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Abstract

Tetra-O-methyl-nordihydroguaiaretic acid (terameprocol; M4N), a global transcription inhibi-
tor, in combination with a second anticancer drug induces strong tumoricidal activity and
has the ability to suppress energy metabolism in cultured cancer cells. In this study, we
showed that after continuous oral consumption of high-fat (HF) diets containing M4N, the
M4N concentration in most of the organs in mice reached ~1 uM (the M4N concentration in
intestines and fat pads was as high as 20—40 uM) and treatment with the combination of
M4N with temozolomide (TMZ) suppressed glycolysis and the tricarboxylic acid cycle in
LN229 human glioblastoma implanted in xenograft mice. Combination treatment of M4N
with TMZ also reduced the levels of lactate dehydrogenase A (LDHA), a key enzyme for gly-
colysis; lactate, a product of LDHA-mediated enzymatic activity; nicotinamide phosphoribo-
syltransferase, a rate-limiting enzyme for nicotinamide adenine dinucleotide plus hydrogen
(NADH)/NAD+ salvage pathway; and NAD+, a redox electron carrier essential for energy
metabolism. It was also shown that M4N suppressed oxygen consumption in cultured
LN229 cells, indicating that M4N inhibited oxidative phosphorylation. Treatment with M4;N
and TMZ also decreased the level of hypoxia-inducible factor 1A, a major regulator of
LDHA, under hypoxic conditions. The ability of M4N to suppress energy metabolism resulted
in induction of the stress-related proteins activating transcription factor 4 and cation trans-
port regulator-like protein 1, and an increase in reactive oxygen species production. In addi-
tion, the combination treatment of M4N with TMZ reduced the levels of oncometabolites
such as 2-hydroxyglutarate as well as the aforementioned lactate. M4N also induced methy-
lidenesuccinic acid (itaconate), a macrophage-specific metabolite with anti-inflammatory
activity, in tumor microenvironments. Meanwhile, the ability of M4N to suppress energy
metabolism prevented obesity in mice consuming HF diets, indicating that M4N has
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beneficial effects on normal tissues. The dual ability of combination treatment with MyN to
suppress both energy metabolism and oncometabolites shows that it is potentially an effec-
tive therapy for cancer.

Introduction

Nordihydroguaiaretic acid (NDGA), a lignan, was first discovered in the creosote bush (Larrea
divaricata), a desert medicinal plant [1]. NDGA has various biological properties, including
antifungal and antimicrobial activities [2, 3]. However, at high concentrations, NDGA causes
severe cytotoxicity. 3-O-methyl-nordihydroguaiaretic acid (Mal.4), a plant lignan derived
from NDGA, is much less toxic than NDGA but can dose dependently suppress human immu-
nodeficiency virus (HIV)-1 replication [4]. Electrophoretic mobility shift analysis has shown
that Mal.4 prevents the eukaryotic transcription factor SP1 from binding to its cognate binding
sites on the HIV long terminal repeat promoter. This is a likely mechanism by which Mal.4
inhibits transcription [4]. There are at least 12,000 Sp1 binding sites in the human genome,
associated with genes involved in most cellular processes [5]. Therefore, Mal.4-related mole-
cules can be considered a global transcription inhibitor. To anticipate possible clinical uses of
lignans for treating viral diseases, methods have been established to synthesize preparative
amounts of nine methylated NDGAs [6-9]. Among them, the fully methylated tetra-O-
methyl-NDGA (terameprocol, MyN) is three times more active than the synthetic Mal.4 in
anti-HIV assays [8, 9]. Although M,N can be easily synthesized from NDGA, it is also obtain-
able as a natural product [6].

Experiments using tissue cell culture have shown that M4N can induce G2 arrest in trans-
formed mammalian cells [10]. Meanwhile, experiments using C57 black mice bearing C3 cell
tumors (C3 cells were derived from C57 black mouse embryo cells transfected with full-length
human papillomavirus 16 virus) showed that intralesional injections of MyN into tumors sub-
stantially decreased the tumor size with no detected host toxicity. Since then, our laboratory
has performed many experiments using mouse xenograft tumor models to examine anticancer
activity and the biochemical mechanisms of MyN [11-17]. However, the best evidence demon-
strating the efficacy of M4N as an anticancer drug is a clinical trial of patients with oral squa-
mous cell carcinoma conducted in India in the late 1990s [18]. The results of that trial
suggested that M4N could potentially be an effective anticancer drug for oral cancers.

Since first proposed by Warburg, it has been well known for decades that cancer cells utilize
energy metabolism differently from normal cells [19]. This suggests that it may be possible, by
modulating energy metabolism, to create certain physiological environments that are unfavor-
able for cancer growth without drastically harming normal tissues. It was recently found that
the manipulation of energy metabolism in immune cells affects the strength of immunity [20]
and that certain metabolites secreted from cancer cells modulate tumor microenvironments
(TMEs) and affect the activity of immune cells residing inside the TME [21, 22]. Thus, the
crosstalk between tumor metabolism and immunity has become an important subject in anti-
cancer therapy [23]. These new findings suggest that appropriately conditioned metabolic
modulations might strengthen anticancer immunity as well.

Previously, we showed that MN synergistically induced tumoricidal activity after combina-
tion treatments with second anticancer drugs using xenograft mouse models. We also showed
that MyN suppressed energy metabolism in tissue culture cancer cells and that combination
treatment with MyN induced the significant generation of reactive oxygen species, suggesting
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that this effect might be related to the anticancer activity of MyN [12]. In this study, we deter-
mined the effect of continuous MyN consumption on the energy metabolism of healthy mice
by using weight change as an indicator and also by studying the systemic effect of the daily
administration of combination treatment of MyN with temozolomide (TMZ) on energy
metabolism in LN229 glioblastoma tumor cells implanted in mice.

Materials and methods

Reagents

M,N (10 mg/mL in CPE 25/30 formulation) was supplied by Erimos Pharmaceutical, LLC
(Raleigh, NC, USA) [24]. Sorafenib, TMZ, etoposide, rapamycin, UCN-01, and cobalt chloride
(CoCl,) were purchased from Millipore Sigma (St. Louis, MO, USA). The antibodies used in
the experiments are described in the S1 Table.

Cell culture

AsPC-1 pancreatic cancer, HepG2 hepatic cancer, and HeLa cervical cancer cell lines were
purchased from American Type Culture Collection (Manassas, VA, USA). Green fluorescent
protein (GFP)-labeled LN229 cells were purchased from Bioresource Collection and Research
Center (Hsinchu City, Taiwan). All of these cell lines are of human origin. The HL-1 mouse
heart cell line was a kind gift from Dr. Claycomb (LSU Health Science Centers, New Orleans,
LA, USA) [25]. The cell culture conditions are available in the supplements.

M N/TMZ treatment in vivo and collection of LN229 tumor samples

Female BALB/c nude (nu/nu) mice aged 5 to 6 weeks were purchased from the National Labo-
ratory Animal Center (Taipei City, Taiwan). Details about the animals are available in the sup-
plements. BALB/c (nu/nu) mice were inoculated subcutaneously with 1x10” GFP-labeled
LN229 cells in 100 puL phosphate-buffered saline (PBS). When the average tumor mass reached
200-300 mm’, the tumor-bearing mice were randomly divided into four groups. Animals
were treated with 150 mg/kg M,N and/or 2.5 mg/kg TMZ via daily oral administration. Treat-
ment was stopped on day 25 for TMZ alone and My, N+TMZ and stopped on day 35 for the
control and MyN alone. Vitamin E-Miglyol (EM) formulation was used as a vehicle for the
drug treatment of LN229 tumor-bearing xenograft mice. Procedures for EM formulation were
previously described [26]. Details about this formulation are available in the supplements. The
EM solvent formulation was used as a control. Tumor measurements were recorded once per
week using the Xenogen IVIS Imaging System (Xenogen, Alameda, CA, USA). After comple-
tion of the treatment schedule, the mice were sacrificed and the subcutaneous tumors were
extracted.

Drug treatments for HepG2 and AsPC1 tumor-bearing xenograft mice

T cell-deficient 8-week-old male nu/nu mice were obtained from Charles River Laboratories
(Wilmington, MA, USA). These nude mice were used to study the effect of MyN treatment on
xenotransplants of human-derived cancer, HepG2, and AsPCI1 tumors. Implantation of
tumors was performed as described in the supplements. The drug injection methods and
schedules are available in the supplements.

Assessment of weight in mice consuming high-fat diets containing M4;N

Eight-week-old male C57BL|6] mice (000664; The Jackson Laboratory, Bar Harbor, ME, USA)
were used to model diet-induced obesity. The details about the animals are available in the
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supplements. The mice were split into high-fat (HF) diet and HF diet containing the MyN
drug (HFM) groups. HF mice were used as a control. The details about the ingredients of the
food are available in the supplements. There were five mice in the HF and HFM groups. Each
mouse had its own cage to track the amount of food that an individual mouse consumed. The
experiment lasted a total of 8 weeks.

Food consumption, weight measurements, and the estimation of MyN in
the organs

The weight measurements were used to determine the effects of feeding mice an HFM diet.
Food consumption was measured by the total grams of food given, minus the total grams of
food left in the cages during each check-in date. Measurements were taken three times a week.
Mice were weighed once a week, about the same time of day on each weighing date. The
organs were collected on the final day of the experiments as described in the supplements. The
content of MyN in the organs of mice that ate HFM diets were measured by a combination of
thin layer chromatography (TLC) and high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS). The precise methods for the MyN assay are available in
the supplements.

Analysis of cell metabolites

LN229 tumor samples were collected as previously described. The samples were analyzed by
Metabolon Inc. (Durham, NC, USA).

Hypoxia experiments

For hypoxia experiments in LN229 cells, CoCl, was used to mimic hypoxia conditions [27].
The cells were plated 2 days prior to the initiation of treatment, and the CoCl, stock solution
(100X in water) was added to the culture medium. At 16 h after treatment with CoCl,, the cell
samples were collected. For hypoxia experiments for Hela cells, the cells were plated 1 day
prior to the initiation of treatment. Exposure of cells to hypoxia was carried out in the PROOX
C-Chamber with oxygen (O,) and carbon dioxide (CO,) levels modulated by the PROOX
Model C21 Controller (BioSpherix, Lacona, NY, USA). The cells were exposed to 4% O, for 10
h (moderate hypoxia) or exposed to six cycles of 1% O, for 1 h followed by normoxia for 10
min, a combined total of 7 h of exposure (intermittent hypoxia). MyN stock solution was made
in 100% dimethyl sulfoxide (DMSO). The final concentration of DMSO in the culture medium
was 1.0%. Deferoxamine (DFO; Millipore Sigma) was added to the cultures as a 100X stock
prepared in water (15 mM final concentration).

Superoxide assay

The assay was performed using a mitochondrial superoxide detection kit (Abcam, Cambridge,
UK) according to the manufacturer’s protocol. The cells were cultured in 96-well microwell
dishes for 24 h and further incubated in 100 pL medium containing M,N (40 uM) and/or
TMZ (30 uM) for an additional 2, 4, 24, and 48 h. Then 100 pL MitoROS 580 reagent, a fluo-
rescence indicator for superoxide (a 500X stock solution diluted in the assay buffer), was
added to each well. The cells were further incubated at 37°C for 60 min, and the fluorescence
was measured at an excitation wavelength of 540 nm and emission wavelength of 590 nm
(with a cutoft at 570 nm) with the Infinite M200 Microplate Reader (Tecan, Grédig, Austria).
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O, consumption assay

The assay was performed using the O, consumption rate assay kit (Cayman Chemicals, Ann
Arbor, MI, USA). The cells were plated in 96-well black (clear bottom) tissue culture plates.
The cells were treated with MyN dissolved in DMSO (final concentration of DMSO in the
medium was 1%). After 24 h, O, consumption was measured according to the company’s pro-
tocol. Briefly, the cells were treated with phosphorescent O, probe and the medium inside the
wells was covered with mineral oil to shield the O, leaks. The intensity of fluorescence, which
was an indicator for the amount of O, consumption in the medium, was measured by the Infi-
nite M200 Microplate Reader (Tecan, Grodig, Austria) at the wavelengths of 380/650 nm (Ex/
Em), using the Time Resolved Fluorescence method.

Western blot analyses

Western blotting was performed as previously described [12]. The detailed protocols are avail-
able in the supplements.

RayBiotech Western blot analyses

This procedure was carried out for LN229 tumors removed from xenograft mice. The tissue
samples were prepared according to the company’s protocol (RayBiotech, Peachtree Corner,
GA, USA). Western blotting was performed by RayBiotech.

Northern blot analyses

Total RNA was extracted from cells with Trizol Reagent (Invitrogen, Carlsbad, CA, USA) and
isolated according to the manufacturer’s protocol. Northern hybridization was carried out as
previously described [11]. The detailed protocols are available in the supplements.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay

The MTT assay was performed as previously described [10]. The detailed protocols are avail-
able in the supplements.

Trypan blue exclusion assay

For the Trypan blue exclusion assay, the cells were washed once with phosphate-buffered
saline and resuspended in the buffer. One part of the resuspended cell solution was mixed with
one part of 0.4% Trypan blue solution (Millipore Sigma). After 15 min, the numbers of cells
with and without staining were counted. The percentage of stained cells to the total cell num-
ber (i.e., with + without staining) was calculated.

Statistical analyses

The statistical analyses were performed with the Student’s ¢-test (SigmaPlot; SPSS Inc., UK).
The synergy between two drugs in their activities was assessed by CompuSyn software (Com-
boSyn Inc., NJ, USA).

Results
M;N synergistically induces strong tumoricidal activity in combination

Our previous research showed that M4N has the ability to reduce tumor growth; however, the
drug treatment was not as effective in shrinking the tumor when the drug concentration was
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Fig 1. Daily combination treatments of MyN with secondary anticancer drugs synergistically induced strong
tumoricidal activity. (A) Effects of combination treatment of MyN with TMZ on tumor growth in nu/nu mice
implanted with glioblastoma LN229 cells. LN229 xenograft mice (N = 5/group) were treated with or without My;N by
daily oral administration for 35 days. Meanwhile, another set of LN229 xenograft mice (N = 5/group) were treated with
TMZ only or MyN+TMZ by daily oral administration for 25 days, and the examination of tumor growth was
continued even after the termination of drug treatments. The tumor volumes of MyN, TMZ, and MyN+TMZ groups
were significantly different compared to the control group after day 23 (*p<0.05). The bars indicate standard
deviations. (B-C) The effects of combination treatments of M4N with sorafenib on the survival rates of nu/nu mice
(N = 5) implanted with various tumors were examined (A-B). Drugs were administered daily via intravenous tail vein
injection (B-C). (B) AsPC-1 pancreatic tumors. (C) HepG2 hepatic tumors. (D) Effect of combination treatments of
M,N with etoposide, rapamycin, or UCN-01 on HL-1 mouse heart cells. Cell death was examined by the Trypan blue
exclusion assay in HL-1 cells treated with combination treatments for 24 h. The concentrations of MyN are shown in
the figure. The concentrations of etoposide, rapamycin, and UCN-01 were 10, 20, and 5 uM.

https://doi.org/10.1371/journal.pone.0285536.g001

insufficient [11-17, 26, 28-30]. To boost the anticancer activity of MyN, the addition of a sec-
ond anticancer drug was introduced. The synergistic anticancer effects of My;N combination
treatments, using various drugs, have been demonstrated in many human cancer cells in both
tissue cultures and mouse xenograft experiments [12-14]. Fig 1A-1C shows examples demon-
strating the effectiveness of anticancer combination therapy with MyN in human brain
(LN229), pancreatic (AsPC-1), and hepatic (HepG2) tumors. These data showed that MyN
combination treatment with TMZ or sorafenib increased the survival rate of cancer-bearing
mice, whereas single drug treatments with M4N, TMZ, or sorafenib failed to have a significant
effect on survival rate. To determine the effect of combination treatment with M,N in non-
cancerous cells, the cytocidal activity of M4N in combination with etoposide, rapamycin, or
UCN-01 in HL-1 mouse heart cells [25] was examined with the Trypan blue exclusion assay
(Fig 1D). HL-1 cells represent a slow-growing cardiac myocyte cell line that can be repeatedly
passaged and still maintain a cardiac-specific phenotype [25]. The data showed that MyN did
not synergistically induce cell death with etoposide, rapamycin, or UCN-01 in HL-1 cells (Fig
1D) unlike many cancer cells that were treated with combination treatments of M4N with vari-
ous second anticancer drugs including etoposide, rapamycin, and UCN-01 [11-17].

M;N prevents obesity in mice that consumed an HF diet

In a previous study, we showed that MyN suppressed energy metabolism in tissue culture can-
cer cells [12]. Here, we systemically evaluated how much MyN treatment affected energy
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Fig 2. MyN prevents obesity in mice consuming HF diets. (A) M,N prevented obesity in mice that consumed HF
diets. Male C57BL/6] mice (N = 5) consumed HF diets containing corn oil, either HFM diets (6.83 mg M4N/g food) or
food without MyN. The body weights were measured periodically. The bars indicate standard deviations. The points
designated by ** or “**” indicate that the differences between the control and the group whose food contained M,N
were statistically significant by the Student’s ¢-test (p<0.05). (B) Total food intake of male C57BL/6] mice (N = 5)
during long-term systemic oral administration of either HFM or control diets were measured periodically. The bars
indicate standard deviations. Food intake did not significantly differ between the control mice and the mice that
consumed HFM diets. (C) A C57BL/6] mouse consumed food containing 25 mg/mL MyN (6.83 mg M4N/g food) for
16 weeks and the amount of MyN in the tissues was measured. M4N concentrations were calculated based on the
amount of MyN extracted from the dry tissue samples, and then were correlated back to the wet weight of the original
tissue sample. The standard curve for these calculations ranged from 0.1 to 10 ng/mL.

https://doi.org/10.1371/journal.pone.0285536.g002

metabolism by examining how much the consumption of diets containing M4N affected the
body weight of laboratory mice. Fig 2A shows the body weight of normal mice that consumed
HFM diets compared to those that consumed HF diets without M4N. Mice that consumed
HFM diets did not gain as much weight as those that consumed food without M4N, indicating
that supplementing diets with MyN prevented mice from becoming overweight even when eat-
ing HF diets [31]. Fig 2B shows that both groups consumed almost the same amount of food.
The amount of MyN in various organs of the mice that ate HFM diets was measured. Fig 2C
shows the MyN concentration in various organs. Drug concentration was highest in the gastro-
intestinal tract, which was directly exposed to the drug during food absorption. Drug concen-
tration was also high in fat tissues, where the lipophilic nature of MyN likely facilitated its
retention.

M,;N combination treatments suppress glycolysis and the tricarboxylic acid
cycle via suppression of lactate dehydrogenase and nicotinamide
phosphoribosyltransferase

To understand how MyN affects the metabolism of tumors inside the body, human LN229
glioblastoma cells were implanted in xenograft mice, and these mice were treated with vehicle
only, MyN only, TMZ only, or MyN+TMZ in combination, and then the metabolites in the
tumors were compared among these mice. Metabolite analysis of the LN229 tumors showed
that while TMZ only treatment suppressed the content of lactate, an end product of glycolysis,
and that of malate, an end product of the TCA cycle, to some extent, MyN+TMZ combination
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treatment significantly further suppressed the contents of both lactate and malate (Fig 3A).
The level of LDHA, a key glycolysis-related enzyme that catalyzes the enzymatic reaction to
convert pyruvate to lactate, was suppressed by TMZ to some extent and was markedly sup-
pressed by MyN+TMZ combination treatment (Fig 3A, a right inlet figure). These data indi-
cate that the suppression of glycolysis by My;N+TMZ combination treatments occurs by
reducing LDHA levels. Previously, it was shown that M4N induced mitochondrial membrane
hyperpolarization [12], which indicate that M4N can significantly modulate the physiological
properties of mitochondria. Other than glycolysis, ATP is generated in the mitochondria by
oxidative phosphorylation, which requires O, for its reactions [32]. The O, consumption assay
showed that MyN suppressed the O, consumption of LN229 culture cells (Fig 3A), indicating
that MyN suppresses ATP generation by oxidative phosphorylation.

Nicotinamide adenine dinucleotide (NAD+) is deeply involved in energy metabolism for
all kinds of nutrients [33]. NAD+ is produced by either de novo synthesis or the NAD+ salvage
pathway. The metabolite assay for LN229 tumors transplanted in xenograft mice showed that
M,N+TMZ combination treatment significantly suppressed the contents of NAD+ and nico-
tinamide, both of which are metabolites of the NAD+ salvage pathway (Fig 3B). Western blot
analysis showed that MyN+TMZ combination treatment significantly reduced the expression
of nicotinamide phosphoribosyltransferase (NAMPT), a rate-limiting enzyme of the salvage
pathway (Fig 3C). A schematic figure about the mechanisms of NAD+ production, including
the de novo pathway and the salvage pathway, is shown in Fig 3D. These data indicated overall
that MyN+TMZ combination treatment suppressed the NAD+ salvage pathway. M;N+TMZ
combination treatment suppressed the levels of both NAD+ and flavin adenine dinucleotide
(FAD) (Fig 3B). The reduction of NAD+ and FAD levels should reduce the performance of the
TCA cycle since NAD+ and FAD are required for many reactions in the TCA cycle (Fig 3A).

M;N promotes the degradation of hypoxia-inducible factor 1 subunit alpha

Hypoxia-inducible factor 1 subunit alpha (HIF1A) is very important for the progression of
cancer since regions of hypoxia are commonly associated with rapidly growing solid tumors as
they outgrow their blood supply, and the response to this O, starvation is the stabilization of
HIF1A [34, 35]. HIF1A also plays a significant role in regulating glycolysis [19, 34, 35]. Under
hypoxic conditions, HIF1A is markedly induced and increases the expression of many hyp-
oxia-responsive genes including LDHA, which is the most important enzyme for regulating
glycolysis [34, 35]. Since MyN+TMZ combination treatment markedly suppressed the levels of
LDHA in LN229 tumors implanted in mice (Fig 3A), the levels of HIF1A in LN229 cells
treated with M4N and/or TMZ were examined.

The MTT assay (Fig 4A) showed that MyN combination treatment synergistically reduced
the viability of LN229 cells in the same manner as in many other cultured cancer cells [12].
Using cultured LN229 cells and CoCl, to mimic hypoxia [27], the effect of M4N on the amount
of HIF1A was examined. Western blotting (Fig 4B) showed that CoCl2, as expected, increased
HIF1A contents in a dose-dependent manner and that MyN treatment either with or without
TMZ reduced the amount of HIF1A in the presence of CoCl.

Additionally, the effect of M4N on intracellular contents of HIF1A under hypoxic condi-
tions was examined in cultured human Hela cervical cancer cells. HIF1A protein was unde-
tectable under normoxia and induced under either moderate or intermittent hypoxia.
However, the protein levels of HIF1A were dramatically decreased after treatment with MyN
(Fig 4Ca). Meanwhile Northern blotting revealed no significant difference in HIFIA mRNA
levels from MN treated or untreated cells exposed to hypoxia (Fig 4Cb). Therefore, MyN must
exert its negative effect on HIF1A either by inhibiting translation or more likely by promoting
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Fig 3. Effects of M4N combination treatment on glycolysis, the TCA cycle, the salvage pathway of nicotinamide
adenine dinucleotide synthesis, and the production of flavin adenine dinucleotide. (A) The box figures show the
amounts of metabolites in the treated tumors on an arbitrary scale. The upper edge of each box represents a limit of the
upper quartile, whereas the lower edge represents a limit of the lower quartile. The line in the middle of each

box represents a median value. Asterisks show that the difference between the LN229 tumors treated with TMZ (T)
alone and those with TMZ+M,N (TM) were statistically significant by the Student’s ¢-test (*p<0.05, **p<0.02,
*¥p<0.01, and ****p<0.1). Sharp marks show that the difference between the LN229 tumors treated with vehicle
alone and either those with TMZ (T) alone or those with TM were statistically significant by the Student’s -test
(##p<0.01). The amounts of lactate, o-ketoglutarate, fumarate, and malate were smaller in the TM than T group
(indicated by blue downward arrows). Right inlet figure: TM combination treatments suppressed the expression of
LDHA in LN229 tumors transplanted in xenograft mice. Lower right inlet figure: MyN suppressed the O,
consumption of LN229 cells. LN229 cells were treated with M4N (30 uM) for 24 h. O, consumption, which is an
indicator of the activity of mitochondrial oxidative phosphorylation, was measured by an O, consumption rate assay
kit (Cayman Chemicals, Ann Arbor, MI, USA). When the concentration of O, is lower, the intensity of the
fluorescence becomes stronger. The bars in the figure indicate the standard deviations. There were statistically
significant differences between the control and M N-treated cells at all the time points later than 10 min by the
Student’s t-test (p<<0.05). (B) Effect of MyN (M) and/or T on the intracellular contents of NAD", nicotinamide, and
FAD. The data points are from the tumors of five mice. One asterisk (*) indicates that there was a significant difference
between either control and T, or control and TM by the Student’s ¢-test (p<1%), whereas one sharp mark (#) indicates
that there was a significant difference between T and TM by the Student’s ¢-test (p<5%). The upper edge of each

box represents a limit of the upper quartile, whereas the lower edge represents a limit of the lower quartile. The line in
the middle of each box represents a median value. (C) Effect of M and/or T on the expression of NAMPT. (D)
Schematic showing the effect of the combination treatment of TM on the mechanisms of NAD" synthesis. See S2 Table
for metabolite abbreviations.

https://doi.org/10.1371/journal.pone.0285536.9003
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Fig 4. MyN treatment promoted the degradation of HIF1A. (A) Left panel: My;N+TMZ (TM) combination
treatment synergistically reduced the viability of cultured LN229 cells. LN229 cells were treated with MyN (M) and/or
TMZ (T) at the concentrations indicated in the figure. Cell viability was examined by the MTT assay at 72 h after
treatment. The bars indicate standard deviations (N = 8). Right panel: A combination index (CI) plot obtained by the
CompuSyn software for the experiment shown in the left panel. A CI less than 1.0 indicates that there is a synergy
between two drugs. (B) M or TM combination treatment reduced HIF1A contents in cultured LN229 cells. LN229
cells were treated with M (40 uM) and/or T (30 uM) in the presence or absence of 50 or 150 uM CoCl,, which mimics
hypoxic conditions. The cells were collected at 16 h after the treatment and the contents of HIF1A were examined by
Western blotting. B-actin was used as a control. The arrows indicate the bands for HIF1A and B-actin. Control-vehicle
only (C), M, T, and TM. (C) MyN treatment induces the rapid degradation of HIF1A in cultured HeLa cervical cancer
cells during moderate and intermittent hypoxia. HeLa cells were exposed to either moderate hypoxia (4.0% O) for 10
h or intermittent hypoxia (see Materials and Methods) for 7 h in the presence or absence of 60 pM M,N, and HIF1A
protein levels were determined by Western blot analysis (Ca). The extent of HIF1A protein loss due to PHD-
dependent proteasome-mediated degradation was ascertained by co-treatment of the cells with DFO (150 uM) (Ca). B-
actin was used as a control (Ca). Levels of HIFIA mRNA were assessed by Northern blot analysis (Cb). The blot was
re-probed with a B-actin cDNA probe to control for gel loading and transfer (Cb).

https://doi.org/10.1371/journal.pone.0285536.9004

or sustaining degradation of the HIF1A protein during hypoxia. The hydroxylation and subse-
quent degradation of HIF1A in hypoxia are mediated by the prolyl hydroxylase domain
(PHD) O, sensors [36]. DFO [37] inhibits the degradation by chelating the iron required for
degradation processes. If MyN promotes hypoxic degradation of HIF1A via a PHD-dependent
mechanism, the addition of DFO should reverse the process and restore its stability. When
cells exposed to hypoxia were treated with MyN and DFO concomitantly, the normal hypoxic
levels of HIF1A protein were restored (Fig 4Ca). These results suggest that M,N promotes
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Fig 5. M\N+TMZ synergistically induced stress-related proteins, ATF4, and CHAC1 in tumors from LN229
xenograft mice and synergistically generated superoxide in LN229 tissue culture cells. (A) Two stress-related
proteins, ATF4 and CHACI, were induced in LN229 tumors implanted in nu/nu mice treated orally with MyN (M)
and TMZ (T) for 25 days. The proteins were detected by Western blotting. (B) TMZ+M4N (TM) combination
treatment synergistically induced the production of superoxide in cultured LN229 cells. The superoxide assay using
MitoROS 580 dyes was performed in LN229 cells treated with M (40 uM) and/or T (30 uM) for 2, 4, 24, or 48 h.
Control—vehicle only (C), M, T, or TM. The bars indicate standard deviations (N = 8). Asterisks show that the
difference between the control and the LN229 tumors treated with M, T, or TM were statistically significant by the
Student’s t-test (*p<0.05, **p<0.01, and ***p<0.001).

https://doi.org/10.1371/journal.pone.0285536.g005

HIF1A under hypoxic conditions via a PHD-dependent degradation. These experiments (Fig
4C) using cultured Hela cells overall supported the conclusions from the experiments using
LN229 cells and CoCl, (Fig 4B).

M;N induction of a stress-related signal transduction mechanism

Since the energy metabolism in LN229 tumors implanted in nu/nu mice was suppressed by
the combination treatment of MyN and TMZ (Fig 3), we determined whether M4;N combina-
tion treatments could induce severe stress in LN229 tumors implanted in mice. The western
blots (Fig 5A) showed that M;N+TMZ combination treatment markedly induced stress pro-
teins, activating transcription factor 4 (ATF4), and ChaC glutathione-specific gamma-gluta-
mylcyclotransferase 1 (CHACL1), in LN229 tumors. It is well known that endoplasmic (ER)
stress and generation of reactive oxygen species (ROS) are closely associated [38]. The results
of our experiment suggested that MyN+TMZ combination treatment might induce more ROS
than either MyN or TMZ treatment alone. These data (Fig 5B) in fact showed that M,N and
TMZ synergistically induced superoxide [39], a ROS predominantly produced in the electron
transport chain in the mitochondria of LN229 cells. The data also suggested that the mitochon-
drial electron transport chain was not working efficiently in LN229 cells treated with either
MyN alone or MyN+TMZ since superoxide induced an energetic loss during mitochondrial
oxidative phosphorylation [40].

M, N combination treatment reduces the levels of two oncometabolites,
lactate and 2-hydroxyglutarate, in cancer cells whereas M,;N alone
treatment increases the levels of methylidenesuccinic acid (itaconate), a
macrophage-specific metabolite, in the TME

In xenograft mice implanted with LN229 tumors, M4N significantly changed the contents of
lactate, 2-hydroxyglutarate (2-HG), and itaconate, which all modulated immunity and inflam-
mation in the TME [22, 41] (Fig 6). As shown in Fig 3, M;,N+TMZ combination treatment sig-
nificantly reduced the content of lactate. Second, MyN+TMZ combination treatment
significantly reduced the contents of 2-HG as well (Fig 6). 2-HG exists in two different
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abbreviations.

https://doi.org/10.1371/journal.pone.0285536.9006

-

chemical forms, (R)-2-hydroxyglutarate (R-2-HG) and (S)-2-hydroxyglutarate (S-2-HG) [42,
43]. The data for 2-HG represent the total amount of both (R) and (S) forms of this molecule.
It has been shown that 2-HG as well as lactate can suppress the functions of immune cells in
the TME after they are excreted from cancer cells [21, 22, 42, 43]. Third, MyN significantly
induced itaconate in LN229 tumors (Fig 6). Itaconate is a direct product of citrate [41]. Since
itaconate is produced predominately in macrophage-related cells [41], the itaconate detected
in LN229 tumor samples was probably derived from macrophages infiltrating the LN229
tumors. Itaconate secreted from macrophages alleviates inflammation reactions in the cells
residing in the vicinity of these macrophages [41].
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Discussion

M,N, a global transcription inhibitor, in combination with a second anticancer drug has been
shown to induce strong tumoricidal activity when administered daily to tumor-bearing xeno-
graft mice (Fig 1) [11-17]. When HL-1 cells were treated with M4N in combination with sec-
ond anticancer drugs, the treatments did not induce cell death synergistically (Fig 1D). This
was in contrast with many other observations using various cancer cells where M,N consis-
tently induced cell death synergistically with various second anticancer drugs [11-17].
Although HL-1 cells are not totally normal cells, they retain most of the characters of normal
cells [25]. This suggests that the cytotoxicity of M4N’s combination treatments probably work
better against cancerous rather than non-cancerous cells. Since HL-1 cells grow slowly [25],
the activity of MyN to suppress energy metabolism probably does not work efficiently against
HL-1 cells unlike cancer cells, which grow fast and require a great deal of nutrients to survive.
When healthy normal mice consumed M,N-containing diets daily for weeks, MyN accumu-
lated and M4N concentrations reached at least 1 uM in nearly all organs (Fig 2C). Fulciniti

et al. [44] showed that only 1 uM M,N inhibited the growth of multiple myeloma cells. Thus,
effective M4N concentration is achievable by continuous oral administration regardless of
where the cancer is located.

Previously, it was shown that M,N suppressed energy metabolism in cultured cancer cells
[12]. In this study, we estimated the impact of continuous consumption of M4N-containing
diets on energy metabolism of mice by measuring the weight changes of these mice. The
results showed that MyN prevented obesity in mice that consumed HF diets (Fig 2A and 2B),
suggesting that MyN affected the energy metabolism of the whole body of these mice when the
drug was systemically administered. It was shown that M4;N combination treatment with either
TMZ or etoposide reduced the contents of long-chain acylcarnitines while either maintaining
or increasing contents of long-chain fatty acids in LN229 cells implanted in xenograft mice or
in LNCaP cultured cells, respectively (S1 Fig). This indicated that M4N combination treatment
suppressed the conversion of fatty acids into acylcarnitines, an essential biochemical reaction
for the initiation of B-oxidation of lipid catabolism, which probably hindered the utilization of
fats as energy sources. Since the concentrations of M4N in the fat tissues reached as high as
20 uM after continuous MyN consumption (Fig 2C), M4N should be able to affect fat metabo-
lism efficiently. Lee et al. [45] showed that NDGA prevented HF diet-induced fatty liver in
obese mice, which suggested that lignans in general might suppress fat metabolism. These data
(Fig 2A and 2B) indicated that MyN could potentially be used as a drug to control obesity.

Metabolism is an important part of tumorigenesis as well as the progression of cancer [46—
48]. MyN combination treatment with TMZ suppressed both the conversion from pyruvate to
lactate by LDHA, the last enzymatic reaction of glycolysis, and the TCA cycle in LN229 tumors
(Fig 3A). The combination treatment of M4N with either etoposide or rapamycin also strongly
suppressed the contents of lactate and malate (the last metabolite in the TCA cycle) in LNCaP
prostate cancer cells or L428 Hodgkin’s lymphoma cells [11] (S2A and S2B Fig), supporting
the data for LN229 tumors (Fig 3A). NAD+ is an essential coenzyme that participates in glycol-
ysis, the TCA cycle, B-oxidation, and oxidative phosphorylation [33]. Thus, the drugs that can
suppress the production of NAD+ should be able to greatly impact energy metabolism. In fact,
inhibitors for NAMPT, a rate-limiting enzyme for the NAD+ salvage pathway, impair energy
metabolism through disruption of specific metabolic pathways and increase energetic stress
[49]. In addition, the expression of NAMPT is strongly correlated with the aggressiveness and
stemness of cancer [50, 51]. The current study showed that My;N+TMZ combination treatment
reduced the content of NAMPT protein (Fig 3C) and suppressed NAD+ content in LN229
tumors in xenograft mice (Fig 3B). This indicated that this combination treatment could act as
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an NAMPT inhibitor. In addition, My;N+TMZ combination treatment also suppressed the
content of FAD (Fig 3B). These data may explain how M4N combination treatments sup-
pressed the activity of the TCA cycle, which requires many NADH and FADH, molecules for
its performance (Fig 3A). Promoter computer analysis showed that there were numerous SP1
binding elements in the vicinity of the transcription start site of NAMPT gene promoter (S2C
Fig), which suggested that MyN combination treatment reduced NAMPT content via its inhib-
itory effect on the SP1 transcription factor binding to the NAMPT gene promoter [5]. It was
shown that MyN suppressed the O, consumption of cultured LN229 cells (Fig 3; lower right
inlet), which indicated that oxidative phosphorylation in the mitochondria was inhibited by
M4N. Previously it was shown that MyN treatment induces mitochondrial membrane hyper-
polarization [12]. These data indicate that M,N modulates the mitochondria and suppresses
the mitochondrial electron transport system [32]. The overall metabolite data showed that the
combination treatments with MyN suppressed both glycolysis and the mitochondrial electron
transport system, two major mechanisms that generate ATPs, as well as the TCA cycle which
is a major source of the building materials for amino acids, nucleic acids, and other important
biochemical compounds, and should incur strong stress on cancer cells, which requires a lot of
biological energy and materials to proliferate and survive.

The results (Fig 4Ca and 4Cb) showed that MyN facilitated the degradation of HIF1A, so
that MyN reduced the amount of HIF1A under either moderate or intermittent hypoxia in
HeLa cells. Normal tissue O, levels vary within and among organs, but typically fall in a range
of 3-9% [37]. Thus, moderate hypoxia (4% O,) is quite attainable even under normal physio-
logical conditions in humans. Using LN229 cells and CoCl,, which mimics hypoxia, this study
also showed that MyN and M;N+TMZ treatments reduced the amount of HIF1A (Fig 4B).
HIF1A facilitates cancer development through the promotion of glycolysis via activation of
LDHA, a key glycolysis-related enzyme [19, 20, 34, 35], and the content of LDHA was
markedly reduced by MyN+TMZ combination treatment (Fig 3A) [47]. These data suggested
that MyN suppressed glycolysis by reducing the contents of HIF1A and then LDHA (Fig 3A).

This study showed that M;N+TMZ combination treatment significantly increased the con-
tents of stress-related proteins ATF4 and CHACI1 in LN229 tumors (Fig 5A). As previously
shown [12], deep RNA-sequencing data demonstrated that MyN treatment induced numerous
stress-related genes in human LNCaP prostatic, AsPC1 pancreatic, and 1428 leukemic cancer
cells [52] (S3A Fig), which was also confirmed by Western blot analysis of L428 cells (S3B Fig).
ATF4, ATF3, DNA damage inducible transcript 3 (DDIT3), and CHACI are among the stress-
related genes induced by M,N that constitute a signaling cascade pathway starting with ATF4
and ending with CHACI (ATF4-ATF3-DDIT3-CHACI1 mechanism) (S3A and S3B Fig) [53].
In addition, other stress-inducible proteins such as CCAAT-enhancer-binding protein, sestrin
2, asparagine synthetase, TSC22 domain family member 3, and protein phosphatase 1 regula-
tory subunit 15A were also induced by MyN treatment (S3A, S3B Fig).

The direct causes of M;N-mediated induction of multiple stress-related genes are not
clearly understood (Fig 5A, S3A and S3B Fig). It was shown that MyN suppressed energy
metabolism in various metabolic pathways (Figs 3 and 4, and S1 Fig). This should trigger an
intense ER stress response in tumors that proliferate uncontrollably and demand a great deal
of nutrients. ER stress causes the production of ROS [38, 54]. In fact, it was shown that MyN
with a second anticancer drug synergistically induced ROS [12] (Fig 5B and S3C Fig). ROS
causes necrosis when its cytosolic concentration becomes significantly high [55], which likely
explains how M,N combination treatments induce cell death more efficiently than single-drug
treatments. A possible mechanism for this synergistic induction of ROS production by My;N
combination treatments involves the mitochondria. MyN combination treatments suppress
cytosolic contents of NAD+ and FAD (Fig 3B), and thus should inhibit mitochondrial electron
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transports. Impairment of the mitochondrial electron transport system by NAD+ depletion
causes a great increase in ROS production and induces cell death [56], suggesting that MyN
combination treatments can induce ROS production by reducing NAD+ contents. It was also
previously shown that M/N induces hyperpolarization of the mitochondrial membrane poten-
tial [12, 57], which supports the involvement of mitochondria in M,N-related cell death.
M;N+TMZ combination treatment significantly reduced the contents of lactate and 2-HG
(the total amount of R- and S-2-HG) in LN229 tumors (Fig 6). Lactate and R-2-HG suppress T
cell-mediated immunity [58-60] and S-2-HG mitigates redox stress under hypoxia [42, 61].
Thus M4JN+TMZ combination treatment can increase anticancer immunity and induce stress
via reduction of these oncometabolites. Lactate is produced from pyruvate via LDHA (Fig 6).
R-2-HG is produced from o-ketoglutarate via isocitrate dehydrogenase 1 (IDH1) or IDH2
[62], whereas S-2-HG is produced from a-ketoglutarate via LDHA (Fig 6). It was shown that
M,N+TMZ combination treatment reduced the contents of both LDHA and o-ketoglutarate
(Fig 3A), which is likely the reason that the contents of lactate and 2-HG were reduced by
M N+TMZ treatment. In addition, it was shown that M4N increased the content of itaconate
in LN229 tumors (Fig 6). Since itaconate is formed only in macrophage-related cells [41], the
detected itaconate in LN229 tumors was probably derived from macrophage-related cells infil-
trating these tumors. Itaconate secreted from macrophages alleviates inflammation and inhibit
some glycolysis- and TCA cycle-related enzymes in neighboring cells including LN229 tumor
cells [41, 63, 64]. Inflammation aggravates the rampant chromosomal abnormalities often
associated with metastatic cancer cells [65]. Thus, the anti-inflammatory activity of MyN that
induces itaconate might reduce the aggressive nature of certain cancer cells.

Conclusion

Fig 7 summarizes the current understanding of the mechanisms underlying the anticancer
activity of MyN. M,N suppresses energy metabolism in glycolysis and the TCA cycle (Fig 3A
and S2A and S2B Fig) by modulating the cellular contents of various proteins, including
HIF1A, LDHA, and NAMPT (Figs 3 and 4). The reduced energy metabolism activates ER
stress mechanisms (Fig 5A, S3A and S3B Fig). ER stress increases ROS (Fig 5B and S3C Fig)
particularly when second anticancer drugs are combined with MyN. The reduction of NAD
+/FAD contents (Fig 3B) impairs the activity of the mitochondrial electron transport system
[12], which induces ROS as well. When intracellular contents of ROS are exceedingly great,
the anticancer effect is induced. Meanwhile, MyN combination treatments reduce the contents
of both lactate and 2-HG (Fig 6), which suppress the functions of immune cells in the TME
[21, 22, 58-60]. Thus, M4N combination treatments overall enhance anticancer immunity. In
addition, M4N induces itaconate production in macrophages, which infiltrate into tumors (Fig
6) [41]. Secreted itaconate inhibits glycolysis and the TCA cycle and accelerates oncogenesis in
the cancer cells that reside in the neighborhood of macrophages [39, 63-65].

Our findings show that an effective approach to possible complete remission of human can-
cer is through M,N combination treatment with selective anticancer drugs. This approach to
anticancer therapy has three important characteristics. First, since efficient energy metabolism
is crucial for the survival of any cancer cells, MyN combination treatment should be potentially
applicable for cancers of heterogeneous origin [66]. Second, the ability of MyN combination
treatment to reduce the contents of oncometabolites such as lactate or 2-HG showed that M,N
combination treatment induced anticancer activity through its effects on immune-related
metabolism as well as energy metabolism. Since these oncometabolites modulate the activities
of multiple components of anticancer immunity regardless of differences in tumor antigens
[58-60], M4N combination treatment should be applicable for cancers of heterogeneous
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Fig 7. A presumptive schematic about the mechanism underlying the ability of M,N combination treatment to
induce tumoricidal activity. The arrow accompanying each item indicates the effect of MyN (upward arrow in red:
augmentation by MyN; downward arrow in green: suppression by M4N). See S2 Table for metabolite abbreviations.
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origins from this perspective as well. Third, in addition to its potential usage as an anticancer
drug, M4N can be a drug to prevent obesity for healthy individuals due to its activity to control
energy metabolism.

Supporting information

S1 Table. A list of antibodies used for Western blotting.
(TIF)

S2 Table. Abbreviation list.
(TIF)

S1 Fig. MyN combination treatments suppressed long-chain acylcarnitine contents.
(TIF)

S2 Fig. Supplemental data about the effect of M4N on energy metabolism.
(TIF)

S3 Fig. MyN induced stress-related genes and synergistically generated reactive oxygen spe-
cies in combination treatments.
(TIF)

S1 File. Expanded material and methods.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0285536 May 25, 2023 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s006
https://doi.org/10.1371/journal.pone.0285536.g007
https://doi.org/10.1371/journal.pone.0285536

PLOS ONE

MyN induces anticancer effects in combination with metabolism inhibition and prevents obesity

S2 File. Supplemental materials and methods.
(DOCX)

Acknowledgments

We thank Erimos Pharmaceutical, LLC (Raleigh, NC, USA) for supplying M,N in the CPE
(25/30) formulation (Lot No. 06-043-005) used in our past xenograft mouse studies. We thank
I0I Oleo GmbH, Oleochemical (Hamburg, Germany) for the samples of Migloyl 812N. We
thank current and past members of the Huang lab for their dedication and work on this proj-
ect. Specifically, we would like to acknowledge our co-inventors and the research team for
their contributions to the patent application “Formulations of Terameprocol and Temozolo-
mide and Their Use in Stimulation of Humoral Immunity in Tumors” (PCT W0/2021/
108601—patent date June 3, 2021). We would especially like to acknowledge and thank Dr.
David Mold, MD, PhD for his many research contributions to various projects during his time
as a senior researcher in the Huang lab.

Author Contributions

Conceptualization: Kotohiko Kimura, Jong Ho Chun, Ru Chih C. Huang.

Data curation: Jong Ho Chun, Yu-Ling Lin, Yu-Chuan Liang, Tiffany L. B. Jackson.
Formal analysis: Jong Ho Chun.

Funding acquisition: Kotohiko Kimura, Ru Chih C. Huang.

Investigation: Kotohiko Kimura, Jong Ho Chun, Yu-Ling Lin, Yu-Chuan Liang, Tiffany L. B.
Jackson, Ru Chih C. Huang.

Methodology: Kotohiko Kimura, Jong Ho Chun, Ru Chih C. Huang.

Project administration: Kotohiko Kimura, Ru Chih C. Huang.

Resources: Kotohiko Kimura, Ru Chih C. Huang.

Software: Jong Ho Chun, Tiffany L. B. Jackson.

Supervision: Kotohiko Kimura, Ru Chih C. Huang.

Validation: Kotohiko Kimura, Jong Ho Chun, Ru Chih C. Huang.
Visualization: Kotohiko Kimura, Jong Ho Chun, Ru Chih C. Huang.

Writing - original draft: Kotohiko Kimura, Jong Ho Chun, Ru Chih C. Huang.

Writing - review & editing: Kotohiko Kimura, Jong Ho Chun, Tiffany L. B. Jackson, Ru Chih
C. Huang.

References
1.  Waller CW, Gisvold O. Lignans from Larrea divaricata. J. Am. Pharm. Ass., Sci. Ed. 1945; 34, 78-81.

2. Setchell KD, Lawson AM, Mitchell FL, Adlercreutz H, Kirk DN, Axelson M. Lignans in man and in animal
species. Nature. 1980; 5784: 740-2. https://doi.org/10.1038/287740a0 PMID: 6253812.

3. Dewick PM, Jackson DE. cytotoxic lignans from podophyllum and the nomenclature of aryltetralin lig-
nans. Phytochemistry. 1981; 20: 2277-80.

4. Gnabre JN, Brady JN, Clanton DJ, lto Y, Dittmer J, Bates RB, et al. Inhibition of human immunodefi-
ciency virus type 1 transcription and replication by DNA sequence-selective plant lignans. Proc. Natl.
Acad. Sci. U S A.1995; 92: 11239-43. https://doi.org/10.1073/pnas.92.24.11239 PMID: 7479972

PLOS ONE | https://doi.org/10.1371/journal.pone.0285536 May 25, 2023 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285536.s007
https://doi.org/10.1038/287740a0
http://www.ncbi.nlm.nih.gov/pubmed/6253812
https://doi.org/10.1073/pnas.92.24.11239
http://www.ncbi.nlm.nih.gov/pubmed/7479972
https://doi.org/10.1371/journal.pone.0285536

PLOS ONE

MyN induces anticancer effects in combination with metabolism inhibition and prevents obesity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

O’Connor L, Gilmour J, Bonifer C. The Role of the Ubiquitously Expressed Transcription Factor Sp1 in
Tissue-specific Transcriptional Regulation and in Disease. Yale J. Biol. Med. 2016; 89: 513-25. PMID:
28018142

Gnabre JN, Ito Y, Ma Y, Huang RC. Isolation and anti-HIV-1 lignans from Larreatridentata by counter-
current chromatography. J. Chromatogr. A. 1996; 719: 353-64.

Gnabre JN, Huang RC, Bates RB, Burns JJ, Caldera S, Malcomson ME, et al. Characterization of Anti-
HIV lignans from Larreatridentata. Tetrahedron. 1995; 51: 12203-10.

Hwu JR, Tseng WN, Gnabre J, Giza P, Huang RCC. Antiviral activities of methylated nordihydro-
guaiaretic acids. 1. Synthesis, structure identification, and inhibition of Tat regulated HIV transactiva-
tion. J. Med. Chem. 1998; 41: 2994-3000. https://doi.org/10.1021/jm970819w PMID: 9685238

Chen H, Teng L, Li JN, Park R, Mold DE, Gnabre J, et al. Antiviral activities of methylated nordihydro-
guaiaretic acids. 2. Targeting herpes simplex virus replication by the mutation insensitive transcription
inhibitor tetra-O-methyl-NDGA. J. Med. Chem. 1998; 41: 3001-7. https://doi.org/10.1021/jm980182w
PMID: 9685239

Heller JD, Kuo J, Wu TC, Kast WM, Huang RC. Tetra-O-methyl nordihydroguaiaretic acid induces G2
arrest in mammalian cells and exhibits tumoricidal activity in vivo. Cancer Res. 2001; 61: 5499-504.
PMID: 11454698

Park R, Chang CC, Liang YC, Chung Y, Henry RA, Lin E, et al. Systemic treatment with tetra-O-methyl
nordihydroguaiaretic acid suppresses the growth of human xenograft tumors. Clin. Cancer Res. 2005;
11: 4601-9. https://doi.org/10.1158/1078-0432.CCR-04-2188 PMID: 15958646.

Kimura K, Huang RC. Tetra-O-Methyl Nordihydroguaiaretic Acid Broadly Suppresses Cancer Metabo-
lism and Synergistically Induces Strong Anticancer Activity in Combination with Etoposide, Rapamycin
and UCN-01. PLoS One. 2016; 11: e0148685. https://doi.org/10.1371/journal.pone.0148685 PMID:
26886430

Huang RC, Kimura K. Suppression of cancer growth and metastasis using nordihydroguaiaretic acid
derivatives with metabolic modulators. 2011; Patent: US 2011/0014192 A1.

Huang RC, Kimura K. Suppression of cancer growth and metastasis using nordihydroguaiaretic acid
derivatives with 7-hydroxystaurosporine. 2013; Patent: US 2013/0053335 A1.

Huang RC et al. Compositions comprising NDGA derivatives and Sorafenib and their use in treatment
of cancer. 2013; Patent: PCT/US13/24595.

Huang RC et al. Compositions comprising NDGA derivatives and sorafenib and their use in treatment of
cancer. 2015; Patent: US 2015/0018302 A1.

Chang CC, Liang YC, Klutz A, Hsu Cl, Lin CF, Mold DE, et al, Reversal of multidrug resistance by two
nordihydroguaiaretic acid derivatives, M4;N and maltose-M3N, and their use in combination with doxoru-
bicin or paclitaxel. Cancer Chemotherapy and Pharmacology. 2006; 58: 640-53.

Nair MK, Pandey M, Huang RCC. A Single Group Study into the Effect of Intralesional Tetra-O-Methyl
Nordihydroguaiaretic Acid (M4N) in Oral Squamous Cell Carcinoma. World Journal of Medical
Research. 2018; 7: 1.

Pascale RM, Calvisi DF, Simile MM, Feo CF, Feo F. The Warburg Effect 97 Years after Its Discovery.
Cancers (Basel). 2020; 12: 2819. https://doi.org/10.3390/cancers12102819 PMID: 33008042

Loftus RM, Finlay DK. Immunometabolism: Cellular Metabolism Turns Immune Regulator. J. Biol.
Chem. 2016; 291: 1—10. https://doi.org/10.1074/jbc.R115.693903 PMID: 26534957

Leone RD, Powell JD. Metabolism of immune cells in cancer. Nat. Rev. Cancer. 2020; 20: 516-31.
https://doi.org/10.1038/s41568-020-0273-y Epub 2020 Jul 6. PMID: 32632251

Martinez-Reyes |, Chandel NS. Cancer metabolism: looking forward. Nat. Rev. Cancer. 2021; 21: 669—
80. https://doi.org/10.1038/s41568-021-00378-6 Epub 2021 Jul 16. PMID: 34272515.

Leca J, Fortin J, Mak TW. llluminating the cross-talk between tumor metabolism and immunity in IDH-
mutated cancers. Curr. Opin. Biotechnol. 2021; 68: 181-5. https://doi.org/10.1016/j.copbio.2020.11.
013 Epub 2020 Dec 24. PMID: 33360716.

Lopez RA, Goodman AB, Rhodes M, Blomberg JA, Heller J. The anticancer activity of the transcription
inhibitor terameprocol (meso-tetra-O-methyl nordihydroguaiaretic acid) formulated for systemic admin-
istration. Anticancer Drugs. 2007; 18: 933-9. https://doi.org/10.1097/CAD.0b013e32813148e0 PMID:
17667599

Claycomb WC, Lanson NA, Stallworth BS, Egeland DB, Delcarpio JB, Bahniski A, et al. HL-1 cells: A
cardiac muscle cell line that contracts and retains phenotypic characteristics of the adult cardiomyocyte.
Proc. Natl. Acad. Sci. U.S.A. 1998; 95: 2979-84. https://doi.org/10.1073/pnas.95.6.2979 PMID:
9501201

PLOS ONE | https://doi.org/10.1371/journal.pone.0285536 May 25, 2023 18/20


http://www.ncbi.nlm.nih.gov/pubmed/28018142
https://doi.org/10.1021/jm970819w
http://www.ncbi.nlm.nih.gov/pubmed/9685238
https://doi.org/10.1021/jm980182w
http://www.ncbi.nlm.nih.gov/pubmed/9685239
http://www.ncbi.nlm.nih.gov/pubmed/11454698
https://doi.org/10.1158/1078-0432.CCR-04-2188
http://www.ncbi.nlm.nih.gov/pubmed/15958646
https://doi.org/10.1371/journal.pone.0148685
http://www.ncbi.nlm.nih.gov/pubmed/26886430
https://doi.org/10.3390/cancers12102819
http://www.ncbi.nlm.nih.gov/pubmed/33008042
https://doi.org/10.1074/jbc.R115.693903
http://www.ncbi.nlm.nih.gov/pubmed/26534957
https://doi.org/10.1038/s41568-020-0273-y
http://www.ncbi.nlm.nih.gov/pubmed/32632251
https://doi.org/10.1038/s41568-021-00378-6
http://www.ncbi.nlm.nih.gov/pubmed/34272515
https://doi.org/10.1016/j.copbio.2020.11.013
https://doi.org/10.1016/j.copbio.2020.11.013
http://www.ncbi.nlm.nih.gov/pubmed/33360716
https://doi.org/10.1097/CAD.0b013e32813148e0
http://www.ncbi.nlm.nih.gov/pubmed/17667599
https://doi.org/10.1073/pnas.95.6.2979
http://www.ncbi.nlm.nih.gov/pubmed/9501201
https://doi.org/10.1371/journal.pone.0285536

PLOS ONE

MyN induces anticancer effects in combination with metabolism inhibition and prevents obesity

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Huang RC, Chun J, Lin Y, Liang Y, Liao KW, Jackson, T, et al. Formulations of terameprocol and temo-
zolomide and their use in stimulation of humoral immunity in tumors. March 2021. Publication Number:
WO/2021/108601.

Majed S. Al Okail, Cobalt chloride, a chemical inducer of hypoxia-inducible factor-1ain U251 human
glioblastoma cell line. Journal of Saudi Chemical Society, 2010; 14: 197-201, https://doi.org/10.1016/j.
jscs.2010.02.005

Grossman SA, Xiaobu Y, Peereboom D, Rosenfeld MR, Mikkelsen T, Supko J, et al, Adult Brain Tumor
Consortium. Phase | study of terameprocol in patients with recurrent high-grade glioma. Neuro. Oncol.
2012; 14:511-7. https://doi.org/10.1093/neuonc/nor230 PMID: 22323663

Khanna N, Dalby R, Tan M, Arnold S, Stern J, Frazer N. Phase I/ll clinical safety studies of terameprocol
vaginal ointment. Gynecologic. Oncology. 2007; 107: 554—62. https://doi.org/10.1016/j.ygyno.2007.08.
074 PMID: 17905420

Tibes R, McDonagh KT, Lekakis L, Bogenberger JM, Kim S, Frazer N, et al. Phase | study of the novel
Cdc2/CDK1 and AKT inhibitor terameprocol in patients with advanced leukemias. Invest. New Drugs.
2015; 33: 389-96. https://doi.org/10.1007/s10637-014-0198-y Epub 2014 Dec 19. PMID: 25523151.

Ikpoh, BI. Tetra-O-methyl Nordihydroguaiaretic Acid Reduces Weight Gain in Mice. [Graduate Thesis,
The Johns Hopkins University]. JHU-ETD—Graduate theses. (2014). http://jhir.library.jhu.edu/handle/
1774.2/38106.

Ashton TM, McKenna WG, Kunz-Schughart LA, Higgins GS. Oxidative Phosphorylation as an Emerg-
ing Target in Cancer Therapy. Clin Cancer Res. 2018 Jun 1; 24(11):2482-2490. https://doi.org/10.
1158/1078-0432.CCR-17-3070 Epub 2018 Feb 2. PMID: 29420223.

Okabe K, Yaku K, Tobe K. Nakagawa T. Implications of altered NAD metabolism in metabolic disorders.
J. Biomed. Sci. 2019; 26: 34. https://doi.org/10.1186/s12929-019-0527-8 PMID: 31078136

Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell. 2012; 148: 399-408. https://
doi.org/10.1016/j.cell.2012.01.021 PMID: 22304911

Semenza GL. HIF-1 mediates metabolic responses to intratumoral hypoxia and oncogenic mutations.
J. Clin. Invest. 2013; 123: 3664—71. https://doi.org/10.1172/JCI67230 PMID: 23999440

Wenger RH. Mitochondria: oxygen sinks rather than sensors? Med. Hypotheses. 2006; 66: 380—3.
https://doi.org/10.1016/j.mehy.2005.08.047 PMID: 16229963

Thomas KA. Angiogenesis, Editor(s): Ralph A. Bradshaw, Philip D. Stahl, Encyclopedia of Cell Biology,
Academic Press, 2016, Pages 102—116, ISBN 9780123947963, https://doi.org/10.1016/B978-0-12-
394447-4.40019-2.

Zeeshan HM, Lee GH, Kim HR, Chae HJ. Endoplasmic Reticulum Stress and Associated ROS. Int J
Mol Sci. 2016 Mar 2; 17(3):327. https://doi.org/10.3390/ijms17030327 PMID: 26950115

Indo HP, Yen HC, Nakanishi |, Matsumoto K, Tamura M, Nagano Y, et al. A mitochondrial superoxide
theory for oxidative stress diseases and aging. J Clin Biochem Nutr. 2015 Jan; 56(1):1-7. https://doi.
org/10.3164/jcbn.14-42 Epub 2014 Dec 23. PMID: 25834301

Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S, et al. Mitochondrial superoxide: pro-
duction, biological effects, and activation of uncoupling proteins. Free Radic Biol Med. 2004 Sep 15; 37
(6):755-67. https://doi.org/10.1016/j.freeradbiomed.2004.05.034 PMID: 15304252.

Peace CG, O’Neill LA. The role of itaconate in host defense and inflammation. J. Clin. Invest. 2022;
132: €148548. https://doi.org/10.1172/JCI148548 PMID: 35040439

Intlekofer AM, Dematteo RG, Venneti S, Finley LW, Lu C, Judkins AR, et al. Hypoxia Induces Produc-
tion of L-2-Hydroxyglutarate. Cell Metab. 2015; 22: 304—11. https://doi.org/10.1016/j.cmet.2015.06.
023 Epub 2015 Jul 23. PMID: 26212717

Jezek P. 2-Hydroxyglutarate in Cancer Cells. Antioxid. Redox Signal. 2020; 33: 903-26. https://doi.org/
10.1089/ars.2019.7902 Epub 2020 Jan 22. PMID: 31847543

Fulciniti M, Amin S, Nanjappa P, Rodig S, Prabhala R, Li C, et al. Significant biological role of sp1 trans-
activation in multiple myeloma. Clin. Cancer Res. 2011; 17: 6500-9. https://doi.org/10.1158/1078-
0432.CCR-11-1036 PMID: 21856768

Lee MS, Kim D, Jo K, Hwang JK. Nordihydroguaiaretic acid protects against high-fat diet-induced fatty
liver by activating AMP-activated protein kinase in obese mice. Biochem. Biophys. Res. Commun.
2010; 401:92—7. https://doi.org/10.1016/j.bbrc.2010.09.016 Epub 2010 Sep 17. PMID: 20836990.

Talukdar S, Emdad L, Gogna R, Swadesh KD, Fisher PB. Chapter Three—Metabolic control of cancer
progression as novel targets for therapy, Editor(s): Tew KD, Fisher PB. Advances in Cancer Research,
Academic Press, Volume 152, (2021), Pages 103—-177, ISSN 0065-230X, ISBN 9780128241257,
https://doi.org/10.1016/bs.acr.2021.06.002.

Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci.
2016; 41:211-8. https://doi.org/10.1016/j.tibs.2015.12.001 PMID: 26778478

PLOS ONE | https://doi.org/10.1371/journal.pone.0285536 May 25, 2023 19/20


https://doi.org/10.1016/j.jscs.2010.02.005
https://doi.org/10.1016/j.jscs.2010.02.005
https://doi.org/10.1093/neuonc/nor230
http://www.ncbi.nlm.nih.gov/pubmed/22323663
https://doi.org/10.1016/j.ygyno.2007.08.074
https://doi.org/10.1016/j.ygyno.2007.08.074
http://www.ncbi.nlm.nih.gov/pubmed/17905420
https://doi.org/10.1007/s10637-014-0198-y
http://www.ncbi.nlm.nih.gov/pubmed/25523151
http://jhir.library.jhu.edu/handle/1774.2/38106
http://jhir.library.jhu.edu/handle/1774.2/38106
https://doi.org/10.1158/1078-0432.CCR-17-3070
https://doi.org/10.1158/1078-0432.CCR-17-3070
http://www.ncbi.nlm.nih.gov/pubmed/29420223
https://doi.org/10.1186/s12929-019-0527-8
http://www.ncbi.nlm.nih.gov/pubmed/31078136
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22304911
https://doi.org/10.1172/JCI67230
http://www.ncbi.nlm.nih.gov/pubmed/23999440
https://doi.org/10.1016/j.mehy.2005.08.047
http://www.ncbi.nlm.nih.gov/pubmed/16229963
https://doi.org/10.1016/B978-0-12-394447-4.40019-2
https://doi.org/10.1016/B978-0-12-394447-4.40019-2
https://doi.org/10.3390/ijms17030327
http://www.ncbi.nlm.nih.gov/pubmed/26950115
https://doi.org/10.3164/jcbn.14-42
https://doi.org/10.3164/jcbn.14-42
http://www.ncbi.nlm.nih.gov/pubmed/25834301
https://doi.org/10.1016/j.freeradbiomed.2004.05.034
http://www.ncbi.nlm.nih.gov/pubmed/15304252
https://doi.org/10.1172/JCI148548
http://www.ncbi.nlm.nih.gov/pubmed/35040439
https://doi.org/10.1016/j.cmet.2015.06.023
https://doi.org/10.1016/j.cmet.2015.06.023
http://www.ncbi.nlm.nih.gov/pubmed/26212717
https://doi.org/10.1089/ars.2019.7902
https://doi.org/10.1089/ars.2019.7902
http://www.ncbi.nlm.nih.gov/pubmed/31847543
https://doi.org/10.1158/1078-0432.CCR-11-1036
https://doi.org/10.1158/1078-0432.CCR-11-1036
http://www.ncbi.nlm.nih.gov/pubmed/21856768
https://doi.org/10.1016/j.bbrc.2010.09.016
http://www.ncbi.nlm.nih.gov/pubmed/20836990
https://doi.org/10.1016/bs.acr.2021.06.002
https://doi.org/10.1016/j.tibs.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26778478
https://doi.org/10.1371/journal.pone.0285536

PLOS ONE

MyN induces anticancer effects in combination with metabolism inhibition and prevents obesity

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Flaveny CA, Griffett K, EI-Gendy Bel-D, Kazantzis M, Sengupta M, Amelio AL, et al. Broad Anti-tumor
Activity of a Small Molecule that Selectively Targets the Warburg Effect and Lipogenesis. Cancer Cell.
2015; 28: 42-56. https://doi.org/10.1016/j.ccell.2015.05.007 Epub 2015 Jun 25. PMID: 26120082

Heske CM. Beyond Energy Metabolism: Exploiting the Additional Roles of NAMPT for Cancer Therapy.
Frontiers in Oncology. 2020; 9: 1514. https://doi.org/10.3389/fonc.2019.01514 PMID: 32010616

Brandl L, Zhang Y, Kirstein N, Sendelhofert A, Boos SP, Jung P, et al. Targeting c-MYC through Inter-
ference with NAMPT and SIRT1 and Their Association to Oncogenic Drivers in Murine Serrated Intesti-
nal Tumorigenesis, Neoplasia, 2019; 21: 974-88. https://doi.org/10.1016/j.ne0.2019.07.009 PMID:
31442917

Bi TQ, Che XM. Nampt/PBEF/visfatin and cancer. Cancer Biol. Ther. 2010; 10: 119-25. https://doi.org/
10.4161/cbt.10.2.12581 Epub 2010 Jul 3. PMID: 20647743.

Liu Z, Shi Q, Song X, Wang Y, Wang Y, Song E, et al. Activating Transcription Factor 4 (ATF4)-ATF3-
C/EBP Homologous Protein (CHOP) Cascade Shows an Essential Role in the ER Stress-Induced Sen-
sitization of Tetrachlorobenzoquinone-Challenged PC12 Cells to ROS-Mediated Apoptosis via Death
Receptor 5 (DR5) Signaling. Chem. Res. Toxicol. 2016; 29: 1510-8. https://doi.org/10.1021/acs.
chemrestox.6b00181 PMID: 27484784

Crawford RR, Prescott ET, Sylvester CF, Higdon AN, Shan J, Kilberg MS, et al. Human CHAC1 Protein
Degrades Glutathione, and mRNA Induction Is Regulated by the Transcription Factors ATF4 and ATF3
and a Bipartite ATF/CRE Regulatory Element. J. Bio. Chem. 2015; 290: 15878-91. https://doi.org/10.
1074/jbc.M114.635144 PMID: 25931127

Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress. Curr Biol. 2014; 24:
R453-R462. https://doi.org/10.1016/j.cub.2014.03.034 PMID: 24845678

Morgan M, Kim YS, Liu ZG. TNFa and reactive oxygen species in necrotic cell death. Cell Res. 2008;
18: 343-9. https://doi.org/10.1038/cr.2008.31 PMID: 18301379

Klimova N, Fearnow A, Kristian T. Role of NAD*-Modulated Mitochondrial Free Radical Generation in
Mechanisms of Acute Brain Injury. Brain Sci. 2020; 10: 449. https://doi.org/10.3390/brainsci10070449
PMID: 32674501

Suski J.M., Lebiedzinska M., Bonora M., Pinton P., Duszynski J., Wieckowski M.R. (2012). Relation
Between Mitochondrial Membrane Potential and ROS Formation. In: Palmeira C., Moreno A. (eds),
Mitochondrial Bioenergetics. Methods in Molecular Biology. 2012; 810: 183—-205. https://doi.org/10.
1007/978-1-61779-382-0_12 PMID: 22057568

Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al. LDHA-Associated Lactic
Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab. 2016; 24: 657-71.
https://doi.org/10.1016/j.cmet.2016.08.011 Epub 2016 Sep 15. PMID: 27641098.

Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. Suppression of antitumor T cell
immunity by the oncometabolite (R)-2-hydroxyglutarate. Nat. Med. 2018; 24: 1192—2083. https://doi.org/
10.1038/s41591-018-0095-6 Epub 2018 Jul 9. PMID: 29988124.

Zhang L, Sorensen MD, Kristensen BW, Reifenberger G, McIntyre TM, Lin F. D-2-Hydroxyglutarate Is
an Intercellular Mediator in IDH-Mutant Gliomas Inhibiting Complement and T Cells. Clin. Cancer Res.
2018; 24:5381-91. https://doi.org/10.1158/1078-0432.CCR-17-3855 Epub 2018 Jul 13. PMID:
30006485

Jiang B, Zhang J, Xia J, Zhao W, Wu Y, Shi M, et al. IDH1 Mutation Promotes Tumorigenesis by Inhibit-
ing JNK Activation and Apoptosis Induced by Serum Starvation. Cell Rep. 2017; 19: 389—-400. https:/
doi.org/10.1016/j.celrep.2017.03.053 PMID: 28402860.

Turcan S, Makarov V, Taranda J, Wang Y, Fabius AWM, Wu W, et al. Mutant-IDH1-dependent chroma-
tin state reprogramming, reversibility, and persistence. Nat Genet. 2018 Jan; 50(1):62—72. https://doi.
org/10.1038/s41588-017-0001-z Epub 2017 Nov 27. PMID: 29180699

Qin W, QinK, Zhang Y, Jia W, Chen Y, Cheng B, et al. S-glycosylation-based cysteine profiling reveals
regulation of glycolysis by itaconate. Nat. Chem. Biol. 2019; 15: 983-91. https://doi.org/10.1038/
$41589-019-0323-5 Epub 2019 Jul 22. PMID: 31332308

QinW, Zhang Y, Tang H, Liu D, Chen Y, Liu Y, et al. Chemoproteomic Profiling of Itaconation by
Bioorthogonal Probes in Inflammatory Macrophages. Journal of the American Chemical Society 2020;
142: 10894-8. https://doi.org/10.1021/jacs.9b11962 PMID: 32496768

Bakhoum SF, Ngo B, Laughney AM, et al. Chromosomal instability drives metastasis through a cyto-
solic DNA response. Nature. 2018; 553: 467—-72. https://doi.org/10.1038/nature25432 PMID:
29342134

Ferone G, Lee MC, Sage J, Berns A. Cells of origin of lung cancers: lessons from mouse studies.
Genes Dev. 2020; 34: 1017-1032. https://doi.org/10.1101/gad.338228.120 PMID: 32747478

PLOS ONE | https://doi.org/10.1371/journal.pone.0285536 May 25, 2023 20/20


https://doi.org/10.1016/j.ccell.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26120082
https://doi.org/10.3389/fonc.2019.01514
http://www.ncbi.nlm.nih.gov/pubmed/32010616
https://doi.org/10.1016/j.neo.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31442917
https://doi.org/10.4161/cbt.10.2.12581
https://doi.org/10.4161/cbt.10.2.12581
http://www.ncbi.nlm.nih.gov/pubmed/20647743
https://doi.org/10.1021/acs.chemrestox.6b00181
https://doi.org/10.1021/acs.chemrestox.6b00181
http://www.ncbi.nlm.nih.gov/pubmed/27484784
https://doi.org/10.1074/jbc.M114.635144
https://doi.org/10.1074/jbc.M114.635144
http://www.ncbi.nlm.nih.gov/pubmed/25931127
https://doi.org/10.1016/j.cub.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24845678
https://doi.org/10.1038/cr.2008.31
http://www.ncbi.nlm.nih.gov/pubmed/18301379
https://doi.org/10.3390/brainsci10070449
http://www.ncbi.nlm.nih.gov/pubmed/32674501
https://doi.org/10.1007/978-1-61779-382-0%5F12
https://doi.org/10.1007/978-1-61779-382-0%5F12
http://www.ncbi.nlm.nih.gov/pubmed/22057568
https://doi.org/10.1016/j.cmet.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27641098
https://doi.org/10.1038/s41591-018-0095-6
https://doi.org/10.1038/s41591-018-0095-6
http://www.ncbi.nlm.nih.gov/pubmed/29988124
https://doi.org/10.1158/1078-0432.CCR-17-3855
http://www.ncbi.nlm.nih.gov/pubmed/30006485
https://doi.org/10.1016/j.celrep.2017.03.053
https://doi.org/10.1016/j.celrep.2017.03.053
http://www.ncbi.nlm.nih.gov/pubmed/28402860
https://doi.org/10.1038/s41588-017-0001-z
https://doi.org/10.1038/s41588-017-0001-z
http://www.ncbi.nlm.nih.gov/pubmed/29180699
https://doi.org/10.1038/s41589-019-0323-5
https://doi.org/10.1038/s41589-019-0323-5
http://www.ncbi.nlm.nih.gov/pubmed/31332308
https://doi.org/10.1021/jacs.9b11962
http://www.ncbi.nlm.nih.gov/pubmed/32496768
https://doi.org/10.1038/nature25432
http://www.ncbi.nlm.nih.gov/pubmed/29342134
https://doi.org/10.1101/gad.338228.120
http://www.ncbi.nlm.nih.gov/pubmed/32747478
https://doi.org/10.1371/journal.pone.0285536

