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Abstract

Galectin-3 (Gal-3), a pleiotropic carbohydrate-binding pro-
tein, is a selective binding partner of activated K-Ras-GTP.
Because both proteins are antiapoptotic and associated with
cancer progression, we questioned the possible functional role
of Gal-3 in K-Ras activation. We found that overexpression of
Gal-3 in human breast cancer cells (BT-549/Gal-3) coincided
with a significant increase in wild-type (wt) K-Ras-GTP
coupled with loss in wt N-Ras-GTP, whereas the nononcogenic
Gal-3 mutant proteins [Gal-3(S6E) and Gal-3(G182A)] failed to
induce the Ras isoform switch. Only wt Gal-3 protein
coimmunoprecipitated and colocalized with oncogenic K-Ras,
resulting in its activation with radical alterations in Ras
signaling pathway, whereby the activation of AKT and Ral was
suppressed and shifted to the activation of extracellular signal-
regulated kinase (ERK). Specific inhibitors for Ras or mitogen-
activated protein/ERK kinase ( farnesylthiosalicylic acid and
UO126, respectively) inhibited Gal-3–mediated apoptotic resis-
tance and anchorage-independent growth functions. In con-
clusion, this study shows that Gal-3 confers on BT-549 human
breast carcinoma cells several oncogenic functions by binding
to and activation of wt K-Ras, suggesting that some of
the molecular functions of Gal-3 are, at least in part, a result
of K-Ras activation. (Cancer Res 2005; 65(16): 7292-300)

Introduction

Gaining resistance to apoptosis and inducing uncontrolled cell
growth are common characteristics often acquired by oncopro-
teins such as galectin-3 (Gal-3). This galactoside-binding protein is
highly expressed in human neoplasma, including breast cancer.
Recent studies have shown that overexpression of Gal-3 in breast
tumor cells BT-549 confers protection against various apoptotic
stimuli, including staurosporin, Adriamycin, and anoikis induction
(1–3). Furthermore, it was suggested that Gal-3 phosphorylation at
Ser6 residue is required for its antiapoptotic activity, as a single
amino acid substitution of serine at position 6 to alanine (S6A)
resulted in loss of antiapoptotic function. Interestingly, Gal-3
contains the NWGR amino acid motif, a highly conserved sequence
within the BH1 domain of Bcl-2 family proteins (3). To question
whether this motif is critical to Gal-3 antiapoptotic activity, a
single amino acid of Gly182 residue was substituted to alanine
(G182A) by site-directed mutagenesis. This mutant also failed to
prevent apoptosis when overexpressed in BT-549 cells. However,

although it is evident that Gal-3 regulates apoptosis, the
mechanism of how this antiapoptotic activity is accomplished is
not clear.
Recent studies have shown that Gal-3 is a binding partner of

K-Ras oncoprotein (4). This interaction promotes strong K-Ras
activation (4). Ras proteins are commonly activated in human
tumors either by point mutations or via uncontrolled cell surface
receptor signaling (5). Activated Ras is capable of preventing
apoptosis (6, 7) and promoting cell proliferation (8). In that way,
the activities of Gal-3 are similar to those of oncogenic Ras.
Therefore, we suspected that Gal-3 might carry out its biological
functions through the activation of K-Ras. Here, we show that Gal-3
stimulation of antiapoptotic activity, cell proliferation, and
anchorage-independent growth involves K-Ras/MEK [mitogen-
activated protein/extracellular signal-regulated kinase (ERK)
kinase] pathway.

Materials and Methods

Cell culture and transfection. The human breast cancer cell lines BT-

549, BT-549/Gal-3[wild-type (wt)], BT-549/Gal-3(S6E), and BT-549/Gal-

3(G182A) were established as described previously (1, 3). Rat intestinal
epithelial (RIE-1) cells and RIE-1 cells stably expressing K-Ras(G12V) were

established as described earlier (9, 10). BT-549, RIE-1, and COS-7 cell lines

were grown at 37jC in DMEM containing 10% FCS, 100 Ag/mL

streptomycin, and 100 units/mL penicillin, and maintained in a humidified
atmosphere of 95% air/5% CO2. For the transfection, we plated 1 � 105 BT-

549 cells on glass coverslips in six-well plates and transfected them with a

total amount of 2 Ag DNA using Fugene reagent according to the

instructions of manufacturer (Roche Molecular Biochemicals, Mannheim,
Germany). Immunofluorescence staining was carried out 48 hours after

transfection as detailed below. COS-7 cells were grown in 10 cm dishes and

1.5 � 106 cells were transfected with 1 Ag plasmid DNA coding for green

fluorescent protein (GFP)-H-Ras(12V) or GFP-N-Ras(12V) or 2 Ag plasmid
DNA coding for GFP-K-Ras(12V) using dextran (Pharmacia, Stockholm,

Sweden) as detailed elsewhere (4). Lysates obtained 48 hours after

transfection were normalized and 30 Ag protein were subjected to SDS-
PAGE and Western immunoblotting as detailed below with either pan–anti-

Ras antibody, anti–H-Ras antibody, anti–K-Ras antibody, anti–N-Ras

antibody, or anti-GFP antibody and then with peroxidase–goat anti-mouse

IgG (The Jackson Laboratory, Bar Harbor, ME). GFP-Ras vector constructs
have been previously described (11, 12).

Western immunoblotting. Cells were washed with PBS and lysed with

lysis buffer A [50 mmol/L Tris-HCl (pH 7.6), 20 mmol/L MgCl2, 200 mmol/L

NaCl, 0.5% NP40, 1 mmol/L DTT, and 1 mmol/L antiproteases].
Alternatively, particulated fractions were prepared by cell resuspension

using buffer B (buffer A with no detergent), sonication, and ultracentrifu-

gation at 100,000 � g for 30 minutes followed by pellet resuspension with
buffer B and sonication. Lysates or particulated fractions were subjected to

SDS-PAGE, followed by immunoblotting with one of the following

antibodies as described: 1:2,500 pan-Ras antibody; 1:20 anti–H-Ras antibody;

1:20 anti–K-Ras antibody; 1:20 anti–N-Ras antibody; 1:500 antitubulin
antibody; 1:500 anti–Gal-3 antibody; 1:500 anti-GFP antibody; 1:2,000 anti-

ERK antibody; 1:10,000 anti–phospho-ERK antibody; 1:1,000 anti-Akt

antibody; 1:1,000 anti–phospho-Akt antibody; or 1:1,000 anti-Ral antibody.
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Immunoblots were then exposed either to 1:5,000 peroxidase–goat anti-

mouse IgG or to 1:5,000 peroxidase–goat anti-rabbit IgG or to 1:5,000

peroxidase–goat anti-rat IgG and protein bands were visualized by
enhanced chemiluminescence (ECL) and quantified by densitometry with

Image Master VDS-CL (Amersham Pharmacia Biotech, Arlington Heights,

IL) using TINA 2.0 software (Ray Tests). ECL kit was from Amersham. Rat

anti–Gal-3 antibody was from Roche Molecular Biochemicals; mouse anti–
pan-Ras antibody (Ab-3) was from Calbiochem (La Jolla, CA); isoform-

specific mouse anti-Ras antibodies, mouse anti–phospho-ERK antibody, and

mouse antitubulin antibody (AK-15) were from Sigma-Aldrich (St. Louis,

MO); rabbit anti-ERK1/2 antibody and mouse anti-GFP antibody were from
Santa Cruz Biotechnology (Santa Cruz, CA); rabbit anti–phospho-Akt

antibody (Ser473; 4E2) and rabbit anti-Akt antibody was from Cell

Signaling (Beverly, MA); rabbit anti–PI3-K p85 antibody was from Upstate
Biotechnology (Lake Placid, NY); peroxidase–goat anti-mouse IgG,

peroxidase–goat anti-rat IgG, and peroxidase–goat anti-rabbit IgG were

from Jackson ImmunoResearch Laboratories (West Grove, PA); and mouse

anti-Ral antibody was from Transduction Laboratories (Los Angeles, CA).
Coimmunoprecipitation and Ras-GTP assays. Cell lysates containing

6 and 1 mg proteins were prepared using lysis buffer A for coimmunopre-

cipitations or Ras-binding domain of Raf-1 (RBD) assays, respectively. For

immunoprecipitations, 6 mg protein adjusted to a total volume of 1 mL
were immunoprecipitated for 1 hour with 3 Ag mouse pan-Ras antibody or

30 AL rat anti–Gal-3 antibody (4) and 30 AL sheep anti-mouse iron beads or

sheep anti-rat iron beads (Dynal Biotech, Los Angeles, CA), respectively.

Samples were precipitated using magnetic field and washed with lysis buffer
and prepared for SDS-PAGE and Western immunoblotting with either

1:2,500 pan–anti-Ras antibody and 1:5,000 peroxidase–goat anti-mouse IgG

or 1:500 rat anti–Gal-3 antibody and 1:5,000 peroxidase–goat anti–rat IgG
(The Jackson Laboratory). Lysates containing 1 mg protein were used for

the determination of Ras-GTP by the glutathione S-transferase (GST)-RBD

pull-down assay as described (4), followed by Western immunoblotting with

pan–anti-Ras antibody or with isoform-specific anti-Ras antibodies as
detailed above.

Confocal microscopy. We plated cells on glass coverslips, then

transfected the cells with 2 Ag plasmid DNA coding for GFP-K-Ras(12V)

as described above. The transfected cells were stained for Gal-3 as described
in details (4). Briefly, cells were fixed permeabilized and then labeled with

rat Gal-3 antibody followed by incubation with biotin–goat anti-rat IgG

and Cy3-streptavidin (Jackson ImmunoResearch, West Grove, PA). The cells

were then analyzed with a Zeiss LSM 510 confocal microscope fitted
with nonleaking green and red fluorescence filters and colocalization was

assessed by the colocalization function of the LSM 510 software, as

described (11).
Phosphoinositide 3-kinase activity and Ral-GTP assays. Cells were

grown in 10 cm dishes to 80% confluence. For determining phosphoinosi-

tide 3-kinase (PI3K) activity, we lysed the cells using PI3K lysis buffer (4, 13),

then 1 mg protein of each sample was adjusted to a volume of 500 AL.
The enzyme was immunoprecipitated by incubation with rabbit anti-PI3K

p85 antibody (Upstate Biotechnology), and its activity was assayed with

0.5 mg/mL phosphatidylinositol and 125 Amol/L ATP and 5 ACi of

[g-32P]ATP. We extracted the lipids with chloroform/methanol and then
separated them by thin layer chromatography (4, 13). Phospholipid markers

were used for the identification of the 32P-labeled phosphatidylinositol

3-phosphate product (4, 13). The 32P-labeled lipid products were visualized

by an overnight exposure on an X-ray film, and the spots were then
quantified by TINA analysis. For the determination of Ral-GTP levels, we

lysed the cells with Ral-GTP lysis buffer (pH 7.5), then 0.5 mg protein of

each sample was adjusted to a volume of 500 AL. The Ral-GTP pull down
was obtained using GST-Ral binding domain–coated beads prepared as

Figure 1. The association of Ras and
galectin-3. Lysates of BT-549 or of RIE-1
cell variants were immunoprecipitated
(IP ) then immunoblotted with either
pan–anti-Ras antibody (IB: Ras) or with
anti–Gal-3 antibody (IB: Gal-3 ) as detailed
in Materials and Methods. A, BT-549 cell
samples were subjected to SDS-PAGE
and (B) was precipitated with anti–Gal-3
antibodies and probed (immunoblotting)
with anti-Ras antibodies or precipitated
with anti-Ras and probed with anti–Gal-3
antibodies. The endogenous levels of Ras
and of Gal-3 in the cell extracts are
shown in (A ) and loading control was
determined by the level of h-tubulin.
C, RIE-1 and RIE-1/K-Ras(G12V) cell
samples were subjected to SDS-PAGE
followed by immunoblotting with anti-Ras
or anti–Gal-3 antibodies (left ), or
precipitated with anti-Ras antibody and
probed with anti-Ras and anti–Gal-3
antibodies (right ). Naive IgG served as
controls (�) for immunoprecipitation with
the specific antibody (+).
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detailed previously (14), followed by Western immunoblotting with anti-Ral
antibody.

Cell proliferation and drug resistance assays. We planted 5 � 104

cells in six-well plates for the cell proliferation assays. After 5 hours,

75 Amol/L farnesylthiosalicylic acid (FTS) or 30 Amol/L UO126 or the
vehicle 0.1% Me2SO were added. Cell proliferation was determined after

4 days by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay, which determines mitochondrial activity in living

cells. The cells were incubated with 0.1 mg/mL MTT for 2 hours at 37jC
then lysed with 100% Me2SO. Results were quantified by reading the

absorbance at 570 to 630 nm. We planted 2,500 cells in 96-well plates for

the drug resistance assays. At the next day, 75 Amol/L FTS or 30 Amol/L

UO126 or the vehicle 0.1% Me2SO were added. After 10 hours of
preincubation with the inhibitors, 10 Amol/L Adriamycin or 500 nmol/L

staurosporine or vehicles were added for 24 hours followed by viability

evaluation using MTT as described above. For the fluorescence-activated
cell sorting (FACS) analysis, we planted 1 � 106 cells in 10 cm dishes.

The next day, 75 Amol/L FTS or 30 Amol/L UO126 or the vehicle 0.1%

Me2SO were added. After 10 hours of preincubation with the inhibitors,

10 Amol/L Adriamycin or 500 nmol/L staurosporine were added for 36
or for 2.5 hours, respectively. Cells were then collected and suspended

with PBS containing propidium iodide (50 Ag/mL; Sigma) and 0.05%

Triton X-100 (BDH, Poole, United Kingdom) for nuclear staining, then

analyzed with a fluorescence-activated cell sorter (FACSCalibur, Becton
Dickinson, Los Angeles, CA).

Anchorage-independent growth. We planted 200 suspended cells in

50 AL DMEM containing 10% FCS and 0.5% agarose on the top of 50 AL
DMEM containing 10% FCS and 1% soft agarose that had been allowed to

gel previously at 96-well plates. The dishes were incubated at 37jC for f3

weeks. Then, 25 AL MTT was added for 4 hours and colonies were visualized

and counted.

Results

Gal-3, but not Gal-3 mutants lacking antiapoptotic activity,
interacts with Ras. We postulated that the antiapoptotic effects
of Gal-3 in BT-549 cells could be associated with Ras–Gal-3
interactions and thus examined whether Ras and Gal-3 expressed
in BT-549/Gal-3 cells interact with each other. Total BT-549/Gal-3
cell lysates were used for coimmunoprecipitation assays in which
either Ras proteins were immunoprecipitated with pan–anti-Ras
antibody then immunoblotted with anti–Gal-3 antibody or Gal-3
was immunoprecipitated with anti–Gal-3 antibody then immuno-
blotted with pan-Ras antibody. To gain more support for the
hypothesis that Ras–Gal-3 interactions may promote antiapoptotic
signals in BT-549 cells, negative controls of lysates of BT-549 cells
stably expressing Gal-3 mutants that lack antiapoptotic activity
[Gal-3(S6E) and Gal-3(G182A)] were used as well. All cell lines used
expressed similar amounts of Gal-3(wt) or its mutants and Ras
(Fig. 1A). Results of a typical experiment (Fig. 1B) show that Ras
and Gal-3 coimmunoprecipitated from lysates of BT-549/Gal-3
cells; pan–anti-Ras antibody pulled down Gal-3 and anti–Gal-3
antibody pulled down Ras. Naive antibodies failed to immunopre-
cipitate either Ras or Gal-3 (Fig. 1B). Importantly, Ras did not
coimmunoprecipitate with Gal-3(S6E) or Gal-3(G182A), which for
themselves immunoprecipitated well with anti–Gal-3Ab (Fig. 1B).
Similarly, although equal amount of Ras were immunoprecipitated
from lysates of all BT-549 cell lines with anti-Ras antibody, Gal-3
was not pulled down by the pan–anti-Ras antibody from lysates of
BT-549/Gal-3(S6E) or BT-549/Gal-3(G182A) cells (Fig. 1B). These
observations were not unique to BT-549/Gal-3 cells because
Ras and Gal-3 coimmunoprecipitated from lysates of RIE-1
cells stably expressing K-Ras(G12V) (Fig. 1C). Apparently, expres-
sion of this oncogenic Ras isoform in RIE-1 cells induced an

increase in Gal-3 expression (Fig. 1C) and rendered them resistant
to apoptosis (9, 10).
Next, we examined the possibility that Gal-3 and K-Ras are

colocalized in BT-549/Gal-3 cells. In these experiments, we trans-
fected each of the BT-549 cell type with GFP-K-Ras(12V) and
examined by dual-fluorescence confocal microscopy whether Gal-3
and its mutants colocalize with the transiently expressed constitu-
tively active GFP-K-Ras(12V) protein. We used this Ras isoform
because earlier experiments showed that among various Ras
isoforms (H-, K-, and N-Ras), only activated K-Ras interacted with
Gal-3 (4). Typical images of this experiment show that GFP-K-
Ras(12V) [green fluorescence] and Gal-3, but not Gal-3(S6E) or Gal-
3(G182A) [stained with anti–Gal-3 antibody, red fluorescence],
colocalized in the cell membrane (Fig. 2A and B). These results,
along with those obtained in the coimmunoprecipitation experi-
ments, pointed to the possibility that Gal-3 interacts with the active

Figure 2. Active K-Ras–Gal-3 interaction. Cells were cultivated for 48 hours,
washed with PBS, fixed, and processed for confocal microscopy. A, BT-549
stably expressing Gal-3(wt) (a , b , c), Gal-3(S6E) (d , e , f ), and Gal-3(G182A)
(g , h , i) were transfected with DNA plasmids encoding for GFP-K-Ras(G12V)
in six-well plates. After 48 hours, Gal-3 protein was detected using Cy-3
fluorophore as detailed in Materials and Methods. Similar images were collected
from 10 cells in each well. Colocalization was assessed by dual-image confocal
microscopy [green fluorescence for GFP-K-Ras(G12V), red for Gal-3]. Typical
images of Gal-3 (a , d , g ), GFP-K-Ras(G12V) (b , e , h ), and the extent of
colocalization (c , f , i) show colocalization of Gal-3 and GFP-K-Ras(G12V)
at the plasma membrane. No such colocalization is observed in the
GFP-K-Ras(G12V)/Gal-3(S6A) or GFP-K-Ras(G12V)/Gal-3(G182A) cells.
B, quantification of the colocalization of Gal-3 and active K-Ras. The
percentages of transfectant cells in (A) that display colocalization were
calculated in a blind fashion of all transfectants. Similar images were collected
from 10 to 12 cells in each series of transfection.
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wt K-Ras isoform expressed in BT-549 cells. Such an interaction
would lead to a shift in K-Ras–GTP/K-Ras–GDP steady-state toward
K-Ras–GTP (4).
Levels of expression of Ras isoforms in BT-549 cell lines. The

proposition that Gal-3 expression induced K-Ras activation could
be assessed by determining the levels of expression of each Ras
isoform in the various BT-549 cell lines. We thus used Ras isoform–

specific antibodies (anti–H-Ras, anti–K-Ras, and anti–N-Ras anti-
bodies). Specificity and sensitivity of each of the antibodies was
determined by immunoblotting using extracts of COS-7 cells
expressing comparable amounts (assessed with anti-GFP antibody)
of GFP-tagged H-Ras, K-Ras, and N-Ras (Fig. 3). Unlike the pan–
anti-Ras antibody that reacted equally well with all GFP-tagged Ras
proteins, the Ras isoform–specific antibodies displayed diverse

Figure 3. Ras isoform–specific antibodies. COS-7 cell were transfected with the GFP-Ras(12V) constructs encoding the indicated GFP-Ras isoforms. Cell
lysates were subjected to Western analysis with either pan–anti-Ras antibody (Pan-Ras Ab) or Ras isoform–specific antibodies or anti-GFP antibody followed by
densitometric tracing as detailed in Materials and Methods. A, typical immunoblots. B, the sensitivity of each of the Ras isoform–specific antibody was then
estimated as the ratio between the optical densities obtained from blotting with Ras isoform–specific antibody and that obtained by blotting with anti-GFP antibodies.
The ratios were then used as normalizing factors in the determination of levels of expression and the levels of activation of the various Ras isoforms in BT-549
cell lines. The ratio between the absorbance obtained by immunoblotting with pan-Ras antibody and that obtained with anti-GFP antibodies (B , left) shows equal
sensitivity of pan-Ras antibody to all Ras isoforms. Columns, means (n = 3); bars, SD.

Figure 4. Galectin-3–induced K-Ras activation
at the expense of N-Ras in BT-549 cells. A, the
levels of Ras or H-Ras, K-Ras, and N-Ras
isoform proteins in particulated fractions was
established by Western analysis utilizing
pan-Ras antibody or with Ras isoform–specific
antibodies, respectively. B, the expression levels
of Ras-GTP (all Ras isoforms), H-Ras-GTP,
K-Ras-GTP, and N-Ras-GTP in the indicated
cell lysates using the RBD Ras-GTP pull-down
method followed by blotting with either
pan–anti-Ras antibody (Ras-GTP) or with Ras
isoform–specific antibodies. The levels of
expression of Gal-3 were determined for all cell
lysates by immunoblotting with anti–Gal-3 to
verify comparable Gal-3 levels expressed in the
various stable Gal-3 cell lines. Anti–h-tubulin
antibody was used for protein loading control.
Immunoblots of one of three experiments with
similar results are shown. Statistical analysis is
given in Tables 1 (Ras) and 2 (Ras-GTP).
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sensitivities (Fig. 3A and B). Although each of the antibodies
reacted only with the corresponding GFP-Ras protein, the anti–N-
Ras antibody exhibited high sensitivity toward GFP–N-Ras,
whereas the anti–H-Ras and anti–K-Ras antibodies exhibited
relatively low sensitivities toward the corresponding GFP-tagged
Ras isoforms (Fig. 3A). The ratio of the absorbance of each GFP-Ras
protein band determined with the Ras isoform–specific antibody
and that determined with the anti-GFP antibody (Fig. 3B) was then
used as a factor to correct for antibody sensitivity (see details in
legend to Fig. 3).
This practice enabled us to determine the levels of expression of

each Ras isoform in the various BT-549 cell lines. The particulate
fractions of the cells were immunoblotted either with pan-Ras
antibody or with Ras isoform–specific antibodies (Fig. 4A) and the
apparent levels of expression of each isoform were estimated using
the above noted correction factors (Table 1). This analysis showed
that N-Ras is the most abundant Ras isoform in BT-549 cells (75%
of total Ras proteins), where H-Ras and K-Ras were expressed at
similar low levels (12% and 12% of total Ras proteins, respectively).
A similar Ras immunoblot analysis done with BT-549/Gal-3 cells
showed that Gal-3 did not affect the levels of expression of H-Ras
or K-Ras, yet it induced a small decrease (21.6 F 9%, mean F SD,
P < 0.05) in the levels of expression of N-Ras (Fig. 4A). No
differences were observed between the levels of expression of
Ras isoforms in BT-549 cells and BT-549/Gal-3(S6E) or BT-549/Gal-
3(G182A) cells (Fig. 4A ; Table 1). Thus, Gal-3 or its mutants had no
major effect on the levels of expression of Ras proteins (pan-Ras
antibody; see Fig. 4A) or on the relative levels of expression of each
of the Ras isoforms.
Gal-3 induces K-Ras activation at the expense of N-Ras in

BT-549 cells. Next, we examined the possible impact of Gal-3 on
Ras activation in the various BT-549 cell lines determining the
levels of Ras-GTP. The active Ras protein was pulled down from
cell lysates by GST-RBD and then determined by immunoblotting
with pan-Ras antibody. We found that BT-549 cells exhibit small
but significant amounts of active Ras-GTP accounting for 3 F 1%
(mean F SD, n = 3) of total Ras protein expressed by the cells
(Fig. 4B ; Table 2). Expression of Gal-3, but not of Gal-3(S6E) or
Gal-3(G182A), induced a marked increase in Ras-GTP; the levels of
Ras-GTP in BT-549/Gal-3 cells were 12 F 3% (mean F SD, n = 3),
remarkably higher than those of BT-549 cells (P < 0.01; Fig. 4B ;
Table 2).

To reveal whether the high Ras-GTP levels observed in BT-549/
Gal-3 cells corresponds to a specific Ras isoform, we pulled down
Ras-GTP with GST-RBD and then determined the levels of each of
the GTP-bound Ras protein by immunoblotting with the Ras
isoform–specific antibody. We found that the most abundant active
Ras isoform in BT-549 cells was N-Ras (Fig. 4B). N-Ras-GTP
accounted for 7F 3% of total N-Ras protein; H-Ras-GTP accounted
for 4 F 2% of total H-Ras protein; and K-Ras-GTP accounted for
2 F 1% of total K-Ras protein in BT-549 cells (mean F SD, n = 3;
Table 2). Expression of Gal-3, not of its inactive mutants, induced a
marked increase in active K-Ras-GTP; the levels of K-Ras-GTP in
BT-549/Gal-3 cells were 23.5 F 2–fold higher than in BT-549 cells
(P < 0.05; Fig. 4B). K-Ras-GTP in BT-549/Gal-3 accounted for 27 F
3% (meanF SD, n = 3) of total K-Ras protein expressed by the cells,
emphasizing the strong activation of this Ras isoform by Gal-3. By
marked contrast, N-Ras activation was strongly reduced by Gal-3
expression (Fig. 4B ; Table 2). Gal-3 had no effect on H-Ras-GTP
levels, which were relatively low in all BT-549 cell lines (Fig. 4B ;
Table 2). These experiments showed that Gal-3 induced a complete
shift in Ras isoform usage in BT-549 cells. Because the two
Gal-3 mutants that lack antiapoptotic activity (1, 2) failed to induce
a Ras isoform switch in BT-549 cells (Fig. 4B ; Table 2), it seems
that the N-Ras to K-Ras switch contributes to the antiapoptotic
effects of Gal-3 in BT-549 cells presumably due to alterations in Ras
signaling (15).
Gal-3 augmentation of BT-549 cell transformation depends

on Ras and ERK. Thus, we examined the levels of activation of
ERK, Akt, and Ral as readouts of the prominent Ras effectors Raf,
PI3-K, and RalGEF, respectively. We found that the levels of the
active ERK (phospho-ERK) were significantly higher in BT-549/
Gal-3 cells compared with those observed in BT-549 cells (2.9 F
0.4 fold higher; Fig. 5A and B). By marked contrast, the levels of
the active Akt (phospho-Akt) and of the active Ral (Ral-GTP) were
far lower in BT-549/Gal-3 cells compared with those observed in
BT-549 cells (presenting 9 F 1% and 6 F 1% of the levels
recorded in BT-549-cells, respectively; Fig. 5A and B). Such
alterations in Ras signals were not observed in BT-549 cells
expressing the inactive Gal-3 mutants (Fig. 5A and B). These
results suggested that the Gal-3 induced K-Ras activation that is

Table 1. Levels of expression of Ras isoforms in BT-549
cell lines

Cell line/Ras

isoform

BT-549 BT-549/

Gal-3(wt)

BT-549/

Gal-3(S6E)

BT-549/

Gal-3(G182A)

H-Ras 12 F 2% 13 F 3% 11 F 3% 11 F 3%

K-Ras 12 F 3% 16 F 2% 15 F 3% 14 F 4%

N-Ras 75 F 6% 71 F 6% 75 F 4% 74 F 8%

NOTE: Levels of expression of Ras isoforms in BT-549, BT-549/Gal-3,

BT-549/Gal-3(S6E), and BT-549/Gal-3(G182A) cells were determined

by Western immunoblotting using Ras isoform–specific antibodies as

detailed in Fig. 3 and in the text. Data represent the apparent amount
of each Ras isoform in the various cell lines in terms of percentage of

the total amount of all Ras isoforms (means F SD, n = 3).

Table 2. Levels of active Ras-GTP proteins in BT-549 cell
lines

Cell line/Ras
isoform

BT-549 BT-549/
Gal-3(wt)

BT-549/
Gal-3(S6E)

BT-549/
Gal-3(G182A)

Pan-Ras 3 F 1% 12 F 3% 3 F 1% 4 F 2%
H-Ras 4 F 2% 5 F 2% 5 F 2% 4 F 1%

K-Ras 2 F 1% 27 F 3%* 2 F 1% 3 F 1%

N-Ras 7 F 3% 2 F 1% 8 F 3% 8 F 2%

NOTE: Levels of Ras-GTP in BT-549, BT-549/Gal-3, BT-549/Gal-3(S6E),
and BT-549/Gal-3(G182A) cells were determined by the RBD pull-

down assay followed by Western immunoblotting with pan-Ras

antibody or with Ras isoform–specific antibodies as detailed in
Fig. 4 and in the text. Data (meansF SD, n = 3) represent the apparent

amount of Ras-GTP in terms of percentage of the total amount of Ras

protein as determined with pan-Ras antibody or with Ras isoform–

specific antibodies.
*P < 0.05 compared with BT-549 cells.
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Figure 5. Ras signaling. A, cell lysates from the indicated cell variant were extracted and the total amounts of phosphorylated (active) ERK (P-ERK ), total ERK (ERK ),
phosphorylated (active) AKT (P-Akt ), total AKT (Akt ), and total Ral (Ral ) were determined by Western analysis with the suitable antibodies. Alternatively, 0.5 mg protein
was used for Ral-GTP pull-down method followed by immunoblotting with anti-Ral antibody. Anti–h-tubulin antibody was used to guarantee accurate protein
loading. B, results of representative experiments quantified by densitometry analysis. Columns, mean values recorded in BT-549 cells relative with those recorded in
the cell variants (n = 3); bars, SD. C, lysates extracted from BT-549 Gal-3 (null cells) and BT-549/Gal-3 were immunoprecipitated with anti–PI3-K p85 antibody;
PI3-K activity was then determined. The phosphatidylinositol-3-phosphate (PIP ) 32P-labeled lipid products were separated by thin layer chromatography and
autoradiographed overnight. Similar results were obtained in two additional experiments.

Figure 6. Inhibition of Ras and MEK. A, BT-549/Gal-3 cells were cultivated for 24 hours in the presence of the indicated concentrations of the Ras inhibitor FTS
(A) or the MEK inhibitor UO126 (B ). Subsequently, the cells were lysed and subjected to RBD Ras-GTP pull-down method followed by immunoblotting with
either pan–anti-Ras antibody (Total Ras-GTP ) or with Ras isoform–specific antibodies. Alternatively, lysates were immunoblotted against Gal-3, phosphorylated (active)
ERK, total ERK, or against h-tubulin, which was used for protein loading control. Results of representative experiments are shown. C, quantification of (A ) and (B)
by densitometry analysis. Columns, means (n = 3); bars, SD.
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accompanied by reduced N-Ras activation in BT-549/Gal-3 cells
promoted a strong Ras-Raf-MEK-ERK signal on the expense of
activation of PI3-K and of RalGEF. Evidently, PI3-K activity was
77 F 9% lower in BT-549/Gal-3 cells compared with that recorded
in BT-549 cells (Fig. 5C).
Therefore, we examined whether inhibition of active Ras or of

ERK activation can reverse the Gal-3–induced aggressive pheno-
type of BT-549/Gal-3 cells, which is manifested inter alia by
enhanced cell proliferation, anchorage-independent cell growth,
and by resistance to cytotoxic drugs and anoikis (1, 2, 16, 17). In
these experiments, we used the Ras inhibitor FTS and the MEK
inhibitor UO126. Consistent with earlier studies in a variety of
tumor cell lines (18, 19), we found that FTS caused a marked
reduction in total active Ras protein and in active K-Ras in BT-549/
Gal-3 cells (56 F 15 and 61 F 11% reduction at 75 Amol/L FTS,
respectively; Fig. 6A and C). Concomitantly, the levels of phospho-
ERK were down-regulated as well (40 F 9% reduction at 75 Amol/L
FTS; Fig. 6A and C). Similarly, the MEK inhibitor UO126 induced
strong inhibition of ERKphosphorylation in BT-549/Gal-3 cells (60F
6% reduction at 50 Amol/L UO126; Fig. 6B and C). Along with the
inhibition of Ras and ERK by FTS or of ERK by UO126, the
anchorage-dependent (Fig. 7A) and the anchorage-independent
(Fig. 7B and C) growth of BT-549/Gal-3 cells were strongly inhibited.
Evidently, the Ras and MEK inhibitors reduced BT-549/Gal-3 cell
growth to a level close to that observed in BT-549 cells (Fig. 7).
We then examined the effects of FTS and of UO126 on the

cytotoxic effects of Adriamycin and staurosporine in BT-549/Gal-3
cells using the MTT cell viability assay and FACS analysis. Previous
studies showed that BT-549/Gal-3 cells are more resistant to these
cytotoxic drugs than BT-549 cell (Fig. 8A and B ; refs. 1–3). Thus, we
exposed BT-549/Gal-3 cells to 10 Amol/L Adriamycin or 0.5 Amol/L
staurosporine in the presence or in the absence of 75 Amol/L FTS
or 30 Amol/L UO126, which for themselves had no cytotoxic effects
(Fig. 8C and D). The apparent cell death induced by 10 Amol/L
Adriamycin (9 F 4%) was increased to the levels of 30 F 5% and
27 F 7% in the presence of 75 Amol/L FTS and 30 Amol/L UO126,
respectively (Fig. 8C). The inhibitors also induced similar increases
in the number of cells in sub-G1 phase (indicative of apoptotic cells;
Fig. 8D). The death induced by 0.5 Amol/L staurosporine (39 F 3%)
was increased to the levels of 61F 5% and 58F 7% in the presence
of 75 Amol/L FTS and 30 Amol/L UO126, respectively (Fig. 8C); the
inhibitors also augmented the staurosporine-induced increase in
number of cells in sub-G1 phase (Fig. 8D). Taken together, these
experiments strongly suggest that Gal-3 augmentation of BT-549
cell transformation depends, at least in part, on K-Ras and ERK.

Discussion

Gal-3, which is expressed at relatively high levels in a large
number of human neoplasms (16), contributes to the maintenance
of the malignant phenotype of the tumor cells (20). Such cancerous
cells that express high levels of Gal-3 exhibit elevated growth rates,
enhanced metastasis, resistance to anoikis, and resistance to
apoptosis induced by cytotoxic drugs (1, 2, 16, 17). Gal-3 is a
pleiotropic protein with activities mediated by sugar-protein
interactions through the binding of Gal-3 to extracellular h-
galactoside–binding proteins (20). Other activities of Gal-3 seem to
involve sugar-independent interactions with a number of intracel-
lular proteins including h-catenin (21), synexin (2), and K-Ras (4).
Many characteristics acquired by Gal-3 expression in cancer cells

are also achievable by chronically active Ras proteins (8, 22).

Similarly to Gal-3, Ras proteins can facilitate tumor cell growth,
enhance tumor cell migration, and protect tumor cells from
apoptotic stimuli (8, 23). Independent studies have recently shown
a link between Gal-3 and Ras pathways (4) and showed that
activation of ERK was required for Gal-3 suppression of cytotoxic
drug–induced apoptosis in BT-549/Gal-3 cells (17). In spite of this
knowledge, there is very little evidence concerning how Gal-3
carries out its related functions. The present study clearly shows
that several functions of Gal-3 are, at least in part, a result of K-Ras
activation. We show that K-Ras is drastically activated by Gal-3(wt)
in BT-549 cells and this is accompanied by an increase in phospho-
ERK. Furthermore, by using specific inhibitors for Ras or MEK (FTS
or UO126 respectively), we show that stimulation of apoptotic
activity, inhibition cell proliferation, and inhibition of anchorage-
independent growth involve the K-Ras/MEK pathway. Accordingly,
the two mutants of Gal-3 that lost their antiapoptotic function, as
reported previously (1, 3), did not affect Ras proteins. Wild-type
Gal-3 but not its inactive mutants coimmunoprecipitates and
colocalizes with oncogenic GFP-K-Ras, suggesting that the lack of
K-Ras activation by Gal-3 mutants is associated with the lack of
their ability to interact, either directly or indirectly, with the GTP-
bound K-Ras. Yet, we did not exclude the possibility that the lack of
interaction of the Gal-3 mutants with K-Ras result from incorrect

Figure 7. Transformed phenotype of cells is Ras and MEK dependent. A, the
indicated cells were seeded in six-well plates. After 4 hours, specific inhibitors
against Ras or MEK were added (+), or vehicle (�) was added as control. Cells
were cultivated for additional 4 days and then counted. B, the indicated cells
were plated in soft agarose (in 96-well plates as detailed in Materials and
Methods), in the presence of the Ras inhibitor (75 Amol/L) FTS or the MEK
inhibitor (30 Amol/L) UO126 or vehicle as control. After 21 days of incubation,
MTT was added for 4 hours and colonies were visualized. C, number of colonies
in each treatment was scored using the computerized Image-Pro software.
Quantified results of a typical experiment are shown. Columns, mean; bars, SD.

Cancer Research

Cancer Res 2005; 65: (16). August 15, 2005 7298 www.aacrjournals.org



folding. In the case of the phosphorylation site, it is feasible to aim
this question. Upcoming experiments should examine the impor-
tance of the Ser6 phosphorylation state for interaction with K-Ras
in the wt Gal-3 protein using in vitro assays. Nonetheless, our
experiments strongly suggest that Gal-3/K-Ras binding promoted
K-Ras activation, presumably by stabilizing K-Ras-GTP with the
consequent activation of Raf-MEK-ERK signaling that is required
for BT-549/Gal-3 cell transformation (17).
Intriguingly, we show here for the first time that Gal-3 induced a

decrease in N-Ras-GTP levels in BT-549/Gal-3(wt) cells. In fact, Gal-
3 expression resulted in a shift from mostly N-Ras usage in the
parental BT-549 cells to mostly K-Ras usage in BT-549/Gal-3(wt)
cells. Clearly, it is of importance to examine whether this act upon
N-Ras is general or limited to this specific type of carcinoma cells.
Furthermore, the mechanisms of N-Ras activation in the parental
BT-549 cells and the mechanisms by which Gal-3 cancels N-Ras
activation in these cells are not clear. It is possible that the high
levels of N-Ras protein in BT-549 cells provide a driving force
for strong RasGEF activity, perhaps for a selective activity of the
N-Ras–specific GRP1 protein (24).
A number of mechanisms might account for the observed Gal-3–

associated reduction in N-Ras-GTP levels in BT-549/Gal-3 cells. One
mechanism could involve enhancement of GTP hydrolysis by a
specific N-Ras GTPase activation protein; a second could involve
inactivation of a specific N-RasGEF protein; a third mechanism
could involve alteration in the subcellular localization of N-Ras.
This possibility is consistent with recent studies that showed that
Ras activation and signaling occurs not only in the cell membrane
but also in various endomembranes, including Golgi and
endoplasmic reticulum (25, 26). In addition, one would postulate
that once Gal-3 binds to K-Ras-GTP, it forms a complex that is
insensitive to Ras GTPase-activating proteins perhaps because the

GTPase-activating protein domain in K-Ras protein is blocked by
Gal-3. In turn, free GTPase-activating proteins that are no longer
engaged with K-Ras may induce GTP hydrolysis of N-Ras. Last, it is
also possible that specific K-Ras–Gal-3 signals are in charge of the
GTP hydrolysis of N-Ras. Nonetheless, given that previous studies
(4) have shown that Gal-3 binds to K-Ras, but not to other Ras
isoforms, it is unlikely that Gal-3 interacts by itself with N-Ras and
enhances its catalytic activity.
The shift from mostly N-Ras usage in the parental BT-549 cells to

mostly K-Ras usage in the Gal-3–expressing cells was accompanied
by a radical change in Ras signaling. Whereas the levels of phospho-
ERK were increased, the levels of activity of two other canonical
Ras downstream paths, namely PI3K/AKT and RalGEF/Ral, were
remarkably reduced to undetectable levels. In light of recent studies
showing preference of Ras isoforms toward Ras effectors (15, 27), it
is tempting to speculate that PI3K and Ral pathways are selectively
activated by N-Ras-GTP in BT-549 cells, whereas the Raf-MEK-ERK
pathway is selectively activated by K-Ras-GTP in BT-549/Gal-3 cells.
Accordingly, the elimination of GTP-N-Ras in BT-549/Gal-3 cells
results in a decrease in the levels of activity of PI3K/AKT and Ral.
Finally, it is worth noting that this study shows that human

tumors may acquire K-Ras–transforming characteristics without an
activating mutation in the K-ras gene rather by elevated expression
of Gal-3. Thus, inhibitors of both Gal-3 and of K-Ras could be useful
for cancer therapy.
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Figure 8. Ras- and MEK-dependent antiapoptotic activity of Gal-3. BT-549 and BT-549/Gal-3(wt) cells were preincubated for 10 hours with the Ras inhibitor
(75 Amol/L) FTS (+) or the MEK inhibitor (30 Amol/L) UO126 (+) or vehicle (�). Apoptosis then induced by adding either 10 Amol/L Adriamycin (Doxo, +) or 500 nmol/L
staurosporine (STS ) (+) or vehicle as a control (�) for 12 or 36 hours, respectively. The viability of the cells was then measured using MTT assay and cell death
was calculated as a percent of the untreated control cells (A and C ). Cells sub-G1 were monitored by flow cytometry analysis (B and D ). Representative data
from one of three similar experiments are shown. Columns, mean; bars, SD.
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