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Galectins are unconventionally secreted lectins that participate in the
formation of glycoprotein lattices that perform a variety of cell sur-
face functions. Galectins also bind glycosphingolipid headgroups with
as yetunclear implications for cellular physiology. We report a specific
interaction between galectin-9 and the Forssman glycosphingolipid
(FGL) that is important for polarizing Madin-Darby canine kidney
epithelial cells. Galectin-9 knockdown leads to a severe loss of epithe-
lial polarity that can be rescued by addition of the recombinant pro-
tein. The FGL glycan is identified as the surface receptor that cycles
galectin-9 to the Golgi apparatus from which the protein is recycled
back to the apical surface. Together our results suggest a model
wherein such glycosphingolipid-galectin couples form a circuit be-
tween the Golgi apparatus and the cell surface that in an epithelial
context facilitates the apical sorting of proteins and lipids.

ciliogenesis | epithelial polarity | Forssman glycosphingolipid | protein-lipid
interactions | raft clustering

G alectins constitute a family of B-galactoside-binding lectins
that are synthesized in the cytoplasm and then secreted via an
unconventional pathway, possibly by direct translocation across the
plasma membrane or through the membrane of the trans-Golgi
network (TGN) (1, 2). These proteins are conserved in most animal
taxa, fungi, and plants, suggesting an important physiological role.
However, a coherent picture is still lacking (3). Interestingly,
galectin expression is regulated both temporally and spatially during
tissue morphogenesis, particularly in polarized epithelia (4). In
cellular epithelial models, two galectins, galectin-3 and -4, have been
assigned functions in apical membrane sorting (5, 6). In intestinal
HT-29 cells, galectin-4 was reported to associate with sulfatides to
form sorting platforms for the delivery of raft proteins to the apical
surface. Galectin-3, on the other hand, was proposed to assist in the
apical delivery of nonraft proteins in polarized Madin-Darby canine
kidney (MDCK) cells. Until now, the role that galectins play in the
transport machinery has not been well understood.

In this study, we sought to define the molecular steps by which
a galectin could interface with internal membrane trafficking pro-
cesses. We chose galectin-9 (Gal-9) of the tandem-repeat galectin
class bearing two linked carbohydrate recognition domains (CDR)
(4, 7) for these studies. Although Gal-9 has been reported to mod-
ulate cell-surface adhesion in MDCK cells, it is secreted preferen-
tially to the apical surface, suggesting a role for this protein apically
(8). Interestingly, Gal-9 has high binding affinity to N-glycans and
repeated oligolactosamines, resulting in a distinct preference for
the Forssman pentasaccharide in vitro (9). The Forssman antigen is
an apically residing glycolipid (10), representing the major glyco-
sphingolipid (GSL) fraction in MDCK cells (11), and is required for
epithelial polarization (12). With the stage set for a lipid-based
connection to Gal-9 membrane trafficking, we could address the role
that galectins play in epithelial cell morphology and polarization.

Results

Gal-9 Depletion Causes a Loss of Epithelial Polarity in MDCK Cells.
Gal-9 knockdown MDCK cells (Gal-9 shRNA) were generated
with a retrovirus-mediated shRNA system. A highly sensitive,
electrochemiluminescence-based protein quantitation technique,
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the Meso Scale Discovery (MSD) assay, revealed 86 + 7% Gal-9
protein depletion 7 d posttransduction (Fig. 14 and SI Materials
and Methods). Specificity of the ShRNA construct was tested by
a specific loss of EGFP signal from the stable MDCK cell lines
expressing canine Gal-9-EGFP, whereas MDCK cells expressing
shRNA-resistant human Gal-9-EGFP showed no such effect
(Fig. 1 B and C). Next, MDCK cells filter-grown for 5 d were im-
munostained for the tight-junction (TJ) protein zonula occludens
1 (ZO-1) and acetylated tubulin (a ciliary marker) (Fig. 1D).
Mock-infected cells showed a mature cilium or at least the
presence of a basal body from which the cilium grows. Gal-9
shRNA cells had only occasional rudimentary basal body staining
(white arrowheads in Fig. 1D, Right), with no cilia. ZO-1 staining
in Gal-9 shRNA cells showed enlarged, fusiform and mesen-
chymal-like morphology (Fig. 1D). The Gal-9-shRNA mono-
layer was less even, and the cells were flattened by a reduction in
cell height (Fig. 1D, ZO-1, x-z view).

Striking differences in the localization of the endogenous apical
and basolateral markers were observed between mock-infected
and shRNA cells seeded at the same density on filters (Fig. 24-H).
In Gal-9-shRNA cells, the basolateral marker, E-cadherin, was
observed on the free surface along with a dramatic intracellular
accumulation (Fig. 2D, arrowhead). Also a mislocalization of an
apical marker, carcinoma embryonic antigen (CEA), to the lateral
surface was observed (Fig. 2H x—z view). These observations sug-
gest that upon the treatment with Gal-9 shRNA, the distinct apical
and basolateral compartments of the MDCK epithelial cells were
reduced to free and adherent surfaces, respectively.

Gal-9 Deficiency Causes Delays in Apical Cargo Transport That Can Be
Rescued with Recombinant Gal-9 Protein. We wanted to know
whether the loss of the polarity axis in Gal-9 shRNA cells was
caused by abnormalities in cargo transport from the major sorting
station, the TGN. To study this possibility, we performed cell-
surface arrival assays with apical raft-associated cargo, HA-M2-
GFP (based on hemagglutinin fused to the cytoplasmic tail of in-
fluenza virus M2), and basolateral cargo, vesicular stomatitis virus
glycoprotein VSVG-SP-GFP (SP, long spacer arm between VSVG
and GFP) (13, 14) (SI Materials and Methods). The MSD assay
revealed a fourfold decrease in surface delivery of HA-M2-GFP
with a concomitant sixfold increase in plasma membrane accu-
mulation of VSVG-SP-GFP in the Gal-9 shRNA cells vs. mock-
infected cells (Fig. 3.4 and B). We tried to rescue the HA transport
delays in the Gal-9 shRNA cells with an optimized dose of
recombinant Gal-9 protein supplied from the apical side of the
filter support used to culture these cells (Materials and Methods
and Fig. S1). After 5 d of Gal-9 rescue regimen, we found that
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Fig. 1. Gal-9 depletion causes morphological and ciliogenesis defects. (A-C)
A highly sensitive, electrochemiluminescence-based MSD technique was
used to quantitate Gal-9 protein levels in retroviral shRNA-mediated
knockdown cells. shRNA-susceptible canine and shRNA-resistant human Gal-
9-EGFP constructs were stably expressed in MDCK cell lines to test the
specificity of shRNA-mediated down-regulation. Samples were normalized
to amounts of GAPDH. A one-tail, unpaired t test was used to generate
P values. Error bars indicate SD. The data represent two mock-infected and
shRNA cell pairs from three independent experimental groups. (D) Acety-
lated tubulin stains ciliary axoneme and basal body; ZO-1 reveals TJ areas.
shRNA cells are enlarged, fusiform, and flat and show complete lack of cil-
ium with occasional staining of the basal body (white arrowheads). (Scale
bars: 10 pm.) The x-z view reveals TJs at varying heights.

the arrival of HA on the cell surface of Gal-9 shRNA cells treated
with Gal-9 was comparable to that in untreated mock-infected
counterparts. The functional recovery of the Gal-9-treated shRNA
cells was substantiated further by a complete recovery of trans-
epithelial resistance (TER), an index for the TJ integrity of an ep-
ithelial monolayer (Fig. 3D). TER measurements reflect that the
TJs in the Gal-9 shRNA cells were not intact even though ZO-I
staining, a marker of TJ, could be observed (Fig. 1D). We found
that Gal-9-treated shRNA cells had normal number of cilia when
compared with mock-infected cells. Interestingly, a twofold increase
in ciliary length was observed in the Gal-9-treated shRNA cells
(Fig. 4 A-C). However, could Gal-9 rescue the imbalances in the
apical and basolateral markers observed in this study? To answer
this question, we measured the total cell-surface expression of CEA
and E-cadherin in mock-infected, Gal-9 shRNA, and Gal-9-treated
shRNA cells. We found significant normalization of the steady-state
protein levels of both apical and basolateral markers in the Gal-9-
treated ShRNA cells (Fig. 4D), and their normal localization was
also restored (Fig. 4E). In contrast, addition of Gal-9 from the basal
side of the Transwell filter failed to cause any significant recovery in
polarity as assessed by TER measurements (Fig. S2).

Apically Enriched Forssman Glycosphingolipid Is a Receptor for Gal-9
in MDCK Cells. When added from the apical side of the filter sup-
port, exogenous Gal-9 rescued the polarity defects in Gal-9 shRNA
cells. We also know that endogenous Gal-9 is apically secreted.
These findings led us to investigate the cell-surface receptors for
Gal-9 on the apical membrane. We know from a recent report that
Gal-9 has a strong binding affinity for the Forssman penta-
saccharide (9, 15). Interestingly, this glycan moiety is presented on
a lipid in MDCK cells known as the Forssman glycosphingolipid
(FGL). FGL is apically enriched and also is enriched in the raft-
associated HA cargo fraction in MDCK cells (16, 17). We wanted
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Fig. 2. Gal-9 depletion causes mislocalization of protein markers for apical
and basolateral polarity. (A, C, E, and G) Mock-infected MDCK cells that were
filter-grown for 5 d show E-cadherin localized to the basolateral membrane
and CEA localized to the apical membrane. Top, merge of the three 0.5-um
slices farthest from the filter support used to grow the cells. Bottom, merge of
three 0.5-um slices near the filter support (attached surface). (B, D, F, and H)
Gal-9 shRNA cells show E-cadherin and CEA expression in all planes, x-z views
below C-D and G-H respectively. E-cadherin also showed an intracellular
punctate staining (white arrowhead in D); (Scale bars: 10 pm.).

to know to what extent the FGL glycan epitope is required for
Gal-9 binding to the apical membrane. We first confirmed Gal-9
binding to the FGL in an in vitro system (SI Materials and Methods
and Fig. S3). To study the availability of this epitope on MDCK
cells, we tried to mask the FGL glycan with different concen-
trations of an anti-FGL antibody, 12B12, characterized for its
specificity for the Forssman antigen (12). We further confirmed the
blocking activity of the 12B12 antibody through an in vitro com-
petition assay (Fig S3B). The binding of Gal-9 on MDCK cells was
visualized and quantified in the presence and absence of the anti-
FGL antibody. Rat IgG was included in the assay to negate any
nonspecific antibody effects. Notably, Gal-9 binding to FGL glycan
was found to decrease with a pH drop (Fig. S4). We therefore used
this stripping step in the MSD assay to quantify the membrane-
bound Gal-9. This information enabled us to strip membrane-
bound biotin-Gal-9 and compare them with the unbound fractions
in each experimental condition. The results showed a dramatic
decrease in biotin-Gal-9 signals in conditions where higher con-
centrations of anti-FGL antibody were used (Fig. 54 and B). This
result led us to conclude that the FGL glycan moiety is a major
available target for Gal-9 on the apical surface of the MDCK cells.
Although we cannot exclude the possibility that the 12B12 anti-
body also detects unknown Forssman-reactive glycoprotein, this
FGL glycan moiety must play a significant role in the rescue of
MDCK cell polarity by Gal-9. However, we confirmed the re-
producibility of the above results on MDCK cells that were de-
pleted of glycosphingolipids via inhibition of glucosylceramide
synthase enzyme (Fig. S5). We further showed that Gal-9 shRNA
mimics the effects reported for 12B12-mediated FGL inhibition
with a similar loss in TER (Fig. S6) (12). FGL levels were reduced
in Gal shRNA-treated MDCK cells, producing effects similar to
those obtained via the 12B12 antibody blocking (Fig. S7). Further,
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Fig. 3. Gal-9 depletion causes transport defects that are rescued with recombinant Gal-9 protein. Adenoviruses expressing the apical cargo protein HA-M2-
GFP or basolateral cargo protein VSVG-SP-GFP were harvested for total cell-surface MSD-based transport assays. (A and B) HA surface signal was fourfold lower,
and VSV-G surface signal was sixfold higher, after 45 min of cargo release from TGN as compared with the mock-infected cells. (C) shRNA cells were treated
with 0.15 uM recombinant Gal-9 for 5 d. The HA transport assay showed surface delivery comparable to mock-infected conditions. Samples in A-C are normalized
to levels of GFP in lysates used to indicate transfection efficiency. (D) Gal-9-treated shRNA cells showed a recovery of TER comparable to levels in mock-infected
cells. The data represent three independent experiments conducted in duplicate. Pvalues were generated from a one-tailed, unpaired t test. Error bars indicate SD.

both binding/internalization and TER were significantly reduced in
Gal-9 shRNA-infected cells that were treated with Gal-9 protein in
the presence of 12B12 antibody (Fig. S8). These results confirm an
essential role of FGL in Gal-9 internalization.

Gal-9 Is Internalized and Recycled Back to the Apical Membrane. Gal-
9 rescues polarity, and it binds to FGL. How does FGL affect the

B D

7] =
3 100, P=0.18 k=)
S 80 = oL
B x
£ 0 25
o c o
H 40 8 =
5 20 g =)
8 0 E C E-cadherin
- Total cell surface expression
shRNA rescued Cs 0=0.08 0-0.06
. < kS 4
£ 25 12
2 B 10
k] o % .8 Background
z gg :‘; 2 signal
3 S g 02 00 00
=) 2 ap bl ap bl
< w CEA E-cadherin

Fig. 4. Recombinant Gal-9 rescues ciliogenesis and steady-state expression
of apical and basolateral marker proteins. (A) Filter-grown mock-infected
and Gal-9-treated shRNA cells were immunostained with anti-acetylated
tubulin to visualize the cilium. (Scale bar: 10 pm.) (B and C) The number of
cells positive for either a ciliary base or cilia in Gal-9-treated shRNA cells is
comparable to the number in mock-infected cells, but the Gal-9-treated
shRNA cells show a twofold increase in ciliary length. (D) Mock-, shRNA-, and
Gal-9-treated shRNA cells were grown on a filter for 5 d, biotinylated from
both sides of the filter, and subjected to MSD-based assay. (E) Mock- and
Gal-9-treated shRNA cells were biotinylated from either the apical or the
basolateral side and subjected to MSD assay to generate a steady-state
profile of relative amounts of CEA and E-cadherin Samples were normalized
to amounts of GAPDH detected in cell lysates. The data represent the results
of three independent experimental sets conducted in duplicate. ap, apical
membrane; AU, arbitrary unit. bl, basolateral membrane. P values are gen-
erated from a one-tailed, unpaired t test. Error bars indicate SD.
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Gal-9 rescue function? Does it mediate Gal-9 internalization into
the biosynthetic pathway to become an active component of the
cargo-sorting machinery? This possibility was tested by binding
biotin—Gal-9 to the apical surface of MDCK cells. After a brief
pulse of endocytosis, a pH drop on ice was performed to remove
uninternalized Gal-9. The cells were then incubated at 37 °C for
various time intervals, fixed, immunostained with various cellular
markers, and imaged to reveal the route of internalization of Gal-
9. After internalization, biotin—-Gal-9 was observed mainly in early
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Fig. 5. FGL is a receptor for Gal-9 on the apical surface of MDCK cells. (A)
Fully polarized MDCK epithelial cells were incubated with varying concen-
trations of anti-FGL antibody (pg/mL) on ice for 45 min. Biotinylated
recombinant Gal-9 (0.01 uM) was allowed to bind for 1 h on ice. Cells were
fixed, immunostained with anti-biotin antibody without permeabilizing the
cells, and were counterstained with DAPI. (Scale bars: 10 pm.) (B) The un-
bound fraction was collected, and the bound fraction was stripped from the
cellular membrane with a pH drop. Biotin—Gal-9 in each sample was quan-
titated by MSD assay. Rat IgG was used to negate any nonspecific antibody-
mediated effects. Green bars indicate the sum of bound and unbound
fractions. The data represent results from three independent experimental
sets performed in duplicate. Error bars indicate SD.
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endosome antigen 1 (EEA1)-positive compartments, indicating
uptake into the endocytic pathway (Fig. 64). After 60 min, biotin—
Gal-9 was mostly localized with the TGN marker, furin convertase.
Interestingly, Gal-9 was frequently seen in tubules emanating from
the TGN (Fig. 64, white arrowheads). Further FGL colocalized
with Gal-9 at the TGN (Fig. S9) (2, 16). Around 120 min, biotin-
Gal-9 was localized at the apical surface and weakly at the lateral
and basal surfaces (Fig. 6B and SI Materials and Methods). A
comparison between the cellular locations of endogenous Gal-9
and the biotin—Gal-9 used in this assay showed similar subcellular
distribution, except that the endogenous Gal-9 was heavily
enriched in the cytosol (Fig. S10). Notably, little colocalization was
detected with the lysosomal marker lysosomal-associated mem-
brane protein 1 (Lampl) (Fig. 6 A-C), but Rabl1-positive com-
partments (or recycling endosomes) did show some colocalization
with this lectin. Fig. 6C shows the quantitative colocalization data
for Gal-9 with each organelle marker. This visual assay showed
that Gal-9 is endocytosed over early endosomes to the Golgi ap-

A early endosome
EEA-1/

lysosomes

/ Lamp-1/ / Rab11/

o |

10 min 20 min

B apical/basolateral membrane in MDCKI| cells

FGL/ /

120 min
Apical view
Inset: X-Z view

recycling endosomes

/

paratus, and most Gal-9 is recycled back to the apical surface of
the cells.

To confirm our visual observations quantitatively, we collected
the medium at different time intervals from the cells that had been
tracked. In addition, surface-arrived biotin-Gal-9 was pH stripped
and collected separately from the cell lysates. These individual
fractions from each time point were subjected to MSD assay. A
very weak biotin-Gal-9 signal was detected in the culture medium.
We found that as the fraction of biotin-Gal-9 increased at the
apical surface, the signal from the cell lysates decreased, clearly
suggesting that surface-bound Gal-9 was internalized and recycled
back apically. Because the signal obtained from the apical side
constituted almost 73% of the total signal after 2 h, we conclude
that most of the Gal-9 was recycled back after endocytosis.

Discussion

Galectins have been assigned a multitude of functions. They can
regulate cell-surface signaling, activate cells to undergo apoptosis,
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Fig. 6. Internalization and recycling of recombinant biotin-Gal-9. Biotinylated recombinant Gal-9 (0.01 uM) was bound to the apical membrane on ice, and

the internalization to different cellular regions was followed over time. (A-C) After 10 min, Gal-9 was found inside the cells and colocalized with the marker
of early endosome, EEA1. No significant colocalization was detected with the lysosomal marker Lamp1, but some colocalization was observed with recycling
endosome (Rab11) compartments at around 30 min of internalization. Within 60 min, a major fraction of Gal-9 was detected in the TGN compartment,
revealed through colocalization with furin-convertase staining. Gal-9 was seen at the base as tubular extensions emanating from the TGN (indicated by white
arrowheads in the Furin/Gal-9/Merge, Bottom Right). After 2 h, biotin-Gal-9 localized primarily with FGL on the apical membrane (S/ Materials and Methods).
(Scale bars in A and B: 10 pm.) (D) Time-course analysis, using the MSD assay, shows the percentage of biotin-Gal-9 reaching the apical surface and the amount
remaining in the cell lysates. Graph shows relative intensity of signal detected at the apical surface and in the cell lysates normalized to the amount of
phospholipids in each sample. Individual values for per cent of arrival at each time point are indicated. Error bars in C and D indicate SD. Details on
quantitation are given in S/ Materials and Methods.
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modify cell adhesion, or stabilize different protein receptors on the
plasma membrane (15). These diverse functions have been hy-
pothesized to result from the formation of galectin—glycan lattices
that regulate cell surface glycoprotein organization and signaling
(18). Impaired epithelial polarization by Gal-9 knockdown cells
may reflect these functions. However, there is evidence for another
interpretation for the role of this galectin. Previous studies on epi-
thelial cells have demonstrated that galectins are involved in facil-
itating apical trafficking (6). Similarly we found that sorting and
delivery of surface cargo proteins were impaired in the Gal-9
shRNA cells. Transport of the apical raft protein HA to the cell
surface was slowed down, whereas the basolateral VSV-G was de-
livered to the plasma membrane more rapidly. Thus, trafficking
problems could be a component of impaired polarization. How
could Gal-9, being secreted unconventionally, be involved in the
trafficking machinery? We now demonstrate the steps by which
Gal-9 gains access to luminal biosynthetic sorting sites. Exogenous
Gal-9 was endocytosed from the apical membrane into early en-
dosomes, routed to the Golgi complex, and from there recycled to
apical surface. Furthermore, FGL antibody competition experi-
ments identified FGL as an apical receptor for Gal-9, in keeping
with the specificity of its CDR. FGL is a major lipid constituent in
MDCK apical membranes (11, 16, 19) and therefore probably is
bound to Gal-9 during its internalization into the cell. Alternatively,
Gal-9 could gain access to the TGN directly from the cytosol.

We propose a functional circuit of Gal-9 and FGL cycling be-
tween the Golgi and the apical membrane. This notion is consistent
with two previous findings with respect to the epithelial biology of
FGL. First, this GSL has been implicated in the biogenesis of epi-
thelial cell-surface polarity by antibody-blocking experiments (19).
Second, inhibitors of sphingolipid synthesis impair post-Golgi
sorting in MDCK cells (20). Therefore, a circuit of Gal-9-FGL
cycling could reinforce the polarization process. The apical mem-
brane is known to behave like a percolating raft domain at 25 °C (21)
and is dependent on glycosphingolipids for generating the pro-
tective lining of the epithelium barrier function by forming
a boundary covering the cell layer (22). The Gal-9-FGL circuit
could both generate and maintain this glycosphingolipid-rich
membrane barrier. Galectins usually are multivalent, and thus they
can cluster surface ligands (7). Also Gal-9, which we used for our
rescue and internalization studies, was found to form oligomers
(23). Our working hypothesis is that FGL-Gal-9 interactions in the
TGN help nucleate a raft-clustering process to sort the distribution
of cargo components laterally in the membrane plane. This process
could be akin to the phase separation induced by pentavalent
cholera toxin crosslinking of monosialotetrahexosylganglioside in
plasma membrane spheres (24), during which raft proteins are in-
cluded into the raft phase and nonraft proteins are excluded. In
what state Gal-9 enters the TGN is not known, but we would assume
that the Gal-9-FGL interactions must have been dissociated, at
least partially, because of low endosomal/TGN pH (25) and/or by
the ionic conditions (26). The unoccupied CDR on Gal-9 then
could be available to bind to new FGL molecules. This scheme
would enable raft clustering and lateral sorting in the TGN to
trigger domain-induced budding into an apical raft carrier (27,
28). Further experimental work is needed to tell whether this
speculative scheme holds true. Interestingly, galectin-4 in epithelial
HT-29 cells binds to sulfatide, and this lectin-glycosphingolipid
couple also is involved in sorting and delivery of raft-protein cargo to
the apical surface (6).

1. Nickel W, Rabouille C (2009) Mechanisms of regulated unconventional protein
secretion. Nat Rev Mol Cell Biol 10:148-155.

2. Rémillard-Labrosse G, Mihai C, Duron J, Guay G, Lippé R (2009) Protein kinase D-
dependent trafficking of the large Herpes simplex virus type 1 capsids from the TGN
to plasma membrane. Traffic 10:1074-1083.

3. Cooper DN (2002) Galectinomics: Finding themes in complexity. Biochim Biophys Acta
1572:209-231.
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The defective ciliogenesis that we observed in the Gal-9 shRNA
cells also could be explained by the impairment of the delivery of
surface cargo. We previously examined the effects of depleting
different apical transport proteins in MDCK cells and noticed that
many cells had impaired ciliogenesis, no matter which protein was
knocked down (29). Ciliogenesis is a late stage in epithelial po-
larization (30). Thus, interfering with the development of epithe-
lial polarity might coincidentally disturb cilia formation, especially
if the machinery for generating functional apical and basolateral
surface domains is defective. The ciliary membrane forms a dif-
ferentiated part of the apical membrane, and its biogenesis is in-
tegrated with proper cell-surface polarization (10, 29).

In conclusion, we demonstrated that control of post-Golgi
membrane trafficking by secreted Gal-9 is facilitated through
specific interaction with glycolipids. This galectin—glycolipid cir-
cuit appears crucial to maintain epithelial integrity, revealing an
interesting mechanism by which cells regulate their polarity.

Materials and Methods

Internalization of Gal-9 and Rescue Experiments. MCDK cells were cultured
on Transwell polyester membrane inserts for 5 d. Gal-9 was biotinylated
according to manufacturer’s instructions (Pierce). For cellular studies, 0.01 pM
of Gal-9 was added to 200 pL of CO,-free medium with 5% FCS and gluta-
mine. Cells were incubated for 30 min at 0 °C and washed to eliminate re-
sidual biotin-Gal-9. Then the cells were held at 37 °C for 15 min to allow
internalization of the labeled protein, followed by a low-pH wash (20 mM
glycine, pH 2.5) at 0 °C. The cells then were incubated at 37 °C for different
time intervals up to 2 h and processed either for confocal microscopy or for
MSD quantitation of Gal-9 recycling to the apical surface.

Gal-9-EGFP Construct. BAC CH82-319J05 or CH82-498E16, harboring canine
LGALS9, and BAC RP11-19P22, containing human LGALS9, were obtained
from the BACPAC Resources Center. Recombineering and stable trans-
fection of the modified BACs were performed as described in ref. 31. Briefly,
both BAC-tagging cassettes, localization and purification sequence (LAP)
and fluorescent localization and purification sequence at the N terminus
(NFLAP), were PCR amplified using primers that carry 50 nucleotides of ho-
mology to the insertion site. Next, a plasmid carrying two recombinases as
well as the purified tagging cassette was electroporated into the Escherichia
coli strain containing the BAC vector. Precise incorporation of the tagging
cassette was confirmed by PCR and sequencing. Next, the EGFP-tagged BAC
was isolated from bacteria using the Nucleobond PC100 kit (Macherey-
Nagel). MDCK type Il cells were transfected using Effectene (Qiagen) and
cultivated in selection medium containing 400 pg/mL Geneticin (G418; Invi-
trogen). Finally, MDCK cells stably expressing the tagged protein were sor-
ted and selected by FACS to obtain populations of cells expressing high,
medium, and low levels of EGFP. Cells expressing medium levels of EFGP
were used for subsequent experiments.

Further information on reagents and antibodies, cell culture, RNAI, ala-
marBlue cell viability assay, measurement of transepithelial resistance, im-
munofluorescence, confocal microscopy, transport assay, MSD assay, and
other methods is given in S/ Materials and Methods.
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