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Small Molecule Therapeutics

A Novel Galectin-1 Inhibitor Discovered through
One-Bead Two-Compound Library Potentiates
the Antitumor Effects of Paclitaxel in vivo
Tsung-Chieh Shih1, Ruiwu Liu1, Gabriel Fung1, Gaurav Bhardwaj2, Paramita M. Ghosh1,3,4,
and Kit S. Lam1

Abstract

Through the one-bead two-compound (OB2C) ultra–high-
throughput screening method, we discovered a new small-
molecule compound LLS2 that can kill a variety of cancer cells.
Pull-down assay and LC/MS-MS indicated that galectin-1 is the
target protein of LLS2. Galectin-1 is known to be involved in
the regulation of proliferation, apoptosis, cell cycle, and angio-
genesis. Binding of LLS2 to galectin-1 decreased membrane-
associated H-Ras and K-Ras and contributed to the suppression
of pErk pathway. Importantly, combination of LLS2 with
paclitaxel (a very important clinical chemotherapeutic agent)

was found to exhibit synergistic activity against several human
cancer cell lines (ovarian cancer, pancreatic cancer, and breast
cancer cells) in vitro. Furthermore, in vivo therapeutic study
indicated that combination treatment with paclitaxel and LLS2
significantly inhibits the growth of ovarian cancer xenografts in
athymic mice. Our results presented here indicate that the
OB2C combinatorial technology is a highly efficient drug
screening platform, and LLS2 discovered through this method
can be further optimized for anticancer drug development.
Mol Cancer Ther; 16(7); 1212–23. �2017 AACR.

Introduction
Plasmamembrane proteins exhibit various functions involving

ion transport, cell adhesion, and sensory stimuli transduction (1).
Some of themplay a pivotal role in humandiseases such as cancer
[death receptor, G protein–coupled receptor, EGFR, TNF receptor,
and Toll-like receptors (TLR)] (2–5). In particular, death receptor
present on the plasma membrane of cancer cells can be activated
by chemical compounds to induce cell apoptosis. Therefore,
membrane proteins are attractive therapeutic targets for antican-
cer drug development (6). Among the pharmaceutically active
heterocyclic compounds, the benzimidazole ring is an important
pharmacophore (7). It might be fruitful to develop methods to
synthesize large number of benzimidazole derivatives and screen
them efficiently against cell surface receptors for biologic prop-
erties, such as anticancer activities.

The one-bead one-compound (OBOC) combinatorial library
method was developed as an ultra–high-throughput method for
synthesis and screening of chemical compounds, including pep-
tides, peptidomimetics, small molecules, andmacrocyclic natural
products like molecules (8), for specific biological properties.

Using "split-mix" synthesis method, millions of compounds can
be rapidly synthesized on-bead. Functional compounds can then
be screened by directly mixing the compound beads with the
target protein. Beads interacting with the target are isolated and
chemically decoded by Edman degradation or mass spectrometry
(9, 10). The OBOC method has widespread applications in the
search for new bioactive compounds. For example, Peng and
colleagues used this approach to identify a novel high-affinity
peptidomimetic against a4b1 integrin (11). One-bead two-com-
pound (OB2C) method was first introduced by Meldal and
colleagues. They constructed fluorescence-quenched substrate
libraries for investigation of protease activity and successfully
identified protease inhibitors (12). We later applied the OB2C
concept to facilitate the discovery of proapoptotic peptides that
target cell surface (13). In suchOB2C libraries, each bead displays
two compounds: a hexapeptide library compound (OBOC for-
mat) and a fixed well-defined cell adhesion ligand (second
compound). When live cells are incubated with the OB2C bead
library, each beadwill be coveredwith a layer of cells by the action
of the cell capturing or adhesion ligand, thus exposing their cell
membrane proteins to the OB2C library compounds. Screening
was performedbypropidium iodide (PI) staining that canbe used
to identify dead cells. With this approach, two peptidic death
ligands against T-cell leukemia cells (Molt-4)were identified (13).

Galectin-1, a 14-kDa lectin, is one of the galectin family
members with an affinity for b-galactosides. High expression of
galectin-1 has been found in many human cancers, including
ovarian cancer (14), prostate cancer (15), lung cancer (16), breast
cancer (17), kidney cancer (18), and pancreatic cancer (19). High
expression of galectin-1 is directly implicated in the process of
tumorigenesis (20, 21). Galectin-1 is involved in cancer progres-
sion and also associated with a poor prognosis in prostate, lung,
and ovarian cancers. Galectin-1 can localize to both intracellular
and extracellular space. Intracellular galectin-1 binds tooncogenic
H-Ras and activates pERK signaling pathway, resulting in cell
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transformation (22). Galectin-1 secreted by tumor cells exerts
tumor immunosuppression through the induction of apoptosis
of activated T cells (23, 24) and stimulates tumor angiogenesis via
the interaction of VEGFR2 (25). Recent articles reported that
galectin-1 exhibits an oncogenic activity through the activation
of H-Ras/Raf/ERK pathway, p21 and Bcl-2 in ovarian cancer (14),
HIF/mTOR pathway in clear cell renal cell carcinoma (18), and
Hedgehog pathway in pancreatic cancer (19)

In this study, we adapted the powerful OB2C combinatorial
library method for the discovery of synthetic death ligands
against ovarian cancer in an ultra–high-throughput fashion. In
these OB2C benzimidazole libraries, each bead displays on its
surface an ovarian cancer cell–capturing molecule LXY30 (an
a3b1 integrin binding ligand; ref. 26) and a benzimidazole
library compound prepared by split and mix synthesis. When
the bead library is incubated with SKOV-3 ovarian cancer cells
that express high level of a3b1 integrin, each and every com-
pound-bead is coated with cells. Cells that undergo apoptosis
can be readily detected by immunocytochemistry (ICC) using
anti-cleaved caspase-3 antibody, and compound beads coated
with stained cells are considered candidate death ligands. Two
death ligands against SKOV-3 cells have been identified from
an OB2C benzimidazole-based small-molecule library (74,088
permutations), and their proapoptotic effects have been con-
firmed. One of these ligands, LLS2, was active against SKOV-3
cells at low micromolar IC50. Pull-down assay followed by LC/
MS-MS indicated that galectin-1 is the target protein of LLS2.
Molecular modeling studies suggested that LLS2 binds to the
interface between the dimeric galectin-1 subunit, and is within
6 Å from the b-galactoside binding pocket. Binding of LLS2 to
galectin-1 decreases membrane-associated Ras and contributes
to the suppression of pERK pathway. In vivo study showed that
LLS2 suppressed tumor growth in SKOV3 xenograft mice.
Moreover, LLS2 was found to potentiate the antitumor activity
of paclitaxel, both in vitro and in vivo.

Materials and Methods
Construction of OB2C library

In OB2C library, a biotin molecule is codisplayed with
library compound or testing molecule on the surface of the
bead. Biotin is the site to introduce a cell-capturing ligand after
biotinylated ligand–streptavidin (3:1) complex is incubated
with the library beads. Here, we used biotinylated LXY30, a
high-affinity ligand against a3b1 integrin, which is overex-
pressed in many epithelial cancers, including SKOV3 ovarian
cancer cells. The detailed procedure is described in Supplemen-
tary Material.

Synthesis of death ligands on beads and in soluble form
LLS1 and LLS2 were resynthesized on TentaGel resin in an

OB2C format for validation of proapoptotic activity. For detail of
synthesis, please refer to Supplementary Material. Soluble LLS2
and biotinylated LLS2 (LLS2-biotin) were synthesized on Rink
amide resin using similar chemistry described in library synthesis.
LLS2-biotinwas designed to have biotin attached to the side chain
of Lys, and twohydrophilic linkers between LLS2 and Lys(biotin).
Detailed synthetic procedures of LLS2 and LLS2-biotin are
described in Supplementary Material. The final products were
cleaved off the beads with trifluoroacetic acid (TFA) cocktail,
precipitated with cold ether and purified by reverse-phase high-

performance liquid chromatography (HPLC). Although the start-
ing scaffold used for synthesis of LLS2 and LLS2-biotin is racemic,
by introducing another stereocenter from (S)-L-(3,4-diCl)phenyl-
alanine, the final products formed two diastereoisomers that were
successfully separated by HPLC with optimized conditions. LLS2
was found as the major diastereoisomer with (R, S) configuration
at approximate ratio of 9:1 over its (S, S) isomer, which was
determined by HPLC peak integration.

Cell lines
The cell lines, including human ovarian cancer cell line SKOV3,

the lung cancer cell line A549, the prostate cancer cell line PC3, the
pancreatic carcinoma cell line XPA3, the breast cancer cell line
MCF7, and normal kidney cell line (MDCK), were obtained from
the ATCC. Galectin-1 was examined by Western blotting after
transfection with siGal-1 and pcDNA/Gal-1. Mycoplasma testing
was routinely performed every month; no additional authentica-
tion was done by the authors.

ICC assay on beads
First, we reacted neutravidin (5 nmol) with LXY30-biotin in

1:2 molar ratio for 20 minutes. After gluing the OB2C beads
onto the 12-well culture plate with 80% dimethylformamide,
mixture of neutravidin and LXY30-biotin was added onto the
beads-glued wells. After 20 minutes of incubation, SKOV3
cells (5 � 105) were then seeded onto the well and incubated
at 37�C for 20 minutes. The unbound cells were removed
by gentle washing with PBS. Cell-bound beads were incubated
at 37�C for another 24 hours, followed by fixation in 4%
paraformaldehyde for 20 minutes. For ICC assay on beads,
nonspecific protein binding was blocked by adding 5% BSA,
and cell membrane was permeabilized with 0.5% Triton X-
100. We used rabbit anti-human cleaved caspase-3 (Cell Sig-
naling Technology) as the primary antibody. Beads were
incubated with primary antibody (1:100 in PBS) overnight at
4�C. After washing with PBS, beads were then incubated with
the secondary antibody, an HRP-conjugated goat anti-rabbit
IgG, for 1 hour at room temperature. HRP activity was finally
detected using diaminobenzidine tetrahydrochloride as a sub-
strate for 3 minutes according to the manufacturer's instruc-
tions (BioGenex).

Decoding of positive beads
Positive beads were isolated, followed by treatment with

6 mol/L guanidine HCl (pH 1.0), to remove the bound cells or
any proteins or biomolecules produced by the cells, and wash-
ed with water thoroughly prior to chemical decoding using
standard automatic Edman microsequencing (ABI Procise 494).

Cell survival assay
For immobilized LLS2, streptavidin-coated plates were loaded

with LLS2-biotin. SKOV3 cells (3 � 103) were seeded in these
LLS2-coated plates. After 72 hours, cell survival assaywas assessed
using CellTiter-Glo Luminescent Cell Viability Assay Kit (Pro-
mega). For solution phase cytotoxic assay, 3 � 103 SKOV3 cells
were seeded into 96-well plates. After 24 hours, medium was
removed and the cells were treated with the indicated concentra-
tions of LLS2, and cell viability was determined after 72 hours.
Briefly, the CellTiter-Glo reagent was diluted by CellTiter-Glo
Buffer. Diluted reagent (100 mL) was added to plate with wells
containing cells and culturemedium. The plateswere incubated at
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room temperature for 10 minutes, and the luminescence was
quantified by plate reader (PerkinElmer).

PI staining on beads
After 48 hours, bead-bound cells were stained with 1 mg/mL PI

for 10minutes. After one washwith PBS, cells were photographed
using a fluorescence microscope (Olympus IX81).

Analyses of combination index
The combination index (CI), computed with the multiple

drug effect equation of Chou–Talalay, has been widely used to
quantify drug synergism. In our study, the CI values were
determined for the drug combination in cell proliferation
assays using CalcuSyn software. CI <0.9 indicates synergism,
CI ¼ 0.9–1.10 indicates additive interaction, and CI >1.10
indicates antagonism (27).

Pull-down assay
SKOV3 cells (2 � 106) were cultured for membrane protein

extraction using a commercial kit (ProteoExtract Native Mem-
brane Protein Extraction Kit, Millipore). Streptavidin agarose gel
slurry (50 mL; Pierce) was mixed with 50 mg biotinylated LLS2-
biotin in the spin column. Themixture was incubated at 4�C for 2
hours followed by centrifugation at 1,250 � g for 1 minute at
room temperature. After washing with TBS, agarose gel was
incubated with 20 mg membrane protein overnight at 4�C. Aga-
rose gel beads were washed three times with TBS, and then,
protein was eluted with 250 mL elution buffer (150 mmol/L
glycine-HCl, pH 1.5–2.5). The eluent was then neutralized by
adding 10 mL neutralization buffer (Tris, pH 8.0). The eluted
protein was digested by incubating overnight at 37�Cwith trypsin
(Promega; at 5 ng/mL) and subjected to mass spectrometry (MS)
analysis (28).

Protein identification by MS/MS
The eluted proteinwas then digested by incubating overnight at

37�Cwith trypsin at 5ng/mL (Promega) in 50mmol/LNH4HCO3

buffer, pH 7.8. Tryptic peptides were extracted from the gel pieces
in 1 volume of 0.1% trifluoroacetic acid, while vortexing for 5
minutes, followed by sonication for 5 minutes. Crude digest
mixtures were concentrated and desalted using mC18 ZipTips
(Millipore), followed by eluting in 1.5 mL of matrix (5 mg of
CHCA/mL in 50% ACN/0.1% TFA) for matrix-assisted laser
desorption/ionization—time-of-flight (MALDI-TOF) MS and
MS/MS analyses. Both MS and MS/MS spectra were searched
against the NCBI database, using MASCOT software from matrix
science (www.matrixscience.com), to identify the proteins. The
MALDI-TOF MS resolution for the peptides was around 20,000,
and themass accuracywas 0.01 to 0.02Da. TheMS/MS resolution
was around 6,000.

Plasmids and siRNA transfections
SKOV3 and HT29 cells (5 � 103) were seeded on the 96-well

plate and transfected with siRNA against galectin-1 (200 nmol/L;
Ambion) and pcDNA/gal-1 (100 ng; GenScript), respectively.
MDCK cells (1 � 105) were seeded on the 6-well plate and
transfected with H-Ras(G12V), K-Ras(G12V), and N-Ras
(Q61K) plasmids (2 mg; Addgene). Transfection was performed
using Lipofectamine 3000 transfection reagent (Life Technolo-
gies) according to the manufacturer's instructions. MDCK trans-

fected cells were selected using 2 mg/mL puromycin after addi-
tional 7 days.

Ras activation assay
Stable K-Ras (G12V) and N-Ras (Q61K) transfected cells were

serum starved overnight. The cells were stimulated with
100 ng/mL EGF for 20 minutes, followed by treatment with
25 mmol/L of LLS2 for 2 hours. Cells were lysed and Raf-1
Ras-binding domain-agarose beads (Millipore) were added to
cell lysates for 30 minutes at 4�C followed by centrifugation at
14,000 � g for 10 seconds at 4�C. After washing, the agarose-
bound Ras was incubated in 2� Laemmli reducing sample buffer
(126 mmol/L Tris/HCl, 20% glycerol, 4% SDS, 0.02% bromo-
phenol blue) followed by electrophoresis and Western blotting
with an anti-Ras antibody (Millipore).

Immunoblotting analysis
SKOV3 and A549 cells were serum starved overnight, and the

cells were then treated with 100 ng/mL EGF for 20 minutes
following treatment with LLS2 (25 mmol/L) for 2 hours. Cells
were lysed in a RIPA lysis buffer (50 mmol/L Tris-HCl pH 7.5,
0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, 150 mmol/L
NaCl, 2 mmol/L EDTA, 50 mmol/L NaF, 1 mmol/L DTT,
2 mg/mL aprotinin, and 2 mg/mL leupeptin) and incubated
on ice for 20 minutes. After centrifugation at 12,000 � g for
20 minutes at 4�C, total cell lysates were collected. Twenty
micrograms of each lysate was boiled in 2� Laemmli SDS-
PAGE sample buffer (126 mmol/L Tris/HCl, 20% glycerol, 4%
SDS, 0.02% bromophenol blue) at 95�C for 10 minutes,
followed by separation on 12% SDS-PAGE gels and transferred
onto PVDF membrane (Bio-Rad). After blocking with 10%
nonfat dried milk for 1 hour, the membrane was incubated
with the specific primary antibodies against phospho-MEK,
MEK, phosphor-Erk, Erk, b-actin (Cell Signaling Technology)
at 4�C overnight followed by incubation with corresponding
secondary antibodies at 37�C for 1 hour. After addition of ECL
substrate (Amersham), chemiluminescence signal was detected
by CCD camera (Bio-Rad).

ICC
For lightmicroscopy, cells were fixed in 4% paraformaldehyde.

Nonspecific protein binding was blocked by adding 5% BSA. We
used rabbit antihuman galectin-1 (Abcam) or LLS2-biotin as
primary antibody or primary ligand, respectively. Cells were
incubated with primary antibody (1:200 in PBS) overnight at
4�C. After washing with PBS, cells were then incubated with the
secondary antibody, a rhodamine-conjugated goat anti-rabbit IgG
(The Jackson Laboratory) or FITC-conjugated streptavidin (Sig-
ma) in the case of primary ligand, for 1 hour at room temperature.
Finally, the cells' nuclear DNA was stained with DAPI (Invitro-
gen). After washing, the cells were mounted and photographed
using a confocal microscope (Zeiss).

IHC
Tissue sections were dewaxed using xylene twice and rehy-

drated with 100% ethanol for 5 minutes, 95% and 80% ethanol
for 5 minutes each, and then rinsed in PBS. Antigen retrieval was
performed in 10mmol/L, pH 6.0 sodium citrate buffer at 95�C to
100�C for 20 minutes. After cooling down to room temperature,
tissue sections were rinsed with PBS once followed by blocking
endogenous peroxidase with 1% H2O2 and blocking nonspecific

Shih et al.

Mol Cancer Ther; 16(7) July 2017 Molecular Cancer Therapeutics1214

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/7/1212/1854453/1212.pdf by C
D

L - U
niversity of C

alifornia - D
avis user on 18 M

arch 2022

www.matrixscience.com


binding site with Power Block (BioGenex) for 5 minutes at room
temperature each. The tissue sections were then incubated with
the specific antibody against cleaved caspase-3 and Ki-67 (Cell
Signaling Technology) overnight and rinsed extensively three
times with PBS. Nuclei were counterstained with hematoxylin.
For secondary antibody labeling, the same protocol as in ICCwas
used in IHC.

In vivo xenograft tumor assays
Paclitaxel and LLS2were prepared in 50%absolute alcohol and

50% Cremophor to make a 6 and 30 mg/mL solution, respec-
tively. Prior to administration, it was diluted with saline to
produce 1 and 5mg/mL solution, respectively. Female congenital
athymic BALB/c nude (nu/nu) mice were purchased from The
Jackson Laboratory. SKOV3 cells (2.5� 106)were subcutaneously
injected to the right side of the mouse dorsal flank. The tumors
were allowed to grow to about 100 mm3. Then, mice were
randomly divided into control and treatment groups, and each
group contained 5 mice. Mice were given a daily intravenous
administration for 5 successive days. Tumor size and body weight
were measured every 3 days. In our previous study, the 10 mg/kg
paclitaxel did not significantly inhibit tumor growth (29). Eigh-
teen days after implantation, mice were sacrificed and tumor were
excised, fixed in 10% formaldehyde, embedded in paraffin, and
finally sectioned for histopathology examination.

Statistical analysis
All the in vitro experimental studies were performed in triplicate

in two different experiments. The c2 test or the Student t test was
used for comparison between variables. All results were expressed
as the mean � SD, and a value of P < 0.05 was considered
statistically significant.

Results
Construction of OB2C library

In this library, each bead displays on its surface a biotin and a
benzimidazole library compound. Desirable cell-capturing mol-
ecule such as LXY30 (an a3b1 integrin binding ligand) can be
conveniently displayed on the bead surface, by premixing LXY30-
biotin with streptavidin at 3:1 ratio, and then added to the bead
library. The coding tag is a tripeptide that resides inside the bead,
such that it will not interferewith the screening. Figure 1 shows the
synthetic scheme. The benzimidazole library has three diversities,
constructed from 42 primary amines (R1NH2), 42 aldehydes
(R2CHO), and 42 amino acids (X3, including L- and D-amino
acids, natural and unnatural amino acids). The total permutation
of the OB2C-S3 library is calculated to be 74,088 (42� 42� 42).

High-throughput screening using ICC assay on beads
Caspase-3, a pivotal executioner of apoptosis, is activated by

cleavage into p20 and p12 fragments and proteolytically cleaves
several intracellular substrates (30). We believe an efficient col-
orimetric assay to detect cleaved caspase-3 in fixed cells will be an
excellent approach to screen OB2C libraries for proapoptotic
ligands. We used anti-cleaved caspase-3 antibody to perform ICC
staining of cells bound on library beads. A positive cell-bound
bead is shown in Fig. 2A and B. For the discovery of death ligands
against SKOV3 cells, a total of about 80,000 beads fromOB2C-S3
librarywere screened; twopositive beadswere detected. These two
positive beadswere physically isolated byhand-heldmicropipette
and their chemical identity determined by chemical decoding of
the peptide tag with automatic Edman microsequencing. To
validate the proapoptotic activity of these lead compounds, we
first synthesized the death ligands on beads and then stained the

Figure 1.

Synthetic scheme of library OB2C. The library was synthesized on topologically segregated bilayer TentaGel beads using split-mix synthesis method. The library has
three diversities from 42 primary amines (R1NH2), 42 aldehydes (R2CHO), and 42 amino acids (X3) containing both L- and D-amino acids, and natural and
unnatural amino acids, respectively.

OB2C Library Identifies a Galectin-1 Inhibitor
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bound cell for caspase-3 cleavage products. Our ICC data indi-
cated that LLS2 indeedhas the ability to induce caspase-3,which is
consistent with the screening results (Fig. 2C). In addition to
confirming early apoptosis by caspase-3 staining on beads, we
also validated cell death by PI, which stains late apoptotic cells
with leaky cell membrane (31). After 48 hours of binding with
beads displaying LLS2, SKOV3 cellswere stainedwith PI.Many PI-
positive cells were detected (Fig. 2D).

Galectin-1 is a target protein of LLS2
To clarify the molecular mechanism of LLS2 causing cell

death, we used pull-down assay to determine the target protein
of LLS2. SKOV3 cell membrane proteins bound to biotinylated
LLS2 were first retained by streptavidin resin. Eluted proteins
analyzed by LC/MS-MS revealed galectin-1 as the putative

target protein (Fig. 2E). The identity of galectin-1 as the target
protein of LLS2 was further supported by immunoblot analysis
of proteins (Fig. 2F) eluted from (i) blank streptavidin beads;
(ii) LLS2-biotin/streptavidin beads; and (iii) biotinylated unre-
lated small-molecule/streptavidin beads, using anti-galectin-1
antibody as the Western blot probe. As shown in Fig. 2F, a 14-
kDa protein corresponding to galectin-1 was identified in lane 2
only, in which LLS2 was used as the affinity ligand, indicating
that the target protein of LLS2 was indeed galectin-1. We then
separately stained fixed and permeated SKOV3 cells with (i)
LLS2-biotin followed by streptavidin-fluorophore, and (ii)
anti-galectin-1 antibody and demonstrated that fluorescent
signals elicited by LLS2 and galectin-1 colocalized (Fig. 2G).

The putative binding site of LLS2 to dimeric galectin-1, pre-
dicted by computer modeling, is shown in Fig. 2H.We performed

Figure 2.

Screening OB2C small-molecule
library for death ligands. Cleaved
caspase-3–positive beads (red arrow)
in OB2C beads library. Positive beads
were picked up for chemical decoding
with automatic Edman
microsequencing. A, LLS1. B, LLS2.
Resynthesize death ligand LLS2 on
beads for validation of death effect.
C, Cleaved caspase-3 staining (100�)
D, PI staining for dead cells (40�).
Galectin-1 is a target protein of
LLS2.E,Eluted protein frompull-down
assay was identified as galectin-1 by
LC MS/MS. F, Immunoblot analysis
with anti-galectin-1 Ab to validate
the LC/MS-MS result. 1: blank
bead, 2: LLS2-beads, 3: an irrelevant
small-molecule bead control.
G, Immunostaining result reveals that
LLS2 colocalizes with galectin-1.
SKOV3, A549, PC3, and XPA3 cells
were stained by biotinylated LLS2
(green), galectin-1 antibody (red), and
nuclei were stained with DAPI (blue).
H, Computer modeling shows that
LLS2 binds the interface of the
galectin-1 dimer. Residues that are
within 3.5 Å from LLS2 are shown.
Scale bars, 50 mm.
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multiple computational docking simulations to understand the
binding of LLS compounds to galectin-1 monomer and dimer
structures. Blind docking studies were first performed to rapidly
scan the protein surface to identify putative binding surfaces.
These initial studies were followed by the more accurate and fine-
grained docking simulations across the previously identified
binding interfaces. These docking studies of LLS2 with galectin-
1 dimer suggest stable binding interactions that span both com-
ponents of thehomodimeric complex (Fig. 2H). LLS2 shows good
shape complementarity with the dimer-binding pocket. The "R2"
group of LLS2 forms hydrogen bond networks with the galectin-1
dimer, while the aromatic groups of LLS2 pack nicely against the
hydrophobic core of the binding pocket.

LLS2 affects H-Ras(G12V) and K-Ras(G12V) localization
To elucidate the molecular mechanisms of LLS2 on tumor

regression, the expression level and activity of signalingmolecules
associated with galectin-1 were analyzed. Galectin-1 located in
cytoplasmicmembrane (32) is known to cooperate with H-Ras in
cell signaling and transformation (Fig. 3A). As activated H-Ras
(G12V) at the plasma membrane is essential for induction of
oncogenic signaling pathway and its association with plasma
membrane is stabilized by galectin-1 (22), we investigatedwheth-
er membrane-associated H-Ras(G12V) can be affected by LLS2.
Real-time confocal images of EGF-treated cells revealed that GFP-
H-Ras(G12V) fusion resided on the plasma membrane migrated
to intracellular compartments after treatment with LLS2 (25
mmol/L) for 30 minutes (Fig. 3B). This is further supported by
Western blot analysis of plasma membrane, which showed that
membrane-associated H-Ras level of MDCK cells was greatly
diminished after treatment with LLS2 (Fig. 3C). LLS2 treatment
was also found to (i) induce miscolocalization of the EGF-stim-
ulated K-Ras(G12V) fusion, but not the EGF-stimulated N-Ras
(Q61K) fusion (Fig. 3D), and (ii) decrease the EGF-stimulated
levels of K-Ras-GTP (Fig. 3D and E). An important downstream
effect of Ras pathway is the activation of pErk, which is required
for cell survival, transformation, proliferation, and migration
(33). We next examined the effect of LLS2 on MAPK/ERK path-
way. Expression level of phospho-MEK and phospho-Erk was
found to be downregulated in SKOV3 and A549 cells after
treatment with LLS2 for 24 hours (Fig. 3F). Together, the data
support our notion that LLS2 induces cell death through sup-
pression of the Ras–Erk pathway.

In vitro anticancer activity of LLS2
Immunoblots show that high expression level of galectin-1 was

found in colon cancer cell lineHT29, prostate cancer cell line PC3,
ovarian cancer cell line SKOV3, pancreatic cancer cell line XPA3,
breast cancer cell line MCF7, and lung cancer cell line A549PC3
(Fig. 4A). We then tested the killing effect of the LLS2 compound
in solution. Notably, we found that LLS2 killed SKOV3 cells with
an IC50 value of 15.7 mmol/L (Fig. 4B). In addition, LLS2 can kill
HT29, PC3, XPA3, MCF7, and A549 with an IC50 value of 24.5,
28.2, 20.9, 23.2, and 34.3 mmol/L, respectively. To further eval-
uate the specificity of galectin-1 as the target for LLS2 effect, we
used siRNA to downregulate galectin-1 in SKOV3 cells and
pcDNA/galectin-1 to overexpress galectin-1 in HT29 cells (Fig.
4C). We found that SKOV3 cells transfected with negative control
siRNA were more sensitive to LLS2 than those transfected with
galectin-1 siRNA (Fig. 4D). Conversely, ectopic expression of
galectin-1 increased sensitivity of HT29 cells to LLS2 (Fig. 4D).

Although we cannot rule out the possibility of other therapeutic
targets for LLS2, the result support our notion that the major
mechanisms of action of "death" function of LLS2 are through the
inhibition of galectin-1 function, as evident by the difference in
sensitivity to LLS2with galectin-1 protein suppression and ectopic
expression.

LLS2 can potentiate the antitumor activity of paclitaxel on
cancer cells

We examined the synergistic effects of LLS2 with some current
chemotherapeutic drugs including docetaxel, paclitaxel, 5-fluo-
rouracil (5-FU), oxaliplatin, carboplatin, doxorubicin, and gem-
citabine in vitro. Our combination studies showed that LLS2
displays synergistic effects with docetaxel, paclitaxel, 5-FU, oxa-
liplatin, carboplatin, and doxorubicin. Among these chemother-
apeutic drugs, paclitaxel is of particular interest, as it has a
synergistic effect with LLS2 on many cancer cell lines. Paclitaxel
(taxol), a very important chemotherapeutic agent, binds tomicro-
tubules to form highly stable microtubules, causing cell-cycle
arrest at the G2–M phase. In addition, paclitaxel also exerts
apoptotic activity through the mitotic block (34). In clinical
cancer therapy, paclitaxel is a potent and toxic antineoplastic
drug commonly used to treat a wide variety of human malignan-
cies, such as ovarian, breast, and non–small cell lung cancers.
Single-agent and combination therapy have been extensively
evaluated in clinical trials (35, 36). Because of its low solubility,
paclitaxel is formulated in Cremophor, which requires premedi-
cation of patients with benadryl and dexamethasone. The drug
has also been nanoformulated with human serum albumin
(Abraxane). Compounds that can potentiate the antitumor effects
of paclitaxel will be of great clinical interest.

In our study, we observed that paclitaxel exhibited moderate
cytotoxicity against PC3 and SKOV3 cancer cells at 2 nmol/L. After
the combined treatment with LLS2, much stronger antiprolifera-
tive effect was achieved (Fig. 5A). This synergistic effect was
confirmed by measuring the CI (Fig. 5B), and it was further
determined at various concentrations of LLS2 and paclitaxel
against SKOV3 (Fig. 5c). Increased apoptosis and downregulation
of pERK were also observed after combined LLS2/paclitaxel
treatment for 24 hours (Fig. 5D and E).

LLS2 alone and LLS2/paclitaxel have antitumor activity in vivo
SKOV3 ovarian cancer xenograft model was used to examine

the in vivo antitumor effect of LLS2. Both tumor size (Fig. 6A
and B) and tumor weight (Fig. 6C) were smaller in LLS2-treated
mice. Tumor responsewas found tobemuchmore pronounced in
the combination LLS2 and paclitaxel treatment group (Fig. 6A–
C). Importantly, mice treated with the LLS2/paclitaxel combina-
tion regimen continued to gain weight and did not show any
significant side effects (Fig. 6D). Excised tumors were analyzed for
cleaved caspase-3 and Ki-67 level. Increased cleaved caspase-3–
positive cells (�10-fold) and decreased Ki-67–positive cells were
detected in LLS2-treated tumor, when compared with negative
controls (Fig. 6E and F). Consistent with the in vitro and in vivo
tumor response data, cleaved caspase-3–positive cells were dra-
matically increased, and Ki-67–positive cells were decreased in
combination LLS2/paclitaxel–treated group as comparedwith the
other three groups (Fig. 6E and F). Together, these results indicate
that LLS2 is an excellent drug for the development of a novel
therapeutic combination regimen with paclitaxel, for the
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efficacious treatment of ovarian cancer and a number of other
solid tumors.

Discussion
In this study, we have established the utility of benzimidazole-

based OB2C combinatorial library, in conjunction with a high-
throughput cell-based screening method to discover novel anti-
cancer agents. Through screening a benzimidazole derivatives
library (containing 74,088 discrete compounds), we have iden-
tified a novel proapoptotic compound LLS2. Further characteri-
zation of LLS2 revealed that galectin-1 is one of the target proteins
and that LLS2 inhibits cell proliferation. Molecular modeling
studies suggested that LLS2 binds to the interface between the
dimeric galectin-1 subunits and is within 6 Å from the b-galac-
toside binding pocket. We have also demonstrated onemolecular

mechanism of action of LLS2 on cell death. Binding of LLS2 to
galectin-1 decreases membrane-associated H-Ras and K-Ras and
contributed to the suppression of pErk pathway. Moreover, we
have found that LLS2 synergizes the anticancer effects of paclitaxel
against several human cancer cell lines (ovarian cancer, pancreatic
cancer, colon cancer, and breast cancer cells). In in vivo study, LLS2
significantly suppressed tumor growth and led to significant
tumor regression when used in combination with paclitaxel in
SKOV3 xenograft model. Our current study suggests that cell-
based OB2C combinatorial screening method is feasible for drug
discovery and that LLS2 compound could potentially be used as a
lead compound to develop a novel anticancer drug.

Compared with normal tissues, galectin-1 is overexpressed in
cancer tissues, and the level of galectin-1 in tumors has been
reported to be positively correlated with clinical staging, suggest-
ing that galectin-1 participates in tumor progression. Moreover, a

Figure 3.

LLS2 causes membrane dissociation of
H- and K-Ras. A, Colocalization of
galectin-1 and H-Ras. B, Once
activated by EGF, H-Ras will be
partially trafficked to the plasma
membrane, leading to the activation of
Erk pathway. After 15-minute
treatment with LLS2 (25 mmol/L),
there was a loss of membrane-
localized H-Ras. Notably, intracellular
H-Ras was augmented 30 minutes
after LLS2 treatment. Scale bars,
25 mm.C,Quantification ofmembrane-
associated H-Ras (active form) by
immunoblot analysis after treatment
with buffer (�) or LLS2 (þ), showing
that LLS2was able to lower the level of
activated H- and K-Ras. D, LLS2 also
miscolocalized the EGF-stimulated
K-Ras(G12V) but not N-Ras(Q61K).
E, Quantification of activated K- and
N-Ras. F, phospho-Mek and phospho-
Erk were significantly downregulated
after treatment with LLS2 (25 mmol/L)
for 24 hours. Scale bars, 50 mm.
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high level of galectin-1 expression has been found to correlate
with poor prognosis in prostate, lung and ovarian cancers (15, 37,
38). Recent articles also reported that galectin-1 exerts an onco-
genic activity through the activation of H-Ras/Raf/ERK pathway,
p21, andBcl-2 inovarian cancer (14),HIF/mTORpathway in clear
cell renal cell carcinoma (18), and Hedgehog pathway in pan-
creatic cancer (19). Galectin-1 secreted by tumor cells could
suppresses tumor immune response through the induction of
apoptosis of activated T cells (23, 24). Taken together, in addition
to exerting direct inhibitory effect on ERK pathway, LLS2 might
also suppresses other galectin-1–related pathway. In our prelim-
inary results, LLS2 inhibited galectin-1–related angiogenesis.
Work is currently under way in our laboratory on examining
those galectin-1–related mechanisms.

It has been suggested that the hydrophobic pocket of galectin-1
interacts with the farnesyl group of H-Ras, stabilizing H-Ras–GTP
interaction with the cell membrane (39). A single point mutation

(L11A) in the galectin-1 hydrophobic pocket displaces H-
RasG12V from the plasma membrane and inhibits biological
activity of Ras (39). As galectin-1's hydrophobic pocket is essential
for the binding to H-Ras, we hypothesize that LLS2/galectin-1
interaction may change the property or conformation of the
hydrophobic pocket in galectin-1 and therefore attenuate the
binding of galectin-1 to membrane-associated H-Ras. This
hypothesis, as well as how LLS2/galectin-1 interaction affects
downstream targets, will need to be further confirmed.

Paz and colleagues (22) reported that membrane-associated
galectin-1 binds oncogenic H-Ras to mediate Ras membrane
anchorage, resulting in cell transformation. To date, only this
study has addressed the membrane function of galectin-1; how-
ever, the larger role ofmembrane-associated galectin-1 in cancer is
largely unknown. Our OB2C screening result demonstrates a new
function ofmembrane galectin-1 as a death receptor, given that its
interactionwith LLS2 (as a proxy death ligand) leads to cell death.
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Figure 4.

In vitro anticancer activity of LL2. A, Endogenous
expression of galectin-1 in six different cancer cells.
B, Death ligand LLS2 (soluble form) kills a number of
different cancer cell lines in solution. C, Immunoblots
demonstrate the suppression of endogenous galectin-1
expression by siRNA in SKOV3 cells, and ectopic
overexpression of galectin-1 in HT-29 cells. D, SKOV3
cells transfected with control siRNA, galectin-1 siRNA,
and HT29 cells transfected with control pcDNA3.1;
pcDNA/Gal-1 were treated with/without LLS2
(25 mmol/L) for 72 hours. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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Therefore, not only has our OB2C screening discovered a novel
LLS2 death ligand, but it has also opened a window for the future
study of a newmembrane function featuring galectin-1's role as a
death receptor.

In contrast to biologicals, small molecules are orally bioavail-
able and their manufacturing cost is generally lower, which is an
important advantage for patients and the health care system.
Within the small-molecule compounds, the benzimidazole scaf-
fold is a common therapeutic pharmacophore found in several
bioactive compounds (7). Its pharmacologic activities include
antiviral (40), antimicrobial (41, 42), antiparasitic (43), anti-
inflammatory (44), and antihypertensive (45). Therefore, we
chose the benzimidazole as the pharmacophore scaffold and
utilized combinatorial chemistry to generate benzimidazole-
based compounds.

MS analysis results of proteins pulled down by LLS2 also
revealed nucleophosmin, heterogenous nuclear ribonucleopro-
tein, and filaggrin-2, making them potential therapeutic target
proteins for LLS2. In fact, many FDA- approved and clinical
effective drugs have been shown to act onmultiple target proteins
rather than a single target; examples are imatinib (Novartis) and
sorafenib (Bayer). Themain concern of off-target effects is toxicity.
Thus far, no obvious toxicities have been observed in the LLS2-

treated mice (Fig 6D). This and other published work strongly
suggest that galectin-1 is an excellent therapeutic target against
tumor; we therefore would like to further improve the binding
specificity and affinity of LLS2 to galectin-1. The "R2" group in
LLS2 forms hydrogen bondwith the galectin-1 dimer (Fig 2H); we
could modify "R1" and the central scaffold to provide additional
hydrogen bonding contacts (e.g., K127) with the dimer interface.
Moreover, the binding pocket for LLS2 is also close enough
(within 6 Å) to the known sugar-binding pocket of galectin-1.
This warrants the extension of our LLS2 virtual compound library
to include sugar moieties attached by linkers of varying lengths to
generate compounds that aim to target both the LLS2 and sugar-
binding pockets. This approach not only allows us to improve the
binding affinity and specificity of the compound to galectin-1, but
also inhibit the functional effect of glycan binding to galectin-1.

Considering the multitude of molecular entities and signaling
pathways regulating the proliferation and cellular survival/cell
death, the inhibition of a single target gene or transcriptional
factor may not be sufficient to suppress neoplastic progression. In
clinical oncology, cancer drugs with different mechanism of
actions are often given in combination to maximize the thera-
peutic effects, decrease side effects, and delay drug resistance (46).
In this study, we have clearly demonstrated that LLS2 could
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LLS2 can potentiate the anticancer
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LLS2 alone and LLS2/PTX have antitumor activity in SKOV3 xenograft model. A, Xenograft tumor. B and C, Tumor growth curves (B) and tumor weight of the
xenografts in inoculated nude mice (C). D, Body weight of nude mice. Briefly, 2.5 � 106 SKOV3 cells were subcutaneously injected to the right side of the
dorsal flank of the female congenital athymic BALB/c nudemice. The tumorswere allowed to grow to about 100mm3. Then,micewere randomly divided into control
and treatment groups (n¼ 5). Mice were given a daily intravenous administration for 5 successive days. E, IHC detection of Ki-67 and cleaved caspase-3 expression.
F, Quantification of immunostaining of Ki-67 and cleaved caspase-3–positive cells. The cells were counted in 3 random chosen areas. � , P < 0.05; �� , P < 0.01.
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synergize the antitumor efficacy of paclitaxel, both in vitro (Fig. 5)
and in vivo (Fig. 6). We will further explore this synergy in
xenograft model, patient-derived xenograft model and canine
spontaneous tumor model. Understanding the mechanism of
this synergy may allow us to develop more efficacious drug
combinations against human cancer.

In conclusion, through screening OB2C combinatorial small-
molecule libraries, we have identified LLS2 as the "death
ligand." Galectin-1 is the target of LLS2, and binding of LLS2
to galectin-1 decreases membrane-associated H-Ras and K-Ras
and contributes to the suppression of MAPK/ERK pathway.
LLS2 exerts antitumor activity, and it can also potentiate the
anticancer effects of paclitaxel in SKOV3 xenograft model. LLS2
is a promising lead compound to be developed into a potent
antitumor drug, and LLS2/paclitaxel combination treatment is
a potential new approach to enhance the therapeutic effects of
paclitaxel, a very important cytotoxic chemotherapeutic drug
clinically active against many different cancer types.
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