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Abstract
During Epithelial to Mesenchymal Transition (EMT), cells modulate expression of proteins
resulting in loss of apical-basal polarity. Effectors of this EMT switch target the polarity protein
Crumbs3a, a small transmembrane protein that is essential for generation of the apical membrane
and tight junctions of mammalian epithelial cells. We previously showed that the Crumbs3 gene is
a direct target of transcriptional regulation by Snail, a potent inducer of EMT. However, Snail has
also been shown to have multiple non-transcriptional roles, including regulation of cell adhesion,
proliferation and survival. Using SNAP-tag labeling, we determined that cell surface Crumbs3a
has a half-life of approximately 3 hours and that this cell surface half-life is significantly reduced
when EMT is induced by Snail. We further observe that Snail induces differential glycosylation of
Crumbs3a, including sialylation, suggesting a mechanism by which Crumbs3a may be
destabilized. These results indicate that Crumbs3a is a post-translational target of Snail, in addition
to being a transcriptional target. We conclude that Snail’s ability to post-translationally modify
and destabilize Crumbs3a augments the depolarizing process of EMT.
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Introduction
Properly functioning epithelial tissues require that cells establish and maintain segregated
plasma membrane regions (1, 2). These regions include an apical or luminal membrane, and
a basolateral membrane separated by the gating function of tight junctions in vertebrates.
The resulting apical-basal polarity allows asymmetric trafficking of receptors, positioning of
channels and release of secretagogues, which is the basis for mature epithelial cell function.
Yet there is intrinsic fluidity in the control of this cell polarity program, illustrated by
dismantling of apical-basal polarity, cell migration, and re-establishment of cell apical-basal
polarity during normal development or tissue healing following injury in a process known as
Epithelial to Mesenchymal Transition (EMT) (3, 4). Control of the cell polarity program can
also be maladaptively usurped, as occurs in malignancy (5–8).

Establishing proper epithelial cell apical-basal polarity and function requires Crumbs, an
evolutionarily conserved apical transmembrane protein. Crumbs expression is tightly
regulated such that too little or too much Crumbs both result in disruption of apical-basal
cell polarity and tissue architecture (9–14). Excessive Crumbs induces expansion of the
apical membrane and cell proliferation leading to organ enlargement. In agreement with

*Corresponding author: Ben Margolis, M.D., 109 Zina Pitcher Place, Biomedical Science Research Building, Room 1528, Ann Arbor,
MI 48109-2200, USA, phone: 734-764-3567, fax: 734-647-7950, bmargoli@umich.edu.

NIH Public Access
Author Manuscript
Traffic. Author manuscript; available in PMC 2013 August 01.

Published in final edited form as:
Traffic. 2012 August ; 13(8): 1170–1185. doi:10.1111/j.1600-0854.2012.01376.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these results, Crumbs was recently shown to be an upstream effector of the Hippo-YAP
pathway, involved in cell proliferation and organ size (15). Conversely, lack of Crumbs
results in the absence of epithelial organ formation in Drosophila and zebrafish, as well as in
the loss of tight junction and primary cilia formation in mammalian epithelial cells in culture
(16). Additionally, loss of Crumbs disrupts tight junction formation, apical-basal polarity,
and contact-inhibited growth in an in vivo tumorigenic mouse model (17). Thus,
understanding how epithelial cells control trafficking and localization of Crumbs is central
to understanding control of apical-basal polarity.

The dominant Crumbs homolog in mammalian epithelial cells is Crumbs3 (10, 18).
Alternate splicing of the mammalian Crumbs3 transcript results in production of two
Crumbs3 isoforms, Crumbs3a and Crumbs3b, which encode divergent intracellular C-
termini of lengths 20 and 23 amino acids respectively (19). Crumbs3a contains the
canonical, evolutionarily conserved intracellular region shared by most Crumbs homologs.
Crumbs3a interacts with PALS1 via the former’s C-terminal PDZ binding domain, resulting
in formation of the apical polarity complex Crumbs3a-PALS1-PATJ, which localizes to
apical membranes and tight junctions. This protein complex interacts with a second key
polarity complex, Par6-Par3-atypical PKC. The direct interaction of these two protein
complexes is crucial for generation and maintenance of tight junctions and apical-basal
polarity in epithelial cells (2). These complexes also interact with a third basolateral polarity
complex, Lgl-Dlg-Scribble (20–22). Mechanisms directed at destabilizing these interactions
are necessary for EMT (23–25).

Most investigations into mechanisms controlling the epithelial cell polarity program in
mammalian cells have focused on transcriptional regulation of proteins (26). Snail is a well-
described and potent transcriptional suppressor of several apical-basal polarity genes,
including E-cadherin and Crumbs3 (27–29). However, such an all-or-none approach to
control of polarity protein expression inadequately explains the spectrum of partial and
transient depolarization seen in processes such as tubulogenesis and wound healing (30, 31).
Moreover, expression of both Snail and Crb3a is detected in breast cancer cell lines MCF7
and SKBR3 (29, 32–34) suggesting that non-transcriptional mechanisms are also involved in
regulating the cell polarity program. As Snail has recently been shown to have multiple non-
transcriptional roles including those as an inducer of cell survival and cell movement (35–
37), we investigated whether Snail has additional roles in regulating Crumbs beyond
transcriptional suppression.

We previously showed that Snail potently suppresses transcription of the Crumbs3 gene
(29). However, transcriptional repression of Crumbs3 gene cannot be the sole mechanism of
control of this apical polarity protein, since there are cell lines which co-express Crumbs3a
and Snail (29, 32–34). Indeed, relatively little is known about how cells control polarity
during partial EMT required during processes such as wound healing.

Here, we extend our earlier work with a new study that reveals a novel, post-transcriptional
relationship between Snail and Crumbs3a. Namely, we show that when Crumbs3a is
exogenously expressed in the presence of Snail, the gel mobility of Crumbs3a is altered
suggesting that Snail exerts post-transcriptional effects on Crumbs3a as well. In this set of
experiments, we explore the etiology of this mobility shift and examine the effect of Snail
on intracellular trafficking of exogenously expressed Crumbs3a. We show that although
Crumbs3a still traffics correctly to the apical cell surface, Snail significantly destabilizes cell
surface Crumbs3a and alters its glycosylation. We propose that Snail induces post-
translational modification and accelerates the degradation of the Crumbs3a polypeptide. In
conjunction with its established role as a direct repressor of Crumbs transcription, the
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modulation of Crumbs3a post-translational modifications by Snail seems to further
contribute to the loss of apical-basal polarity observed during EMT.

Results
Crumbs3a dynamics in polarized MDCK monolayers

We first characterized the trafficking and stability of Crumbs3a (Crb3a) in polarized Madin-
Darby canine kidney (MDCK) cells at steady state. Attempts to study trafficking of
endogenous Crb3a using conventional techniques were hampered by two factors. First,
Crb3a exhibits minimal biotinylation likely due to its small extracellular domain, which
contains only two lysines. Second, the entire mature protein contains no cysteines or
methionines, the latter due to cleavage of the N-terminal signal peptide region. Thus,
endogenous Crb3a is not amenable to traditional trafficking methods, including cell surface
biotinylation and 35S-methionine/cysteine metabolic labeling.

These limitations necessitated our use of exogenously expressed epitope-tagged Crb3a for
trafficking experiments. By using mammalian expression vectors with minimal promoters,
we achieved protein expression levels where proper apical-basal polarity is maintained. Our
laboratory’s previous experience studying trafficking of Crb3a during the genesis of a
central lumen in 3D cyst assay suggests similar trafficking for endogenous Crb3a and
exogenously expressed GFP-Crb3a (38). In our experience the presence of an extracellular
epitope near the N-terminus of the mature protein does not seem to qualitatively alter
Crb3a’s trafficking. Thus, we posit that the cell dynamics of extracellular epitope-tagged
Crb3a expressed stably at near-endogenous levels reflects those of endogenous Crb3a in
polarized MDCK cells at steady state.

We first set out to determine the half-life of total cell Crb3a by performing a nonradioactive
pulse-chase experiment using inducible GFP-Crb3a (iGFP-Crb3a) as shown in Figures 1A
and 1B. After 1 hour of treatment with 50 ng/ml of doxycycline, transcript levels for iGFP-
Crb3a were maximally induced and declined following doxycycline washout. The induced
protein was maximally expressed between 6–8 hours following doxycycline pulse but fell to
near uninduced level by 24 hours indicating that several half-lives had occurred within this
interval.

We then investigated the resident time of Crb3a at the apical cell surface of polarized
MDCK cells at steady state. We performed cell surface biotinylation and uptake studies on
both endogenous and epitope-tagged Crumbs3a as shown in Figures 1C and 1D.
Endogenous Crb3a was poorly biotinylated, presumably related to the few potential
biotinylation sites within a small extracellular region. Addition of a 1x-myc and a 3x-myc
extracellular tag increased the number of extracellular lysine residues potentially available
for conjugation with biotin from 2 to 4 and 8, respectively. As shown in Figure 1C, 80
minutes following cell surface biotinylation, the residual pools of both biotinylated cell
surface (−MESNA) endogenous and 3x myc-Crb3a were markedly reduced. Further,
minimal internalized biotinylated protein was detected by immunoblot following stripping
of residual cell surface biotin (+MESNA). We repeated the experiment at an earlier time
point to detect internalized Crb3a, with both 1x myc-Crb3a and 3x myc-Crb3a as shown in
Figure 1D. At 60 minutes, 45% (SD±5%) of myc-Crb3a and 63% (SD±13%) of 3x myc-
Crb3a remain, suggesting a half-life of cell surface Crb3a on the order of one hour. Yet,
minimal internalized myc-tagged Crb3a is detected. These results suggest that both
endogenous and exogenous Crb3a exhibit similar cell surface kinetics; both rapidly
disappear from the cell surface and are metabolized.
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Characterization of SNAP-Crumb3a MDCK cells
In order to more accurately characterize Crb3a’s dynamics at the apical cell surface, we
developed a system to quantitatively analyze Crb3a trafficking. We produced an MDCK II
cell line that stably expresses Crb3a fused with an extracellular SNAP-tag (SNAP-Crb3a,
depicted in Figure 2A) at near endogenous Crb3a levels. We assert that there are at least two
reasons why the SNAP-tag labeling approach may be more representative of endogenous
Crb3a trafficking. The first is that the SNAP-tag labeling reaction results in a single covalent
modification as opposed to biotin labeling of several lysines, which may or may not be
available for labeling at any given time. The second is that detection of SNAP-Crb3a
involves direct quantification of fluorescence labeling of protein present in cell lysates, as
opposed to indirect quantification following potentially inefficient immunoprecipitation of
Crumbs3a as performed in biotinylation experiments. Thus, we produced an MDCK II cell
pool stably expressing SNAP-Crb3a.

We then created a pool enriched for cells expressing SNAP-Crb3a near endogenous Crb3a
levels. We labeled cell surface SNAP-Crb3a with a fluorescently tagged cell-impermeable
SNAP-tag substrate (benzylguanine-488, BG-488), and subjected this labeled cell pool to
fluorescence-activated cell sorting (FACS). Immunoblotting of cell lysates from the
enriched pool with anti-Crb3a antibody (Figure 2B) confirmed that these cells express total
cell SNAP-Crb3a at levels comparable to endogenous Crb3a. The SNAP-Crb3a fusion
protein (marked as **) migrates around 42 kDa on SDS-PAGE, higher than the anticipated
mass of 33 kDa. Endogenous Crb3a (marked as *) migrates around 28 kDa while the
calculated protein mass is predicted to be 13 kDa; we previously demonstrated that this
difference is due to glycosylation of the endogenous polypeptide (10). The lower bands
visible in the SNAP-Crb3a lane are not visible by immunoblotting with anti-SNAP antibody
(not shown), suggesting breakdown products.

We confirmed proper trafficking of SNAP-Crb3a by labeling cells grown in 2-dimensional
(2D) and 3-dimensional (3D) culture with the SNAP-tag reagent prior to fixation. As shown
in Figure 2C, control cells (panel a) exposed to BG-488 in culture show minimal
background fluorescent signal, while SNAP-Crb3a cells exhibit co-localization of the 488
signal with antibodies recognizing Crb3a and SNAP epitopes at the apical cell surface in
both 2D monolayer (panel b) and 3D cysts (panel c). The difference seen in 2D between
BG-488 and Crb3a immunostaining reflects BG-488’s specific labeling of cell surface
SNAP-tagged Crb3a exclusively, as opposed to Crb3a immunostaining which detects both
intracellular and cell surface Crb3a. The mid-cell punctate Crb3a staining in 2D corresponds
to primary cilia, also visualized with SNAP-tag labeling but not seen in these images. These
results confirm both proper trafficking of SNAP-Crb3a to the apical cell surface and
specificity of SNAP-Crb3a labeling. The ability to label SNAP-Crb3a at the apical surface
of MDCK cells in 3D cysts in culture with benzylguanine reagents is seen only in
developing cysts. By day 7, in-culture labeling with these reagents is unsuccessful despite
the confirmed presence of apical SNAP-Crb3a by antibody staining after permeabilization,
presumably due to exclusion by mature lateral and tight junctions.

Specificity of in-culture labeling of SNAP-Crb3a and localization of SNAP-Crb3a to the
apical surface in polarized MDCK cells were further evaluated by exposing either the apical
or basolateral surface of cells grown on transwell filters to BG-682. By immunoblotting cell
lysates produced immediately following in-culture SNAP-tag labeling, we show that the vast
majority of labeled SNAP-Crb3a is located on the apical rather than the basolateral cell
surface as seen in Figure 2D. Furthermore, pre-incubating cells with a cell impermeable
SNAP-blocking reagent abrogates SNAP-tag labeling. In combination, these results both
confirm proper apical localization of SNAP-Crb3a and specificity of the in-culture cell
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surface SNAP-tag labeling reaction. This novel SNAP-Crb3a MDCK cell pool was then
used for subsequent trafficking experiments.

Determination of SNAP-Crumbs3a cell surface kinetics
We determined the kinetics of cell surface SNAP-Crb3a by performing nonradioactive
pulse-chase labeling assays in polarized MDCK cells at steady state. As depicted in Figure
3A, cell surface SNAP-Crb3a is labeled with cell-impermeable benzylguanine (BG), a
SNAP-tag substrate, and then chased for the times indicated and processed as described in
the figure legend. Figure 3B shows a cell surface labeling experiment, performed as
illustrated in Figure 3A(c). Cells were grown in 24 well tissue culture dishes, labeled with
BG-682 at time 0, and fixed at the indicated time points. Immunocytochemistry of non-
permeabilized cells with anti-SNAP antibody to label total cell surface SNAP-Crb3a was
performed and cells were imaged in situ. By 2 hours post-labeling, the fluorescent signal of
residual labeled SNAP-Crb3a is significantly decreased relative to total cell surface SNAP-
Crb3a. These results suggest that the half-life of cell surface SNAP-Crb3a is similar to the
results obtained by surface biotinylation shown in Figure 1C.

In Figure 3C, we quantitatively characterize the half-life of cell surface SNAP-Crb3a
relative to the total cell pool of SNAP-Crb3a by immunoblot, as illustrated in Figure 3A(d).
Cell surface SNAP-Crb3a was labeled with BG-682 at time 0, and cell were lysed at the
indicated time points and subjected to standard protein electrophoresis. The BG-682
fluorescence signal of SNAP-Crb3a was normalized to Crb3a signal. Quantitative analysis
reveals a mean half-life for cell surface SNAP-Crb3a of 2.78 hours (SEM±0.12). The mean
half-life was statistically equivalent for cells grown on transwell filters, 2.87 hours (SEM
±0.21).

Closer examination of the immunoblots in Figure 3C reveals that the SNAP-Crb3a migrates
as a doublet, which is also seen with immunoblots of endogenous and exogenous GFP- and
myc-tagged Crb3a. It is possible that these bands represent species of Crb3a with different
post-translational modifications (PTMs) resulting in different intracellular trafficking
pathways or stability. However, when we analyzed the bands separately, we found that both
bands of the doublet are labeled equally in cell surface labeling experiments and maintain a
consistent ratio relative to the total cell protein level, indicating that the cell surface half-life
of each is the same (data not shown).

Cell surface Crumbs3a is metabolized via the endosomal-lysosomal pathway
Next, we explored the pathway by which cell surface Crb3a is metabolized in polarized
MDCK cells at steady state. We performed the same cell surface SNAP-Crb3a trafficking
experiments described in Figure 3A(d), but treated cells with inhibitors of the endosomal-
lysosomal pathway following cell surface labeling. Bafilomycin A1 specifically inhibits
vacuolar-type H+-ATPase, while chloroquine and NH4Cl inhibit lysosomal acidification
(39). Treatment of cells with 100 nM bafilomycin A1 doubled the half-life of labeled cell-
surface SNAP-Crb3a as seen in Figure 4A and 4B; the mean half-life increased from 2.70
hours (SD±0.30) in control-treated cells to 6.01 hours (SD±0.19) in bafilomycin A1-treated
cells. Similar results were seen following treatment of cells with 250 μg/ml chloroquine
(CQ) and 20 mM NH4Cl as seen in Figures 4C and 4D. Treatment with CQ increased the
mean half-life of SNAP-Crb3a from 2.70 hours (SD±0.09) in control-treated cells to 8.37
hours (SD±0.36), while NH4Cl increased the mean half-life from 3.18 hours (SD±0.15) in
control-treated cells to 5.47 hours (SD±0.29). Because NH4Cl has been shown to have a
dose and treatment duration effect on tight and adherens junctions (40), we checked the
integrity of the junctions for the relatively short duration and dose of NH4Cl used in this
trafficking experiment. Tight and adherens junction formation remained intact during
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treatment with 20 mM NH4Cl over 4 hours as assessed by immunofluorescence for ZO-1
and E-cadherin as seen in Figure 4E.

Next we examined the fate of cell surface-labeled SNAP-Crb3a following treatment with
inhibitors of the endosomal-lysosomal pathway. As seen in Figure 5A, confocal images of
cells treated with bafilomycin A1 (BafA, panel c) and vehicle control (Control, panel a) both
show residual labeled SNAP-Crb3a at the cell surface co-localizing with anti-SNAP
antibody in non-permeabilized cells. However, puncta of labeled SNAP-Crb3a that do not
co-localize with anti-SNAP antibody are also seen (panels b and d), indicating internalized
pools of SNAP-Crb3a from the cell surface. This was observed to a much larger extent with
bafilomycin treatment (panel d) as compared to control treatment (panel b).

To further characterize the vesicles containing internalized cell surface-labeled SNAP-Crb3a
following treatment with bafilomycin A1, we co-stained with several antibodies recognizing
proteins in the endosomal-lysosomal pathway as shown in Figure 5B. We found that under
these conditions, cell surface-labeled SNAP-Crb3a partially co-localizes with EEA1, Rab7
and LAMP2, suggesting that Crb3a traffics from the cell surface through the endosomal-
lysosomal pathway. Conversely, we were unable to show significant colocalization of
accumulated cell surface-labeled SNAP-Crb3a with Rab11, suggesting that in polarized cells
at steady state, recycling of cell surface Crb3a through the apical recycling endosome is less
prominent. Together, these results indicate that at steady state, cell surface SNAP-Crb3a is
internalized and metabolized through the endosomal-lysosomal pathway.

Endogenous Crumbs3a and exogenous Snail expression correlate inversely
We next turned our attention to conditions that are known to affect apical-basal polarity and
asked whether Crb3a stability is affected by these conditions. Snail is a potent destabilizer of
apical-basal polarity. Although Snail is known to suppress transcription of both Crumbs3
and E-cadherin genes, its effect on protein stability and membrane retention is less clear.
Since multiple proteins involved in apical-basal polarity have relatively long half-lives, it
has been suggested that post-transcriptional mechanisms are also employed to control
expression levels (41). We previously showed that endogenous Crb3a expression decreases
in the presence of Snail (29), and here we explore the temporal relationship of expression of
these two proteins.

We produced MDCK cells stably expressing doxycycline-inducible Snail-V5. As shown in
Figure 6A, uninduced cells (−Dox) exhibit normal-appearing adherens (E-cadherin) and
tight (Crb3a) junctions as detected by immunofluorescence. Following induction of Snail-
V5 (+Dox), cells lose endogenous Crb3a and E-cadherin expression and dismantle their
intercellular junctions as we have seen with stable Snail expression. We then analyzed
protein expression levels in these cells as a function of time following doxycycline induction
or washout. As shown in Figure 6B, endogenous Crb3a expression is almost undetectable
within two days of induction of Snail expression in parallel with E-cadherin. In Figure 6C,
Crb3a expression resumes within two days of doxycycline washout similarly to E-cadherin.
Graphs depicting the relative densitometry signal of each protein during the time course
accompany the immunoblots. The parallel pattern of disappearance and reappearance of
Crb3a and E-cadherin suggests common mechanisms controlling protein expression.

Snail destabilizes Crumbs3a at the cell surface
To investigate whether Snail affects Crb3a stability, we produced MDCK cells stably co-
expressing Snail-FLAG and SNAP-Crb3a as seen in Supplementary Figure S1A. We
performed cell surface SNAP-Crb3a labeling experiments and compared the half-life of
SNAP-Crb3a in cells expressing Snail versus vector control as assessed by
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immunofluorescence in situ as illustrated in Figure 3A(c). As shown in Figure 7A and 7B,
the half-life of cell surface SNAP-Crb3a is decreased by 50% in the presence of Snail when
compared to control cells; the half-life is decreased from 1.83 hours (SD±0.19) in control
cells, to 0.92 hours (SD±0.03) in Snail-coexpressing cells.

In Figure 7A, cell surface SNAP-Crb3a expression appeared to be less than control cells,
possibly as a result of decreased production or destabilization of SNAP-Crb3a transcript in
the presence of Snail. Accordingly, we enriched for cell surface SNAP-Crb3a expression in
Snail cells using FACS. We confirmed that both the protein and transcript levels of SNAP-
Crb3a in this enriched pool were at least that of control cells as seen in Supplementary
Figure S1A and S1B. We then performed cell surface SNAP-Crb3a labeling experiments
with these enriched pools and assessed SNAP-Crb3a half-life by immunoblotting as
illustrated in Figure 3A(d). As seen in Figure 7C and 7D, there is also an ~50% decrease in
half-life of cell surface SNAP-Crb3a in the presence of Snail, consistent with the results in
Figure 7A. The half-life is decreased from a mean of 4.56 hours (SD±0.11) in control cells,
to 2.13 hours (SD±0.26). We note that the half-life of the control cells in this experiment is
longer than the half-life for SNAP-Crb3a reported in Figure 3C. We attribute this to altered
inter-experimental conditions including examination of cells at earlier time points post-
labeling increasing duration of exposure of cells to room conditions, and the presence of two
expression vectors requiring treatment with two selection antibiotics.

Because MDCK cells expressing Snail do not form adherens or tight junctions, we explored
whether cell surface Crb3a is destabilized when cells lack lateral junctions. We cultured
MDCK cells expressing SNAP-Crb3a (from Figure 2) in low calcium media overnight and
then performed cell surface trafficking experiments. We confirmed that at the time of
initiation of the cell surface trafficking experiment, intercellular junctions were abolished as
assessed by immunofluorescence imaging (Supplementary Figure S2); the expected
subapical accumulation of SNAP-Crb3a characteristic of MDCK cells cultured in low
calcium media was seen under these conditions. As shown in Supplementary Figures S2B
and S2C, there is no difference in half-life of cell surface labeled SNAP-Crb3a in the
presence or absence of intercellular junctions. This result suggests that destabilization of cell
surface Crb3a by Snail cannot be attributed to the absence of cell junctions. Taken together,
these results indicate that cell surface Crb3a is significantly destabilized in the presence of
Snail.

Snail induces differential post-translational modifications of Crumbs3a
We consistently noticed that the apparent mass of exogenously expressed Crb3a on SDS-
PAGE was altered in the presence of Snail (Supplementary Figure S1A and Figure 8A). We
pursued the etiology of the mobility shift that we observed for SNAP-Crb3a and myc-Crb3a
induced by the presence of Snail. Since PTMs are a common mechanism to alter protein
trafficking and stability (42), we performed deglycosylation experiments following labeling
of cell surface SNAP-Crb3a in the absence or presence of Snail. Crumbs3a contains a single
potential N-glycosylation site and multiple potential serine and threonine sites for O-
glycosylation. N-deglycosylation was performed with N-Glycanase (PNGase F), which
removes virtually all N-linked oligosaccharides. O-deglycosylation was performed with O-
Glycanase (endo-α-N-acetylgalactosaminidase) in combination with Sialidase A
(α-2(3,6,8,9)-neuraminidase), β(1–4) galactosidase and β-N-acetylglucosamidase. Together,
these exoglycosidases sequentially remove most terminal monosaccharides to allow access
to the disaccharide galactose β(1–3)-N-acetylgalactosamine (Gal β(1–3)GalNAc) core for
removal by O-Glycanase. Specifically, these enzyme treatments cleave all non-reducing
terminal branched and unbranched sialic acids, catalyze the hydrolysis of β1–4 linked D-
galactopyranosyl residues, and catalyze the hydrolysis of terminal, non-reducing β-N-
acetylglucosamine residues. These enzyme treatments do not remove oligosaccharides
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containing α-linked galactose or fucose, or directly O-linked N-acetylglucosamine, N-
acetylgalactosamine, fucose or mannose.

Figure 8B shows that following N-deglycosylation, the difference in SNAP-Crb3a’s
mobility in the presence of Snail is almost eliminated (compare lanes 5 and 6 to 3 and 4).
This result suggests that Snail induces differential terminal N-glycosylation of Crb3a.
Following subsequent O-deglycosylation, SNAP-Crb3a migrates faster in the absence (lanes
7) rather than the presence of Snail (lane 8). Indeed, following N- and O-deglycosylation,
the mobility was slower in the presence of Snail (compare lane 8 to 7) although SNAP-
Crb3a mobility was initially faster in the presence of Snail (compare lane 2 to 1). These
results indicate that differential terminal N- and O-glycosylation of Crb3a occur in the
presence of Snail. Moreover, subtly altered mobility of SNAP-Crb3a persists in the presence
of Snail following both N- and O-deglycosylation (compare lane 8 to 7) suggesting that
Snail induces additional PTM(s) not identified by these deglycosylation methods. Another
significant observation is discovered when comparing the blots of cell surface-labeled Crb3a
(BG-682, middle panel) to total cell Crb3a (lower panel). The identical banding patterns
indicate that Crb3a still traffics to the cell surface despite altered terminal glycosylations
induced by Snail.

To further explore terminal glycosylation events of Crb3a seen in the presence of Snail, we
analyzed glycosylation patterning of Crumbs3a by lectin blotting. We chose to analyze for
the presence of sialic acid modifications since sialylation is the most common modification
of the Gal β(1–3)GalNAc core and the addition of sialic acid (N-acetylneuraminic acid) is
known to affect mass and charge of glycoproteins. Moreover, altered sialylation of
glycoproteins is well described in malignant transformation and affects the half-lives of
circulating glycoproteins (43, 44).

We used Maackia amurensis lectin II (MAL II), Sambucus nigra bark (SNA) and native
wheat germ agglutinin (WGA) to identify sialic acid modifications of Crb3a. MAL II
preferentially binds sialic acid residues with (α-2,3) linkages, while SNA has higher affinity
for sialic acid residues with (α-2,6) linkages. Native WGA interacts specifically with non-
reducing terminal N-acetylneuraminic acid (sialic acid) and N-acetylglucosamine (GlcNAc)
residues. Myc-Crb3a was immunopurified from lysates of cells expressing Snail or control
vector using myc antibody-conjugated sepharose beads. To confirm specificity of lectin
binding, we desialylated immunopurified myc-Crb3a with Sialidase A; this exoglycosidase
cleaves all non-reducing terminal and branched sialic acid residues from N- and O-glycans.
Each of these lectins recognizes sialic acid residues of the glycoprotein fetuin A so this was
used as a positive control (45). Lectin blotting following protein electrophoresis of myc-
Crb3a shows that Crb3a is sialylated as seen in Figure 8C. MAL II (left panel) and native
WGA (right panel) both recognize myc-Crb3a but the mean relative signal intensity is
decreased in the presence of Snail suggesting a decrease in α-2,3 sialylation. The relative
band intensities of the lectin immunoblots are shown graphically in Figure 8D. Figure 8E
shows that the MAL II lectin blotting results are reproducible, and that the mean signal
intensity decreases to 53% (SD±22%) of control in the presence of Snail. Although the
signal intensity of SNA binding to myc-Crb3a is similar in the presence or absence of Snail,
altered mobility of myc-Crb3a is clearly apparent and a doublet is observed suggesting the
presence of other PTM(s). Together, these results indicate that Crb3a is sialylated via both
α-2,3 and α-2,6 linkages, and that α-2,3 sialylation of Crb3a is decreased in the presence of
Snail.

Since differential sialylation could be due to modifications at either O- or N-glycans, we
explored the effect of N-glycosylation on stability of Crb3a at the cell surface. Earlier
studies in our laboratory revealed that mutation of the only extracellular asparagine of wild

Harder et al. Page 8

Traffic. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



type Crb3a to aspartate (N36D) induced a significant mobility shift (10) indicating that this
is the only N-glycosylation site of Crb3a. We produced an expression vector with the
analogous mutation in SNAP-Crb3a (SNAP-Crb3a-N36D) and created a stable MDCKII
cell line co-expressing SNAP-Crb3a-N36D as shown in Figure 9A. We then performed cell
surface SNAP-Crb3a trafficking experiments. Figures 9B and 9C show that the stability of
cell surface SNAP-Crb3a-N36D is no different than wild type SNAP-Crb3a, with a mean
half-life of 2.84 hours (SD±0.05) versus 3.06 hours (SD±0.17) respectively. These results
indicate that complete removal of N-glycosylation does not alter Crb3a trafficking to or
stability at the cell surface.

Discussion
In this report, we characterize the cell membrane trafficking of Crumbs3, the Crumbs
ortholog expressed in mammalian epithelial cells. Specifically, Crumbs3a is the most
prevalent splice isoform present in these cells and is the focus of this study. In summary, our
novel findings are: 1) cell surface Crb3a has a half-life of 2.8 hours, 2) Crb3a is internalized
from the cell surface and metabolized via the endosomal-lysosomal pathway, 3) Snail
expression substantially decreases the cell surface stability of exogenously expressed Crb3a,
and 4) Snail expression modulates the PTMs (glycosylation and sialylation) of exogenously
expressed Crb3a.

Our data reveal that in polarized MDCK cells at steady state, the half-life of SNAP-Crb3a at
the cell surface is 2.8 hours as quantitatively assessed by SNAP-tag labeling. We further
found that the half-life of SNAP-Crb3a was unaffected by dissolution of the intercellular
junctions, suggesting that the stability of Crb3a at the cell surface is similar whether it is
located within the apical membrane or tight junctions. Once internalized from the cell
surface, SNAP-Crb3a appears to be rapidly metabolized via the endosomal-lysosomal
pathway. Together with data obtained in Drosophila (11), our data reinforce the critical role
of the endocytic pathway in regulation of accumulation of Crumbs at the cell surface. We
previously showed that Crb3a traffics through Rab11-positive endosomes during
cystogenesis (38). However, we were unable to show in the present study that a significant
amount of Crb3a traffics through the Rab11-positive recycling endosome pathway once
internalized from the cell surface, also consistent with results seen in Drosophila (11). A
plausible scenario is that Crb3a traffics differently at various points along the polarization
spectrum. Indeed, recently published studies reveal that the retromer complex is involved in
Crumbs trafficking, suggesting a mechanism by which Crumbs may be either recycled to the
cell surface or sent to the lysosome for degradation (46–48).

Generalization of such a mechanism as a means to centrally control the cell polarity
program, however, is challenged by the breadth of different trafficking and metabolic
pathways of transmembrane proteins involved in cell polarity. While the approximately 3
hour half-life of cell surface Crb3a is similar to the 2 hour half-life reported for podocalyxin/
gp135 (49), it is shorter than the 5 hour half-life reported for E-cadherin (50). The finding
that Crb3a is rapidly metabolized via the endosomal-lysosomal pathway also contrasts with
pathways determined for other transmembrane polarity proteins. While E-cadherin recycles
to the cell surface through Rab11-positive recycling endosomes (51, 52), occludin recycles
to the cell surface via a Rab13-mediated process (53). Further, degradation of each involves
a different ubiquitin ligase (54, 55). The disparate modes of trafficking and degradation
among these adherens and tight junction transmembrane proteins make it challenging to
envision a single unifying mechanism to control epithelial polarization.

However, a potential unifying mechanism is suggested by our discovery that Snail
destabilizes cell surface Crb3a. While Snail is a downstream target of many different
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signaling pathways including EGF, Wnt, FGF, Notch, integrins and TGFβ, it is also an
upstream effector of cell proliferation, survival, polarity and migration (36). This central
position makes Snail an attractive candidate as a potent and multifaceted regulator of the cell
polarity program. Snail family members are frequently described as inducers of partial or
full EMT, and Snail’s roles beyond transcriptional regulation are currently being elucidated.

Indeed, our results support the concept that Snail is involved in complex regulation of cell
polarity proteins. First, we showed that endogenous Crb3a and E-cadherin expression do not
recover to steady state levels until 4–5 days following the disappearance of Snail in our
inducible expression system. Whether this is an epigenetic regulatory effect of Snail (56) or
a post-transcriptional effect is unclear. We then showed that Snail expression (and ensuing
EMT) substantially decreases the cell surface stability of exogenously expressed Crb3a,
findings that cannot be merely attributed to destabilization of intercellular junctions. We
provide evidence that Snail alters PTMs of exogenously expressed Crb3a, and we propose
that these PTMs may underlie the destabilization of cell surface Crb3a.

Our experiments reveal that these altered PTMs affect terminal N- and O-glycosylation and
sialylation of Crb3a (Figure 8B and 8C). Although extracellular N-glycosylation has been
suggested as a mechanism involved in protein trafficking to the apical membrane, our
analysis of a Crb3a point mutant (N36D) suggests that N-glycosylation does not affect
trafficking to or stability at the cell surface (Figure 9). This finding is consistent with
previously published data that N-glycosylation does not alter delivery of other integral
membrane proteins involved in apical-basal polarity, including gp135 and E-cadherin (49,
50). However, it is still plausible that modification of Crb3a’s N-glycan affects Crb3a’s
stability at the cell surface, which could arise by altering Crb3a’s binding partners that
hasten Crb3a’s metabolism. In this case, the N36D mutant would be anticipated to exhibit
the “default” trafficking characteristics of wild-type Crb3a. Such a scenario is suggested by
a recent study showing that alterations of terminal N-glycan modifications affect TOLL-like
receptor 4 (TLR4)’s activity at the cell surface. Removal of terminal α-2,3-linked sialic acid
residues by neuraminidase 1 (NEU1) was proposed to be necessary to overcome steric
hindrance and allow TLR4 dimerization and activation (57). Alternatively, other non-N-
glycan-related PTMs may be involved in modulating Crb3a’s cell surface stability and
metabolism.

The differential sialylation of Crb3a induced by Snail could be involved in destabilization of
Crb3a at the cell surface. Indeed, altered sialylation is known to affect stability of circulating
glycoproteins (58, 59). Sialic acid modifications are produced by transfer of sialic acid
residues to acceptor carbohydrates, reactions catalyzed by members of the sialyltransferase
(ST) family which each create glycoprotein specific linkages. Altered ST activity is
described in multiple malignancies, including members of the α-2,3-sialyltransferase
(ST3Gal) family (44, 60, 61). Interestingly, while increased expression of several ST3Gal
enzymes and increased levels of α–2,3-linked sialic residues detected in tissue correlates
with increased risk for metastatic potential in several human carcinomas (62, 63), we
observe decreased α-2,3 sialylation of Crb3a in the presence of Snail. We speculate that this
difference may be related to the net negative charge that sialic acid modifications impart on
proteins that reside within different membrane regions of the epithelial cell surface. For
lumen-forming epithelial cells, a negative charge on proteins at the apical surface may
provide a repulsive cue to opposing apical membranes, thus supporting the maintenance of a
central lumen. A decrease in sialic acid modifications of these proteins may then be
expected to decrease inhibition of cell-cell contact at the apical membrane. Conversely, for
cell surface proteins involved in cell-cell contact at the basolateral surface, such a decrease
in sialic acid modifications may promote cell-cell adhesion while an increase in sialic acid
modifications may alter cell-cell contacts and adhesion. Thus, we anticipate different effects
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on epithelial cell polarity depending on the proteins modified by the various STs, and the
STs’ relative activity at any point. Alternatively, there could be upregulation or alteration of
associated sialidases, or a relative increase in α-2,6 sialylation which could halt further
terminal glycosylation opportunities. Such alterations are described in human malignancies
including colon carcinoma (64–66).

Another interesting implication for differential sialylation involving a potential role in
regulation of polarity ties back to our finding that Crb3a is internalized and metabolized
through the endosomal-lysosomal pathway (Figures 4 and 5). Since human sialidases NEU1
and NEU4 are found in lysosomes (64), internalization of Crb3a from the cell surface into
lysosomes could provide an opportunity to post-translationally regulate Crb3a’s cell surface
stability and cell polarization status.

In the current study, we find that cell surface Crb3a is substantially destabilized in the
setting of Snail-induced EMT. We coincidentally observe that Snail induces differential
glycosylation and sialylation of Crb3a. Although it is unclear whether it is these or other
changes that are responsible for the observed destabilization of cell surface Crb3a, the role
of PTMs in modulating protein trafficking and stability is well established, and altered
glycosylation patterns are commonly found in human malignancy (67–70). Future studies
will focus on whether modified glycosylation or other factors such as destabilization of
Crb3a binding partners is the reason for Crb3a’s reduced cell surface half-life in EMT.

Materials and Methods
Antibodies and chemicals

Primary antibodies: rabbit anti-Crumbs3a (10), mouse anti-β-actin (Sigma Aldrich, St.
Louis, MO), rat anti-E-cadherin clone DECMA1 (Sigma Aldrich), mouse anti-β-catenin
(BD Biosciences, Franklin Lakes, NJ), mouse anti-EEA1 (BD Biosciences), rabbit anti-
Rab7 (Cell Signaling Technology, Danvers, MA), rabbit-anti-(canine) LAMP2 was a
generous gift from Enrique Rodriguez-Boulan (Weill Cornell Medical College, New York,
NY), mouse anti-Rab11 (BD Biosciences), mouse anti-gp135 was a generous gift from
George Ojakian (State University of New York), rabbit-anti-V5 (Bethyl Laboratories,
Montgomery, TX), rabbit anti-SNAP (New England Biolabs, Ipswich, MA), rabbit anti-GFP
(Invitrogen, Carlsbad, CA), goat-anti-Snail (R&D Systems, Minneapolis, MN). Alexa-Fluor
conjugated secondary antibodies, phalloidin-647 and DAPI were obtained from Invitrogen.
Horseradish peroxidase-conjugated Streptavidin and secondary antibodies were obtained
from BioLegend (San Diego, CA) and GE Healthcare (Piscataway, NJ) respectively.
Benzylguanine-488, Benzylguanine-682, SNAP-Surface Block were obtained from New
England Biolabs. Bafilomycin A1 was obtained from EMD/Calbiochem (Gibbstown, NJ).
Doxycycline was obtained from Clontech (Mountain View, CA). NH4Cl and biotinylated
(native) wheat germ agglutinin were from Sigma-Aldrich. Biotinylated Maackia amurensis
lectin II and Sambucus nigra lectin were obtained from Vector Laboratories (Burlingame,
CA).

DNA constructs and stable cell lines
A custom mammalian minimal-expression vector was produced by replacing the CMV
enhancer and promoter of pcDNA3.1/Zeo(+) (Invitrogen) with the minimal CMV promoter
from pTRE-Tight (Clontech). Myc-(human) Crb3a: cDNA was PCR amplified from a
previously established expression vector (16, 29) and subcloned into the multiple cloning
site of the new expression vector. 3x myc-Crb3a: oligonucleotides corresponding to the 3x
myc epitope were annealed and subcloned in to replace the single myc tag. SNAP-Crb3a:
SNAP tag was PCR amplified from pSNAP(m)-tag vector (New England Biolabs) and
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subcloned into replace the single myc tag. SNAP-Crb3a retroviral expression vector: SNAP-
Crb3a was amplified from the previous vector and subcloned into pRev-TRE (Clontech).
SNAP-Crb3a-N36D: site directed mutagenesis was performed on SNAP-Crb3a retroviral
expression vector using forward primer 5′-
GGACTTCTGCAAATGAGgATAGCACTGTTTTGCCT-3′ and corresponding reverse
complement primer. These vectors were introduced into stable MDCK cell lines expressing
Snail-FLAG or corresponding empty vector (29) without a Tet regulatory vector, so that
SNAP-Crb3a is constitutively expressed at low level. Inducible GFP-Crumbs3a: cDNA was
PCR amplified from mGFP-Crb3a (38) and subcloned into pRetroX-Tight-Puro (Clontech).
Inducible Snail-V5: cDNA was PCR amplified from Snail-FLAG (29) using primers that
introduced a C-terminal V5 tag and subcloned into pRetroX-Tight-Puro. Inducible retroviral
protein expression vectors were transduced into MDCKII cells containing stably
incorporated pTet-On Advanced (Clontech). Transfection of mammalian expression vectors
into MDCKII cells was performed using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s directions. Retroviral-mediated gene transfer was performed as previously
described (71). Cells incorporating desired elements were stably selected by culturing cells
in growth media supplemented with 200 μg/ml Zeocin (Invitrogen), 100 ng/ml Hygromycin
B (Invitrogen) or 5 μg/ml Puromycin (InvivoGen, San Diego, CA) as appropriate.

Tissue culture, immunofluorescence and microscopy
Culture conditions for all MDCKII cell lines were performed as previously described (29,
38). IF using indicated antibodies and imaging of cells by epifluorescent and confocal
microscopy of 2D monolayers and 3D cysts were performed as previously described (38).

Protein immunopurification and immunoblotting
Cells were lysed in SDS denaturing lysis buffer (1% SDS, 50 mM Tris pH 7.4, 5 mM
EDTA, mammalian protease inhibitor cocktail (Sigma Aldrich)). For immunoprecipitation
(IP), lysates were diluted 10-fold in ice-cold IP buffer (50 mM HEPES, 22.5 mM NaOH,
100 mM NaCl, 1% Triton X-100). IP was performed using TrueBlot anti-rabbit Ig IP beads
(eBioscience, San Diego, CA) according to manufacturer’s directions. For myc-Crb3a
pulldown using myc-antibody conjugated beads, cells were lysed in RIPA buffer (137 mM
NaCl, 20 mM Tris-Cl pH 7.4, 10% glycerol, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 2 mM EDTA). Affinity purified rabbit c-myc antibody was coupled to Sepharose
G beads using 20 mM dimethyl pimelimidate dihydrochloride in 0.2 M sodium borate pH
9.0 buffer; the reaction was stopped by washing with 0.2 M ethanolamine pH 8.0, and non-
covalently bound antibodies eluted with glycine. Beads were incubated with myc-Crb3a
lysate, washed with RIPA, high salt buffer (20 mM Tris pH 7.4, 500 mM NaCl) and 0.2%
CHAPS in TBS. Immunopurified protein was eluted in lithium dodecyl sulfate buffer with
50 mM DTT.

Cell lysates and immunopurified proteins were run on SDS-PAGE gel using standard
technique. Proteins were transferred to PVDF (Millipore, Billerica, MA) and blotted with
antibodies or lectins. For chemiluminescent detection, immunoblotting and detection were
performed as previously described (38), except that membranes incubated with lectins were
blocked with Carbo-Free blocking solution (Vector Laboratories). Densitometric
measurements of signal intensity of bands observed on immunoblot (IB) films were
performed by creating a Photoshop document (600 dpi) of the film using a Canon 8800F
image scanner, and measuring average signal intensity within regions of interest using
MetaMorph; signal intensities were corrected for background and normalized to
corresponding Crb3a, myc, or β-actin signal, as indicated. For fluorescence detection, IB
and detection were performed according to LI-COR (Lincoln, NE) Odyssey manual using
Protein Loading Buffer (LI-COR) and IRDye 800CW goat anti-rabbit IgG (H+L) secondary
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antibody (LI-COR). For fluorescence detection using ECL-Plus, images were obtained with
Typhoon 9400 (GE Healthcare) scanner and data quantified using ImageQuant TL software.
For infrared fluorescence detection, images were obtained with Licor Odyssey Imager and
data quantified using Odyssey infrared imager 2.0 software.

Induction of GFP-Crumbs3a and Snail-V5
For modified pulse chase assays, iGFP-Crb3a cells were grown post-confluence on tissue
culture dishes. Cells were pulse-treated with 50 ng/ml doxycycline for 1 hour at 37°C,
copiously washed three times with complete growth media and then returned to incubator
following addition of fresh media containing tetracycline-free fetal bovine serum (Clontech).
For Snail-V5 induction, media containing 100 ng/ml of doxycycline was replaced daily.
Washout was performed as described earlier. Control cells were treated with vehicle only.

Quantitative Real-time PCR (qRT-PCR)
mRNA was isolated from confluent cells, reverse transcribed into cDNA and qRT-PCR
performed as previously described (72). Primers were designed using PerlPrimer software
(73) and are as follows: GFP-Crb3a forward 5′-TTCAAGATCCGCCACAACAT-3′ and
reverse 5′-GAGGGAGAAGACCACGATGA-3′; SNAP-Crb3a forward 5′-
CTCAACGCCTACTTTCACC-3′ and reverse 5′-GCTGATGACCTCTCCGAA-3′. C.
familiaris Crb3a and GAPDH primers were already described (29). Data were analyzed by
normalizing to GAPDH and levels reported relative to SNAP-Crb3a or Crb3a.

Cell surface biotinylation assay
Parental MDCKII cells and cells stably expressing 1x or 3x myc-Crb3a were grown 3 days
post-confluent on tissue culture dishes. Cell surface biotinylation was performed with EZ-
Link Sulfo-NHS-SS-Biotin using the Pierce Cell Surface Protein Isolation Kit (Thermo
Fisher Scientific Inc., Rockford, IL) according to manufacturer’s directions. Following
labeling and washing, time 0 cell lysates were prepared by either lysing immediately or
treating with MESNA to strip (residual) cell surface biotin and then lysed. For later time
points, cells were returned to 37°C incubator for indicated duration and then either lysed or
treated with MESNA and lysed. 500 μg of protein for each lysate sample was subjected to
IP using anti-Crb3a antibody in combination with Protein A-Sepharose 4B beads (GE
Healthcare). IP’d proteins were run on SDS-PAGE as described above, and membranes
were immunoblotted with Streptavidin-HRP to detect biotinylated proteins, and anti-Crb3a
or anti-myc antibody to confirm Crb3a IP. Quantification of biotinylated Crb3a signal
intensities was performed by densitometry (see Protein Purification and Immunoblotting),
normalized to the Crb3a or myc immunoblot signal and reported relative to the
corresponding time 0 signal intensity without MESNA treatment.

SNAP-Crumbs3a cell surface fluorescence labeling and trafficking assay
SNAP-Crb3a cells were grown 3 days post-confluence on either 24 well flat-bottom tissue
culture plates (Corning) or 2.4 cm polyester transwell filters (0.4 μm pore size, Corning).
Growth media was pre-incubated overnight. Media was replaced with pre-incubated media
containing BG-488, BG-682 or SNAP-Surface Block. Cells were incubated for 30 minutes
at 37°C, and then washed with growth media. For time course experiments, pre-incubated
media was added back to cells, cells returned to incubator, then fixed for IF or lysed for IB
at desired time points. For trafficking experiments in low calcium media, cells were cultured
on transwell filters in normal growth media for 3 days post-confluence, and washed
copiously with PBS. Media containing 5 μM Ca2+ media-10% dialyzed fetal bovine serum
(Invitrogen) was added to cells and incubated overnight before proceeding with subsequent
studies. Labeling and subsequent time course incubations were also performed in low
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calcium media. For IF analysis of cell surface trafficking, cells were fixed in 4%
paraformaldehyde in PBS, rinsed with PBS, blocked with PBS plus 2% goat serum, and
incubated with anti-SNAP antibody without permeabilization, followed by anti-rabbit
IRDye800CW. Cells were imaged using LI-COR Odyssey imager, data quantified using
Odyssey 2.0 software and analyzed using Microsoft Excel software. Quantifications of
residual BG-fluorescence labeling were corrected for background, normalized to SNAP-
antibody signal for each sample and reported as percent residual fluorescence relative to
time 0. Note that because there was significant background labeling of cells, results are
reported only as relative change in half-life as opposed to absolute change in half-life. For
IB analysis, data were quantified and analyzed as described with IF. Quantifications of
residual BG-fluorescence labeling were corrected for background, normalized to Crb3a
signal for each sample and reported as percent residual fluorescence relative to time 0. Half-
lives for SNAP-Crb3a were calculated for each data set by using the equation generated by
Microsoft Excel software best-fit exponential curve (based on R2 values). The half-life
values were then pooled for each experiment and statistically analyzed by Excel’s
descriptive statistics. In Figure 7, data points from hours 0–4 were used to generate the
equations in order to best fit the data given the short half-life of SNAP-Crb3a in the
presence of Snail.

Deglycosylation assay
Cells expressing SNAP-Crb3a or SNAP-Crb3a-N36D were labeled with BG-682 in culture
as described above, then immediately lysed. IP was performed by adding anti-Crb3a
antibody to lysate containing 500 μg total protein. Isolated protein was then treated with the
GlycoPro Enzymatic Deglycosylation Kit and prO-LINK Extender Kit (ProZyme, Hayward,
CA) according to manufacturer’s directions and analyzed by IB as described earlier.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crumbs3a dynamics in polarized MDCK monolayers
A) Time course showing induced GFP-Crb3a protein levels in MDCK cells following
treatment with 50 ng/ml doxycycline for 1 hour. Cell lysates were produced at the indicated
times post-treatment and subjected to immunoblot with the indicated antibodies. The left
lane shows uninduced expression; actin is included as a loading control. B) Time course for
doxycycline-induced GFP-Crb3a mRNA levels harvested from cells treated in parallel to
(A), as detected by qRT-PCR. Transcript levels are normalized to GAPDH and shown
relative to uninduced control levels. The experiment was performed in triplicate; averaged
levels are shown with standard deviations. C) and D) Cell surface Crb3a internalization
assays using cell surface biotinylation (see Methods). Residual cell surface biotin is cleaved
by treatment with MESNA prior to cell lysis to reveal internalized pool of biotinylated
proteins (see schematic in C). C) Endogenous Crb3a and 3x myc-Crb3a were isolated from
parental (left immunoblot) and 3x myc-Crb3a (right immunoblot) cells at indicated time
points and assayed for biotinylation. D) Graph of Crb3a internalization assay using 1x myc-
Crb3a and 3x myc-Crb3a cells, performed as in (C) except that the biotinylated Crb3a signal
intensities were normalized to myc immunoblot signal. Averaged levels obtained from two
experiments are shown with standard deviations.
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Figure 2. Characterization of SNAP-Crumb3a MDCK cells
A) Schematic representation of the SNAP-Crb3a construct; the SNAP-tag lies within the
proximal native extracellular domain (ECD) just distal to the natural signal peptide (NSP);
the transmembrane domain (TM) and intracellular domain (ICD) are also labeled. Numbers
refer to residues. B) Immunoblot showing relative expression levels of endogenous Crb3a
(indicated by *, left lane) in parental MDCK cells versus stably expressed exogenous
SNAP-Crb3a (indicated by **, right lane) in a FACS-enriched MDCK cell pool. Actin is
included as a loading control. C) Immunofluorescence imaging of MDCK cells in 2D
monolayers (rows a and b, epifluorescence, white bars 10 μm) and 3D cyst (row c, confocal,
white bar 20 μm) revealing localization and specificity of in-culture labeling of SNAP-
Crb3a with BG-488. Cells were fixed following labeling, permeabilized and immunostained
with indicated antibodies and phalloidin (to indicate F-actin). D) Immunoblot of in-culture
labeled cell surface SNAP-Crb3a in polarized MDCK cells grown on transwell filters to
allow selective exposure to BG-682 on the apical or basal cell surfaces. Cell surface SNAP
block was performed prior to labeling with BG-682 as indicated; cells were lysed
immediately following labeling. The experiment was performed twice in duplicate and
representative images are shown.
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Figure 3. Determination of SNAP-Crumbs3a cell surface kinetics
A) Schematic representation of cell surface SNAP-Crb3a labeling time course assay
performed in 24 well tissue culture plates: (a) cell surface SNAP-Crb3a is labeled in culture
with cell impermeable benzylguanine (BG) tethered to a fluorescent label; (b) cells are
incubated for indicated durations, and processed by either (c) fixation and immunostaining
(no permeabilization) with anti-SNAP antibody to assess residual quantity of BG-labeled
SNAP-Crb3a relative to cell surface SNAP-Crb3a (labeled plus newly delivered unlabeled),
or (d) cell lysis and immunoblot with anti-Crb3a antibody to assess residual quantity of BG-
labeled SNAP-Crb3a relative to total cell SNAP-Crb3a. B) In situ immunocytochemistry
(ICC) showing half-life of cell surface SNAP-Crb3a relative to cell surface SNAP-Crb3a as
described in 3A(c). Cells expressing control vector (top row) or SNAP-Crb3a were grown in
24 well tissue culture plates, labeled in culture with BG-682 then fixed and immunostained
with anti-SNAP antibody without permeabilization. Fluorescence images of cells in wells
were taken in situ. C) Quantitative half-life of cell surface SNAP-Crb3a assessed by
immunoblot of cell lysates produced as described in 3A(d). Residual labeled SNAP-Crb3a
fluorescence is shown relative to total cell SNAP-Crb3a as detected by immunoblot with
anti-Crb3a antibody. The experiment was performed four times with representative images
shown; the graph shows mean experimental time points with standard errors.
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Figure 4. Cell surface Crumbs3a is metabolized via the endosomal-lysosomal pathway
A) SNAP-Crb3a cells were cell surface labeled in-culture with BG-682 and incubated for
times indicated in the presence of 100 nM bafilomycin A1. Quantification of cell surface
labeling experiments performed in the presence of B) 100 nM bafilomycin A1 as in (A), C)
250 μg/ml chloroquine, or D) 20 mM NH4Cl, and appropriate vehicle controls. Cell lysates
were immunoblotted with anti-Crb3a and relative residual fluorescence was determined
relative to time 0. All experiments were performed twice, in duplicate; graphs show
experimental averages with standard deviations. E) Immunofluorescence images of SNAP-
Crb3a cells grown on transwell filters and incubated in the absence (0 mM) or presence (20
mM) of NH4Cl for 4 hours, then fixed, permeabilized, and immunostained with indicated
antibodies.
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Figure 5. Crumbs3a accumulates intracellularly in the presence of inhibition of the endosomal-
lysosomal pathway
A) Confocal immunofluorescence images of SNAP-Crb3a cells grown on transwell filters,
labeled in culture with BG-488, treated for 8 hours with either 100 nM bafilomycin A1
(BafA, panels c and d) or vehicle control (panels a and b), then fixed. Cells were
immunostained (not permeabilized) with anti-SNAP antibody and phalloidin. Z-stack
images captured at the apical and sub-apical regions (relative to actin-laden microvilli) are
shown. White bars, 10 μm. B) Confocal immunofluorescence images of cells treated with
bafilomycin A1 as in 5A, but cells were permeabilized and immunostained with indicated
antibodies. In the top three rows, arrows highlight regions of co-localization of internalized,
labeled SNAP-Crb3a and antibody of interest. In the bottom row, heavy arrows (pointing to
right) highlight internalized, labeled SNAP-Crb3a from the cell surface while the light
arrows (pointing to left) highlight Rab11-positive vesicles. White bars, 5 μm.
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Figure 6. Endogenous Crumbs3a and exogenous Snail expression correlate inversely
A) Epifluorescent images showing loss of tight (Crb3a) and adherens (E-cadherin) junctions
after induction of Snail. Inducible Snail-V5 MDCK cells were grown on transwell filters in
the absence (−Dox) or presence (+Dox) of 100 ng/ml doxycycline for 4 days, fixed and
immunostained with Crb3a, V5 and E-cadherin antibodies. White bars, 10 μm. B) The same
cells were lysed after growth in absence (−) or presence (+) of 100 ng/ml doxycycline for
the indicated number of days, or C) for the indicated number of days following doxycycline
washout (following initial induction for 7 days). Cell lysates were immunoblotted with
indicated antibodies. Graphs (right of each figure) show quantification of immunoblot band
intensities as determined by densitometry (see Methods), normalized to β-actin, and reported
relative to the maximum protein expression level particular to that experiment.
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Figure 7. Snail destabilizes Crumbs3a at the cell surface
SNAP-Crb3a cells co-expressing Snail or vector control were cell surface labeled with
BG-682 and either fixed (A) or lysed (B) at the indicated time points. A) in situ
immunocytochemistry showing half-life of cell surface SNAP-Crb3a relative to cell surface
SNAP-Crb3a as described in 3A(c), in the presence of Snail-FLAG (Snail) or vector control.
B) Quantitation of fluorescence images from (A) showing relative residual fluorescence
signal at the specified time points, normalized to the total anti-SNAP antibody signal in each
well. C) Immunoblot of cell lysates labeled in parallel to those in 7A with D) quantification
of residual fluorescence signal of cell surface SNAP-Crb3a normalized to total cell SNAP-
Crb3a performed as described in Figure 3A(d). Experiments were performed twice in
duplicate; graphs show averaged experimental time points with standard deviations.
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Figure 8. Snail induces differential post-translational modifications of Crumbs3a
A) Mobility of myc-Crb3a is altered in the presence of Snail as revealed by Crb3a
immunoblot of lysates from cells co-expressing myc-Crb3a and either Snail-FLAG (+) or
vector control (−). B) Glycosylation pattern analysis of SNAP-Crb3a in the presence or
absence of Snail. Following cell surface in-culture labeling with BG-682, SNAP-Crb3a was
immunoprecipitated from cell lysates with anti-Crb3a antibody and subjected to N- and O-
deglycosylation. SNAP-Crb3a was detected with affinity purified anti-Crb3a antibody. C)
Sialylation pattern analysis of SNAP-Crb3a in the presence of absence or Snail by lectin
blot. Myc-Crb3a was immunopurified using myc antibody-conjugated beads, denatured and
incubated with Sialidase A or control. Following standard PAGE and protein transfer,
membranes were blotted with indicated lectins. All membranes were stripped and reprobed
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with anti-Crb3a antibody. Fetuin A was included as a glycoprotein control; protein presence
following desialylation was confirmed in gel by Coomassie staining (lower left corner). D)
Graph showing the relative band intensities of the lectin blots in (C), analyzed by
densitometry as described in Methods, normalized to Crb3a signal, and reported relative to
untreated control cells. E) Graph of average MAL II lectin blot signal intensity as in (C) and
(D) obtained from two separate experiments, reported with standard deviations (bars).
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Figure 9. N-glycosylation of Crumbs3a is not critical for trafficking to or stability at the apical
cell surface
A) Lysates from cells expressing wild type SNAP-Crb3a (WT) or SNAP-Crb3a-N36D
(N36D) immunoblotted with indicated antibodies. B) Comparison of the half-lives of cell
surface WT or N36D SNAP-Crb3a. Cells were labeled in-culture with BG-682, incubated
for indicated time points, lysed and immunoblotted with anti-Crb3a antibody. B) Graph
showing residual fluorescence of cell surface labeled SNAP-Crb3a normalized to total
SNAP-Crb3a signal and expressed relative to the 0 time point. The experiment was
performed twice in duplicate; a representative immunoblot is shown. The graph shows
averaged experimental time points with standard deviations.
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