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ABSTRACT

Galactoside-binding lectins (galectins) with molecalar masses of about
14.5 kilodaltons (galectin-1) and 31 kilodaltons (galectin-3) have been
found in a variety ofnormal and madignnnt cells and have been implicated
In the regulation of cell growth, cell adhesion, and metastasis. The KM12
human colon carcinoma cell line was found to express only galecdn-3@
Because the levels ofboth galectins are developmentally regulated and can
be modulated during the differentiation of several cultured tumor cell
lines, we Studied the ability of 11 dIfferentiation-Inducing agents to induce
galectln-1 expression in the KM12 cells. Treatment of these cells with
sodium butyrate, an established differentiation-inducing agent for colon
carcinoma cells, resulted In the Induction ofgalectin-1, which was detected
by hnmunoblotting as well as by affinity chromatography. This effect was
not seen with any of the 10 other differendating agents: hexamethylene
bisacetamide, dimethyl sulfoxide, dimethyl formamide, herbimycin A,
mycophenolic acid, retinoic acid, difluoromethyl ornithine, dibutyryl
cAMP, 8-chloro cAMP, and transforming growth factor fll. Galectin-1
Induction by butyrate was observed In seven other human colon card

noma cell lines. Further studies with the KM12 cells revealed that butyr
ate caused cell flattening, suppressed cell proliferation and colony forma
tion In agat-ose, and Increased the level of cardnoembryonic antigen, a
marker of human colon carcinoma cell differentiation, within 48 h of
treatment. The increase in galectln-1 level was dependent linearly on

butyrate concentration (range, 1.-4 mM). Galectin-1 mRNA expression
was detected by Northern blotting as early as 6 h, and the protein was

detected after 24 h of treatment Initiation. The level of the constitutively
expressed galectin-3 was also increased by butyrate but to a lesser extent

than the level of galectin-1. Butyrate-Induced galectln-1 was detected on
the cell surface by immunoprecipitatlon from radiolodinated cell surface
proteins as well as by indirect Immunofluorescence labeling. Affinity
purified human galectin-1 was found to bind to purified polylactosamine
containing glycoproteins and to detergent-solubilized cellular proteins
electroblotted onto nitrocellulose membranes. Affinity chromatography of

[3H]glucosamine-labeled KM12 cell extracts on Immobilized galectin-1
followed by Immunoprecipitatlon from the lactose-eluted material dam
onstrated that lysosome-associated membrane glycoproteln-1, cardnoem
bryonic antigen, and nonspecific cross-reacting antigen are the major
galectln-1-bindlng proteins in these celia. These resnits indicate that ga
lectin-1 expression may be associated with the differentiation of KM12
cells and that several glycoproteins shown to be Important in colon
carcinoma adhesion and metastasis are capable of functioning as its
endogenous ligands.

INTRODUCTION

Galactoside-binding proteins have been found in a variety of ver
tebrate tissues and cells in culture, and they constitute a family of
molecules that share sequence homology in addition to carbohydrate
binding specificity (1â€”6).The two predominant classes of vertebrate
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galactoside-binding lectins have apparent molecular masses of about
14and31 kDa,3respectively(1, 4, 5). Recently,theselectinshave
been named galectins; the 145-kDa protein was named galectin-1,

and the 3i-kDa protein was named galectin-3 (6). Galectins have been
localized in the cell nucleus, in the cytoplasm, on the cell surface, and
in the extracellular milieu into which they are secreted by certain cell
types (1â€”6).Various functions have been proposed for the galectins.
These include a role in cell-cell interactions, cell adhesion to ECM,
organization of the ECM, growth regulation, and tissue remodeling
(1â€”5).Because they bind galactosides, it is plausible to assume that

galectins function by binding complementary carbohydrate-contain
ing glycoconjugates inside the cell, on the cell surface, or in the ECM
(1â€”7).A relatively high affinity for polylactosamine-containingoli
gosaccharides compared to lactose has also been demonstrated for
both galectin-1 and galectin-3 (8). It is noteworthy in this regard that
the polylactosamine chains of glycoconjugates have been found to be
developmentally regulated in some tissues and to be involved in

cellular interactions (9, 10). Likewise, galectins have been found to be
developmentally regulated in various tissues (1â€”6,11â€”14).Further
more, galectins and lactosamine-containing glycoconjugates appear to
be expressed coordinately in some tissues (15).

Galectins have been found in a variety of tumors and tumor cell
lines, where they have been proposed to play a role in the expression
of the transformed phenotype and in metastasis (16â€”20).Most of the
tumors and tumor cell lines analyzed contained primarily galectin-1,
although several of these also expressed galectin-3 as well as other
galactoside-binding lectins with higher molecular masses (16, 20, 21).
Transformation enhanced the expression of galectins (17), and the
levels of galectin-3 protein and mRNA were found to be higher in
virally transformed fibroblasts than in their untransformed counter
parts (17, 22, 23). Transfection of galectin-3 into immortalized cells
enhanced their tumorigemc and metastatic phenotype (24). Although
the level of the galectin-1 mRNA appeared to be unmodified after
malignant transformation (23), it has bean demonstrated recently that
stable overexpression of galectin-1 in 3T3 fibroblasts confers on these
cells a transformed phenotype and the ability to form tumors in nude
mice (18).

Several reports described the expression of galactoside-binding
lectins in normal and malignant human colon tissues (20, 21, 25â€”27).
Most of these studies detected the presence of galectin-1 in primary
colon tissue and tumor samples after affinity chromatography on
immobilized lactose. Differences were detected in the lectin profiles
of metastases to either lung or liver from similar primary colon
carcinomas (25). Recently, we showed that 20 of 21 HCC cell lines
constitutively expressed galectin-3, whereas only 7 of 21 expressed

3 The abbreviations used are: kDa, kilodaltons; ECM, extracellular matrix; HC@

human colon carcinoma FBS, fetal bovine serum; DPBS, Dulbecco's phosphate-buffered
saline; HMBA, hexamethylene bisacetamide; DFMO, difiuoromethyl ornithine; DMSO,
dimethyl sulfoxide; DMF, dimethyl formamide; TGF-@1, transforming growth factor @1;
SDS-PAGE,sodium dodecyl sulfate-polyacrylamidegel electrophoresis;CEA, carcino
embryonic antigen; mAb, monoclonal antibody; poly(A)4, polyadenylated; cDNA, corn
plernentary DNAÂ¼sulfo-SHPP, sulfosuccinimidyl (bydroxyphenyl) propionate; Fflt
fluorescein isothiocyanate; PBS, phosphate-buffered saline; lamp, lysosorne-associated
membrane glycoprotein.
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GALECTIN INDUCTION IN COLON CARCINOMA CELLS

galectin-1.4 Galectin-i and -3 expression in a variety of murine and
human tumor cell lines was modulated by differentiation-inducing
agents (28). One intriguing result of that study was that only one

tumor cell line, the KM12 HCC cell line, expressed galectin-3 but did
not express galectin-1. Furthermore, treatment of the KM12 cells with
sodium butyrate, a known differentiation-inducing agent for colon
carcinoma cells (29â€”31),caused an induction of galectin-i in these

: cells (28). The present study was undertaken to further explore the

nature of butyrate-induced galectin-1 expression in the context of in
vitro differentiation and to attempt to characterize potential galectin-i

ligands in the KM12 cells.

MATERIALS AND METHODS

Tissue Culture. The KM12 cell line and its various sublines were estab
lished from a Duke's B2 primary HCC (32). Cell line KM12-c was established
by directcultureof an aliquotof enzymaticallydissociatedtumorspecimen.
Cell line KM12-SM was derived from a liver metastasis in an athymic mouse
that had been injected into its cecum with cultured KM12-c cells (32). The
cells were grown in a 1:1 (v/v) mixture of Dulbecco's modified Eagle's
minimum essential medium and Ham's F-i2 medium supplemented with 10%
PBS (Hyclone Laboratories, Logan, UT), L-glutamine, nonessential amino
acids, and 2-fold vitamin solution (GIBCO, Grand Island, NY) in plastic tissue
culture dishes (Coming Glass, Corning, NY). LoVo, LS174T, SW403, HCF
15, andHT-29 HCCcell lines were obtainedfromtheAmericanType Culture
Collection (Rockville, MD) and grown in Dulbecco's modified Eagle's mm
imum essential medium/F-i2 medium containing 10% FBS with (LS174T) or
without (LoVo, SW403, HCT-15, and HT-29) 1% nonessential amino acids.
The MIP-lOl cell line (33) was maintainedin RPM! 1640 with 10% FBS.
Sodium butyrate (Aldrich, Milwaukee, WI) was added to the medium from a
200 mis stock solution diluted in DPBS. @3-all-trans-Retinoicacid (1 gLM)was
a gift from Hoffmann-LaRoche (Basel, Switzerland);HMBA (5 mM)and
herbimycin A (0.1 pg/ml) were gifts from Dr. 0. Galhick(University of Texas
M. D. Anderson CancerCenter);DFMO (10 mM)was a gift from Dr. K.
Nishioka (University of Texas M. D. Anderson Cancer Center); DMSO
(1.2%), DMF (0.8%), dibutyryl cAMP (1 mM),and mycophenolic acid (3 @.tM)
were purchased from Sigma Chemical Co. (St. Louis, MO); 8-chioro-cAMP
(25 gas) was a gift from Dr. E. Tahara (Hiroshima University, Hiroshima,
Japan); and TGF-13i(2 ng/ml) was a gift from Dr. A. Rizzino (Eppley Cancer
Canter, Omaha, NE). Cells were maintained in the presence of these agents for
6 days with one refeeding with fresh medium on day 3. The anchorage

independent growth of the cells in 0.5% agarose-containing medium was
assayed as described in detail elsewhere (34) to determine the effect of 2 mM

butyrate
Gel Electrophoresis. Electrophoresis in polyacrylamide slab gels was per

formed in the presence of SDS as described before (35). The same amounts of
total protein were loaded in each lane (usually between 60 and 100 gig).
Unlabeled proteins were detected by staining with Coomassie brilliant blue,
whereas radiolabeled proteins were detected by fluorography or autoradiogra
phy. The relative amounts of specific bands were quantitated by densitometric
scanning of the X-ray films using a Beckman DB scanning densitometer and
comparing the integrated areas under the respective peaks.

Immunoblotting of Lectins with Anti-LeCtin Antibodies. HCC cell cx
tracts or purified lectins were immunoblotted using methods described else
where (28). The following anti-lectin anti-sera were used: a rat mAb M3/38
(36) raised against the murine macrophage antigen Mac-2 (mouse galectin-3;

Boebringer-Mannheim, Indianapolis, IN); a polyclonal antiserum raised
against a mixture of galectins-1 and -3 (37) purified from bovine lung (a gift
from Dr. S. Barondes, University of California, San Francisco, CA); and an
affinity-purified rabbit polyclonal antibody raised against purified human
placenta galcctin-i (26). Samples were resolved by electrophoresis in 14%
SDS-PAGE and transferredelectrophoreticallyto nitrocellulose (0.1 g.@m;
Micron Separation, Inc., Westboro, MA) at 150 V for 2 h. After blocking
overnight in a solution containing 15% skim milk, 0.9% NaCI, and 0.02%

4 D. W. Ohannesian, D. Lotan, P. Thomas, J. M. Jessup, M. Fukuda, H. J. Gabius, and

R. Lotan. Expression of galectin-3 and complementary glycoproteins in human colon
carcinomacells,submittedforpublication.

sodium azide in a 10 mMTris-HCI buffer (pH 7.4), the nitrocellulose mem
branes were incubated for 3 h with the appropriate antibodies in 10 ml of
blocking buffer, washed to remove excess unbound antibodies, and further
incubated for 2 h with â€˜@I-labeledgoat anti-rabbit lgG (1.5 X 106 cpm; 12.7

pCi/@.&g;ICN Biomedicals, Irvine, CA) in 10 ml blocking buffer. The mem
branes were then washed twice with blocking solution with 0.1% Tween-20,
dried, and placed against an X-ray film for autoradiography at â€”80Â°C.

Analysis of CEA. Cell extracts were subjected to electrophoresis and
processed for immunoblotting as described above, except that the primary
antibody used was a mouse anti-human CEA mAb 7F (38) (a generous gift
from Dr. J. Chan, M. D. Anderson Cancer Center) and the second antibody was

@L-labeledgoat anti-mouse IgO (ICN).

Northern Blotting. Poly(A)@RNA was purified from the KM12-c cells
using a Fast Track Kit (Invitrogen, San Diego, CA) according to the manu
facturer's instructions. Samples containing 3 pg of poly(A)@ RNA were
subjected to electrophoresis on a 1.2% formaldehyde-agarose gel, transferred
to a nylon membrane, and cross-linked by UV irradiation. The following DNA
fragments were used for hybridization: 881 base pairs of human galectin-3
cDNA (a gift from Dr. D. Cooper, University of California San Francisco, San
Francisco, CA); 549 base pairs of rat galectin-1 cDNA (also a gift of Dr. D.
Cooper); and a 1.2-kilobase cDNA for chicken glyceraldehyde phosphate
dehydrogenase.

Radioiodination of Cell Surface PrOteins. Sulfo-SHPP (Pierce) was
iodinated by incubating 40 nmol of a 4 mMstock solution prepared in 100 mM
3-(N-morpholino)propane sulfonic acid (pH 7.2) and 2 mCi Na @I(ICN) in
an Jodogen-coated (Pierce) microcentrifuge tube with constant mixing for 2
mm. Lodinatedsulfo-SHPP was added to washed cell monolayers in 5 ml
DPBS to a fmal concentration of 8 gEM.This mixture was incubated for 30 mm
on ice with occasional swirling. The reaction was terminated by aspirating the
iodination mixture and washing the cell monolayers three times, each with 10
ml of ice-cold DPBS containing 1 mg/mI lysine. After scraping, suspending,
and pelleting the cells, cell extracts were prepared by solubilizing the cells in
lysis buffer (0.25 M sucrose, 10 mM Tris-HC1, 0.05 mM CaCI2, 100 @.tM
phenylmethylsulfonyl fluoride, and Oi% Nonidet-P40) for 15 mm at room

temperature. Lysates were clarified by pelleting the cell nuclei by centrifuga
tion at 16,000 x g for 5 mm. Protein content was determined using Coomassie
Plus reagent (Pierce).

Immunopredpitation of Cell Surface Radioiodinated Galectin-3. Ali
quots of the â€˜@I-cellsurface-labeled cell lysates containing 1 mg protein were
precleared by an overnight incubation at 4Â°Cwith recProtein G-Sepharose 4B
(Zymed, South San Francisco, CA). Samples were then incubated for 3 h with
rat anti-galectin-3 mAb M3/38 or rabbit anti-human galectin-1 antibodies at
4Â°Cand then with 75 pi recProteinG-Sepharose4B for 30 mm at 4Â°Cwith
vigorous shaking. After five washes in a buffer containing 50 mMTris (jH
8.0), 0.5 MNaCl, 0.5% deoxycholate, 0.5% Triton X-100, 0.1% SDS, 5 mM
EDTA, and 0.02% sodium azide andone wash in lysis buffer,the Sepharose
beads were boiled in an SDS-PAGE sample buffer [2% SDS, 62.5 mM
Tris-P04 (pH 6.7), 144 mM 13-mercaptoethanol,0.5 mM EDTA, and 10%
glycerol], and the soluble material was subjected to SDS-PAGE and analyzed
by autoradiography at â€”70Â°C.

Localization of Lectins by Indirect Immunofluorescence. Cells were
grown on glass coverslips (Corning Glass, Corning, NY), washed, and pro
ceased in one of the following ways: prefixation in 3.5% freshly dissolved
paraformaldehyde in DPBS for 1 h; no fixation; or brief fixation in 3.5%
paraformaldehyde for 10 mm followed by permeabilization with 0.1% Triton
X-100 for 15 mm on ice. The prefixed cells were washed with DPBS,
incubatedwith anti-galectin-3mAb M3/38 (5 @g/m1)for 1 h on ice, washed,
and incubated for an additional i h with FITC-conjugated rabbit anti-rat IgO
(Boehringer Mannbeim). The unfixed cells and the permeabilized cells were
washed in DPBS and incubated for 1 h on ice with affinity-purified rabbit
anti-human galectin-1 antibodies, washed, and incubated with FITC-conju
gated goat anti-rabbit IgG (Sigma). All of the above labeled cells were then
washed, fixed with 3.5% paraformaldehydein PBS, and mounted in 90%
glycerol on microscope slides. The cells were then observed and photographed
using a Nikon fluorescence microscope.

Galectin-1 Interaction with Polylactosaminoglycan-containing Glycop
roteins. CPA purified from a liver metastasis of a colon carcinoma (39) was
a gift from Dr. P. Thomas (New England Deaconess Hospital, Boston, MA).
Humanlamp-i andlamp-2purifiedfromchronicmyelogenousleukemiacells

5993

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/5

4
/2

2
/5

9
9
2
/2

4
5
5
7
3
1
/c

r0
5
4
0
2
2
5
9
9
2
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



GALECTIN INDUCTION IN COLON CARCINOMA CELLS

(40) were a gift from Dr. M. Fukuda (La Jolla Cancer Foundation, La Jolla,
CA). Each glycoprotein(4 @.&g)was subjectedto SDS-PAGEin 5% gels and
electroblotted onto nitrocellulose membrane as described above. The nitrocel

lulose membranes were stained with 0.5% Ponceau S in 1% acetic acid to
assess the loading and efficiency of transfer, and then subsequently blocked
overnight in wash buffer containing 1% hemoglobin. The filters were then
incubated in wash buffer containing 0.1% Tween-20 for 15 mm prior to their
incubation for 3 h at room temperature with a solution of galectin-i purified
from human placenta as described elsewhere (41) at a concentration of 40

lLg/mlin blocking solution. A control membrane was incubated with galectin-1
in the presence oflactose (0.1 M)to block carbohydrate-mediatedbinding. The
nitrocellulose membranes were then washed four times in wash buffer [0.9%

NaC1-i0 mMTris-HC1(pH 7.4)] with 0.1% Tween-20. The membranes were
incubated with affinity-purified rabbit anti-human galectin-i at a concentration

of 5 pg/mI in blocking solution for 2 h before washing four times as above.
Finally, the membranes were incubated with 1@I-labeledgoat anti-rat IgO
(1.5 x i06 q,m@ ICN) for 1.5 h and then washed six times in wash buffer with

0.1% Tween-20 before being dried and exposed to an X-ray film for autora
diography at â€”70Â°C.

Purification of Galectin-1 Complementary Glycoconjugates from

KM12 Cells by Affinity Chromatography. KM12-c cells were labeled met
abolically for 48 h with [3H]glucosamine (0.5 mCi/ml). The cells were then

harvested in calcium- and magnesium-free PBS containing 2 mMEDTA and
collected by centrifugation at 500 X g for 5 min. The cells were resuspended
in a lysis buffer [0.5% Nomdet P-40, iO mMTris-HC1(pH 8.0), iO mMNaG,
2 m@tMgCI2, 0.1 mM phenylmethylsulfonyl fluoride, 0.5 @g/mlleupeptin, and

60 KIU/ml aprotinin] and incubated for 30 rein on ice. The lysates were then
cleared by centrifugation for 5 miii at 16,000 X g. The cell lysate from a single
10-cm dish was then applied to a galectin-i-Affi-gel 10 affinity column
(coupled at a ratio of 250 @iggalectin-i per ml of gel) and allowed to bind for
15 mm. The column was then washed extensively with lysis buffer and eluted

with lysis buffer containing 0.1 M lactose. The peak fractions from the
lactose-eluted material were subjected to SDS-PAGE in 6% gels and analyzed
by fluorography. One of the lactose peak fractions was diluted to 1 ml with
buffer A (0.i% SDS, 0.5% Nonidet P40, 5 m@iEDTA, and 0.1% bovine

serum albumin in PBS) and immunoprecipitated with an anti-human lamp-i

mAb (a kind gift from Dr. M. Fukuda) or with a polyclonal anti-CEA antibody

(Signet Laboratories, Dedham, MA) overnight at 4Â°C.The immune complexes
collected on protein A-Sepharose beads were washed several times with buffer
A and eluted by boiling in SDS sample buffer. The suspension was then
centrifuged, and the supernatant fraction was subjected to SDS-PAGE on 6%
gels and analyzed by fluorography.

DLDI MIPIOI HT29 LoVo LSI74T
But: - +- +. +- + - +

SW403 HCT-15

But(mM): - I 24 _.@

L-314-@@ ______
@-@--@

L-145@

Fig. 1. GaICCtiDexpression in KM12-c cells after treatmentwith differentiation
inducing agents. Cells were treated with either butyrate (2 mat), HMBA (5 mM),DMSO
(1.2%), DMF (0.8%), herbimycin A (0.1 @&g/ml),mycophenolic acid (3 g.tM),retinoic acid
(1 ELM),DFMO (10 mM), dibutyryl cAMP (1 nut), 8-chloro-cAMP (25 pi.t), TGF-@1 (2
ng/ml), or normal growth medium (none) for 6 days. Cell lysates were then subjected to
SDS-PAGE in 14%gels and transferredto mtrocellulose,followed by immunoblotting
with anti-galectin-3 mAb M3/38 (L-31) and rabbit anti-human galectin-1 (L-14.5)
antibody.
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L-14.5 - â€¢ .

L-31-

L-14.5-

Fi&2. Inductionofgalectin-i expressionin severalH@Ccdlllinesby sodiumbutyrate.
Top, cells were grown with or without butyrate (2 mat) for 5 days, and cell extracts were

then analyzed by inununoblottingwith antibodies against galectin-3 (L-31) and anti
galectin-1 (L-14.5). Bottom, SW403 and HCF-15 HCC cells were grown in the presence
of the indicated concentrations of sodium butyrate for 48 h. Cell extracts were then
analyzed by immunoblotting as in Fig. 1.

RESULTS

Modulation of GaleCtIn Expression in KM12-c Cells by Differ
entiation-inducing Agents. The KM12-c cells express only galec
tin-3 constitutively; however, after treatment with butyrate, these cells
also express galectin-1 (Fig. 1) as we demonstrated previously (28). The
induction of galectin-1 was specific for butyrate and was not shared by
any of the other 10 compounds (HMBA, DMSO, DMF, herbimycin A,
mycophenolic acid, retinoic acid, DFMO, dibutyryl cAMP, 8-chioro
cAMP, and TGF-131) selected because of their reported ability to induce
the differentiation of various tumor cell types. The expression of galec
tin-3 was not modulated markedly by any of these agents

Butyrate Induction of Galectin-1 in Other HCC Cell Lines.
Recently, we found that, like KM12 cells, most HCC cell lines express
galectin-3 but do not express galectin-1.4 To determine whether
galectin-1 could be induced by butyrate in other HCC cell lines, we
analyzed the expression of galectins in seven cell lines. Fig. 2 shows
that 2 mMbutyrate induced galectin-1 in each of these cell lines. The
expression of galectin-3 in these cells was only modestly affected by
butyrate treatment, except for the LS174T cells in which its level more
than doubled.

Effects of Butyrate on the Growth and Differentiation of KM12
11CC Cells. A 5-day treatmentof KM12-SM cells with 2 mr@ibutyrate
resulted in increased flattening of these cells (Fig. 3, a and b). Both the
proliferation of the cells in monolayer cultures and the ability of the cells
to form colonies in semisolid agarose were dramatically inhibited by
butyrate treatment in a dose-dependent fashion. Half-maximal growth
inhibitory responses to butyrate were observed at 0.5-LO m@tfor growth
in monolayer as well as in agarose (Fig. 3). The growth inhibitory effect
of butyrate was reversible within 48 h after removal of the compound
from the culture medium, which suggests that its effects are not the result
of cytotoxicity in these cells (data not shown).

The KM12-SM cells constitutively expressed a low level of
cell-associated CEA, a marker of differentiation in HCC cells.

,(@ -

@ S.
â€˜U Ã¸@ â€˜U@

I@@@ I i@I@ I !@@@
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/5

4
/2

2
/5

9
9
2
/2

4
5
5
7
3
1
/c

r0
5
4
0
2
2
5
9
9
2
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



GALECflN INDUCtION IN COLON CARCINOMA CELLS

mM butyrate induced a near-maximal level of the lectin in these cells

(Fig. 2). The level of galectin-3 also increased after butyrate treat
ment, especially in the KM12-SM cells (Fig. 5, A and B). Subsequent
studies used 2 mMbutyrate as a standard dose. At this concentration,
butyrate induced a half-maximal increase in galectin-1 expression
after 24 h in both the KM12-c and the KM12-SM cell lines (Fig. SC).
The maximal expression observed after 48 h of treatment remained
relatively constant throughout 5 days of treatment (Fig. 5C). The level
of galectin-3 also increased with butyrate treatment, albeit at a slower
rate, reaching maximum levels in the KM12-c cells after 3â€”4days
(Fig. SC). The increase in expression of both galectins is reversible
upon removal of butyrate from the culture medium. In cells treated for
2 days with 2 mM butyrate, the galectin-1 level declined within 3 days
after cessation of treatment, whereas in cells treated for 5 days, the
decline in galectin-1 level lasted for 7 days after treatment was
discontinued (data not shown).

The induction of galectins by butyrate was found also at the mRNA
level by Northern analysis. Undetectable in untreated cells, galectin-1
mRNA increased within 6 h after addition of butyrate to the culture
medium of the KM12-c cells, and its level continued to increase
through 24 h (Fig. 6). Galectin-3 mRNA, consistent with the analysis of
the proteins, was detected prior to butyrate exposure of the cells; how
ever, its level increased 2â€”3fold after butyrate treatment (Fig. 6).

Localization of Galectin-1 on the Cell Surface. To be able to
interact with glycoconjugates at the cell surface or in the ECM,
galectins must be present on the cell surface. We have demonstrated
that galectins-1 and -3 are present on the surface of these cells using
two different methods. First, KM12-SM cells were radioiodinated in
monolayer culture by a membrane impermeant reagent (â€˜@â€˜I-sulfo
SHPP), and galectin-1 was immunoprecipitated from cell extracts
with affinity-purified polyclonal antibody (Fig. 7, Lane B). Galectin-1
could only be immunoprecipitated from butyrate-treated cells and not
from untreated ones as expected (Fig. 7, Lanes A and B). Galectin-3

LU
U

0=

>n

4
-J
LU

0 1 2 3 4

TIME (days)

Fig. 4. Time course of CF.A induction in KMi2-SM cells by sodium butyrate. Cells
were grown in the absence (â€”)or presence (+) of butyrate (2 mat) for 1 to 5 days. Cell
lysates were prepared at the indicated times and subjected to SDS-PAGE in 5% gels,
transferred to nitrocellulose, and immunoblotted with an anti-CEA mAb 7F. The quan
titation of the immunoblotting results obtained after densitometric scanning of the
autoradiogram is shown in the lower panel.
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Fig. 3. Effect of butyrate on the morphology and growth of KM12-SM HCC cells.
( dR@ crc@ n in monolayer culture for 5 days in the (a) absence or (b) presence of

: fll\1hutsrate.1hcanchorage-independentgrowthof thesecells in 0.5%agarosewas
@t@.c@cd ilter I 4 dt\@ in the (c) absence or (d) presence of 2 mat butyrate. e, a

cpre@cnttti\ CeoIoi@ from an untreated culture.f single cells that failed to form a colony
in @ihiit@ rite-tretted culture. The butyrate dose-dependent decrease in cell proliferation

.tnd coI@)n\ tornittin@ depicted graphically in (g).

Uutvrate (2 ni@i) increased CEA expression after 48 h of treatment,
arid CEA Ievcls continued to increase through 4 days of treatment
(Fig.4).i'his increasein expressionwasnearly8-foldafter4 daysof
1)lltvratc exposure. Untreated cells showed little change in CEA ex

Pres'@@n during this time. Butyrate also increased the expression of

([A iii sÃ¼iiic @Ithe other HCC cell lines (e.g., HT29 and LS174T;
(liLta 1101 shu@@ ii ).

The I)ose-Responsc and Time Course ofGalectin-1 Induction in
K\l12 Cells by Butyrate. To further characterize the effects of
hutvratc un gaicctin-1 expression, we analyzed the dose dependence

()i its itiduction iii both KM12-c and KM12-SM cells. Galectin-1 was
initially detectahic in cultures treated with 1 mM butyrate for 5 days,
and its levels increased linearly with the increase in butyrate concen

tiatiOti li@ to 4 mM (Fig. 5, A and B). The increased expression of

galectiri- I by butyrate in two other HCC cell lines (SW403 and

FICT- I:@) wa@also dependent on butyrate concentration; however, 2
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GALECfIN INDUCFION IN COWN CARCINOMA CELLS

bands with molecular masses of â€˜â€”18,32, 70, 80, and 120 kDa (Fig.
9, A and C). Extracts from butyrate-treated cells displayed a similar

pattern of reactivity with galectin-1 but with some notable differences.
Butyrate diminished the reactivity of several proteins of 18â€”30kDa
(Fig. 9C) and increased binding to a 120-kDa protein and in particular
to a 190-kDa protein (Fig. 9A). Incubation of galectin-1 with identical
blots in the presence of 0.1 Mlactose almost completely inhibited its
binding to all of these proteins (Fig. 9, B and D). The prominent band

24 24
- +

GAPDH-@@@ -. .@ - ,@ @.

BUTYRATE ImMJ

z
I-
0
UI

@.1

0:@

Fig. 6. Time-dependent modulation of the level of the mRNA of galectin-1 and
galectin-3 in KM12 cells after butyrate treatment. Cells were grown in the presence of 2
mM butyrate (+) or in control medium (â€”) for the indicated times, and their RNA was

extracted. Samples containing 3 @gof poly(A)@ RNA were separated on a 1.2% agarose
gel andtransferredto a nylonmembrane.The membranewas thenhybridizedsequentially
with 32P-labeledcDNA probes for human galectin-3 (L-31), rat galectin-l (L-14.5), and
chicken glyceraldehyde phosphate dehydrogenase (GAPDI-I).The results of a densito
metric scan of the autoradiogram normalized according to the GAPDH level in each lane
is shown in the lowerpanel. The 24-h time point(24C)was moved to the end ofthe graph
for continuity.

4 50 1

TIME (days)

Fig. 5. Dose-dependent (A and B) and time-dependent (C) modulation of galectin-1
and galectin-3 in KM12-c and KM12-SM HCC cells by sodium butyrate. A, the cells were
grown for 5 days with the indicated concentrations of sodium butyrate, and cell extracts
were prepared and analyzed by immunoblotting using a rabbit anti-bovine antibody to
galectin-l and -3. The leftmost lane on each gel is a positive control extract of a mouse
lymphosarcoma cell line, RAW! 17P. B, the results of a densitometric scan of each
autoradiogram shown in (A). C. cells were grown for the indicated time in the presence
of 2 miiibutyrate.Cell extractswere analyzedby immunoblottingusing a rabbitanti
bovine antibody to galectin-1 and -3. The relative amounts of galectin expression were
determined after densitometric scanning of the autoradiograms.

was immunoprecipitated from both untreated and butyrate-treated
cells (Fig. 7, Lanes A' and B').

Indirect immunofluorescence analysis of KM12 cells demonstrated
the presence of galectin-3 on the surface of untreated and butyrate
treated cells (Fig. 8, a and b); in contrast, galectin-1 was detected only
on cells treated with butyrate for 48 h (Fig. 8d). Since prefixation
apparently abolished the immunogenicity of galectin-1 on the cell
surface, we had to stain the cells without fixation. A more intense

staining was observed in permeabiized cells, suggesting that most of
the induced galectin-1 may be intracellular (Fig. 8f). Butyrate treat
ment seemed to result in a slight increase in the cell surface expression
of galectin-3 as well (Fig. 8b).

Identification of Potential Endogenous Ligands for Galectin-1
in KM12 Cells. Purified human galectin-1 was found to bind to
several proteins produced by KM12-c cells, including prominent

L-14.5*

Fig. 7. Expression of galectins on the surface of KM12-SM HCC cells before and after
butyrate treatment. KMi2-SM cells were grown for 48 h either without (A and A') or with
(B and B') with 2 mt.i butyrate, and then cell surface proteins were radioiodinated using

the water-soluble, membrane-impermesble agent, â€˜@I-sulfo-SHPP.Aliquots of cell cx
tracts(l mg)were immunoprecipitated with either affinity-purified polyclonal anti-human
galectin-l antibodies (Lanes A and B) or anti-galectin-3 mAb M3/38 (Lanes A' and B').
The resultingimmunoprecipitateswere subjectedto SDS-PAGEin 14%gels. Jodinated
proteins were visualized in dried gels by autoradiography.
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@ __â€”_1----Th-@@ ,, .

a--.,-@
rof galcctin-iandgalectin-3on KM12cellsby indirectimmun

,@Jsweregrownonglasscoverslipswithout(a, c, ande) orwith
@ :3@@48 h. The cells were then prefixed with formaldehyde (a

@cand d), or fixed and permeabilizedwith Triton X-i00 (e andf).
@â€˜@lwitheitheran anti-galectin-3mAb M3/38 (a andb) or affinity

â€˜- --,- 1 polyclonal antibody (c-f), followed by FITC-labeled

.i:i@asdescribedin â€œMaterialsandMethods.â€•

E@on the 14% gels (Fig. 9, C and D) was the butyrate
.],@ galectin-1 itself. Its detection by the anti-galec

.. ._S unaffected by the presence of lactose as expected

_c@Binding to CEA, Lamp-i, and Lamp-2. It seemed

@ 190-kDa protein detected by lectin blotting might be

@ expression increased in this cell line after butyrate
@ . _)- To test this hypothesis, we examined the interaction

@] @1with CEA purified from a colon carcinoma liver

;3anidenticallectinblottingprotocol.In addition,two
] polylactosaminoglycan-containingglycoconjugates
1 and lamp-2) with relevance to colon carcinoma ad

J@T@j@analyzed alongside CEA to determine if they, too,

@.galectin-1in a carbohydrate-dependent manner. Fig. 10
L@theseglycoproteinswereboundbygalectin-1.Galec

to lamp-i was greater than to lamp-2. Binding of
@@ glycoproteinswascompletelyabrogatedin the

@LMlactose(Fig. lOB).
..@ of Endogenous KM12 Glycoproteins Bound by

@ @â€œ@â€˜kGa1ectin-l.To furthercharacterizethe endogenous
@?galectin-l, we isolated such molecules by affmity

of [3Hjglucosa.mine-labeled KM12-c cell extracts
?@human galectin-l. Prominent bands of 116â€”120,

@ kDa were present in the material eluted with lactose
:(Fig. hA). Antibodies specific for human lamp-i

@ glycoprotein (Fig. 11B), and anti-CEA anti
glycoproteins of 120- and 190-kDa (Fig. 11C).

have the molecular weights expected for lamp-i

GALECfIN INDUCtiON IN COLON CARCINOMA CELLS

and CEA. Additional glycoprotein(s) immunoprecipitated with the
anti-CEA antibodies may be other members of the CEA family (e.g.,
nonspecific cross-reacting antigen or biliary glycoprotein). The iden
tity of the higher molecular mass glycoprotein(s) in Fig. hA remains
unknown.

DISCUSSION

The regulated expression of cellular glycoconjugates and their
carbohydrate side chains provides an abundant mutable source of
information for cellular interactions involving recognition events such
as cell-cell and cell-ECM adhesion, growth factor-receptor binding,
and the transduction of signals responsible for the elaboration and

- +

+ +

Fig. 9. Binding of purified galectin-i to complementary molecules in extracts of
untreated (â€”)and butyrate-treated (+) KM12-c cells. Samples of cell extracts containing
100 @gprotein were subjected to SDS-PAGE on either 5% (A and B) or i4% (C and D)
gels, transferred to nitrocellulose membranes, and incubated with a solution containing 40

@g/mlof human galectin-l in 1% hemoglobin in the absence (A and C) or presence (B and
D) of 0.1 M lactose. After extensive washing, the blots were incubated with affinity

purified polyclonal anti-galectin-1 antibody, followed by â€˜@â€˜I-labeledgoat anti-rabbit
antibody. Antibody binding was visualized by autoradiography. The 14.5-kDa band
observed in butyrate-treated cell extracts (C and D) is the endogenous galectin-1, which
is induced by butyrate and recognized by the anti-galectin-l antibody used to localize the
exogenously addedpurifiedgalectin-i.

Fig. 10. Binding of purified galectin-i to immobilized CPA, lamp-i, and lamp-2.
Purified glycoproteins (4 g.@geach) were subjected to SDS-PAGE in 5% gels and
transferred to a nitrocellulose membrane. Duplicate blots were incubated with a solution
containing 40 @Lg/m1affinity-purified human galectin-1 in 1% hemoglobin in the absence
(A) or presence(B)ofo.1 Mlactose. After extensive washing, the blot was incubatedwith
affinity-purified polyclonal anti-human galectin-1 antibody, followed by â€˜@â€˜I-labeledgoat

anti-rabbitantibody.Antibodybindingwasvisualizedby autoradiography.
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GALECI1NINDUCTIONIN COLONCARCINOMACELLS

suppress the ability of the KM12 HCC cells to form colonies in soft
agarose, but only the butyrate-treated cells exhibited induction of
galectin-1. This finding suggests that growth suppression ofthe KM12
HCC cells per se is not sufficient for galectin-1 induction. Retinoic
acid was reported to suppress anchorage-independent growth of other
11CC cell lines but to have only a marginal effect on differentiation
(30, 31). Likewise, we did not observe CEA induction by retinoic acid
in the KM12 cells. Thus, it appears that galectin-1 induction by
butyrate may be related to differentiation and not to growth suppres
sion. Furthermore, the ability of galectin-1 to suppress the growth of
mouse embryo fibroblasts in vitro by acting as a negative autocrine
factor (47) raised the possibility that the early increase in galectin-1 in
butyrate-treated cells may be responsible for the subsequent growth
inhibition of the KM12 cells. However, the establishment of a defin
itive role of galectin-1 in regulation of HCC cell growth would require
more direct experimental evidence.

The analysis of butyrate-induced differentiation has particular
physiological relevance in HCC cells because butyrate, a by-product
of fiber fermentation by saccharolytic intestinal flora (48), is present
in millimolar concentrations in the gut lumen and is readily absorbed
from the colonic contents (49). Furthermore, a recent report described
the ability of butyrate, delivered in liposomes to HCC tumors growing
in athymic nu/nu mice, to suppress tumor growth and enhance differ
entiation (50). Butyrate derivatives are currently being developed as
antineoplastic agents (51).

The exact mechanism by which butyrate induces the expression of
galectin-1 is not clear. We found a rapid increase in mRNA level and
additional studies not shown here indicate that butyrate treatment
induces the expression of a reporter gene linked to the galectin-1
promoter. Butyrate has been shown to either enhance or suppress the
expression of a variety of genes and induce or inhibit the differenti
ation of numerous cell types (45, 46). It has been demonstrated that
butyrate treatment of cells in culture increases the level of histone
acetylation by inhibiting histone deacetylase activity, and it was
suggested that butyrate alters gene expression by inducing changes in
chromatin conformation (52, 53). However, changes in histone acety
lation alone do not readily explain the selective activation of specific
genes by butyrate (54). In addition to histone hyperacetylation, bu
tyrate has been shown to cause changes in DNA methylation (55) and
histone phosphorylation (56). Butyrate modulates the expression of a
number of genes that are involved in the control of cell growth.
Differentiation induction in several HCC cell lines in response to
butyrate was found to cause a decrease in the levels of pp6ocsrc and
p56@ (44) and a rapid decrease in the expression of c-myc (57). In the
SW837 HCC cells, the decrease in c-myc expression has been found
to result from an activity that blocks transcriptional elongation and is
accompanied by a shift in the relative usage of the two major pro
moters of this gene (58). In light of these findings, it is of interest to
determine whether the induction of galectin-1 is related to the
subsequent growth inhibition in the KM12 cells.

The butyrate-induced galectin-1 was localized on the cell surface as
well as in the cytoplasm. Because it is thought that the functions of
galectins are mediated by binding complementary polylactosamine
containing glycoconjugates (1â€”7),it was of interest to identify the
cognate ligands of galectin-1. Four glycoproteins of 160â€”200kDa and
a smaller component of 75 kDa were purified from extracts of rat lung
on a column of immobilized galectin-1 (59). Whereas the identity of
these molecules is not known, it was found that one of the major
glycoproteins purified on immobilized porcine galectin-1 from F9 cell
extracts is laminin (60), and the major galectin-1 binding protein
isolated from CHO cells is lamp-i (61). Recently, polymerized human
galectin-i has also been found to bind to lamp-i and/or lamp-2 from
human ovarian carcinoma A121 cells (62). In the study reported here,
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Fig. 11. Isolation ofcomplementary glycoproteins from KM12-c HCC cells by affinity
chromatography on immobilized human galectin-l. Cells were labeled for 2 days with
[3H]glucosamine (0.5 mCi/mI). Cell lysate was prepared and applied to a column of
immobilized galectin-l. The column was washed extensively, first with buffer to remove
unbound material, and then with 0.1 M lactose to elute specifically bound material.
Samples of the lactose eluate were subjected to SDS-PAGE in a 6% gel, and the gel was
processed for fluorography (A). Other samples of the lactose eluate were used for
immunoprecipitation with anti-lamp-i (B) or polyclonal anti-CEA antibodies (C), and the
resultingimmunoprecipitateswere then subjectedto SDS-PAGEin a 6% gel and
processed for fluorography.

maintenance of genetic programs controlling growth and differentia
tion (7, 42). The process of mediating the recognition of carbohydrate
encoded information born by cellular glycoconjugates often relies on
carbohydrate-binding proteins (1â€”7, 42). Whereas the regulation of

glycoconjugate biosynthesis during development, differentiation, and
transformation is well studied and documented (7, 9, 10, 43), there is
comparatively little information on the regulation of lectin expression,
especially in the context of cellular differentiation. In the present
study, we characterized the induction of galectin-1 expression in
human colon carcinoma cells in response to the differentiation-induc
ing agent sodium butyrate. In addition, we have identified endogenous
glycoproteins which may represent in vivo recognition partners for
this lectin in HCC cells.

The induction of galectin-1 expression was observed only in HCC
cells treated with butyrate. None of the other 10 differentiation
inducing agents we examined was able to induce the lectin. The
induction of galectin-1 by butyrate occurred not only in the KM12 cell
line but also in seven other HCC cell lines. Two of these, SW403 and
HCT-15, were reported previously to be insensitive to the butyrate
induced down-regulation of pp60@@Ckinase activity that occurs in a
number of other HCC cell lines that respond to this agent (44). These
findings indicate that galectin-1 induction by butyrate may serve as a
marker of differentiation of HCC cells. This suggestion is also sup
ported by the observation that galectin-1 induction coincided with the
increased expression of CEA, an established marker of differentiation
in HCC cells (29â€”31).Previous studies have shown that galectin-1 is
induced during epidermal differentiation in vivo and can be induced in
day-13 embryonal chicken skin explants by hydrocortisone (13).
Because we were not able to induce galectin-1 in HCC cells with
steroids (data not shown), it appears that galectin-1 regulation may be
distinct in different cell types.

Sodium butyrate is a potent differentiation-inducing agent in a
variety of normal and tumor cell types (45, 46). We found that this
fatty acid suppressed the growth of HCC KM12 cells in monolayer
cultures and in semisolid medium. These results are similar to those in
previous reports that have shown that butyrate treatment of HCC cells
in vitro enhances the expression of the differentiated phenotype and

suppresses their transformed phenotype as reflected by the ability to
form colonies in semisolid medium (30, 31).

The dual effect of butyrate on galectin- 1 expression and on cell
growth raised the possibility that the two effects are related. However,
we found that both butyrate and retinoic acid (data not shown) could
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GALECTIN INDUCtiON IN COLON CARCINOMA CELLS

we confirmed the ability of galectin-i to bind purified lamp-i and
lamp-2 and characterized for the first time a few endogenous ligands
for this galectin, including CEA. Purified human placenta galectin-i
was shown to interact in a carbohydrate-dependent manner with a
number of endogenous proteins in KMi2-P cell extracts, including a
major protein of about i20 kDa in untreated cells. The major differ
ence between the galectin-l binding glycoconjugates of untreated and
butyrate-treated cell extracts was seen in the expression of a protein of
190 kDa. It was plausible to suspect that this protein was CEA
because butyrate increased the level of CEA in these cells, and CEA
has been reported to contain polylactosaminoglycan oligosaccharide
chains (63), which are recognized by galectin-i (8). Indeed, human
galectin-i was found to bind to immobilized CEA purified from colon
carcinoma tumor metastasis to liver, and both CEA and the related
glycoprotein, non-cross-reacting antigen, were identified in material
purified from KM12 cell extract by affinity chromatography on
immobilized galectin-1.

This first demonstration that galectin-i can bind CEA and that these
two proteins are coordinately regulated by butyrate in the KM12 cells is
important, not only because CEA is a marker of differentiation of HCC
cells, but also because CEA has been demonstrated to function as a
Ca2@-independent cell-cell adhesion molecule (64, 65) and to be in
volved in cellular interactions relevant for metastasis (66). The presence
of both galectin-i and CEA on the KM12 cell surface suggests that the
two complementary molecules may interact. In addition, cell surface
galectin-1 may mediate interactions with ECMlaminin. We have recently
reported that galectin-3 from the KM12 cells also recognizes the lamps as
well as CEA.4 Thus, both lectins may contribute to the cellular interac
tions of butyrate-treated KM12 cells.

In conclusion, we propose that the induction of galectin-i in the
KM12 cells by butyrate represents one aspect of their acquisition of a
more normal phenotype, associated with a more differentiated state,
and that both galectins may mediate carbohydrate-dependent cellular
interactions with CEA.
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