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a b s t r a c t

The anticancer agent 3-bromopyruvate (3-BP) is viewed as a glycolytic inhibitor that preferentially kills
glycolytic cancer cells through energy depletion. However, its cytotoxic activity is dependent on cellular
drug import through transmembrane monocarboxylate transporter 1 (MCT-1), which restricts its anti-
cancer potential to MCT-1-positive tumor cells. We created and characterized an MCT-1-independent
analog of 3-BP, called NEO218. NEO218 was synthesized by covalently conjugating 3-BP to perillyl
alcohol (POH), a natural monoterpene. The responses of various tumor cell lines to treatment with either
compound were characterized in the presence or absence of supplemental pyruvate or antioxidants N-
acetyl-cysteine (NAC) and glutathione (GSH). Drug effects on glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) enzyme activity were investigated by mass spectrometric analysis. The development of 3-
BP resistance was investigated in MCT-1-positive HCT116 colon carcinoma cells in vitro. Our results show
that NEO218: (i) pyruvylated GAPDH on all 4 of its cysteine residues and shut down enzymatic activity;
(ii) severely lowered cellular ATP content below life-sustaining levels, and (iii) triggered rapid necrosis.
Intriguingly, supplemental antioxidants effectively prevented cytotoxic activity of NEO218 as well as 3-
BP, but supplemental pyruvate powerfully protected cells only from 3-BP, not from NEO218. Unlike 3-BP,
NEO218 exerted its potent cytotoxic activity irrespective of cellular MCT-1 status. Treatment of HCT116
cells with 3-BP resulted in prompt development of resistance, based on the emergence of MCT-1-
negative cells. This was not the case with NEO218, and highly 3-BP-resistant cells remained exqui-
sitely sensitive to NEO218. Thus, our study identifies a mechanism by which tumor cells develop rapid
resistance to 3-BP, and presents NEO218 as a superior agent not subject to this cellular defense.
Furthermore, our results offer alternative interpretations of previously published models on the role of
supplemental antioxidants: Rather than quenching reactive oxygen species (ROS), supplemental NAC or
GSH directly interact with 3-BP, thereby neutralizing the drug's cytotoxic potential before it can trigger
ROS production. Altogether, our study introduces new aspects of the cytotoxic mechanism of 3-BP, and
characterizes NEO218 as an analog able to overcome a key cellular defense mechanism towards this drug.

© 2017 Elsevier B.V. All rights reserved.
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Introduction

3-Bromopyruvate (3-BP; 3-bromopyruvic acid) is a synthetic,
halogenated derivative of pyruvate with cytotoxic activity. It func-
tions as an alkylator of certain proteins, and ensuing protein pyr-
uvylation generally results in the inhibition of enzymatic activity.
The best-described target protein of 3-BP is glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in the glycolytic pathway
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[1,2], which contributed to the reputation of 3-BP as a glycolytic
inhibitor [3e6]. Tumor cells depend on glycolysis to a greater
extent than normal cells (Warburg effect), and cell death induced
by 3-BP is thought to be due to depletion of cellular energy pools
[3,4,7]. This view was further supported by experiments demon-
strating that supplemental pyruvate could protect cells against the
cytotoxic impact of 3-BP in cell culture [8,9].

Cellular uptake of 3-BP requires the presence of mono-
carboxylate transporter 1 (MCT-1) [10], a member of a larger family
of carboxylate transmembrane transporters [11]. MCT-1 is a proton-
linked transport protein that is expressed in most tissues and ex-
hibits broad specificity for short-chain monocarboxylic acids. In
glycolytic tumor cells, MCT-1 supports high glycolytic flux via the
export of lactate, and preserves intracellular pH via co-transport of
a proton [12]. Studies have indicated elevated expression of MCT-1
in various types of tumors, which was taken as an indication that
tumor-specific uptake of 3-BP might be achievable in patients.
However, there are also examples of tumors with down-regulated
MCT-1 levels. Together with the general observation that MCT-1
is widely expressed in many healthy tissues, it has remained
somewhat controversial whether tumor selectivity of 3-BP is easily
achievable [12].

Several other phenotypic consequences of 3-BP have been
described in vitro. Besides GAPDH, a number of other enzymes from
bacteria to fungi to humans were shown to be inhibited by 3-BP,
including succinate dehydrogenase (SDH; complex II) and hexoki-
nase II [13e21], although the impact on the latter was not observed
consistently [1,22]. 3-BP was also reported to cause oxidative stress
via depletion of intracellular glutathione and its impact on mito-
chondria, leading to increased levels of reactive oxygen species
(ROS) [22e24]. More recently, additional pleiotropic effects of 3-BP,
including stimulation of autophagy [25], induction of endoplasmic
reticulum stress [26], and dysregulation of two key intracellular
signal transduction pathways, the Akt/mTOR and the MAP kinase
pathways, were reported [27]. In vivo, 3-BP has shown therapeutic
potential in a number of animal tumor models [6,28e30], although
liver toxicity was noted [31]. As well, there are two case studies
[32,33] where 3-BP was administered to patients, and one of those
[33] reported favorable responses in a patient with hepatocellular
carcinoma. Of note, during the summer of 2016 several patients
died within a few days after receiving 3-BP at a health clinic in
Germany, and it is currently being investigated whether 3-BP
played a role, if any, in this extremely unfortunate outcome [34].

Perillyl alcohol (POH) is a monoterpene and a natural constit-
uent of caraway, lavender and lilac oil, cherries, cranberries, sage,
spearmint, celery seeds, and certain other plants [35]. Although this
compound had shown promising activity in several preclinical
cancer models, it did not enter clinical practice, primarily because
dose-limiting intestinal toxicity became evident in clinical trials
[36]. However, recent phase I/II clinical studies in Brazil demon-
strated that simple intranasal inhalation of POH was effective
against recurrent glioblastoma, in the absence of detectable toxic
events [37]. Based on POH's therapeutic potential, we hypothesized
that covalently linking POH to 3-BP might yield a novel therapeutic
compound with inherently increased anticancer activity that
perhaps might also be applicable to 3-BP-resistant cancer cells.
Here, we present results from our study, detailing the molecular
and cellular characterization of the in vitro anticancer activity of
this new 3-BP analog, termed NEO218, in comparison to 3-BP.

Materials and methods

Pharmacological agents

3-BP was obtained from SigmaeAldrich (St. Louis, MO) and dissolved in
phosphate-buffered saline (PBS) to make a 200 mM stock solution. NEO218 was
manufactured by Norac Pharma (Azusa CA) and was provided by NeOnc
Technologies, Inc. (NTI, Los Angeles, CA); it was dissolved in DMSO (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at 200mM. Aliquots were stored at�20 �C for up
to one month without freeze/thawing. Z-VAD-FMK (carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone), a cell-permeant pan caspase inhibitor
that irreversibly binds to the catalytic site of caspase proteases, was obtained from
SigmaeAldrich and used from a 20 mM stock solution prepared with DMSO.
Sodium-pyruvate and methyl-pyruvate were obtained from SigmaeAldrich as well.
Methyl-pyruvate is thought to enter mitochondria more effectively, although in our
experiments both forms of pyruvate were similarly effective.

Cell lines and culture

The following human tumor cell lines were used: HCT116 colon carcinoma;
LN229, T98G, and U251 glioblastoma; MCF7, MDA-MB-231, MDA-MB-468, BTM-12,
and T47D breast carcinoma. ME16C are normal mammary gland epithelium cells
immortalized with telomerase. All cells were propagated in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL streptomycin
in a humidified incubator at 37 �C and a 7% CO2 atmosphere. All cell culture reagents
were provided by the Cell Culture Core Lab of the USC/Norris Comprehensive Cancer
Center and prepared with raw materials from Cellgro/MediaTech (Manassas, VA);
FBS was obtained from Omega Scientific (Tarzana, CA).

MTT assay

Methylthiazoletetrazolium (MTT) assays were performed as described earlier
[38]. Briefly, cells were seeded into 96-well plates at 2.0 to 8.0 � 103 cells per well
and exposed to drug treatment (or solvent alone) for 24 or 48 h. In individual ex-
periments, each treatment condition was set up in triplicate, and each experiment
was repeated several times independently.

Colony formation assay

Depending on the cell line (and plating efficiency), 250e800 cells were seeded
into each well of a 6-well plate and treated as described in detail previously [39].
After 12e16 days, colonies (defined as groups of >50 cells) were visualized by
staining for 4 h with 1% methylene blue (in methanol), and then were counted.
Experiments were repeated at least once, but usually more often under different
conditions.

LDH assay

Depending on the cell line, 2000e4000 cells per well were seeded in a volume of
50 mL into a 96-well plate. The next day, drugs were added in an additional 50 mL of
medium. At different time points (usually after 24 h of incubation), 50 mL medium
was removed and processed with the LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer's instructions. This kit
measures extracellular LDH in culture medium using an enzymatic reaction that
results in a red formazan product, which can be measured spectrophotometrically.
The absorbancewasmeasured at 490 and 680 nm. All LDH levelswere normalized to
untreated controls and presented as fold change of the controls.

Flow cytometry

Characterization of cell death was performed by flow cytometry using the Alexa
Fluor® 488 Annexin V/Dead Cell Apoptosis kit (Thermo Fisher Scientific). This kit
contains recombinant, green fluorophore-conjugated annexin V, which reacts with
apoptotic cells, and DNA-binding, red-fluorescent propidium iodide (PI), which is
impermeant to live and apoptotic cells, but stains dead cells. The different cell
populations can be distinguished by green fluorescence (apoptotic cells), red fluo-
rescence (necrotic/dead cells), and no fluorescence (live cells) during flowcytometry
with 488 nm laser excitation. Control or drug-treated cells were processed as per
manufacturer's instructions, followed by flow cytometry of 10,000 cells per point
with an LSR II (BD Biosciences, San Jose, CA) at the USC Flow Cytometry Core Facility.

ATP assay

ATP content of cells was measured with the ATP Colorimetric/Fluorometric
Assay kit (Biovision Inc., Milpitas, CA), which utilizes the phosphorylation of glycerol
to generate a product that is quantified by colorimetry at 570 nm. Approximately
1� 106 cells were cultured in 10-cm tissue culture plates, exposed to drug treatment
for various time periods, and then processed as per manufacturer's instructions. All
ATP levels were normalized to untreated controls and presented as percentage of
controls.

GAPDH activity assay

Enzymatic activity of GAPDH in vitro was measured with the Colorimetric
GAPDH Assay kit (ScienCell Research Laboratories, Carlsbad, CA). This assay is based
on the oxidization of b-NADH to b-NAD in the presence of 3-phosphoglyceric acid,
ATP and GAPDH. GAPDH activity is determined by assaying the rate of NADH
oxidation, which is proportional to the reduction in absorbance at 340 nm over time
(DA340 nm/min). One hundred thousand cells were lysed in 100 mL cell lysis buffer
and incubatedwith the above components. Changes in absorbance over 10minwere
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calculated and normalized to untreated controls. Data are presented as percentage
of controls. Two types of drug treatments were performed: in one approach, drugs
were added to proliferating cells for 30 min under regular cell culture conditions; in
the other approach, drugs were added to cell lysates for 1 h at 4 �C.

MCT1 knockdown

All siRNAs were purchased from Qiagen, Valencia, CA. To knock down MCT1
expression, we used siRNA Hs_SLC16A1_6 (target sequence: 50-CAGCAG-
TATCCTGGTGAATAA-30). As a non-silencing control, we used AllStars Negative
Control siRNA, which lacks homology to any knownmammalian gene. One hundred
thousand cells per well of a 6-well plate were transfected with 50 nM siRNA using
jetPRIME transfection reagent and buffer (Polyplus Transfection, New York, NY).
Medium was changed after 24 h and cells were subjected to experiments 72 h after
transfection.

Immunoblots

Total cell lysates were analyzed by Western blot analysis as described earlier
[40]. Primary antibodies against cleaved caspase 7 and PARPwere obtained from Cell
Signaling Technology (Danvers, MA), and antibodies against actin (C-11) and MCT1
(H-1) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). All antibodies
were used according to the manufacturers' recommendations, except that in the
case of MCT1 detection, the boiling step was omitted before loading the samples
onto the polyacrylamide gel. All immunoblots were repeated at least once to confirm
the results.

Immunocytochemistry

HCT116 cells were seeded onto glass coverslips in 24-well plates at 1e2 � 105

cells per well. The next day, cells were fixed in acetone for 10 min, followed by
blocking with SEA blocking buffer (Thermo Fisher Scientific) for 30 min and
overnight incubation with MCT1 antibody (1:50; H1, Santa Cruz) at room tem-
perature. The secondary antibody was biotinylated horse anti-mouse IgG (1:200;
Vector Laboratories, Burlingame, CA). Cells were counterstained with hematoxylin
for 20 s and then mounted in VectaMount AQ mounting medium (Vector
Laboratories).

Liquid chromatography-mass spectrometry

LC/MS experiments were performed on a Q Exactive™ Hybrid Quadrupole-
Orbitrap mass spectrometer connected to an Easy-nLC 1000 system. The analytical
columnwas a C18 EASY-Spray column, 25 cm � 75 mm ID, filled with 2 mm particles
(100 Å pore size), connected in series with a C18 cartridge trapping column,
5 mm � 300 mm ID, filled with 5 mm particles (100 Å pore size). The reaction
products were resolved with a flow rate of 300 nL/min and a 150-min gradient.
Solvent A was 100% water containing 0.1% formic acid. Solvent B content (100%
acetonitrile containing 0.1% formic acid) was increased from 2 to 44% within
140 min. The resolved reaction products were then analyzed under data-dependent
acquisition modewith a survey scan between 375 and 1700m/z, with a resolution of
70,000 at 200 m/z, and AGC target of 1e6 (maximum injection time was set at
60 ms). Following the survey scan, top 10 product ions were selected for fragmen-
tation, under normalized collision energy (NCE) of 27, with a resolution of 17,500 at
200 m/z, and AGC target of 5e4 (maximum injection time was set at 64 ms). Data
analysis of raw mass spectrometry data was done with Xcalibur™ and Proteome
Discoverer software developed by Thermo Scientific.

Interaction with GAPDH
Purified GAPDH protein (30 mg, 1 mg/ml) from rabbit muscle (ScienCell Research

Laboratories) was incubated with 60 mM 3-BP or NEO218 in 50 mM ammonium
bicarbonate for 15 min at room temperature, followed by storage at �20 �C until
further processing. The reagent was removed using a 3 K centrifuge filter at 10,000 g
force. Then, the filter was added with 100 mL of 50 mM ammonium bicarbonate
buffer and treated for 1 h with addition of 10 mM 2-iodoacetamide to alkylate the
free cysteines on GAPDH. Digestion was performed in two steps with a total ratio of
1/50 (trypsin/GAPDH). First, half the amount of trypsin was added and the mixture
was incubated at 37 �C for 2 h while the filter was vortexed every 30 min. Second,
the remaining amount of trypsin was added and the mixture was incubated over-
night. The reaction was terminated after 16 h of digestion by adding 1 vol % formic
acid. Five microliters of reaction mixture were loaded to the trapping column for
analysis. The modified cysteine residues on GAPDH tryptic peptides were identified
by defining the target reaction as a dynamic modification.

Interaction with GSH and NAC
Equimolar concentrations (10 mM in a volume of 50 mL) of NEO218 and GSH or

NAC were reacted for 1 h at 37 �C or 50 �C. An aliquot of the reaction mixture was
loaded onto the trapping column for LC/MS analysis. Reaction products were iden-
tified by their nominal m/z value peaks, in combination with isotope distribution
and intensities (13C isotope peaks).
Statistical analysis

All parametric data were analyzed using the Student t-test to calculate the
significance values. A probability value (p) < 0.05 was considered statistically
significant.

Results

Cytotoxic potency a novel 3-BP analog, NEO218

Because it was reported that the cytotoxic effects of 3-BP in vitro
depend on the presence of MCT-1, we began our study by charac-
terizing MCT-1 expression levels along with cytotoxicity of 3-BP in
the various tumor cell lines to be used in our study. We included
one colon carcinoma cell line (HCT116), three glioblastoma cell
lines (LN229, T98G, U251), four breast cancer cell lines (MCF7,
T47D, MDA-MB-231, MDA-MB-468), one culture of primary breast
cancer cells (BTM-12), and an established line of normal breast
epithelial cells (ME16C). For all 10 cell lines, we established IC50
(concentration of drug that kills 50% of the cell population) by MTT
assay, along with MCT-1 protein levels by Western blot analysis. As
summarized in Fig. 1, MCT-1 levels varied greatly in the different
cells, and so did their IC50 values. However, there was a clear cor-
relation between the two: those cells with high MCT-1 levels
(HCT116, U251, ME16C, MDA-MB-468) showed substantially lower
IC50s (15e60 mM) than those cells with lesser MCT-1 levels (IC50s:
150e300 mM). These results are consistent with earlier data that
sensitivity of cells to 3-BP requires high MCT-1 expression levels.

In order to study the anticancer effects of 3-BP further, we
created an analog thereof, where the monoterpene POH was
covalently conjugated to 3-BP. This novel chimera, now consisting
of two permanently fused anticancer compounds, was termed
NEO218 (Fig. 2). We then performed MTT assays for all 10 cell lines
to compare the cytotoxic activity of NEO212 side-by-side to 3-BP.
Intriguingly, NEO218 was similarly potent in each and every cell
line, with an IC50 in the narrow range of 15e25 mM (Fig. 1), irre-
spective of MCT-1 expression levels.

To validate this clear differential between the two agents, we
performed additional cell toxicity assays with only two cell lines:
HCT116 cells, representing high MCT-1 expression and high sensi-
tivity to 3-BP, compared to MDA-MB-231 cells, representing very
low MCT-1 expression and very low sensitivity to 3-BP. These cells
were treated with increasing concentrations of 3-BP or NEO218,
and drug impact was quantitated by MTT short-term toxicity assay,
lactate dehydrogenase (LDH) release assay, and long-term colony
formation assay (CFA). The results are presented in detail in Fig. 3
and can be summarized as follows: 3-BP exerted strong potency
in HCT116 cells, but only little potency in MDA-MB-231 cells, and
this was consistently observed in all three assay. In comparison,
NEO218 was highly potent in both cell lines in all three assays. In
HCT116 cells, 3-BP and NEO218 were active at very similar con-
centrations, with half-maximal effects at approximately 18 mM,
8 mM, and 3 mM in MTT, LDH, and CFA assays, respectively. In MDA-
MB-231 cells, NEO218 maintained the same high potency, but the
effective concentrations of 3-BP greatly increased to about 220 mM,
350 mM, and 130 mM, respectively, in the three assays (Fig. 3AeC).
Thus, irrespective of the experimental assessment procedure, 3-BP
and NEO218 were similarly active in MCT-1 positive cells; in MCT-
1-negative cells, however, 3-BP was strikingly less active, whereas
NEO218 continued to exert its full cytotoxic potential.

Because NEO218 was generated via conjugation of two indi-
vidual compounds, where each one was known to harbor anti-
cancer potential, we next investigated whether a mere mix of 3-BP
together with POH would be able to mimic the activity of NEO218.
MDA-MB-231 cells were treated with either NEO218, 3-BP, POH, or
a mix of 3-BP plus POH, and analyzed by MTT, LDH, and CFA assays.
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Fig. 1. MCT-1 expression correlates with 3-BP chemosensitivity. The following established human cell lines were used: (A) HCT116 colon carcinoma; (B) LN229, T98G, and U251
glioblastoma; (C) MCF7, MDA-MB-231, MDA-MB-468, BTM-12, and T47D breast carcinoma; and ME16C normal mammary gland epithelium cells (immortalized with telomerase).
The bar graph shows the cytotoxic IC50 for each cell line after 24 h of drug treatment with 3-BP (light gray) or NEO218 (dark gray), as determined by 24-h MTT assay. Bars with error
bars represent �3 measurements, whereas graphs without error bars show the average of two independent measurements. The middle panels show MCT-1 protein levels for each
cell line, as determined by Western blot with actin as the loading control.

Fig. 2. Chemical structures. Shown are the chemical structures of POH and 3-BP, as
well as the fusion product NEO218, which was obtained by covalently conjugating POH
to 3-BP.
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As before, NEO218 was highly potent in all these assays, whereas 3-
BP was much less active (Fig. 4). POH alone exerted only very weak
cytotoxic effects, with an IC50 approaching the millimolar range,
which is consistent with many other studies that have analyzed the
anticancer effects of this compound. Of note, the mix of 3-BP plus
POHwas not more active than 3-BP alone; that is, adding POH to 3-
BP did not increase the cytotoxic outcome over the effects of 3-BP
alone (Fig. 4AeC), indicating novel physiochemical properties of
the 3-BP analog.
Role of MCT-1 in drug effects

The above results indicated that cytotoxic effects of NEO218 did
not require the presence of MCT-1. To further validate this
conclusion, we used siRNA transfection to knock down MCT-1
expression in HCT116 cells. As would be expected, such reduction
of MCT-1 expression resulted in pronounced resistance against 3-
BP, and the IC50 increased more than three-fold from 20 mM to
67 mM (Fig. 5A). In comparison, the IC50 toward NEO218 did not
increase, but rather decrease to a small extent from 19 mM to 15 mM.
As a control, we confirmed siRNA-mediated down-regulation of
MCT-1 by Western blot (Fig. 5B) and immunohistochemistry
(Fig. 5C).

In some of our toxicity assays with HCT116 cells, we noticed
that, after treatment with 3-BP but not after treatment with
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NEO218, the slope of the dose-response curve seemed to level off
(e.g., Fig. 3A), suggesting the presence of a small sub-population
of cells that was more resistant to 3-BP than the rest. Upon
closer inspection of individual cells by immunohistochemistry,
we detected a small number of apparently MCT-1-negative cells
among the otherwise mostly MCT-1-positive population (Fig. 6A).
This aspect was investigated further by treating HCT116 cells with
40 mM, representing a concentration that reduces apparent
viability by 75% in MTT assays (Fig. 3A) and blocks colony for-
mation by 99% in CFAs. After overnight 3-BP treatment, HCT116
cells were left to recover, and after about two weeks the cell
population was fully restored. These cells, which we called 3-BP
survivors, were further analyzed. Intriguingly, no MCT-1 expres-
sion could be detected in these cells, neither by immunohisto-
chemistry (Fig. 6A) nor by Western blot (Fig. 6B). When we
analyzed their sensitivity to 3-BP, we found that they had become
strikingly resistant to this compound, with an IC50 that was well
above 100 mM and in the range of IC50s documented for the MCT-
1-negative cells shown in Fig. 1. Together, these results indicated
that 3-BP treatment effectively selected for MCT-1-negative cells,
which rapidly restored the cell population in a subsequently 3-
BP-resistant manner. Intriguingly, NEO218 had no such effect.
On one hand, treatment of HCT116 cells with 40 mM NEO218 did
not leave any surviving cells; on the other hand, highly 3-BP-
resistant 3-BP survivors retained their high sensitivity toward
NEO218 (Fig. 6C).

Establishing necrosis as the predominant type of cell death

We next characterized drug-induced cell death, and in partic-
ular sought to distinguish between apoptosis and necrosis in
response to treatment of cells with 3-BP or NEO218. We first per-
formed FACS analysis of drug-treated cells to investigate annexin V
positivity (a marker for apoptosis) versus propidium iodide (PI)
incorporation (a marker of necrotic cells). We used staurosporine
(STS) as a well-established positive control for apoptotic cell death.
As can be seen in Fig. 7A, STS performed as expected: HCT116 cells
treated with this agent moved from the lower left quadrant (¼fully
viable cells) to the lower right quadrant (¼annexin V-positive cells),
before slowly accumulating in the upper right quadrant (¼PI-pos-
itive, dead cells). In striking contrast, both 3-BP and NEO218
treatment caused the cells to move straight from the bottom left
quadrant to the upper right quadrant. This effect was quite rapid
and detectable as early as 2 h after the onset of treatment; at 8 h,
the majority of cells was PI-positive (Fig. 7A), indicating a pre-
ponderance of necrosis, rather than apoptosis.

Second, we analyzed typical markers of apoptosis, specifically
the proteolytic cleavage of PARP (poly-ADP-ribose polymerase), the
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activation of caspase 7 (C-7), and emergence of phosphorylated
HA2X protein (g-HA2X, indicating damage and degradation of
DNA). HCT116 and MDA-MB-231 cells were treated with 3-BP or
NEO218 at their respective cytotoxic concentrations, or with STS as
the positive control for induction of apoptosis. Fig. 7B shows that
STS, as expected, triggered pronounced cleavage of PARP, activation
of C-7, and appearance of g-HA2X. In comparison, however, all
three apoptosis markers responded only minimally, if at all, to 3-BP
or NEO218. We also determined whether inclusion of Z-VAD-FMK,
a potent pan-caspase inhibitor, would be able to impinge on cyto-
toxic impact of 3-BP or NEO218. However, as shown in Fig. 7C, this
was not the case, i.e., inhibition of caspase activation did not affect
the cytotoxic IC50 of the two drugs, further indicating a lack of
typical apoptotic events.

As it is known that apoptosis is an active process that requires
cellular energy, we next determined cellular ATP levels after drug
treatment. As a point of reference, we also cultured cells in the
presence of rotenone (a mitochondrial respiratory complex I in-
hibitor) in medium lacking glucose (to minimize glycolysis), which
are culture conditions known to cause necrotic cell death due to
ATP levels dropping below the ~25% operational threshold. As
shown in Fig. 8 with the use of HCT116 cells, such hostile culture
conditions indeed resulted in rapid ATP depletion, breaching the
25% threshold within the first 3 h of treatment, and dropping
further to about 10% of normal after 6 h. In striking similarity,
treatment of cells with 3-BP or NEO218 resulted in nearly identical
outcomes (Fig. 8). Taken together, these results present necrosis as
the dominant mechanism of cell death for both compounds, sec-
ondary to the severe depletion of cellular energy levels.

Mechanism of drug-induced cytotoxicity

Having established that both 3-BP and NEO218 caused rapidly
lethal termination of cellular energy production, we next set out to
determine the cause for this effect. It had been reported by others
that addition of excess pyruvate, or supplementation with antiox-
idants, was able to protect cells from the cytotoxic effects of 3-BP
in vitro. We therefore pursued these leads and investigated
whether they would apply to NEO218 as well. HCT116 cells were
treatedwith NEO218 or 3-BP in the presence or absence of pyruvate
or antioxidants (N-acetylcysteine, NAC, and glutathione, GSH), and
cellular viability was determined 24 h later. As expected, each of the
three exogenously added compounds was able to exert profound
protection against 3-BP toxicity. In the case of NEO218, however,
there was a striking difference. While antioxidant treatment simi-
larly protected cells against NEO218, there was no protection at all
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when pyruvate was added (Fig. 9A). (See Discussion regarding the
interpretation of this effect.)

As 3-BP had been reported as an inhibitor of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), we next studied GAPDH
enzymatic activity. First, HCT116 cells were treated with 3-BP or
NEO218, and 30 min later cells were lysed for the determination of
GAPDH activity. As shown in Fig. 9B, GAPDH activity was severely
inhibited by either compound, with an IC50 slightly below 30 mM.
Second, drug effects on GAPDH activity were determined in cell-
free extracts, where drugs were added not to living cells, but
rather to cell lysates. As shown in Fig. 9C, both compounds potently
decreased enzymatic GAPDH activity under these conditions as
well. Surprisingly however, in the presence of antioxidants (NAC or
GSH) this inhibitory effect was completely prevented, even though
these were cell-free reaction conditions without the possibility of
free radical production by intact mitochondria or other cellular
processes. This outcome suggested that the protective effects of
NAC or GSH might not be via their conventional quenching of free
radical species. (See Discussion regarding an alternative model
explaining cytoprotection by NAC and GSH.)

Based on the known alkylating nature of 3-BP, we next
addressed the question whether both 3-BP and NEO218 would be
able to covalently pyruvylate GAPDH protein. The amino acid
sequence of GAPDH contains 4 cysteines (in rabbit at positions 150,
154, 245, 282), and their thiol functionalities represent potential
candidates for nucleophilic addition. We incubated purified rabbit
GAPDH protein with either 3-BP or NEO218 and analyzed the
resulting products by mass spectrometry. This analysis clearly
identified covalently modified cysteines. In the case of incubation
with 3-BP, all 4 cysteines were altered by the addition of pyruvate;
in the case of incubation with NEO218, the same four residues
revealed attachment of pyruvate-perillyl alcohol moieties
(Fig. 10A). Taken together, the above results indicated that 3-BP and
NEO218 caused inhibition of GAPDH enzyme activity via alkylation
of its cysteine residues, in particular active site Cys-150 (equivalent
to Cys-152 in human GAPDH), which is known to be most critical
for enzymatic function [41].

We also considered that NEO218 (and 3-BP) might have many
other targets, and therefore investigated the potential direct
interaction with GSH and NAC as well. Purified GSH or NAC were
mixed with NEO218 in vitro, followed by mass spectrometric
analysis. Both antioxidants readily interacted with the 3-BP analog.
In the case of GSH þ NEO218, the reaction resulted in one pre-
dominant fusion product (Fig. 10B), consistent with a nucleophilic
replacement reaction that would result in an inactive complex. In
the case of NAC þ NEO218, many different reaction products were
obtained, and one of the major ones was selected for further
analysis. The chromatogram of this product indicated a nucleo-
philic addition reaction, where the bromide residue of NEO218may
not have left the final reaction product structure (Fig. 10C), none-
theless clearly demonstrating the interaction of NAC with NEO218.
Characterization of the other reaction products was not performed.
Altogether, these results demonstrate direct interactions between
NEO218 and GSH or NAC. Based on this outcome, supplemental
GSH or NAC would be postulated to protect cells from NEO218 (or
from 3-BP) primarily by quenching the electrophilic potential of the
alkylating compounds.

Discussion

3-BP is under development as an anticancer agent for liver
cancer, but its exact mechanism of action is not entirely clear. For
instance, while depletion of cellular energy levels by 3-BP has been
well established, it is not entirely clear how this is accomplished,



MCT1 

GAPDH 

0     5     10    20    40       [μM] B 

A 3-BP survivors parental cells (untreated) 

C 

0           20           40           60          80   

100 

50 

0 

3-BP [μM] 
0           20           40           60          80   

%
 V

ia
bi

lit
y 

100 

50 

0 

NEO218 [μM] 

3-BP survivors 
parental cells 

Fig. 6. 3-BP treatment selects for resistant cells, which remain sensitive to NEO218. (A) Immunostaining of HCT116 cells in the absence of any drug treatment (parental cells; left
panel) and after 2-week recovery from highly toxic 48-h treatment with 40 mM 3-BP (3-BP survivors; right panel). Arrows point to a few apparently MCT-1-negative cells among the
otherwise MCT-1-positive parental population. Note preferential staining of the cell membrane in the positive cells, consistent with the known transmembrane location of MCT-1;
no such staining could be detected in the 3-BP survivors. (B) Western blot analysis of MCT-1 expression levels two weeks after 48-h treatment of cells with increasing concen-
trations of 3-BP. Consistent with IHC staining shown above, 40 mM 3-BP resulted in loss of MCT-1 protein. GAPDH was used as a loading control. (C) Chemosensitivity of 3-BP
survivors was compared to parental cells in MTT assays. Both populations were treated with increasing concentrations of 3-BP or NEO218. Survival of untreated cells was set at
100% (n � 3 ± SE).

T.C. Chen et al. / Cancer Letters 400 (2017) 161e174168
although oftentimes it is cited that blockage of glycolysis, via 3-BP's
well-documented inhibition of GAPDH (or perhaps hexokinase) is
responsible. Many reports have presented oxidative stress as a key
component of 3-BP-induced cell death, and autophagy and
different signaling pathways have been implicated as well. We have
created NEO218, a POH-linked analog of 3-BP, which turned out to
be very useful in further illuminating the role of some of these
mechanisms; in addition, this analog revealed novel features that
are of relevance in the context of cancer therapy.

Our side-by-side in vitro analysis of 3-BP and NEO218 revealed
important commonalities, as well as intriguing differences that
provided key clues to a better understanding of 3-BP's cytotoxic
mechanism. Based on our new data, combined with results from
pertinent recently published studies by others, we would like to
propose an updated model of 3-BP action (as detailed below), and
introduce its analog NEO218 as a novel asset for further studies.

The key difference between 3-BP and NEO218 is with regard to
their entry into cells. It has been established that 3-BP enters cells
via active transport by transmembrane MCT-1 [10], and we
confirmed this model as follows: (i) In all 10 different cell lines
tested, the cytotoxic IC50 of 3-BP was closely aligned with their
respective MCT-1 protein levels; i.e. cells with high MCT-1 protein
levels consistently displayed much lower IC50s than cells with low
MCT-1 levels (Fig. 1). (ii) Knock-down of MCT-1 resulted in
increased resistance to killing by 3-BP (Fig. 5). (iii) HCT-116 cells
selected for lack of MCT-1 expression were highly resistant to 3-PB,
whereas MCT-1-positive parental cells were very sensitive (Fig. 6).
These results compared to NEO218 as follows: (iv) NEO218 was
similarly potent at low concentrations (15e25 mM) in the same 10
cell lines, irrespective of MCT-1 expression levels. (v) The IC50 of
NEO218 did not increase after knock-down of MCT-1 (Fig. 5). (vi)
HCT-116 cells selected for lack of MCT-1 expression were as sensi-
tive to NEO218 as their parental counterparts (Fig. 6). Furthermore,
the addition of a large molar excess of supplemental pyruvate (a
known MCT-1 substrate) powerfully protected cells from 3-BP, but
not from NEO218 (Fig. 9A). Altogether, these data are in full support
of our model that NEO218 effectively enters cells in an MCT-1-
independent fashion. Its precise mode of cellular uptake, whether
by diffusion or by another active transport mechanism, remains to
be established. In view of earlier observations that perillyl alcohol
exerts dynamic interactions with the lipid bilayer [42], on could
speculate that the covalent conjugation of this monoterpene to 3-
BP confers lipophilic properties to the chimeric compound,
resulting in receptor-independent membrane interactions to ach-
ieve cell entry.

Although cellular uptake is quite different between 3-BP and
NEO218, the mechanism by which these two compounds cause
cell death appears to be the same, i.e., once inside the cell, either
compound appears to trigger the same sequence of events, with
protein alkylation as the initial key step. Binding of 3-BP to
GAPDH and inhibiting its activity has previously been reported
[1,2,43]. While we confirmed inhibition of GAPDH enzymatic ac-
tivity by both 3-BP and NEO218 (Fig. 9B, C), we further deter-
mined that all 4 cysteine residues within the primary amino acid
sequence of GAPDH were targets for alkylation (Fig. 10A). As Cys-
150 in the rabbit protein (equivalent to Cys-152 in the human
sequence) is known to be critical for enzymatic function [41], it is
reasonable to conclude that pyruvylation represents the key
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Fig. 8. 3-BP and NEO218 deplete cellular ATP pools. HCT116 cells were treated with
40 mM 3-BP or NEO218. As a point of reference, cells were also exposed to 100 nM
rotenone in glucose-free medium. ATP levels were determined after 3 and 6 h. ATP
levels in untreated cells were set at 100% (corresponding to 26.6 nmol per one million
cells).

Fig. 9. Supplemental antioxidants block drug effects, but added pyruvate causes dif-
ferential outcome. (A) HCT116 cells were treated with 40 mM 3-BP or NEO218 in the
presence or absence of 1 mM NAC, 1 mM GSH, or 50 mM methyl-pyruvate (or sodium
pyruvate, which produced similar outcomes). Cell viability was determined 24 h later
by MTT assay. (B) HCT116 cells were treated with 30 or 100 mM 3-BP or NEO218. After
30 min, cell lysates were prepared and analyzed for GAPDH activity. (C) Lysates from
non-drug-treated MDA-MB-231 cells were mixed with 3-BP or NEO218 in the presence
or absence of NAC or GSH at the concentrations mentioned in A. After 1 h of incuba-
tion, GAPDH activity was determined. GAPDH activity in the absence of drug treatment
was set at 100% (corresponding to 0.06 units/min � 106 cells).
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mechanism by which 3-BP and NEO218 achieve inhibition of
GAPDH.

As a general principle, it is well established that cysteines are the
most intrinsically nucleophilic amino acids in proteins, and thiol
side chains in functional cysteines readily interact with Michael
acceptor-type agents (“Michael reaction”) [44]. It was therefore not
entirely surprising to identify GAPDH cysteines as immediate tar-
gets of 3-BP and NEO218. As a corollary, however, it also indicated
that the activity of many other cellular proteins could be impacted
by this type of interaction. Efforts by others [45,46], with the use of
thiol-reactive electrophiles other than 3-BP, revealed >500 (mostly
unidentified) proteins with cysteines that were responsive to such
modification. Although not all of these proteins were consistently
modified by all electrophiles, it seemed that certain protein families
were more sensitive than others, and a specific core group was
modified by all electrophiles tested. In the context of 3-BP and
NEO218, one could extrapolate that many other proteins besides
GAPDHmight be targeted andmight participate in conveying these
agents' cytotoxic impact. Indeed, a number of other enzymes from
bacteria to fungi to humans were shown to be inhibited by 3-BP
[13e21], including succinate dehydrogenase (SDH), a key enzyme
that connects the tricarboxylic acid cycle with the electron trans-
port chain [2,19,47].

The large number of potential targets for 3-BP and NEO218
raises the question as to which ones are critically involved in
mediating drug-induced cell death. As shown by others [22,24,48],
and validated by us for NEO218 as well (Fig. 8), 3-BP causes severe
depletion of cellular ATP pools, a condition that is unable to sustain
cellular viability and well known to inevitably result in necrosis
[49e51]. Thus, among the very many potential targets of 3-BP and
NEO218, simultaneous inhibition of GAPDH and SDH stands out,
because without the vigorous activity of these two enzymes, cells
are unlikely able to produce sufficient energy for survival. The
presumed importance of SDH, alongside GAPDH, is further under-
scored by our finding that supplemental pyruvate is completely
ineffective in overcoming NEO218-induced cell death (Fig. 9A). This
is in stark contrast to findings by others [8,9] and our own (Fig. 9A),
demonstrating powerful protection provided by supplemental py-
ruvate against 3-BP. While earlier interpretations suggested that
pyruvate overcame 3-BP toxicity (i.e., neutralized the consequences
of GAPDH inhibition) by providing the missing glycolytic end
product, our side-by-side comparison with NEO218 instead posits
that (the large molar excess of) added pyruvate protects cells from
3-BP via effective competition for cellular uptake through MCT-1.
Furthermore, complete removal of glucose from the growth me-
dium does not significantly impact short-term survival of the tumor
cells used in our study, and clearly does not mimic 3-BP-induced
cell death (not shown). On the other hand, simultaneous inhibition
of glycolysis and mitochondrial respiration (through removal of
glucose and concurrent addition of rotenone) closely mimicked the
rapid kinetics of ATP depletion caused by 3-BP and NEO218 (Fig. 8).
Altogether, our modeldconsistent with observations by others
[47,52,53]dfavors potent simultaneous inhibition of GAPDH and
SDH as the key initial trigger of cell death induced by 3-BP and
NEO218, although the contribution of other potential targets is
conceivable and remains to be established.



Fig. 10. NEO218 directly interacts with GAPDH, GSH and NAC Direct interaction of NEO218 with different targets was analyzed by LC/MS analysis. (A) Purified rabbit GAPDH protein
was incubated with 3-BP or NEO218 for 15 min, followed by LC/MS analysis. GAPDH protein contains 4 cysteines (Cys) at the indicated positions, and all four were identified as being
modified with a pyruvate moiety in the case of 3-BP, and a pyruvate-perillyl alcohol moiety in the case of NEO218 (indicated by pyr). (B) Extracted ion chromatogram (XIC) of the
reaction products of NEO218 and GSH restricted to mass over charge (m/z) values between 528 and 529. The chromatogram (insert panel) shows the presence of a singly-charged
reaction product with accurate ion mass of 528.201 (nominal mass peak) corresponding to nucleophilic substitution reaction of NEO218 and GSH. Location and relative size of the
peak at 529.204 corresponds to the 13C isotope peak of the reaction product. (C) Reaction of NAC with NEO218 yielded several products shown in the ion map (top panel). The co-
eluting twin isotope at m/z 539 and 541 distributed equally (insert in top panel) and was selected for further analysis, as shown in the two chromatograms in the bottom panels.
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Inhibition of GAPDH in response to cellular treatment by 3-BP
and NEO218 might be exacerbated further by ROS. 3-BP has been
shown to lower cellular GSH levels, resulting in increased ROS
levels [22,23]. Since glycolytic GAPDH activity can be inhibited by
high ROS levels [54], it is quite possible that GAPDH is shut down by
a two-pronged attack mounted by pyruvylation plus ROS. Whether
or not this additional repression by ROS is needed, on top of pyr-
uvylation, in order to deplete ATP pools below life-supporting
levels, remains to be established. Several previous studies
[8,24,25,55] used supplemental antioxidants, primarily added GSH
and NAC, as tools to investigate the role of ROS in 3-BP-induced cell
death, and observed that either one was strikingly potent in pro-
tecting cells from 3-BP, similar to what we show in Fig. 9 with both
3-BP and NEO218. While this outcome had been taken as an indi-
cation that the generation of ROS was indeed essential to mediate
cell death by 3-BP, our results indicate otherwise.

For instance, 3-BP and NEO218 inhibited GAPDH activity also in
a cell-free system, where ROS are unlikely to play a role, and the
addition of GSH or NAC proved protective under these conditions as
well (Fig. 9C). Furthermore, similar to the potent interaction of
NEO218 with cysteine thiol groups of GAPDH, NEO218 directly
interacted with nucleophilic GSH and NAC also, as revealed by LC/
MS analysis (Fig. 10). While we did not include 3-BP in this mass
spectrometric analysis, a recent report by others demonstrated
direct interaction of GSHwith 3-BP in the absence of cells, as well as
intracellularly in erythrocytes andMCF7 cells [56]. Combined, these
observations favor a model where molar excess of supplemental
GSH and NAC acts by effectively binding and neutralizing 3-BP/
NEO218, thus preventing ROS production in the first place, rather
than by secondarily quenching increased levels of ROS. Altogether,
while it is clear that 3-BP does increase ROS levels via the depletion
of intracellular GSH pools [22,23,43] (and possibly via effects on
mitochondrial respiration [57]), it remains to be established
whether these ROS are indeed required for drug-induced cell
deathdor whether instead the pyruvylation-mediated inactivation
of key metabolic enzymes might suffice.

The mechanism of 3-BP-induced cell death has been variable
reported as apoptosis, necroptosis or necrosis (e.g., refs.
[22,24,26,58,59]). In the context of chemotherapy, this distinction is
important. As has been pointed out in a recent review [60], contrary
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to some commonly-held beliefs, necrosis rather than apoptosis
should be the preferred cell death mode for most effective
chemotherapy. We took great care to illuminate this issue from
different perspectives, with the inclusion of staurosporine as a
positive control for apoptotic events. We also used MCT-1-positive
and enegative cells, which allowed us to investigate the possibility
that the events at high 3-BP concentration perhaps might be
different from those at low concentrations.

All our data are highly consistent and point to necrosis as the
overwhelmingly dominant mechanism of cell death by both 3-BP
and NEO218 in our cell systems, as supported by the following
observations: (i) A pan-caspase inhibitor exerted no influence on
the cytotoxic IC50 of 3-BP or NEO218 (Fig. 7C). (ii) Several estab-
lished proteinmarkers of apoptosis show very little, if any, response
to drug treatment (Fig. 7B). (iii) Loss of structural integrity of the
plasma membrane is a hallmark of necrosis [61,62] and can be
documented via cellular uptake of membrane-impermeant dyes
(such as propidium iodide, PI) or cellular leakage of cytosolic en-
zymes (such as lactate dehydrogenase, LDH). Our FACS analysis
showed substantial accumulation of PI-positive cells (Fig. 7A) and
extensive leakage of LDH (Fig. 3). The loss of plasma membrane
integrity is consistent with cell death induced by the severe ATP
depletion observed by us (Fig. 8) and reported by others [22,24,48],
because maintenance of the cytoplasmic transmembrane electro-
chemical gradients is highly energy dependent, and their loss
inevitably leads to cell swelling and membrane rupture (i.e., ne-
crosis) [62]. (iv) Rapid cell death is another characteristic of necrotic
cell death [63]. We detected PI positivity and LDH release within
the first 2 h of drug exposure (see Fig. 7A for PI; time course not
shown for LDH). (v) Although severe depletion of ATP already
suggested that any sort of programmed event should be precluded,
we did investigate programmed necrosis, a.k.a. necroptosis [64], as
a possible mechanism of drug-induced cell death. Cells were
treated with 3-BP or NEO218 in the presence of necrostatin-1 (Nec-
1), a commonly used inhibitor of necroptosis [63]. However, no
impact of Nec-1 on drug-induced cytotoxic outcome could be
detected (not shown).

In our study, we included staurosporine as a reference agent for
induction of apoptosis, which proved quite useful for a meticulous
distinction between necrotic and apoptotic events induced by 3-
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BP and NEO218. For instance, in our Western blots analyzing
traditional markers of apoptosis (Fig. 7B), we do detect the
appearance of faint positive signals after drug treatment. Although
much longer exposure of these blots would have significantly
enhanced these signals furtherdand would have pointed to
extensive apoptosisdour comparison to staurosporine-treated
cells put these signals in proper perspective and confirmed only
little, if any, involvement of apoptotic processes. Furthermore, loss
of membrane integrity (a feature of necrosis) will enable annexin
V incorporation, and therefore it is important to remember that
annexin V-positive cells that are also PI positive are not apoptotic,
but necrotic. This is nicely exemplified by our FACS analysis
(Fig. 7A), where staurosporine-treated cells first move into the
lower right quadrant (annexin V positive; PI negative) before
moving into the upper right quadrant (annexin V positive; PI
positive). In comparison, the vast majority of cells treated with 3-
BP or NEO218 do not appear in the lower right quadrant, but
rather move straight from lower left to upper right. Combined, the
data from our detailed analysis establish necrosis as the clearly
predominant form of cell death induced by 3-BP and its analog
NEO218 in the tumor cell lines used in our study. It should be
noted, however, that other cell types might respond differently, as
cell-type specific cell death processes in response to 3-BP have
been reported [26].

In cancer therapy, the development of treatment resistance is a
widespread problem that usually spells poor prognosis for affected
patients. In this context, it was intriguing to find that a single 3-BP
treatment of highly sensitive HCT116 cells resulted in rapid accu-
mulation of 3-BP resistant cells, apparently because drug treatment
killed off MCT-1-positive cells, but allowed for survival and escape
of a minority of MCT-1-negative cells that already were present in
the population before the onset of treatment (Fig. 6). While it is
unknownwhether MCT-1-positive tumor tissues in patients would
harbor a subset of MCT-1-negative cells, our example provides a
cautionary signal that downregulation of MCT-1 expression (Fig. 5),
or the presence of an MCT-1-negative tumor cell subpopulation
(Fig. 6), could lead to treatment resistance in the clinic. Intriguingly
however, increased resistance to NEO218 was not observed, and in
fact resistant cells emerging from 3-BP treatment were still highly
responsive to NEO218 (Fig. 6), further emphasizing the MCT-1-
independent function of this analog.

Conclusions

The sum of our results is consistent with the conclusion that the
molecular activities by which 3-BP and NEO218 accomplish cell
killing are identical. The only noted difference is that 3-BP requires
transport by MCT-1 to enter cells, whereas NEO218 does not.
However, once inside the cell, 3-BP and NEO218 trigger the same
sequence of cytotoxic events at similar potency, as follows: Both
agents rapidly pyruvylate several key metabolic enzymes (GAPDH,
SDH, and possibly others), thereby inhibiting their activities. As an
immediate consequence, both glycolysis and mitochondrial respi-
ration shut down, causing ATP levels to rapidly drop below life-
sustaining levels. As it has been well established that in the
absence of sufficient ATP, energy-dependent cellular functions are
incapacitated [49e51,65e67], the cells are left with no other option
than necrosis. However, cells are shielded from the cytotoxic
impact of low to moderate concentrations of 3-BP in vitro if they
express only little or no MCT-1. Extrapolated to future cancer
therapy with 3-BP, such cells would be expected to drive the
emergence of treatment resistance and spell poor prognosis for the
patient. Intriguingly, this in vitro effect was not observed with
NEO218, providing a rationale for its further characterization as an
anticancer agent.
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