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Synopsis
Dietary isothiocyanates (ITCs) prevent cancer and show other bioactivities in vivo. As
electrophiles, ITCs may covalently modify cellular proteins. Using a novel proteomics screen, we
identified the Macrophage Migration Inhibitory Factor (MIF) as the principal target of nutrient
ITCs in intact cells. ITCs covalently modify the amino-terminal proline residue of MIF and
extinguish its catalytic tautomerase activity. MIF deficiency does not prevent induction of Phase 2
gene expression, a hallmark of many cancer chemopreventives including ITCs. Due to the
emerging role of MIF in control of malignant cell growth and its clear involvement in
inflammation, inhibition of MIF by nutrient ITCs suggests therapeutic strategies for inflammatory
diseases and cancer.
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Introduction
Dietary isothiocyanates, such as phenethyl ITC (PEITC) and sulforaphane (SFN), are
prevalent in cruciferous vegetables. Cancer prevention by ITCs is widely attributed to their
ability to induce expression of detoxifying enzymes referred to as Phase 2 enzymes,
including several of the Glutathione S-transferases [1]. These enzymes are believed to
promote the neutralization and excretion of carcinogens. However, ITCs inhibit tumor
growth even when administered after the carcinogen insult [2,3] and in xenograft tumor
models [4], when protection from mutagenic damage cannot explain cancer prevention.
Other mechanisms such as induction of apoptosis [5], or host-tumor interactions present
viable alternate mechanisms of cancer prevention.
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Since ITCs are reactive, electrophilic compounds, we hypothesized that they would
covalently modify cellular target proteins. We undertook a proteomics screen to purify
proteins covalently modified by ITCs. We identified the Macrophage Migration Inhibitory
Factor (MIF) as the predominant cellular target of ITC modification. As the first identified
cytokine [6,7], MIF has been extensively characterized for its critical role in inflammation.
Studies using neutralizing antibodies or MIF deficient animals show that inhibition of MIF
can ameliorate disease processes in animal models of arthritis and inflammatory bowel
disease, among many others [8,9]. Moreover, MIF is overexpressed in cancers (e.g. [10,11]),
and MIF expression correlates with tumor aggressiveness [12]. Recent in vitro evidence has
suggested that MIF is required for cellular transformation [13], and that loss of MIF
expression reduces growth of tumors in animal models [14,15].

MIF is a 12kD protein with an enzymatic keto-enol tautomerase activity [16]. While the
natural tautomerase substrate remains unknown, tautomerase activity contributes to
biological activities associated with MIF [17], leading to the conclusion that pharmacologic
agents that block tautomerase activity may have broad applicability. We demonstrate that
dietary nutrient ITCs covalently modify MIF and inhibit its tautomerase activity, suggesting
that they may represent valuable natural product inhibitors of MIF function in human
disease.

Experimental
Cell Culture, Plasmids and Reagents

HeLa cells were cultured in DMEM/10% calf serum and penicillin/streptomycin. MEFs and
HepG2 cells were cultured in DMEM/10% fetal calf serum plus antibiotics. Expression
plasmids for MIF were prepared in pcDNA3 (Stratagene) by PCR amplifying the MIF
coding sequence. In some cases, the MIF coding region was fused to a chitin binding
domain (CBD) tag at the C terminus for purification on chitin beads. Recombinant MIF with
a similar CBD tag removed using intervening thrombin cleavage site was produced in
BL21(DE3) bacteria a using pET11b vector (Novagen). All PCR amplified coding regions
were fully sequenced. MIF directed Smartpool siRNAs along with a control non-targeting
siRNA pool were purchased from Dharmacon. Anti-MIF antibody was from Santa Cruz
Biotechnology and anti-biotin from Cell Signaling. HeLa cells were transfected with
Lipofectamine Plus for protein expression or Lipofectamine 2000 for siRNA experiments,
HepG2 were transfected with Lipofectamine 2000 (all from Invitrogen).

ITC Proteomics
Biotin-ITC was synthesized as previously described [18] based on modification of a
published protocol [19]. HeLa cells were left untreated or pretreated for 30 minutes with
250μM PEITC to promote complete modification of potential target proteins, followed by
Dounce homogenization in 25mM HEPES containing aprotinin and leupeptin. Clarified
lysates were labeled in vitro with Bio-ITC (500μM for 1hour at room temperature) and then
stopped by addition of Laemmli sample buffer. Lysates were separated on SDS-PAGE gels
and labeled proteins detected using HRP conjugated streptavidin (Zymed) or anti-biotin
(Cell Signaling). For purification, lysates were dialyzed against 25mM HEPES to remove
free Bio-ITC, and labeled proteins purified using streptavidin Sepharose (Amersham),
separated by SDS-PAGE and detected by silver stain. The small molecular weight band was
excised for analysis.

Mass determination of MIF and PEITC-MIF Protein—Recombinant MIF protein was
treated with PEITC in vitro until tautomerase activity was completely quenched. Intact rMIF
(1μg/μL) and PEITC-labeled rMIF were separately infused into an LTQ mass spectrometer
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(Thermo Fisher Scientific) at 1-3μL per minute. MS spectra were collected and the protein
charge-state envelope for each was de-convoluted to determine the mass with an accuracy of
about ±5 Da.

MS Identification of Modification site—PEITC labeled MIF was digested with trypsin
(Roche) and loaded onto a 100μm i.d. fused silica pre-column self-packed with irregular
(5-25μm, 120 Å) reverse phase phenyl beads (Phenomenex). The pre-column was attached
to an analytical 75μm i.d. PicoFrit column (New Objective, Woburn, MA) self-packed with
regular (5 μm, 120 (x001FA)) reverse-phase phenyl beads (Phenomenex). Peptides were
eluted using a gradient of 0 to 70% acetonitrile in 0.1% acetic acid and directly
electrosprayed into the LTQ mass spectrometer. The duty cycle was a full scan (300-2000
m/z) followed by MS2 CID fragmentation of the 5 most abundant ions with dynamic
exclusion. MS2 scans identified using SEQUEST were manually verified.

MIF Tautomerase Activity
Substrate [16] was prepared by mixing equal volumes of 4mM L-3,4-
Dihydroxyphenylalanine methyl ester hydrochloride (dopachrome, Sigma) and 8mM sodium
(meta)periodate (Sigma) and incubating at room temperature for five minutes. Cell lysate or
recombinant MIF was assayed in 25mM phosphate buffer (pH6.0)/1mM EDTA buffer
containing 100μl/ml freshly prepared substrate. Decolorization was monitored over time by
OD at 475nM.

ARE luciferase and Phase2/ARE-driven gene induction in MEFs
HepG2 cells seeded in 24well plates were transfected with an ARE driven luciferase plasmid
with either control siRNA or MIF targeting siRNAs (50pmoles). After 24 hours, media was
replaced with fresh media containing various concentration of sulforaphane or DMSO
vehicle. Cells were incubated for an additional 24 hours and then harvested in cell culture
lysis reagent (Promega) and assayed for luciferase activity. For ITC-induced gene
expression in MEFs, wild type or MIF deficient MEFs were treated with 10μM sulforaphane
or vehicle control for 12 hours and RNA prepared using Trizol Reagent (Invitrogen). RNA
was quantified and 1ug of RNA reverse transcribed using iScript kit (Bio-Rad). Real-time
PCR analysis was performed using IQ SYBR Green Supermix and the iCycler Instrument
(Bio-Rad).

Results
Proteomics Screen for Targets of ITC Modification

We synthesized a biotin-based ITC affinity probe, Bio-ITC, (Figure 1A), and used a
competition assay to identify protein targets of natural ITCs, as outlined in Figure 1B. We
first incubated intact cells with an excess of the natural ITC, PEITC, so that covalent protein
targets of PEITC would be fully modified. Then, PEITC treated cells and untreated control
cells were lysed and protein extracts reacted with Bio-ITC in vitro. Proteins that were fully
modified by PEITC in cells were not labeled with Bio-ITC, since the target sites were
occupied. Therefore, biotin labeled proteins present in untreated cell lysates, but absent in
the PEITC pretreated cell lysates represent targets of PEITC in intact cells.

Using this screen, a single small molecular weight protein of less than 29kDa accounted for
the majority of the total Bio-ITC labeling of cell proteins (Figure 1C). This labeled protein
was completely absent from samples pretreated with PEITC, suggesting that it was
quantitatively modified under these conditions. Dose response experiments showed that Bio-
ITC labeling of this small protein was nearly completely inhibited by 30 minute incubation
with as little as 25μM PEITC, and was partially inhibited at even lower doses
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(Supplementary Figures 1 and 4). Similar results were obtained with other ITCs, including
sulforaphane (e.g. Supplementary Figure 4).

Bio-ITC labeled proteins purified from untreated or PEITC pretreated lysates by streptavidin
affinity chromatography were separated on an SDS-PAGE gel (not shown), and a small
molecular weight band present in the untreated sample but absent from the PEITC pretreated
sample was excised and subjected to tryptic peptide fingerprinting using LC-mass
spectrometry. We identified a peptide in the sample (LLCGLLAER), unique in the human
genome and identical to a predicted peptide of the Macrophage Migration Inhibitory Factor,
MIF.

ITCs Covalently Modify MIF on proline 2
To confirm the identification of MIF as the PEITC target protein, we depleted MIF from
HeLa cells using siRNA and measured the effect on Bio-ITC labeling of the small protein
(Figure2A). Depletion of MIF protein resulted in a concomitant loss of the biotin-labeled
band. We made expression plasmids for MIF that fuse a chitin binding domain (CBD) tag to
the C-terminus of MIF. MIF-CBD expressed in transfected cells was efficiently labeled by
Bio-ITC treatment of cell lysates, and this labeling was completely inhibited by pretreatment
of intact cells with PEITC (Figure 2B). These results confirm that MIF is a covalent target of
dietary ITCs.

Mass spectrometry showed a mass of the intact ITC-modified recombinant MIF (rMIF)
protein consistent with one ITC moiety per polypeptide (Supplementary Figure 2). To
determine the site of ITC modification, rMIF protein was incubated with PEITC, trypsinized
and then analyzed by LC/MS/MS. We found spectra from a single tryptic peptide containing
the predicted 163 Da addition; this was on a peptide containing the PEITC label on the
amino terminal proline at position 2 (Figure 3 A), following cleavage of the initiator
methionine. Separately, rMIF was treated with other isothiocyanates including sulforaphane
(Figure 3B). In each case, ITC modification of the expected mass was found on proline 2.
Therefore, rMIF is singly modified on proline 2 by ITCs in vitro.

To confirm the specificity of labeling in intact mammalian cells, we made an expression
plasmid encoding MIF with the proline 2 replaced by glycine (P2G MIF). The P2G MIF was
not labeled with Bio-ITC (Figure 4A), demonstrating that proline 2 is required for the
modification of MIF in mammalian cells.

ITCs inhibit MIF tautomerase activity
The MIF protein encodes an enzymatic tautomerase activity that has previously been shown
to require proline 2. Incubation of rMIF with PEITC inhibited the tautomerase activity in a
dose dependent manner (Figure 4B). In vitro, rMIF is exquisitely sensitive to inhibition by
PEITC, with an IC50 for tautomerase inhibition of less than 1μM, as might be expected for a
covalent inhibitor. Similar results were obtained with sulforaphane (not shown).

In intact HeLa cells, PEITC treatment resulted in dose dependent inhibition of tautomerase
activity (Figure 4C), with an IC50 for inhibition between 5 and 6μM. Inhibition of
tautomerase in HeLa cells by sulforaphane was even more efficient, with an IC50 between 1
and 2μM (Figure 4D). Since MIF is the only protein contributing to the tautomerase activity
measured under our assay conditions in HeLa cell lysates (Supplementary Figure 3), these
results demonstrate that ITCs modify MIF in intact cells and efficiently inhibit the
tautomerase activity. Furthermore, they demonstrate differential inhibition of MIF by
distinct ITC compounds. Importantly, inhibition of MIF tautomerase activity correlated
closely with the covalent modification by ITCs as reflected by inhibition of BioITC labeling
(Supplementary Figure 4).
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MIF deficiency does not alter the induction of Phase 2/ARE-dependent genes by ITCs
MIF has been proposed to play a role in regulation of several transcription factors, including
AP1 [20]. Therefore, ITC modification of MIF could explain at a molecular level the
induction of Phase 2 genes and other ARE-driven gene expression in ITC exposed cells.
However, depletion of MIF with siRNA did not alter the activation of ARE dependent
transcription in response to sulforaphane treatment (Figure 5A). Moreover, MEFs prepared
from MIF -/- embryos were not impaired in their ability to induce transcription of Phase 2 or
other ARE-dependent genes in response to sulforaphane treatment (Figure 5B). Together,
these results suggest that modification and inhibition of MIF is not involved in the induction
of Phase 2 gene expression in response to isothiocyanate treatment.

Discussion
The role of MIF as an essential mediator of disease, particularly inflammatory disease, has
been long appreciated (e.g. [8,9]). In animal models, neutralization of MIF with antibodies
and/or experiments in MIF deficient mice have supported the conclusion that maintenance
of functional MIF is required for disease progression. Thus, inhibition of MIF using ITCs as
nutritional or pharmacologic agents may provide therapeutic intervention in a broad range of
disease processes, and different inhibitory efficiencies for distinct ITC agents may enable
optimization of therapeutic modalities. Further, biochemical inhibition of the MIF
tautomerase should serve as a biomarker of ITC therapeutic action in target organs or for
pharmacokinetic measurements in biological fluids.

Importantly, the low micromolar concentration of ITCs necessary for inhibition of MIF in
cells is similar to levels found in the circulation of human subjects after oral consumption of
broccoli sprouts, a rich source of dietary ITCs [21]. While ITCs are metabolized by
conjugation to glutathione in vivo, glutathione conjugated ITCs, and the terminal metabolite,
N-acetylcysteine conjugated ITCs are as effective as unconjugated ITCs for MIF
tautomerase inhibition (Supplementary Figure 5 and not shown). Thus, metabolism does not
limit the potential utility of ITCs as anti-MIF human therapeutics.

The tautomerase activity of MIF has been correlated with its biological activities. However,
the natural substrate of the MIF tautomerase remains unknown. This has led at least one
group to suggest that the tautomerase activity cannot be relevant to the biological activities
[22], though these same workers simultaneously reported the merit of a synthetic
competitive tautomerase inhibitor. This inhibitor has proven effective in several animal
models of MIF-dependent disease (e.g. [22,23]). The ITCs offer an advantage over this
competitive inhibitor owing to irreversibility and potentially lower concentrations required
for therapeutic effect.

Isothiocyanates are among the most appreciated nutraceutical components of what has
become known as ‘functional foods’. The cancer preventive activities of ITCs are well
known, though identification of a primary mechanism of action has been elusive. Phase 2
gene induction by ITCs is a feature common to nearly all cancer preventives. Our data show
clearly that MIF does not contribute to induction of Phase 2 genes or other ARE dependent
gene expression. It is not certain if covalent targets of ITCs other than MIF may be
responsible for Phase 2 gene expression, and ongoing proteomics work is addressing this
possibility.

Previous reports have shown that MIF expression in cells is required for malignant
transformation by combinations of dominant oncogenes [13], and that overexpression of
MIF can suppress cell death induced by p53 expression [24]. Because of these observations,
it is likely that suppression of part of the cancer phenotype by ITCs may be a direct result of
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inhibition of MIF function in tumor cells. Alternatively, the role for MIF in cancer
prevention may reflect disruption of the stimulatory interactions between cancer cells and
the host, for example through inhibition of the inflammatory cells that contribute to the
tumor microenvironment. This possibility is supported by the numerous reports of cancer
prevention in animals, and the relative paucity of reports of tumor cell growth interruption
by the same agents excepting at extra-physiologic doses.

As an efficient, natural product inhibitor of MIF tautomerase, ITCs represent a safe,
effective class of inhibitors that could rapidly reach clinical application for a number of
diseases in which MIF has been identified as an attractive therapeutic target.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ITC(s) Isothiocyanate(s)

MEFs mouse embryo fibroblasts

MIF Macrophage Migration Inhibitory Factor

PEITC phenethyl isothiocyanate

SFN Sulforaphane
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Figure 1. Proteomics screen for protein targets of covalent ITC modification
A. Bio-ITC structure. B. Schematic representation of competition based screen. In cells
pretreated with PEITC, ITC target sites are occupied by the natural isothiocyanate (P). After
lysis and labeling with Bio-ITC, these specific target sites are unavailable, though
nonspecific proteins (N) may be labeled. Detection of Bio-ITC will show specific and non-
specific proteins. Proteins detected in the samples prepared from the untreated cells, but
absent from the PEITC treated cells represent specific targets of the natural isothiocyanate in
intact cells. C. Representative labeling experiment. HeLa cells were left untreated or
pretreated with 250μM PEITC to promote complete modification of potential target proteins.
Lysates were labeled in vitro with Bio-ITC, and labeled proteins detected on SDS-PAGE
with HRP conjugated streptavidin. The predominant target of Bio-ITC modification was a
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small molecular weight protein of less than 29kD, indicated by double arrows; labeling was
completely inhibited by pretreatment of the intact cells with PEITC.
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Figure 2. MIF is a target for ITC modification
A: HeLa cells were seeded in 12 well plates and transfected with a pool of siRNAs directed
against MIF or the control non-targeting siRNA pool (100pmoles/well) as indicated. Thirty
minutes prior to harvest, indicated wells were pretreated with 250μM PEITC (pre tx). Cells
were lysed and labeled with Bio-ITC as described in Figure 1. Effective depletion of MIF
from the lysates (lower panel) was accompanied by loss of Bio-ITC reactivity of the Bio-
ITC target protein (upper panel). Panel B: CBD-tagged MIF was expressed in HeLa cells,
pretreated with PEITC or not, and cell lysates labeled with Bio-ITC as above. CBD tagged
proteins were purified on chitin beads, and Bio-ITC labeling detected by immunoblot. CBD-
tagged MIF was efficiently labeled by Bio-ITC, and this label was completely inhibited by
pretreatment of the cells with PEITC.
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Figure 3. Mass Spectrometry analysis of ITC treated MIF reveals modification of Proline 2
Recombinant MIF modified with PEITC (Panel A) or sulforaphane (Panel B) was
trypsinized and analyzed using LC-MS. Spectra from the N terminal peptide of MIF was
found modified by the predicted 163Da (PEITC) or 177Da (sulforaphane) addition with
analysis of the MS2 scans localizing the modification to the N terminal proline.
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Figure 4. ITC modification of MIF requires proline 2 and inhibits tautomerase activity
Panel A: CBD tagged wild type or a P2G mutant MIF expressed in HeLa cells was labeled
and analyzed as in Figure 2. WT MIF, but not the P2G MIF, was labeled by Bio-ITC.
Pretreatment with PEITC (pre tx) completely inhibited Bio-ITC labeling. This figure is
representative of three independent experiments that confirmed the absence of Bio-ITC
labeling of the P2G mutant. Panel B: Tautomerase activity of rMIF was measured using a
D-dopachrome decolorization assay. PEITC dose responsively inhibited the tautomerase
activity with an IC50 less than 1μM. The slope of the reaction line, representing tautomerase
activity, was calculated by determining the least squares regression of each data set (inset).
Error bars represent the mean squared error of the regression. Panel C: HeLa cells were
treated with PEITC for 30 minutes at 37°C, then tautomerase assayed in cell lysates. PEITC
inhibited MIF in intact HeLa cells with an IC50 between 5-6μM. Panel D: A similar dose
response assay with sulforaphane revealed an IC50 for MIF inhibition between 1-2μM.
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Figure 5. MIF is not required for induction of Phase 2/ARE dependent gene expression
Panel A: HepG2 cells cotransfected with an ARE driven luciferase reporter and siRNAs
directed against MIF (as in Figure 2) were treated with sulforaphane followed by
measurement of luciferase. Depletion of MIF did not alter the induction of ARE dependent
transcription in response to sulforaphane. Panel B: Mouse embryo fibroblasts (MEFs) from
wild type and MIF knockout embryos were treated with 10μM sulforaphane for 12hrs.
Expression of Phase 2 genes was quantified relative to the untreated control. Sulforaphane
induced transcription of all of the tested genes, ranging from 2 fold to greater than 40 fold,
in both wild type and MIF deficient MEFs.
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