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Abstract Tumors escape from immune surveillance
by producing immunosuppressive cytokines and pro-
apototic factors, including TGF-� and galectin-1 (Gal-1).
Since immunosuppressive mechanisms might act in
concert to confer tumor-immune privilege, we investi-
gated the potential cross talk between TGF-� and Gal-1
in highly metastatic mammary adenocarcinoma (LM3)

cells. While Gal-1 treatment was not capable of regu-
lating TGF-� synthesis, a pronounced and dose-depen-
dent increase in Gal-1 expression was observed when
tumor cells were treated with TGF-�1. This eVect was
also observed in the murine lung adenocarcinoma
LP07 and in the human breast adenocarcinoma MCF-7
cell lines. TGF-�1-mediated upregulation of Gal-1
expression was speciWcally mediated by T�RI and
T�RII, since it was abrogated when LM3 cells were
infected with retroviral vectors expressing the domi-
nant negative forms of these receptors. In addition,
gal-1 gene sequence analysis revealed the presence of
three putative binding sites for Smad4 and Smad3 tran-
scription factors, consistent with the ability of TGF-�1
to trigger a Smad-dependent signaling pathway in
these cells. Thus, TGF-�1 may trigger a Smad-depen-
dent pathway to control Gal-1 expression, suggesting
that distinct mechanisms might cooperate in tilting the
balance toward an immunosuppressive environment at
the tumor site.
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Introduction

Tumor metastasis is a multistep process involving
changes in cell adhesion, increased invasiveness, angio-
genesis and evasion of immune responses [30]. Recent
progress toward an improved understanding of the
interactions between tumor cells and the host immune
system has led to the realization that tumor cells have
devised multiple strategies to evade immune attack

C. M. Daroqui, Juan M. Ilarregui, Natalia Rubinstein, 
andMariana Salatino contributed equally to this work. E. Bal de 
Kier JoVé and, Gabriel A. Rabinovich jointly supervised this 
study and should be considered as senior authors.

C. M. Daroqui · P. Vazquez · L. Puricelli · 
E. Bal de Kier JoVé
Research Area, Institute of Oncology “Angel H. RoVo”, 
University of Buenos Aires, San Martin Avenue 5481, 
Buenos Aires, Argentina

J. M. Ilarregui · N. Rubinstein · M. Salatino · M. A. Toscano · 
G. A. Rabinovich (&)
Division of Immunogenetics, 
Hospital de Clínicas “José de San Martín”, 
Faculty of Medicine, University of Buenos Aires, 
Avenue Córdoba 2351. 3er Piso. (1120) Ciudad de Buenos 
Aires, Buenos Aires, Argentina
e-mail: gabyrabi@ciudad.com.ar

A. Bakin
Department of Cancer Genetics, 
Roswell Park Cancer Institute, 
BuValo, NY 14263, USA

Present Address:
C. M. Daroqui
Department of Oncology, 
MonteWore Medical Center, 
Albert Einstein Cancer Center, 
Bronx, NY, USA
123



Cancer Immunol Immunother
[11, 12]. These strategies include the synthesis and
secretion of immunosuppressive cytokines and pro-
apoptotic factors, such as transforming growth factor-�
(TGF-�) and galectin-1 (Gal-1), which might act in con-
cert to counteract T-cell eVector responses [13, 40, 44].

TGF-� belongs to a large superfamily of cytokines
that includes the TGF-�s, activins, and bone morpho-
genetic proteins [25]. In mammals, there are three iso-
forms of TGF-� (TGF-�1, TGF-�2, TGF-�3), which are
encoded by diVerent genes but may exhibit distinct
functions [25]. The TGF-�s present a conserved signal-
ing mechanism, which starts with the binding of active
TGF-� to the membrane constitutively active serine/
threonine kinase T�RII, which transphosphorylates
and activates the type I receptor T�RI (Alk5 in
humans) [25, 43]. T�RI in turn phosphorylates the
receptor-regulated Smad2 and Smad3 proteins, which
form complexes with a common partner, Smad4. Acti-
vated Smad complexes then enter the nucleus, where
they regulate the transcription of target genes [25, 43].

TGF-� plays a pivotal role at diVerent steps of tumor
metastasis, including cell invasion, angiogenesis, and
tumor-immune escape [1, 14, 16, 45]. Recent evidence
indicates that TGF-� acts on cytotoxic T lymphocytes
(CTL) to speciWcally inhibit the expression of diVerent
cytolytic gene products; namely perforin, granzyme A,
granzyme B, Fas ligand, and IFN-�, which are collec-
tively responsible for CTL-mediated tumor cytotoxic-
ity [44]. Consistently, blockade of TGF-� signaling
allows the generation of a potent antitumor immune
response [14]. In addition, we have previously demon-
strated that TGF-� signaling exhibits a tumor-promoting
role in an experimental model of metastatic mammary
adenocarcinoma [10].

Galectins, a family of highly conserved carbohy-
drate-binding proteins, are characterized by their abil-
ity to recognize N-acetyllactosamine sequences, which
can be displayed on both N- and O-glycans on cell sur-
face glycoconjugates [8]. Expression of galectin-1 (Gal-
1), a prototype member of this family, has been well
documented in many diVerent tumor types including
melanoma, glioblastoma, lung adenocarcinoma and
mammary carcinoma [9, 19, 49]. In general, such
expression correlates with the aggressiveness of these
tumors and the acquisition of a metastatic phenotype
[23]. There is increasing evidence that Gal-1 plays
important roles in several aspects of cancer biology
including neoplastic transformation [33], tumor cell
adhesion [48], homotypic cell aggregation [45], inva-
siveness [4, 5], and inXammation [34, 38]. In addition,
we have recently demonstrated that Gal-1 may also
function as a soluble mediator employed by tumor cells
to evade immune responses [40]. This eVect has been

extrapolated to human tumors as a link between tumor
hypoxia and tumor-immune privilege [21].

In the present study we investigated the potential
cross talk between TGF-� and Gal-1, two critical medi-
ators of tumor progression and tumor-immune escape.

Materials and methods

Cell culture and tumor cell line

The BALB/c mammary tumor LM3 cell line was estab-
lished from primary cultures of the spontaneous mam-
mary adenocarcinoma M3, as described [47]. LM3 cells
show a highly metastatic in vivo behavior when inocu-
lated into syngeneic mice [47]. The LP07 cell line was
established from primary cultures of the murine spon-
taneous lung carcinoma P07 as described [46]. The
human mammary tumor line MCF-7 [3] was obtained
from American Type Culture Collection (Rockville,
Maryland). Cells were cultured at 37°C in a humidiWed
atmosphere of 5% CO2, in minimum essential medium
(MEM) (Gibco) with non-essential aminoacids, 2 mM
L-glutamine and 80 �g/ml gentamicin, supplemented
with 5% fetal bovine serum (FBS, Gibco). Hoechst´s
staining periodically tested cells for mycoplasma con-
tamination.

Recombinant proteins and antibodies

Recombinant Gal-1 was produced and puriWed as
previously described [15]. BrieXy, E. coli BL21 (DE3)
were transformed with expression plasmids constructed
using pET expression systems (Novagen; Madison,
WI) and production of Gal-1 was induced by the addi-
tion of 1 mM isopropyl-�-D-thiogalactoside. Soluble
fractions were obtained for subsequent puriWcation by
aYnity chromatography on an asialofetuin-agarose col-
umn and stored at -20°C in 4 mM 2-ME to keep its
sugar-binding activity under reducing conditions. Lipo-
polysaccharide content of the puriWed samples was
tested using a Gel Clot Limulus Test (Cape Cod Inc.
East Falmouth, MA). Human recombinant TGF-�1
(R&D Systems) and TGF-�3 (Calbiochem) proteins
were used. The following antibodies were employed:
anti-TGF-�1

�  anti-TGF-�3 and anti-Smad4 were pur-
chased from Santa Cruz Biotechnology; anti-Smad2
and anti-phospho-Smad2 were from Cell Signaling;
anti-Smad4/DPC4 was from BD Biosciences; anti-�-
actin and TRICT-conjugated anti-mouse were from
Sigma; FITC- conjugated anti-rabbit was from Pierce,
HRP-conjugated anti-rabbit and HRP-conjugated
anti-mouse antibodies were from Vector. The anti-
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Gal-1 antibody was obtained and used essentially as
described [36].

Western blot analysis

Analysis of protein expression was performed by west-
ern blot, as previously described [36]. BrieXy, subcon-
Xuent monolayers of LM3 cells were washed with PBS
and treated for 24 h with diVerent concentrations (0.4,
4 and 40 ng/ml) of TGF-�1 or TGF-�3, or alternatively
with diVerent doses of recombinant Gal-1 (4 and 40 �g/
ml). In the case of LP07 and MCF-7 cells subconXuent
monolayers were washed with PBS and treated for 24 h
with diVerent concentrations (0.4 and 4 ng/ml) of TGF-
�1. Following treatments, cells were washed and lysed
in a buVer containing 50 mM Tris–HCl, 5 mM EDTA,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
0.15 M NaCl, and protease inhibitors (Sigma). Protein
content was measured using the Micro-BCA kit
(Pierce). Western blot analyses for Gal-1 and TGF-�
were performed essentially as described [36]. Equal
amounts of protein from cell lysates (30 �g) were
resolved on a 15% SDS-PAGE. After electrophoresis,
proteins were electroblotted onto nitrocellulose mem-
branes (Amersham) and incubated with an aYnity-
puriWed rabbit anti-Gal-1 antibody (1:4,000 dilution),
or with rabbit anti-TGF-�1 or anti-TGF-�3 antibodies
(1:200 dilution) directed against a region inside the
mature TGF-� molecule. Membranes were then incu-
bated with a HRP-labelled anti-rabbit IgG (Vector)
and developed using ECL (Amersham). Films were
analyzed with the Scion Image Analysis software, and
the intensity of each band was recorded and expressed
as arbitrary units (AU). Equal loading was checked by
Ponceau S staining or by incubating the membranes
with an anti-�-actin monoclonal antibody.

Subcellular localization of Gal-1

ImmunoXuorescence staining and confocal micros-
copy were used to determine subcellular localization
of Gal-1. BrieXy, LM3 cells were seeded on coverslips
and once reached subconXuency were treated with
4 ng/ml TGF-�1 for the indicated times. Then, cells
were Wxed with paraformaldehyde and permeabilized
with 0.05% Triton X-100 (Sigma) in PBS for 30 min.
After blocking for 1 h, the coverslips were incubated
with a primary anti-Gal-1 policlonal antibody (1:50),
and then with a FICT-conjugated anti-rabbit (1:100)
secondary antibody, for 1 h at room temperature.
Photographs were taken in a confocal microscope
(Eclipse E800, Nikon C1 Confocal Microscope) at a
magniWcation of £200 and £600. As a control omis-

sion of the Wrst antibody was performed to discrimi-
nate background staining.

Expression and functionality of dominant negative 
mutants of TGF-� receptors

LM3 cells were stably transduced with retroviral vec-
tors expressing human wild type T�RI (p-BMN-Alk5
wt-IRES-EGFP), dominant negative forms of T�RI
(pBMN-T�RI-K232R-IRES-EGFP) and T�RII (pGabe-
T�RII-K277R-EGFP) generated as described [2, 27].
Retroviral infection was performed as described [2,
29]. BrieXy, 105 cells were infected with diVerent retro-
viruses, using 10 �g/ml Polybrene (hexadimethrine
bromide, Sigma). Medium was replenished 16 h after
infection, and cells were allowed to grow for additional
24–48 h before further treatments. After infection,
EGFP-positive cells were selected by Xow cytometry.
Cells overexpressing these dominant negative receptor
forms were not capable of transducing TGF-�-medi-
ated signaling [29]. LM3 cells transduced with the
empty vector (LM3/BMN) were used as controls.

Expression and activation of Smad proteins

The ability of TGF-� to induce Smad phosphorylation
was studied in LM3 cells treated for 30 min with 4 ng/
ml TGF-�1. Western blot analysis was performed as
described above. Membranes were incubated with a
rabbit anti-phospho-Smad2 (1:500) or with a mouse
anti-Smad4/DPC4 (1:500). Membranes were then incu-
bated with HRP-conjugated anti-rabbit (1:2,000) or
anti-mouse (1:2,000) antibodies.

Subcellular localization of the Co-Smad, Smad4 was
determined by immunoXuorescence staining. BrieXy,
LM3 cells were seeded on coverslips and when reached
subconXuency, cells were treated with 4 ng/ml TGF-�1 for
30 min. Then, cells were Wxed with paraformaldehyde
and permeabilized with 0.05% Triton X-100 (Sigma) in
PBS for 30 min. After blocking for 1 h, the coverslips
were incubated with a primary anti-Smad4 monoclonal
antibody (1:100), and then with a TRICT-conjugated anti-
mouse (1:200) secondary antibody, for 1 h at room tem-
perature. Photographs were taken in a Xuorescence
microscope (Eclipse E400, Nikon) at a magniWcation of
£400. As a control omission of the Wrst antibody was
performed to discriminate background staining.

Computer-assisted sequence analysis of Smad 
binding sites

For prediction of putative binding sites for transcrip-
tion factors of the Smad family, sequence analysis of
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the whole gal-1 gene (from position ¡3,120 to position
+7,281) was performed using the MatInspector profes-
sional software (Genomatix) .

Statistical analysis

In all cases, data are representative of at least three
independent experiments. Statistical analyses were
performed using Student´s t test. Results were consid-
ered of biological signiWcance when P < 0.05.

Results

In search for a potential cross talk between TGF-�1
and Gal-1, two critical mediators of tumor progression
and tumor-immune escape, we investigated the recip-
rocal regulation of these two soluble mediators in the
LM3 metastatic mammary adenocarcinoma cell line
derived from a primary culture of the spontaneous
mammary adenocarcinoma M3 [47].

SubconXuent monolayers of LM3 cells were treated
for 24 h with increasing concentrations of TGF-�1 or
TGF-�3. Cells were washed, lysed and analyzed for
Gal-1 expression by western blot analysis (Fig. 1).
Interestingly, treatment of LM3 cells with TGF-�1
resulted in a pronounced and dose-dependent increase
in Gal-1 expression level (Fig. 1a; lanes 2–4). In con-
trast, no changes in Gal-1 expression were observed in

LM3 cells in response to TGF-�3 (Fig. 1b; lanes 2–4),
suggesting that TGF-�1 speciWcally regulates Gal-1
expression in mammary adenocarcinoma cells. To
illustrate morphologically in a time-sequence manner
the subcellular distribution of Gal-1, LM3 cells were
treated with TGF-�1 for 6, 12 and 24 h, Wxed, stained
and analyzed by immunoXuorescence and confocal
microscopy. As shown in Fig. 2 in the absence of TGF-
�1 (T0) LM3 cells displayed a weak and diVused Gal-1
staining mostly in the cytoplasm. Treatment of LM3
cells with TGF-�1 (4 ng/ml) clearly increased Gal-1
staining in the cytoplasm in a time-dependent fashion.
Interestingly, the weak Gal-1 staining detected in the
nucleus was not aVected by TGF-�1 treatment.

To evaluate whether TGF-�1 may regulate Gal-1
expression in another tumor cells, we selected a murine
lung carcinoma cells line (LP07) and a human mam-
mary adenocarcinoma line (MCF-7). As shown in
Fig. 3a and b, treatment with TGF-�1 up-regulated
Gal-1 expression in both lung LP07 and breast MCF-7
carcinoma cell lines in a dose dependent manner.
These results indicate that TGF-�1-induced regulation
of Gal-1 expression could be a widespread event and
may not be restricted to a particular tumor cell line. In
contrast, TGF-�3 had no signiWcant eVect on Gal-1
expression in both cell lines tested (data not shown),
further conWrming our results in LM3 cells.

To examine the possibility of a bidirectional regula-
tion between TGF-�1 and Gal-1, LM3 cells were

Fig. 1 TGF-�1, but not TGF-�3, regulates Gal-1 expression in
LM3 mammary adenocarcinoma cells. LM3 cells were treated for
24 h with diVerent concentrations (0.4, 4 and 40 ng/ml) of TGF-�1
(a) or TGF-�3 (b). Following treatments, cells were lysed and ana-
lyzed for Gal-1 expression by western blot. Equal amounts of pro-
tein cell lysates (30 �g) were resolved by 15% SDS-PAGE,
electroblotted onto nitrocellulose membranes and probed with

the anti-Gal-1 polyclonal Ab as described in Materials and meth-
ods. Equal loading was checked by incubating the membranes
with an anti-�-actin monoclonal antibody. The immunoreactive
protein bands indicated by the arrow (a, b) were semiquantiWed
by densitometry using the Scion Image software. Data are repre-
sentative of three independent experiments
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treated with increasing concentrations of recombinant
Gal-1. As shown in Fig. 4, Gal-1 was not able to signiW-
cantly modulate TGF-�1 expression in LM3 cells.
These results suggest that TGF-�1 might act as an
upstream mediator in the regulation of tumor-induced
immunosuppression.

To investigate whether TGF-�1 is able to regulate
Gal-1 expression through TGF-� signaling receptors,
LM3 cells were stably transduced with retroviral
vectors expressing the dominant negative forms (dn)
of T�RI (LM3/5KR) or T�RII (LM3/ K277R) as
described in Materials and methods. LM3/BMN cells,
transduced with a retroviral vector expressing wt
T�RI, were used as a control. These dominant negative
forms, dnT�RI and dnT�RII were not able to trans-
duce TGF-�-mediated signaling [29] and impaired the
tumorigenic ability of LM3 cells (Daroqui et al., per-
sonal communication). Up-regulated expression of
Gal-1 in LM3 cells clearly involved TGF-�1 binding
and signaling through its speciWc T�RI and T�RII
receptors, since this eVect was completely abrogated
when LM3 cells were genetically engineered to overex-
press inactive forms of these kinase receptors (Fig. 5,
lanes 7, 8). Moreover, no changes in Gal-1 expression
were observed in response to TGF-�1 both in LM3/
BMN cells and in the parental LM3 cells, expressing
functional TGF-� receptors (Fig. 5, lanes 5, 6). Thus,

Fig. 3 TGF-�1 upregulates Gal-1 expression in LP07 and MCF-7
tumor cells. LP07 (a) and MCF-7 (b) cells were treated for 24 h
with diVerent concentrations (0.4 and 4 ng/ml) of TGF-�1. Fol-
lowing treatments, cells were lysed and analyzed for Gal-1
expression by western blot. Equal amounts of protein cell lysates
(30 �g) were resolved by 15% SDS-PAGE, electroblotted onto
nitrocelulose membranes and probed with the anti-Gal-1 poly-

clonal Ab as described in Materials and methods. Equal loading
was checked by incubating the membranes with an anti-�-actin
monoclonal antibody. The immunoreactive protein bands indi-
cated by the arrow (a, b) were semiquantiWed by densitometry
using the Scion Image software. Data are representative of three
independent experiments
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Fig. 2 TGF-�1 upregulates Gal-1 expression in the cytoplasm of
LM3 cells. Subcellular distribution of Gal-1 upon TGF-�1 treat-
ment was evaluated by immunoXuorescence staining and confo-
cal microscopy. LM3 cells were cultured in coverslips and treated
for 6, 12 and 24 h with 4 ng/ml TGF-�1 or left untreated (Wrst panel
in each column). Cells were then Wxed, permeabilized, blocked
and incubated with an anti-Gal-1 rabbit policlonal Ab and a sec-
ondary FICT-conjugated anti-rabbit polyclonal Ab. Photographs
were taken in a confocal microscope (Eclipse E800, Nikon). Inset:
no staining was detected in the absence of the primary Ab. Mag-
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TGF-�1 triggers a speciWc receptor-mediated signal to
modulate Gal-1 expression in mammary adenocarci-
noma cells.

Since LM3 cells express both signaling TGF-� recep-
tors and these receptors are functionally active in LM3
cells [10], we next analyzed whether TGF-�1 may trig-
ger a Smad signaling pathway in these tumor cells. As
shown in Fig. 6a, TGF-�1 (4 ng/ml) was able to induce
Smad2 phosphorylation in LM3 cells at 30 min treat-
ment, without aVecting the total Smad2 expression
level. Furthermore, TGF-�1 induced nuclear transloca-
tion of Smad4 in LM3 cells as early as 30 min following
treatment (Fig. 6b).

To explore whether TGF-�1 might regulate Gal-1
expression through the Smads signaling pathway, we
searched for potential regulatory binding sites for the
Smad transcription factors in the gal-1 gene by com-
puter-assisted gene sequence analysis. The entire gal-1
gene was scanned for putative binding sites for TGF-�-
induced Smads using the MatInspector software. Inter-
estingly, we identiWed the presence of a putative
Smad4 binding site at the position –2.801 with similar-
ity of 1.000 in the core and 0.992 in the matrix
(Table 1). In addition, we found the presence of two
putative Smad3 binding sites with a similarity of 1.000
in the core and 0.996 and 1.000 in the matrix in the

Fig. 4 Galectin-1 does not modulate TGF-�1 expression in LM3
cells. SubconXuent cells were treated for 24 h with 4 or 40 �g/ml
Gal-1. Following diVerent treatments, cells lysates were analyzed
for TGF-�1 expression by western blot. Equal amounts of protein
were resolved by 15% SDS-PAGE, electroblotted onto nitrocel-
lulose membranes and probed with a speciWc anti-TGF-�1 anti-
body, as described in Materials and methods. The expression of
�-actin was used as a loading control. The immunoreactive pro-
tein bands indicated by the arrow were semiquantiWed by densi-
tometry using the Scion Image software. Data are representative
of three diVerent experiments
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positions ¡810 and +281, respectively. These Wndings
suggest that TGF-�1 may trigger a Smad-dependent
pathway to control Gal-1 expression in mammary ade-
nocarcinoma cells.

Discussion

In recent years, one of the most important insights into
tumor immunity was provided by the identiWcation of
negative regulatory pathways (e.g., CTLA-4, PD-1/
PD-L1, Jak2/ Stat3) and immunosuppressive mediators
(e.g., TGF-�, Gal-1) which might act in concert to
counteract tumor eVector mechanisms [11, 12]. These
mechanisms are suggested to co-operate in advanced
stages of cancer to limit the ability of the immune

system to restrain the tumor and the eVectiveness of
immunotherapy strategies to successfully eradicate
malignant cells [32]. It has been proposed that simulta-
neous blockade of diVerent inhibitory pathways may
engender successful cancer immunotherapy [31]. How-
ever, the potential cross talk between these mecha-
nisms has not yet been examined. Our results suggest
that Gal-1 is a novel transcriptional target of TGF-�
signaling in LM3 mammary adenocarcinoma cells.
However, further studies are required using reporter
gene analysis and chromatin immunoprecipitation
(ChIP) assays to directly demonstrate the transcrip-
tional activity of TGF-� signaling in Gal-1 gene expres-
sion. Importantly, we were also able to demonstrate
TGF-�1 regulation of Gal-1 expression in other tumor
cell lines including the murine lung carcinoma line
LP07 and the human breast adenocarcinoma cell line
MCF-7 demonstrating that TGF-�1-induced Gal-1
upregulation is not speciWc of a particular tumor cell
line. Further supporting our Wndings, it has been previ-
ously shown that TGF-�1 can upregulate Gal-1 mRNA
expression in PAC1 rat pulmonary arterial smooth
muscle cells and in human vascular smooth muscle cells
[28]. Interestingly, while TGF-�1 regulates Gal-1
expression in LM3 cells, this sugar-binding protein
does not inXuence the expression of TGF-�1, suggest-
ing that Gal-1 expression and its associated immuno-
suppressive activity might be inXuenced by the levels
of TGF-�1 in the tumor microenvironment, specially
taking into account the high levels of TGF-�1 found in
several tumor models [16].

TGF-� can regulate a wide variety of target genes,
which play critical roles in diVerent pathways of tumor
progression including tumor suppression (e.g.,
BRCA1) [41], tumor cell motility and invasiveness
(e.g., CUTL1) [27], cell growth and apoptosis (e.g.,
MAPK, TNF-� and Wnt) [17], and cancer immunoedit-
ing (e.g., perforin, granzymes, Fas ligand, and IFN-�)
[44]. In addition, recent evidence indicates that TGF-�1
can regulate gene expression through Smad-dependent
or independent mechanisms, indicating that Smad4
may induce transcriptional regulation of genes
involved in tumor growth and metastasis, while pro-
moting the silencing of genes involved in tumor-sup-
pressive functions [22]. Here we show that TGF-�1
markedly upregulates the expression of Gal-1, a critical
regulator of tumor cell adhesion [45, 48], migration [4,
5], proliferation [18], and tumor-immune escape [23,
40]. Our results are also consistent with the tumor pro-
moting activity showed by TGF-� in our experimental
system [10].

Although compelling evidence indicates a critical
role for Gal-1 in the modulation of tumor growth and

Fig. 6 TGF-�1 triggers a Smad-dependent signaling pathway in
LM3 cells. a LM3 cells were treated for 30 min with 4 ng/ml TGF-
�1, and cell lysates were subjected to western blot analysis using
an anti-phospho-Smad2, an anti-Smad2 or an anti-Smad4/DPC4
antibodies, as described in Materials and methods. Data shown
are representative of three independent experiments. b Subcellu-
lar localization of Smad4 was evaluated by immunoXuorescence
staining in LM3 cells treated for 30 min with 4 ng/ml TGF-�1.
Cells cultured in coverslips were Wxed, permeabilized, blocked
and incubated with an anti-Smad4 monoclonal antibody and with
a secondary TRICT-conjugated antibody as described above.
Photographs were taken in a Xuorescence microscope (Eclipse
E400, Nikon). MagniWcation: £400
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Table 1 IdentiWcation of putative binding sites for the Smad
complex in the gal-1 gene by computer-assisted gene sequence
analysis

Transcription 
factor

Core 
similarity

Matrix 
similarity

Strand Position

Smad4 1.000 0.992 ¡ ¡2801
Smad3 1.000 0.996 + ¡810
Smad3 1.000 1.000 + +281
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metastasis [23], there is still scarce information about
local signals (i.e., cytokines and hormonal context) and
molecular pathways involved in the regulation of Gal-1
gene expression within the tumor microenvironment
[7]. In this sense, the limited information regarding the
regulation of Gal-1 gene expression in tumor cells is
restricted to the eVects of diVerentiating stimuli and
chemotherapeutic agents including sodium butyrate
[13], retinoid acid [24], thyroid stimulating hormone [6]
and cyclophosphamide [37, 50].

Our results provide the Wrst evidence that TGF-�1
signaling can control Gal-1 expression in tumor cells. It
has been suggested that the combined use of diVerent
immunotherapy strategies might be beneWcial for the
treatment of cancer. In this regard, simultaneous block-
ade of the TGF-� and Gal-1 signaling pathways in vivo
[20, 35, 42] might have critical implications for cancer
therapy. These results are particularly interesting in
terms of recent Wndings suggesting that multiple mecha-
nisms of immune evasion can coexist in diVerent tumor
cell type [26, 39]. Our Wndings indicate that Gal-1 is
another potential therapeutic target of TGF-�1, suggest-
ing that blockade of TGF-�1 signaling might also inXu-
ence protein–glycan interactions within the tumor
microenvironment, with critical implications for tumor
cell growth, invasiveness and tumor-immune escape.
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