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PRECLINICAL STUDIES

Aza-derivatives of resveratrol are potent macrophage
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Summary Resveratrol (3, 4, 5-trihydroxy-trans-stilbene),
a natural phytoalexin found in grapes and wine, has anti-
proliferative activity on human-derived cancer cells. In our
study, we used a conventional condensation reaction
between aldehydes and amines to provide a number of
aza-resveratrol (3, 4', 5-trihydroxy-trans- aza-stilbene)
derivatives in an attempt to screen for compounds with
resveratrol’s action but with increased potency. Aza-
resveratrol and its hydroxylated derivative (3, 4, 4/, 5-
tetrahydroxy-trans- aza-stilbene) showed a more enhanced
anti-proliferative effect than resveratrol in an MCF-7 breast
carcinoma cell line. To identify the cellular targets of the
aza derivatives of resveratrol, we conjugated the latter aza-
stilbene compound with epoxy-activated agarose and per-
formed affinity purification. Macrophage migration inhibitory
factor (MIF), a proinflammatory cytokine, was identified as a
major target protein in MCF-7 cell lysates using a matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometer (MALDI-TOF MS). The aza-resveratrol and its
hydroxylated derivative, but not resveratrol, were also found
to be potent inhibitors of MIF tautomerase activity, which
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may be associated with their inhibitory effects on MIF
bioactivity for cell growth.

Keywords Resveratrol - Cancer- Macrophage migration
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Introduction

Macrophage migration inhibitory factor (MIF) is a pleio-
tropic cytokine/growth factor that is known to contribute to
inflammatory and autoimmune diseases. MIF is expressed
under physiological conditions in a wide variety of tissues
and cell types and is secreted as a consequence of the
systemic stress response [1, 2]. Moreover, MIF has recently
been implicated in multiple aspects of tumor growth
including the control of cell proliferation and the promotion
of angiogenesis [3, 4]. High levels of MIF expression have
been found in human tumors including melanomas, breast
carcinomas, prostate cancer, and adenocarcinoma of the
lung [5, 6]. Secretion of MIF by tumor cells has been
proposed to enhance tumor cell proliferation by autocrine
amplification, as observed with other growth factors
expressed by cancer cells [7-10]. Recent studies have
shown that MIF signal transduction is initiated by binding
to the transmembrane protein, CD74 [11, 12]. Inhibition of
MIF-CD74 binding has been shown to attenuate tumor
growth and angiogenesis [3]. It has also been suggested
that, in addition to its extracellular role, MIF may have
additional regulatory functions within the cell [13]. In this
context, MIF has been shown to physically bind to p53
intracellularly, thereby protecting tumor cells from apoptosis
[14]. MIF possesses the unusual ability to catalyze the
tautomerization of the nonphysiological substrates D- and
L-dopachrome methyl ester into their corresponding indole
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derivatives, although the physiological role of the catalytic
activity of MIF remains unknown [15]. Several small
molecule tautomerase inhibitors of MIF have been reported
[16-21]; some of these inhibitors—including the best
characterized one, ISO-1[S,R-3-(4-hydroxyphenyl)-4,5-
dihydro-5-isoxazole acetic acid methyl ester] [22, 23],
inhibited the cytokine/growth factor activity of MIF at
least marginally [24]. Recently, covalent inhibitors such as
4-i0do-6 phenylpyrimidine (4-IPP) and phenethyl isothio-
cyanate have been reported to effectively deactivate MIF
by structural modification [25, 26]. Since covalent
inhibitors are often not optimal as lead candidates, drug-
like molecules that bind reversibly to MIF have also been
sought.

Resveratrol is a polyphenolic compound that is found in
grape skin and is classified as a phytoalexin, a class of
antibiotics of plant origin [27-29]. This compound has been
shown to have a wide spectrum of biological activity [30]
including growth-inhibitory activity in several human
cancer cell lines of diverse origin and in animal models of
carcinogenesis [31-33]. However, its activity at a molecular
level is not fully understood. The identification of the major
molecular targets of resveratrol should provide an insight
into the mechanisms of action. The main problem with
resveratrol is that this molecule exerts an effect at high
micromolar concentrations [34]; therefore, identifying its
cellular targets is difficult.

Several types of resveratrol analogues have been
synthesized to study the relation between structure and
function [35-37]. However, preparation of analogues that
retain the intramolecular stilbenic C=C double bond
requires several steps and is therefore time-consuming.
Pagliai et al. used the concept of click chemistry for the
rapid synthesis of a series of resveratrol analogues and
screened for compounds with an anti-proliferative effect
using a panel of cell lines [38]. In the present study, we
synthesized a series of resveratrol analogues using a
conventional condensation reaction between aldehydes
and amines. Two aza-resveratrol derivatives thus produced
showed anti-proliferative activities that were more potent
than that of their parent compound, resveratrol. We
performed affinity purification using agarose beads con-
jugated with one of the resveratrol derivatives to isolate
the molecular target of the compound(s) from cell lysates
and identified an affinity-captured 12.5-kDa polypeptide
as MIF. We demonstrated that the two aza-resveratrol
derivatives, but not the parental resveratrol, bind to MIF
and antagonize MIF binding to its cellular receptor, CD74,
which most likely attenuate the cytokine/growth factor
activity of MIF for cell proliferation. Such inhibitors may
lead to the development of drugs for the treatment of
cancer and, possibly, inflammatory and autoimmune
diseases.
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Materials and methods
Materials

Biochemical and molecular biology grade chemicals and
reagents were purchased from various commercial vendors,
including epoxy-activated agarose resin (12 atom linker,
33 umol of epoxy group/mL of packed gel) and resveratrol
(compound 1), both of which were purchased from Sigma
Chemical (St. Louis, MO).

Synthesis of aza-resveratrol derivatives

(E)-5{(4-hydroxyphenylimino)methyl}benzene-1,3-diol
(Aza-resveratrol) (compound 2) was prepared as follows.
To a solution of triethylamine (101 mg, 1.0 mmol) in
ethanol (15 mL), 4-Aminophenol hydrochloride (145.6 mg,
1.0 mmol) was added and the mixture was stirred at room
temperature for 5 min. Next, 3,5-dihydroxybenzaldehyde
(138 mg, 1 mmol) and acetic acid (1 drop) were added. The
resulting solution was refluxed for 8 h. The solvent was
then removed under reduced pressure and cold water
(4 mL) was added to the residue. After 3—4 min, the solid
mass was separated and collected by filtration followed by
washing with water (3 mL) to produce compound 2 as an
off-white powder; the yield was 167 mg (73%). The
product was then recrystallized from a mixture of ethanol-
toluene. The melting point was 223°C (decomposed).

"H-NMR (DMSO-dy): 5 6.31 (1H, s, CH), 6.76 (4H, s,
CH), 7.14 (2H, s, CH), 8.38 (1H, s, CH), 9.43 (3H, br s, OH).

(E)-5{(4-hydroxyphenylimino)methyl}benzene-1,2,3-triol
(compound 3) was prepared as follows. To a solution of
triethylamine (101 mg, 1.0 mmol) in ethanol (15 mL), 4-
Aminophenol hydrochloride (145.6 mg, 1.0 mmol) was
added and the mixture was stirred at room temperature for
5 min. Next, 3,4,5-trihydroxybenzaldehyde monohydrate
(172 mg, 1 mmol) and acetic acid (1 drop) were added.
The resulting solution was refluxed overnight. The solvent
was then removed under reduced pressure and cold water
(4 mL) was added to the residue. After 3—4 min, the solid
mass was separated and collected by filtration followed by
washing with water (3 mL) to produce compound 3 as an
orange powder; the yield was 172 mg (70%). The product
was then recrystallized from a mixture of ethanol-toluene.
The melting point was 234°C.

"H-NMR (DMSO-dy): 6 6.75 (2H, d, J=8.1 Hz, CH), 6.86
(2H, s, CH), 7.11 (2H, d, J/=8.4 Hz, CH), 8.27 (1H, s, CH),
8.73 (1H, br s, OH), 9.16 (2H, s, OH), 9.41 (1H, s, OH).

Cell lines and cultures

The DLD-1 colon carcinoma, MCF-7 breast carcinoma,
A375 melanoma, MiaPaCa-2 pancreatic carcinoma, T24
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bladder carcinoma, and A549 non-small cell lung carcinoma
cell lines were cultured in DMEM medium (Sigma)
supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen, Carlsbad, CA), and the cell lines were
maintained in a 5% CO,-humidified atmosphere at 37°C.

MTT cell proliferation assay

Drug cytotoxicity was assessed in vitro using the 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. In 96-well plates, 2x10° cells per well were
plated in 200 puL of culture medium containing increasing
drug concentrations. After 72 h of culture, 20 uL of MTT
(5 mg/mL in PBS, obtained from Sigma) were added to
each well and the plates were incubated for 2 h. The
resulting formazan product was dissolved with DMSO, and
the absorbance at a wavelength of 490 nm (A490) was read
using a SPECTRAmax Microscope Spectrophotometer
(Molecular Devices, Sunnyvale, CA).

Preparation of immobilized affinity column for compound 3

Immobilized affinity beads were prepared according to Wang
et al. [39]. Briefly, epoxy-activated agarose (0.33 g) was
suspended in 1 mL of ice-cold water for 5 min and washed
extensively; then, 4.9 mg of compound 3 (dissolved in
0.5 mL of 0.1-M NaOH) was added, followed by overnight
incubation at room temperature to allow for the chemical
coupling of compound 3 to the agarose beads. To stop the
reaction, 1 mL of 1-M sodium acetate buffer (pHS5.0)
containing 1 mM dithiothreitol (DTT) was added to the
mixture to neutralize the unreacted epoxy groups. The
compound 3-immobilized beads were washed successively
with 0.1-M sodium acetate (pH5.0) containing 1 mM of DTT
and a series of 70%, 30%, 10%, and 0% graded ethanol.
Controls consisted of mock-treated beads (prepared using an
identical procedure except that no ligand was added).

Identification of intracellular targets of compound 3

MCEF-7 cells were collected and lysed in a buffer containing
10 mM HEPES (pH7.5), 90 mM KCl, 1.5 mM Mg(OAc),,
I mM DTT, 0.5% NP-40, 5% glycerol, 0.5 mM phenyl-
methylsulphonyl fluoride and Complete™ protease inhib-
itors (Roche Diagnostics, Basel, Switzerland). Cell-free
extracts were obtained by centrifugation for 10 min in a
refrigerated microcentrifuge. Fifty microliters of compound
3-immobilized affinity beads (3AB) and mock-treated
beads (MB) were incubated with 1 mL of cell lysate
containing 3.0 — 5.0 mg of protein for 16 h at 4°C with
constant rotation. After incubation, the beads were thor-
oughly washed with lysis buffer. The bound protein was
eluted by boiling the beads in the presence of SDS reducing

buffer (62.5 mM Tris—HCI [pH6.8], 10% glycerol, 2%
SDS, 0.025% bromophenol blue, and 700 mM f3-
mercaptoethanol). The beads were pelleted, and the result-
ing supernatant was resolved using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The total
protein was silver-stained. The lowest band corresponding
to an apparent molecular mass of 12.5 kDa was excised
from the gel and digested, and the resulting peptide
fragments were analyzed using a matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer
(MALDI-TOF MS) (Wyager-DE STR;Applied Biosystems,
Foster City, CA).

Immunoblot analysis

The immunoblot analysis for MIF protein detection was
performed essentially as described previously [40] using anti-
MIF antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Immunofluorescence staining

To detect the cell surface expression of CD74, cells grown to
subconfluence on cover slips were treated with a medium
containing monoclonal anti-CD74 antibody (Santa Cruz
Biotechnology) at a concentration of 5 pg/mL and incubated
for 10-20 min at 37°C. After washing three times with the
medium, the cells were incubated at 37°C for another 10—
20 min in a medium containing 10 pg/mL of Alexa Fluor 488
goat anti-mouse IgG (Molecular Probes, Eugene, OR). After
washing three times with HBSS (pH7.3), the cells were fixed
in 4% formaldehyde for 30 min at room temperature (RT),
rinsed in PBS, and mounted on slide glasses using
Vectashield (Vector Laboratories, Burlingame, CA). The cells
were observed using a confocal microscope (LSMS5 Pascal;
Zeiss, Oberkochen, Germany).

Expression and purification of recombinant MIF (rMIF)

The MIF ¢cDNA was generated by PCR using the primers
5" — CCGGGCATGCCGATGTTCATCGTAAACAC - 3’
and 5’ — GGGAGATCTGGCGAAGGTGGAGTTGTTC -
3" and excised with Sph I and Bgl II. The resulting cDNA
fragment was cloned into the Sph I and Bgl 1II site of an
expression vector, pQE-70 (Qiagen, Hilden, Germany).
His-tagged MIF was expressed in E. coli XL-1 blue and
purified using a metal affinity column (Talon; Invitrogen)
according to the manufacturer’s instructions. About 180 mg
of purified MIF was obtained from 1 1 of culture.

Dopachrome tautomerase assay

L-dopachrome methyl ester was prepared at 2.4 mM
through the oxidation of L-3,4-dihydroxyophenylalanine
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methyl ester (4.8 mM) with an equi-volume of sodium
periodate (16 mM). The activity was determined at room
temperature by adding dopachrome methyl ester (60 pL) to
a 96-well plate containing 50 nM of tMIF in 140 pL of
50 mM potassium phosphate buffer (pH6.0) with 0.5 mM
EDTA; the decrease in absorbance at 475 nm was then
measured for 5 min. The compounds intended for the
testing of the inhibitory effect were dissolved in DMSO and
added to the plate with MIF prior to the addition of the
dopachrome.

MIF — CD74 binding analysis

A375 cells were seeded in a 96-well plate (~8,000 cells/
well) and cultured overnight. The cells were then incubated
with 80 uM of FITC-rMIF conjugates in 100 pL of HBSS
(pH7.3) in the presence or absence of rMIF (4 uM),
compound 2 (50 uM), compound 3 (10 and 50 uM) and
ISO-1 (50 uM) and observed using a fluorescence
microscope (IX 71; Olympus, Japan). The conjugation of
MIF to FITC was performed using the SureLINK™ FITC
Labeling Kit (Socochim, Lausanne, Switzerland) according
to the manufacturer’s protocol.

Results
Chemistry

An attempt was made to develop a reaction that enabled
the quick preparation of a number of resveratrol
analogues for studies of their structures and functions.
We took advantage of a conventional condensation
reaction using aldehydes and amines to quickly obtain a
variety of aza-derivatives of resveratrol. Figure 1 shows
resveratrol (compound 1) and the two analogues (com-
pounds 2 and 3) that were synthesized and used in this
study.

Anti-proliferative effect of aza-compounds

To evaluate the effect of resveratrol and its aza-derivatives
on the cell viability of several cancer cell lines, an MTT

Fig. 1 Structures of resveratrol (1) and its aza-derivative compounds
2 and 3
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assay was performed (Fig. 2). Aza-resveratrol (compound
2) inhibited the growth of MCF-7 to a greater degree than
resveratrol (compound 1) (Fig. 2a). The ICsq value at 72 h
posttreatment with compound 1 was more than 100 puM,
whereas it was only 28 puM after treatment with compound
2. This difference suggests that the conversion from a
stilbene structure (with C=C) to an aza derivative (with C=N)
enhanced the anti-proliferation effect in this cell line. The
addition of the hydroxyl group at position 4 of compound
2 (compound 3) further increased the anti-proliferation
effect on MCF-7 (Fig. 2a). Similar sensitivity to each
compound was observed by MiaPaCa-2 pancreatic cancer
cells and to a lesser extent T24 bladder carcinoma and
A375 melanoma cells, whereas DLD-1 colon cancer and
A549 lung cancer cells were considerably more resistant
to all compounds (Fig. 2b). To explore the molecular
mechanism by which the aza-derivatives of resveratrol
exerted their anti-proliferative activities (against a subset
of the cancer cell lines), we attempted to identify the
cellular targets of aza-compound 3.
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Concentration (UM)
b .
Cell line Origin ICs0 (umol/L)
1 2 3
MCF7 Breast Cancer >100 28.2 6.4
MiaPaca-2 | Pancreatic Cancer 99.8 471 8.3
T24 Bladder Cancer >100 65.9 24.3
A375 Melanoma >100 40.8 27.2
DLD-1 Colon Cancer 94.4 73.2 65.4
A549 Lung Cancer 86.2 75.9 62.1

Fig. 2 Antiproliferative activity of resveratrol (1) and its aza-
derivative compounds 2 and 3. a Growth inhibition of MCF-7 cells
after treatment with resveratrol (compound 1) and its derivatives,
(compounds 2 and 3), for 72 h. Exponentially dividing cells were
treated with 0, 1.23, 3.7, 11.1, 33.3, or 100 uM of the compounds.
Cell viability was determined using the MTT assay. The percentage of
growth was calculated, with 100% representing control cells treated
with 0.1% DMSO alone. The results are the mean+SDs from three
separate experiments. b ICsos of compounds 1, 2 and 3 for
proliferation of several cells calculated using the MTT assay as
done in a. Numbers represent average ICso from two independent
experiments
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Identification of high-affinity binding protein molecules
of aza-compounds

Polyphenols are advantageous in that they are able to
couple with agarose beads even without any molecular
modification, such as aminoalkylation. We simply reacted
compound 3 with epoxy-activated agarose beads for
immobilization. The chemical coupling of the resveratrol
analogue occurred at one or more of the 4 available
hydroxyl groups (3, 4, 5, 4'), resulting in compound 3-
immobilized affinity beads (3AB). Lysates from the MCF-7
cells were then incubated with the 3AB. Proteins that bound
to 3AB were eluted, separated by SDS-PAGE and visualized
using silver staining. A prominent band with an apparent
molecular mass of 12.5 kDa showed a specific retention on
3AB. This band could not be detected in mock-treated
control beads (CB), indicating that the interaction was not
caused by nonspecific binding to the agarose beads (Fig. 3a).
The band was excised from the gel and analyzed using
MALDI-TOF MS, resulting in the identification of the 12.5-
kDa as macrophage migration inhibitory factor (MIF)
(Fig. 3b). For confirmation, the eluates were resolved using
SDS-PAGE and immunoblotted with an anti-MIF antibody.
MIF was clearly shown to bind with the 3AB and not with
the mock-treated CB (Fig. 3c). Specific affinity between MIF
and 3AB was shown by the pretreatment of the lysate with
compound 3, which disrupted the MIF binding to the 3AB.
We also found that compound 2 (aza-resveratrol) inhibited
the subsequent binding of MIF to the 3AB. To our surprise,
compound 1 (resveratrol) had no effect on their binding.
These results led us to conclude that the slight structural
difference between compound 1 (with C=C) and 2 (with
C=N) was responsible for their affinity with MIE

Tautomerase activity

MIF possesses the ability to catalyze the tautomerization of
DL-dopachrome methyl esters into their corresponding
indole derivatives [15]. If both aza-compounds 2 and 3
bind to MIF, they may share a function with small
molecules so far identified as tautomerase inhibitors of
MIF [16-19]. We tested if resveratrol (compound 1) and its
aza-derivatives (compounds 2 and 3) could inhibit the
enzymatic activity of MIF (Fig. 4). The two aza-compounds
inhibited the tautomerase activity of rMIF in a dose-
dependent manner with ICsq values of 18.7 and 8.9 uM
for compounds 2 and 3, respectively. However, resveratrol
showed no inhibitory effect (Fig. 4). These results suggest
that antagonists of MIF’s enzymatic reaction may be
correlated with the elevated inhibitory potential of these
compounds in MCF-7 cells.

MIF-CD74 binding assay

Compounds 3 (or 2) were capable of exerting an anti-
proliferative effect by targeting MIF and possibly inhibiting
the binding of MIF to its cell surface receptor, CD74. We
examined this possibility by monitoring cell surface
binding of MIF-CD74 using rMIF labeled with FITC
(FITC-tMIF), which would enable us to stain CD74-
expressing cells fluorescently. We first used MCF-7 cells
to detect tMIF-CD74 binding, but sufficient fluorescence
intensity was not obtained, possibly because the detectable
level of CD74 in this cell line was too low for this purpose.
We performed immunofluorescence analysis to screen for
an appropriate cell line (Fig. 5a). The A375 melanoma cell
line was thus chosen as a cell line to be monitored for
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b | 1 MPMFIVNTNV PRASVPDGFL SELTQQLAQA TGKPPQYIAV
41 HVVPDQLMAF GGSSEPCALC SLHSIGKIGG AQNRSYSKLL
132 : 81 CGLLAERLRI SPDRVYINYY DMNAANVGWN NSTFA
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37 | - c 3AB 3AB 3AB
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Fig. 3 Molecular identification and characterization of the affinity-
captured protein. a Affinity beads immobilized with compound 3
(3AB) or control beads (CB) were incubated with a MCF-7 cell lysate.
Protein bound to the columns was eluted and resolved using SDS-
PAGE. The highlighted protein band of 12.5-kDa was excised from
the gel and identified using MALDI-TOF MS as the cytokine MIE. b

Matched peptides identified using MALDI-TOF MS were shown in
bold. ¢ Immunoblot detection of MIF binding to 3AB. MCF-7 cell
lysate (lane 1), an eluate recovered from CB (lane 2), an eluate from
3AB (lane 3), an eluate from 3AB when the lysate was preincubated
for 30 min with 50 uM of compound 3 (lane 4), compound 2 (lane 5)
or compound 1 (lane 6) is shown
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Fig. 4 Two aza compounds inhibit dopachrome tautomerase activity.
The indicated concentrations of resveratrol (compound 1) and its aza-
derivatives (compounds 2 and 3) were preincubated with 50 nM rMIF
in 50 mM potassium phosphate buffer followed by the addition of L-
dopachrome methyl ester at a final concentration of 0.72 mM.
Spectrophotometric measurements were made at A=475 nm by
monitoring the rate of decolorization of L-dopachrome in comparison
to a standard curve

FITC-rtMIF binding activity, as it expressed the largest
amount of cell surface CD74 of all the cell lines that were
analyzed. In contrast to the receptor (CD74), abundant
ligand protein (MIF) was uniformly expressed in all these
cell lines (Suppl. Fig. 1), as has been observed in many
cancer types (5, 6). As expected, FITC-MIF fluorescently
stained A375 cells. Preincubation of the A375 cells with
excess unlabeled rMIF inhibited the binding of FITC-MIEF,

a mcF-7 A375 b

MiaPaCa-2

Fig. 5 Fluorescence analysis of FITC-MIF binding to CD74-
expressing cells. a Immunofluorescence analysis of cell surface
expression of CD74 for MCF-7, A375, MiaPaCa-2, T24, A549 and
DLD-1 cells. Cells were treated withS pg/mL of monoclonal anti-
CD74 antibody and incubated for 10-20 min at 37°C. After washing
three times with HBSS (pH 7.3), the cells were treated with 10 pg/mL

@ Springer

indicating the specific binding of MIF to its cell surface
receptor (Fig. 5B 1 and 2). Aza-compound 3 at 50 uM, but
not at 5 uM, inhibited the binding. Compound 2 at 50 uM
also inhibited the binding, but Iso-1 at 50 uM had no effect
on MIF-CD74 binding (Fig. 5B 3-6).

Discussion

One informative approach to investigating the mechanisms
of the diverse functions of resveratrol is to identify its
molecular targets. We started with the synthesis of
resveratrol analogues and screening of these compounds
for the ability to inhibit cell growth at a lower ICs, value
than that of resveratrol. Such compounds with increased
activities are likely to be more strongly associated with
resveratrol’s molecular targets. To prepare resveratrol
analogues, we used a conventional condensation reaction
between aldehydes and amines. This reaction is suitable for
combinatorial chemistry and has the great advantage of
enabling the quick preparation of a number of aza-
derivatives of resveratrol. As a preliminary study, we
prepared aza-resveratrol 2, in which the C=C double bond
of resveratrol was replaced by C=N, together with its 4'-
hydroxylated derivative 3, and compared their anti-prolif-
erative effects with that of resveratrol 1 on MCF-7, a breast
cancer cell line that has frequently been used to study the
effect of resveratrol [41-46]. Both aza-resveratrol derivatives
(2 and 3) inhibited cell proliferation more potently than

of Alexa Fluor 488 goat anti-mouse 1gG, which were then fixed in 4%
formaldehyde. Scale bar, 10 pm. b Fluorescence microscopy images
of A375 cells pretreated with (1) none, (2) tMIF (50 pg/mL), (3)
compound 3 (5 uM), (4) compound 3 (50 puM), (5) compound 2
(50 uM) and (6) ISO-1 (50 uM) prior to the addition of FITC-MIF
(2 pg/mL) are shown. Scale bar, 100 pm
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compound 1, with derivative 3 exhibiting the most potent
ICs¢ value of less than 10 uM. Hydroxylation at specific
positions of resveratrol has been demonstrated to show
enhanced radical scavenging activity, resulting in the growth
inhibition of HL-60 leukemic cells due to the formation of
antioxidant-derived prooxidants [47]. More polyhydroxy-
lated aza-resveratrol derivatives need to be synthesized to
clarify how the antioxidative properties of these compounds
contribute to the anti-proliferation effect on cancer cells.

When conjugated to epoxy-activated agarose beads,
derivative 3 permitted the identification of MIF as the most
prominent cellular binding protein of the aza-resveratrol
derivatives. We initially expected MIF to be a target of
resveratrol itself as well. However, the preincubation of cell
lysates with resveratrol 1 allowed the ability of cellular MIF
to bind to the affinity beads to be retained, while
preincubation with compounds 2 or 3 abolished its binding
to the beads, suggesting that MIF could only interact with
the aza-resveratrol derivatives (Fig. 3c). Wang et al.
recently isolated a resveratrol-targeting protein using
immobilized resveratrol affinity beads and identified this
protein as dihydronicotinamide riboside quinone reductase
2 (NQO2) [39]. This protein was not detected using our
compound 3-immobilized affinity beads (data not shown),
which again explains the different biochemical properties
between resveratrol and its aza-derivatives. In silico
modeling of resveratrol 1 and the two aza-resveratrol
derivatives 2 and 3 at the tautomerase active site of MIF
revealed no obvious conformational changes arising from a
change in only one atom (C to N) at the double bond
moiety of resveratrol. Some interaction may occur between
the protein and the N atom of aza-resveratrol to lead this
compound specifically into the binding pocket of MIE. In
accordance with this finding, compounds 2 and 3, but not 1,
exerted an inhibitory effect on the tautomerase activity of
MIF (Fig. 4).

Several small-molecule tautomerase inhibitors of MIF
have been identified so far, and these molecules have
shown some inhibitory effects on MIF-dependent cell
migration and glucocorticoid regulation [1, 48], although
none have inhibited cell proliferation as effectively as
compound 3. MIF signal transduction is initiated by the
binding of MIF to the transmembrane protein CD74 [11,
12]. Accordingly, a small molecule would not inhibit the
biological activity of MIF with regard to cell growth unless
it was capable of impairing MIF-CD74 binding, even if it
functions as a tautomerase inhibitor of MIF Recently,
Cournia et al. performed a virtual screening by docking
compounds from a virtual library into the MIF tautomerase
active site, and among the compounds with positive results,
several compounds that also inhibit MIF-CD74 binding
were experimentally identified. According to their elaborate
MIF-CD74 binding assay, the ICs, values of some of these

compounds were below 5 puM (24). Iso-1 ((S,R)-3-(4-
hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl
ester), a well-characterized MIF tautomerase inhibitor, was
only marginally active in MIF-CD74 binding. They
demonstrated that most MIF-CD74 binding antagonists
provide some tautomerase inhibition and ascribed this action
to the notion that the interaction of MIF with CD74 occurs in
the vicinity of the tautomerase active site [24]. Because
50 uM of our aza-polyphenols 2 and 3 inhibited the binding
of fluorescently labeled rMIF to CD74 expressed on the cell
surface, they appeared to have already gained the MIF-CD74
binding antagonism that causes their anti-proliferation effect
on MCF-7 cells. Notably, Iso-1 at 50 uM failed to block MIF
binding to CD74 in our system (Fig. 5).

The expression level of CD74 may not be necessary for
compounds 2 and 3 to exert their anti-proliferation effect,
since A375 cells (which have a higher level of CD74
expression on their cell surfaces than MCF-7) are less
susceptible to the anti-proliferation effect of compounds 2
and 3 (Figs. 2 and 5). The molecular mechanism by which
the unequal sensitivity to these MIF inhibitors occur among
the cell lines remains to be elucidated (Fig. 2b).

In summary, we have identified a unique family of small
compound tautomerase inhibitors of MIF that act as
antagonists of MIF-CD74 binding to inhibit MIF-
dependent tumor cell growth. We propose that mono-
hydroxylated aza-resveratrol (compound 3) represents a
unique class of anti-MIF therapeutic agents, although
further studies are needed to elucidate the antitumor
efficacy of this novel lead compound.
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