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Clathrin-independent endocytosis (CIE) is a form of endocy-
tosis that lacks a defined cytoplasmic machinery. Here, we asked
whether glycan interactions, acting from the outside, could be a
part of that endocytic machinery. We show that the perturba-
tion of global cellular patterns of protein glycosylation by
modulation of metabolic flux affects CIE. Interestingly, these
changes in glycosylation had cargo-specific effects. For example,
in HeLa cells, GlcNAc treatment, which increases glycan
branching, increased major histocompatibility complex class I
(MHCI) internalization but inhibited CIE of the glycoprotein
CD59 molecule (CD59). The effects of knocking down the
expression of galectin 3, a carbohydrate-binding protein and an
important player in galectin– glycan interactions, were also car-
go-specific and stimulated CD59 uptake. By contrast, inhibition
of all galectin– glycan interactions by lactose inhibited CIE of
both MHCI and CD59. None of these treatments affected clath-
rin-mediated endocytosis, implying that glycosylation changes
specifically affect CIE. We also found that the galectin lattice
tailors membrane fluidity and cell spreading. Furthermore,
changes in membrane dynamics mediated by the galectin lat-
tice affected macropinocytosis, an altered form of CIE, in
HT1080 cells. Our results suggest that glycans play an impor-
tant and nuanced role in CIE, with each cargo being affected
uniquely by alterations in galectin and glycan profiles and
their interactions. We conclude that galectin-driven effects
exist on a continuum from stimulatory to inhibitory, with
distinct CIE cargo proteins having unique response land-
scapes and with different cell types starting at different posi-
tions on these conceptual landscapes.

Altered glycosylation of proteins and lipids is a hallmark of
cancer (1, 2). Whereas these changes have long been used in the
development of biomarkers for cancer detection (3–5), more
recent studies have started to show functional roles for glyco-
sylation in cancer (6 –9). As a result, it is important to under-
stand the cellular roles that glycans play. One of these roles

that has recently received renewed focus is the mediation of
clathrin-independent endocytosis (CIE).2

Unlike clathrin-mediated endocytosis (CME), which is
well characterized in terms of molecular machinery (10) and
regulation, CIE is still relatively poorly understood (11).
CME is known to have five defined stages: initiation, cargo
selection, coat assembly, scission, and uncoating. CME is
initiated by proteins that create membrane curvature.
Adapter proteins like the AP2 complex then select specific
cargo and link the cargo to clathrin and other accessory pro-
teins. Clathrin self-assembles into a cytoplasmic coat around
the growing pit, and then dynamin facilitates vesicle scission.
The endosomes are then uncoated to produce the final car-
go-containing endosome (10). In stark contrast, CIE has
much less known about its fundamental parameters (12).
Apart from a general requirement for cholesterol and some-
times actin, the requirements for CIE vary greatly for differ-
ent cargo and in different cell types (11–14). Although its
molecular mechanism and regulation are still under investi-
gation, CIE is known to play important roles in cellular sig-
naling, plasma membrane repair, polarization, cell adhesion,
and migration (12).

Galectins are a family of galactoside-binding lectins with
a conserved carbohydrate-recognizing domain (CRD) (15).
There are three types of galectins: proto-type (galectins 1, 2, 5,
7, 10, 11, 13, 14, and 15) have a single CRD and can
homodimerize; tandem repeat-type (galectins 4, 6, 8, 9, and 12)
have CRDs at either end of the protein; and chimera-type (its
only member galectin 3) has a single CRD but can multimerize
to give rise to a pentameric galectin (15, 16). All galectins are
synthesized in the cytoplasm and are secreted by nonclassical
secretory mechanisms (17). They are known to play roles both
intracellularly (such as regulating RNA splicing (18)) and extra-
cellularly (regulating cell adhesion and signaling (19)). One of
the important functions galectins play extracellularly is in orga-
nizing the cell membrane via the formation of macroscale inter-
action networks often referred to as the galectin lattice (20).
Galectin 3 is especially important in organizing the galectin
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lattice, as the multivalence of its pentameric form allows large
networks of galectins to form (16).

Galectins and glycan interactions have been shown to play
important roles in CIE. In the CLIC/GEEC (clathrin-indepen-
dent carriers/GPI-enriched endocytic compartments) path-
way, it was shown to stimulate internalization of the hyaluro-
nan receptor (CD44) by promoting the formation of endocytic
pits (21–23). Galectin 3 was also found to stimulate the inter-
nalization of �1 integrin by CIE (24). By contrast, in the CIE of
the epidermal growth factor receptor, the galectin– glycan
interactions have been demonstrated to inhibit internalization
via galectin lattice–mediated cell-surface sequestration (25–
30). Glycan branching has also been shown to modulate cell-
surface levels of glucose transporter 2 by altering cell-surface
sequestration of the receptor (31, 32). Whereas these two
modes of action act in opposite directions, there have been
hints that these two functions may not be mutually exclusive
but could rather represent two ends of a spectrum (23), as illus-
trated in Fig. 1A.

Here, we investigate whether the well-characterized CIE
cargo proteins major histocompatibility complex class I
(MHCI) and CD59 are sensitive to glycan interactions. Further,
as depicted in Fig. 1A, the effect of galectin– glycan interactions
on cargo internalization was characterized to determine
whether these two specific endogenous cargo proteins were
affected via similar or different modes of action and whether
these modes of action were mutually exclusive.

Results

Surface glycosylation patterns are shifted by
N-acetylglucosamine treatment

Protein glycosylation is a nontemplate-driven process, and as
such, glycan patterns generated on specific proteins are sensi-
tive to the levels of the glycosyltransferases as well as the met-
abolic flux of their substrates (the various sugar residues) (26,
29, 33). Therefore, there are two primary approaches to altering
glycan patterns: 1) altering the availability of the enzymes by
altering their expression and 2) changing the metabolic flux
through the glycosylation machinery by altering the availability
of the sugar residues. In this study, the second approach was
used to increase levels of GlcNAc in the cell by incubation with
millimolar concentrations of the sugar residue. GlcNAc is
essential for the branching of glycans, and hence increased
availability of this sugar was expected to increase the branching
of glycans (29).

After incubation with 10 mM GlcNAc for 48 h, the cell-sur-
face glycan patterns on HeLa cells were analyzed using lectin
binding and flow cytometry (Fig. 1B). The binding of wheat
germ (Triticum vulgaris) agglutinin (WGA) (which detects
neuraminic/sialic acid as well as GlcNAc residues), Ricinus
communis agglutinin (RCA) (which detects terminal galactose
residues), and Phaseolus vulgaris leucoagglutinin (PHA-L)
(which binds to tri- and tetra-antennary branched complex
N-glycans) was significantly increased following GlcNAc treat-
ment, whereas the binding of Ulex europaeus agglutinin 1
(UEA1) (which binds fucose) and concanavalin A (which binds
high-mannose residues) was not significantly changed by

GlcNAc treatment. These results demonstrate that the
increased availability of GlcNAc led to increases in glycan
branching. These data also indicated that other glycan pattern
characteristics were not indirectly affected.

Lactose is a competitive inhibitor of galectin– glycan interac-
tions (23, 26), a major focus of this study. RCA is a galactoside-
binding lectin that binds the same epitope as galectins and
hence was used to demonstrate the efficacy of lactose compet-
itive inhibition on galectin binding. Lactose treatment during
lectin binding completely inhibited RCA binding, with lactose-
treated cells having fluorescent intensity histograms very simi-
lar to cells that were not subjected to lectin binding. This dem-
onstrates the efficacy of lactose in blocking galectin– glycan
interactions (Fig. 1C).

Internalization of CIE cargo is affected by changes in glycan
interactions, and increased glycan branching has
cargo-specific effects

The first question we addressed was whether endocytosis
of specific CIE cargo proteins is affected by glycan inter-
actions. To do this, two well-characterized CIE cargo pro-
teins were selected: MHCI and CD59. These two proteins,
although both CIE cargo, are considerably different struc-
turally; MHCI is a type I transmembrane protein with a sin-
gle lumenal site of N-glycosylation, and CD59 is a GPI-an-
chored protein with two sites of N-glycosylation. These
distinct cargo proteins were chosen to address a second
question: whether the effects of glycan interactions were
uniform for different cargo proteins. The internalization of
the two cargos in HeLa cells was measured using an antibody
internalization assay in control cells or in cells treated for
48 h with GlcNAc (Fig. 2, A and B).

We found that GlcNAc treatment resulted in an increase in
MHCI internalization (Fig. 2A). A similar treatment of cells
with 10 mM glucose had no effect on MHCI internalization,
indicating that the increase was mediated by an increase in
glycan branching and not merely due to an increase in nutri-
ent availability. This observation suggests that increased gly-
can branching enhances MHCI entry into endocytic pits,
consistent with the endocytic pit entry modality of glycosyl-
ation’s effect on endocytosis. Furthermore, lactose treat-
ment during antibody internalization led to an ablation of
the GlcNAc-mediated increase, whereas a similar treatment
with sucrose had no effect on MHCI CIE (Fig. 2A). This
indicates that the inhibition of all galectin–glycan interac-
tions (and not nonspecific osmolarity effects) can counteract
the effect of increased glycan branching on MHCI CIE, sug-
gesting that this increase in internalization was mediated by
extracellular galectin–glycan interactions.

In contrast, increased glycan branching (by GlcNAc treat-
ment) inhibited CD59 internalization, whereas the analogous
treatment with glucose had no effect (Fig. 2B). This suggests
that CD59 may be more susceptible to the cell-surface seques-
tration mode of action.

Lactose treatment also inhibited CD59 internalization,
whereas a similar sucrose treatment had no effect (ruling out
possible effects of high osmolarity) (Fig. 2B). This indicates that
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glycan interactions are important for CD59 internalization, but
if the level of interactions increases past a particular point, it
starts to suppress internalization. The results in particular for
CD59 suggest that proteins are not assigned a fixed glycan
interaction mechanism that dictates internalization, but rather
exist on a spectrum between the two and transition across the
spectrum based on the level of glycan interactions. The results
clearly indicate both that CIE cargo were sensitive to changes in
glycosylation and, second, that changes in glycan interactions
had cargo-specific effects.

The effect of altering glycan interaction on CME was also
studied by measuring the internalization of fluorescently
labeled transferrin, which enters bound to the transferrin
receptor by CME. In sharp contrast to MHCI and CD59, trans-
ferrin receptor internalization by CME was not affected in any
way by changes in glycan interactions (Fig. 2C). This is consis-

tent with the extensive cytoplasmic machinery that is known to
help coordinate and regulate CME.

Inhibition of synthesis of complex glycan patterns has a
similar effect as lactose treatment

Chemical inhibition of Golgi �-mannosidases by treating
cells for 48 h with 2 �g/ml swainsonine leads to an inhibition in
the production of complex glycoforms. Decreasing the number
of complex glycoforms would decrease the number of epitopes
for galectin binding and thus inhibit galectin– glycan interac-
tions. Similar to the effect of lactose, swainsonine treatment
leads to a significant inhibition of CD59 internalization (Fig. 2E)
and no significant effect on MHCI (Fig. 2D) or transferrin inter-
nalization (Fig. 2F). These results further indicate that the inter-
nalization of CIE cargo can be mediated via galectin– glycan
interactions, whereas CME is unaffected.

Figure 1. Schematic representation of CIE and CME and characterization of changes in glycan patterns. A, schematic representation of CIE and CME and
the two modes of action that have been reported for glycan interactions on CIE: 1) stimulatory via promotion of entry into endocytic pits (23) and 2) inhibitory
due to cell-surface sequestration of cargo (30). B, lectin-binding analysis by flow cytometry of HeLa cells after 48-h incubation with or without 10 mM

GlcNAc demonstrates an increase in branched glycans indicated by significant increases in binding of lectin that detects terminal sugar residues (WGA
and RCA) and an increase in PHA-L binding (which specifically binds to branched glycans). C, RCA binding analysis by flow cytometry of HeLa cells with
or without 100 mM lactose treatment (1-h preincubation and during lectin binding) demonstrates the efficacy of lactose as an inhibitor of galactoside
lectin (such as RCA and galectin) interactions. At least three independent experiments were carried out with data expressed as mean � S.D. (error bars).
*, p � 0.05.
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Galectin 3 is secreted into the medium and bound to the
surface of HeLa cells

A number of galectins have been reported to be present in
HeLa cells, including galectin 1, 3, 8, and 9 (34 –38). To better
understand the role of individual galectins, we focused on
galectin 3. Galectin 3 is the most unusual galectin, in that it is
the only chimeric galectin and has the ability to pentamerize
and thus mediate multivalent interactions especially important
for large networks of galectins to form (16). In addition, galectin
3 has been implicated along with glycosphingolipids to play a
role in mediating the CIE of CD44 (21–23). Galectin 3 is syn-
thesized in the cytoplasm and then secreted by “nonclassical”
secretory mechanisms (39, 40). To confirm that galectin 3 is
produced and secreted from HeLa cells, we performed a human
galectin 3 ELISA, which confirmed that after 48 h of incubation,
conditioned medium from HeLa cells contained a significant
amount of galectin 3 when compared with fresh complete
medium (Fig. 3A). Further, when these cells were then treated
with 100 mM lactose in serum-free medium to displace cell-
bound galectin 3, an almost equivalent amount of galectin 3 was
released into the medium (Fig. 3B). Treatment of these cells
with 100 mM sucrose did not result in the release of surface
galectin 3 into the medium (Fig. 3B). This indicates that 1) lac-
tose is an effective inhibitor of galectin 3 interactions and 2)
there is a significant amount of galectin 3 present on the surface
of the cells.

GlcNAc treatment increases galectin 3 associated with MHCI

To try to better understand whether the effects driven by
GlcNAc treatment were direct or indirect, we immunoprecipi-
tated MHCI from control cells and cells treated for 48 h with
GlcNAc and blotted for galectin 3 to detect whether galectin 3
associated with the cargo protein (Fig. 3C). We found that
galectin 3 pulled down along with MHCI and that GlcNAc
treatment led to an increase in the amount of galectin 3 pulled
down (Fig. 3D). This would suggest that for MHCI, there is a
direct interaction with galectin 3 that can be stimulated by
GlcNAc treatment.

Galectin 3 depletion highlights the role of the galectin lattice
in the cargo-specific effects

To further explore how altering glycan interactions affected
each cargo, the internalization of MHCI and CD59 was exam-
ined after siRNA-mediated knockdown (KD) of galectin 3 in
HeLa cells (Fig. 4D) with or without GlcNAc treatment (Fig. 4,
A and B). Once again, the results highlighted the cargo-specific
effects of altering glycan interactions.

As observed previously, increased glycan branching led to an
increase in MHCI internalization, but this was not observed in
galectin 3– depleted cells (Fig. 4A), suggesting that this increase
in endocytosis depended on galectin 3. This was again consis-
tent with the endocytic pit entry modality of glycosylation’s
effect on endocytosis. It also suggests that for endocytic pit

Figure 2. Internalization of CIE and not CME cargo is sensitive to changes in glycan interactions. Antibody internalization for 30 min at 37 °C in HeLa cells
after 48-h incubation with or without 10 mM GlcNAc and in the presence or absence of 100 mM lactose for MHCI (A) and CD59 (B) indicates cargo-specific effects
of increasing glycan branching (due to GlcNAc treatment) and an inhibition of CIE with lactose treatment. 48-h incubation with 10 mM glucose or 1-h
pretreatment with 100 mM sucrose had no significant effect on the CIE of MHCI or CD59. C, flow cytometric analysis of clathrin-mediated endocytosis of
fluorescently labeled transferrin internalized over 10 min at 37 °C in HeLa cells shows that CME is unaffected by altering glycan interactions. 48-h incubation
with or without 2 �g/ml swainsonine led to similar changes in internalization as lactose treatment for MHCI (D), CD59 (E), and transferrin (F). At least three
independent experiments were carried out with data expressed as mean � S.D. (error bars). *, p � 0.05.
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formation for MHCI, galectin 3 has a prominent role among the
family of galectins, as the remaining galectins were unable to
compensate for its removal.

As observed previously, increased glycan branching led to a
decrease in CD59 internalization, consistent with CD59 being
sequestered on the surface with extensive galectin lattice for-
mation (Fig. 4B). However, what was most notable was that
when only the galectin 3–mediated portion of the galectin lat-
tice was disrupted by knocking down galectin 3, it led to a dra-
matic increase in CD59 internalization. This suggests that
inhibiting only galectin 3 disrupts primarily the sequestration
mode of action, allowing alternate galectins to drive an increase
in internalization of CD59 via the endocytic pit entry mode,
whereas, when all galectin interactions are inhibited by lactose,
both the endosomal pit entry and the sequestration phases of
the model are disrupted, resulting in an inhibition in CD59 CIE
(Fig. 4B). On the other hand, increasing glycan branching along
with galectin 3 KD caused an inhibition in CD59 internaliza-
tion, potentially due to the shoring up of the galectin 3–inde-
pendent portion of the galectin lattice that uses bivalent galec-

tins from the galectin family, returning CD59 to a cell-surface
sequestration modality.

The effect of altering glycan interaction and galectin lattice
disruption on CME was also studied. Again, unlike CIE, CME
was not affected in any way by changes in glycan interactions or
the presence or absence of galectin 3 (Fig. 4C).

The addition of exogenous galectin 3 has similar effects on
MHCI and CD59 CIE as GlcNAc treatment

The results from Fig. 2 using lactose as an acute extracellular
inhibitor of glycan interactions suggest an extracellular role of
galectins. However, galectin 3 is also known to have intracellu-
lar roles (41). To better characterize the extracellular function
of galectin 3, the internalization of MHCI and CD59 was stud-
ied with the addition of exogenous recombinant human galec-
tin 3 to the conditioned medium during antibody uptake. The
addition of exogenous galectin 3 led to an increase in MHCI
internalization (Fig. 4E) and a decrease in CD59 internalization
(Fig. 4F), consistent with the trends observed when galectin–
glycan interactions were stimulated by increasing glycan
branching (using GlcNAc treatment). These data further sup-
port the idea that galectins acting on the extracellular side of the
plasma membrane help mediate the CIE of MHCI and CD59.
Furthermore, these data indicate that an increase in extracellu-
lar galectin– glycan interactions is responsible for the effects of
increased glycan branching on the CIE of MHCI and CD59
(these effects were also reversed using lactose as an acute extra-
cellular inhibitor of galectin– glycan interactions).

It is also important to note that even at the highest concen-
tration of exogenous galectin 3, MHCI internalization was not
inhibited. This could suggest that the presence of multiple gly-
cosylation sites is a requisite for entry into the cell-surface
sequestration modality, as MHCI, which has only one site of
glycosylation, does not appear to be able to enter the cell-sur-
face sequestration phase, whereas CD59, which has multiple
sites of glycosylation, starts out in that phase. Additionally, all
proteins that have been shown to have a cell-surface sequestra-
tion response to galectins have had multiple sites of glycosyla-
tion (i.e. CD44, EGFR, etc.) (23, 25, 26, 29).

The galectin lattice affects cell-surface protein mobility and
cell spreading

To examine further what effect the galectin lattice has on
membrane characteristics and the outcome when we disrupt
these interactions, we measured the mobility of proteins in the
membrane using fluorescence recovery after photobleaching
(FRAP). The galectin lattice was disrupted using lactose in
HeLa cells, and the FRAP of surface bound fluorescently labeled
anti-CD98 antibodies (Fig. 5A) or Tac-GFP3 (Tac antigen is the
IL-2 receptor � subunit) (Fig. 5C) was monitored. Both CD98
and transfected Tac-GFP3 are plasma membrane glycoproteins
and CIE cargo proteins and were used as reporters to monitor
changes in lateral mobility of plasma membrane proteins. For
both proteins, the rate of fluorescent recovery after photo-
bleaching was faster when the galectin lattice was disrupted by
lactose, as reflected in a decrease in the half-time (t1⁄2) (time
required for 50% fluorescent recovery). The diffusion coeffi-
cients were also calculated for both proteins with and without

Figure 3. Galectin 3 is secreted and is bound to the surface and to MHCI of
HeLa cells. A, endogenous galectin 3 is secreted into the medium and can be
extracted from the cell surface. The galectin 3 content in complete medium,
serum-free medium, and 48-h conditioned medium was measured using an
ELISA. B, surface-bound galectin 3 was extracted from cells incubated with
lactose-containing, but not sucrose-containing serum-free medium. C, HeLa
cells were untreated or treated with 10 mM GlcNAc for 48 h before immuno-
precipitation (IP) with antibodies to MHCI (w6/32). The gel on the left shows
2% lysate used as the input for immunoprecipitation, and the gel on the right
shows the material pulled down with the beads. The blots were probed with
antibodies to MHCI (HC110) and galectin 3, and representative Western blots
are shown. D, quantification of MHCI-Gal3 co-immunoprecipitation Western
blots plotting -fold change in galectin 3 normalized to MHCI pulled down for
control and GlcNAc-treated conditions. At least three independent experi-
ments were carried out with data expressed as mean � S.D. (error bars). *, p �
0.05.
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lactose treatment (Fig. 5, B and D). Control experiments with
100 mM sucrose did not have a significant effect on diffusion
coefficients (data not shown), indicating that the observed
effects were due to inhibition of glycan interactions and not
osmolarity effects. Importantly, the diffusion coefficients were
remarkably the same whether we performed the photobleach-
ing experiment with fluorescently labeled antibody-bound
CD98 or direct measurements with Tac-GFP3. Furthermore,
disruption of the galectin lattice increased the diffusion coeffi-
cient of both proteins. The data suggest that disrupting the
galectin lattice using lactose altered the membrane organiza-
tion, thereby increasing the lateral diffusion of membrane
proteins.

As another means of studying the effect of altering the galec-
tin lattice on cell behavior, we measured the ability of cells to
spread on coverslips over time with various treatments that
would alter the strength of the galectin lattice. Disrupting the
galectin lattice with lactose treatment significantly inhibited
cell spreading at 4 h (Fig. 6, A and F). Osmolarity controls with
100 mM sucrose or 50 mM NaCl (both result in 100 mosmol/
liter) had no effect on spreading (Fig. 6B), indicating that effects
observed for lactose treatment were due to inhibition of glycan
interactions and not nonspecific osmolarity effects. Knock-
down of galectin 3 also inhibited spreading at 4 h (Fig. 6, C and
F). In contrast, increasing the strength of the galectin lattice by
increasing glycan branching using GlcNAc treatment led to an
increase in cell spreading at 2 h, which could be abrogated with
lactose treatment (Fig. 6, D and F). Increasing the strength of
the galectin lattice using galectin 3 overexpression also resulted
in an increase in cell spreading, and the disruption of the

strengthened lattice with lactose again led to an inhibition in
cell spreading (Fig. 6, E and F). To confirm that the galectin
3-GFP was being secreted and thus could mediate an extracel-
lular effect, we also measured Gal3-GFP secretion using a fluo-
rescent plate reader assay to measure fluorescence from condi-
tioned medium taken from transfected cells (after a 48-h
incubation). This assay confirmed that there was a significant
amount of Gal3-GFP secreted into the medium and present
extracellularly (Fig. 6G). These results clearly indicate that the
galectin lattice plays an important role in cell spreading, with
strengthening of the lattice promoting the spreading of HeLa
cells, whereas disruption of the lattice inhibited their spreading.

Different cell lines have distinct response landscapes

Having shown effects on CIE upon changing the glycan land-
scape in HeLa cells, we then turned to other cell types to exam-
ine their response. To characterize the effects of altering glycan
interactions in different cell lines, the human bronchial epithe-
lial cell line, Beas2b, was studied. The internalization of the
MHCI and CD59 in Beas2b cells was measured using the anti-
body internalization assay. Unlike in HeLa cells, we found that
GlcNAc treatment enhanced internalization of both MHCI
(Fig. 7A) and CD59 (Fig. 7B). Thus, for this cell line, an increase
in glycan branching (by GlcNAc treatment) led to an increase
in endocytosis for both MHCI and CD59, suggesting that
increased glycan branching promotes entry into endocytic pits
for both cargos in this cell line.

Even more unexpectedly, lactose treatment of Beas2b cells
led to an increase in internalization of both proteins, something
we did not observe in any context in HeLa cells. However, we

Figure 4. MHCI and CD59 CIE have different responses to galectin 3, and CME is unaffected. Shown is antibody internalization for 30 min at 37 °C in HeLa
cells after a 48-h incubation with or without 10 mM GlcNAc and with or without galectin 3 KD for MHCI (A) and CD59 (B). Galectin 3 depletion resulted in a
stimulation of CD59 CIE and an ablation of GlcNAc-driven changes in MHCI CIE. C, flow cytometric analysis of the clathrin-mediated endocytosis of fluorescently
labeled transferrin taken up over 10 min at 37 °C in HeLa cells shows that CME is unaffected by altering glycan interactions. D, Western blot analysis indicates
that siRNA effectively depleted cells of galectin 3. E and F, the addition of exogenous recombinant galectin 3 along with the antibody in an antibody
internalization assay resulted in an increase in MHCI internalization (E) and a decrease in CD59 internalization (F). At least three independent experiments were
carried out with data expressed as mean � S.D. (error bars). *, p � 0.05.
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noticed that the Beas2b cells, which under control conditions
performed very little macropinocytosis (a stimulated form of
CIE involving actin ruffling and internalization of micron-sized
vesicles (42)), started to perform a significant amount of mac-
ropinocytosis upon treatment with lactose (Fig. 7C). We dis-
covered that lactose treatment led to increases in the fraction of
cells performing macropinocytosis (Fig. 7D) and in the number
of macropinosomes per cell (Fig. 7E) and that these increases
correlated with the increases in internalization observed. The
fact that GlcNAc treatment had no effect on macropinocytosis
(Fig. 7, D and E) further emphasizes the point that its stimula-
tion of CIE was mediated by an increase in endocytic pit entry,
whereas the effect of lactose treatment was mediated via a stim-
ulation in macropinocytosis. These results suggested that dis-
rupting the galectin lattice and the macroscale interactions it
mediates frees the cell membrane to carry out macroscale
membrane movements like those required for macropinocyto-
sis in cells that possess the requisite machinery.

Disrupting the galectin lattice has distinct effects in cells that
perform macropinocytosis

Having observed a distinct effect of glycan interactions on
macropinocytosis, we were interested in further characterizing
these effects. To better study the effects of glycan interactions
on macropinocytosis, a human fibrosarcoma cell line, HT1080,
which exhibits a significant amount of macropinocytosis, was

studied. As with the Beas2b cells when we disrupted the galec-
tin lattice by treatment of the cells with lactose, we found an
enhancement of macropinocytosis. The fraction of cells that
were performing macropinocytosis increased (Fig. 8A), and the
average number of macropinosomes per cell increased (Fig.
8B). No change in macropinocytosis was observed in experi-
ments that used a 100 mM sucrose treatment (data not shown).
This indicates that disrupting the macroscale interactions char-
acteristic of the galectin lattice reduces the resistance to mac-
roscale membrane movements required for macropinocytosis.

Increasing the extent of the galectin lattice by increasing
glycan branching and thus galectin– glycan interactions (by
GlcNAc treatment) led to a small but statistically significant
decrease in the fraction of cells performing macropinocyto-
sis (Fig. 8C) and a decrease in the number of macropi-
nosomes per cell (Fig. 8D). Consistent with the results for
lactose treatment, increasing the extent of macroscale inter-
actions by strengthening the galectin lattice resulted in an
increase in resistance to macroscale membrane movements
required for macropinocytosis.

Photobleaching experiments with the HT1080 cells showed
that disruption of the lattice by lactose led to an increase in the
membrane mobility (Fig. 8E) and diffusion coefficient (Fig. 8F)
of surface-bound fluorescently labeled anti-CD98. This serves
as further evidence that breaking up the galectin lattice leads to

Figure 5. Disruption of the galectin lattice with lactose increases the lateral diffusion of plasma membrane proteins. Fluorescence recovery after
photobleaching of HeLa cells in the presence or absence of 100 mM lactose (after a 1-h pretreatment) showed that disrupting galectin– glycan interactions with
lactose led to an increase in recovery rate (inversely proportionate to t1⁄2) of surface-bound Alexa Fluor–linked anti-CD98 (A) and expressed Tac-GFP3 (C). The
diffusion coefficient calculated from the FRAP data highlights the increase in membrane diffusion for surface-bound anti-CD98 (B) and expressed Tac-GFP3 (D).
Three independent experiments, each following FRAP regions on 30 separate cells, were carried out with data in scatter plots expressed as mean � S.D. (error
bars). FRAP curves are represented as means with goodness of fit represented by R square values. *, p � 0.05.
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Figure 7. GlcNAc and lactose treatments stimulate CIE in Beas2b cells via alternate routes. Antibody internalization for 30 min at 37 °C in Beas2b
cells after 48-h incubation with or without 10 mM GlcNAc and in the presence or absence of 100 mM lactose (after a 1-h pretreatment) for MHCI (A) and
CD59 (B) shows that increased glycan branching (due to GlcNAc treatment) leads to an increase in CIE for both cargos. Surprisingly, lactose treatment
also led to an increase in CIE for both cargos. C, representative images of CD59 internalization with and without lactose treatment. The increase in
internalization observed with lactose corresponds to an increase in fraction of cells performing macropinocytosis (D) and an increase in the number of
macropinosomes/cell (E). Scale bars, 20 �m. At least three experiments were carried out with data expressed as mean � S.D. (error bars). *, p � 0.05.

Figure 6. The extent of the galectin lattice modulates cell spreading. After the relevant incubations, transfections, and pretreatments, HeLa cells were
allowed to spread on a coverglass and fixed after 2 or 4 h, and the area of cell spreading was measured for each cell. Disrupting the galectin lattice with lactose
treatment (A) or by knocking down galectin 3 (C) leads to an inhibition in cell spreading (at 4 h). A similar increase in osmolarity using 100 mM sucrose or 50 mM

NaCl did not have any effect on cell spreading (at 4 h) (B). Increasing galectin lattice strength by increasing glycan branching (using GlcNAc treatment) (at 2 h)
(D) or by overexpressing galectin 3 (at 4 h) (E) leads to an increase in cell spreading, and disrupting these strengthened lattices by lactose treatment ablates
these increases. F, representative images of cells for the various treatments in the cell-spreading assay. Scale bars, 20 �m. G, a secretion assay measuring GFP
fluorescence in the conditioned medium after 48 h indicates that Gal3-GFP is secreted by transfected HeLa cells into the medium. At least three independent
experiments were carried out with data in column graphs expressed as mean � S.D. (error bars); scatter dot plot data are expressed as median with interquartile
range; *, p � 0.05.
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increased membrane dynamics and diffusion of proteins in the
membrane for both HT1080 and HeLa cells.

Different cell behaviors explained within a conceptual
interaction landscape

To better understand and discuss the results, a conceptual
interaction landscape was created (Fig. 9). In this figure,
changes in glycan interaction strength were represented across
the horizontal axis, and changes in endocytosis and macropi-
nocytosis were described along the vertical axis. Treatments
that increased the number of glycan-mediated interactions,
such as GlcNAc treatment, the addition of exogenous galectin
3, and galectin 3 overexpression, would shift the cells to the
right on the horizontal axis. In contrast, treatments that inhibit
galectin– glycan interactions like galectin 3 knockdown, lactose
treatment, and swainsonine treatment would shift the cells to
the left on the horizontal axis.

The two CIE cargos studied were depicted as having distinct
response profiles, with CD59 being more sensitive to changes in
glycan interactions because 1) it has no cytoplasmic domain
and as a result the only interactions it “sees” were from the
extracellular side, and 2) it has two sites of N-glycosylation and
hence could be more susceptible to multivalence-dependent
cell sequestration via the galectin lattice. Both cargos were
depicted (by a dashed line) to have possible macropinocytosis
aspects to their curves, depending on the availability of the nec-
essary machinery in each cell line. The putative starting points
(Fig. 9, Ctrl) on this landscape were marked based on the
observed results.

The baseline in HeLa cells appears to be at a point that is on
the endocytic promotion phase for MHCI (red line) and on the
cell-surface sequestration phase for CD59 (green line). Thus,
increasing glycan interactions with GlcNAc treatment (as dem-
onstrated in Figs. 2 and 4) shifts the cells to the right on the
landscape, leading to an increase in MHCI internalization and a
decrease in CD59 internalization. Disrupting all galectin–
glycan interactions with lactose treatment or incubation with
swainsonine shifts the cells to the far left of the landscape
(which for HeLa cells would not include the macropinocytosis
curves because these cells lack the machinery to perform mac-
ropinocytosis), resulting in decreases in CD59 and an insignif-
icant decrease in MHCI. When GlcNAc treatment was fol-
lowed by lactose treatment, the cells were first shifted to the
right on the landscape and then to the extreme left, corre-
sponding to the ablation of the increase in MHCI internaliza-
tion and a decrease in CD59 internalization. Inhibiting all
galectin– glycan interactions by incubation with swainsonine
shifts the cells to the far left of the landscape, which results in no
significant effect on MHCI internalization and an inhibition of
CD59 internalization.

Disrupting the galectin lattice by knocking down galectin 3
(as depicted in Fig. 4) would correspond to a moderate shift to
the left on the landscape, leading to an increase in CD59 inter-
nalization and no significant change in MHCI internalization.
In the case of galectin 3 KD in combination with GlcNAc treat-
ment, increased branching by GlcNAc treatment would shift
the cells to the right, and the galectin 3 KD would result in a

Figure 8. Disrupting the galectin lattice increases macropinocytosis in HT1080 cells. Macropinosomes were labeled by antibody internalization for 30 min
at 37 °C in HT1080 cells in the presence or absence of 100 mM lactose (after a 1-h pretreatment) for MHCI, CD59, and CD98. Disruption of the galectin lattice with
lactose treatment led to an increase in fraction of cells performing macropinocytosis (A) and an increase in the number of macropinosomes/cell (B). Strength-
ening the galectin lattice using GlcNAc treatment led to a decrease in fraction of cells performing macropinocytosis (C) and a decrease in the number of
macropinosomes/cell (D). Fluorescence recovery after photobleaching of HT1080 cells in the presence or absence of 100 mM lactose (after a 1-h pretreatment)
showed that disrupting galectin– glycan interactions with lactose led to an increase in recovery rate (inversely proportionate to t1⁄2) of surface-bound Alexa
Fluor-linked anti-CD98 (E) and an increase in the calculated diffusion coefficient (F). At least three independent experiments were carried out with data in
scatter plots expressed as mean � S.D. (error bars). FRAP curves are represented as means with goodness of fit represented by R2 values. Scatter dot plot data
are expressed as median with interquartile range. *, p � 0.05.
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shift back to the left, which would correspond to an ablation of
the increase in MHCI (due to its less sensitive, “flatter” curve)
and a decrease in CD59 internalization (due to its more sensi-
tive, “steeper” curve). The addition of exogenous galectin 3
(shown in Fig. 4) resulted in the cells shifting to the right along
the axis, leading to an increase in internalization of MHCI and
a decrease in internalization of CD59.

The HT1080 cells, which perform macropinocytosis, have
their baseline placed on the macropinocytosis aspect of the
curves. Disrupting the galectin lattice with lactose (as shown in
Fig. 8) would shift the cells to the left, resulting in the observed
increase in macropinocytosis, whereas increasing the strength
of glycan-mediated interactions by GlcNAc treatment (as seen
in Fig. 8) shifted the cells to the right of the axis, corresponding
to a decrease in macropinocytosis.

Finally, Beas2b cells, which are capable of macropinocytosis
but do not perform a significant amount of it under control
conditions, had their baseline placed at an intermediate
position. An increase in glycan branching driven by GlcNAc
treatment (as shown in Fig. 7) shifts the cells to the right,
leading to increases in internalization of both cargos,
whereas disrupting all galectin– glycan interactions with
lactose pushes the cells to the extreme left of the landscape
and up onto their macropinocytosis curves, leading to the
observed increases in macropinocytosis.

Discussion

Characteristic changes in protein and lipid glycosylation are
observed in almost every disease condition; however, these
changes are largely viewed as passive. With an increasing num-
ber of studies highlighting numerous roles for glycosylation in

various contexts, it is important to understand the functional
roles these complex post-translational modifications play. CIE
is a still poorly understood form of internalization and is an area
in which roles for glycans are starting to emerge. The Johannes
laboratory (21–23) described an important role that galectin 3
and glycosphingolipids play in stimulating the CIE of CD44 by
aiding in membrane bending and endocytic pit formation.
Galectin 3 has also been shown to stimulate CIE of �1 integrin
(24). In contrast, the Dennis laboratory and others (25–30) have
reported that CIE of EGFR was suppressed by galectin– glycan
interactions, resulting in the cell-surface sequestration of the
protein by the galectin lattice. Whereas these two modes of
action act in opposite directions, there have been hints that
these two functions may be two ends of a spectrum (23). Here,
we provide evidence that this is the case. We show that CIE
cargo, such as CD59 and MHCI, are sensitive to changes in
glycan interactions and that modest changes in global glycan
patterns caused by metabolic flux engineering can have signif-
icant effects on CIE of MHCI and CD59. The results presented
here demonstrate that the two contrasting modes of action that
had previously been reported can potentially use similar
machinery and exist at two ends of a spectrum, with proteins
shifting along the spectrum based on the shift in glycan inter-
actions that was induced (Fig. 9).

The GPI-anchored protein CD59 was a particularly good
candidate to examine this spectrum of activity. The absence of
cytoplasmic inputs for GPI-anchored proteins like CD59 may
be a reason that they were observed to be more sensitive to
changes in extracellular inputs from galectin glycan interac-
tions. CD59 also has more sites of glycosylation than MHCI,

Figure 9. A conceptual interaction landscape illustrates the unique response profiles observed for each cargo. The strength of glycan-mediated
interactions is represented along the horizontal axis with GlcNAc treatment, galectin 3 overexpression and the addition of exogenous galectin 3 increasing the
strength of glycan-mediated interactions and shifting the cells to the right of the landscape. By contrast, galectin 3 knockdown inhibits galectin 3– dependent
glycan interactions and shifts the cells to the left of the landscape and lactose treatment, which inhibits all galectin– glycan interactions, shifts the cells to the
extreme left of the landscape. Glycosylation-sensitive endocytosis is represented on the vertical axis. Response curves are depicted for CD59 (in green) and MHCI
(in red). The landscape also has a macropinocytosis aspect (in dashed lines), which cell lines that possess the requisite machinery (Beas2b and HT1080) can move
through. The potential starting points on this landscape are indicated for each cell line based on the experimental observations. For HeLa cells, increasing
glycan-mediated interactions (moving to the right) by GlcNAc treatment or the addition of exogenous galectin 3 led to an increase in MHCI CIE and a decrease
in CD59 CIE, whereas inhibiting all glycan-mediated interactions by lactose treatment (moving to the far left) led to an inhibition of CIE for CD59. Inhibition of
complex glycoform synthesis by swainsonine treatment, which also leads to a dramatic inhibition of galectin– glycan interactions (moving to the far left), also
led to an inhibition of CIE for CD59. A more moderate decrease in glycan-mediated interactions by galectin 3 KD led to an increase in CD59 CIE. For HT1080 cells
(which perform a lot of macropinocytosis), the cells start on the macropinocytosis aspect of the landscape. Inhibiting glycan-mediated interactions by lactose
treatment (shift to the left) led to an increase in macropinocytosis, whereas an increase in glycan-mediated interactions by GlcNAc treatment (shift to the right)
led to a decrease in macropinocytosis. For Beas2b cells (which perform macropinocytosis to a lesser degree), the cells start at an intermediate point on the
landscape. Inhibiting glycan-mediated interactions by lactose treatment (shift to the left) pushes the cells up their macropinocytosis curve and leads to an
increase in CIE of both cargos. In contrast, an increase in glycan-mediated interactions by GlcNAc treatment (shift to the right) pushed both cargos up their
endocytic curves and led to an increase in CIE of both cargos.
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and the galectin-binding epitope multivalence could be a factor
in determining why CD59 was more susceptible to cell-surface
sequestration than endocytic pit formation. By following the
changes in CIE of two distinct cargos, we highlighted how
within the same cell line, different classes of proteins can exist
at different positions on this glycan interaction spectrum, and
their response to changes in glycan interactions depends on
where on the spectrum they lie. When we caused an increase in
glycan branching, we saw a decrease in CD59 CIE (as it was on
the cell-surface sequestration side of the spectrum), whereas
MHCI CIE was stimulated (as it was on the endocytic pit entry
end of the spectrum). When all galectin– glycan interactions
were inhibited by treating with lactose, both the cell-surface
sequestration and the endocytic pit entry were inhibited, and
hence both cargos’ CIE was inhibited. When knocking down
galectin 3, CD59’s internalization trends clearly illustrated how
cargo can transition from one mode of activity to another.
CD59, which begins on the galectin lattice-dependent cell-sur-
face sequestration end of the spectrum, transitions toward
endocytic pit entry and CIE stimulation with the targeted dis-
ruption of the galectin lattice by galectin 3 knockdown.

Because galectins are also known to have intracellular func-
tions, we also show that endogenous galectin 3 is secreted and is
bound to the surface of HeLa cells. Furthermore, the addition of
recombinant galectin 3 to cells is able to drive changes in the
CIE of both MHCI and CD59 consistent with the trends
observed when galectin– glycan interactions were stimulated
using GlcNAc to increase glycan branching. This establishes
that galectins can function outside the cell to mediate the CIE of
both MHCI and CD59.

The data also suggest the involvement of other galectins in
influencing the galectin– glycan interaction landscape. The
knockdown of galectin 3 led to an increase in CD59 CIE, sug-
gesting that alternate galectins (most likely a combination of
tandem galectins like galectin 4, 6, 8, 9, or 12) could drive endo-
cytic pit entry and thus led to an increase in CIE, whereas dis-
rupting all galectin– glycan interactions using lactose inhibited
endocytic pit entry as well, which led to a suppression in CD59
internalization. Further, when galectin 3 is knocked down,
increasing the multivalency of epitopes to galectins by increas-
ing glycan branching allowed these alternate galectins to recon-
stitute a lattice, once again sequestering CD59 at the cell sur-
face. Increasing the multivalence of the CD59 by increasing
glycan branching may provide the increase in multivalence
required for bivalent galectins to reconstitute a galectin lattice.

Although we focus primarily on galectins, which are the pre-
dominant class of human lectin known to bind to galactoside
residues on the cell surface, it is also possible that other cell-
surface proteins with lectin-like domains whose functions are
currently unknown could play complementary roles. The con-
tribution of these proteins, however, is beyond the scope of this
study.

The disruption of the galectin lattice leads to an inhibition of
macroscale interactions at the cell surface, which in turn led to
an increase in membrane fluidity and an increase in the lateral
diffusion of proteins. Changes in lateral mobility have previ-
ously been reported for EGFR when the galectin lattice is dis-
rupted (25, 26). While providing further evidence that the

galectin lattice plays an important role in cell membrane orga-
nization, these data also support the intuitive prediction that
disrupting the galectin lattice has widespread effects on the
organization and mobility of numerous proteins at the cell sur-
face. The disruption of macroscale interactions at the cell sur-
face also led to an increase in macroscale movements of the cell
membrane, increasing macropinocytosis in cells with the nec-
essary machinery.

These changes in membrane dynamics and endocytosis are
reflected in changes in cell spreading, with increasing galectin
lattice strength increasing cell spreading and lattice disruptions
inhibiting cell spreading. Cell spreading is an important facet of
cancer cell metastasis (43, 44), and it is interesting that in HeLa
cells, cell spreading appeared to be influenced by galectin lattice
strength. From a broader point of view, increased glycan
branching is one of the hallmark changes in cancer (1). Further-
more, elevated galectin 3 levels have been associated with
poorer prognosis and metastasis (45, 46). In our case, this
resulted in an increase in HeLa cell spreading. Our results in
this broader context suggest that galectin lattice modulation of
cell spreading may be one of the functional ways in which
observed changes in glycosylation and galectin levels contrib-
ute toward cancer progression.

Studying the internalization of MHCI and CD59 in these
alternate cell lines helps to highlight an important aspect of this
study. Whereas each cargo has an individual response land-
scape, different cell lines can exist at different locations along
these landscapes and can even have cell line–specific aspects to
these landscapes (Fig. 9). This complexity in how glycosylation
and galectin– glycan interactions interface with CIE is consis-
tent with the high degree of heterogeneity in reports on both
CIE and glycosylation’s effect on CIE (23–27, 29). This study
helps to describe in more detail the link that exists between two
previously reported contrasting modes of action and helps
explain why different studies observe contradictory results
when looking at the effect of similar changes in glycan interac-
tions on different proteins (often in different cell lines). This
study may also shed light on the heterogeneity observed in the
field of CIE for each cargo between different cell lines.

As a caveat, we were unable to effectively measure changes in
glycosylation and galectin 3 binding of CD59 specifically, and
whereas we believe that the changes in glycan patterns observed
at a global level are reflected in the glycan patterns on both
cargo proteins (based on the metabolic flux– based approach
used (33)), it is also possible that the behavior of these proteins
is affected indirectly by changes in glycosylation of proteins
with which they interact or by global changes in membrane
organization and dynamics.

Glycosylation is the most complex post-translational modi-
fication; hence, it is not surprising that a broad study of the part
it plays in CIE reveals a complex, nuanced, and intricate role.
Although the intracellular machinery behind CIE has yet to be
fully characterized, galectins and glycan interactions are
emerging as important extracellular drivers and regulators of
CIE.

Finally, CIE is often viewed as a bulk membrane phenome-
non that is largely passive and unregulated. However, our
results highlight that galectin– glycan interactions can regulate
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CIE both negatively and positively in a cargo-specific manner.
Global changes in glycosylation patterns (that can be induced
by nutrient conditions or changes in expression of glycosyl-
transferases) and galectin expression levels can be decoded into
cargo-specific shifts in endocytic behavior based on the intrin-
sic properties of the cargo protein, cell type, and glycosylation
status.

Experimental procedures

Cell culture, reagents, and antibodies

HeLa and Beas2b cells were grown in Dulbecco’s modified
Eagle’s medium (Lonza) supplemented with 10% heat-inacti-
vated fetal bovine serum (Atlanta Biologicals), 1.0% 100� glu-
tamine solution (Lonza), and 1.0% 100� penicillin/streptomy-
cin antibiotic solution (Lonza). HT1080 cells were grown in
Eagle’s minimum essential medium (Lonza) supplemented
with 10% heat-inactivated fetal bovine serum (Atlanta Biologi-
cals), 1.0% 100� glutamine solution (Lonza), and 1.0% 100�
penicillin/streptomycin antibiotic solution (Lonza). Cells were
maintained at 37 °C in a humidified, 5% CO2-containing
atmosphere.

For GlcNAc treatment, a 100 mM stock solution of GlcNAc
(Sigma-Aldrich) was prepared in sterile complete culture
medium, cells were then seeded on coverslips or on tissue cul-
ture plastic in 60-mm culture plates in 5.0 ml of culture medium
at a density of 3 � 105 cells/plate, and the appropriate volume of
GlcNAc stock solution was added to each well to achieve the
desired sugar concentrations. Cells were typically incubated for
48 h with the sugar. Similarly, for glucose treatment controls, a
100 mM stock solution of glucose (J.T. Baker) in sterile complete
culture medium was prepared and used.

For lactose treatments, a 100 mM solution of lactose (Sigma-
Aldrich) in sterile complete culture medium was prepared, and
the cells were incubated in the lactose solution for 1 h before the
start of the experiment and during the experiment. Similarly,
for sucrose treatment controls, a 100 mM solution of sucrose
(Sigma-Aldrich) in sterile complete culture medium was pre-
pared and used.

For swainsonine treatments, a 2 �g/ml solution of swainso-
nine (Sigma-Aldrich) in sterile complete culture medium was
prepared, and the cells were incubated in the swainsonine solu-
tion for 48 h before the start of the experiment and during the
experiment. Conditioned complete medium was the medium
in which cells had been grown for 48 h.

For internalization assays with exogenous recombinant
human galectin 3, a 50 �g/ml stock solution of galectin 3 (R&D
Systems, catalog no. 8259-GA-050) was prepared in sterile PBS.
Stock solution was added to conditioned complete medium to
make up the desired concentrations before the addition of pri-
mary antibodies, and controls were made up to the highest con-
centration (10 �g/ml) with a similar stock solution of 50 �g/ml
BSA (Sigma-Aldrich).

Monoclonal antibodies directed toward MHCI (clone
w6/32), CD59 (clone p282/H19), and CD98 (clone MEM-108)
were from Biolegend. A monoclonal antibody directed toward
galectin 3(clone A3A12) was from ThermoFisher. A polyclonal
antibody that detects Ezrin (catalog no. 3145S) was from Cell

Signaling. Alexa 594 – conjugated transferrin and all secondary
antibodies conjugated to Alexa Fluor 594, 488, 647, 680, and
800 were purchased from Molecular Probes.

Lectin-binding assay

After a 48-h incubation with or without GlcNAc, cells were
rinsed with PBS. The cells were then incubated with one of the
following fluorescein labeled lectins (Vector Laboratories):
WGA, RCA, UEA1, concanavalin A, or PHA-L at a concentra-
tion of 20 �g/ml in culture medium on ice for 1 h. The cells were
then rinsed three times in medium and then detached by incu-
bation with 0.25% trypsin for 1 min. The cells were collected,
spun down, and resuspended in 200 �l of PBS and fixed by
adding formaldehyde. After 10 min of fixation, the cells were
rinsed three times in PBS and analyzed by flow cytometry using
a BD Fortessa LSR2. The cell population of interest was gated
appropriately, and 104 cells were used to determine mean
fluorescence.

Antibody internalization assay

After the indicated incubations, transfections, and pretreat-
ments, cells on coverslips were placed face up on parafilm, and
50 �l of conditioned complete medium containing primary
antibody at concentrations of 5 �g/ml for CD59 (Biolegend)
and 10 �g/ml for MHCI (Biolegend) or 10 �g/ml Alexa Fluor
488 –linked transferrin (Molecular Probes) was added. Cover-
slips were then incubated either on ice or at 37 °C for 30 min.
10-min incubations were used for transferrin-labeled cover-
slips. After this, one set of coverslips that was incubated at 37 °C
was fixed in 2% formaldehyde (representing total antibody
bound both internally and to the surface, Ttot), and the other set
of coverslips that was held at 37 °C (representing antibody
internalized, Tint) as well as the set that was kept on ice (null
control, T0) were acid-washed for 40 s using a solution of 0.5%
acetic acid, 0.5 M NaCl, pH 3.0, after which these sets of cover-
slips were fixed in 2% formaldehyde. The cells were blocked for
30 min using a blocking solution of 10% FBS, 0.02% sodium
azide in PBS. The coverslips were then labeled at room temper-
ature for 1 h with Alexa Fluor 488 – conjugated goat anti-mouse
secondary antibody (Molecular Probes), 0.2% saponin, and 2
�g/ml HCS cell mask deep red stain (Molecular Probes) in
blocking solution. The coverslips were then rinsed three times
in blocking solution and a final time with PBS, and they were
then mounted on glass slides.

Coverslips were imaged at room temperature using a confo-
cal microscope (LSM 780 FCS, Carl Zeiss) with a 40� PlanApo
oil immersion objective and 488- and 633-nm laser excitation.
For each coverslip, six positions were imaged with 2 � 2 tiling
with the pinhole kept completely open. For each condition
across the six tiled images, at least 100 cells were imaged. All
images for each antibody were taken with identical acquisition
parameters, which are set based on the control’s Ttot coverslip
and tuned such that the signal was within the dynamic range.

The MetaMorph application (Molecular Devices) was used
to quantify the percentage of antibody internalized. Confocal
images were separated into the two different channel colors. An
antibody channel threshold was set for each condition using its
T0 coverslip images. The Tint and Ttot conditions were then
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thresholded, and the integrated signal intensity was measured
for the antibody channel. The cell mask channel was auto-
thresholded, and the threshold area was measured. The inte-
grated signal intensity for the antibody was then normalized to
the threshold area for each image. The percentage internalized
is then calculated with the equation, % internal � 100 �
Ttot/area/Tint/area. Finally, the internal percentages were normal-
ized to the untreated control.

Transferrin internalization assay

After incubations, transfections, and pretreatments, cells in a
24-well plate were incubated with 10 �g/ml Alexa Fluor 546 –
linked transferrin (Molecular Probes) in complete medium for
10 min either on ice (TransferrinSurface) or at 37 °C (Transfer-
rinTotal). The cells were then washed three times in cold PBS
and detached using 100 �l of 0.05% trypsin on ice for 10 min.
The cells were then collected, spun down, and resuspended in
200 �l of PBS and fixed by adding formaldehyde. After 10 min
of fixation, the cells were rinsed three times in PBS and analyzed
by flow cytometry using a BD Fortessa LSR2. The cell popula-
tion of interest was gated appropriately, and 104 cells were used
to determine mean fluorescence. The percentage internalized
was calculated using the equation, % internal � 100 � (Trans-
ferrinTotal � TransferrinSurface)/TransferrinTotal. Finally, the
internal percentages were normalized to the untreated control.

Galectin 3 ELISA secretion assay

Cells were seeded on a 6-well plate at a density of 3 � 105

cells/well in 1 ml of complete medium in quadruplicate. After
48 h in culture, the supernatants (i.e. conditioned medium)
were collected and spun down at 3000 � g for 10 min to remove
any cell debris.

For lactose and sucrose extraction conditions, after the
supernatant was removed, the cells were rinsed with complete
medium and were then incubated for 1 h with 1 ml of 100 mM

lactose (Sigma-Aldrich) or sucrose (Sigma-Aldrich) in serum-
free medium. After the incubation, the lactose or sucrose
extract was then collected and spun down at 3000 � g for 10
min to remove any cell debris.

Samples of complete medium, serum-free medium, condi-
tioned medium, and the lactose and sucrose extracts were then
analyzed for galectin 3 content using a human galectin 3 ELISA
kit (Abeam, ab 188394) as recommended by the manufacturer.

siRNA transfection

Cells were seeded in antibiotic-free complete medium and
transfected with a 50 nM final concentration of galectin 3 siRNA
(Dharma on, ON-TARGET plus human LGALS2 (3958)
siRNA-smartpool) or nontargeting siRNA (Dharmacon,
ON-TARGETplus nontargeting pool) using Lipofectamine
RNAiMAX (Invitrogen) as recommended by the manufacturer.
Cells were used in experiments 48 h after transfection.

Western blot analysis

Proteins obtained from cells were analyzed by Western blot-
ting. Briefly, after the appropriate treatment (transfection,
siRNA treatment, GlcNAc incubation, etc.), cells were washed
three times in cold PBS, harvested by using a tissue culture cell

scraper, and pelleted by centrifugation at 4 °C (1200 � g for 10
min). Pellets were solubilized in 4� sample buffer (200 mM

Tris-HCl, pH 6.8, 4% �-mercaptoethanol, 8% SDS, 0.4% bro-
mphenol blue, and 40% glycerol), and proteins were separated
by 10 –20% SDS-PAGE, transferred to nitrocellulose paper, and
probed with the following commercial antibodies: anti-Ezrin
(Cell Signaling) and anti-galectin 3 (ThermoFisher). Mem-
branes were imaged using LI-COR Odyssey IR imager. Protein
bands were quantified using the Image Studio Lite software.

Galectin 3-MHCI co-immunoprecipitation assay

After a 48-h incubation with or without GlcNAc treatment,
cells were rinsed with ice-cold PBS and lysed in 1 ml of ice-cold
RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with protease
inhibitor mixture (Sigma-Aldrich). Lysates were centrifuged at
13,300 rpm for 10 min. Supernatants were transferred to fresh
Eppendorf tubes, and 0.01 �g/ml exogenous recombinant
galectin 3 (R&D Systems) was added. After 1 h of incubation on
ice, the samples were immunoprecipitated using 2 �g/ml anti-
MHCI (Biolegend) and protein G–Sepharose beads (GE
Healthcare) or beads only. The Sepharose beads were pre-
blocked for 1 h on ice with 3% BSA (Sigma-Aldrich) in RIPA
buffer. After immunoprecipitation, beads were rinsed three
times with RIPA buffer and boiled for 10 min in 1� sample-
loading buffer, and proteins were separated by 10 –20% SDS-
PAGE, transferred to nitrocellulose paper, and probed with the
following antibodies: anti-Ezrin (Cell Signaling), anti-galectin 3
(ThermoFisher), and anti-MHCI (HC110). Membranes were
imaged using a LI-COR Odyssey IR imager. Protein bands were
quantified using the Image Studio Lite software. Protein levels
measured for galectin 3 pulldown were normalized to protein
levels for MHCI immunoprecipitated.

Plasmids and transient transfection

Cells were seeded in complete medium. After a 24-h incuba-
tion, cells were transfected with GFP-tagged galectin 3 (pEGFP-
hGal3 (Addgene, plasmid no. 73080); pEGFP-N3 (Clontech,
catalogue no. 6080-1)) or Tac-GFP3 (pEGFPx3-N1 construct
with Tac cDNA from Tac in pXS inserted using the BglII and
HindIII restriction sites at the 5�- and 3�-ends, respectively, a
gift from Dr. J. Lipincott-Scwartz) at 2.5 �g of DNA/60-mm
well using Xtremegene9 (Roche Diagnostics) as recommended
by the manufacturer. Experiments were performed 48 h after
transfection.

FRAP assays

Cells were cultured in 4-well Lab-Tek chambered coverglass
(Thermo Scientific). Cells were either transfected with Tac-
GFP3 or after incubation were labeled with anti-CD98 (Bio-
Legend), which was Zenon-labeled with Alexa Fluor 488
(Molecular Probes) following the manufacturer’s instructions.
After transfections, incubations, and lactose pretreatments,
cells in complete medium with 25 mM HEPES buffer were then
analyzed for FRAP (47, 48). Cells were incubated at 37 °C for the
duration of the FRAP experiments using an incubation cham-
ber. Using a Zeiss 780 FCS confocal microscope together with a
488-nm argon ion laser for excitation of Alexa Fluor 488 or
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GFP, we monitored emissions at 525 nm. The bleaching laser
intensity and number of bleaching scan iterations were adjusted
to obtain a 75% loss in fluorescence in a circular 2-�m diameter
photobleached region on the apical, medial, or basal focal
planes of the cell membrane. Multiple regions were imaged pre-
and post- photobleaching using low laser intensities, and recov-
ery fluorescence in the selected regions was tracked over time.
Fluorescence in unbleached regions on a cell (Iref) and on the
coverglass (Ibackground) were also monitored over time. First,
Ibackground(t) was subtracted from the measured fluorescence
intensity at each time point. Next, Iref(t) was used to account for
photobleaching over time as follows.

Inorm�t	 � �Irefprebleach/Iref�t		 � �I�t	/Iprebleach	 (Eq. 1)

These fluorescence intensities (Inorm(t)) were then converted
to normalized fluorescence intensities (NFI(t)) using the fol-
lowing equation.

NFI�t	 � �Inorm�t	 � Ipostbleach	/�Iprebleach � Ipostbleach	 (Eq. 2)

The NFI was then plotted against time and fit to a one-phase
exponential association curve using the GraphPad Prism ver-
sion 6 software (GraphPad Software, Inc., La Jolla, CA). From
the fit of the curves, time constants for half-recovery were
derived (t1⁄2). Finally, the diffusion coefficients were calculated
using the Soumpasis equation as follows: D � 0.224 � (r2/t1⁄2),
where D is the diffusion coefficient, r is the radius of the region,
and t1⁄2 is the time constant for half-recovery. For each condi-
tion, the FRAP was measured for at least 20 regions on separate
cells in each focal plane, and the entire experiment was done in
biological triplicate.

Cell-spreading assay

After incubations and transfections cells were trypsinized,
collected, pelleted at 300 � g, and resuspended in complete
medium. The cells were counted, and equal numbers of cells
were split, pelleted, and resuspended in complete medium with
or without lactose. The cells were incubated in suspension at
37 °C for 1 h and then seeded at equal density on coverslips and
allowed to attach and spread for 2 or 4 h at 37 °C. The coverslips
were then rinsed with PBS and fixed in 2% formaldehyde. The
cells were blocked for 30 min using a blocking solution of 10%
FBS, 0.02% sodium azide in PBS. The coverslips were then
labeled at room temperature for 1 h with 0.67 units/ml Alexa
Fluor 594 –linked phalloidin (Molecular Probes) and 0.2% sap-
onin in blocking solution. The coverslips were then rinsed three
times in blocking solution and a final time with PBS. They were
then mounted on glass slides.

Coverslips were imaged at room temperature using a confo-
cal microscope (LSM 780 FCS, Carl Zeiss) with a �40 PlanApo
oil immersion objective and 488- and 594-nm laser excitation.
For each coverslip, 10 positions were imaged. For each condi-
tion across the 10 images, at least 100 cells were imaged. All
images were taken with identical acquisition parameters. The
MetaMorph application (Molecular Devices) was used to quan-
tify the amount of cell spreading. A region of interest was drawn
around each individual cell, and an automatic threshold for
light objects was set. The threshold area in each region (which

corresponds to the individual cell area) was then measured. In
the case of transient plasmid expression, only cells that were
expressing GFP were outlined and measured.

GFP-tagged galectin 3 secretion assay

Cells were seeded on a 12-well plate at a density of 5 � 104

cells/well in 1 ml of complete medium in quadruplicate. After
24 h, the medium was replaced with 500 �l of FluoroBrite Dul-
becco’s modified Eagle’s medium (Life Technologies) supple-
mented with 10% heat-inactivated fetal bovine serum (Atlanta
Biologicals), 1.0% 100� glutamine solution (Lonza), and 1.0%
100� penicillin/streptomycin antibiotic solution (Lonza). Cells
were transfected with GFP-tagged galectin 3 (Addgene) or GFP
(Clontech). 48 h post-transfection, the supernatants were col-
lected and spun down at 3000 � g for 10 min to remove any cell
debris, and 200 �l of the supernatant was transferred to a black
96-well plate in duplicate. The cells were also detached by incu-
bating with 0.25% trypsin for 1 min at 37 °C. Cells were col-
lected, spun down, and resuspended in 500 �l of PBS. 200 �l of
the cell suspensions were also transferred to a black 96-well
plate in duplicate. Bulk fluorescence in each well was measured
using a Synergy H1 multimode microplate reader (BioTek).
After background-subtracting any fluorescence from the
medium, PBS, and cell autofluorescence, the fluorescence from
the supernatant wells was normalized to the fluorescence in the
cell suspension wells.

Macropinosome analysis

After incubations and pretreatments, cells on coverslips were
placed face-up on parafilm, and 50 �l of medium with primary
antibody in complete medium at concentrations of 5 �g/ml for
CD59 (Biolegend) or CD98 (BioLegend), or 10 �g/ml for MHCI
(Biolegend) was added. Coverslips were then incubated at 37 °C
for 30 min. After this, the coverslips were acid-washed for 40 s
using a solution of 0.5% acetic acid, 0.5 M NaCl, pH 3.0, after
which these sets of coverslips were fixed in 2% formaldehyde.
The cells were blocked for 30 min using a blocking solution of
10% FBS, 0.02% sodium azide in PBS. The coverslips were then
labeled at room temperature for 1 h with Alexa Fluor 488 –
conjugated secondary antibody (Molecular Probes) and 0.2%
saponin in blocking solution. The coverslips were then rinsed
three times in blocking solution and a final time with PBS. They
were then mounted on glass slides.

Coverslips were imaged at room temperature using a confo-
cal microscope (LSM 780 FCS, Carl Zeiss) with a �40 PlanApo
oil immersion objective and 488- or 594-nm laser excitation.
For each coverslip, five positions were imaged. For each condi-
tion across the five images, at least 100 cells were imaged. All
images for each antibody were taken with identical acquisition
parameters. The ImageJ software was then used to measure the
size of the individual macropinosomes.

Each coverslip was also studied using an epifluorescent
upright microscope (Carl Zeiss) to record the number of cells,
the number of cells performing macropinocytosis, and the
number of macropinosomes for numerous fields of view, with a
minimum of 100 cells counted for each coverslip. The fraction
of cells performing micropinocytosis and the number of mac-
ropinosomes/cell were then calculated for each condition.
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Statistical analysis

At least three independent biological replicates (indepen-
dent experiments) were carried out for each experiment, and
data were expressed as mean � S.D. In experiments with mul-
tiple comparisons, statistical significance was determined using
a one-way ANOVA with a Dunnett’s post-test to compare
means of different samples with the control or a Bonferroni
post-test to compare specific pairs of columns. In experiments
with only two conditions, an unpaired Student’s t test was used
to determine statistical significance. The null hypothesis was
rejected in cases where p values were �0.05.
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