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Summary

The galectin-4 protein is mostly expressed in the digestive tract and is associated with lipid raft stabilization, protein apical
trafficking, wound healing, and inflammation. While most mammalian species, including humans, have a single Lgals4 gene,
some mice have two paralogues: Lgals4 and Lgalsé. So far, their significant similarities have hindered the analysis of their
respective expression and function. We took advantage of two antibodies that discriminate between the galectin-4 and
galectin-6 proteins to document their patterns of expression in the normal and the dextran sodium sulfate (DSS)-damaged
digestive tract in the mouse. In the normal digestive tract, their pattern of expression from tongue to colon is quite similar,
which suggests functional redundancy. However, the presence of galectin-4, but not galectin-6, in the lamina propria of the
DSS-damaged colon, its association with luminal colonic bacteria, and differences in subcellular localization of these proteins
suggest that they also have distinct roles in the normal and the damaged mouse digestive tract. Our results provide a rare
example of ancestral and derived functions evolving after tandem gene duplication. (] Histochem Cytochem 61:348-361,
2013)
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The term lectin commonly refers to a range of carbohydrate-
binding proteins that have been implicated in a large variety of
biological functions. Galectins are soluble lectins characterized
by a conserved carbohydrate recognition domain (CRD) and,
for most of its members, an affinity for 3-galactosides in vitro
(Barondes et al. 1994; Liu and Rabinovich 2010). Galectins
have been identified, and their function investigated, in a num-
ber of phyla including fungi (Butschi et al. 2010), cnidarians
(Hwang et al. 2010), ecdysozoans [insects (Kamhawi et al.
2004), nematodes (Ideo et al. 2009)], lophotrochozoans [Mol-
luscs (Tasumi and Vasta 2007)], and deuterostomes [cephalo-

galectin family diversified through a series of duplications from
an ancestral bi-CRD galectin. Ten to fifteen galectin-encoding
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chordates (Yu et al. 2007) and urochordates (Vizzini et al.
2012)], where they appear to be consistently associated with
innate immunity and host/pathogen interplay. In vertebrates, the
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genes have been identified in most mammalian species, where
they participate in a large variety of biological processes. As
gene duplications occurred throughout the whole vertebrate
history, some galectin-encoding genes, such as Lgals4, 8, 9, 12
or Lgals3 can be tracked back to the origins of vertebrates,
whereas others are present in only a subset of the species. For
instance, Lgals2 is restricted to amniotes, Lgals7 to mammals,
Lgals5 to rats, and Lgals6 to mice (Houzelstein et al. 2004).

The Lgals6 gene comes from a tandem duplication of
Lgals4 in the mouse genome (Gitt, Colnot, et al. 1998; Gitt,
Xia, et al. 1998; Houzelstein et al. 2008). Therefore,
whereas most mammalian species, including humans, have
a single Lgals4 gene, only mice have two paralogues. Like
every tandem-repeat galectin in vertebrates, galectin-4 and
-6 contain two CRDs joined by a linker region (Gitt, Xia,
et al. 1998; Houzelstein et al. 2004). In addition, as they
have as much as 83% identity at the amino-acid level (Gitt,
Colnat, et al. 1998), these two proteins are likely to be, at
least partially, functionally redundant. The Lgals6é gene
evolution, however, has been affected by an episode of pos-
itive selection that prompted its divergence from Lgals4 and
contributed to the accumulation of differences in the galec-
tin-6 linker and its flanking regions as well as in its
C-terminal CRD (Houzelstein et al. 2008). Galectin-6
might, therefore, have also developed a number of new
properties (neofunctionalization). Positive selection facili-
tates the fixation of alleles under selection. The Lgals4-
Lgals6é locus, however, is still polymorphic, both in
wild-type populations and in laboratory mouse strains. For
instance, whereas some mice, such as the 129/Sv laboratory
strain, carry the Lgals4-Lgals6 gene duplication, others,
such as the C57BL/6J laboratory strain, carry only the
unduplicated Lgals4 gene (Houzelstein et al. 2008).

Nothing is known regarding the role galectin-6 might
play, whereas galectin-4 (initially referred to as L36; Leffler
et al. 1989; Oda et al. 1993) has been investigated in a num-
ber of studies. Galectin-4 is expressed almost exclusively in
the digestive tract. It was initially identified as an adherens
junction protein expressed in the tongue epithelium of the pig
(Chiu et al. 1992; Chiu et al. 1994). It has also been shown to
be a major component of lipid rafts in brush border mem-
branes of the pig small intestine epithelial cells (reviewed in
Danielsen and Hansen 2008). In cultures of human entero-
cyte-like HT-29 cells, galectin-4 binds to and recruits the api-
cal glycoproteins in detergent-resistant membranes (Delacour
et al. 2005; Morelle et al. 2009; Stechly et al. 2009). In cell
cultures, galectin-4 is secreted both apically and, to a lesser
extent, basolaterally (Stechly et al. 2009).

Galectin-4 has been associated with a number of disor-
ders. Its expression is altered in several gastrointestinal can-
cers (Rechreche et al. 1997; Hippo et al. 2001; Nagy et al.
2003; Huflejt and Leffler 2004; van Baal et al. 2005;
Rumilla et al. 2006; Duerr et al. 2008; Balan et al. 2010).
Some authors suggested that it not only may have the prop-
erties of a tumor progression marker (Watanabe et al. 2011)

but also may function as a tumor suppressor in human
colorectal cancer (Satelli et al. 2011). Several studies have
also implicated galectin-4 in the inflammatory response,
though with conflicting conclusions. Some concluded that
galectin-4 stimulates T-cells to produce interleukin-6 and
contributes to the development of inflammatory bowel dis-
ease (Hokama et al. 2004). Others concluded that galectin-4
induces apoptosis of mucosal T-cells and promotes resolu-
tion of the inflammatory response (Paclik, Danese, et al.
2008; Paclik et al. 2011). The reason for these discrepancies
is still unknown (reviewed in Liu and Rabinovich 2010).
Galectin-4 has also been involved in intestinal epithelial
wound healing (Paclik, Lohse, et al. 2008) and in the killing
of human blood group antigen-expressing Escherichia coli
present in the intestinal lumen (Stowell et al. 2010).

So far, the similarities between the Lgals4 and Lgals6é
genes have hindered the analysis of their respective func-
tion (Gitt, Colnot, et al. 1998; Nio et al. 2005; Mathieu et al.
2008; Nio-Kobayashi et al. 2009). We have taken advantage
of antibodies that discriminate between the two proteins to
describe their patterns of expression in both normal and
damaged mouse gastrointestinal tract.

We did this as a preliminary step to understand the rea-
son why the Lgals4-Lgals6 locus remained polymorphic in
wild mice for such an extended period of time; an intriguing
question, with regard to the origin and maintenance of intra-
specific genetic diversity. We also did it as a first step to
document how the presence of the galectin-6 protein may
alter the function of the galectin-4 protein, a question that
cannot be ignored because of the key role of the mouse as a
model organism in biomedical research.

Materials and Methods

The animal experiment procedures were approved by the
Ethics Committee on animal experimentation, France (n°
Ce5/2011/058).

Mouse Strains

The initial 129/Sv and C57BL/6J progenitors were pur-
chased from Charles River (France). They were subse-
quently bred in our conventional animal facility with 50%
humidity, 12:12 hr light:dark cycles, fed a standard pellet
diet (SAFE, refA03), and tap water ad libitum. The experi-
ments were performed on 7- to 9-week-old, 22- to 28-g
males, unless otherwise specified.

Tissue Sampling

Mice were anesthetized by intraperitoneal co-injection of
ketamine (100 mg/kg body weight) and xylazine (15 mg/kg
body weight). However, because of variability between
individuals within and between mouse strains, up to twice
this dose had to be delivered in order to obtain a satisfactory
level of anesthesia. Mice were then fixed by intracardiac
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Figure |. Anti-galectin-4 and -6 specificity. Organization of the Lgals4 and Lgalsé exons in relation to the structure of the galectin-4 and
galectin-6 proteins (la). The exons encoding the carbohydrate recognition domains of galectin-4 and -6 are shown in black. The exons
encoding the linker region of galectin-4 deleted in galectin-6 are shown in grey. The exon 7 that encodes the part of the galectin-4
linker region still present in galectin-6 is shown in white. The sequence of the epitopes used to produce the antibodies directed against
galectin-4 and -6 are shown in capitals at the top (galectin-4) and bottom (galectin-6) of the figure.The boxes isolate the sequences from
the corresponding exons.The epitope residues conserved between the galectin-4 and -6 proteins are in bold, and those not conserved
are in red and underlined. Western blot on colon samples with the anti-galectin-6 (1b) and anti-galectin-4 (lc) antibodies, as well as a
Ponceau S red staining to assess the quality of the transfer (1d). The mouse strain from which the samples were obtained is indicated
over each lane (129 standing for 129/Sv,and C57 for C57BL/6)).The antibody or the staining procedure that has been used is indicated at
the top.The position of the ladder bands is indicated on the right (in kD). By immunofluorescence, the anti-galectin-6 labels the colonic
mucosa in the 129/Sv (le) but not the C57BL/6) (If) background. The anti-galectin-6 staining is shown in red, anti-Muc2 in green, and
DAPI-stained nuclei in blue. Scale bars in le and If = 40 ym.The same settings and exposure times were used for both pictures.
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perfusion of 100 ml to 120 ml 4% paraformaldehyde
(Euromedex, France; 15714.S) in phosphate buffer saline
(PBS) delivered for 45 min by a Minipuls peristaltic pump
(Gilson, Middleton, WI), unless otherwise specified. The
organs were then removed and immersed in the same fixa-

ad libitum for one to four days. The control mice received
tap water ad libitum.

Double Fluorescent Labeling

tive for an additional 18 to 24 hr at 4C. The tissues were then
dehydrated in ethanol and embedded in paraffin by a con-
ventional method.

For samples used in Figs 3a and b, mice were sacrificed
by cervical dislocation, the organs dissected out immedi-
ately and fixed by immersion into cold 4% paraformalde-
hyde in PBS and incubated overnight at 4C.

Induction of Acute Colitis in Mice

Acute colitis was induced on 22 g to 28 g, 6.5- to 8.5-week-
old mice by replacing water with a 4% (w/v — 45 p filtered)
solution of dextran sulfate 40 sodium salt (VWR, A 3261)

The primary antibodies used in this study were: goat-anti-
galectin-4 (G-20, sc-19288, Santa Cruz Biotechnology Inc.,
lot: C3103, dilution: 1/300); goat-anti-galectin-6: (F-16,
sc-31798, Santa Cruz Biotechnology Inc., lot: A2006, dilu-
tion: 1/300); rabbit-anti-Muc2 (H-300, sc-15334, Santa
Cruz Biotechnology Inc., lot: E3107, dilution: 1/100).

The secondary antibodies used in this study were:
donkey-anti-rabbit-Alexa488-A21206 (Molecular Probes,
Invitrogen, dilution: 1/600) and donkey-anti-goat-Alexa568-
A11057 (Molecular Probes, Invitrogen, dilution: 1/600).

Sections, mounted on superfrost plus slides (05305190,
Labonord, France), were deparaffinised in xylene, rehy-
drated through decreasing concentrations of ethanol, and
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Figure 3. Differences in the subcellular
localization of galectin-4 and galectin-6
in the 129/Sv background. Expression
of galectin-4 (3a) and galectin-6 (3b)
in samples of duodenum fixed by
immersion into the fixative,instead of via
intracardiac perfusion, as in the rest of
the figures. In 3a, the arrowheads point
toward endosomes in the enterocytes;
the arrow points toward galectin-4
aggregates at the base of the secretion
granule of a goblet cell, and the double
arrow points toward galectin-4 and
Muc-2 positive secretory granules also
in goblet cells. In 3c, the arrows point
toward an accumulation of galectin-4
protein in enterocyte apical membrane,
and the double arrows point toward
round shaped cells at the apex of the
villus. In 3d, the arrows point toward
galectin-6 positive nuclear granules
in enterocytes, and the arrowheads
point toward large nuclear granules
in goblet cells. In 3e, the arrowheads
point toward galectin-4-decorated
bacteria present in the colonic lumen.
In 3f, the asterisks label galectin-6-
expressing enteroendocrine cells, and
the inset shows an enlargement of one
of such cells. The anti-galectin-4 or -6
staining is shown in red, the anti-Muc-2
in green, and the DAPI-stained nuclei is
in blue. Scale bars = 40 pym. L = lumen;
LP = lamina propria. The same settings
and exposure times were used for all
pictures. The levels were altered for
the inset in 3c in order to enhance
the enterocytic nuclear staining
(arrowhead).

129/Sv
galectin-6/Muc2/Dapi

129/Sv
galectin-4/Muc2/Dapi

»

rinsed twice in PBS (BD0435, Euromedex, France).
Sections were unmasked (94C, 40 mins, Dako Target
Retrieval Solution High pH, S3308), rinsed in PBS, and
then blocked for 1 hr in 5% donkey serum (UP77719A,
Interchim, France) in PBS in a humid chamber. Sections
were then incubated overnight at 4C in a humid chamber in
the primary antibody solutions (in PBS, 5% donkey serum).

The sections were washed three times, for 5 min each time,
in PBS, incubated for 1 hr at room temperature in the sec-
ondary antibody solutions (in PBS, 5% donkey serum),
washed again three times in PBS, for 5 min each.
Visualization of cell nuclei was achieved by incubating the
sections for 10 min in a 1:4000 DAPI solution in a humid
chamber and washing the sections three times in PBS for 5

<
<

Figure 2. Expression of galectin-4 and -6 along the digestive tract. Expression of galectin-4 (two left columns) or galectin-6 (right
column) in the C57BL/6) (left column) or 129/Sv (two right columns) background along the digestive axis (tongue, stomach, Briinner’s
gland, duodenum, ileum, colon). In 2a and 2c, the white dashed line marks the limit between the lamina propria and the lingual epithelium.
In 2d through 2r, the lumen is on the left. The anti-galectin-4 or -6 staining is shown in red, anti-Muc2, which specifically stains mucus
in the goblet cells, in green, and the DAPI-stained nuclei in blue. The inset in 2c is an enlargement of the filiform papilla for which the
contrast has been enhanced, as indicated by the arrow. The inset in 2k represents an enlargement of two other mucus vesicles from a
different section of the same sample. The scale bars = 100 pm in all the pictures, except for the inset in 2k (scale bar = 15 pm). The same
settings and exposure times were used for all pictures. The levels were altered for the inset in 2k in order to enhance the contrast. OC
= oral cavity, L = lumen, V = villus, C = crypt, LP = lamina propria. Note that the colonic epithelium is recognized by its absence of villi.
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min each. The sections were then mounted in Vectashield
(Vector laboratories, Petersborough, England).

Western Blot

Portions of intestine were frozen and stored at -80C until
processing. They were then crushed in a mortar using liquid
nitrogen and homogenized in the extraction buffer (Hepes
50 mM pH7.5, NaCl 150 mM, Triton 1%, EGTA 2 mM,
MgCI2 1.5 mM, glycerol 10%, antiproteases [Complete
tablets, Roche, France]) on ice for 30 min and centrifuged
at 15 000 g for 20 min. Supernatants were collected and a
Bradford assay test used to evaluate protein concentration.
Aliquots were then stored at -80C until use.

Proteins were denatured at 95C for 5 min in the loading
buffer (Tris-HCI 60 mM pH6.8, SDS 2%, glycerol 10%, bromo-
phenol blue 0.01%), separated on a 12% polyacrylamide gel, and
transferred onto polyvinyl difluoride (PVDF) membranes
(Millipore, France); transfer quality was assessed by Ponceau S
red staining. The membrane was incubated in Tris-buffered saline
(TBS) containing Tween 0.05% and 5% powered milk for 1 hr at
room temperature to saturate nonspecific binding sites.
Membranes were then incubated overnight at 4C in the primary
antibody solution (anti-galectin-4 and anti-galectin-6, 1:200 in
TBS-Tween 0.05%, powder milk 1%). The membrane was then
rinsed thrice in TBS-Tween, incubated for 1 hr in HRP-conjugated
anti-goat antibody solution and rinsed thrice in TBS-Tween.
Staining was determined using the ECL+ kit (Amersham,
Buckinghamshire, UK) according to the manufacturer’s instruc-
tions. A Fusion FX5 system (Vilber Lourmat, Marne-la Vallée,
France) was used for the acquisition of the signal.

Results

Despite Their Sequence Identity, Galectin-4
and -6 Are Specifically Discriminated on
Western Blots and by Immunofluorescence

A difference between the Lgals4 and Lgals6 genes lies in
the deletion of exons 5 and 6 in the Lgals6 compared to the
Lgals4 gene (Fig. 1a). This in-frame deletion shortens
the linker in galectin-6 without affecting the sequence of
the CRDs. It interrupts the homologous region between
galectin-4 and -6 and is associated with more residue sub-
stitutions in the regions flanking the deletion than in the
remainder of the protein (Houzelstein et al. 2008). Santa
Cruz Biotechnology Inc. (SCB; Dallas, TX) recently mar-
keted antibodies designed to discriminate between the
galectin-4 and galectin-6 proteins. The epitopes used to
produce these antibodies overlap the region deleted in the
galectin-6 compared to the galectin-4 protein as well as
their linker N-terminal flanking region (see the epitope
sequence shown in capitals in Fig. 1a). These antibodies
should thus discriminate between galectin-4 and galectin-6.

We first verified that these two antibodies were indeed spe-
cific on western blots and by immunofluorescence.

We demonstrated earlier that the 129/Sv mouse strain con-
tains the duplicated Lgals4-Lgals6é locus, whereas the
C57BL/6J strain contains the unduplicated Lgals4 locus
(Houzelstein et al. 2008). On western blots, the anti-galec-
tin-6 antibody revealed a main band at about 30 kD in colon
samples from the 129/Sv strain but not from the C57BL/6J
strain (Fig. 1b), which demonstrates the specificity of this
antibody. The anti-galectin-4 antibody revealed two bands in
the colon samples from both the 129/Sv and C57BL/6J (Fig.
1c): a main band at about 35 kD (comparable to the 36 kD
described by Gitt, Colnot, et al. 1998) and a fainter 28 kD
band. These bands were clearly different in size from the 30
kD band revealed with the anti-galectin-6 antibody and were
present in samples from the C57BL/6J strain that do not con-
tain the Lgals6 gene (Fig. 1¢). The presence of bands shorter
than the full-length 36 kD have been described previously in
tissue samples from mice and pigs and proposed to be proteo-
lytic degradation products (Gitt, Colnot, et al. 1998; Wooters,
Ropp, et al. 2005). Our results thus demonstrate the specific-
ity of the anti-galectin-4 antibody in western blots.

By immunofluorescence, the anti-galectin-6 antibody
stained the gastrointestinal mucosa from 129/Sv mice (Fig.
1e), but not that from C57BL/6J mice (Fig. 1f), a result that
demonstrates the specificity of the galectin-6 antibody. In
contrast, the anti-galectin-4 antibody stained the gastrointes-
tinal mucosa from both 129/Sv and C57BL/6J mice (Figs
2d-r). The fact that the anti-galectin-4 antibody did not mark
structures that were recognized by the anti-galectin-6 anti-
body such as the core of the filiform papillae in the tongue
(compare Figs 2a, c), or the nucleus in the goblet cells (see
arrowheads in Fig. 3d), shows that this antibody does not
cross-react with the galectin-6 protein (see also the negative
control without the primary antibody in Suppl. Fig. S3).

Since both antibodies appeared specific, we investigated
the patterns of expression of galectin-4 and galectin-6 along
the gastrointestinal tract, from the tongue to the distal colon.

Galectin-4 and Galectin-6 Have Very Similar
Patterns of Expression in the Digestive Tract

We first evaluated the influence of sex, age, and parental
transmission on the galectin-4 and -6 pattern of expression.
We could not detect any difference between males and
females, which indicates that the galectin-4 and -6 patterns of
expression are not likely to be influenced by sex-specific
factors (data not shown). There was no obvious difference in
expression pattern between 2- and 6-month-old mice, which
suggests that although a change in the galectin-4 level of
expression has been described at weaning in rats (Niepceron
et al. 2004), no variation appears in adult mice (data not
shown). Finally, we could not detect any difference between
mice on a pure 129/Sv or on a mixed F1 129/Sv-C57BL/6J
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background. In the latter, the results were the same whether
the Lgals6 gene was transmitted by the father or the mother
(data not shown). The Lgals4-Lgals6 locus is, therefore,
unlikely to be subject to maternal or paternal effects.
Although we found no difference due to sex, age, or trans-
mission, we chose to analyze 7- to 9-week-old inbred males
only for homogeneity. The results are presented below in
proximal to distal order along the digestive tract.

Tongue (Figs 2a—c). We detected a spatially restricted expres-
sion of galectin-4 in the interpapillary stratum corneum of the
tongue in the C57BL/6J strain (Fig. 2a) whereas the protein
was undetectable in 129/Sv (Fig. 2b). Only a faint expression
of galectin-6 was detected in the filiform papillae (Fig. 2c and
inset). This observation is congruent with the absence of the
Lgals4/Lgalsé gene transcripts in tongue samples from the
ddY mouse (Nio et al. 2005) and thus suggests that galectin-4
and -6 expression is very limited or absent in the tongue of
mice. It contrasts strikingly, however, with the results of
Markova et al. 2006, who describe the galectin-4 expression
throughout the tongue epithelium in C57BL/6J mice, and in
pigs, where the tongue is a major site of galectin-4 expression
(Chiu et al. 1992).

Oesophagus (data not shown). We did not detect any expres-
sion of galectin-4 or -6 in the oesophagus. This result is in
agreement with the results of Nio et al. 2005, who detected
no Lgals4/6 RNA by in situ hybridization.

Stomach (Figs 2d—f). We detected galectin-4 in the glandu-
lar stomach mucosa (Figs 2d, e) as previously described
(Nio et al. 2005; Nio-Kobayashi et al. 2009). The pattern of
expression of galectin-6 was qualitatively the same as that
of galectin-4 (Fig. 2f).

Brinner’s glands (Figs 2g-i). Galectin-4 and -6 were
detected in these glands (described in Obuoforibo and
Martin 1977; Treuting et al. 2012) with very similar patterns
of expression. The presence of Lgals4 RNA in Briinner’s
glands has already been reported (Nio et al. 2005).

Small intestine: duodenum (Figs 2j—I) and ileum (Figs 2m-
0). The small and large intestines are the organs in which
the level of expression of galectin-4 is highest in most
mammalian species (apart from pigs, in which the tongue is
the organ with the highest expression) and where its func-
tion has been investigated most thoroughly. We could not
detect any difference between the duodenum and ileum
regarding the patterns of expression of galectin-4 and -6.
Both proteins were expressed strongly in the epithelium and
both proteins were undetectable in the lamina propria, at
least under our fixation conditions. A decreasing gradient of
expression of the Lgals4 mRNA has been reported along the
cryptto villus axis (Nio et al. 2005). In contrast, we observed
that the protein expression appeared slightly weaker in the
crypts than in the villi. These results suggest that, although
the gene is strongly expressed in the intestinal crypts, the
protein accumulates progressively as the cells differentiate
and migrate from the crypt to the villus. The galectin-6

protein was expressed at a much lower level in the crypts
than in the villi (Fig. 21). The galectin-4 and -6 expression
appeared regularly weaker at the tip of the villi compared
with their core (Figs 2j, ), although some variability existed
(e.g., compare with Fig. 3d).

In the large intestine, we observed identical patterns of
expression in the cecum (data not shown) and distal colon
(Figs 2p-r). As in the small intestine, we detected a strong
expression of galectin-4 and -6 in the crypt epithelium but
not in the lamina propria of either the cecum or the distal
colon. Galectin-4 seemed expressed relatively homoge-
nously along the crypt (Figs 2p, 29, 3e; Nio-Kobayashi
et al. 2009), whereas a base-apex gradient was evident in
the case of galectin-6 (Figs 1e, 2r).

Galectin-4 and Galectin-6 Differ in Their
Subcellular Localization

In this work, tissues were fixed by intracardiac perfusion of
4% paraformaldehyde in situ in deeply anesthetized mice.
In this respect, note that all the figures shown in this article,
apart from Figs 3a and 3b, come from mice fixed under
such a protocol. In samples from individuals fixed by intra-
cardiac perfusion, the galectin-4 and -6 proteins appeared
abundant in the cytosol of the intestinal epithelial cells
(Figs 2g-r) and only rarely in the lamina propria. For
instance, we detected galectin-4 expression in the lamina
propria of a very limited region of the colon in none of
seven C57BL/6J mice and in only one of nine 129/Sv mice,
and no aggregates of galectin-6 (data not shown).

In contrast, when tissues were fixed following the more
usual two-step procedure (i.e., dissection followed by
immersion into a fixative solution without any prior fixa-
tion) the proteins tended either to leak into the lamina pro-
pria (galectin-4, Fig. 3a) or to form cellular aggregates
(galectin-6, Fig. 3b). However, even when tissues were
fixed by intracardiac perfusion (e.g., Figs 3c—f), some vari-
ability in the retention of cytosolic galectin-4 and -6 was
observed (compare galectin-4 in Fig. 3c and galectin-6 in
Fig. 3d with Figs 2k and 2l). Such a loss of cytosolic galec-
tin-4 at fixation had already been noted in human T84 cells
(Huflejt et al. 1997) and could also be observed in studies
by others in mice and pigs (Chiu et al. 1992; Nio-Kobayashi
et al. 2009). This fainter cytosolic galectin-4 and -6 staining
helped to reveal the presence of these proteins in otherwise
unnoticed locations.

Endosomes in enterocytes (arrowheads in Fig. 3a and data
not shown). A weaker galectin-4 cytosolic signal revealed
subapical granules in the cytoplasm of enterocytes, the tall
columnar cells that are responsible for the final digestion
and absorption of nutrients, electrolytes, and water. In cell
cultures, Stechly and colleagues (Stechly et al. 2009) have
shown the granules to be early and apical recycling endo-
somes but not late endosomes or lysosomes. They also
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C57BL/6J + DSS
galectin-4/Muc2/Dapi

129/Sv + DSS
galectin-4/Muc2/Dapi

129/Sv + DSS
galectin-6/Muc2/Dapi

Figure 4. Galectin-4 and -6 expression in the colon of dextran sodium sulfate (DSS)-treated mice. Expression of galectin-4 (two left
columns) or galectin-6 (right column) in the C57BL/6] (left column) or 129/Sv (two right columns) background.The arrows point toward
galectin-4 decorated cells in the lamina propria. The insets in 4c and 4e are enlargements of the region to which the arrows point. The
inset in 4k is a picture of the crypt shown in 4k, with a shorter exposure time in order to reveal the galectin-6-positive granules in the
crypt.The labels d| (day |) to d4 (day 4) on the left represent the period during which DSS was in the drinking water.The anti-galectin-4
or -6 staining is shown in red, anti-Muc2 in green, and DAPI-stained nuclei in blue. Scale bars = 40 pm.The same settings and exposure

times were used for all pictures, except for the inset in 4k.

demonstrated that galectin-4 is endocytosed and then recy-
cled back to the apical surface of the cells and how this
endocytic-recycling pathway of galectin-4 is required for
the apical trafficking of glycoproteins (Stechly et al. 2009).
In contrast, galectin-6 was never seen in these endosomes
and, therefore, in spite of the sequence similarities it shares
with galectin-4, it is unlikely to be part of the endocytic—
recycling pathway.

Cell membranes (Figs 3c, 3d, as well as inset in Fig. 3d
showing an enlargement of another villus). Galectin-4 and
-6 were bound to the cell membrane: staining was observed
both apically and basolaterally for galectin-4 (Fig. 3c and
inset) but only basolaterally for galectin-6 (Fig. 3d and inset).
The expression of galectin-4 in the lateral membranes of the
enterocytes is in agreement with the fact that galectin-4 was
initially isolated biochemically in pigs as an adherens
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Table |. Galectin-4 and Galectin-6 Expression in the Colonic
Lamina Propria Cells in the C57bl/6) and 129/Sv Mice Following
Exposure to 4% Dextran Sodium Sulfate

Galectin-4 C57BL/6) 129/Sv
do 0/7 1/9
dl 4/6 4/4
d2 5/5 5/5
d3 5/5 0/5
d4 0/5 1/5
Galectin-6 C57BL/6) 129/Sv
do - 0/6
dl - 0/4
d2 - 0/2
d3 - 0/5
d4 - 0/2

dO (day 0): no treatment; d| to d4: one to 4 days of treatment.

junction-associated protein (Chiu et al. 1992; Chiu et al.
1994), a property that might be preserved in galectin-6. In
the distal part of the villus, a stronger galectin-4 staining was
also consistently observed in the apical cellular membrane
(Fig. 3c, arrows). This result is in agreement with the
reported involvement of galectin-4 in apical trafficking and
lipid raft stabilization in cell cultures (Danielsen and van
Deurs 1997; Braccia et al. 2003; Delacour et al. 2005;
Stechly et al. 2009). At the tip of the villus, galectin-4 was
sometimes detected in association with the membrane of
round-shaped cells (Fig. 3c, double arrow). This suggests
that the galectin-4 protein organization might be altered in
epithelial cells about to be shed at the top of the villus
(Bullen et al. 2006).

Nuclei. Galectin-4 was consistently expressed in
cell nuclei as numerous tiny dots (arrowhead in the inset in
Fig. 3c and data not shown). Contrary to galectin-1 and
galectin-3, for which a role in the spliceosome has been
documented (reviewed in Haudek et al. 2010), a function
for galectin-4 in the nucleus has never been investigated.
Galectin-6 was detected as one or two larger dots in the
nucleus in a number of enterocytes (Fig. 3d, arrows). A very
large aggregate of galectin-6 was also often revealed in
the nucleus of goblet cells, the specialized epithelial cells
that secrete mucus into the intestinal lumen (Fig. 3d, arrow-
heads). The differences in this nuclear distribution of galec-
tin-4 and -6 might provide a clue when investigating
galectin-6 specific functions.

Enteroendocrine cells (Fig. 3f and inset). On a few occa-
sions, weak cytosolic staining revealed galectin-6 labeling
in some of the cells that we morphologically identified as
enteroendocrine cells, the hormone-secreting cells present
throughout the epithelium of the digestive tract (e.g., com-
pare with Fig. 3L in Nio-Kobayashi et al. 2009). Expression

of galectin-4 has been proposed in porcine intestinal crypt
enteroendocrine cells (Wooters, Hildreth, et al. 2005) but
has been ruled out in murine villi enteroendocrine cells
(Nio-Kobayashi et al. 2009). The role played by galectin-6
in mouse enteroendocrine cell physiology may deserve fur-
ther investigation.

Goblet cells (Figs 2k, 3a, 3c). The galectin-4 and -6 proteins
were also detected in the cytoplasm of goblet cells, the mucus-
secreting cells in the digestive tract. The signal appeared often
stronger than in the neighboring enterocytes (e.g., Fig. 3a,
arrow). The expression of galectin-4 and -6 in the goblet cells
seemed even more sensitive to the stress induced by dissection
than elsewhere in the epithelium, as their subcellular localiza-
tion was more variable in these cells than in any other cell type.
On several occasions, galectin-4 appeared concentrated at the
base of the large mucus vesicle (inset in Fig. 2k, arrow in Fig.
3a). It also appeared associated with the mucus before and
while the granule was secreted into the intestinal lumen (Fig.
3a, double arrow; see single and composite exposure images in
Suppl. Fig. S2). Galectin-6 was also detected in the mucus
vesicle of goblet cells, but to a much lesser extent than galec-
tin-4 (Figs 2l, 20, 2r, Suppl. Fig. S2).

Galectin-4, but Not Galectin-6, Is Detected in
the Extracellular Space

Colonic lumen (Fig. 3e and data not shown). We have
detected the expression of galectin-4 in the colonic lumen
in association with resident bacteria (arrowheads in Fig. 3e
and data not shown). In contrast, we were unable to detect
any binding of galectin-6 to luminal bacteria.

Colonic lamina propria (Fig. 4). As galectin-4 passed rap-
idly from the intestinal epithelium to the lamina propria
when tissues were dissected without prior in situ fixation,
we wondered whether galectin-4 could also be secreted into
the lamina under physiological conditions. Several authors
linked galectin-4 to colitis in humans and mice and sug-
gested that its secretion into the lamina propria and its bind-
ing to resident immune cells participate in the regulation of
inflammation (Hokama et al. 2004; Mathieu et al. 2008;
Paclik, Danese, et al. 2008; Paclik et al. 2011). However,
although galectin-4 basolateral secretion was detected ex
vivo in HT29 cells in culture (Stechly et al. 2009), the pres-
ence of galectin-4, and a fortiori galectin-6, in the inflamed
lamina propria was never demonstrated in vivo.

Dextran sodium sulfate (DSS) is a polymer generally
believed to be directly toxic to gut epithelial cells of the
basal crypts and to affect the integrity of the mucosal barrier.
Feeding mice for several days with DSS polymers added to
the drinking water is sufficient to induce acute colitis. Hence,
this protocol is widely used as a model to chemically induce
intestinal inflammation in rodents (reviewed in Wirtz et al.
2007). In particular, DSS was chosen to induce acute colitis
in the three studies that linked galectin-4 and inflammation
in mice (Hokama et al. 2004; Mathieu et al. 2008; Paclik,
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Danese, et al. 2008). Ideo and colleagues (Ideo et al. 2007)
showed, however, that DSS acts as an inhibitor of galectin-4
binding to cholesterol 3-sulfate, one of it ligands. It is thus
possible that DSS also affects galectin-4 functions by inhib-
iting its interactions with its ligands.

We document here the effect on galectin-4 and galectin-6
patterns of expression in the mouse following consumption
of 4% DSS in the drinking water for one to four days.
Galectin-4 was not detected in the lamina propria of seven
C57BL/6J control mice. It was detected in a very limited
area in only one out of nine 129/Sv control individuals, pos-
sibly as part of spontaneous inflammation (Table 1). In con-
trast, at day 1 of DSS-treatment, galectin-4 was detected in
the colonic lamina propria of 4/6 C57BL/6J DSS-treated
mice (dayl; arrows in Fig. 4a, numbers summarized in
Table 1) and in every tested individual at day 2 (5/5, Fig.
4b) and day 3 (5/5, Fig. 4c), whereas it was undetectable at
day 4 (0/5, Fig. 4d). In 129/Sv-treated individuals, galec-
tin-4 was detected in the lamina propria of every treated
individual at day 1 of DSS-treatment (4/4; Fig. 4e) and day
2 (5/5; Fig. 4f), whereas it was undetectable at day 3 (0/5;
Fig. 4g) and detected in a limited colonic area in only one
animal at day 4 (1/5; Fig. 4h). These results suggest tempo-
ral differences in the response to colonic epithelium damage
between the C57BL/6J and 129/Sv mouse strains. For a
given time-point and a given strain, the proportion of
affected lamina propria varied widely between animals.
Therefore, quantification of the surface of the lamina pro-
pria affected by the treatment was irrelevant.

In contrast to galectin-4, galectin-6 was never detected
in the intestinal lamina propria of 4% DSS-treated animals
(Table 1; Figs 4i, j, k, ). Galectin-4 level increased in the
colonic epithelium from day 1 to day 3 and, at day 3, it
formed aggregates within the crypt (inset in Fig. 4k show-
ing the same crypt as in Fig. 4k with a shorter exposition
time). To determine whether these aggregates were detri-
mental or beneficial to the crypt cells was, however, beyond
the scope of this work. As galectin-6 was not detected in the
colonic lamina propria, our results show that, contrary to
galectin-4, galectin-6 is unlikely to regulate inflammation
through direct binding to lamina propria lymphocytes or
macrophages, as proposed for galectin-4 (Hokama et al.
2008; Paclik, Danese, et al. 2008; Paclik et al. 2011).

Discussion

Galectin-4 and -6 Have Largely Overlapping
Patterns of Expression that Suggest
Functional Redundancy

In this work, our prime objective was to apprehend the rea-
son why the Lgals4-Lgals6 locus remained polymorphic in
wild and laboratory mice by carefully comparing the galec-
tin-4 and -6 patterns of expression. The pattern of expression

of galectin-4 generally confirms and extends published data
(see Nio et al. 2005; Nio-Kobayashi et al. 2009, for the
description of galectin-4 expression in mice). For instance,
our results suggest strain-specific differences, not only in the
expression of galectin-6 but also in the expression of galec-
tin-4. We did not detect any expression of galectin-4 or -6 in
the oesophagus, in agreement with the results of Nio
et al. 2005. It is thus similar to that reported in humans,
although galectin-4 expression increases dramatically in
Barrett’s oesophagus (van Baal et al. 2005). However, it
contrasts with results obtained in the pig (Chiu et al. 1992;
Ideo et al. 2007) and the rat (Wasano and Hirakawa 1995), in
which galectin-4 expression was detected in the oesophagus
epithelium. Therefore, the results we obtained in the tongue
and the oesophagus suggest species-specific diversity in the
galectin-4 pattern of expression, at least in the proximal part
of the digestive tract.

Galectin-6 is described here for the first time, and we
show that its pattern of expression along the digestive tract
is nearly identical to that of galectin-4, at least in healthy
mice in the safe and controlled environment of the animal
house. Our results, in conjunction with the noted 83%
sequence identity for the two proteins, support the hypoth-
esis of overall functional redundancy between the Lgals4
and Lgals6 genes in most organs. Our results indicate that
duplication of the Lgals6 gene encompassed most, if not all,
Lgals4 regulatory sequences. Hence, neofunctionalization
of galectin-6 is unlikely to have been prompted by a change
in its pattern of expression. Galectin-6 neofunctionalization
would then rather be due to novelties in the protein structure
leading to new ligand specificity and/or affinity.

Extracellular Galectin-4

For a long time, galectins were thought to bind only to
endogenous “self” glycans in order to mediate a number of
biological functions, including cell differentiation, tissue
organization, and regulation of immune homeostasis. Even
though galectins are synthesized and stored in the cyto-
plasm, following tissue damage or infection, cytosolic
galectins isolated from a large number of phyla are either
passively released or actively secreted from the cells. Host
galectins would then function either as pattern recognition
receptors (PRRs) that target “non-self” glycans on the sur-
face of viruses, bacteria, and/or helminths, or as damage-
associated molecular patterns (DAMPSs) that emerge from
dying host cells into the extracellular space upon damage.
Their presence would then signal the invasion by patho-
genic microorganisms or possible tissue damage (reviewed
in Sato et al. 2009; Vasta 2009; Davicino et al. 2011).
Reciprocally, some pathogens and parasites secrete their
own galectins or subvert the roles of the host galectins to
either attach to suitable epithelia in their insect vector
or final host, or to enter the host cells to proliferate and
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disseminate systemically; therefore galectins are key play-
ers in the host versus pathogen everlasting war (see ldeo
et al. 2009; Sato et al. 2009; Vasta 2009; Butschi et al. 2010,
for some examples).

In 2009, Nio-Kobayashi and colleagues described the
binding of galectin-3 to microorganisms in the mouse stom-
ach (Nio-Kaobayashi et al. 2009). In 2010, Stowell et al.
described the binding of human galectin-3, -4 and -8 to
human blood group antigen-expressing enteropathogenic
Escherichia coli (EPECs) (Stowell et al. 2010). The binding
of galectin-4 and -8, but not -3, to the pathogen led to a rapid
loss of bacterial motility and viability. Murine galectin-4 also
killed EPECs in vitro, although not as efficiently as human
galectin-4 (Stowell et al. 2010, see also comment in Liu and
Bevins 2010). We now show that galectin-4 is secreted into
the lumen of the mouse intestine together with the content
of mucus vesicles from goblet cells. There, galectin-4 would
associate with the protective mucus layer and would bind to
the surface of some of the luminal resident bacteria. This
result supports the hypothesis that galectin-4 acts as a PRR
and participates in the elimination of enteropathogenic bac-
teria in mice, as it does in humans.

The expression of galectin-4 in goblet cells, invites us to
speculate whether galectin-4 and mucus might be stored in
two distinct subcellular compartments in order to prevent
any premature interaction (ldeo et al. 2002; Wu et al. 2002).
Upon stimulation, these two compartments would merge
and their content would be released into the lumen. Once
there, the interaction between galectin-4 and these MUC
proteins might contribute to the organization of the mucus-
protecting coat, as described for galectin-3 in the eye
(Argueso et al. 2009). Interestingly, galectin-4 and MUC
proteins are also ectopically co-expressed in mucinous
ovarian cancers (MOC; Heinzelmann-Schwarz et al. 2006)
reinforcing the hypothesis of their functional association.

Galectin-6 is also secreted into the intestinal lumen, but
to a much lesser extent than galectin-4, and was never found
to bind to bacteria. As the effect of galectin-4 on E. coli
motility and viability resides in its C-terminal domain
(Stowell et al. 2010)—the part of galectin-6 most altered by
positive selection (Houzelstein et al. 2008, and unpublished
results)—galectin-6 might have lost its bactericide proper-
ties as part of the adaptive process, without losing its galac-
tose-binding activity (Gitt, Colnot, et al. 1998).

Galectin-4 was only marginally detected in the lamina
propria of healthy control mice. In contrast, it was present
in the lamina propria of the large majority of the mice for
which the colonic epithelium was damaged by the inflam-
matory agent DSS. Once in the lamina propria, galectin-4 is
known to bind to activated neutrophils and to several leuko-
cyte cell lines (Stowell et al. 2007), activated T lympho-
cytes (Hokama et al. 2004; Paclik, Danese, et al. 2008) as
well as monocytes and macrophages (Paclik et al. 2011). In
this work, the nuclear shape of the galectin-4 positive cells

in the lamina propria suggests them to be mononuclear cells
(plasma cells, lymphocytes, and macrophages) but clearly
not polymorphonuclear cells (neutrophils, eosinophils,
basophils). To determine their exact nature will require an
in-depth analysis with a panel of immune cell-specific
markers.

Galectin-4 and -6 Patterns of Expression
Also Suggest Distinct Roles in Normal and
Damaged Mouse Digestive Tract

Although traces of positive selection on the Lgalsé gene sug-
gest a gain of new properties for the galectin-6 protein
(Houzelstein et al. 2008), our results have indeed revealed
more characteristics present in galectin-4 that galectin-6 may
have lost than new characteristics for galectin-6 itself.
Therefore, the galectin-6 properties that have been selected
for remain elusive. Nevertheless, two new properties for
galectin-6 might be noted: its expression in the enteroendo-
crine cells and its tendency to form aggregates. Actually,
although both galectin-4 and -6 are detected in the nucleus,
galectin-6 forms fewer and larger aggregates than does
galectin-4. It also forms aggregates when the colonic mucosa
is damaged by the inflammation-inducing agent DSS.

We thus show that galectin-4 and -6 differ in several
aspects in their localization—within the cell (nucleus, apical
membranes) and outside the cell (luminal colonic bacteria,
lamina propria where only galectin-4 has been detected).
This result, in conjunction with evidence of positive selection
on the Lgals6 gene, supports the hypothesis of functional dif-
ferences between the two proteins. Determining whether they
favor or prevent fixation of the duplicated locus in wild and
laboratory mice would require extensive functional analysis.

Concluding Remarks

The combination of redundant and galectin-4- and galectin-
6-specific properties in mice illustrates how duplicated genes
gradually acquire a new identity in the course of evolution. It
also opens interesting possibilities for the analysis of galec-
tin-4 with mice as an experimental organism. For instance, if
a Lgals4 knockout mouse strain were to be produced, either
embryonic stem (ES) cells from the 129/Sv strain, carrying the
duplicated Lgals4-Lgals6 locus, or from the C57BL/6J strain,
carrying the Lgals4 unduplicated locus, could be used. With
ES cells carrying the duplicated Lgals4-Lgals6 locus, galectin-
4-specific functions, such as in the lumen or the lamina pro-
pria, would be affected while galectin-6 would be able to
fulfill most of the galectin-4/-6 redundant intracellular func-
tions. On the contrary, with ES cells carrying the unduplicated
Lgals4 locus, all the functions fulfilled by galectin-4 could be
blocked at once. In this respect, the list of the major laboratory
and wild-derived mouse strains carrying either the duplicated
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or unduplicated locus will also be useful (Houzelstein et al.
2008).
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