
sues and organs (Perez-Moreno et al., 2003). Cadherins, which are
calcium-dependent, homophilic, cell adhesion receptors located in
the basolateral domain, are a key component of the adherens junc-
tion. Cadherins at the adherens junction are linked to actin filaments
by scaffolding proteins, such as the catenins (Harris and Tepass,
2010). The tight junction (also known as the zonula occludens) is lo-
cated immediately above the adherens junction and provides a
paracellular barrier to the movement of ions and solutes between
cells. The first protein to be identified at the tight junction was
zonula occludens-1 (ZO-1; Stevenson et al., 1986), a cytoplasmic
scaffolding protein that has important functions in tight junctions. In
addition, over 40 proteins are now known to associate with the tight
junction (Schneeberger and Lynch, 2004; Shen et al., 2011) includ-
ing the claudins, transmembrane proteins that are major elements
of the tight junction strands that form the paracellular barrier (Van
Itallie and Anderson, 2006).

It is now theorized that the paracellular barrier includes at least
two pathways (Anderson and Van ltallie, 2009), and different meth-
ods are used to measure the integrity of the tight junction barrier
and to distinguish between these pathways. Small pores in the tight
junction allow some charged ions to pass, and the transepithelial
electrical resistance (TER) of an epithelial monolayer provides an in-
stantaneous measurement of this paracellular barrier to ion move-
ment (Anderson and Van ltallie, 2009). The second pathway, termed
the "leak” pathway, allows for the passage of larger solutes, and this
permeability can be measured as the cumulative paracellular move-
ment (flux) of a solute, such as dextran, over time. Although changes
in electrical resistance and solute flux often coincide, it is now appar-
ent that the two pathways can be independently regulated (Balda
et al., 1996; Anderson and Van ltallie, 2009; Van ltallie et al., 2009).
Because the pores in tight junctions are too small to allow for pas-
sage of large solutes, permeability to larger solutes is thought to be
due to a different mechanism, such as relatively slow rearrange-
ments of the tight junction strands (Anderson and Van ltallie, 2009;
Shen et al., 2011).

The actin cytoskeleton serves as an important structural scaffold
for the formation and function of the apical junctional complex
(Hirokawa and Tilney, 1982; Hirokawa et al., 1983; Zhang et al.,
2005). Ultrastructural studies show that actin filaments associate
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with both the adherens junction and the tight junction; at the adhe-
rens junction, the cadherin-based, cell-cell contacts are clearly as-
sociated with a circumferential bundle of actin filaments (Hirokawa
and Heuser, 1981; Hirokawa and Tilney, 1982; Hirokawa et al., 1983).
Importantly, changes to the actin cytoskeleton can regulate paracel-
lular permeability (Madara, 1998; Hartsock and Nelson, 2008); for
example, there is evidence that contraction of actin bundles at the
zonula adherens may modulate paracellular permeability (Shen
et al., 2006).

While conventional myosin Il has been shown to have important
roles in junction assembly, permeability, and epithelial morphogen-
esis (lvanov et al., 2004, 2007, 2008; Shewan et al., 2005; Smutny
et al., 2010), growing evidence indicates unconventional myosins
also have critical functions in these processes. Mutations in Myo5b
cause microvillar inclusion disease (Muller et al., 2008) and Myo5b
has recently been implicated in apical membrane trafficking and lu-
men formation during epithelial morphogenesis (Roland et al.,
2011). Myob has been shown to regulate polarized trafficking (Au
et al., 2007) and E-cadherin adhesion at epithelial cell-cell contacts
(Maddugoda et al., 2007; Mangold et al., 2011). Mutations in Myo7a
and Myo15a, two MyTH4-FERM myosins distantly related to Myo10,
lead to defects in the stereocilia on the apical surfaces of the inner-
ear hair cells and cause human deafness (Friedman et al., 1995;
Liu et al, 1997). Myo9a, an unconventional myosin that acts as a
Rho-GAP, is reported to localize to cell junctions, and loss of Myo9a
leads to defects in epithelial differentiation and to hydrocephalus
(Abouhamed et al., 2009). Finally, recent work with Dachs, an uncon-
ventional myosin in fly, indicates that that this myosin generates ten-
sion in cell—cell junctions and is involved in spindle orientation (Mao
etal., 2011).

Although Myo10's functions in the filopodia of nonpolarized cells
have been the subject of intensive study, its localization and func-
tions in polarized epithelial cells remain largely unknown. In this pa-
per, we show that Myo10, an unconventional myosin that is broadly
expressed in epithelial tissues, has important functions in tight junc-
tion biogenesis, the maintenance of paracellular permeability, and
epithelial morphogenesis.

RESULTS

Myo10 localizes to the basolateral domain in kidney tubules
To investigate the functions of Myo10 in polarized epithelial cells,
we first asked where Myo10 localizes in kidney cells in vivo. Kidney
is one of the tissues that expresses the highest levels of Myo10, al-
though it should be noted that Myo10 is a low-abundance protein
and that even in the kidney, it is estimated to constitute only
~0.0005% of total protein (Berg et al., 2000). Immunofluorescence
of kidney sections from adult mouse showed that anti-Myo10 labels
a subset of tubules (Figure 1). To identify the types of tubules that
express Myo10, we double-labeled sections with antibodies to
aquaporin-2 (AQP2), an apical integral membrane protein selec-
tively expressed in connecting tubules and collecting ducts (Nielsen
et al., 2002). Because all AQP2-positive tubules were also labeled
by Myo10 (Figure 1A), this indicated that Myo10 is expressed both
in connecting tubules, an element of the distal nephron, and in the
subsequent collecting ducts. Strikingly, although AQP2 showed its
expected apical localization, Myo10 was largely basolateral (Figure
1B). The basal Myo10 staining often appears to extend into the cy-
toplasm, potentially due to the numerous infoldings of the basal
plasma membrane present in renal tubules (Kaissling and Kriz, 1992).
Also, anti-Myo10 did stain renal vasculature (unpublished data),
consistent with previously reported expression in endothelial cells
(Pi et al., 2007). Because some Myo10-positive tubules were not
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Myo10 localizes basolaterally in kidney. (A) Anti-Myo10 antibody labels the
basolateral domain in several types of tubules in the renal cortex. These include connecting
tubules and collecting ducts, which are labeled by AQP2, an apical protein. (B) A magnified
image of the inset box details Myo10's basolateral localization. (C) Little or no Myo10 signal is
detected in proximal tubules (labeled with AQP1, red) or in glomeruli (asterisks).

labeled by AQP2, we also performed double-label experiments
with aquaporin-1 (AQP1) to determine whether Myo10 is expressed
in proximal tubules (Nielsen et al., 2002). No colocalization of Myo10
and AQP1 was detected (Figure 1C), indicating little or no Myo10 is
expressed in proximal tubules, a region with an extensive brush bor-
der and numerous apical microvilli (Booth and Kenny, 1976). Rela-
tively little Myo10 staining was detected in glomeruli (Figure 1C,
asterisks). These experiments demonstrate that Myo10 is expressed
in connecting tubules and collecting ducts and that Myo10 exhibits
a largely basolateral localization in these polarized epithelial cells.

Myo10 localizes to lateral membranes during polarized
junction assembly

On the basis of our observations in mouse kidney, we used Madin-
Darby canine kidney (MDCK) Il cells as a model system to deter-
mine the functions of Myo10 in polarized epithelial cells. Immuno-
blotting showed that Myo10 is expressed in MDCK cells (Figure
2A). Because trial immunofluorescence experiments with anti-
bodies to human Myo10 yielded high background in MDCK cells,
for localization studies, we generated MDCK lines that stably
express green fluorescent protein-Myo10 (GFP-Myo10) at levels
comparable with endogenous Myo10 (Figure 2A). In subconfluent,
spreading MDCK cells, GFP-Myo10 localized to the tips of filopo-
dia (Figure 2B), as expected from results in other cell types (Berg
and Cheney, 2002).
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We then examined the subcellular dis-
tribution of GFP-Myo10 in MDCK cells dur-
ing junction formation. Junction assembly
was induced using the calcium-switch assay
(Cereijido et al., 1978). In this assay, mono-
layers of MDCK cells are exposed over-
night to low calcium, which disrupts cad-
herin-dependent, cell-cell adhesion, lead-
ing to a loss of cell-cell junctions and cell
polarity. Readdition of calcium triggers
cell-cell adhesion, and the adherens junc-
tions and tight junctions reassemble over
several hours. In many types of epithelial
cells, E-cadherin exhibits initial localization
to cell-cell contacts that matures into a nar-
row band at the adherens junction (Boller
et al.,, 1985; Adams et al., 1996); however,
in MDCK cells, E-cadherin remains local-
ized throughout the lateral membrane
(Gumbiner and Simons, 1987). As junctions
reassemble, TER transiently increases to
high levels, and then declines over 1-2 d
toward the much lower “steady-state” TER
of mature monolayers (Gonzalez-Mariscal
et al., 1985). After overnight incubation in
low-calcium media, MDCK cells had a
rounded and unpolarized morphology;
GFP-Myo10 localization was diffuse within
these cells (Figure 2C). We also found that
GFP-Myo10 showed variable levels of ex-
pression from cell to cell. On readdition of
calcium to trigger junction assembly, GFP-
Myo10 showed clear but transient labeling
at the lateral membrane of cell-cell con-
tacts, most notably at 2-6 h. The transient
localization of GFP-Myo10 to lateral mem-
branes could also be seen in x,z-projections
(Supplemental Figure S1). By 24 h, the lateral staining of GFP-
Myo10 largely disappears (Figure 2G).

Because GFP-Myo10 localized to the lateral membrane during
junction assembly, we examined the subcellular distribution of GFP-
Myo10 relative to the adherens junction protein E-cadherin. As ex-
pected, after incubation in low calcium, E-cadherin showed a diffuse
localization in the cytoplasm. Following readdition of calcium,
E-cadherin rapidly redistributed to cell-cell contacts and formed ad-
herens junctions. GFP-Myo10 colocalized with E-cadherin at the
lateral membrane at 2 and 4.5 h after calcium readdition (Figure 2,
E” and F”). E-cadherin localization to the lateral membrane, how-
ever, preceded that of GFP-Myo10; E-cadherin was detected at the
lateral membrane at 0.5 h (Figure 2, D and D).

Like E-cadherin, ZO-1 localization was disrupted after incubation
in low calcium and was apparent at cell-cell contacts prior to Myo10
(Figure S2, B and B’). Although both ZO-1 and Myo10 were present
in lateral membranes, the distribution of ZO-1 was more focused at
the apical junctional complex. In fact, little if any Myo10 was de-
tected in x,y-sections at the level of ZO-1 and the apical junction
complex (Figure S2, A-E). Thus, although GFP-Myo10 colocalizes
with E-cadherin at the lateral membrane during junction assembly,
Myo10 is not enriched at the apical junctional complex in MDCK
cells. Furthermore, GFP-Myo10 was not detected at the lateral
membrane during the initial recruitment of E-cadherin (or ZO-1) to
cell junctions.

Myo10 in polarized epithelial cells | 1677
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GFP-Myo10 localizes to the tips of filopodia in spreading MDCK Il cells and to lateral membranes during

24 hrs

junction formation. (A) Immunoblot showing expression of Myo10 in mouse kidney, MDCK cells, and MDCK cells stably
expressing GFP-Myo10. Actin was used as a loading control. MDCK samples were collected from monolayers after 5 d
in culture, and kidney lysates were obtained from adult C57BL/6 mice. (B) GFP-Myo10 (green) localizes to the tips of
filopodia in spreading MDCK cells. Cells were fixed 1 d postplating and were also stained for F-actin with Alexa Fluor
568 phalloidin (red). (C-G) GFP-Myo10 transiently localizes to the lateral membrane during junction assembly. After
overnight incubation in low calcium to disrupt cell-cell adhesion, cells were rounded and GFP-Myo10 showed a diffuse
cortical localization (C). After junction assembly was triggered by readdition of calcium (D-G), GFP-Myo10 was
transiently recruited to the lateral membrane, most strongly between 2 and 4.5 h. (C’-G’) Localization of E-cadherin
during junction assembly. Note that E-cadherin is present at the lateral membrane at 0.5 h (D’), prior to the recruitment
of GFP-Myo10. (C” -G”) Merged images of GFP-Myo10 (green) and E-cadherin (red). GFP-Myo10 colocalizes with
E-cadherin at the lateral membranes at 2 and 4.5 h (E” and F”). Images (G and G”) from a 24-h time point showing lack
of Myo10 staining at lateral membrane in more mature monolayers. Images are single confocal planes taken from the

midsection of the cell monolayers.

To investigate the dynamics of Myo10 during junction assembly,
we imaged GFP-Myo10 during calcium switch (Supplemental Movie
S1). Total internal reflection fluorescence (TIRF) microscopy of the
basal surface revealed numerous puncta of GFP-Myo10, many of
which localize to the tips of highly dynamic, filopodia-like projec-
tions. GFP-Myo10 was present at filopodia-like projections through-
out junction assembly, even prior to localization of GFP-Myo10 to
lateral membranes.

Myo10 knockdown delays the assembly of E-cadherin

and ZO-1 to cell-cell contacts

Given the localization of Myo10 during junction assembly, we tested
whether Myo10 has functional roles in junction formation in polar-
ized epithelial cells. Because Myo10 has been efficiently knocked
down using RNA interference (RNAI) approaches (Zhang et al., 2004;
Bohil et al., 2006; Pi et al., 2007), we established stable Myo10
knockdown lines in MDCK cells using short hairpin RNA (shRNA)
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constructs. Knockdown of full-length Myo10 was confirmed by im-
munoblot (Figure 3A), and Myo10 was depleted by ~70-80%. We
then used the calcium-switch assay to examine the process of junc-
tion assembly in Myo10 knockdown cells. Importantly, Myo10
knockdown cells showed a delay in the recruitment of both E-cad-
herin and ZO-1 to cell-cell contacts (Figure 4). Most notably, at
2.5 h, E-cadherin and ZO-1 staining was discontinuous or punctate
in Myo10 knockdown cells (Figure 4, G and G’), whereas E-cadherin
and ZO-1 were organized in a continuous, linear pattern in control
MDCK cells (Figure 4, C and C’). Assembly of ZO-1 into continuous,
linear contacts was quantified using ImageJ (Arganda-Carreras
et al., 2010). Consistent with immunofluorescence studies, Myo10
knockdown cells showed reduced continuous ZO-1 length at all
time points until 4.5 h (Figure S3). E-cadherin was properly restricted
to the lateral membrane and ZO-1 to the apical junction; therefore
knockdown of Myo10 does not appear to affect overall cell polarity.
We stained for additional polarity markers, ezrin and gp135, and
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FIGURE 3: Myo10 knockdown delays tight junction formation measured by TER.

(A) Immunoblot showing knockdown of Myo10 in stable MDCK lines, sh#38 and #44. Actin was
used as a loading control. (B) Myo10 knockdown cells show an ~4-h delay in the timing of the
peak TER during the calcium-switch assay, thus demonstrating a kinetic defect in junction

solutes. Myo10's role in regulating perme-
ability is not limited to MDCK cells, since
knockdown of Myo10 in Caco-2 cells led to
similar results (Figure S6, C and D).

formation. By ~28 h, the TER in both control and knockdown cells return to normal levels,

~60 Q - cm?. (C) Knockdown of Myo10 does not affect TER in mature monolayers (measured
after 5 d in culture). (D) Knockdown of Myo10 does increase paracellular permeability to large
solutes in mature monolayers. Cells were cultured for 5 d, then flux assays were performed to
measure the movement of 3.0-kDa FITC-dextran over a 2-h time period. Calcium-switch
experiments were performed in quadruplicate. Paracellular permeability results were averaged

over two experiments. **, p = 0.01; ns, not significant.

their localization was also unchanged in 5-d-old MDCK monolayers
with Myo10 knockdown (Figure 5). Also, the localization of polarity
protein markers, Par3 and aPKC, in MDCK monolayers grown for
5 d were unaffected by Myo10 knockdown (Figure S4). These and
subsequent studies were confirmed with two independent shRNAs
(Figure S5).

Loss of Myo10 leads to a delay in tight junction barrier
formation as assayed by TER
The delay in localization of E-cadherin and ZO-1 to cell-cell contacts
suggested that loss of Myo10 might result in a delay in tight junction
barrier function. We thus tested whether loss of Myo10 leads to
defects in the formation of the epithelial barrier by measuring TER
during junction assembly. As expected for control MDCK cells,
TER was low in the absence of calcium; upon readdition of calcium,
TER increased substantially and peaked between 6-8 h. Myo10
knockdown cells, however, showed a marked delay in attaining peak
TER (Figure 3B). This ~4-h delay to peak TER indicates a defect in
the kinetics of tight junction formation, a phenomenon that has also
been observed in MDCK cells in which critical tight junction and
adherens junction proteins, such as ZO-1 and E-cadherin, have been
depleted (McNeil et al., 2006; Capaldo and Macara, 2007).
Although Myo10 knockdown led to a delay in the development
of peak TER, by ~28 h, the TER of both knockdown and control cells
declined to typical steady-state levels, ~60 Q - cm? (Figure 3B).
Knockdown and control cells were also indistinguishable when the
TER was assayed after 5 d in culture (Figure 3C). This demonstrates
that although Myo10 is required for normal kinetics of junction as-
sembly, it is not necessary for maintenance of TER once junctions
have formed. Consistent with the latter point, knockdown of Myo10
in Caco-2 cells (a model for intestinal epithelial cells), also had no
effect on the steady-state TER (Figure S6, A and B).

Loss of Myo10 increases paracellular permeability

to uncharged solutes

A key feature of epithelial barrier function is the “leak” pathway,
which represents the paracellular permeability to large solutes
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Myo10 is required for proper mitotic
spindle orientation

Myo10 can bind to microtubules through its
MyTH-FERM domain (Weber et al., 2004),
and Myo10 has been shown to be important
for spindle formation and length in Xenopus
(Woolner et al., 2008) and proper spindle orientation in fibroblast-
like cells (Toyoshima and Nishida, 2007). Yet, whether Myo10 is re-
quired for spindle orientation in polarized epithelial cells is largely
unknown. To investigate the role of Myo10 in the spindles of MDCK
cells, we fixed mature monolayers and stained for 4’,6-diamidino-2-
phenylindole (DAPI) to identify dividing metaphase cells. By costain-
ing for y-tubulin to identify centromeres, we measured the spindle
angle and spindle length, and found that Myo10 knockdown cells
showed increased average spindle angle (0° = horizontal) and a
wider distribution of spindle angles when compared with control
cells (Figure 6, A and B). This defect in spindle orientation is similar
to those reported for key proteins required for spindle orientation
such as Cdc42 (Jaffe et al., 2008) and cadherins (den Elzen et al.,
2009). No difference in average spindle length was detected with
Myo10 knockdown (Figure 6C).

Myo10 is required for normal lumen formation

in MDCK cysts

Our experiments on two-dimensional MDCK monolayers demon-
strated that Myo10 has a role in the formation of adherens
and tight junctions as well as in spindle orientation. Because cell
junctions and the spindle have been shown to have important roles
in epithelial morphogenesis (Krasnow and Nelson, 2002), we
tested whether Myo10 is required for morphogenesis of epithelial
cysts. We seeded cells at low density in a collagen-matrigel matrix
and allowed each cell to grow into a cyst for 6 d before staining
with various markers. While the majority (~80%) of control MDCK
cells were able to form a single lumen, only ~20-40% of Myo10
knockdown cells formed single lumens and instead showed a strik-
ing multi-lumen phenotype (Figure 7, A and B). Although there
was a clear defect in lumen formation, Myo10 knockdown cysts did
not appear to have defects in the polarized localization of the junc-
tional marker ZO-1, the apical marker gp135, or the basolateral
marker E-cadherin (Figure 7, B and D). Similar to what was ob-
served in two-dimensional culture, normal apico-basal polarity was
also confirmed by additional markers, including ezrin at the apical
domain and Na* K*-ATPase at the basolateral domain (Figure S7).
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Myo10 knockdown delays E-cadherin and ZO-1 localization during junction formation. In calcium-switch

experiments, knockdown of Myo10 (sh#44) delays the appearance of E-cadherin (A-H). This is most evident at the 2.5-h
time point, at which the cadherin staining in Myo10 knockdown cells shows a more punctate and discontinuous pattern
that largely normalizes by 5.5 h. Similar delays were observed with ZO-1 (A’-H’) and F-actin (A”-H"). In control
calcium-depleted MDCK cells, concentric actin “rings” were observed (A”, arrows), whereas fewer actin rings and many
actin “condensations” were detected in Myo10 knockdown cells at early time points, most notably at t =0 (E”,
arrowheads). All images are maximum projections of confocal Z-stacks with 0.5-um slice thickness.

Thus Myo10 does not appear to be necessary for establishment of
apico-basal polarity, but is required for epithelial morphogenesis
to form normal cysts with single lumens.

GFP-Myo10 rescues defects in cyst formation

To confirm that the effect of Myo10 shRNA was specific, we gener-
ated Myo10 knockdown lines that stably express bovine GFP-Myo10
and asked whether expression of the transgene rescued the
multiple-lumen phenotype. Immunoblotting confirmed the knock-
down of endogenous Myo10 and the expression of GFP-Myo10
(Figure 8A). In addition, confocal imaging of rescue cells plated at
low density showed GFP-Myo10 labeling at the tips of filopodia
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(Figure 8B). Rescue cells were plated in collagen-matrigel to assay
the efficacy of cyst formation in three-dimensional culture. Although
the number of single lumens in control cells was somewhat lower in
this series of experiments (~70-75%), GFP-Myo10 expression par-
tially rescued the multi-lumen phenotype of Myo10 knockdown cells
(Figure 8E); ~60% of GFP-Myo10 rescue cysts had single lumens,
compared with ~35% of Myo10 knockdown cysts. The partial rescue
is probably attributable to the heterogeneous expression of GFP-
Myo10 in the rescue cells, especially given that some cells exhibited
little to no expression of GFP-Myo10, much like the stable GFP-
Myo10 cells shown in Figure 2. Apico-basal polarity also remained
intact in GFP-Myo10 rescue cysts (unpublished data). To further
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Myo10 knockdown does not affect markers of apico-basal
polarity in MDCK monolayers. (A and B) Apical markers, ezrin and
gp135, localize to the apical microvilli in knockdown (sh#16) and
control MDCK cells. (C) E-cadherin localizes to the basolateral
membrane in knockdown and control cells. Cells were fixed at 6-d
postplating. Confocal images were acquired on a Zeiss 510 LSM using
a 63x/1.4 NA Plan-Apochromat oil objective. Sections were acquired
every 0.5 pm.

confirm the specificity of the Myo10 knockdown, we generated
additional knockdown lines that stably express different shRNAs to
Myo10 and confirmed all the phenotypes in junction assembly,
paracellular permeability, and cyst formation (Figure S5).

DISCUSSION

Although Myo10 is broadly expressed in epithelial tissues, its func-
tions in polarized epithelial cells have remained largely unknown.
In this study, we show that Myo10 has important and unexpected
functions in epithelial cells, including junction formation, mainte-
nance of the permeability barrier to large solutes, and epithelial
morphogenesis.

Myo10 localizes to the basolateral domain in polarized
epithelial cells

While previous work with nonpolarized cells has shown that Myo10
localizes to protrusive structures, such as the tips of filopodia (Berg
et al., 2000; Tokuo et al., 2007), the in vivo localization data here
from the kidney connecting tubules and collecting ducts show that
Myo10 exhibits a largely basolateral distribution in polarized epithe-
lial cells. Given that Myo10 localizes to dorsal filopodia in nonpolar-
ized cells, it is somewhat surprising that Myo10 was not detected in
proximal tubules, which have numerous apical microvilli, and that
GFP-Myo10 was not detected in the apical microvilli of MDCK cells.
This demonstrates that Myo10 is not targeted to the tips of all actin-
based bundles and suggests that there are important differences
between the dorsal filopodia of nonpolarized cells and the apical
microvilli of polarized epithelial cells. Our results showing a basolat-
eral localization of Myo10 are consistent with biochemical fraction-
ation experiments that identified Myo10 in basolateral rather than
apical fractions from kidney (Yonezawa et al., 2003). They are also
consistent with proteomics data showing that Myo 10 was not among
the 14 myosins detected in the intestinal brush border (McConnell
etal., 2011). Although the precise mechanisms underlying the baso-
lateral localization of Myo10 remain unknown, the Myo10 tail do-
main binds to PIP3 and to B integrins, (Mashanov et al., 2004; Zhang
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Myo10 knockdown cells show a defect in proper spindle
orientation, but not spindle length, in mature MDCK monolayers.
(A) Myo10 knockdown cells (sh#2-8) show increased average spindle
angle from horizontal (0°) and a larger distribution of spindle angles
(B) (see Supplemental Material). The histogram in (B) plots the number
of metaphase cells with spindle angles binned in 10° increments.
(C) Myo10 knockdown has no significant effect on spindle length in
MDCK monolayers. Fifty cells/condition were counted. ***, p < 0.001;
ns, not significant.

et al., 2004; Wei et al., 2011), both of which localize basolaterally in
MDCK cells (Schoenenberger et al., 1994; Martin-Belmonte et al.,
2007).

Loss of Myo10 delays junction formation

Using MDCK cells and the calcium-switch model, we found that
GFP-Myo10 was diffusely distributed within the cell at early stages
of junction assembly, and it localized to the lateral membrane as
cell—cell contacts formed. More importantly, Myo10 knockdown
cells showed a delay in junction formation as indicated by: 1) delays
in the localization of E-cadherin and ZO-1 and 2) delay in barrier
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Myo10 knockdown leads to the formation of cysts with multiple lumens. (A and C) The majority of control
MDCK cells grown in three-dimensional, collagen-matrigel matrix for 6 d form cysts with a single lumen, whereas the
majority of Myo10 knockdown cells (sh#44) form cysts with multiple lumens (B and D). Cysts were stained for the tight
junction marker ZO-1, the basolateral marker E-cadherin, and the apical markers gp135 and F-actin, as well as DAPI to
stain for nuclei. Myo10 knockdown cells retain apico-basal polarity, as the apical and basolateral markers localize to their
proper domains. (E) Bar diagrams showing the number of cysts with single versus multiple lumens, ascertained from
100 randomly selected cysts per condition and averaged over two experiments. While ~80% of control MDCK cells form
single-lumen cysts, only ~20-40% of Myo10 knockdown cells form single-lumen cysts. Statistical significance (p < 0.05)
was achieved between MDCK vs. sh#16, MDCK vs. sh#38, and MDCK vs. sh#44.

function, as indicated by the ~4-h delay to reach peak TER. The  to defects remarkably similar to those resulting from loss of key
delay in junction formation was temporary, and knockdown cells  junction components, such as E-cadherin and ZO-1, loss of either of
exhibited normal TER by ~28 h. Knockdown of Myo10 thus leads  which leads to similar delays in junction formation and TER without
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Partial rescue of multiple-lumen cyst phenotype by
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loading control. (B) Fluorescence image of a rescue MDCK cell during
spreading shows that GFP-Myo10 (green) localizes to filopodia tips as
expected for functional Myo10; F-actin (red) was stained with
phalloidin. (C) Myo10 knockdown (sh#44) increased the number of
cysts with multiple lumens relative to control cells, and expression of
GFP-Myo10 partially rescued this defect. Statistical significance
(p < 0.05) was achieved for MDCK vs. sh#44 and sh#44 vs. GFP-
Myo10 rescue.

affecting steady-state TER (Umeda et al., 2004; McNeil et al., 2006;
Capaldo and Macara, 2007).

Loss of Myo10 could delay junction formation by several mecha-
nisms. It has been proposed that nascent junctions in keratinocytes
form by filopodial contacts between adjacent cells (Vasioukhin et al.,
2000). Because we observed Myo10 at the tips of filopodia in un-
polarized MDCK cells, Myo10 is well-positioned to facilitate the for-
mation of initial cell-cell contacts. Furthermore, TIRF microscopy
revealed that GFP-Myo10 localizes to the tips of filopodia-like struc-
tures at the basal surface of MDCK monolayers; these basolateral
puncta of GFP-Myo10 were very dynamic (Movie S1). The data
illustrating GFP-Myo10 at the tips of filopodia-like structures sug-
gest a mechanism whereby Myo10 functions in junction formation
by affecting filopodial cell-cell contacts. A similar role has recently
been suggested for Myo10 in endothelial cells, in which Myo10
transiently colocalized with VE-cadherin at the tips of filopodia dur-
ing the initial stages of cell-cell contact (Almagro et al., 2010). This
suggested that knockdown of Myo10 might impair junction forma-
tion, although this was not tested. In this study, we directly show that
knockdown of Myo10 leads to a delay in junction formation. Be-
cause it is reasonable to suspect that the role of Myo10 in junction
formation could be due to an interaction with E-cadherin, we per-
formed series of preliminary immunoprecipitation experiments,
both during calcium-switch and in mature monolayers, but did not
detect an interaction between Myo10 and E-cadherin (unpublished
data).
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As an actin-based motor, Myo10 could potentially transport or
localize proteins involved in junction formation. Although E-cadherin
was detected at lateral membranes prior to GFP-Myo10, E-cadherin
localization to the lateral membrane was delayed in Myo10 knock-
down cells. This suggests that loss of Myo10 leads to delays at an
earlier step, such as formation of initial contacts, or that amounts of
Myo10 too low for us to detect are sufficient to localize E-cadherin
to lateral membranes. The normal apico-basal polarity observed in
Myo10 knockdown cells suggests that Myo10 is not essential for
pathways required for polarized membrane trafficking.

It is also possible Myo10 is required to properly regulate actin
dynamics at cell junctions. Interestingly, we observed differences in
actin morphology with Myo10 knockdown, most notably in calcium-
depleted cells. While F-actin formed apical ring-like structures in
control cells (Figure 4A”, arrows), as previously described (lvanov
et al., 2004), Myo10 knockdown cells showed fewer apical F-actin
rings and more F-actin “condensations” within the cells (Figure 4E”
arrowheads). On calcium readdition, actin condensations could be
observed at early stages (0.5-2 h), but by 5.5 h and in mature mono-
layers, the Myo10 knockdown cells exhibited apparently normal ac-
tin organization. Although the nature of the actin condensations is
not clear, similar actin structures have been reported in cells knocked
down for ZO-1 (McNeil et al., 2006). It is thus possible that Myo10
knockdown delays junction assembly by perturbing actin organiza-
tion, especially given that myosin Il and Myoé are involved in the
assembly of junctions and associated actin structures (lvanov et al.,
2007; Ivanov, 2008; Smutny et al., 2010; Mangold et al., 2011).

Loss of Myo10 results in increased paracellular permeability
Myo10 knockdown monolayers showed increased movement of
dextran solute through the paracellular pathway over a period of
2 h. This finding indicates that Myo10 is required for maintenance
of the paracellular barrier. Although the mechanisms underlying the
paracellular “leak” pathway are unclear, the actin cytoskeleton is
integral in retaining the paracellular barrier (Shen et al., 2011). It is
thus possible that Myo10 is required for cytoskeletal organization or
dynamics that are necessary to maintain normal paracellular flux.
Although Myo10 was not enriched at the tight junction, other pro-
teins that localize outside the tight junction, such as E-cadherin,
have been shown to affect paracellular permeability in MDCK cells
(Capaldo and Macara, 2007).

Loss of Myo10 increases paracellular permeability, but at the
same time, it does not affect steady-state TER. How can this be
reconciled? TER and paracellular permeability are not necessarily
coupled. This has been shown in several cases (Balda et al., 1996;
McCarthy et al., 2000; Bruewer et al., 2004), most recently in ZO-1
knockdown in MDCK cells, in which steady-state TER is unchanged
and paracellular flux is increased (Van ltallie et al., 2009; Fanning
et al., 2012). It has been theorized that the highly dynamic tight
junction fibrils act akin to a series of gates (Claude, 1978), in which
the opening and closing of tight junction fibrils allow solute particles
to progress through the paracellular pathway over time. Thus, while
TER is an instantaneous, static reading of the epithelial barrier to
small ions, paracellular flux is a time-dependent, dynamic measure-
ment of the barrier to larger solutes.

Myo10 is needed for normal lumen formation in epithelial
morphogenesis

In three-dimensional culture, Myo10 knockdown leads to a dramatic
increase in the number of cysts with multiple lumens. Defects in
several different pathways can result in a multiple-lumen phenotype,
including establishment of apico-basal polarity (Shin et al., 2005;
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Schluter et al., 2009) or mitotic spindle orientation (Jaffe et al.,
2008). Apico-basal polarity can be established by polarity proteins,
and the loss of polarity proteins such as Crumbs3 gives rise to mul-
tiple lumens or an absence of lumens in three-dimensional cysts
(Shin et al., 2005; Schluter et al., 2009). Disruption of the normally
basolateral PIP3 localization in MDCK cells also results in cysts with
multiple lumens (Martin-Belmonte et al., 2007). Because Myo10
binds PIP53 (Plantard et al., 2010; Lu et al., 2011; Umeki et al., 2011),
it may act downstream of PIP3 in cyst morphogenesis.

Myo10 could also act via its involvement in spindle orientation,
since spindle misorientation can lead to multi-lumen cysts, as dem-
onstrated with Cdc42 knockdown (Jaffe et al., 2008) as well as Tuba
and Par3 knockdown (Hao et al., 2010; Qin et al., 2010). Consistent
with this, we show that Myo10 knockdown leads to defects in spin-
dle orientation in MDCK monolayers (Figure 6). Although Woolner
et al. (2008) report that morpholino-mediated knockdown of Myo10
in Xenopus embryos led to an ~35% increase in spindle length, we
did not detect changes in spindle length in Myo10-knockdown
MDCK cells. This may reflect differences in species, cell type, or
method of knockdown. Whereas Toyoshima and Nishida (2007)
showed that Myo10 is required for spindle orientation in unpolar-
ized Hela cells, a process that depends on integrin-based, cell-sub-
strate adhesions, our work reveals that Myo10 is also required for
spindle orientation in polarized epithelial cells, in which the cues for
spindle orientation are thought to be provided, at least in part, by
cell—cell contacts.

Together our results demonstrate important and unexpected
roles for Myo10 in polarized epithelial cells. The phenotypes we ob-
served in tight junction formation and epithelial morphogenesis
were similar to those observed with critical junctional proteins, such
as E-cadherin and ZO-1, and indicate that it will be important for
future studies to investigate Myo10's precise mechanisms of action
and its functions in vivo.

MATERIALS AND METHODS

Cell culture and plasmids

MDCK Il Tet-Off cells (Clontech, Mountain View, CA), referred to as
“MDCK," were grown in complete media: DMEM high-glucose (Life
Technologies/Invitrogen, Carlsbad, CA) with 10% fetal bovine se-
rum (Life Technologies) and 100 U/ml penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO). MDCK cells were maintained at 37°C
and 5% CO; and were passaged every 5 d.

Plasmids

Canine Myo10 shRNA constructs were generated by cloning
Myo10 shRNA (target sequences GGAGAAGAACAGAGATACA
[sh#2];, GGAAAGGAATTATCACATA [sh#4]; and GGAGATGCAT-
CACTGGATA [sh#5]) into the Bglll/Hindlll sites of the pSuper
vector (Oligoengine, Seattle, WA). The nonsilencing (NS) shRNA
construct was generated by cloning a nonspecific sShRNA (GATC-
GACTTACGACGTTAT) into the pSuper vector. To generate Myo10
knockdown or NS shRNA-expressing cell lines, we plated MDCK
cells at 150 x 10* cells per 10-cm dish. After overnight incubation,
2 pug Myo10 shRNA (pool of Myo10 shRNAs #2 and #4) and 0.2 pg
pPBLAST49 with blasticidin resistance (InvivoGen, San Diego, CA)
were cotransfected using 41 pl lipofectamine 2000 (Invitrogen).
Cells were incubated for 3 d and plated at different dilutions into
15-cm dishes. Clonal cell lines were selected by antibiotic resistance
using complete media with 10 pg/ml blasticidin (InvivoGen). Myo10
shRNA cell lines #16, 38, and 44 are clones of pooled Myo10 shR-
NAs, as described above. All results were confirmed using two inde-
pendent Myo10 shRNAs, sh#2 (clone 8) and sh#5 (clones 16, 35).
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Because the antibodies to human Myo10 exhibited high back-
ground in immunofluorescence experiments with MDCK cells, we
generated MDCK cells stably expressing a GFP-Myo10 plasmid.
The GFP-Myo10 plasmid (BD71) contains an enhanced GFP-1xFLAG
tag at the N-terminus of full-length bovine Myo10 (aa 1-2052)
and a Spel site immediately 5" to the Myo10 stop codon. The
GFP-Myo10 is expressed by a pSNAPtag(m) (New England Biolabs,
lpswich, MA) vector that was modified by deleting the SNAP tag
while retaining the vector’s internal ribosome entry site for expres-
sion of neomycin resistance in mammalian cells. MDCK Il cells were
transfected with the BD71 GFP-Myo10 by nucleofection using con-
ditions optimized for MDCK Il cells (Lonza, Basel, Switzerland). Clonal
stable cell lines (#3) were selected using 0.9 mg/ml G418 (Sigma-
Aldrich). Expression of GFP-Myo10 was confirmed by immunoblot.

For demonstration that the knockdown effects were specific,
stable knockdown cells were stably rescued by cotransfection
with 2 pg GFP-Myo10 (BD71) and 0.1 pg pSVZeo (Invitrogen)
by Amaxa nucleofection Kit L using conditions optimized for
MDCK Il cells. Clonal cell lines (#7) were selected using 1 mg/ml
Zeocin (InvivoGen). Expression of GFP-Myo10 was confirmed by
immunoblot.

Immunofluorescence microscopy and immunoblotting
Antibodies used were: rabbit anti-human Myo10 (HPA024223;
Sigma-Aldrich), mouse anti-human ZO-1 (33-92100; Invitrogen),
mouse anti-human E-cadherin (U3254; Sigma-Aldrich), mouse
monoclonal gp135 (a kind gift from George Ojakian, SUNY Down-
state), rabbit anti-actin (A2066; Sigma-Aldrich), goat anti-human
AQP?2 (Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal rat
AQP1 (Thermo Fisher Scientific, Waltham, MA), mouse monoclonal
Y-tubulin (T6557; Sigma-Aldrich), rabbit anti-mouse Par3 (07-330;
Millipore, Billerica, MA), mouse anti—human aPKCA (610207; BD Bio-
sciences, Franklin Lakes, NJ), rabbit anti-GFP (A6455; Invitrogen).
Rabbit anti-human Myo10 (SDIX, 2243.00.02) was used to confirm
staining pattern in kidney (unpublished data).

Cells were prepared for immunofluorescence by fixation in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in
phosphate-buffered saline (PBS) for 30 min at room temperature;
permeabilization for 10 min in 0.5% Triton-X (Sigma) in PBS; block-
ing for 1 h in 5% heat-inactivated goat serum (Sigma); and incuba-
tion in primary antibody (Myo10 [Sigmal, E-cadherin, ZO-1, gp135;
0.5-1.0 pg/ml in 5% goat serum + 0.05% NaNj3) overnight at 4°C
and in secondary antibody (1.0 pg/ml in goat serum) for 2 h at room
temperature. Alexa Fluor 568 phalloidin (13 nM; Invitrogen Molecu-
lar Probes) and DAPI (200 nM; Sigma, D9542) were added with sec-
ondary antibody in 5% goat serum. Alexa Fluor 488 goat anti-rabbit
or anti-mouse, and Alexa Fluor 568 goat anti-mouse immunoglobu-
lin G (IgG; Invitrogen Molecular Probes) were used as secondary
antibodies (1.0 ug/ml).

Immunofluorescence samples were imaged on an Olympus
FluoView FV1000 confocal, inverted microscope (Center Valley, PA)
using a PlanApo 60x/1.42 numerical aperture (NA) oil objective. The
confocal microscope is equipped with diode lasers for 405, 559, and
635 nm, and an argon laser for 488 nm. For Z-stacks, 640 x 640 pixel,
0.44- to 0.5-pm slices were collected at 4.0 ps/pixel sampling speed
in sequential line mode and using Kalman integration.

Samples were prepared for immunoblotting by lysis in SDS
sample buffer with protease inhibitor cocktail, EDTA-free (Roche,
Indianapolis, IN). Samples were either used immediately or flash fro-
zen in liquid nitrogen and stored at —80°C. Samples were loaded
onto 4-12% Bis-Tris gels (Invitrogen). Following gel electrophoresis,
protein was transferred onto nitrocellulose membrane in an XCell
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SureLock Electrophoresis system (Invitrogen), at 140 V for ~90 min
using a PowerPac Basic power supply (BioRad, Hercules, CA). The
membrane was blocked in 5% milk in TBST (50 mM Tris,
150 mM NaCl, 0.05% Tween 20, pH 7.5) for 30 min; this was
followed by primary antibody (Myo10 [Sigma], actin; 0.8-1.0 ug/ml)
in TBST overnight at 4°C. For chemiluminescence, horseradish per-
oxidase donkey anti-rabbit or donkey anti-mouse secondary anti-
bodies (Jackson ImmunoResearch Laboratories, West Grove, PA)
were used at 1:10,000 and incubated for 50 min in TBST. For
LI-COR, membranes were incubated in anti-rabbit IgG IRDye700
(Rockland Immunochemicals, Gilbertsville, PA) at 1:10,000 in TBST
and incubated for 45 min. Blots were imaged using the Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE) and
analyzed by measuring integrated intensities in the Odyssey applica-
tions software, version 3.0 (LI-COR Biosciences).

Immunohistochemistry

Protocols were approved by the Institutional Animal Care and
Use Committee at University of North Carolina (UNC)-Chapel Hill.
Five-micrometer paraffin-embedded kidney sections from C57BL/6
mice were a gift from Carie Facemire (UNC-Chapel Hill). Sections
were incubated for 2 h at 60°C. Samples were washed twice with
xylene, and then went through a graded series of ethanol to dis-
tilled water washes: 6 min in 100% ethanol, 5 min in 95% ethanol,
3 min in 70% ethanol, and 1 min in distilled water. Antigen retrieval
was performed by decloaking in citrate buffer solution (pH 6;
$1699; Dako, Carpinteria, CA) in a decloaking chamber (Biocare
Medical, Concord, CA) heated at 120°C for 30 s, 90°C for 10 s,
and room temperature for 20 min. Sections were blocked in 5%
heat-inactivated goat serum for 1 h. Samples were incubated in
5-10 pg/ml primary antibody (Myo10 [Sigma], AQP1, AQP2) in 5%
goat serum overnight at 4°C, which was followed by rinses in PBS
and incubation in secondary antibody at 1 ug/ml in 5% goat serum
for 2 h at room temperature.

Barrier assays: calcium-switch, TER, and paracellular flux

For calcium-switch assays, MDCK cells were plated in quadruplicate
at 7.5 x 10* cells/well on 10-mm Transwell-Clear filters with 0.4-pym
pore size (Corning, Corning, NY) in 0.5 ml complete media. MDCK
cells were grown for at least 5 d until confluent. Cells were then
incubated overnight at 37°C in low-calcium media: SMEM (Life
Technologies) with 5% calcium-depleted fetal bovine serum, 100 U/ml
penicillin-streptomycin, and 5 uM CaCl, to disrupt junctions, as pre-
viously described (Gumbiner and Simons, 1986). After overnight
incubation, low-calcium media was replaced with complete normal-
calcium media. For time-course experiments, samples were fixed
in 4% paraformaldehyde at 0, 0.5, 2, 2.5, 45, 5.5, and 24 h for
immunofluorescence microscopy. For TER assays, TER measure-
ments of Transwell filters were taken at regular time intervals using an
EndOhm-12 chamber and an EVOM epithelial voltohmmeter (WPI,
Sarasota, FL). Paracellular flux of uncharged macromolecules was
measured using 3.0-kDa fluorescein-conjugated dextran (Invitrogen)
on 6- to 7-d monolayers (Van Itallie et al., 2009). Transwell filters were
preincubated for 30 min with Hank’s balanced salt solution (without
CaCly, MgCly, MgSQy; Life Technologies) supplemented with 1.8
CaCl,. FITC-dextran (0.3 mg/ml) was added to the apical compart-
ment; after a 2-h incubation, samples were taken from the basolateral
compartment. FITC-dextran concentrations were measured in repli-
cate using the Synergy HT plate reader with Gen5 Data Analysis Soft-
ware (BioTek, Winooski, VT). Sample concentrations were determined
by plotting against a standard curve of known FITC-dextran concen-
trations using linear regression in Microsoft Excel (Redmond, WA).
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Spindle angle and length measurements

MDCK cells were grown to confluence on glass coverslips. MDCK
monolayers were fixed in 4% paraformaldehyde for 30 min, permea-
bilized with 0.5% Triton-X for 10 min, and blocked with 5% heat-
inactivated goat serum. Cells were stained with DAPI (1:500) and
anti-y-tubulin (1:1000). Metaphase cells were identified by DAPI
staining of condensed chromosomes located at the metaphase
plate. Centrosomes were identified by y-tubulin. Z-stacks (0.5-pym
slice thickness) were collected by laser scanning confocal micros-
copy (UNC-Olympus Imaging Center). Z-stacks were imported into
ImageJ, and for each centromere, the z-position was determined by
measuring the plane of maximum fluorescence using the Plot z-axis
profile function. The z-distance between two centromeres within a
cell was calculated by the difference between z-positions. Then
maximum xy-projections were generated from y-tubulin Z-stacks.
The projected xy-distance between two centromeres within a cell
was measured, and given the z-distance (2) and projected xy-dis-
tance (xy), the spindle angle (a°) was calculated by the equation,
0° = tan—"(z/xy). Spindle angle is defined by 0° being horizontal or
parallel to the coverslip. Spindle length was calculated by the
Pythagorean theorem, spindle length = \[[z%+ (xy)’]. Fifty meta-
phase cells were measured per condition. Statistical analysis was
performed in GraphPad Prism 5 (LaJolla, CA).

Three-dimensional cysts

MDCK cells were grown in three-dimensional culture using a proto-
col modified from Jaffe et al. (2008). Trypsinized MDCK cells were
resuspended at 0.5 x 10* cells/well in 40% Matrigel phenol-free
(BD Biosciences, San Jose, CA), 1 mg/ml rat tail collagen | (Sigma-
Aldrich), and 20 mM HEPES (pH 7.5) and plated on 10-mm Transwell
filters. The gels were allowed to set for 30 min at 37°C before com-
plete media was added. Three-dimensional cysts were grown for 6 d,
then fixed in 4% paraformaldehyde as described above. For each
experiment, random fields of view were imaged, and cysts were
counted as having single or multiple lumens from these images. One
hundred cysts were counted for each experiment per condition.

Statistical analysis

For steady-state TER and paracellular flux measurements, statistical
analysis was determined using a two-tailed Student’s t test with sig-
nificance defined by p value < 0.01. For three-dimensional cysts, the
average numbers of single lumens were compared between groups
using one-way analysis of variance. If significant, post hoc compari-
sons using Tukey’s method were performed. All statistical analyses
were performed in GraphPad Prism 5. All error bars denote SEM.
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