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ABSTRACT

◥

We report the discovery, via a unique high-throughput screening strategy, of a novel bioactive anticancer compound: Thiol
Alkylating Compound Inducing Massive Apoptosis (TACIMA)218. We demonstrate that this molecule engenders apoptotic cell
death in genetically diverse murine and human cancer cell lines,
irrespective of their p53 status, while sparing normal cells.
TACIMA-218 causes oxidative stress in the absence of protective
antioxidants normally induced by Nuclear factor erythroid 2–
related factor 2 activation. As such, TACIMA-218 represses RNA

Introduction
In normal cells, reactive oxygen species (ROS) are produced at low
concentrations and are effectively neutralized by coordinated antioxidant defense systems controlled via Nuclear factor erythroid 2–related
factor 2 (Nrf2; ref. 1). In contrast, cancer cells have intrinsically higher
levels of ROS, altered amino acid delivery, increased fatty acid oxidation or synthesis, and are under constant oxidative stress due to
elevated metabolic activities (1). These dysregulated metabolic activities often result from mutated oncogenes and tumor-suppressor genes
known to modulate intracellular signaling pathways (2). As a result,
cancer cells are often highly sensitive to exogenous agents capable of
increasing oxidative stress levels (3). So far, numerous antineoplastic
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translation and triggers cell signaling cascade alterations in AKT,
p38, and JNK pathways. In addition, TACIMA-218 manifests
thiol-alkylating properties resulting in the disruption of
redox homeostasis along with key metabolic pathways. When
administered to immunocompetent animals as a monotherapy,
TACIMA-218 has no apparent toxicity and induces complete
regression of pre-established lymphoma and melanoma tumors.
In sum, TACIMA-218 is a potent oxidative stress inducer capable
of selective cancer cell targeting.
compounds were developed to target these metabolic pathways (2).
However, their efﬁcacy was modest for two reasons. First, most of these
drugs work in concert with chemo-/radiotherapy or other anticancer
compounds, which can further increase treatment-related toxicity (2).
Second, mutational variations observed in tumor subtypes lead to drug
resistance or inconsistent efﬁcacy (2). Although disrupting the redox
homeostasis of cancer cells remains an appealing therapeutic strategy,
efforts should be dedicated toward the discovery of potent stand-alone
ROS-modulating compounds capable of selective eradication of various cancers genotypes while limiting collateral damage to neighboring
normal cells.
High-throughput screening (HTS) assays are useful for the
discovery of hit compounds harboring potential therapeutic properties reﬂected by certain phenotypic changes they inﬂict on a target
cell (4, 5). Using a unique HTS assay, we recently identiﬁed a novel
sulfonyl-containing small compound (InhiTinib) exhibiting anticancer properties (6). In this follow-up study, we report the
discovery and characterization of a second novel anticancer chemical entity that we named Thiol Alkylating Compound Inducing
Massive Apoptosis (TACIMA)-218. We also demonstrate the safety
and effective therapeutic proﬁle of TACIMA-218 in vivo, highlighting its promising therapeutic potential as a potent and selective
stand-alone anticancer agent.

Materials and Methods
Cell lines and mice
The EL4, B16F0, A549, and BT549 cell lines were kindly provided by
Dr. Jacques Galipeau (University of Wisconsin-Madison, Madison,
WI). The DLD-1 and MDA-MB-231 cell lines were kindly provided by
Dr. No€el J.-M. Raynal (Ste-Justine Hospital Research Center, Universite de Montreal, Montreal, QC). The MDA-MB-468 cell line was
kindly provided by Dr. Koren Mann (Lady Davis Institute, McGill
University, Montreal, QC). The CT36 cell line was kindly provided by
Dr. Audrey Claing (Universite de Montreal, Montreal, QC). The Saos2 cell line was kindly provided by Dr. Antonio Nancy (Universite de
Montreal, Montreal, QC). The H460 and the U87 cell lines were kindly
provided by Dr. Borhane Annabi (Universite du Quebec a Montreal,
Montreal, QC). The AML, A20, and P815 tumor cell lines were
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purchased from the ATCC. Primary mesenchymal stromal cells were
generated as previously described, whereas primary murine embryonic
ﬁbroblasts were kindly provided by Dr. John Stagg (Centre Hospitalier
de l’Universite de Montreal, Universite de Montreal, Montreal, QC;
ref. 7). Primary astrocytes were a kind gift from Dr. Louis Eric Trudeau
(Universite de Montreal, Montreal, QC). BOAEC and HUVEC cells
were kind gift from Dr. Jean-Philippe Gratton (Universite de Montreal, Montreal, QC). The BEAS-2B cell line containing the Nrf2luciferase reporter construct was kindly provided by Dr. Simon
Rousseau (McGill University, Montreal, QC; ref. 8). The C57BL/6
mice were purchased from The Jackson Laboratory. Littermate mice
were interbred and housed in a pathogen-free environment at
the animal facility of the Institute for Research in Immunology and
Cancer (IRIC). Animal protocols were approved by the Animal Care
Committee of Universite de Montreal.

added to each well and the plates incubated at 37 C. The following day,
Hoechst 33342 stain solution was added to each well, and the cells were
resuspended using Biomek FX to obtain a homogenous distribution.
Fluorescence was assessed using the Opera Phenix high content
screening system.

Chemical compounds, reagents, kits, and antibodies
The TACIMA-218 compound (C18H15NO3—Reference # 5106795)
was purchased from Chembridge Corporation through Hit2Lead.com
Online Chemical Store. NADH sodium, adenosine 50 -triphosphate
disodium salt hydrate, S3QEL-2, ATP, Apocynin, Deferoxamine,
Liproxstatin, and SnPPIX were purchased from Cedarlane. Nethylmaleimide (NEM), CelLytic M, N-acetyl cysteine (NAC), reduced
glutathione (GSH), catalase, a-tocopherol, L-cysteine, glutamine, and
glycine as well as Kolliphor EL were purchased from Sigma. The
SPHERO AccuCount Particles were purchased from Spherotech Inc.
Z-VAD-FMK pan-caspase inhibitor was purchased from APExBIO.
Propidium iodide and Annexin-V staining kit were purchased from
BD Pharmingen. The DEVD substrate for caspase-3 assessment was
purchased from Biotium. The 2-NBDG, Mitotracker, and MitoSox
Red reagents were purchased from Thermo Fisher. Trizol was purchased from Life Technologies. The RNA extraction kits were purchased from Qiagen. Protein signaling arrays were purchased from
RayBiotech. Signaling antibodies against ERK (44/42), AKT, p38,
IKBa, GSK-3b, JNK, AMPK, and mTOR were purchased from Cell
Signaling Technologies. The anti-ubiquitin antibody (sc-8017 clone
P4D1) was purchased from Santa Cruz Biotechnology. Western blot
antibodies against human and murine PARP-1 were purchased from
Santa Cruz Biotechnology and Cell Signaling Technology, respectively;
gH2AX from EMD Millipore; and tubulin from Abcam. The H4
antibody was a generous gift from Dr. Alain Verreault (Universite
de Montreal, Montreal, QC). The following primary antibodies were
used to detect lysine acetylation marks on histone H3 and H4: H3K9ac
(1:5,000, Active Motif cat#39917), H3K14ac (1:5,000, Active Motif
cat#39698), H3K18ac (1:2,500, Active Motif cat#39588), H3K27ac
(1:5,000, Active Motif cat#39134), H3ac pan-acetyl (1:5,000, Active
Motif cat#39140), H3 (1:5,000, Active Motif cat#39763), H4K5ac
(1:2,000, Active Motif cat#39700), H4K8ac (1:5,000, Active Motif
cat#39172), H4K12ac (1:5,000, Active Motif cat#39928), H4K16ac
(1:5,000, Active Motif cat#39167), H4K20ac (1:2,000, Active Motif
cat#61531), H4ac pan-acetyl (1:5,000, Active Motif cat#39244), and
H4 (1:5,000, Active Motif cat#39270). Cell culture media and reagents
were purchased from Wisent Bioproducts.

Polysome analysis
Five million EL4 cells were seeded in a 10 cm dish. The next day, cells
were incubated with either vehicle (DMSO), 8 mmol/L TACIMA-218,
or 100 nmol/L of CR-1–31B for 1 hour and washed twice with ice-cold
PBS supplemented with 100 mg/mL cycloheximide (CHX). Cells were
harvested in 1 mL PBS containing 100 mg/mL CHX, pelleted, and lysed
with hypotonic lysis buffer [5 mmol/L Tris-HCl (pH 7.5), 2.5 mmol/L
MgCl2, 1.5 mmol/L KCl, 2 mmol/L DTT, 1% Triton X-100, 0.5%
sodium deoxycholate, and 100 mg/mL CHX]. Lysates were cleared by
centrifuging for 2 minutes at 13,000 x g, then loaded onto a 10% to 50%
sucrose gradient, and centrifuged at 35,000 rpm for 2:15 hours at 4 C.
Gradients were analyzed by measuring the UV254 absorbance on a
UA-6 UV detector (ISCO) with a Brandel tube piercer.

Design of the HTS assay
The HTS method used was as described in El-Kadiry and colleagues
and Fouda and colleagues. Brieﬂy, T cells were isolated from the spleen
of Nur77GFP transgenic C57BL/6 then stimulated with CD3-CD28
dynabeads. The beads were magnetically removed 6 hours later and
activated T cells seeded at 75  104 cells per well in a ﬂat-bottom 384well plate. A library of preselected molecules (4,398 entities) was then
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Determination of TACIMA-218 IC50 values
To determine the IC50 doses, suspension cells were seeded at a
density of 5  104 cells/well in a round-bottom 96-well plate (ﬁnal
volume of 250 mL). Adherent cells were plated at 2  105 cells/well in a
6-well plate (ﬁnal volume 2 mL). Cells were treated overnight with
TACIMA-218 (0.6, 1.2, 2.4, 4.8, and 9.6 mmol/L) versus corresponding
volume of vehicle. The following day, SPHERO AccuCount Particles
were used to determine the number of live cells by ﬂow cytometry
according to the manufacturer’s instructions.

In vitro translation studies
The mRNA used for in vitro translations studies was ﬁrst transcribed using BamHI-digested pSP(CAG)33/FF/HCV/RenpA51 and
SP6 polymerase using standard methods, and the resulting bicistronic
mRNA was used in translation reactions using Krebs-2 extracts at a
concentration of 4 ng/mL as previously described (9). Fireﬂy and
Renilla luciferase activities were expressed as relative light unit
and were measured on a Lumat LB 9507 luminometer (Berthold
Technologies; ref. 10).
Signaling studies
Whole tumor cell extracts were obtained through using the CelLytic
M reagent. Initial studies were conducted using the mouse/human
MAPK signaling arrays (RayBiotech) to identify altered pathways.
Once speciﬁc pathways were selected, cell lysate extracts were separated by electrophoresis, transferred onto Hybond-ECL membrane,
and probed using primary and secondary antibodies according to the
manufacturer’s instructions.
Expression analysis of transcription factors
Treated EL4 cells were mixed with 900 mL Trizol (106 cells per tube)
followed by RNA extraction. Reverse transcription was performed
using a high-capacity cDNA reverse transcription kit (Applied Biosystems) prior to qPCR. Target gene values were normalized to
endogenous control Gapdh. Total RNA was isolated using RNeasy
mini kit (QIAGEN), quantiﬁed using (BioDrop mLITE), and sent for
qPCR at the Genomics Core Facility of IRIC.
Metabolomics analysis
EL4 and H460 cells were treated with 8 mmol/L TACIMA-218 for
6 hours. Cells were collected by centrifugation at 300  g for 5 minutes
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at 4 C followed by removal of media. Cell pellets were then resuspended in 1 mL of ice-cold 150 mmol/L NH4 followed by centrifugation at 300  g for 5 minutes at 4 C and removal of supernatant. The
samples were kept on dry ice and processed at the Biopharmacy
platform of the Universite de Montreal according to their established
protocols for the assessment of intracellular levels of ATP, ADP, GSH,
GSSG, NADH, NAD, and acetyl-CoA.
Nrf2-ﬁreﬂy luciferase reporter assay
Bronchial epithelial cells (BEAS-2B) were cultured in FBS-free
media 24 hours prior to drug treatment. Cells were then treated with
either 8 mmol/L TACIMA-218 or 5 mmol/L DL-Sulforaphane for
4 hours. The cells were then washed with PBS and prepared for
analysis using Luciferase Assay System (Promega), according to the
manufacturer’s protocol. The signal was read using Tecan Inﬁnite
M1000.
Assessment of apoptosis and epigenetic changes by
immunoblotting
To evaluate the apoptosis-inducing capacity of TACIMA-218, EL4
or BT549 cells were pretreated for 24 hours with 20 mmol/L Z-VADFMK and then treated for another 6 hours with 8 mmol/L TACIMA218. Cells were collected, washed with PBS, and then lysed in 2% SDS/
25 mmol/L Tris (pH 7.5) prior to the assessment of PAPR-1 and
gH2AX by Western blotting.
Histone acetylation by Western blotting was performed as previously described (11). Brieﬂy, the acid-extraction method was used
to purify histones, which were then separated by SDS-PAGE and
transferred onto a polyvinyl diﬂuoride membrane for subsequent
immunoblotting.

Analysis of TACIMA-218–cysteine adduct formation
Adduct formation was conducted by mixing cysteine and
TACIMA-218 for 1 hour at room temperature (added only once).
LC-MS analysis of the Cysteine-TACIMA-218 mixture was performed
on a Synapt G2S Q-TOF system from Waters. Chromatographic
separation was achieved on a Luna PFP (2) column from Phenomenex
under a H2O/Methanol gradient. Mass spectra were acquired from m/z
120 to 1,200 in positive electrospray mode. Free cysteine was followed
at m/z 122.027, free TACIMA-218 at m/z 294.112, whereas the complex
Cys-TACIMA-218 was expected at m/z 415.139, all as protonated
[MþH]þ species.
Mass spectrometry analysis of tumor cell lysates
Cells were treated with vehicle or TACIMA-218 or vehicle for 6 hours
as described earlier. The cells were collected and washed with PBS before
lysis using CelLyticM reagent. Protein lysate was stored at 80 C until
analysis. Protein lysates were loaded onto a stacking gel, and all proteins
were reduced with DTT, alkylated with iodoacetic acid, and digested
with trypsin. Extracted peptides were resolubilized in 0.1% aqueous
formic acid and loaded onto a Thermo Acclaim Pepmap (Thermo,
75 mm ID X 2 cm C18 3 mm beads) precolumn and onto an Acclaim
Pepmap Easyspray (Thermo, 75 mm X 15 cm 2 mm C18 beads)
analytical column separation using a Dionex Ultimate 3000 uHPLC
at 200 nL/min with a gradient of 2% to 35% organic (0.1% formic acid in
acetonitrile) over 2 hours. Peptides were analyzed using a Thermo
Orbitrap Fusion mass spectrometer operating at 120,000 resolution (full
width at half maximum in MS1) with CID sequencing in the linear ion
trap for all peptides with a charge of 2þ or greater. The raw data were
converted into  .mgf format (Mascot generic format) for searching
using the X!Tandem (Beavis Informatics) search engine VENGEANCE

Figure 1.
The phenotypic screen used to identify T-218. A, Schematic overview
of the used HTS. B, Representative analysis of the primary (top;
n ¼ 1/group; 4,398 compounds) and conﬁrmatory screens (bottom;
n ¼ 4/group; 61 compounds identiﬁed in the primary screen). T-218 is
depicted by the red arrow. C, Chemical structure of T-218 (C18H15NO3).
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(2015.12.15) against protein sequences (Uniprot 2018). The database
search results were loaded onto Scaffold Qþ Scaffold_4.4.8 (Proteome
Sciences) for statistical treatment and data visualization. Spectral
counts for all proteins were transformed into LOG10 numbers and
loaded onto the Reactome for quantitative pathway analysis.
Bioinformatics analyses
All differentially expressed proteins identiﬁed in mass spectrometry
(MS) experiments (DMSO vs. TACIMA-218–treated cells) were
ranked by the negative log10-transformed P values, using a threshold
of 1.3 (P value < 0.05) for signiﬁcance and further computational
investigation. We modeled the association between signiﬁcant proteins and GO biological processes using a hypergeometric distribution.
This approach assesses the signiﬁcance of candidate proteins that are
members of a category compared with nonmembers given a background of all proteins from the experiment. Volcano plots showing
distribution and log2 fold change of proteins along with their corresponding signiﬁcance are made using custom scripts and ggplot2
package in R. Heatmaps showing top enriched biological processes
at an FDR threshold of 0.05 (Y axis) and corresponding gene members
(X axis) were plotted using a combination of custom scripts and cluster
proﬁler package.
Tumor transplantation and TACIMA-218 treatments
Mice were subcutaneously inoculated with 106 EL4 or B16F0 tumor
cells. When the tumor reached a palpable size of approximately

100 mm3, TACIMA-218 was emulsiﬁed in Kolliphor EL and intraperitoneally administered with at the indicated dose for each tumor cell
line daily for a total of six injections. Control animals received
equivalent volume of the vehicle. Tumor volume was measured as
[(length  width2)/2], and mice were sacriﬁced when the tumor
volume reached 2,000 mm3.
Histologic analysis
Histologic analyses were conducted as previously described (12).
Selected organs were harvested from mice treated with 100 mg/kg of
TACIMA-218 versus vehicle and then ﬁxed in 10% formalin before
mounting in parafﬁn. Sections were then stained with hematoxylin and
eosin and then scanned using the NanoZoomer Digital Pathology
system and NPD.scan 2.3.4 software (Hamamatsu) at the IRIC Histology Core Facility.
Assessment of blood formula
Hematologic analysis was conducted as previously described (13).
Brieﬂy, blood samples collected from treated animals was analyzed
using both the Scil vet ABC Plusþ hematologic analyzer and ﬂow
cytometry. To assess the physiologic levels of each parameter, similar
analyses was conducted on 10 age-matched female mice.
Statistical analyses
For most studies, we used GraphPad prism version 5 to calculate
P values using the ANOVA and log-rank statistical tests. For MS,
Figure 2.
Pharmacologic effects of T-218. A, Proliferation assays used to identify the IC50 values
of T-218 using three different tumor cell lines.
B, Representative ﬂow-cytometry analysis
of PI/Annexin-V staining of EL4 lymphoma
cells treated with 8 mmol/L T-218 vs.
vehicle overnight. C, Representative ﬂowcytometry analysis of T-218–treated EL4
cells supplemented with the DEVD substrate
for caspase-3/7 (emits AF488 ﬂuoresces
when cleaved by caspase-3/7). D, Representative Western blot analysis of the Bcl-2
family of proteins in T-218–treated EL4 cells.
E, Compiled analysis of Annexin-Vþ cells
against several tumor cell lines (classiﬁed as
wild type, mutant, or null for Tp53) or
on primary cells [activated T cells, astrocytes, HUVEC, BOAEC, mesenchymal stromal cells (MSC), and murine embryonic
ﬁbroblasts (MEF)] treated overnight with
8 mmol/L T-218 vs. vehicle. Groups in ﬁlled
red are resistant to T-218. The NEM-treated
groups are depicted by red or black empty
columns. For all plots, experiments were
conducted at least 3 times (n ¼ 5/group)
with    , P < 0.001.
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statistical analyses were conducted in R (v 3.6.1) using custom scripts
as detailed in the “bioinformatics analysis section.”

Results
Evaluating the anticancer properties of TACIMA-218
The initial objective of our HTS analysis was to identify novel small
molecules capable of modulating activated T-cell responses (Fig. 1A;

refs. 6, 14). The primary screen identiﬁed 61 compounds modulating
T-cell receptor activation reﬂected by GFP expression levels (threshold
set at 20%; Fig. 1B, top plot). A secondary validation screen identiﬁed 6
hits displaying T-cell–inhibitory properties (Fig. 1B, bottom plot),
which were then tested for their capacity to speciﬁcally inhibit the
proliferation of cancer versus normal cells. Among these compounds,
TACIMA-218 (hereon referred to as T-218, Fig. 1C) was found to
inhibit the proliferation of EL4 (T-cell lymphoma), A20 (B-cell

Figure 3.
T-218 inhibits mRNA translation without triggering ER stress. A, Assessment of T-218–induced cell death at
different time points. B, Polysome
analysis in EL4 cells treated with vehicle (in red), CR-1–31-B (in blue), or T218 (in green). C, Schematic representation of the bi-cistronic construct
used to assess in vitro translation. D,
In vitro translation of (CAG)33/FF/
HCV//RenpA51 mRNA performed in
Krebs-2 extract in the presence of
increasing concentrations (up to
50 mmol/L) of T-218. The translation
initiation inhibitor CR-1–31B (500
nmol/L) and the translation elongation inhibitor anisomycin (50 mmol/
L) were used as control. E, Representative Western blot for total ubiquitination in vehicle- or T-218–treated EL4
cells. F, Transcript quantiﬁcation for
genes involved in UPR following vehicle (white bars) or T-218 (black bars)
treatment. G and H, Representative
Western blot of signaling pathways.
I, Annexin-V staining after cotreatment of EL4 with 8 mmol/L T-218 and
ascending doses of JNK inhibitor
(SP600125), or P38 MAPK inhibitor
(SB203580) for 12 hours. For all
panels, experiments were conducted
3 times (n ¼ 3–4/group) with  , P <
0.05;   , P < 0.01; and    , P < 0.001.
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lymphoma), and P815 (mastocytoma) cells in a dose-dependent
manner (Fig. 2A). Inhibition of cell proliferation was attributed to
apoptosis, as cells treated with T-218 displayed elevated Annexin-V
staining (Fig. 2B), caspase 3/7 activation (Fig. 2C), and diminished
expression of the antiapoptotic Bcl-2 and Mcl-1 proteins (Fig. 2D).
Further analyses showed that, in contrast to NEM, which was toxic to
primary cells, T-218 triggers apoptosis in 19 of 23 tested murine or
human cancer cell lines, irrespective of their p53 status, but not in the 6
tested primary normal cells tested (Fig. 2E; Supplementary Fig. S1). In
addition, treatment of EL4 cells in serum-free conditions did not alter
the apoptotic function of T-218 (Supplementary Fig. S2). These results
indicate that T-218 harbors speciﬁc anticancer properties.
T-218 triggers cell death without endoplasmic reticulum stress
The rapid cell death induced by T-218 (Fig. 3A) prompted us to
further investigate the molecular basis of the antiproliferative effect of
this compound. Upregulation of RNA translation is a pro-oncogenic
event, hence the therapeutic targeting of RNA translation in anticancer

drug development (15). When monitored in EL4 cells, T-218 was as
effective as the translation inhibitor CR-1–31-B in causing the accumulation of translationally inactive monosomes (Fig. 3B; refs. 16, 17).
Therefrom, we next questioned whether T-218 blocks translation at
the initiation and/or elongation stage using a cell-free dual-luciferase–
based assay harboring a bicistronic FF/HCV/Ren mRNA. In this assay,
the translation of the ﬁrst cistron, Fireﬂy luciferase, is cap-dependent
and so requires the assembly of translation initiation factors at the start
codon. Renilla luciferase translation, on the other hand, is mediated by
Hepatitis C virus internal ribosome entry site (HCV IRES) and so is
cap-independent (Fig. 3C; refs. 16, 17). Although CR-1–31-B and
Anisomycin successfully inhibited cap-dependent and general protein
translation inhibition, respectively, T-218 was inert in this context
(Fig. 3D). This indicates that the translation inhibition observed via
polysome analysis conducted on T-218–treated EL4 cells occurs as a
secondary biochemical effect in response to the compound.
The endoplasmic reticulum (ER) plays important roles in
protein posttranslational modiﬁcations and trafﬁcking. Under stress

Figure 4.
T-218 induces ROS accumulation in the
absence of an Nrf2 response. A, Compiled mean ﬂuorescent intensity (MFI)
for MitoSox Red staining (speciﬁc for
O2-) of EL4 and H460 cells treated with
8 mmol/L T-218 vs. vehicle. B, Representative ﬂow-cytometry analysis of
mitochondrial staining with Mitotracker Green (for mitochondrial mass)
and Mitotracker Red (for functional
mitochondria). Populations shown in
red gates represent damaged/leaky
mitochondria. C, Schematic diagram
representing the system used to assess
Nrf2 induction. D, Analysis of Nrf2
induction in BEAS-2B using a luminescence assay. Sulforaphane (5 mmol/L)
was used as a positive control for
inducing Nrf2. T-218 was used at 8
mmol/L. E, Transcript levels of several
Nrf2-responsive genes after a 6-hour
treatment with 8 mmol/L T-218 vs. vehicle. F and G, Compiled percentages of
apoptotic cells following treatment
with T-218 admixed with 2.5 mmol/L
Apocynin (top plot) or 10 mmol/L
S3QEL2 (bottom plot). H, Western blot
evaluating the cleavage of PARP-1
and induction of gH2AX. The Z-VADMFL was used to inhibit caspase activation. For all plots, experiments
were conducted 3 times (n ¼ 6/group)
with  , P < 0.05;   , P < 0.01; and
 
, P < 0.001.
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Figure 5.
T-218 is a thiol-alkylating agent. A, Representative ﬂow-cytometry analysis of EL4 cells treated with vehicle, 8 mmol/L T-218, or a combination of 8 mmol/L T-218
admixed with NAC (5 mmol/L), catalase (2,000 units/mL), or a-tocopherol (200 mmol/L) overnight. B–D, Assessment of GSH/GSSG (B), NADH/NAD (C), and
ATP/ADP (D) ratio in vehicle- or T-218–treated EL4 or H460 cells. E and F, Analysis of the protective effect of NAC, free cysteine or GSH (E) or the three amino
acids forming GSH (F) when admixed with 8 mmol/L T-218. H and I, Representative ﬂow-cytometry analysis for Annexin-Vþ EL4 cells following treatment with
8 mmol/L T-218, 0.05 to 1 mmol/L NADH, 0.5 to 2 mmol/L ATP, or combined treatment. G, Extracted chromatogram illustrating complex formation between
T-218 and cysteine. The top chromatogram shows cysteine alone, whereas the peak in the middle chromatogram is for T-218. For all plots, experiments were
conducted 3 times (n ¼ 6/group).
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however, the accumulation of misfolded proteins triggers the
unfolded protein response (UPR) to (i) halt protein translation,
(ii) facilitate aberrant proteins degradation, and/or (iii) trigger
protein refolding. If these adaptive responses fail, the UPR evokes
apoptosis (18, 19). We therefore hypothesized that T-218 treatment
may cause cell death via ER stress, but failed to detect alterations
in the overall protein ubiquitination level (Fig. 3E) or expression
of UPR-related transcription factors such as Atf4, Atf6, and cXbp1/
Xbp1 (Fig. 3F).

T-218 triggers mitochondrial damage in the absence of Nrf2
activation
To further investigate the mechanistic basis of the antiproliferative
effects of T-128, we surveyed potential changes in several cellular
signaling pathways upon T-218 (20, 21). Interestingly, EL4 treatment
with T-218 leads to p38 and JNK activation, whereas AKT signaling
was mitigated (Fig. 3G and H). Antagonizing p38 (using SB23580), but
not JNK signaling (using SP600125), partially affected apoptosis
(Fig. 3I).

Figure 6.
T-218 affects enzymes involved in the metabolism of EL4 lymphoma cells. A–B, Venn diagrams and volcano plots displaying modulated proteins in T-218–treated EL4
cells. C, KEGG path analysis conducted on proteins identiﬁed by MS. Experiments were conducted 3 times. D, Assessment of acetyl-CoA level in EL4 and H460 after a
6-hour treatment with 8 mmol/L T-218 or vehicle (n ¼ 6/group).
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In general, the p38 MAPK pathway is activated by environmental
insults like heat, osmotic, and oxidative stress, inﬂammatory cytokines,
and TNFb signaling (22). We therefore evaluated ROS production in
T-218–sensitive (EL4) and –resistant (H460) cancer cell lines. EL4
treatment with T-218 increased the levels of superoxide anion as
compared with H460 (Fig. 4A). Analysis of mitochondrial membrane
polarization showed a direct correlation between mitochondrial damage and T-218 concentration in EL4 cells strongly suggesting that this
compound might directly target mitochondrial function (Fig. 4B).
Eukaryotic cells counteract oxidative stress through Nrf2 activation,
a transcription factor that dissociates from Kelch-like ECH-associated
protein 1 (Keap1) in response to elevated ROS levels (23). The release
of Nrf2 allows its migration to the nucleus where it binds the
antioxidant response element (ARE) consensus site, thereby triggering
the expression of cytoprotective genes (24). Because our data suggest
that T-218 might trigger apoptosis in a ROS-dependent manner, we
questioned whether T-218 interferes directly with Nrf2 induction.
Compared with sulforaphane (used as a positive control), T-218
treatment of BEAS-2B, a cell line containing a luciferase reporter
construct in which the ARE promoter is introduced upstream of the
Fireﬂy luciferase (Fig. 4C), did not induce Nrf2 activation (Fig. 4D).
To further conﬁrm this observation, we quantiﬁed the transcript level
of seven Nrf2 target genes in T-218–treated EL4 cells and detected
mainly de novo expression of heme-oxygenase I (Hmox1; Fig. 4E),
which was also triggered in two human cancer lines (Supplementary
Fig. S3). With the absence of antioxidant defenses and the lack
of signiﬁcant rescue using apocynin (plasma membrane–bound
NADPH oxidase inhibitor, Fig. 4F) or S3QEL-2 (mitochondrial
complex III inhibitor, Fig. 4G), we next evaluated whether T-218–
triggered ROS induce apoptosis through DNA damage by assessing

gH2AX phosphorylation, a process known to occur as a result of
caspase activation (25). Pan inhibition of caspases using Z-VAD-MFL
prevented the appearance of gH2AX in both EL4 (murine) and BT549
(human) tumor cells in response to T-218 (Fig. 4H), indicating that
T-218 is unlikely to cause cell death by directly inducing DNA damage.
T-218–driven oxidative damage is fueled by cysteine alkylation
The data collected so far indicate that T-218 triggers apoptosis
through disruption of the cellular oxidant/antioxidant balance (redox
homeostasis; ref. 26). In accord with this notion, we found that
cotreatment with NAC (antioxidant) and a-tocopherol (inhibitor of
lipid peroxidation) rescues EL4 from T-218–mediated cell death
(Fig. 5A). We also observed a dramatic decline in the ratios of
GSH/GSSG (Fig. 5B), NADH/NAD (Fig. 5C), and ATP/ADP
(Fig. 5D) in T-218–treated EL4 cells in contrast to resistant H460
cells. Furthermore, supplementing EL4 cells with NAC, GSH, or free
cysteine 1 hour prior to T-218 treatment neutralized T-218–induced
cell death (Fig. 5E and F) owing to the cysteine adduct–forming ability
of the compound (Fig. 5G). These observations combined with the
failure in re-establishing redox homeostasis via NADH or ATP
supplementation (Fig. 5H and I) suggest that once thiol alkylation
by T-218 occurs, cells become prepped to die.
T-218 alters the metabolism of EL4 cells leading to chromatin
posttranslational modiﬁcations
Because uncontrolled ROS levels can inﬂuence various metabolic
processes (27), we used a proteomic approach to evaluate changes
occurring in T-218–treated EL4 cells. Overall, 32 upregulated and 42
downregulated proteins were identiﬁed (Fig. 6A). Interestingly, there
was a trend toward decreasing levels of metabolic enzymes (Galk1,

Figure 7.
T-218 affects the glycolysis and chromatin structure of EL4 cells. A, Flowcytometry analysis of cell surface
expression of Glut1 and Glut4 on EL4
cells cultured with vehicle, 8 mmol/L T218, or 5 mmol/L NAC preincubation
for 1 hour followed by 8 mmol/L T-218
treatment. B, MFI of 2-NBDG (ﬂuorescent glucose analog) uptake by EL4
cells under the same treatment conditions described in A. C and D, Representative Western blot assessing H3
(C) and H4 (D) acetylation in T-218–
treated EL4 cells in the absence or
presence of NAC. E, Percentage of live
EL4 cells after cotreatment with 8
mmol/L T-218 admixed with deferoxamine (100 nmol/L), liproxstatin-1
(200 nmol/L), or SnPPIX (11 nmol/L).

AACRJournals.org

Mol Cancer Ther; 20(1) January 2021

Downloaded from mct.aacrjournals.org on January 6, 2021. © 2021 American Association for Cancer Research.

45

Published OnlineFirst October 21, 2020; DOI: 10.1158/1535-7163.MCT-20-0333

Abusarah et al.

HK1, Idh3a, Idh3g, Pdhb, Pfk1, Pck2, and Pgk1; Fig. 6B). KEGG
enrichment analysis of the differentially expressed proteins identiﬁed 123 enriched biological processes containing, among others,
a cluster of proteins associated with glycolysis and Krebs cycle
events (coenzyme metabolism, cofactor metabolism, and acetylCoA biosynthesis; Fig. 6C). Conﬁrmation studies showed that
unlike T-218–resistant H460 cells, a signiﬁcant reduction in acetyl-CoA levels was observed in T-218–treated EL4 cells (Fig. 6D).
Disturbed mitochondrial functions combined with reduced acetylCoA levels in response to T-218 may have repercussions on the
glycolytic function of EL4. When assessed for their glucose uptake,

T-218–treated EL4 cells exhibited indeed a compensatory increase in
their level of glucose transporters (Fig. 7A) and uptake (Fig. 7B), both
of which were mitigated by NAC pretreatment. Acetyl-CoA, an
important by-product of glycolysis, connects metabolism and signaling with chromatin structure and transcription and can initiate cell
growth programs by promoting modiﬁcations of histones in close
proximity to growth-related genes (28). Consistently, analysis of
histone modiﬁcation levels in T-218–treated EL4 cells revealed
impaired histone 3 acetylation (at lysines 9, 14, and 27) indicating
an additional layer of control mediated by the compound (Fig. 7C
and D; ref. 28).
Figure 8.
Safety and in vivo antineoplastic properties of T-218. A, Weight loss analysis
of immunocompetent C57BL/6 mice
receiving 6 i.p. injections (red arrows)
of T-218 at 10, 50, or 100 mg/kg versus
equivalent amount of vehicle. B, Representative histologic analysis of
spleen, lung, liver, and kidneys derived
from mice treated with 100 mg/kg of
T-218. C, Analysis of blood formula
from the same mouse group described
in B. Pink-shaded areas represent the
physiologic levels of the cognate population in circulation. D, Analysis of
EL4 tumor growth in mice receiving
T-218 vs. vehicle (6 i.p. injections
at 10 mg/mg). E, Kaplan–Meier survival curve of mice in D. F, Analysis of
B16F0 tumor growth in mice receiving
T-218 vs. vehicle (6 i.p. injections at 10
or 40 mg/kg). G, Kaplan–Meier survival curve of mice in F. For all plots,
experiments were conducted at least
3 times (n ¼ 10/group) with  , P < 0.05.
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T-218–induced metabolic ﬂuctuations repurpose Hmox1
activity
The speciﬁc upregulation of Hmox1 both at the RNA (Fig. 4E;
Supplementary Fig. S3) and protein (Fig. 6B) levels in response to T218 raised the question whether it plays a role in the induced cell death.
Hmox1 is an inducible enzyme associated mostly with beneﬁcial effects
as it catalyzes degradation of pro-oxidant heme into carbon monoxide,
biliverdin, and iron (29–31). However, Hmox1 overexpression was
also reported to promote ferroptotic cell death suggesting a thresholdand context-dependent role for its function (30). Although cotreatments of T-218–treated EL4 cells with Deferoxamine (iron chelator)
lead to insigniﬁcant effects (most likely due to its limited cellular
permeability), the use of SnPPIX, a competitive Hmox1 inhibitor,
signiﬁcantly rescued EL4 from apoptosis (Fig. 7E). These data suggest
that T-218–induced oxidative stress and mitochondrial membrane
involve Hmox1 activity.
T-218 monotherapy is safe and triggers regression of
pre-established tumors
We next sought to validate the in vivo effectiveness of T-218 against
tumor cells. We ﬁrst tested its acute toxicity using three different doses
(10, 50, and 100 mg/kg) delivered daily over 5 days. Besides no
apparent changes in weight (Fig. 8A), all analyzed organs derived
from animals receiving the highest dose were devoid of pathologic
signs (Fig. 8B). Assessment of hematologic parameters was next
performed. Whereas hematocrit and red blood cell counts remained
within normal ranges, a 2-fold increase in platelet levels along with a
slight decrease in white blood cells count was observed in T-218–
treated animals (Fig. 8C).
To test the therapeutic potency of T-218, we ﬁrst established T-cell
lymphoma and melanoma tumors in immunocompetent C57BL/6
mice and tracked their tumor growth following vehicle or T-218
administration. Treatment of mice with pre-established EL4 lymphoma induced complete tumor regression (Fig. 8D) with sustained
survival of tumor-free mice beyond 50 days (Fig. 8E). A higher dose
(40 mg/kg) was however required to cure established B16F0 melanoma
tumors (Fig. 8F and G). These results clearly portray the safety and
potency of T-218 as a potential stand-alone anticancer therapy without
the need of a combinatorial approach.

Discussion
Targeting the metabolism of cancer cells presents with the
challenge of not interfering with normal cells in a meaningful
manner (2). Although many lead compounds are clinically beneﬁcial when combined with various forms of therapies, several were
disappointing results due to their lack of efﬁcacy, excessive toxicity,
poor tumor penetrance, and short half-life (32–34). Therefore, the
search for new and effective compounds targeting the ROSmediated stress response pathway of cancer cells remains an
important goal in the ﬁeld. In this context, our in-house HTS
platform yielded a novel ROS-inducing compound (T-218) capable
of triggering selective apoptosis in several cancer cell lines (14). This
compound, unlike other anticancer candidate drugs, acts in a p53independent manner and targets essential mitochondrial functions
resulting in redox homeostasis disruption and cell death (Graphical
Abstract; refs. 35–38).
The fact that cell death mediated by T-218 is independent of ER
stress suggests induction of apoptotic signals via direct mitochondrial
dysregulation (39). Although T-218 has directly impaired glycolytic
enzymes along with GSH activity and/or synthesis due to its thiol-
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alkylating property, the rapid increase in ROS levels in the absence of
Nrf2 activation was surprising. T-218 might in fact behave like
artemisinin compounds (antimalarials), which are known to disturb
mitochondrial functions by targeting free heme or heme-containing
proteins within the electron transport chain resulting in ROS induction, lipid peroxidation, and caspase 3 activation (40–45). In line with
this assumption, T-218 may possibly target the thiols of heme c or
heme-c–containing cytochrome c causing loss of mitochondrial membrane potential and de novo expression of Hmox1 (46, 47). As a result,
cancer cells are confronted with diminished antioxidant defenses, in
part via depletion of NADH and FADH2 and impaired glycolysis
leading to decreased acetyl-CoA production. The latter observation
may also be an integral part of the mode of action of T-218 as
acetylation, which requires acetyl-CoA, can affect both Nrf2 DNAbinding activity and converge on histone modiﬁcations mitigating
cancer cell growth and survival (28, 42, 48). This is a plausible
hypothesis given that class 1 histone deacetylases were reported to
inhibit Nrf2 binding to ARE by maintaining a state of histone
hypoacetylation (49, 50).
T-218 is a cancer-speciﬁc proapoptotic compound capable of
inducing the regression of pre-established tumors. Its function is
dictated by its ability to alkylate speciﬁc thiol-containing molecules
while fueling ROS levels. Such disruption of redox homeostasis in
addition to induced histone modiﬁcations is likely to contribute to
cancer cell death. Future studies are needed to delineate the exact mode
of action of T-218 prior to its exploitation in clinical settings.
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