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ABSTRACT The Rab11 effector Rab11-family interacting protein 2 (Rab11-FIP2) regulates 
transcytosis through its interactions with Rab11a and myosin Vb. Previous studies implicated 
Rab11-FIP2 in the establishment of polarity in Madin–Darby canine kidney (MDCK) cells 
through phosphorylation of Ser-227 by MARK2. Here we examine the dynamic role of Rab11-
FIP2 phosphorylation on MDCK cell polarity. Endogenous Rab11-FIP2 phosphorylated on 
Ser-227 coalesces on vesicular plaques during the reestablishment of polarity after either 
monolayer wounding or calcium switch. Whereas expression of the nonphosphorylatable 
Rab11-FIP2(S227A) elicits a loss in lumen formation in MDCK cell cysts grown in Matrigel, the 
putative pseudophosphorylated Rab11-FIP2(S227E) mutant induces the formation of cysts 
with multiple lumens. On permeable filters, Rab11-FIP2(S227E)–expressing cells exhibit al-
terations in the composition of both the adherens and tight junctions. At the adherens junc-
tion, p120 catenin and K-cadherin are retained, whereas the majority of the E-cadherin is lost. 
Although ZO-1 is retained at the tight junction, occludin is lost and the claudin composition 
is altered. Of interest, the effects of Rab11-FIP2 on cellular polarity did not involve myosin Vb 
or Rab11a. These results indicate that Ser-227 phosphorylation of Rab11-FIP2 regulates the 
composition of both adherens and tight junctions and is intimately involved in the regulation 
of polarity in epithelial cells.

INTRODUCTION
The establishment of polarity is a precisely regulated process in epi-
thelial cells. Two junctional complexes—the tight and adherens 
junctions—separate the apical and basolateral domains of epithelial 
cells. The more apically positioned tight junction, consisting of ZO-1, 

occludin, claudin family members, and associated proteins, serves 
as a physical barrier between the two membrane domains and also 
regulates the paracellular permeability of the epithelial monolayer 
(Furuse, 2010; Steed et al., 2010). The adherens junction facilitates 
cell–cell contact and is regulated partially by the cadherin and the 
catenin families of proteins (Harris and Tepass, 2010). Members of 
both junctions need to be trafficked to the correct domain for proper 
maintenance and function of the epithelial monolayer. One protein 
implicated in the trafficking of E-cadherin to the adherens junction is 
the small GTPase Rab11a (Desclozeaux et al., 2008). Recent investi-
gations indicated that both Rab11a and Rab8a, through their inter-
actions with myosin Vb, influence the initiation of lumen formation in 
Madin–Darby canine kidney (MDCK) cells (Roland et al., 2011).

Rab11a and its effectors, the Rab11-family interacting proteins 
(Rab11-FIPs), are well-documented participants in the regulation 
of apical membrane recycling and transcytosis in epithelial cells 
(for review see Jing and Prekeris, 2009). Rab11-family interacting 
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served within cells on the leading edge of the wound (Figure 1A), 
both on large vesicular structures and as a tight line costaining with 
p120-catenin on the leading edge of cells. At higher optical zoom 
on another area of the wound (Figure 1B) the phospho-S227-
Rab11-FIP2 was accumulated at the corners of the cell’s leading 
edge along with p120 (arrow, Figure 1B). This finding is in line with 
previous observations in which the junctional proteins p120 and 
E-cadherin moved in from the corners of cells during the reestab-
lishment of cell–cell junctions (Nejsum and Nelson, 2007).

To examine whether MARK2 is the kinase responsible for phos-
phorylating Rab11-FIP2 on Ser-227 during the establishment of po-
larity, we investigated the level of phosphorylation of Ser-227 in 
Rab11-FIP2 by using an MDCK cell line with inducible expression of 
MARK2 shRNA, MARK2-KD (Elbert et al., 2006). In subconfluent 
conditions, endogenous phospho-S227-Rab11-FIP2 was observed 
along the edges of the cell islands, especially accumulating at the 
corners of cells with p120 (Figure 2, MARK2-KD-off). In the MDCK 
cell line in which MARK2 expression is knocked down (Figure 2, 
MARK2-KD-on), there was a 50% reduction in the mean intensity of 
the phospho-S227-Rab11-FIP2 staining. This result correlates well 
with the 50% knockdown of MARK2 expression achieved in this cell 
line (Elbert et al., 2006). Similar results were observed when the 
MARK2-KD cell line was used in the wounding and calcium switch 
models of polarity (unpublished data). Of interest, in the subconflu-
ent cells, there was also a 50% decrease in p120 staining intensity in 
the MARK2-KD cells (Figure 2). This reduction of p120 may be 
caused not only by the reduced phosphorylation of Rab11-FIP2, but 
also by decreased phosphorylation of other MARK2 substrates 
(Matenia and Mandelkow, 2009).

Previous work from our lab demonstrated that mutating the 
Ser-227 to an alanine still allowed Rab11-FIP2 to interact with 
Rab11a, and myosin Vb and did not alter apical recycling or tran-
scytosis but did interfere with the ability of cells to polarize after 
calcium switch (Ducharme et al., 2006). We produced a putative 
phosphomimetic GFP-Rab11-FIP2(S227E)–expressing tet-off cell 
line in MDCK cells similar to the tet-off GFP-Rab11-FIP2(S227A)–
expressing cell line used in our previous work (Ducharme et al., 
2006). As with GFP-Rab11-FIP2(S227A) (Ducharme et al., 2006), 

protein 2 (Rab11-FIP2) forms a ternary complex with Rab11 and 
the motor protein myosin Vb to regulate basolateral-to-apical tran-
scytosis in MDCK cells (Hales et al., 2002; Ducharme et al., 2007). 
The Rab11-FIP2/Rab11a/myosin Vb complex participates in the 
trafficking of a variety of cargoes in different cells. In nonpolar 
cells, transferrin receptor recycling (Hales et al., 2002; Lindsay and 
McCaffrey, 2002), recycling of epidermal growth factor receptors 
(Cullis et al., 2002), cholesterol-regulated translocation of NPC1L1 
(Chu et al., 2009), and GLUT4 and FAT/CD36 translocation 
(Schwenk et al., 2007) are all influenced by Rab11a. In polarized epi-
thelial cells, transcytosis of the polymeric immunoglobulin A (IgA) 
receptor (Lapierre et al., 2001; Ducharme et al., 2007), apical recy-
cling of aquaporin-2 (Nedvetsky et al., 2007), and apical trafficking 
and budding of respiratory syncytial virus (Brock et al., 2003; Utley 
et al., 2008) are all regulated by Rab11a and Rab11-FIP2. Rab11-
FIP2 also associates with Eps15 homology domain 3, and this asso-
ciation is important in trafficking from the cell periphery to the endo-
cytic recycling compartment in HeLa cells (Naslavsky et al., 2006).

Previous investigations demonstrated that Par1b/MARK2 regu-
lates the adoption of proper polarized membrane domains by 
MDCK cells (Cohen et al., 2004, 2011). In addition, Rab11-FIP2 is a 
substrate for MARK2/EMK1/Par-1b, and its phosphorylation is 
necessary for the timely reestablishment of polarity in MDCK cells 
(Ducharme et al., 2006). Here we sought to examine in greater de-
tail the influence of this critical phosphorylation event on the estab-
lishment of polarity in MDCK cells. Phosphorylation of endogenous 
Rab11-FIP2 on Ser-227 occurred coincident with the establishment 
of polarity and subsequently decreased after epithelial polarization. 
MDCK cells overexpressing Rab11-FIP2(S227A), which cannot be 
phosphorylated by MARK2, formed cysts in three-dimensional cul-
tures, but these cysts did not complete maturation and hollow out 
the central lumen. In contrast, expression of a phosphomimetic 
Rab11-FIP2(S227E) analogue caused the formation of multiple lu-
mens within cysts and also altered the composition of both the tight 
and adherens junctions. Unlike the trafficking of polymeric IgA and 
other cargoes previously associated with Rab11-FIP2, the effects of 
phospho-S227-Rab11-FIP2 on establishment of polarity were inde-
pendent of myosin Vb and Rab11a. These findings indicate that 
phosphorylation of Rab11-FIP2 by MARK2 is a critical regulator of 
the establishment of polarity in MDCK cells.

RESULTS
Endogenous Rab11-FIP2 is phosphorylated 
on Ser-227 at sites of polarity establishment
Rab11-FIP2 is phosphorylated on Ser-227 by Par1b/EMK1/MARK2, 
a serine kinase involved in cellular polarity (Cohen et al., 2004; 
Ducharme et al., 2006). Our previous investigations indicated that 
expression of a Rab11-FIP2 mutant that could not be phosphory-
lated by MARK2, Rab11-FIP2(S227A), led to deficits in the reestab-
lishment of polarity in MDCK cells after calcium switch (Ducharme 
et al., 2006). We produced a rabbit polyclonal antibody against 
phosphorylated Ser-227 in Rab11-FIP2 (for validation see Supple-
mental Figure S1). We predicted that Rab11-FIP2 would be phos-
phorylated on Ser-227 during the establishment of polarity. To de-
termine if and when endogenous Rab11-FIP2 is phosphorylated on 
Ser-227 during cell polarization, we examined two models for the 
establishment of polarity: recovery from monolayer wounding and 
recovery from calcium switch. In the wounding paradigm, MDCK 
cells were grown for 5 d postconfluence on Transwell filters. A 
scratch wound was then made through the center of the mono-
layer, and the cells were allowed to recover for 48 h. Rab11-FIP2 
phosphorylated at Ser-227 (phospho-S227-Rab11-FIP2) was ob-

FIGURE 1: Endogenous Rab11-FIP2 is phosphorylated on Ser-227 
during wound healing. MDCK cells were grown 5 d postconfluence on 
Transwell filters. The monolayer was wounded and allowed to recover 
for 48 h before fixing. The cells were stained for p120 (green in 
merge), Ser-227–phosphorylated Rab11-FIP2 (red in merge), and DAPI 
(blue in merge). (A, B) Different areas of the monolayer at different 
optical zooms. Arrow in B indicates a p120 plaque with phospho-
S227-Rab11-FIP2. Bar, 20 μm (A), 5 μm (B).
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To examine the distribution of Rab11-FIP2 phosphorylated at 
Ser-227 in MDCK cells during the reestablishment of polarity, we 
used the calcium switch model of cell polarization (Gerardo et al., 
1991). All of the GFP-Rab11-FIP2 cell lines were maintained in doxy-
cycline until the time of plating onto Transwell filters. The Transwell 
filters were plated at confluence without doxycycline, allowing the 
cells to contact and establish polarity soon after plating and before 
the expression of the GFP-Rab11-FIP2 constructs. To examine the 
distribution of phospho-S227-Rab11-FIP2 in MDCK cells without 
chimera expression, the GFP-Rab11-FIP2(S227E) cell line was grown 
for 5 d postconfluence on Transwell filters in the presence of doxy-
cycline to inhibit chimera expression (designated as “off”). Similar 
results were obtained when the parental MDCK cell line was calcium 
switched and stained (unpublished data). In MDCK cells without cal-
cium switch, antibodies against phospho-S227-Rab11-FIP2 stained 
only a few large vesicular structures that tended to be in the corners 
of cells (Figures 4A and 5A). If the images of the nonswitched cells 
were brightened above the levels used for the other time points, a 
dispersed vesicular pattern of phospho-S227-Rab11-FIP2 could also 
be seen. After treating these cells for 18–24 h in low-calcium media, 
we observed some dispersed phospho-S227-Rab11-FIP2 immuno-
reactivity. Thirty minutes after refeeding the cells with calcium-con-
taining media, we observed phospho-S227-Rab11-FIP2 immunore-
activity in the apical one-third of the cells in vesicles and along the 
lateral edge, especially in newly formed corners of cells in the repo-
larizing monolayer (Figures 4A and 5A). At 60 and 90 min of recov-
ery, phospho-S227-Rab11-FIP2 was still seen in the apical one-third 
of the cells but was also observed at the basal surface of the cells 
out near the periphery (Figures 4A and 5A). Similar results were ob-
served in parental nontransfected MDCK cells (unpublished data). 
These results indicate that there is a small, cytoplasmic population 
of phospho-S227-Rab11-FIP2 in MDCK cells before calcium switch 
that increased and aggregated during calcium switch recovery.

To investigate whether the pool of Rab11-FIP2 phosphorylated 
on Ser-227 required myosin Vb for trafficking, we performed a cal-
cium switch assay using an MDCK cell line stably expressing a short 
hairpin RNA (shRNA) targeting canine myosin Vb (Roland et al., 
2011). Figure 3F depicts this cell line, in which, 30 min into calcium 
switch recovery, the phospho-S227-Rab11-FIP2 converged near the 
basolateral membranes (Figure 3F), similar to the pattern seen in 
nonexpressing cells (Figures 4A and 5A, GFP-FIP2(S227E)-off). Thus 
trafficking of phospho-S227-Rab11-FIP2–containing vesicles does 
not require myosin Vb.

In GFP-Rab11-FIP2-wild type–expressing cells, we observed a 
pattern similar to that for endogenous Rab11-FIP2 phosphorylation. 
Immunostaining for phospho-S227-Rab11-FIP2 localized in apically 
distributed vesicles in the nonswitched cells and to some extent in 
the cells grown in the low-calcium media. As the cells recovered 
from the calcium switch, the phospho-S227-Rab11-FIP2 staining re-
distributed to a more collapsed pattern in both apical and basal re-
gions of the cells (Figures 4B and 5B). Of interest, in the doxycycline-
treated GFP-Rab11-FIP2(S227E)-off cells (Figures 4A and 5A), the 
endogenous phospho-S227-Rab11-FIP2 was observed at the pe-
riphery of the cells near cell–cell contacts. In contrast, wild-type 
GFP-Rab11-FIP2 phosphorylated on Ser-227 was not localized to 
the periphery but instead was observed in the coalesced GFP-
Rab11-FIP2–containing vesicular structure, indicating a mislocaliza-
tion of Ser-227–phosphorylated GFP-Rab11-FIP2 to a more central 
structure. The endogenous phosphoS227-Rab11-FIP2 could still be 
faintly seen at the lateral edges of the cells. Thus, whereas the over-
expressed GFP-Rab11-FIP2WT chimera can be phosphorylated 
on Ser-227 during polarization, it was mislocalized to a central 

GFP-Rab11-FIP2(S227E) was able to interact with Rab11a and 
myosin Vb and did not interfere with apical recycling or basolat-
eral to apical transcytosis of polymeric IgA (Figure 3, A–C). 
Whereas the overexpressed GFP-Rab11-FIP2(S227E) chimera was 
pulled into the Cherry-myosin Vb tail-containing compartment, 
the endogenous phospho-S227-Rab11-FIP2 did not colocalize 
with myosin Vb tail (Figure 3D). This difference in localization with 
the myosin Vb tail construct may be due to the overexpression of 
the GFP-Rab11-FIP2(S227E) construct versus the endogenous 
pool of phospho-S227-Rab11-FIP2. With costaining of nonpolar 
MDCK cells with antibodies against myosin Vb and phospho-
S227-Rab11-FIP2, we also observed no colocalization between 
the two proteins (Figure 3E).

FIGURE 2: Knockdown of MARK2 reduces phosphorylation of 
Rab11-FIP2 on Ser-227. MDCK cell lines either with knockdown of 
MARK2 (MARK2-KD-on) or without knockdown (MARK2-KD-off) were 
plated at subconfluence onto coverslips, fixed, and stained for 
phospho-S227-Rab11-FIP2 (green in A), p120 (red in A), and DAPI 
(blue in A). (A) Representative images; bottom, zooms of the boxed 
areas above. Bar, 20 μm (top), 5 μm (bottom). (B) Quantitation of 
mean fluorescence calculated using Image J. Twelve fields each from 
three separate experiments were used for the calculations. 
*p < 0.0001.
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structure. This indicates that the pool of 
Rab11-FIP2 that is involved in polarity is lim-
ited, potentially through limited amounts of 
binding partners within the polarizing cell.

When GFP-Rab11-FIP2(S227E) expres-
sion was induced in the absence of doxycy-
cline, GFP-Rab11-FIP2(S227E) localized in 
a tubular pattern within the apical portion 
of the cell. During the low-calcium incuba-
tion, the GFP-Rab11-FIP2(S227E) clustered 
in the apical portion of the cell. Then, as 
the cells recovered from the calcium switch, 
this GFP-Rab11-FIP2(S227E) coalesced 
and moved deeper in the cell, so that by 
90 min of recovery, most of the GFP-
Rab11-FIP2(S227E) was found in the basal 
portion of the cell (Figures 4C and 5C). 
Little endogenous phospho-S227-Rab11-
FIP2 staining was seen in cells expressing 
GFP-Rab11-FIP2(S227E) at any time point. 
The anti–phospho-S227-Rab11-FIP2 anti-
body did not recognize the GFP-Rab11-
FIP2(S227E) phosphomimetic mutation.

Endogenous phospho-S227-Rab11-FIP2  
and GFP-Rab11a do not colocalize
To investigate whether Rab11a was involved 
with phospho-S227-Rab11-FIP2 during re-
polarization of the cells, we examined an 
MDCK cell line stably expressing GFP-
Rab11a during calcium switch. Unfortunately, 
our antibody that recognizes canine Rab11a 
and the anti–phosphoS227-Rab11-FIP2 are 

FIGURE 3: Although GFP-Rab11-FIP2(S227E) still interacts with myosin Vb tail and does not 
affect IgA transcytosis or apical recycling, endogenous phosphor-S227-Rab11-FIP2 does not. 
(A) The GFP-Rab11-FIP2(S22E) (green in merge) cell line was transiently transfected with 
Cherry-myosin Vb tail (red in merge) and grown without doxycycline for 5 d postconfluence on 
Transwell filters. The cells were fixed and stained for Rab11a (blue in merge). Both GFP-Rab11-
FIP2(S227E) and Rab11a were pulled into the Cherry-myosin Vb tail compartment. Bar, 5 μm. 
(B) Rab11-FIP2WT and the Ser-227 mutants were tested against a myosin Vb tail construct and 
empty vector in a yeast two-hybrid assay. All three of the Rab11-FIP2 constructs interacted with 
the myosin Vb tail but not the empty vector. (C) The GFP-Rab11-FIP2(S227E) cell line was grown 

for 5 d postconfluence on Transwell filters in 
the presence (“off”; dark blue and pink lines) 
or absence (“on”; yellow and light blue lines) 
of doxycycline. Left, the transcytosis assay; 
right, the apical recycling assay. Dark blue 
and yellow lines indicate that media were 
collected from the apical side of the Transwell 
filter, and pink and light blue indicate that 
media were collected from the basal side of 
the Transwell filter. (D) The GFP-myosin Vb 
tail line was grown for 5 d postconfluence on 
Transwell filters, fixed, and stained for 
phospho-S227-Rab11-FIP2. The pS227-FIP2 
stained as small punctate structures 
throughout the cell and did not collapse into 
the GFP-myosin Vb tail structure. Bar, 5 μm. 
(E) MDCK cells were grown on coverslips, 
fixed, and stained for phospho-S227-Rab11-
FIP2 (green in merge), myosin Vb (red in 
merge), and actin (blue in merge). Bar, 10 μm. 
(F) An MDCK cell line stably expressing an 
shRNA targeted to canine myosin Vb was 
incubated overnight with Ca-free media and 
then switched back to calcium-containing 
media for 30 min, fixed, and stained for 
phospho-S227-Rab11-FIP2 and p120. The 
p227-FIP2 converged on the lateral 
membrane similar to what was seen in control 
cells (Figures 4A and 5A). Bar, 10 μm.
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interest, we did observe staining for phospho-S227-Rab11-FIP2 in 
the cell periphery earlier in the calcium recovery in cells expressing 
green fluorescent protein (GFP)-Rab11a, with the highest levels of 
phospho-S227-Rab11-FIP2 immunostaining at 0 and 30 min of re-
covery. These results suggest that Rab11-FIP2’s function in cell polar-
ity is Rab11a independent.

both rabbit polyclonal antibodies. Therefore we could not costain 
for both endogenous proteins. Unlike wild-type GFP-Rab11-FIP2 
and GFP-Rab11-FIP2(S227E), the majority of the GFP-Rab11a re-
mained in a subapical vesicular distribution during the calcium switch 
(Figures 4D and 5D). We did not observe any GFP-Rab11a at 
the periphery with the endogenous phospho-S227-Rab11-FIP2. Of 

FIGURE 4: Endogenous Rab11-FIP2 is phosphorylated on Ser-227 during recovery from calcium switch. The GFP-
Rab11-FIP2 and GFP-Rab11a cell lines (green in merge) were grown for 5 d postconfluence on Transwells in doxycycline-
free media (“on”; B, C) or doxycycline-containing media (“off”; A), fixed, and stained for Ser-227–phosphorylated 
Rab11-FIP2 (red in merge) and p120 (blue in merge). The cell lines examined were (A) GFP-Rab11-FIP2(S227E)-off, 
(B) GFP-Rab11-FIP2-WT-on, (C) GFP-Rab11-FIP2(S227E)-on, and (D) GFP-Rab11a. The numbers on the left represent 
minutes of recovery after the cells were refed with calcium-containing media. NS, nonswitched.
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FIGURE 5: The corresponding xy images of Figure 3. Endogenous Rab11-FIP2 is phosphorylated on Ser-227 during 
recovery from calcium switch. The GFP-Rab11-FIP2 cell lines (green in merge) were grown for 5 d postconfluence on 
Transwell filters, fixed, and costained for Ser-227–phosphorylated Rab11-FIP2 (first column and red in merge) and 
p120 (blue in merge). The cell lines are (A) GFP-Rab11-FIP2(S227E)-off, (B) GFP-Rab11-FIP2-WT-on, (C) GFP-Rab11-
FIP2(S227E)-on, and (D) GFP-Rab11a. Bar, 10 μm. The numbers on the left represent minutes of recovery after the cells 
were refed with calcium-containing media. NS, nonswitched.

Overexpression of Rab11-FIP2 Ser-227 mutants induces 
atypical cyst formation in Matrigel
When GFP-Rab11-FIP2(S227E)–expressing cells were grown on 
permeable supports (Transwell filters), the monolayer did not ex-
hibit any gross morphological changes. However, when grown in a 
more stringently polar manner, as seen in cysts within a Matrigel 
matrix, drastic morphological changes were observed. The GFP-
Rab11-FIP2(S227E)–off cells (Figure 6A and Supplemental Video 
S1) formed typical hollow cysts, similar to the pattern others have 
published for MDCK cells (Martin-Belmonte and Mostov, 2008; 
Martin-Belmonte et al., 2008) and replicated in our studies with 
parental MDCK cells (unpublished data). These smooth, round 
cysts consisted of a single layer of cells forming a hollow lumen 
with the apical side of the cells facing into the lumen, as indicated 
by apical gp135/podocalyxin (PCX) staining in Figure 6A and Sup-
plemental Video S1. Cells expressing wild-type GFP-Rab11-FIP2 
formed round, hollow cysts, but these often retained some con-

densed nuclei within the lumen (Figure 6B). In contrast, cells 
expressing GFP-Rab11-FIP2(S227A) formed round cysts, but, un-
like the nonexpressing cells, there were still cells, some with con-
densed nuclei, within the luminal area (Figure 6C). The outer layer 
of cells did form a single layer with an internally facing apical mem-
brane, but the lumen failed to complete maturation and hollow 
out. The most dramatic morphological change was observed with 
the cells expressing GFP-Rab11-FIP2(S227E) (Figure 6, D and E, 
and Supplemental Videos S2 and S3). This cell line formed cysts 
that appeared to have multiple lumens similar to but not exactly 
like the pattern seen when MARK2 is overexpressed (Cohen et al., 
2004). On closer examination of three-dimensional images (Sup-
plemental Videos S2 and S3), lateral lumens can be observed in 
the periphery of the cysts, but multiple-cyst lumina are also con-
tained within the lumen of the large cyst. These studies suggested 
that expression of the pseudophosphorylated Rab11-FIP2(S227E) 
promoted unregulated apical lumen formation. In the mature 
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being established, as indicated by PCX localization (Bryant et al., 
2010). At the two-cell stage, when PCX localizes to the adjoining 
membrane between the two cells, we observed phospho-S227-
Rab11-FIP2 throughout the cell with an increased density below the 
adjoining membrane, but no colocalization with PCX was observed 
(Figure 7A and Supplemental Video S5). At the three-cell stage, the 

cysts, endogenous phospho-S227-Rab11-FIP2 staining was ob-
served as faint puncta throughout the cell, with concentrations of 
brighter staining below the apical surface (Figure 6F and Supple-
mental Video S4).

We investigated the expression of phospho-S227-Rab11-FIP2 in 
cells at the start of cyst formation when the apical membrane is first 

FIGURE 6: Overexpression of GFP-Rab11-FIP2 wild type and mutants alters the morphology of cysts. (A) GFP11-
FIP2(S227E) cells were grown for 14 d in Matrigel with doxycycline (“off”) and were stained for actin (green in merge), 
podocalyxin/gp135 (red in merge), DAPI (blue in merge). GFP-Rab11-FIP2-WT (B), GFP-Rab11-FIP2(S227A) (C), and 
GFP-Rab11-FIP2(S227E) (D, E) cell lines were grown without doxycycline (on) for 14 d and stained as in A. In the 
GFP-Rab11-FIP2-WT cell line, 90% of the cysts exhibited a single-lumen morphology as shown here. However, for 
GFP-Rab11-FIP2(S227A)–expressing cells 84% of cysts had a filled-lumen morphology. In Rab11-FIP2(S227E)–expressing 
cells, 87% of cysts showed multiple lumens. (F) MDCK cells were grown for 14 d in Matrigel and then stained for 
phospho-S227-Rab11-FIP2 (green in merge), podocalyxin/gp135 (red in merge), and DAPI (blue in merge). 
Corresponding videos are available for the GFP-Rab11-FIP2(S227E) “off” (Supplemental Video S1) and GFP-Rab11-
FIP2(S227E) “on” (Supplemental Videos S2 and S3) cell lines and for the phospho-S227-Rab1-FIP2–stained cyst 
(Supplemental Video S4). Bar, 10 μm.
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S8). In the GFP-Rab11-FIP2(S227E) cell line, PCX did aggregate at 
the adjacent membranes, but at the three-cell stage the lumen 
showed an elongated, dumbbell shape that extended between 
pairs of cells, as opposed to the round, central, shared lumen nor-
mally observed (Figure 7, C and F, and Supplemental Videos S9 and 
S10). In the mature lumen, both GFP-Rabll-FIP2 mutants were lo-
cated to vesicles below the apical membrane. In the early cysts, 

lumen consisted of a central spot equally shared by all the cells. 
Again the phospho-S227-Rab11-FIP2 was present throughout the 
cell and below the forming apical lumen (Figure 7D and Supple-
mental Video S6). In the GFP-Rab11-FIP2(S227A)–overexpressing 
cell line, PCX localization to the site of lumen formation was delayed 
until the three-cell stage, with some PCX still localized to vesicles 
within the cells (Figure 7, B and E, and Supplemental Videos S7 and 

FIGURE 7: Overexpression of GFP-Rab11-FIP2 wild type and mutants alters the early morphology of cysts. MDCK, 
GFP-Rab11-FIP2(S227A), and GFP11-FIP2(S227E) cells were grown for 24–48 h in Matrigel without doxycycline (“on”). 
MDCK cells were stained for phospho-S227-Rab11-FIP2 (green in merge), and all three cell lines were stained for 
podocalyxin/gp135 (red in merge) and DAPI (blue in merge). (A–C) Two-cell stage. (D–F) Three-cell stage. In the 
GFP-Rab11-FIP2(S227A) cell line, 75% of the two-cell-stage cysts and 81% of the three-cell-stage cysts exhibited a 
morphology as shown here, whereas for GFP-Rab11-FIP2(S227E), 79% of the two-cell-stage cysts and 78% of the 
three-cell-stage cysts showed morphologies as depicted. Corresponding videos are available for the MDCK 
(Supplemental Videos S5 and S6), GFP-Rab11-FIP2(S227A) (Supplemental Videos S7 and S8), and GFP-Rab11-
FIP2(S227E) (Supplemental Videos S9 and S10) cell lines. Bar, 5 μm.
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both mutants were in a more centrally collapsed structure that con-
tained some PCX.

The S227E pseudophosphorylation mutant of Rab11-FIP2 
alters the composition of cellular junctions
Given that the composition of cellular junction can influence po-
larity and the kinase MARK2 is involved in polarity (Cohen et al., 
2004), we investigated whether the composition of the cellular 
junctions in the GFP-Rab11-FIP2(S227E) cell line was altered. 
Whereas E-cadherin remained at the adherens junction in wild-
type GFP-Rab11-FIP2– and GFP-Rab11-FIP2(S227A)–expressing 
cells, in the GFP-Rab11-FIP2(S227E)–expressing cells, E-cadherin 
was lost from the junctions (Figure 8A). Indeed this prominent 
loss of E-cadherin protein was also seen by Western blot analysis 
(Figure 8B). No statistically significant alteration in E-cadherin 
mRNA expression was observed (Figure 8C). Treating the cells 
with lysosome or proteasome inhibitors had no effect on the lev-
els of E-cadherin in the GFP-Rab11-FIP2(S227E) cell line (unpub-
lished data). Of interest, K-cadherin (Figure 8, A and B) protein 
expression was increased when the GFP-Rab11-FIP2 chimeras 
were expressed, whereas the GFP-Rab11-FIP2WT and GFP-
Rab11-FIP2(S227E) cell lines had less mRNA expression. These 
results were also observed when the cells were grown as cysts in 
Matrigel (unpublished data).

We next examined the effects of Rab11-FIP2(S227E) expres-
sion on tight junction components. ZO-1 was not altered in any of 
the cells lines, but occludin was lost from the cells overexpressing 
GFP-Rab11-FIP2(S227E) (Figure 9, A and B). No differences were 
observed in MDCK cells expressing either wild-type GFP-Rab11-
FIP2 (Figure 9, A and B) or the GFP-Rab11-FIP2(S227A) (unpub-
lished data). Similar to E-cadherin, no difference in occludin 
mRNA expression was observed (Figure 9C). Of interest, we did 
not observe a significant change in the transepithelial resistance 
(TER; Figure 9D) in any of the cell lines. Therefore we investigated 
whether there were any changes in the expression of the claudins. 
Claudin 1 protein and mRNA levels and protein localization were 
not changed among the cell lines (Figure 10, A, D, and E). In the 
cells without chimera expression (doxycycline-treated GFP-Rab11-
FIP2(S22E)–off cells) the majority of claudin 2 was observed in 
vesicles near the periphery of the cell. However, in the GFP-
Rab11-FIP2(S227E)– and wild-type GFP-Rab11-FIP2–expressing 
cells the claudin 2 protein was located tightly in the lateral mem-
brane, although an increase in protein was only seen in the GFP-
Rab11-FIP2WT cell line (Figure 10, B, D, and E). Claudin 4 (Figure 
10, C–E) protein expression was also increased in the wild-type 
GFP-Rab11-FIP2– but not the GFP-Rab11-FIP2(S227E)–express-
ing cell line, whereas neither line exhibited a change in mRNA 
levels.

Of interest, whereas overexpression of the myosin Vb tail pulled 
in GFP-Rab11-FIP2(S227E) and Rab11a (Figure 3A), it had no affect 
on either E-cadherin in the adherens junction or occludin in the tight 
junction (Figure 11, A and B). The overexpression of GFP-Rab11a 
also had no effect on E-cadherin or occludin expression (Figure 11, 
A and B). Overexpression of the GDP-bound form of Rab11a, GFP-
Rab11a(S25N), also did not affect E-cadherin (Figure 11A). These 
findings indicate that if a motor and Rab are involved in Rab11-
FIP2’s role in cellular polarity, they are not myosin Vb and Rab11a. 
On the basis of these results and the observation that GFP-Rab11a 
did not localize in the cell periphery with phospho-S227-Rab11-
FIP2, we can say that the role of Rab11-FIP2 in controlling cellular 
polarity appears to be independent of the assembly of a myosinVb/
Rab11a/Rab11-FIP2 complex.

DISCUSSION
Previous studies implicated Rab11-FIP2 in controlling the mem-
brane trafficking of a number of cargoes through its association 
with Rab11a and/or myosin Vb. In this work, we elucidate a role for 
Rab11-FIP2 in cell polarity that does not include Rab11a or myosin 
Vb. Previously, we showed that Rab11-FIP2 is phosphorylated on 
Ser-227 by MARK2/EMK1/Par-1B (Ducharme et al., 2006). Here we 
show that there is a decrease in phosphorylation of the serine 277 
of Rab11-FIP2 in MDCK cells expressing shRNA targeted to 
MARK2. Mutation of Ser-227 to alanine blocked the ability of 
MARK2 to phosphorylate Rab11-FIP2 and retarded the establish-
ment of cell polarity (Ducharme et al., 2006). The present studies 
now demonstrate that the phosphorylation of Ser-227 of Rab11-
FIP2 is a crucial event for both the establishment of epithelial polar-
ity and the proper formation of cellular junctions. Previous studies 
demonstrated that the loss of MARK2 activity leads to deficits in 
the establishment of apical polarity, with the trafficking of apical 
membrane components to the lateral membrane, eliciting a 
“hepatic” phenotype (Cohen et al., 2004). Similarly, in a number of 
cell contexts, including neuronal migration and lymphocyte migra-
tion (Mandelkow et al., 2004; Lin et al., 2009), deficits in MARK2 
function lead to aberrant polarized cell movement. Recent studies 
suggested that the depolarizing effects of the Helicobacter pylori 
virulence protein CagA may accrue through its function as a pseu-
dosubstrate inhibitor of MARK2 (Zeaiter et al., 2008; Lu et al., 2009; 
Nesic et al., 2010). Although most studies focused on the possible 
function of MARK2 through the phosphorylation of disheveled or 
microtubule-associated proteins (Drewes et al., 1997; Elbert et al., 
2006; Matenia and Mandelkow, 2009; Yamashita et al., 2010; 
Cohen et al., 2011), the present results suggest that Rab11-FIP2 is 
a crucial substrate for MARK2 action associated with the establish-
ment of epithelial polarity.

In the present studies, we used antibodies specific for the MARK2 
phosphorylation site on Rab11-FIP2 Ser-227 to evaluate the time 
course of endogenous phosphorylation during the establishment of 
epithelial polarity. In confluent cells, we observed phosphorylated 
Rab11-FIP2 in faint, dispersed puncta throughout the cells, and 
many times these puncta appeared in the corners of the cells. In two 
models of cellular polarity—wounding and calcium switch—phos-
pho-S227-Rab11-FIP2 staining coalesced when the cells were ini-
tially reestablishing contact and dispersed as polarity was estab-
lished. In the wound-healing model, phospho-S227-Rab11-FIP2 
appeared in the cells at the edge of the wound near p120 plaques, 
similar to the lateral patch described by Nejsum and Nelson (2007). 
In the calcium switch model, phospho-S227-Rab11-FIP2 coalesced 
into internal puncta at the lateral edges between cells during the 
recovery from low calcium, again similar to the lateral targeting 
patch described by Nejsum and Nelson (2007). Of note, the phos-
phorylated Rab11-FIP2 dispersed after the reestablishment of polar-
ity. These results indicate that phosphorylation of Rab11-FIP2 by 
MARK2 plays a specific role in the patterning of epithelial cells dur-
ing the establishment of polarity.

It is also evident from the present studies that MARK2 phospho-
rylation likely alters the distribution or trafficking of Rab11-FIP2. 
GFP-Rab11-FIP2-wild type (WT) and Rab11-FIP2(S227E) in conflu-
ent MDCK cells were present on small vesicles distributed in the 
apical region of the cell. However, during recovery from the calcium 
switch, both GFP-Rab11-FIP2 chimeras located with larger and more 
compact puncta in both the apical and basal poles of the cell. This 
pattern differed from that seen with the endogenous phopho-S227-
Rab11-FIP2. Although the GFP-Rab11-FIP2WT was phosphorylated 
on Ser-227 during recovery from calcium switch, it localized to a 
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more central structure within the cell, whereas faint vesicles contain-
ing the endogenous phospho-S227-Rab11-FIP2 moved laterally. 
The overexpressed putative pseudophosphorylated mutant, GFP-
Rab1l-FIP2(S227E), also localized to a central rather than lateral 
structure. In these cells, unlike the GFP-Rab11-FIP2WT–expressing 
cells, no endogenous phospho-S227-Rab11-FIP2 was observed. 
We hypothesize that the pool of Rab11-FIP2 that is phosphory-
lated by MARK2 and involved in cell polarity is a small subset of the 
total Rab11-FIP2 in the cell. This subset likely interacts with a spe-
cific, rate-limiting set of proteins during cell polarization. When 
Rab11-FIP2 and its Ser-227 mutants are overexpressed, the balance 
of this interaction is altered, causing the observed changes in polarity. 
We are seeking to identify putative phospho-S227-Rab11-FIP2 inter-
actors, one of which could be a phosphatase. Such a phosphatase 
could regulate the size of the phospho-S227-Rab11-FIP2 pool.

One known interactor with Rab11-FIP2 is the motor protein 
myosin Vb (Hales et al., 2002). Given that Ser-227 is adjacent to the 
myosin Vb–binding domain of Rab11-FIP2, we investigated the pos-
sibility that phosphorylation of Ser-227 may regulate the ability of 
Rab11-FIP2 to bind myosin Vb. Previously, we showed that Rab11-
FIP2(S227A) can still bind myosin Vb (Ducharme et al., 2006), and 
here we showed that Rab11-FIP2(S227E) can also bind myosin Vb. 
Of interest, the endogenous phospho-S227-Rab11-FIP2 is not 
pulled into the GFP-myosin Vb tail-containing structure, and in 
nonpolar MDCK cells no colocalization is observed between endog-
enous myosin Vb and phopho-S227-Rab11-FIP2. During recovery 
from calcium switch endogenous phospho-S227-Rab11-FIP2 was 
still able to traffic to the lateral and basal areas of MDCK cells in 
which myosin Vb was knocked down. Thus, although our results with 
Rab11-FIP2(S227E) indicate that the phosphorylated form of FIP2 
may be able to interact with myosin Vb, our endogenous results in-
dicate that phospho-S227-Rab11-FIP2 is not trafficked with myosin 
Vb and phospho-S227-Rab11-FIP2 is spatially separated from myo-
sin Vb.

Other known binding partners of Rab11 include the members of 
the Rab11 family of small GTPases. When cells overexpressing GFP-
Rab11a were calcium switched, the GFP-Rab11a did not exhibit the 
compaction or loss of polarity that the GFP-Rab11-FIP2WT and 
S227E did but remained distributed in small vesicles in the apical 
region of the cell. In our previous work with Rab11-FIP2(S227A) 
(Ducharme et al., 2006), the GFP-Rab11-FIP2(S227A) did not co-
alesce during recovery from low calcium, similar to GFP-Rab11a, but 
remained in vesicles throughout the cell. Work from the Stow lab 
implicated Rab11a in E-cadherin trafficking (Desclozeaux et al., 
2008). However, we did not observe any change in E-cadherin in 
either a GFP-Rab11a–overexpressing cell line or when MDCK cells 
transiently overexpressed GFP-Rab11a(S25N). Similar to our myosin 
Vb results, these results support the separation of Rab11-FIP2 and 
Rab11a during reestablishment of polarity.

Our laboratory and others have shown that alteration of proteins 
involved in apical trafficking and apical recycling can have profound 
effects on the ability of MDCK cells to form polarized epithelial 
cysts (Torkko et al., 2008; Bryant et al., 2010; Roland et al., 2011). 
Rab11-FIP2 phosphorylated on Ser-227 can be found on vesicles 
within the cells of the forming and mature cysts, with concentrated 
densities below the apical membrane. Here we showed that muta-
tions of Rab11-FIP2 at Ser-227 alter the formation of polarized cyst 
lumens in MDCK cells grown in three-dimensional culture. MDCK 
cells grown in Matrigel form cysts with the apical side toward the 
lumen, and any internal, apoptosing cells are cleared from the lu-
men space. Rab11-FIP2(S227A)–expressing cells were delayed in 
the location of the central lumen, eventually forming an outer layer 

of polarized cells, but were unable to clear cells from the develop-
ing lumen. In contrast, Rab11-FIP2(S227E)–expressing cells local-
ized PCX to the adjoining membranes at the two-cell stage, but in-
stead of forming a round lumen equally shared by all the cells, the 
GFP-Rab11-FIP2(S227E)–expressing cysts had an elongated, dumb-
bell- shaped lumen that extended between cell pairs. By the mature 
cyst stage, the GFP-Rab11-FIP2(S227E) cysts had formed second-
ary lumens within the original lumen. These results all indicate that 
phosphorylation of Rab11-FIP2 can alter the process of MDCK pat-
terning and dynamic cues for lumen formation from an early stage.

To understand the implications of the changes in polarity, we 
examined the composition of the adherens and tight junctions. 
MDCK cells at steady state express both E-cadherin and K-cadherin 
(Stewart et al., 2000). Overexpression of Rab11-FIP2(S227E), but 
not wild-type Rab11-FIP2 or Rab11-FIP2(S227A), caused a loss of 
E-cadherin, leaving K-cadherin as the main receptor of the adherens 
junction. We did not observe a statistically significant change in 
E-cadherin mRNA levels in our cell lines, nor did treatment with 
lysosome or proteasome inhibitors return the levels of E-cadherin to 
control cells. These observations may indicate another regulatory 
mechanism for E-cadherin expression, perhaps by microRNA-
dependent regulation of translation. K-Cadherin/cadherin-6 is a 
member of the type II/atypical cadherin family, implicated in neural 
crest migration (Inoue et al., 1997) and neuronal circuitry develop-
ment (Inoue et al., 1998; Liu et al., 2008). During kidney develop-
ment in both mouse and zebrafish, K-cadherin plays a role in the 
early aggregation of cells during mesenchyme-to-epithelial transi-
tion (Cho et al., 1998; Kubota et al., 2007; Liu et al., 2008). Changes 
between E-cadherin and K-cadherin allow movement of epithelial 
sheets during development and organogenesis (Harris and Tepass, 
2010). The results here indicate that Rab11-FIP2 phosphorylation by 
MARK2 not only influences the establishment of polarity, but also 
alters the final differentiation of epithelial cell subtypes.

The overexpression of Rab11-FIP2(S227E) also caused changes 
at the tight junction, with loss of occludin and a change in claudin 
composition. Loss of occludin without a loss of tight junction bar-
rier or fence function is not unprecedented. Human and guinea 
pig Sertoli cells do not have occludin, yet form tight junctions 
(Moroi et al., 1998). Occludin-deficient embryonic stem cells are 
also able to form functional tight junctions (Saitou et al., 1998). 
Nevertheless, the alterations in claudins do suggest that phospho-
rylation of Rab11-FIP2 by MARK2 can regulate the composition of 
the cell tight junctions.

It remains unclear how expression of the phosphomimetic Rab11-
FIP2(S227E) could induce the changes in the adherens and tight 
junctions proteins and contribute to the multilumen cyst phenotype 
in cells grown in three-dimensional cultures. The change to a pre-
dominance of K-cadherin within the adherens junctions of these 
cells could signal the cells within the main lumen to form aggregates 
and lumens rather than apoptosing. Of interest, occludin has been 
implicated in the removal of apoptosing cells from monolayers (Yu 
et al., 2004). Thus a combination of predominantly K-cadherin–
containing adherens junctions and a lack of occludin at the tight 
junctions could block the signal for the luminal cells to apoptose 
and be cleared from the lumen.

In conclusion, phosphorylation of Rab11-FIP2 on Ser-227 by 
MARK2 plays a critical role in the establishment of polarity in MDCK 
cells. Increased phosphorylation of Ser-227 in Rab11-FIP2 occurs as 
a transient event at the time of polarization and is diminished in 
stable confluent monolayers. Overexpression of the phosphomi-
metic Rab11-FIP2(S227E) leads to amplification of lumen formation 
in three-dimensional cultures and alterations in the composition of 
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FIGURE 8: E-cadherin is lost from the adherence junction in cells overexpressing the Rab11-FIP2 phosphomimetic mutant, 
whereas K-cadherin remains. The GFP-FIP2 MDCK cell lines were grown on Transwell filters for 5 d postconfluence. (A) The 
cells were fixed and then stained for E-cadherin (red in merge) and K-cadherin (blue in merge). (B) Cells were grown as 
described and then lysed, run on Western blots, and probed for E-cadherin, K-cadherin, and VDAC. Three separate blots were 
scanned and quantified using ImageJ and normalized to control (VDAC). *p ≤ 0.009 by unpaired Student’s t test. (C) Cells  



Volume 23 June 15, 2012 Rab11-FIP2 phosphorylation and polarity | 2313 

FIGURE 9: At the tight junction, Z0-1 is retained, but occludin is lost in the phosphomimetic Rab11-FIP2 (S227E) cell line. 
(A) Stable MDCK cell lines expressing GFP-Rab11-FIP2-WT or GFP-Rab11-FIP2 (S227E) (green in merge) were grown for 
5 d postconfluence on Transwell filters, fixed, and stained for ZO-1 (red in merge) and occludin (blue in merge). (B) Cells 
were grown as described and then lysed, run on Western blots, and probed for occludin and VDAC. Three separate blots 
were scanned, quantified with ImageJ, and normalized to control (VDAC). *p = 0.0001 by unpaired Student’s t test. (C) 
Cells were grown as described, and RNA was isolated and analyzed by real-time PCR. Results were normalized to 
GAPDH and are expressed as fold change (2−ΔΔCT). (D) TER measurements. Although all of the cell lines in the “on” 
condition had a drop in the TER, there were no significant differences between any of the “on” cell lines and the “off” 
cell lines. Arrowheads (A) indicate where the xy and xz optical slices were taken. Bar, 10 μm. Error bars indicate SEM.

adherens and tight junctions. Unlike many of the previous roles 
described for Rab11-FIP2 that involve Rab11a and myosin Vb, the 
role that Rab11-FIP2 plays in the establishment of cell polarity does 

not appear to involve either Rab11a or myosin Vb. The results dem-
onstrate that Rab11-FIP2 phosphorylation is a crucial mediator of 
MARK2-dependent epithelial polarization.

were grown as described, and RNA was isolated and analyzed by real-time PCR. Results were normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and are expressed as fold change (2−ΔΔCT). #p ≤ 0.04. Cells expressing either GFP-
Rab11-FIP2-WT or GFP-Rab11-FIP2(S227A) retained both E-cadherin and K-cadherin at the junction, whereas the GFP-
Rab11-FIP2(S227E)–expressing cells had mostly K-cadherin and a small amount of E-cadherin. Arrowheads indicate where 
the xy and xz optical slices were taken. Bar, 10 μm. Error bars indicate SEM.
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GCA for the S227A mutant (Ducharme et al., 2006); for the S227E 
mutant this GCA was mutated to GAA. Production of the doxycy-
cline-inhibitable GFP-Rab11-FIP2(S227E) MDCK cell line was as de-
scribed to Rab11-FIP2-WT and -S227A (Ducharme et al., 2006). 
Briefly, the GFP-Rab11-FIP2(S227E) was cut out of the pEGFP vector 
(Clontech, Mountain View, CA) with NheI and SmaI and ligated into 
the pTRE2hyg vector (Clontech) cut with NheI and EcoRV. T23 
MDCK cells were transfected with Effectene (Qiagen, Valencia, CA) 

MATERIALS AND METHODS
Site-directed mutagenesis and stable line production
Site-directed mutagenesis of Rab11-FIP2 in the pEGFP vectors was 
performed using Pfu Turbo polymerase according to the QuikChange 
Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA) with 
16-min extension time. Primers were synthesized (Invitrogen, Carls-
bad, CA) with one nucleotide change per oligonucleotide sequence. 
Previously the TCA encoding for amino acid 227 was change to 

FIGURE 10: Overexpression of either GFP-Rab11-FIP2-WT or GFP-Rab11-FIP2 (S227E) altered the claudin content of 
tight junctions. GFP-Rab11-FIP2-WT-on and GFP-Rab11-FIP2(S227E)-on and -off were grown for 5 d postconfluence on 
Transwell filters. The cells were fixed then stained for claudin-1 (A), claudin-2 (B), or claudin-4 (C) and ZO-1. In the 
merged image, GFP-Rab11-FIP2s are pseudocolored green, the claudins are red, and ZO-1 is blue. (D) Cells were grown 
as described, then lysed, run on Western blots, and probed for the different claudins and VDAC. Three separate blots 
were scanned and quantified using ImageJ and normalized to control (VDAC). *p ≤ 0.004 by unpaired Student’s t test. 
(E) Cells were grown as described, and RNA was isolated and analyzed by real-time PCR. Results were normalized to 
GAPDH and are expressed as fold change (2−ΔΔCT). Bar, 10 μm. Error bars indicate SEM.
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and plated in normal media. The next day 
the cells were trypsinized and replated in se-
rial dilution with 0.25 ng/ml hygromycin for 
selection and 20 ng/ml of doxycycline for 
suppression of enhanced GFP (EGFP) ex-
pression. Multiple clones were selected, ex-
panded, and initially characterized; all ex-
hibited similar patterns and levels of 
EGFP-Rab11FIP2(S227E) expression. One 
clone was selected to use as the tetracy-
cline-repressible stable cell line.

For this study, two lentiviral pLKO.1 
shRNA vectors targeting canine MYO5B 
and a scrambled control shRNA were used 
for transduction of MDCK cells. 293T cells 
were plated on 10-cm dishes and grown to 
30% confluence. Using Effectene, we trans-
fected the 293T cells with the MYO5B tar-
geting vector or scramble control, the pack-
aging plasmid pR8.2, and the ENV plasmid 
pMDG.2. The 293T cells were washed in 
phosphate-buffered saline (PBS) after 24 h 
and incubated for an additional 48 h. The 
media from the 293T cells was then filtered 
and used with polybrene at 5 mg/ml to 
transduce plated MDCK cells at 30% conflu-
ency. The MDCK cells were then selected in 
media containing 2 μg/ml puromycin for 
1 mo. By quantitative PCR MYO5B mRNA 
expression was reduced by 50% compared 
with the scrambled control.

Cell culture
The GFP-Rab11-FIP2 and the mutant tet-off 
MDCK cell lines were grown as previously 
described (Ducharme et al., 2006) in DMEM 
(Cellgro, Manassas, VA) supplemented with 
l-glutamine (Cellgro), nonessential amino ac-
ids (Cellgro), G418 (Cellgro). and 10% fetal 
bovine serum (FBS; Hyclone, Logan, UT). 
The cell lines were also grown in the pres-
ence of 20 μg/ml doxycycline to keep them 
in the off position. At the time of plating for 
experiments the doxycycline was removed 
to turn on the GFP-tagged Rab11-FIP2s. The 
GFP-Rab11a cell line was as previously 

FIGURE 11: Overexpression of GFP-Rab11a 
or GFP-myosin Vb tail did not disrupt 
E-cadherin or occludin at the apical junctions. 
Stable MDCK cells overexpressing either 
GFP-Rab11a or GFP-myosin Vb tail or 
transiently transfected with GFP-
Rab11aS25N were grown for 5 d 
postconfluence on Transwell filters. The cells 
were fixed and then stained for either (A) 
E-cadherin (red in merge) and K-cadherin/
cadherin-6 (blue in merge) or (B) occludin (red 
in merge) and ZO1 (blue in merge). Neither 
E-cadherin nor occludin was altered in either 
cell line. Bar, 10 μm.
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described (Casanova et al., 1999) and was grown as the GFP-Rab11-
FIP2 cell lines except without doxycycline. The MARK2-KD Tet-on 
inducible MDCK cell line was a kind gift from Anne Musch (Elbert 
et al., 2006). The Tet-on MARK2 MDCK cell line was grown without 
doxycycline to inhibit expression, and 20 μg/ml doxycycline was 
added to induce the shRNA expression and reduce the expression of 
Par-1b/MARK2. The cells were plated onto Transwells (Costar, Cam-
bridge, MA) at confluence and then grown for 5 d before treatment. 
For transient expression of Cherry-myosin Vb and GFP-Rab11a(S25N), 
the cells were transfected (Effectene) at the time of plating onto 
Transwells.

For the wounding assay a pipette tip was used to remove a swath 
of cells down the middle of the Transwell. The cells were then 
washed in PBS, refed, and allowed to recover for 48 h. For the cal-
cium switch assay the cells were washed twice in PBS and then refed 
in S-MEM (suspension culture; Life Technologies, Carlsbad, CA) 
supplemented with l-glutamine, nonessential amino acids, and 10% 
dialyzed FBS. The cells were then incubated for 18–24 h, refed with 
regular calcium media, and allowed to recover for the indicated 
times. For cyst growth in Matrigel (E1270; Sigma-Aldrich, St. Louis, 
MO), 25,000 cells were suspended in Matrigel (9.9 mg/ml stock) in 
either on or off media, and then 100 μl was plated into 96-well plates 
and allowed to grow for 1–2 wk or into Lab-Tek eight-chambered 
#1.0 borosilicate coverglass slides (Nunc/Thermo Fisher Scientific, 
Rochester, NY) and allowed to grow for 24–48 h.

Analysis of 125I-IgA postendocytotic fate
The 125I-IgA trafficking was as previously described (Ducharme et al., 
2006).

Antibodies
The rabbit anti–phospho Ser-227 Rab11-FIP2 antibody was produced 
and affinity purified by EZBiolab (Carmel, IN) against a phosphory-
lated peptide (PQRLSSAH(pS)MSDL; for validation see Supplemental 
Figure S1, A and B). The chicken anti–myosin Vb antibody was pro-
duced by Covance (Berkeley, CA) against a human myosin Vb–spe-
cific sequence corresponding to amino acids 943–1025 (TLSEQLS-
VTTSTYTMEVERLKKELVHYQQSPGEDTSLRLQEEVESLRTELQRAH-
SERKILEDAHSREKDELRKRVADLEQENA) and was affinity purified 
against the immunizing peptide (for validation see Supplemental 
Figure S1C). The rabbit anti–cadherin-6 (IF 1:400) was a kind gift from 
W. James Nelson (Stanford University School of Medicine, Stanford, 
CA). The mouse anti–gp135/podocalyxin (IF 1:200) was a kind gift 
from Karl Matlin (University of Chicago, Chicago, IL). Commercial an-
tibodies used were as follows: from BD Transduction Laboratories 
(Lexington, KY), mouse anti–E-cadherin (610181, IF 1:200) and mouse 
anti-p120 (610133, IF 1:200); from Zymed/Invitrogen (San Francisco, 
CA), rabbit anti–claudin-1 (51-9000, IF 1:200), rabbit anti–claudin-2 
(51-6100, IF 1:200), mouse anti–claudin-4 (32-9400, IF 1:100), rabbit 
anti-occludin (71-1500, IF 1:200), mouse anti-occludin (61-7300, IF 
1:200), rabbit anti–ZO-1 (61-7300, IF 1:200), and mouse anti–ZO-1 
(71-1500, IF 1:200); from Developmental Studies Hybridoma Bank 
(University of Iowa, Iowa City, IA), rat anti-ZO-1 (R26.4C, IF 1:400); 
and from Abcam, rabbit anti–voltage-dependent anion-selective 
channel protein 1 (VDAC1)/porin (Abcam, Cambridge, MA). All sec-
ondary antibodies were made in donkey and absorbed for multistain-
ing use (Jackson ImmunoResearch Laboratories, West Grove, PA).

Transepithelial resistance measurements
Just before fixation, the TER was measured with a Millicell-ERS 
(Millipore, Billerica, MA) at three points within each Transwell, and 
then the average was used for the TER of that well.

Immunofluorescence
For claudin, ZO-1, occludin, and phosphorylated Rab11-FIP2 stain-
ing, Transwells were washed twice with PBS and then fixed with 
methanol for 5 min at −20°C. For myosin Vb staining the cells were 
fixed in 4% paraformaldehyde for 20 min at room temperature (RT). 
Cells were washed three times with PBS and then block-extracted 
for 30 min at RT in 10% normal goat serum (Jackson ImmunoRe-
search) and 0.3% Triton X-100 in PBS. Fixation and extraction for 
cadherin-6 was as previous described (Stewart et al., 2000), Briefly, 
cells were washed three times with 0.008% SDS in PBS and then 
fixed in 4% paraformaldehyde for 20 min at RT. The cells were then 
permeabilized in CSK buffer (50 mm NaCl, 300 mm sucrose, 10 mM 
1,4-piperazinediethanesulfonic acid, pH 6.8, 3 mM MgCl2, 0.5% Tri-
ton X-100) for 10 min, washed three times in PBS, and then blocked 
in 10% normal donkey serum PBS for 30 min at RT. Transwells were 
incubated for either 2 h at RT or, for phosphorylated Rab11-FIP2 
staining, overnight at 4°C with primary antibodies diluted in 1% nor-
mal donkey serum and 0.005% Tween-20 in PBS. Transwells were 
washed three times for 15 min at RT with 0.005% Tween-20 in PBS 
(PBS-T), then incubated for 1 h at RT with secondary antibodies di-
luted as described, washed three times in PBS-T and once in PBS, 
and then rinsed in water and mounted with ProLong Gold plus 
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen).

For cysts grown in Matrigel, the wells were washed three times 
with PBS, then fixed for 60 min at RT with 4% paraformaldehyde, 
and washed again with PBS. For staining, the Matrigel plugs were 
removed from the wells and placed in 0.5-ml microcentrifuge tubes. 
The plugs were block-extracted for 30 min at RT in 10% normal 
donkey serum rotating at RT, washed with PBS, and then incubated 
overnight at 4°C rotating with the primary antibodies in 1% normal 
donkey serum in PBS-T. The plugs were washed four times for 15 min 
in PBS-T at RT and incubated with secondary antibodies and Alexa-
labeled phalloidin (1:100; Invitrogen) in 1% normal donkey serum in 
PBS-T, all rotating at RT. Plugs were washed four times in PBS-T at 
RT and twice in PBS at RT rotating and then mounted with ProLong 
gold plus DAPI between a glass slide and a coverslip. For the Lab-
Tek slides all procedures were performed with the Matrigel in the 
chambers.

All images were captured with an Olympus FV1000 confocal mi-
croscope (Cell Imaging Shared Resource, Vanderbilt University, 
Nashville, TN) using a 60× oil immersion objective with an numerical 
aperture of 1.25 and a 3× optical zoom using the FV1000 software. 
The individual images were converted to tif files with the FV1000 
software, and then Photoshop (Adobe, San Jose, CA) was used to 
produce the final figures. Mean fluorescence intensity was quanti-
fied using ImageJ (National Institutes of Health, Bethesda, MD).

Western blots
Cells were grown on Transwells for 5 d postconfluence, washed with 
PBS, and then lysed in CHAPS lysis buffer (1% 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate, 20 mM magnesium ac-
etate, 30 mM Tris, pH 7.5, 150 NaCl) supplemented with protease 
(P8340; Sigma-Aldrich) and phosphatase (P0044, P5726; Sigma-Al-
drich) inhibitor cocktails for 30 min on ice. Centrifugation for 15 min 
at 16,000 × g at 4°C cleared the lysates. Protein concentration was 
measured with the bicinchoninic acid assay (Pierce, Rockford, IL), 
and 25 μg of protein was loaded onto a 10% Laemmli polyacrylam-
ide gel (Laemmli, 1970). The proteins were transferred onto Protran 
Nitrocellulose Transfer Membrane (Whatman, Piscataway, NJ). 
Membranes were blocked for 30 min at RT with 5% dry milk powder 
(DMP) and 0.1% Tween-20 in Tris-buffered saline (TBS-T) and probed 
with primary antibodies for 2 h at RT in 2.5% DMP/TBS-T, or, for the 
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anti–Ser-227-phosphorylated Rab11-FIP2 antibody, 1% bovine se-
rum albumin was used instead of DMP and incubation was over-
night at 4°C. Blots were washed in TBS-T, followed by a 1-h incuba-
tion with horseradish peroxidase–conjugated secondary antibodies 
(Jackson ImmunoResearch). Blots were washed three times in TBS-T 
and once in TBS, and then specific label was detected by enhanced 
chemiluminescence (32106; Pierce) with chemography (X-OMAT LS; 
Kodak, Rochester, NY). The films were scanned, and the area under 
the peak was calculated using ImageJ. The results were normalized 
to the control (VDAC), and statistical significance was determined 
by an unpaired Student’s t test.

Real-time PCR analysis
RNA was isolated from the different Rab11-FIP2 MDCK cell lines 
using TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions and then treated with RQ1 RNase-free DNase (Pro-
mega, Madison, WI). cDNA was synthesized using a High Capacity 
cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, 
CA) with a mix of random and oligo dT primers. Real-time PCR was 
performed using a StepOnePlus real-time PCR system with Express 
SYBR Green ER Supermix (Applied Biosystems) and the oligo pairs 
listed in Table 1. All oligo pairs were from Real Time Primers (Elkins 
Park, PA) and validated for melting temperature and efficiency. The 
results were analyzed by the comparative CT method (Schmittgen 
and Livak, 2008) and are expressed as 2−ΔΔCT (fold change). Statisti-
cal significance was determined by an unpaired Student’s t test.

Oligo name Sequence 5′ to 3′

cldn1 dog-S GGTCAGGCTCTCTTCACTGG

cldn1 dog-AS ATGTTGTTTTTCGGGGACAG

cldn2 dog-S GGGCATTATTTCCTCCTTGT

cldn2 dog-AS GGTGCTGTTCACTGGTTTTC

cldn4 dog-S GTCCTTCTGACTGCGGAGAG

cldn4 dog-AS AAGCGGTGAGGACAGACACT

occ dog-S GTCCATGCTTGTCATTGTGA

occ dog-AS AAGCCAGTTCCATAGCCTCT

E-cdh dog-S AAAACCCACAGCCTCATGTC

E-cdh dog-AS CACCTGGTCCTTGTTCTGGT

K-cdh dog-S TTCCCGAAATGTCTGATGTT

K-cdh dog-AS TACTGCTCCCTGTTTTCTCG

GAPDH dog-S GGGAAGTCCATCTCCATCTT

GAPDH dog-AS GAGGCATTGCTGACAATCTT

TABLE 1: Oligos used for real-time PCR. 
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