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Galectin-3, a �-galactoside-binding protein, has been
implicated in a variety of biological functions includ-
ing cell proliferation, apoptosis, angiogenesis, tumor
progression, and metastasis. The present study was
undertaken to understand the role of galectin-3 in the
progression of prostate cancer. Immunohistochemical
analysis of galectin-3 expression revealed that galectin-3
was cleaved during the progression of prostate cancer.
Galectin-3 knockdown by small interfering RNA (siRNA)
was associated with reduced cell migration, invasion,
cell proliferation, anchorage-independent colony
formation, and tumor growth in the prostates of
nude mice. Galectin-3 knockdown in human pros-
tate cancer PC3 cells led to cell-cycle arrest at G1

phase , up-regulation of nuclear p21, and hypo-
phosphorylation of the retinoblastoma tumor sup-
pressor protein (pRb) , with no effect on cyclin D1,
cyclin E, cyclin-dependent kinases (CDK2 and
CDK4), and p27 protein expression levels. The data
obtained here implicate galectin-3 in prostate can-
cer progression and suggest that galectin-3 may
serve as both a diagnostic marker and therapeutic
target for future disease treatments. (Am J Pathol
2009, 174:1515–1523; DOI: 10.2353/ajpath.2009.080816)

Prostate cancer is the second most common lethal ma-
lignancy in American men.1–3 Prostate cancer has posed
a major public health problem in the United States and
worldwide.4,5 There is a continuous search for better
diagnostic markers and therapeutic targets for this dis-
ease. Galectin-3 is a �-galactoside-binding protein that
binds to the carbohydrate portion of cell surface glycop-
roteins or glycolipids.6,7 It is comprised of three distinct

structural domains: a short NH2-terminal domain contain-
ing a serine phosphorylation site, a repeated collagen
�-like sequence, and a COOH-terminal domain contain-
ing a single carbohydrate recognition-binding domain.8,9

The collagen �-like sequence contains a cleavage site at
the Ala62-Tyr63 peptide bond for matrix metalloprotein-
ases (MMP-2 and MMP-9).10 Expression of galectin-3 is
related to malignant transformation of many types of tu-
mors.11–13 In human prostate cancer, galectin-3 expres-
sion was reported to be down-regulated with progressive
stages,14–17 whereas in many other cancers such as
thyroid, gastric carcinoma, and squamous cell carci-
noma of the head and neck, galectin-3 expression was
up-regulated with increased malignant phenotype.18–20

Recently, in vivo cleavage of galectin-3 was reported in
breast cancer using two specific antibodies: a monoclo-
nal antibody that recognizes intact galectin-3 and a poly-
clonal antibody that recognizes both intact and cleaved
galectin-3. Cleaved galectin-3 co-localized with active
MMP-2/MMP-9 in mouse xenografts and human breast
cancer tissues, indicating that cleavage of galectin-3 is
attributable to MMPs.21 Because cleaved galectin-3 is
recognized by the polyclonal antibody, but not the mono-
clonal antibody, we questioned if previous studies on
galectin-3 expression in human prostate cancer using a
single antibody provided the complete picture of the
significance of this protein in prostate cancer. In this
study, we evaluated the role of galectin-3 during the
progression of human prostate cancer using two ap-
proaches: staining human prostate cancer tissues with
differential antibodies and silencing galectin-3 expres-
sion in human prostate cancer PC3 cells with siRNA.
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Materials and Methods

Antibodies

Customized polyclonal rabbit anti-galectin-3 antibody
against the recombinant whole molecule was created by
Zymed Laboratories (South San Francisco, CA). Mono-
clonal rat anti-galectin-3 antibody was isolated from the
supernatant of hybridoma (catalogue no. TIB-166; Amer-
ican Type Culture Collection, Rockville, MD). Monoclonal
mouse anti-MMP-2 and anti-MMP-9 antibodies were pur-
chased from Calbiochem (San Diego, CA). Monoclonal
mouse anti-Cip1 antibody was purchased from Trans-
duction Laboratories (Lexington, KY). Monoclonal mouse
anti-cyclin E and anti-p27 were purchased from BD Bio-
sciences (San Diego, CA). Polyclonal rabbit anti-CDK2
and anti-CDK4 antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA). Polyclonal rabbit anti-phospho-
pRb and anti-lamin A/C antibodies were from Cell Signaling
Technology (Beverly, MA). Monoclonal mouse anti-cyclin
D1, anti-�-actin, and anti-�-tubulin antibodies were pur-
chased from Sigma Chemicals (St. Louis, MO).

Immunohistochemical Analysis

A prostate cancer tissue array including normal prostate
tissues (n � 30), prostate intraepithelial neoplasia (n �
30), Gleason 3 and 4 cancer tissues (n � 82), and
metastatic lesions (n � 26) was constructed at the Uni-
versity of Michigan Prostate Specialized Program of Re-
search Excellence Tissue Core. It was deparaffinized,
rehydrated, and boiled in 1 mmol/L sodium citrate buffer
(pH 6.0) by microwave for 10 minutes. Endogenous per-
oxidase activity was blocked by 0.3% hydrogen peroxide,
and nonspecific binding of immunoglobulin was minimized
by blocking with Super Block (Skytek Laboratories, Logan,
UT) for 1 hour at room temperature. Sections were incu-
bated with anti-galectin-3 antibodies (1:500 for polyclonal,
1:100 for monoclonal) overnight at 4°C, then linked with
appropriate biotinylated secondary antibodies (1:500; Vec-
tor Laboratories, Burlingame, CA) for 1 hour and the avidin-
biotin-peroxidase complex for 30 minutes at room temper-
ature, colorized by 3�-3�-diaminobenzidine tetrachloride
(Sigma Chemicals) and counterstained with hematoxylin.
Visualization and documentation were accomplished with
an Olympus (Melville, NY) BX40 microscope supporting a
Sony (Tokyo, Japan) DXC-979MD 3CCCD video camera.
Results were evaluated by two investigators in blinded man-
ner. Galectin-3 immunostaining was evaluated by the per-
centage of positively stained epithelial cells in each section.
Sections with more than 10% of positive cancer cells are
regarded as positive samples.

Cell Culture

Human prostate cancer PC3 cells (American Type Cul-
ture Collection CRL-1435) were purchased from the
American Type Culture Collection. PC3 cells and siRNA-
transfected clones were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml
streptomycin. Cultures were maintained at 37°C in a 5%
CO2 humidified incubator. For collection of conditioned
medium the cells were grown for 24 hours in basic DMEM
without the supplements.

RNA Interference

Small interfering oligonucleotides targeting human galec-
tin-3 gene (5�-GATCCCGGGAAGAAAGACAGTCGGTT-
TCAAGAGAACCGACTGTCTTTCTTCCCTTTTTTGGAAA-
3�) and its complement were synthesized and annealed
by Thermo Scientific (Pittsburgh, PA). It was subcloned
into pSilencer 3.1-H1 neo expression vector (Ambion,
Austin, TX) between BamHI and HindIII sites to construct
pSilencer 3.1-H1/siGal3-producing siRNA targeting ga-
lectin-3 mRNA. PC3 cells were transfected with this con-
structed vector and pSilencer 3.1-H1-negative control
vector containing a random sequence insert using Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. Stable clones
were selected by 600 �g/ml of G418 (Invitrogen).

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analysis

Total RNA was extracted with Trizol reagent (Invitrogen).
Two �g of total RNA was used for the RT reaction (20 �l
total volume) by using the First-Strand cDNA synthesis kit
(GE Healthcare, Piscataway, NJ) according to the man-
ufacturer’s instruction. One �l of the resultant cDNA from
the RT reaction was used as the template in PCR reac-
tions. PCR conditions were as follows: 95°C for 3 minutes,
followed by 24 cycles of 95°C for 40 seconds, 55°C for 30
seconds, and 72°C for 1 minute, the final extension was
at 72°C for 5 minutes. The following primers were used:
5�-GCCACTGATTGTGCCTTA-3� (forward) and 5�-AAC-
CGACTGTCTTTCTTCC-3� (reverse) for human galectin-3
gene; 5�-TCAACGGATTTGGTCGTATT-3� (forward) and
5�-TTGGCAGGTTTTTCTAGACG-3� (reverse) for human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene. PCR products were electrophoresed on 1% aga-
rose gel and stained with ethidium bromide. Density of
each band was quantitated using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD) and band in-
tensity of galectin-3 was standardized to that of GAPDH.

Western Blot Analysis

Cells were lysed in RIPA buffer (1% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100,
1% bovine hemoglobin, 1 mmol/L iodoacetamide, 10
mmol/L Tris-HCl, pH 8.0, 140 mmol/L sodium chloride,
0.025% sodium azide) containing 1 mmol/L phenylmethyl
sulfonyl fluoride, 1 �mol/L leupeptin, 1 �mol/L pepstatin,
and 1 �mol/L aprotinin. Protein concentration was deter-
mined using a protein assay reagent (Bio-Rad, Hercules,
CA). Equal amounts of proteins were separated on so-
dium dodecyl sulfate-polyacrylamide gel electrophore-
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sis gels and transferred to polyvinylidene fluoride
membranes (Millipore, Bedford, MA). Membranes were
blocked in 0.1% casein/0.2� phosphate-buffered saline
(PBS) for 1 hour, incubated with appropriate primary
antibodies (rabbit anti-galectin-3, 1:1000; mouse anti-
MMP-2 and anti-MMP-9, 1:800; mouse anti-Cip1, 1:250;
mouse anti-p27, 1:500; mouse anti-cyclin E, 1:500; rabbit
anti-CDK2 and anti-CDK4, 1:300; mouse anti-cyclin D1,
1:400; rabbit anti-phospho-pRb, 1:1000; rabbit anti-lamin
A/C, 1:1000; mouse anti-�-actin and anti-tubulin, 1:5000)
for 2 hours, then incubated with appropriate secondary
antibodies conjugated with IRDye 800 (Rockland Immu-
nochemicals, Gilbertsville, PA) or Alexa Fluor 680 (Invitro-
gen) for 40 minutes. After incubation of primary and
secondary antibodies, membranes were washed four
times with TPBS (PBS with 0.1% Tween 20) at 5-minute
intervals. Immunoblots were visualized using the Odys-
sey infrared imaging system (LI-COR Biosciences, Lin-
coln, NE). Density of each band was quantitated by Im-
ageJ software.

Cell Migration Assay

Cell migration was measured using a chemotaxis cham-
ber (Neuro Probe, Cabin John, MD). Briefly, basic DMEM
containing chemoattractants (0.05 mg/ml laminin or 0.1
mg/ml Matrigel) was added to the lower chamber. Cells
suspended in basic DMEM were added to the upper
chamber and incubated for 5 hours at 37C. The two
chambers were separated by polycarbonate filters (8-�m
pore size). At the end of incubation, cells on the top side
of the filter were wiped off, cells that migrated to the lower
surface of the filter were fixed and stained with the Diff-
Quik stain set (Fisher Scientific, Pittsburgh, PA). Quanti-
fication was performed by counting the stained cells
under a microscope.

Cell Invasion Assay

Cell invasion assay was performed using the Matrigel
invasion chamber (BD Biosciences). Briefly, basic DMEM
containing chemoattractant (0.05 mg/ml laminin) was
added to the chambers and cells suspended in basic
DMEM were seeded into the inserts. After 17 hours of
incubation, noninvading cells on the upper side of the
inserts were removed using a cotton swab, invading cells
on the bottom side of the inserts were fixed and stained
with the Diff-Quik stain set. Quantification was performed
by counting the stained cells under a microscope.

Gelatin Zymography

Conditioned media were concentrated using Amicon Ul-
tra centrifugal filter devices (Millipore) and protein con-
centration was determined using Bio-Rad protein assay
reagent. Ten �g of concentrated supernatants were sep-
arated on a 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel containing 1 mg/ml of gelatin. The
gel was washed three times with 2.5% Triton X-100 for 10
minutes, and 10 mmol/L Tris-HCl (pH 8.0) for 10 minutes

each. Then, the gel was incubated in 50 mmol/L Tris-HCl
(pH 8.0) with 5 mmol/L CaCl2 for 16 hours at 37°C and
stained with 1% Coomassie Brilliant Blue solution. After
destaining, sharp transparent bands indicating gelatino-
lytic activity were visualized in blue background. Density
of each band was quantified with ImageJ software.

Cell Growth Assay

Cell growth was evaluated by 3-(4,5)-dimethylthiahiazo(-
z-y1)-3,5-di-phenytetrazoliumromide (MTT). Briefly, 1 �
104 cells/well were plated in 96-well plates and cultured
for 5 days. Fresh DMEM/10% FBS was replaced on the
third day. Each day, 20 �l of MTT (5 mg/ml) in 200 �l of
basic DMEM per well were added to one set and incu-
bated for 4 hours. After removing MTT, 200 �l of dimethyl
sulfoxide were added and mixed vigorously. Absorbance
was measured at 490 nm using a Vmax microplate reader
(Molecular Devices, Sunnyvale, CA). Absorbance was
converted to cell number using a standard curve pre-
pared by precounted cells.

Cell-Cycle Analysis

Cells were plated at a density of 1 � 106 cells/dish in
10-cm culture dishes, incubated in DMEM/0.2% FBS for
24 hours, then another 24 hours in DMEM/10% FBS.
Aliquots of 1 � 106 cells were fixed in 70% ethanol at
�20°C for 24 hours. Fixed cells were washed with PBS
and suspended in 500 �l of propidium iodide/Triton
X-100/RNase staining solution for 15 minutes at 37°C in
the dark. Cell-cycle analysis was performed using FAC-
SCalibur flow cytometer (BD Biosciences).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde/PBS for
15 minutes, permeabilized with 0.2% Triton X-100/PBS
for 10 minutes, blocked in 1% bovine serum albumin/PBS
for 30 minutes, and incubated with monoclonal mouse-
anti-Cip1 antibody (1:100) for 1 hour, then incubated with
Texas Red-conjugated anti-mouse antibody (1:2000; ICN
Biomedicals, Costa Mesa, CA) for 1 hour in the dark. After
each antibody treatment, cells were washed three times
with 0.1% bovine serum albumin/PBS for 5 minutes each.
Next, cells were stained with 4�,6-diamidino-2-phenylin-
dole for 3 minutes, washed three times with double-
distilled water for 5 minutes, and mounted on a glass
slide with 80% glycerol. Fluorescent images were ac-
quired using a color Sony camera connected to a fluo-
rescence Olympus microscope.

Preparation of Nuclear Extracts

Cells were washed with ice-cold PBS twice, trypsinized,
and centrifuged at 500 � g for 5 minutes. The superna-
tant was discarded and the cell pellet was used for
extraction of the nuclear and cytoplasmic fractions using
NE-PER nuclear and cytoplasmic extraction reagents
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(Pierce Biotechnology, Rockford, IL) according to the
manufacturer’s instructions.

Anchorage-Independent Growth Assay

Six-well plates were coated with 1% SeaPlaque agarose
(BioWhittaker Molecular Applications, Rockland, ME) dis-
solved in DMEM/10% FBS. Cells (1 � 103) suspended in
DMEM/10% FBS containing 0.5% agarose were overlaid
on the bottom layer. The plates were kept at 4°C for 2
hours, then moved to a tissue culture incubator. Twenty-
four hours later, fresh DMEM/10% FBS was placed on top
and replaced every 3 days. Colonies were counted 3
weeks later and photographed using phase-contrast
photomicrography. Colonies measuring 0.1 mm or
greater in diameter were scored. Results were expressed
as the percentage of colonies in total number of seeded
cells.

Tumorigenesis in Nude Mice

To determine tumorigenesis in vivo, orthotopic implanta-
tion was performed in athymic male nude mice (nu/nu, 10
to 12 weeks old) obtained from Taconic (Germantown,
NY). Animal handling and experimental procedures were
approved by the Animal Investigation Committee of
Wayne State University. After total body anesthesia with
ketamine (70 mg/kg) and xylazine (7.5 mg/kg), a midline
incision was made in the lower abdomen and the seminal
vesicles were carefully retracted with a sterile cotton swab.
Cells (1 � 106 in 20 �l of PBS) were injected into the ventral
lobe of the prostate using a 30-gauge needle attached to a
500-�l syringe. The abdomen was closed by single-stitch
sutures using 5�0 Dexon II (Covidien, Mansfield, MA) ab-
sorbable polyglycolic acid suture. Eight mice were used per
group. Mice were sacrificed after 30 days. The primary
tumors were excised, weighed, and photographed.

Figure 1. Cleavage of galectin-3 in prostate cancer progression. A prostate
cancer tissue array was stained for intact and cleaved galectin-3 using
monoclonal and polyclonal anti-galectin-3 antibodies, respectively. A–D:
Monoclonal anti-galectin-3 antibody. A’–D’: Polyclonal anti-galectin-3
antibody. A and A’: Normal prostate tissue. B and B’: Prostate intraepi-
thelial neoplasia. C and C’: Gleason 3 cancer tissue. D and D’: Metastatic
lesion. Scale bars � 150 �m.

Figure 2. Down-regulation of galectin-3 expression by siRNA in PC3 cells.
A: Top: RT-PCR analysis of galectin-3 mRNA levels in knockdown clones and
control cells. GAPDH was used as the loading control. A: Bottom: Quanti-
fication of galectin-3 mRNA levels normalized to GAPDH. B: Top: Western
blot analysis of galectin-3 protein levels. �-Actin was used as the loading
control. B: Bottom: Quantification of galectin-3 protein levels normalized to
�-actin. Results are representative of three independent experiments. ***P �
0.001, compared with control cells. P, parental cells; NC, negative control;
siGal3-11 and siGal3-19, knockdown clones.
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Statistical Analysis

The �2 test, Fisher’s exact test, and paired t-test were
used for statistical analysis of immunohistochemistry

staining. Data from other experiments are expressed as
mean � SD of three independent experiments. Compar-
isons between the groups were determined by using
one-way analysis of variance test. P � 0.05 was consid-
ered statistically significant. All data were analyzed with
SPSS 14.0 (Chicago, IL).

Results

Cleavage of Galectin-3 in Human Prostate
Cancer

To understand the alteration of galectin-3 expression in
human prostate cancer, we examined the percentage of
positively stained epithelial cells in each section by two
different antibodies as described.21 As shown in Figure 1
A, A’, B, and B’, galectin-3 was detected mainly in the
cytoplasm of epithelial cells in all of the samples. Even
though the intensity of staining was weaker using the
polyclonal antibody, both the antibodies depicted a sim-
ilar percentage of galectin-3-positive cells, indicating that
galectin-3 is not cleaved in either normal prostate or
prostate intraepithelial neoplasia. In the case of Gleason
3 and 4 cancer tissues, the polyclonal antibody detection
showed 57% positive samples (47 of 82) and 43% neg-
ative samples (35 of 82), whereas monoclonal antibody
detection showed 22% positive samples (18 of 82) and
78% negative samples (64 of 82) (�2 � 21.4, v � 1, P �

Figure 3. Cell migration and invasion of galectin-3 knockdown PC3 cells. A:
Chemotaxis assay. Fifty �g/ml of laminin and 100 �g/ml of Matrigel were used as
chemoattractants. B: Chemoinvasion through Matrigel. Fifty �g/ml of laminin were
used as the chemoattractant. C: Top: Gelatin zymography. D: Top: Western blot
analysis. C and D: Bottom: Quantificationof activity andexpression levels ofMMP-2
and MMP-9, respectively. Results are representative of three independent experi-
ments. **P � 0.01; ***P � 0.001, compared with control cells.

Figure 4. Cell growth and cell-cycle analysis in galectin-3 knockdown
clones. A: Cell growth analyzed by MTT assay. B: Cell-cycle analysis showed
a higher percentage of cells in G1 phase in knockdown clones. Results are
representative of three independent experiments. **P � 0.01; ***P � 0.001,
compared with control cells.
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0.001) (Figure 1, C and C’). These 22% of the samples
were positive for both the antibodies. Within these sam-
ples, most of the sections displayed 65 to 90% positive
cells as detected by polyclonal antibody, whereas 10 to
50% positive cells were detected by monoclonal anti-
body. To analyze the galectin-3 cleavage in these sam-
ples, paired t-test was applied to compare the percent-
age of positive cells using the two antibodies (T � 5.46,
P � 0.001). A higher number of sections that are positive
for polyclonal antibody and a higher number of positive
cells within each section indicate that galectin-3 is
cleaved in Gleason 3 and 4. In case of metastatic lesions,
23% of the samples were positive for cleaved galectin-3
and 12% of the samples were positive for intact galec-
tin-3 (Figure 1, D and D’). These data suggested that
galectin-3 cleavage occurred during the malignant trans-
formation and progression of human prostate cancer.

Galectin-3 Knockdown in PC3 Cells by RNAi

PC3 cells were transfected with pSilencer 3.1-H1/siGal3
and pSilencer 3.1-H1-negative control vector. After G418
selection and screening by Western blot, one negative
control clone (NC) and two galectin-3 knockdown clones
(siGal3-11 and siGal3-19) were selected for the subse-
quent experiments. As shown in Figure 2A, galectin-3
mRNA levels in siGal3-11 and siGal3-19 were reduced by

73% and 68%, respectively, compared with control
cells. Figure 2B showed that expression levels of ga-
lectin-3 protein in siGal3-11 and siGal3-19 were re-
duced by �90%.

Galectin-3 Knockdown Suppressed Cell
Migration, Invasion, and Activities of
MMP-2/MMP-9 in PC3 Cells

The effects of galectin-3 knockdown on cell migration
and invasion were evaluated by chemotaxis and Matrigel
invasion assays, respectively. Chemotaxis of siGal3-11
and siGal3-19 was reduced to 28% and 46%, respec-
tively, toward laminin and 44% and 56%, respectively,
toward Matrigel of that in control cells (Figure 3A). Com-
pared with control cells, galectin-3 knockdown clones
showed a significant reduction of invasive capacity to-
ward laminin (Figure 3B). Activity levels of MMP-2 in
siGal3-11 and siGal3-19 clones were dramatically de-
creased to 54% and 39%, respectively, of that in control
cells; activity levels of MMP-9 in galectin-3 knockdown
clones were almost completely suppressed as indicated
by gelatin zymography (Figure 3C). Western blot analysis
of conditioned media confirmed the zymography results
(Figure 3D). Galectin-3 knockdown had no effects on

Figure 5. Up-regulation and nuclear transport of p21 in galectin-3 knockdown clones. A: Top: Galectin-3 knockdown increased p21 expression and suppressed
phosphorylation of pRb in total cell lysate. �-Actin was used as the loading control. A: Bottom: Quantification of expressions of p21 and p-pRb normalized to
�-actin. B: Expression of p21 by immunofluorescence assay. a–d: p21 staining. a’–d’: Nuclear staining by 4�,6-diamidino-2-phenylindole. a’’–d’’: Merged pictures.
a–a’’: Parental. b–b’’: Negative control. c–c’’: siGal3-11. d–d’’: siGal3-19. C: Left: Western blot analysis of p21 expression in nuclear extracts. Tubulin was used
as the marker of cytoplasmic extracts. Lamin A/C was used as the marker of nuclear extracts. C: Right: Quantification of nuclear p21 expression normalized to
lamin A/C. Results are representative of three independent experiments. **P � 0.01; ***P � 0.001, compared with control cells. Original magnifications, �40.
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expression levels of pro-MMP-2 and pro-MMP-9 in total
cell lysate (data not shown).

Galectin-3 Knockdown Inhibited Cell Growth
and Induced Cell-Cycle Arrest at G1 Phase

The MTT assay was used to investigate the effect of
galectin-3 knockdown on the growth of PC3 cells. The
two galectin-3 knockdown clones showed slower cell
growth rate compared with control cells (Figure 4A). To
analyze the reason for reduced cell growth, cell-cycle
distribution was determined by flow cytometry analysis.
As shown in Figure 4B, 79% of siGal3-11 cells and 78%
of siGal3-19 cells were distributed in G1 phase, whereas,
only 61% of parental cells and 59% of negative control
cells remained in G1 phase, which suggested galectin-3
knockdown induced cell-cycle arrest at G1 phase.

Up-Regulation of Nuclear p21 Contributes to G1

Cell-Cycle Arrest

To explore the underlying mechanism of cell-cycle ar-
rest by galectin-3 knockdown, expression of cell-cycle-
related proteins (cyclin D1, cyclin E, CDK2, CDK4, p21,
p27, and pRb) in total cell lysate were examined by
Western blot analysis. The two knockdown clones
showed up-regulation of p21 and hypophosphorylation
of pRb (Figure 5A). Galectin-3 knockdown had no ef-
fect on expression of cyclin D1, cyclin E, CDK2, CDK4,
or p27 (data not shown). It was reported that p21 exerts
inhibitory effects on cell-cycle transition only when it is
localized in the nucleus.22 Therefore, immunofluores-
cence staining and Western blot analysis were per-
formed to detect nuclear p21. Figure 5B showed an
intense signal of nuclear p21 in two knockdown clones.
Western blot analysis also showed an up-regulation of
nuclear p21 in siGal3-11 and siGal3-19 clones (Figure 5C).

Galectin-3 Knockdown Inhibited Tumorigenicity
of PC3 Cells

The role of galectin-3 knockdown in tumorigenesis was
evaluated by anchorage-independent growth in soft agar
and tumor growth in nude mice. As shown in Figure 6A,
the colonies of galectin-3 knockdown cells were smaller
than that of controls, and colony-forming efficiency of
siGal3-11 and siGal3-19 were reduced to 19% and 31%
of that in control cells, respectively. Orthotopic implanta-
tion of two knockdown clones or negative control cells
were performed in nude mice. Mean tumor weights of ga-
lectin-3 knockdown clones were significantly reduced com-
pared with negative control cells at 30 days (Figure 6B).

Discussion

A growing body of literature describes the correlation of
galectin-3 protein expression with neoplastic progres-
sion. High expression levels of galectin-3 have been

detected in papillary carcinoma of the thyroid, squamous
cell carcinoma of the head and neck, and primary and
metastatic gastric carcinoma. In contrast, galectin-3
down-regulation has been reported during the progres-
sion of cancers of the breast, uterus, and ovary.23,24

Furthermore, redistribution/relocalization of galectin-3
was reported in breast, colon, and prostate cancers.25,26

In human prostate cancer, a decreased expression of
galectin-3 during the progression was reported using a
monoclonal antibody recognizing only an intact (non-
cleaved) galectin-3.14–17 However, because galectin-3 is
a substrate for MMPs and is cleaved in vivo during breast
cancer progression,21 we questioned whether cleavage
of galectin-3 might be also a part of prostate cancer
progression and could be detected in biopsies. A human
prostate cancer tissue array was analyzed by immuno-
histochemistry using two differential anti-galectin-3 anti-
bodies. We found that the percentage and distribution of
positive stained cells detected by both of the antibodies
was similar in all of the normal or prostate intraepithelial
neoplasia tissue samples, which indicates that no cleav-

Figure 6. Galectin-3 knockdown inhibited tumorigenicity of PC3 cells. A:
Tumorigenicity in vitro was analyzed by anchorage-independent growth
assay. Compared with controls, colony formation rate in knockdown clones
were reduced. Inset: Size of the soft agar colonies. a: Parental. b: Negative
control. c: siGal3-11. d: siGal3-19. Results are representative of three inde-
pendent experiments. B: Mean tumor weight in galectin-3 knockdown clones
was less than that in negative control. Inset: Representative picture of
tumors. a: Negative control. b: siGal3-11. c: siGal3-19. **P � 0.01, compared
with control cells. Original magnifications, �10.
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age occurred in these two stages. However, in Gleason 3
and 4 cancer tissues, a significantly higher percentage of
positive samples and more galectin-3-positive cells in the
same section were detected using polyclonal antibody
compared with the monoclonal antibody, indicating
cleavage of galectin-3. Our data demonstrated that ga-
lectin-3 is cleaved during the malignant transformation of
human prostate cancer, which suggested that cleavage
of galectin-3, not just the presence of intact galectin-3,
could be used as the maker for diagnosis of prostate
cancer.

To date, the actual biological functions of galectin-3 in
prostate cancer have not been well described. In this
study, we down-regulated galectin-3 protein expression
to 10% of that in control cells and investigated its effects
on the biological behavior of PC3 cells. Our data showed
that galectin-3 knockdown in PC3 cells contributed to
reduced cell migration, cell invasion, and suppression of
MMP-2 and MMP-9, which suggested the association of
galectin-3 with metastatic events of PC3 cells. Our data
are consistent with the observations in many other human
cancers such as breast, colon, and brain tumors.27–29

Significant evidence has shown that galectin-3 is im-
plicated in modulation of tumor cell growth. Human leu-
kemia T cells transfected with galectin-3 displayed higher
growth rates than control nonexpressing transfectants.31

Inhibition of galectin-3 gene expression in human pitu-
itary adenoma cells HP75 resulted in decreased cell
proliferation.31 After treatment with modified citrus pectin,
a natural inhibitor of galectin-3, human prostatic cancer
cells JCA-1 displayed reduced 3H-thymidine incorpora-
tion into DNA and cell growth.32 In the present study,
galectin-3 knockdown in prostate cancer cells PC3 re-
duced cell growth and induced cell-cycle arrest at the G1

phase. The G1 cell-cycle arrest seemed to be attributable
to up-regulation of p21 expression and its nuclear local-
ization, moreover, downstream pRb displayed hypophos-
phorylation that inhibits the transcription of genes re-
quired to traverse G1 to S phase.

A relationship of galectin-3 expression with tumori-
genic phenotype of many cancer cells has been demon-
strated. Introduction of galectin-3 cDNA into galectin-3-
null human breast cancer cells BT-549 resulted in the
acquisition of tumorigenicity of BT549 cells in nude
mice.33 Inhibition of galectin-3 expression in highly ma-
lignant human breast carcinoma cells MDA-MB-435 led
to the abrogation of anchorage-independent growth and
a significant suppression of tumor growth in nude mice.34

Similar data were reported for fibroblasts35 and LS174T
colon carcinoma cells.28 Ellerhorst and colleagues36 re-
ported that LNCaP cells, which do not constitutively ex-
press galectin-3 did not show a statistically significant
difference in the tumor-forming potential when trans-
fected with galectin-3. Among the tumors that developed
from galectin-3 lines, however, only 1 of 24 was found to
have glaectin-3-positive cells. Based on these results, it
is difficult to interpret the role of galectin-3 in tumorige-
nicity of LNCaP cells. We have shown here that galectin-3
knockdown PC3 cells displayed reduced colony size and
efficiency of colony formation in soft agar. Loss of galec-
tin-3 expression also resulted in reduced tumor growth

when cells were injected in the ventral prostate of nude
mice. Taken together with observations in other tumor
types, it could be postulated that galectin-3 expression is
associated with maintenance of tumorigenic potential of
cancer cells.

In conclusion, the data show that galectin-3 is cleaved
during the progression of prostate cancer and might be
associated with metastasis, cell growth, and tumorigenic-
ity of PC3 cells. Expression of intact versus cleaved ga-
lectin-3 thus might be used as a marker for prognosis of
prostate cancer and a therapeutic target for the treatment
of prostate cancer.
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