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ABSTRACT: Calix[4]arene compound 0118 is an angiostatic agent that inhibits tumor
growth in mice. Although 0118 is a topomimetic of galectin-1-targeting angiostatic
amphipathic peptide Anginex, we had yet to prove that 0118 targets galectin-1. Galectin-1 is
involved in pathological disorders like tumor endothelial cell adhesion and migration and
therefore presents a relevant target for therapeutic intervention against cancer. Here,
15N−1H HSQC NMR spectroscopy demonstrates that 0118 indeed targets galectin-1 at a
site away from the lectin’s carbohydrate binding site and thereby attenuates lactose binding
to the lectin. Flow cytometry and agglutination assays show that 0118 attenuates binding of
galectin-1 to cell surface glycans, and the inhibition of cell proliferation by 0118 is found to
be correlated with the cellular expression of the lectin. In general, our data indicate that
0118 targets galectin-1 as an allosteric inhibitor of glycan/carbohydrate binding. This work
contributes to the clinical development of antitumor calixarene compound 0118.

■ INTRODUCTION
Galectins, which are generally known to bind to β-galactosides
at a canonical site in the carbohydrate recognition domain
(CRD),1 exhibit various extracellular activities to mediate cell−
cell and cell−matrix adhesion and migration by interacting with
various glycan groups of cell surface glycoconjugates.2 For
example, galectin-1 (gal-1) interacts with various glycoconju-
gates of the extracellular matrix (e.g., laminin, fibronectin, β1
subunit of integrins, and ganglioside GM1), as well as those on
endothelial cells (e.g., integrins αvβ3 and αvβ5, ROBO4, CD36,
and CD13)3 and on T lymphocytes (e.g., CD7, CD43, and
CD45), where it is known to induce apoptosis.4 Binding to cell
surface glycoproteins can also trigger intracellular activity, e.g.,
elements of the Ras-MEK-ERK pathway.5

Because antagonists of galectins in general have therapeutic
potential as anti-inflammatory6 and anticancer agents,7

considerable efforts have been made by many laboratories to
design galectin antagonists. To date, reported galectin
antagonists are mostly β-galactoside analogues and glycomi-
metics that target the apparent, canonical β-galactoside
carbohydrate binding site.8−11

Previously, we reported that the de novo designed peptide
33mer Anginex and its partial peptidomimetic 6DBF7 (see
Figure 1) inhibit angiogenesis and tumor growth12,13 by
targeting galectin-1.14 Using a structure-based design approach,
we then designed and synthesized a totally nonpeptidic
calix[4]arene-based library of topomimetics of Anginex and

6DBF7.15 This small calixarene library displays chemical
substituents to approximate the molecular dimensions and
amphipathic features (hydrophobic and positively charged
residues) of Anginex and 6DBF7, which, like many
antiangiogenics, consist primarily of amphipathic and cationic
antiparallel β-sheet structure as the functional unit.12 From this
topomimetic library, calixarene 0118 (Figure 1) was shown to
be a potent angiogenesis inhibitor in vitro, as determined by
endothelial cell proliferation, migration, and chick embryo
chorioallantoic membrane assays.15 Calixarene 0118 was also
found to be highly effective at inhibiting tumor angiogenesis
and tumor growth in murine tumor models (i.e., MA148
human ovarian carcinoma and B16 murine melanoma).15 In
addition, Anginex and 0118 both display multimodal activities,
i.e., inhibition of EC proliferation and promotion of leukocyte
infiltration into tumors.16 Such multimodal activities would
have advantages in the clinic by, e.g., (i) preventing tumor
angiogenesis and inducing vessel normalization,17 (ii) abrogat-
ing tumor escape from immunity through blockade of gal-1-
induced apoptosis in activated T lymphocytes,16,18 and (iii)
preventing metastasis formation through inhibition of galectin-
1 facilitated tumor cell-EC interactions.19

Although Anginex and 0118 function similarly, we had no
evidence that 0118 targeted gal-1, as does Anginex. In the
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present study, we used NMR spectroscopy to demonstrate that
galectin-1 is in fact a molecular target of calixarene 0118 and,
furthermore, that 0118 interacts with this lectin at a site other
than its carbohydrate binding site. We also report here that
0118 attenuates galectin-1 binding to cell surface glycans and
galectin-1-mediated cell agglutination and that it inhibits cell
proliferation in a dose-dependent manner that is correlated
with the expression of galectin-1 in cells in culture. Overall, this
work contributes to the clinical development of the promising
galectin-1-targeting agent 0118.

■ RESULTS

Figure 2 shows an overlay of two 15N−1H HSQC NMR spectra
of uniformly 15N-labeled galectin-1 (15N-gal-1), one in the
absence (cross-peaks in black) and one in the presence (cross-
peaks in red) of 400 μM 0118. While some resonances are not
perturbed by the presence of 0118, others are differentially
reduced in intensity (apparent resonance broadening) and
chemically shifted. This observation alone indicates that 0118
interacts with gal-1. Moreover, these NMR spectral effects
demonstrate that the binding exchange between 0118 and gal-1
occurs on the intermediate chemical shift time scale.20

Figure 1. The amino acid sequence of the antiangiogenic peptide 33mer Anginex is shown, along with the dibenzofuran (DBF)-based mimetic
6DBF7. As described in the text, partial peptide mimetic 6DBF7 was further reduced to a nonpeptidic calix[4]arene-based compound 0118, whose
chemical structure is shown in two representations.

Figure 2. An overlay of two 1H−15N HSQC spectral expansions are shown for 15N-enriched gal-1 (1 mg/mL) alone (cross peaks in black) and in the
presence of 400 μM 0118 (cross peaks in red). Resonances are labeled with assignments reported previously by Nesmelova et al.30 The insert shows
the concentration of unbound or free 0118 ligand calculated by subtracting the estimated fraction bound of 0118 from the total concentration of
0118 added to the solution.
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Although one can not generally determine an accurate
equilibrium ligand dissociation constant, Kd, from these data, a
plot of 0118-induced intensity changes averaged over all
resonances vs the concentration of 0118 does yield a saturable
binding curve (insert Figure 2). Here, we have actually plotted
the concentration of unbound or free 0118 ligand calculated by
subtracting the estimated fraction bound of 0118 from the total
concentration of 0118 added to the solution, e.g., the total
concentration of 0118 at 50% was 60 μM, and because the total
gal-1 monomer concentration was 60 μM, 30 μM would be
bound. In this instance, there would be also 30 μM 0118 free in
solution as plotted. This midpoint value of 30 μM, therefore, is
a reasonable estimate of the Kd value and is consistent with the
observation that 0118 binding to gal-1 occurs in the
intermediate exchange regime on the NMR chemical shift
time scale, where the equilibrium dissociation constant, Kd, for
ligand binding should fall in the range of ∼5−100 μM. Ligand
binding with a Kd value greater than ∼100 μM would be
observed as fast exchange on the chemical shift time, whereas a
Kd value less than ∼1 μM would be observed as slow exchange
on the chemical shift time scale.20 Note that these ranges are
only approximate.
Because the 0118-gal-1 binding event falls in the intermediate

exchange regime, Figure 3A shows a resonance broadening

map21 in which differential broadening is shown relative to
resonance intensities for the gal-1 free state. Fractional changes
are calculated by subtracting from 1 the intensity of a given
HSQC cross-peak divided by that in pure gal-1 at the same
protein concentration. A value of 1 indicates that a resonance is
no longer apparent, and a value of 0 indicates no change in
resonance intensity. Although the degree of resonance

broadening depends on several factors, including the strength
of ligand binding and chemical shift differences between
unbound and bound states, a resonance broadening map
developed at the initial stages of the ligand titration provides
relatively good insight into where on the protein the ligand
interacts. In this regard, the interpretation of an HSQC
broadening map is similar to that of the well-known HSQC
chemical shift map,22 i.e., those resonances that are broadened
the most are associated with that site(s) of interaction on gal-1.
However, because resonances in the intermediate exchange
regime are chemically shifted as they are broadened (some
more than others) and this is correlated with the chemical shift
difference between bound and unbound states, we also show a
HSQC chemical shift map in Figure 3B, also taken at the same
initial point in the titration before resonances are too highly
broadened and disappear from the spectrum.
Both broadening and chemical shift maps show similar trends

and essentially indicate which gal-1 residues are primarily
affected by 0118 binding, and therefore, they indicate the
region on gal-1 where 0118 is most likely to interact (Figure 4).
Gal-1 has a β-sandwich structure that is comprised of 11 β-
strands, with the front face β-sheet (antiparallel running β-
strands 1, 3, 10, 4, 5, and 6) containing the lactose binding site
and the back face β-sheet comprising β-strands 7, 8, 9, 2, and
11. β-strands 1 and 11 interact to form the gal-1 dimer
interface. From our HSQC resonance broadening and chemical
shift maps (Figure 3), we conclude that the primary site for
0118 interaction is at the back face of gal-1 in the region formed
primarily by residues 6−10, 14−17, and 89−92. Other residues
also perturbed by 0118 binding are mostly proximal to these
residues. For example, L17 is proximal to M120, and F91 is
proximal to T97 which is proximal to Y104.
The region identified above is highlighted (circle in left panel

of Figure 4), along with some other proximal residues, in one of
the monomer subunits of the gal-1 dimer (PDB access code
1gzw). The chemical structure of 0118 is shown to scale in the
insert at the bottom of the figure. The panel at the right in
Figure 4 shows the front face of gal-1 with bound lactose in
blue, and the middle panel shows a side view where it is
apparent that most perturbations are observed at residues on
the back side of gal-1. Nevertheless, by perturbing this network
of residues at the back face of gal-1, 0118 binding consequently
perturbs residues at the front face of gal-1 where carbohydrate
ligands bind. In this regard, residues N56, I58, and N61, along
with E74 and V76, are indirectly perturbed by 0118 binding.
This may be explained by considering that Y104 is proximal to
E74 and V76 which lie above the carbohydrate ligand, while I89
is proximal to N61 through the β-sandwich. Moreover, M120 is
proximal to F79, which interacts with I58, also within the
hydrophobic interior of the β-sandwich. In other words, it
appears that when 0118 binds at the back face of the β-
sandwich, effects are seen at the front face carbohydrate binding
site.
It should be noted that the side chains of N56 and N61 form

hydrogen bonds with OH groups from the carbohydrate
ligand,23 and 0118 binding-induced perturbations to these (and
other) residues likely would have influence on carbohydrate
ligand binding. In fact, we find that lactose binding to gal-1 is
attenuated in the presence of 0118. Figure 5 shows 15N-gal-1
(100 μM) HSQC-derived lactose binding curves acquired in
the absence and presence of 0118 (gal-1:0118 molar ratio of
1:5). For each of the four residues shown (S29, N39, R73, and
F79), curves acquired with gal-1 in the presence of 0118

Figure 3. HSQC resonance broadening (A) and chemical shift (B)
maps are shown for 0118 binding to gal-1. Fractional changes in gal-1
resonance intensities observed for gal-1 in the presence of 0118 (170
μM) are shown vs the residue number of gal-1 (A). A value of 1
indicates that the resonance associated with that particular residue is
no longer apparent, and a value of zero indicates no change in
resonance intensity. Chemical shift changes to 15N-gal-1 resonances in
the presence of 0118 are shown vs the residue number of gal-1 (B).
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(compared to those in the absence of 0118) are shifted to
higher concentrations of lactose, indicating weaker ligand
binding to the lectin. While the average Kd value for binding of
lactose to Gal-1 is 100 ± 40 μM in the absence of 0118, it is
290 ± 55 μM in the presence of 0118. These Kd values are the
result of averaging of individual Kd values determined for the 20
top lactose-induced gal-1 shifted resonances.
0118-induced attenuation of carbohydrate (lactose) binding

to gal-1 is supported on the cellular level by three lines of
evidence. First, results from flow cytometry indicate that FITC-
labeled gal-1 (0.1 μM or 0.2 μM) binding to natural glycans on

splenocytes is significantly attenuated as the concentration of
0118 is increased (Figure 6A). The effect is deconvoluted with
respect to leukocytes (CD4+ and CD8+ cells) and endothelial
cells (CD31+) in Figure 6B. In these cell types, 0118 effectively
attenuates binding of FITC-gal-1 to cell surface glycans in a
dose-dependent manner. At 20 μM 0118, binding of 0.1 μM
gal-1 to CD4+ (or CD8+) and CD31+ cells is ∼80% and ∼50%
inhibited, respectively. At 100 μM 0118, gal-1 binding to CD4+

(or CD8+) and CD31+ cells is 100% and ∼70% inhibited,
respectively. In this regard, gal-1 binding is inhibited in a dose-
dependent manner, i.e., a higher concentration of 0118 is

Figure 4. The dimer structure of gal-1 (PDB access code 1gzw) is shown. Residues that are most broadened and chemically shifted as indicated in
Figure 2 are highlighted here. The most perturbed resonances are highlighted in red, followed by pink, and those minimally perturbed and unaffected
are shown in gray highlights. The proposed 0118 binding region on gal-1 is indicated by a white circle. Three faces are depicted: the lactose (in blue)
binding front face, the back side opposite the lactose binding face, and a side view between the two faces looking on edge through the β-sandwich. A
stick structure of 0118 is shown to scale in the insert at the bottom of the figure.

Figure 5. Lactose titration curves for four gal-1 residues (S29, N39, R73, and F79) are shown. 1H,15N-weighted chemical shift differences (Δδ =
[(δ1H)2 + 0.15(δ15N)2]1/2) were determined from HSQC spectra acquired with 15N-gal-1 (100 μM) in the absence (−●−) and presence of 0118
(−■−) in a molar ratio of 1:5 (gal-1:0118). The total lactose concentration is shown in these plots. Titration curves were fit with Gaussian/
sigmoidal functions, and Kd values were determined by taking the total lactose concentration at 50% Δδ minus the concentration of bound lactose
(i.e., half of the gal-1 concentration = 50 μM).
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required to inhibit the binding of gal-1 to cell surface glycans
when the lectin concentration is 0.2 μM vis-a-̀vis 0.1 μM.
Our second line of evidence that carbohydrate binding to gal-

1 is attenuated by 0118 binding comes from the agglutination
assay (Figure 7). Because agglutination occurs by galectin-1-
mediated cross-linking of cell surface glycans on cells,24

attenuated agglutination in the presence of 0118 can be
explained by reduced glycan binding by 0118-bound gal-1. At a
gal-1 concentration that induces ∼50% cell agglutination (1
μM), Figure 7A (panels at the left) shows formation of large
aggregates as expected in the absence of 0118. Upon addition
of 0118 (20 μM) (panels at the right in Figure 7A), it is evident
that agglutination is highly attenuated. These data were digitally
quantified by pixilation,25 as illustrated in the lower panels to
Figure 7A. These results are presented in bar graph format in
Figure 7B, which indicates that the presence of 0118 at 20 μM
inhibits cell agglutination by about 80%.
The concentration responsiveness from 0118 in these flow

cytometry and agglutination experiments with gal-1 parallels
that observed in a cell viability assay using a series of human cell
lines that express varying amounts of gal-1. Figure 8A shows the
dose-dependent 0118 inhibition on several cell types in culture,
and Figure 8B quantifies these results for gal-1 protein
production relative to that of β-actin as a control. Figure 8C
shows a scatter plot correlating the IC50 values for 0118 with
the amount of mRNA gal-1 (LGALS1) expressed in each of
those cancer cells. The correlation coefficient (R = 0.55, p-value
= 0.002) is reasonably good, with an inverse correlation
indicating that concentrations of 0118 required to inhibit 50%

of cancer cell growth is proportional to LGALS1 expression.
Although we can not rule out the possibility that 0118 also
exerts its effect on cell viability distinct from its effect on gal-1,
the major mechanism of action from 0118 is most likely to be
via inhibition of gal-1 function, primarily because we do observe
a correlation between the level of gal-1 expression and the
effectiveness of 0118, i.e. more gal-1 expression requires more
0118 to achieve the same biological response. Nevertheless,
0118 could also be functioning via an additional mechanism of
action.

■ DISCUSSION
Here, we report that calixarene compound 0118 indeed targets
gal-1. 0118 was designed as a topomimetic of the amphipathic,
angiogstatic peptide Anginex.12a Over the past several years, our
approach to designing mimetics of Anginex has reduced the size
and peptidic character of the parent peptide 33mer to a
dibenzofuran-based partial peptide mimetic, 6DBF712b and
then to calixarene compound 0118.15 Previously, we demon-
strated that all three compounds (Anginex, 6DBF7, and 0118)
function similarly in vitro and in vivo in terms of, e.g., inhibiting
endothelial cell proliferation, angiogenesis, and tumor grow-
th.12a,27

Figure 6. Multicolor flow cytometry was used to assess the effects of
0118 on FITC-gal-1 binding to splenocytes (CD4+ and CD8+
leukocytes and CD31+ endothelial cells) derived from male or female
gal-1 −/− null mice. Binding of FITC-gal-1 (0.1 or 0.2 μM) to these
cells was assessed as a function of 0118 concentration. Experiments
were performed on a LSR II flow cytometer (BD Biosciences), and
data were analyzed using Flowjo software (Tree Star, Inc.). Figure 7. Jurkat E6.1 cells agglutination was induced by addition of 1

μM gal-1 and incubated at 22 °C on plastic, round-bottom chamber
slides (Nunc, Naperville, IL, USA) in medium alone or in the presence
of 20 μM 0118. Cell agglutination was assessed using an Axiovert 10
inverted phase microscope equipped with a digital camera system
(Zeiss, Germany) and digitally analyzed and differentially quantified by
morphometric analysis, as described earlier.25
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However, although the structures of all three compounds are
similar in terms of, e.g., being amphipathic and cationic, the
actual structural presentation of chemical groups in 0118 is
quite different from that in Anginex or 6DBF7. The
hydrophobic surface of β-sheet-folded Anginex (and 6DBF7)
is composed of aromatic (Phe and Trp) and alkyl (Leu, Val,
Ile) groups, whereas its hydrophilic, cationic surface is primarily
composed of primary amines (Lys). Chemical substituents on
the hydrophobic and hydrophilic surfaces of 0118 are
composed solely of aryl groups and tertiary amines,
respectively. Nevertheless, on the molecular level, there must
be sufficient chemical similarity between Anginex (and 6DBF7)
and 0118 in order to promote 0118 targeting to gal-1 as with
Anginex.14

The greater difference between the chemical surfaces of
Anginex and 0118 rests in the character of their cationic faces
(primary vs tertiary amines, respectively). However, SAR
information on Anginex indicates that it is the hydrophobic
face of the amphipathic peptide that interacts with the surface
of gal-1, while the cationic face of Anginex primarily promotes
longer range electrostatic effects.12b In this regard, it may be
that the hydrophobic surface from the calixarene crown of 0118

is also more crucial to interaction with gal-1. This idea is
consistent with our HSQC mapping data that suggest that the
most likely 0118 binding site has considerable hydrophobic
character defined by e.g. P13, G14, A94, F91, L112, L114, and
A116, as well as anionic character with, e.g., E15, D92, and
E115.
As an antagonist of gal-1, calixarene 0118 is unique to the

field, primarily because it binds at a site on gal-1 that is located
on the back face of the lectin away from its β-galactoside-
binding site. Moreover, our HSQC-based lactose titrations, as
well as flow cytometry and agglutination data, indicate that
0118 attenuates binding of gal-1 to lactose and to cell surface
glycans. Because of this and the observation that 0118 binds
gal-1 at a site different from its carbohydrate binding site, we
conclude that 0118 functions as a noncompetitive, allosteric
inhibitor of gal-1 function, unlike any other known galectin
antagonist.
Galectin antagonists reported to date are mostly β-galacto-

side-analogues and glycomimetics that target the obvious,
canonical carbohydrate binding site. Most of these compounds
were designed to antagonize galectins 1, 3, 7, 8, and 9
(primarily gal-3) and include aryl O- and S-galactosides and
lactosides,8a,28 carbohydrate-based triazoles and isoxazoles,28 3-
(1,2,3-triazol-1-yl)-1-thio-galactosides,8b anomeric oxime ether
derivatives of β-galactose (O-galactosyl aldoximes),9 phenyl
thio-β-D-galactopyranoside analogues,8d thioureido N-acetyllac-
tosamine derivatives,8c and multivalent arene thiodigalactoside
bis-benzamido analogues with groups on each end of the
carbohydrate moiety to interact with arginine residues within
the carbohydrate binding domain.8e Other multivalent
inhibitors include functionalized unnatural amino acids
(phenyl-bis-alanine and phenyl-tris-alanine) with 2-azidoethyl
β-D-galactopyranosyl-(1−4)-β-D-glucopyranoside,10 a bilactosy-
lated steroid-based compound,29 and polymethylene-spaced
dilactoseamine derivatives.11

Although some of these carbohydrate-based compounds bind
various galectins in vitro with single digit μM Kd values, most
bind galectins rather weakly with Kds >100 μM. Moreover,
galectin specificity of any of them remains a significant issue,
due primarily to conserved structural homology of β-galactoside
binding sites among all galectins. In addition, few of these
compounds has been tested in vivo, where issues related to
bioavailabilty are likely to show that these saccharide-based
compounds would make for relatively poor therapeutic agents,
primarily because simple, low molecular weight carbohydrates
are readily subject to hydrolysis and/or clearance.

■ CONCLUSION

0118 has been developed as a therapeutic agent for use in the
clinic against cancer. As a therapeutic agent, calixarene 0118 is a
significant improvement over both Anginex and 6DBF7, as well
as over any carbohydrate-based compound, for several reasons.
0118 (937 Da) approaches the generally accepted definition of
a “small molecule” (i.e., < 500 Da). 0118 should have better in
vivo exposure because it is nonpeptidic and noncarbohydrate,
and therefore is nonhydrolyzable. Moreover, because of its aryl-
crown structure, 0118 should be chemically stable and less
likely to be metabolized in vivo than any peptide or
carbohydrate-based compound. Compound 0118 is presently
in a phase I clinical trial with cancer patients. Overall, 0118 is a
promising antitumor agent that targets galectin-1 as a first-in-
class therapeutic agent.

Figure 8. The concentration of 0118 required for inhibiting cell
viability is proportional to Gal-1 expression. (A) Antiviability effects
(expressed as % change in cell numbers over time) of 0118 were
determined using the MTT assay in human cancer cell lines. (B)
Cancer cells that are sensitive to 0118 expressed lower galectin-1
protein expression as determined using Western Blot analysis. (C)
Concentrations of 0118 as established by plotting the IC50 in cancer
cells is proportional to their relative LGALS1 mRNA expression as
assessed by qRT-PCR.
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■ MATERIALS AND METHODS
Chemicals. Calix[4]arene 0118 (PTX008; PepTx, Excelsior MN;

USA) is also known as OTX-008 (OncoEthix, Lausanne; Switzerland)
was manufactured as previously described.15 Purity of 0118 is >95% as
determined by chromatography and mass spectrometry, as described
elsewhere.15

Galectin-1 Preparation. “Uniformly 15N-labeled human galectin-
1 (gal-1) was expressed in BL21(DE3) competent cells (Novagen),
grown in minimal media, purified over a B lactose affinity column, and
further fractionated on a gel filtration column, as described previously
by Nesmelova et al.30 Typically, 44 mg of purified protein were
obtained from 1 L of cell culture. The purity of the final sample was
quantified by using the Biorad protein assay and was checked for
purity by using SDS PAGE. Functional activity of the purified protein
was assessed by a T-cell death assay.”30

FITC-Galectin-1 Preparation. Gal-1 was conjugated with
fluorescein isothiocyanate (FITC) using a FITC:protein molar ratio
of 10:1. Gal-1 (2 mg/mL) was dissolved in 500 μM of 20 mM
potassium phosphate buffer, pH 7.4, followed by addition of ∼50 μL
of FITC (10 mg/mL) that had been dissolved in 0.1 mM sodium
bicarbonate. The resulting lower pH (∼pH 8) ensured selective
labeling at the N-terminal amine group of the protein.31 This solution
was then mixed thoroughly and incubated at room temperature (22
°C) for 18 h in the dark. During the course of the reaction, the mixture
was gently vortexed 3 or 4 times. The resulting FITC-labeled protein
was separated from unbound dye by filtration using an Amicon Ultra
cellulose filter (Millipore, 10 kDa cutoff). MALDI-TOF MS
demonstrated the addition of the 389 Da FITC label to galectin-1
and suggested >90% labeling efficiency.
Heteronuclear NMR Spectroscopy. “Uniformly 15N-labeled

recombinant gal-1 was dissolved at a concentration of 1 mg/mL in
20 mM potassium phosphate buffer at pH 7.0, 50 μM EDTA, made up
using a 95% H2O/5% D2O mixture. 1H−15N HSQC NMR
experiments were used to investigate binding of 0118 to 15N-labeled
gal-1. 1H and 15N resonance assignments for gal-1 were previously
reported.”30,32

“NMR experiments were carried out at 30 °C on a Varian Unity
Inova 600-MHz spectrometer equipped with an H/C/N triple-
resonance probe and x/y/z triple-axis pulse field gradient unit. A
gradient sensitivity-enhanced version of two-dimensional 1H−15N
HSQC was applied with 256 (t1) × 2048 (t2) complex data points in
nitrogen and proton dimensions, respectively.”30 Raw data were
processed by using NMRPipe33 and were analyzed by using
NMRview.34

Flow Cytometry. Male and female gal-1 null mice (Jackson
Laboratory) were provided water and standard chow ad libitum and
were maintained on a 12-h light/dark cycle prior to experiments that
were approved by the University of Minnesota Research Animal
Resources Ethical Committee. For FACS experiments, spleens from
these mice (6−10 weeks old) were harvested and nonenzymatically
disrupted by shear force to yield single-cell suspensions.16 Cell
suspensions were prepared in Hanks’s balanced solution. Red blood
cells were lysed in ACK (Lonza Walkersville) for 5 min on ice, and
suspensions were filtered through nylon mesh. Spleen cells were then
washed and incubated with monoclonal antibodies as indicated for 40
min on ice. After an additional washing step, various concentrations of
gal-1 (with or without 0118) were added and incubated for 30 min on
ice. Prior to FACS analysis, cell suspensions were washed once more
and analyzed by multiparameter flow cytometry on a LSR II flow
cytometer (BD Biosciences) using Flowjo software (Tree Star, Inc.).16

Agglutination Assay. Jurkat E6.1 cells (2 × 106/200 μL RPMI
1640 medium) agglutination was induced by 1 μM gal-1 and were
incubated on plastic round-bottom chamber slides (Nunc, Naperville,
IL, USA) in medium alone or with 20 μM 0118 at 22 °C.
Subsequently, the cells were analyzed for agglutination with an
Axiovert 10 inverted phase microscope equipped with a digital camera
system (Zeiss, Germany) and digitally analyzed and differentially
quantified by morphometric analysis, as described earlier.25

Cell Lines. HEP2, SQ20B, HT29, DU145, and SKHEP1 cells were
obtained from the ATCC (Rockville, Maryland, USA). COLO205-S
cells were obtained from the National Cancer Institute collection. The
COLO205-R cell line was developed from COLO205 cells with
resistance to ingenol-3-angelate protein kinase C modulator and
displayed cross-resistance to enzastaurin (LY317615-HCl, Eli
Lily).26,35 Cells were grown as monolayers in RPMI medium
supplemented with 10% fetal calf serum (Invitrogen, Cergy-Pontoise,
France), 2 mM glutamine, 100 units/mL penicillin, and 100 μg/mL
streptomycin at 37 °C in a humidified 5% CO2 atm and regularly
checked for the absence of Mycoplasma.

Cell Viability Assay. Cell viability (i.e., cell proliferation and/or
cytotoxicity) was determined using the MTT assay (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Sigma, Saint-
Quentin Fallavier, France). The conversion of yellow water-soluble
tetrazolium MTT into purple insoluble formazan is catalyzed by
mitochondrial dehydrogenases and used to estimate the number of
viable cells. In brief, cells were seeded in 96-well tissue culture plates at
a density of 2 × 103 cells/well. After 72 h drug exposure and a 48 h
wash-out period, cells were incubated with 0.4 mg/mL MTT for 4 h at
37 °C. After incubation, the supernatant was discarded, insoluble
formazan precipitates were dissolved in 0.1 mL of DMSO, and the
absorbance was measured at 560 nm by use of a microplate reader
(Thermo, France). Wells with untreated cells or with drug-containing
medium without cells were used as positive and negative controls,
respectively. IC50 was determined as half the maximal inhibitory drug
concentration for each cell line.

Real-Time Reverse Transcriptase PCR (RT-PCR). The theoreti-
cal and practical aspects of real-time quantitative RT-PCR using the
ABI Prism 7900 sequence detection system (Perkin-Elmer Applied
Biosystems, Foster City, California, USA) have been described in
detail elsewhere.36 Results were expressed as n-fold differences in
target gene expression relative to the TBP gene (an endogenous RNA
control) and relative to a calibrator (1× sample), consisting of the cell
line sample from our tested series with the smallest amount of target
gene mRNA. Experiments were performed in duplicate.

Western Blot Analysis. Cells were lysed in buffer containing 50
mM HEPES (pH 7.6), 150 mM NaCl, 1% Triton X-100, 2 mM
sodium vanadate, 100 mM NaF, and 0.4 mg/mL phenylmethylsulfonyl
fluoride. Equal amounts of protein (30 μg/lane) were subjected to
SDS-PAGE and transferred to nitrocellulose membranes. Membranes
were blocked with 5% milk in 0.05% Tween 20/phosphate-buffered
saline (PBS) and incubated with the primary antibody overnight.
Membranes were then washed and incubated with the secondary
antibody conjugated to horseradish peroxidase. Bands were visualized
using the enhanced chemiluminescence Western blotting detection
system. Densitometric analysis was performed under conditions that
yielded a linear response. The polyclonal antigalectin-1 antibodies
were purchased from Abcam, Paris, France, and generated as
described.18,37 All antibodies were used at a 1:1000 dilution.
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