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Abstract:

The role of glucose-6-phosphate dehydrogenase (G6PD) in human cancer is incompletely
understood. In a metabolite screening, we observed that inhibition of H3K9 methylation
suppressed aerobic glycolysis and enhances the PPP in human mesothelioma cells. Genome-wide
screening identified G6PD as an H3K9me3 target gene whose expression is correlated with
increased tumor cell apoptosis. Inhibition of aerobic glycolysis enzyme LDHA and G6PD had no
significant effects on tumor cell survival. Ablation of G6PD had no significant effect on human
mesothelioma and colon carcinoma xenograft growth in athymic mice. However, activation of
G6PD with the G6PD-selective activator AG1 induced tumor cell death. AG1 increased tumor
cell ROS production and the resultant extrinsic and intrinsic death pathways, mitochondrial
processes, and unfolded protein response in tumor cells. Consistent with increased tumor cell
death in vitro, AG1 suppressed human mesothelioma xenograft growth in a dose-dependent
manner in vivo. Furthermore, AG1 treatment significantly increased tumor-bearing mouse
survival in an intra-peritoneum xenograft athymic mouse model. Therefore, in human
mesothelioma and colon carcinoma, G6PD is not essential for tumor growth. G6PD acts as a
metabolic checkpoint to control metabolic flux towards the PPP to promote tumor cell apoptosis,
and its expression is repressed by its promotor H3K9me3 deposition.
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Glucose is catabolized by two parallel metabolic pathways, glycolysis and the pentose
phosphate pathway (PPP). Under physiological conditions, glycolysis converts glucose to
pyruvate, which enters the tricarboxylic acid cycle to generate adenosine triphosphate and
reduced nicotinamide adenine dinucleotide. Under pathological conditions such as cancer, tumor
cells possess a prodigious anabolic and energetic requirement for increased proliferation. To
meet this requirement, aerobic glycolysis and preferential conversion of pyruvate to lactate to
produce ATP and to regenerate nicotinamide adenine dinucleotide increases in a process termed
aerobic glycolysis or the Warburg effect [1, 2]. Thus, glucose metabolic flux primarily goes
through aerobic glycolysis in tumor cells, and the function of the aerobic glycolysis metabolic
pathway in the promotion of tumor growth and progression is a well-documented phenomenon
[3].

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme in the PPP.
Since the PPP generates ribose-5-phosphate for nucleic acid synthesis [4], G6PD and the PPP
have both been shown to be essential for survival of rapidly dividing tumor cells [5-8]. Indeed, it
has been observed that tumor cells often express high levels of G6PD and, thus, the level of
expression of G6PD is associated with poor prognosis in multiple human cancers [5, 6, 9, 10].
However, emerging experimental data determined that G6PD deficiency has no effects on the
growth and progression of certain types of tumors [11]. Furthermore, G6PDdeficient tumor cells
still proliferate via the compensatory malic enzyme 1 and isocitrate dehydrogenase 1 flux [12].
In addition, because the PPP is a parallel and competing pathway of glycolysis for glucose
metabolic flux [13], and because aerobic glycolysis is the dominant metabolic pathway in tumor
cells [2], it makes sense that G6PD-PPP should be suppressed in tumor cells. Therefore, the role
of G6PD in human tumor cells may be cellular context dependent and remains to be determined.

We report here that H3K9me3 represses GOPD expression to enhance aerobic glycolysis
in human mesothelioma. We determined that G6PD functions as a tumor suppressor, not a tumor
promoter, in human mesothelioma cells. Activation of G6PD increases ROS production to
enhance the ROS-regulated cell death pathways to promote mesothelioma apoptosis. A
pharmacological strategy that activates G6PD may represent an effective approach to suppress
human mesothelioma growth in vivo.

Materials and Methods
Mice

Female 7-8 week old Nu/J mice were obtained from Jackson Laboratory (Bar Harbor, ME). Use
of mice for this study was approved in advance by Augusta University Institutional Animal Care
and Use Committee (Protocol #: 20080162).

Cell lines

The human epithelioid mesothelioma NCI-H226, biphasic MSTO-211H, and human colon
carcinoma SW620 cell lines were obtained from American Type Culture Collection (ATCC,
Manassas, VA). ATCC characterized these cell lines by morphology, immunology, DNA
fingerprint, and cytogenetics. Cell lines were tested bimonthly for mycoplasma contamination
and were mycoplasma-free at time of experiments.



Reagents

Verticillin A (purity >98%) was isolated and characterized from the fungus, Clonostachys
rogersoniana (strain MSX59553), as previously described [14, 15]. AG1 was synthesized in
LeadGen Labs (Orange, CT) as previously described [16, 17]. G6PDi-1 was also synthesized in
LeadGen Labs based on an established procedure [18]. The purity of the synthesized AG1 and
G6PDi-1 were both >99% as determined by LC-MS analysis (Figs. S1 and S2).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described [19]. Anti-H3K9me3 antibody (Cat# 8898, Abcam,
Cambridge, MA) and the Chromatin Immunoprecipitation (ChIP) Assay Kit (Cell Signaling,
Danvers, MA) were used in ChIP procedures according to the manufacturer’s instructions. The
primer sequences are listed in Table S1.

Metabolite assay

Tumor cells were treated with verticillin A at 10 nM for 24 h, washed once with PBS, snap
frozen in liquid nitrogen, and stored at —80° C until analysis. Approximately 1 x 107
cells/sample were analyzed for each group. Metabolite extraction and metabolomic analysis were
carried out in the National Institutes of Health West Coast Metabolomics Center at the
University of California Davis (Davis, CA). Data were acquired using ALEXCIS GCTOF mass
spectrometry with a Restek corporation Rtx-5Sil MS column and processed using ChromaTOF
software version 2.32 (Leco, St. Joseph, MI) and the BinBase algorithm, as described previously
[20, 21].

Western blotting

Tumor cells were cultured in the presence of various concentrations of verticillin A for 24 h.
Cells were then lysed in total protein lysis buffer [20 mM Hepes, pH 7.4, 20 mM NacCl, 10%
Glycerol, 1% Triton X100, proteinase inhibitor cocktails (Cat# 539131, EMD Millipore Corp,
Billerca, MA) and phosphatase inhibitor cocktail (Cat# 524628, EMD Millipore Corp)], blotted,
and probed with anti-caspase 8, anti-cleaved caspase 9, anticleaved caspase 3, anti-cleaved
PARP, anti-LDHA, anti-G6PD, and antip-actin antibodies (all antibody information is in listed in
Table S1).

Analysis of histone methylation

Tumor cells were centrifuged at 2000 RPM for 5 min at 4° C in a microcentrifuge. The cell
pellets were resuspend in 100 pl of NETN buffer (20 mM Tris-HCI, pHS8.0, 150 mM NacCl, 5
mM EDTA, 0.5% Nonidet P-40, 1.5 mM phenylmethylsulfonyl fluoride, 1.7 pg/ml aprotinin, 1
mM Na3VO04, and 0.5 mM NaF), incubated on ice for 30 min, and then centrifuged for 5 min at
10,000 RPM. The supernatants were discarded. The detergentinsoluble pellets were resuspended
in 90 pl 0.1 N HCI, incubated on ice for 30 min, and then centrifuged for 10 min at 13,000 RPM
in a microcentrifuge. The supernatant histone preparations were transferred to a new 1.5 ml
microtube and 10 pl 1 M Tris-HCI, pH 9.0 was added to each tube. The microtubes were



vortexed and centrifuged briefly. The histone concentration was determined by measuring
protein concentration. The purified histones were analyzed by Western blotting using anti-
H3K9me3 antibody. The membranes were stripped and reprobed with anti-H3 antibody.
Antibody information is listed in Table S1.

RNA sequencing

NCI-H226 and MSTO-211H cells were treated with verticillin A at 10 nM for 24 h and used for
RNA isolation. RNA-Seq was performed at Novogene Corp. Reference genome (mm10) and
gene model annotation files were downloaded directly from Ensembl. Indices were built and
paired-end clean reads were aligned to the reference genome using STARv2.5. Reads were
quantified using HTSeqv0.6.1. Rank-log transformed normalized counts from DESeq2 were
used as inputs for GSEA, GO, and PCA analysis. GSEA was performed using GSEA4.0 (Broad)
with gene-set permutation. GO pathway enrichment was performed with clusterprofiler.

OCR and ECAR measurement

OCR and ECAR were measured with an XF96 extracellular flux analyzer (Seahorse Bioscience)
following protocols recommended by the manufacturer. Briefly, freshly isolated NCI-H226 cells
were seeded on XF96 microplates (150,000 cells/well) that had been pre-coated with Cell-Tak
adhesive (BD Biosciences) in the absence or presence of verticillin A (5 nM). The plates were
centrifuged to immobilize cells. Cells were maintained in a non-buffered assay medium
(Seahorse Biosciences) in a non-CO2 incubator for 30 min before assay. Glycolysis was
measured with the XF glycolysis stress test kit (Seahorse Biosciences). Initially, cells were
incubated in the glycolysis stress test medium without glucose, and ECAR was assessed. Three
baseline recordings were made, followed by sequential injection of 10 mM glucose and 1 uM
oligomycin that inhibited mitochondrial ATP production and shifted the energy production to
glycolysis. The final injection was 100 mM 2-deoxy glucose. The Mito stress test kit (Seahorse
Biosciences) was used to test OCR under different conditions. Three baseline recordings were
made, followed by sequential injection of 1 pM oligomycin and 0.25 pM FCCP that uncoupled
oxygen consumption from ATP production to obtain maximal OCR.

Lactate measurement

Tumor cells were seeded at 1 x 10° cells/ml in 24-well plate and treated with 10 nM verticillin A
for 24 h. For intracellular lactate measurement, cells were collected and lysed in total protein
lysis buffer. For extracellular lactate measurement, culture supernatants were collected. The flow
through fractions was analyzed for lactate concentrations using the Lactate Assay Kit II (Cat#
MAKO65, Sigma-Aldrich, St Louis, MO) according to the manufacturer’s instructions.

Flow cytometry
Tumor cells were resuspended in Annexin V-binding buffer (10 mM HEPES, 140 mM NacCl, 2.5

mM CaCl2, pH 7.4), stained with Annexin V (Biolegend, San Diego, CA) and/or propidium
iodide (PI). Stained cells were analyzed in a FACS Calibur flow cytometer (BD Biosciences, San



Diego, CA). All flow cytometry data analysis was conducted with the FlowJo program (BD
Biosciences).

G6PD knockout tumor cell line generation

CRISPR was used to knockout G6PD in tumor cells as previously described [22]. HEK293FT
cells were co-transfected with pPCMV-VSV-G (Addgene #8454), psPAX2 (Addgene #12260),
and lentiCRISPRv2 (Genscript, Piscataway, NJ) plasmids containing scrambled sgRNA
(GGAAGACTTAGTCGAATG AT), G6PD-specific sgRNATI
(GATCCGCGTGCAGCCCAACGQG), and G6PDspecific sgRNA 2
(ACGGGCATAGCCCACGATGA) using Lipofectamine 2000 (Life Technologies) to produce
CRISPR lentivirus. MSTO-211H, NCI-H226, and SW620 cells were transduced with the
lentivirus particle. Cells were selected with puromycin to generate stable cell lines.

Cell death pathway analysis

Tumor cells were cultured in the presence of verticillin A (25 nM) plus Z-VAD (10 uM),
necropstatin-1 (10 uM), and ferrostatin-1 (2 pM), either alone or in combinations, for 24 h. Cell
death was determined by PI staining or combined Annexin V and PI staining, followed by flow
cytometry analysis.

Total intracellular ROS measurement

Tumor cells were harvested, washed in PBS, and then stained for ROS using the ROS staining
kit (Cat # 88-5930, Life Technologies, Carlsbad, CA) according to the manufacturer’s
instructions. The stained cells were analyzed by flow cytometry and ROS was quantified using
the FlowJo program.

Xenograft mouse models and treatments

To establish subcutaneous tumors, NCI-H226 cells (4 x 106 /mouse) were injected
subcutaneously to the right flank of athymic nude mice. Sample size was based on a previous
study [23] and was not estimated by power analysis. Individual mice were not randomized due to
concern of fight between mice from different cages. The mouse cages were randomized before
treatments. Tumor-bearing mice were treated with AGI i.p. from day 7 daily 12 times. To
establish intra-peritoneum tumors, NCI-H226 cells (4 x 106 /mouse) were injected
intraperitoneally to athymic nude mice. The mice-containing cages were randomized. Tumor-
bearing mice were treated with AG1 at day 7 every 2 days for 7 times. Mouse body weights were
recorded. Tumor volume was measured and calculated by the formula [(major axis x (minor
axis)? )/2].

Immunohistochemistry
Tumor tissue was fixed in 10% formalin overnight. The fixed tissues were processed into

paraffin blocks. The sections were stained with anti-Ki67 antibody (Cat#NB500-170, Novus,
Centennial, CO) and in situ TUNEL, respectively, as previously described [24]. De-identified



human malignant mesothelioma samples were obtained from the Georgia Cancer Center
Biorepository. The tissue was stained with anti-G6PD antibody (Abcam ab210702) using a
previously described method [22].

Statistical analysis

Unless otherwise indicated, statistical analyses were conducted using Prism8 (Graphpad). Data
are presented as mean + SD, and p values were calculated by a two-tailed Student’s ¢ test.
Survival was analyzed using Kaplan-Meier survival plots with the log rank p value.

Results
H3K9 methylation regulates human mesothelioma metabolism

Tumor cell metabolism is regulated by epigenetic mechanisms [25]. Specifically, H3K9
methylation has been shown to regulate metabolic pathways and in turn to regulate tumor cell
survival [21]. To determine the epigenetic regulation of the global metabolism profile in human
mesothelioma cells, we made use of the H3K9 methylation-selective small molecule inhibitor,
verticillin A. Verticillin A is a natural product isolated from fungi that selectively inhibits 6 of
the 23 known human histone methyltransferases (i.e., SUV39H1, SUV39H2, G9a, GLP, MLLI1,
and NSD2) [23]. We treated the human mesothelioma cell line NCI-H226 with verticillin A and
performed metabolite profiling. Verticillin A increased the PPP metabolites, amino acids, and
TCA cycle metabolites in NCI-H226 cells. Lactate, a hallmark of aerobic glycolysis, was
decreased by verticillin A treatment in NCI-H226 cells (Fig. 1A). To validate this finding, we
treated MSTO-211H and NCI-H226 cells with verticillin A and measured intracellular lactate
content using a lactate quantification kit. Verticillin A treatment significantly decreased
intracellular lactate levels in both cell lines (Fig. 1B). We also collected tumor cell culture
supernatants to determine extracellular lactate levels. Verticillin A treatment also significantly
decreased the extracellular lactate levels in both MSTO-211H and NCIH226 cells (Fig. 1B).
However, intracellular glutamine levels increased more than 8-fold in the verticillin A-treated
NCI-H226 cells (Fig. 1A), suggesting that verticillin A might suppress glutamine conversion to
lactate, thereby inducing its accumulation [26]. In addition, verticillin A also increased the major
PPP metabolite, ribulose-5-phosphate, levels in the tumor cells (Fig. 1A). Citric acid is increased
in verticillin A-treated cells (Fig. 1A). These observations indicate that inhibition of H3K9
methylation suppresses aerobic glycolysis and increases the PPP and TCA cycle activity.

To strengthen these findings, extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) measurements were performed to determine the mesothelioma cellular
metabolic status. To minimize the cytotoxic effect of verticillin A, a low concentration of
verticillin A (i.e., 5 nM) was used. Verticillin A significantly decreased ECAR (Fig. 1C) and
increased OCR (Fig. 1D) in human mesothelioma cells. Our data thus suggest that H3K9
methylation promotes aerobic glycolysis and suppresses the PPP and mitochondrial oxidative
phosphorylation.

G6PD expression is repressed by its promoter H3K9me3 deposition



Our above findings indicate that H3K9 methylation regulates glucose metabolic flux partitioning
between aerobic glycolysis and the PPP. It is known that H3K9 methylation represses gene
expression [27]. We then sought to identify H3K9 methylation target genes in human
mesothelioma cells by using genome-wide RNA-Seq analysis to screen differentially expressed
genes. Verticillin A altered the expression of a broad range of genes in NCI-H226 cells, and a
large subset of these genes are involved in metabolic processes (Fig. 2A). G6PD is one of the
identified metabolic genes whose expression is upregulated by verticillin A (Fig. 2B). This is an
unexpected observation since G6PD is generally considered to be essential for tumor cell
survival and proliferation [6, 8, 10], but verticillin A induced apoptosis and increased G6PD
expression in mesothelioma cells. We, therefore, focused our further studies on G6PD function
in mesothelioma cells. Western blotting analysis determined that G6PD protein levels were also
increased by verticillin A treatment in human mesothelioma cells (Fig. 2C). Analysis of a human
malignant mesothelioma specimen indicates that G6PD is expressed in all tumor cells (Fig. 2D).
It was reported that G6PD is active in lymphocytes [18] and plays a critical role in T cell
antitumor function [28]. As expected, G6PD protein is detected in tumorinfiltrating lymphocytes
(Fig. 2D). In contrast, LDHA, the ratelimiting enzyme that converts pyruvate to lactate, was not
changed by verticillin A (Fig. 2C). Among the six verticillin A target HMTases, four (i.e.,
SUV39HI, SUV39H2, G9a, and GLP) catalyze H3K9 methylation with SUV39H1 and
SUV39H2 functioning as H3K9me3-selective HMTases [29-31]. We therefore analyzed
H3K9me3 levels in verticillin A-treated mesothelioma cells. Consistent with previous finding
that verticillin A acts as a H3K9me3-selective inhibitor, verticillin A inhibited H3K9me3 in a
dose-dependent manner (Fig. 2E). ChIP analysis revealed that H3K9me3 is enriched in the
G6PD promoter region, and verticillin A treatment decreases H3K9me3 deposition at the G6PD
promoter in human mesothelioma cells (Fig. 2F). We, therefore, conclude that G6PD is repressed
by its promoter H3K9me3 deposition in human mesothelioma cells.

Epigenetic regulation of mesothelioma cell survival

Histone methylation is known to play a key role in regulation of gene expression in tumor cells
[21, 32, 33], and H3K9me3 is known to repress expression of genes [34], including those with
known functions in apoptosis in tumor cells [23, 35, 36]. Another major group of genes whose
expression was changed by verticillin A are those with known functions in cell proliferation (Fig.
2A). As expected, verticillin A induced human mesothelioma cell death in a dose-dependent
manner (Fig. 3A). To determine the mechanism of action of these HMTase inhibitors in human
mesothelioma cell death, we used cell death pathway inhibitors to determine which cell death
pathways are regulated by HMTases. Verticillin A induced mesothelioma cell death through
apoptosis, since the caspase inhibitor Z-VAD blocked verticillin A-induced cell death (Fig. 3B).
Consistent with this observation, verticillin A induced activation of caspases 3, 8, and 9, and
PARP cleavage (Fig. 3C). Verticillin A effectively induced an apoptotic cell death morphology
in both NCI-H226 and MSTO-211H cells (Fig. S3). These findings indicate that human
mesothelioma survival is regulated by H3K9 methylation.

Inhibition of LDHA and G6PD does not affect human mesothelioma survival

To determine whether aerobic glycolysis maintains human mesothelioma cell survival, tumor
cells were treated with GSK2837808A, specific inhibition of LDHA, the key enzyme that



converts pyruvate to lactate, and analyzed for cell death. Inhibition of LDHA did not cause
significant cell death in vitro (Fig. 4A). Next, the tumor cells were treated with the G6PD-
selective inhibitor G6PDi-1 [18]. Inhibition of G6PD also does not cause significant tumor cell
death (Fig. 4B). These observations indicate that aerobicglycolysis and G6PD are not essential
for human mesothelioma cell survival.
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Fig. 1 Epigenetic regulation of metabolism in human mesothelioma cells. A NCI-H226 tumor
cells were treated with verticillin A (10 nM) for 24 h and analyzed for metabolites. Shown are
ratios of the indicated metabolites of treated cells/untreated cells. B The indicated tumor cells
were treated with verticillin A (10 nM) for 24 h. Cells were harvested and lysed to make total
lysates and then measured for intracellular lactate content (left panel). Right panel: Tumor cells
were treated with verticillin A (10 nM) for 24 h. The culture supernatants were collected and
measured for lactate content. Shown are the results of one of two experiments. Column: Mean,
Bar: SD. NCI-H226 cells were treated with verticillin A (5 nM). Extracellular acidification rate
(ECAR, C) and oxygen consumption rate (OCR, D) were measured with a glycolysis stress test
kit (C) or a Mito stress test kit (D). Stressed ECAR and OCR were calculated and shown on the
right panel. Shown are the results of one of two experiments. Column: Mean, Bar: SD.
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Fig. 2 G6PD is repressed by its promoter H3K9me3 deposition in human mesothelioma cells. A.
RNA-Seq analysis of human mesothelioma cell line NCI-H226 treated with verticillin A. The
differentially expressed genes were functionally grouped using the PANTHER program. B The
differentially expressed genes were clustered and presented. C Western blotting analysis of
LDHA and G6PD in human tumor cells treated with verticillin A for 24 h. D A malignant human
mesothelioma tissue was stained with G6PDspecific antibody by immunohistochemical method.
The brown color indicates G6PD protein staining, and the blue color is nucleus staining. The
right panel shows an amplified area from the left panel. The red arrow points to lymphocytes. E
The indicated tumor cells were treated with verticillin A at the indicated concentrations for 24 h.
Histones were purified from the treated cells and analyzed by Western blotting for H3K9me3
level using anti-H3K9me3 antibody. H3 was used as normalization control. F Top panel: The
human G6PD promoter structure showing ChIP sites. Bottom panel: NCI-H226 cells were
treated with verticillin A for 24 h and analyzed by ChIP using H3K9me3-specific antibody.
Column: Mean, Bar: SD.

Activation of G6PD promotes tumor cell apoptosis in vitro

Our above findings indicate that the GOPD—PPP metabolic flux promotes tumor cell apoptosis,
and tumor cells use H3K9me3 deposition at the G6PD promoter to downregulate G6PD
expression to decrease tumor cell apoptosis. To further strengthen this notion, we took a
complementary approach and made use of the recently developed G6PD enzymatic activity
activator AG1 [17]. The rationale is that if downregulating G6PD protects tumor cells from
apoptosis, pharmacological activation of G6PD with AG1 should induce tumor cell apoptosis.
Although H3K9me3 repressed G6PD expression in the tumor cells, G6PD protein is detectable
in the tumor cells (Fig. 2C). Therefore, increasing its enzymatic activity at the protein level
should enhance the PPP. To test this hypothesis, we treated tumor cells with AG1 and analyzed
tumor cell death. Indeed, AG1 treatment-induced human mesothelioma cell death in a dose-
dependent manner (Fig. 5A). AG1 treatment-induced cell death with shrinkage of the cell and the
nucleus (Fig. S4), which are morphology changes typical of apoptotic cells.

To elucidate the molecular mechanism underlying G6PD activation-induced tumor cell
death, we treated tumor cells with AG1 and performed genome-wide gene expression analysis by
RNA-Seq. Pathway analysis of the differentially expressed genes revealed that AG1 treatment
altered the expression of gene sets in three pathways: the extrinsic and intrinsic cell death
pathway, mitochondria process, and unfolded protein response (Fig. 5B). Several genes with
increased expression are TNF family genes, including TNFRSF9, TNFRSF21, TNFRSF10A/b,
with known functions in apoptosis [37]. In addition, pro-apoptotic genes BID and BAXBNIP3L
[38] were also increased, whereas the anti-apoptotic gene BRCA1 is decreased. Furthermore,
ATF4 is known to regulate glucose metabolism-dependent cell apoptosis [39], and its expression
is increased (Fig. 5B). These three cellular pathways are known to bridge ROS to apoptosis [40].
ROS is a key product of the mitochondrial oxidative phosphorylation process [41], and activation
of the PPP has been shown to increase ROS production [42—44]. Thus, we hypothesized that
AGT1 increases ROS production to induce tumor cell apoptosis. To test this hypothesis, we
treated tumor cells with AG1 and then measured intracellular ROS production levels. Indeed,
AGTI significantly increased ROS production in human mesothelioma cells (Fig. 5C). Taken
together, our data indicate that G6PD increases ROS production to activate ROS-regulated cell
death pathways to induce human mesothelioma cell apoptosis in vitro.



A
L 48 10 21
is & 4 % B0 E"
>4 . 3 5
5 =2 £ 40 25
52 £ g 2p io
£ 20 E0 - r—{_}w,’l
< = <
= 2‘0 E?-Il T T T T + -3
# 0102550100 ¥ 0 10 25 50 100 0 10 25 50100 0 10 25 50 100
Verticillin & (nl) Werticillin & (nhd} ‘erticillin A (nhd} Merticillin A (mil)
NCI-HZ26 MSTO-211H
B VA Verticllin A c
Nec-1: Necrostatin-1 NCI-H226 MSTO-211H
B0 NCHH226 g Verticilln A (M) Vericiin A (nM) _
N: Nec-1 kDa 0 10 25 50 100 , 0 10 25 50 100
F: Far-1

3

T

% Anrein V'PI calls
ra
T

S [T T TR TH
= +E ¥ F F *
IEIEE
g Cleaved
§ Casp
80+ MSTO-211H
[T}
& 901 \Claaved
E (Caspd
§4
= 20+
-

WA+F

WA+Z
WAT+N
WMa+Z+N

WAEN+F

W+ Z+F
VA+Z+N+F

Fig. 3 Inhibition of histone methylation induces human mesothelioma cell apoptosis. A
Tumor cells were treated by verticillin A at indicated concentrations for 24 h, analyzed by flow
cytometry for Annexin V and PI. Percentage of Annexin V+ and Annexin V+PI+ cells were
quantified and presented. B MSTO-211H and NCI-H226 were treated by verticillin A and cell
death pathway inhibitors, analyzed by flow cytometry for Annexin V and PI staining. The
percentage of Annexin V+PI+ cells was quantified. Column: Mean, Bar: SD. C MSTO-211H
and NCIH226 were treated by verticillin A at indicated doses for 24 h and analyzed by Western
Blotting for apoptosis-associated proteins.

G6PD is not essential for human mesothelioma and colon carcinoma survival in vivo

To determine whether G6PD is essential for tumor cell survival, we ablated G6PD in human
mesothelioma and colon carcinoma cell lines. The CRISPR technique almost completely



knocked out G6PD in both MSTO-211H and NCI-H226 cells (Fig. 6A) and, to a lesser degree, in
SW620 cells (Fig. S5A). Ablating G6PD has no significant effect on MSTO-211H and NCI-
H226 cell viability in vitro (Fig. 6B). Furthermore, ablating G6PD did not affect MSTO-211H
and NCIH226 xenografts grown in athymic nude mice (Fig. 6C). Ablating G6PD also did not
significantly affect human colon carcinoma SW620 xenografts (Fig. SSB). To validate that AG1
induces mesothelioma cell apoptosis through G6PD, the Scramble and the G6PD KO cells were
treated with AG1 and analyzed for apoptosis. Indeed, ablating G6PD dramatically decreased
MSTO211H and NCI-H226 cell sensitivity to AG1-induced apoptosis (Fig. 6D).

G6PD functions as a tumor suppressor in vivo

To determine whether the above finding that G6PD activation induces apoptosis in vitro can be
translated to tumor growth suppression in vivo, human mesothelioma cells were injected into
athymic nude mice to establish xenografts. The tumor-bearing mice were then treated with AG1,
which exhibited a dosedependent efficacy in suppression of human mesothelioma xenograft
growth (Fig. 7A). Consistent with such growth inhibition, AG1 significantly decreased tumor
cell proliferation as determined by Ki67 intensity of tumor cells (Fig. 7B) and increased tumor
cell apoptosis (Fig. 7C) in the tumor xenografts in vivo. To validate the tumor suppression
function of G6PD, NCI-H226 cells were injected intraperitoneally in athymic mice. The
intraperitoneal tumor grew aggressively, and eight of the ten tumor-bearing mice in the solvent
control group had enlarged abdomens, likely due to ascites, whereas none of the AG1-treated
mice developed enlarged abdomens. Median time to death in the solvent control group is 21.5
days (95% CI =20d-22d). The AG1-treated mice had significantly better survival than the
control (p = 0.0122). The median time to death in AG1-treated group was 23 days (95% CI:20d-
25d) (Fig. 7D). However, AG1 treatment caused ~20% body weight loss at the efficacious dose
(Fig. 7E). Taken together, our data indicate that pharmacological activation of G6PD with AG1
is an effective approach to suppress human mesothelioma growth in vivo.

Discussion

Aerobic glycolysis is a hallmark of human cancer [3], and lactate dehydrogenase A
(LDHA) is the key enzyme in aerobic glycolysis that converts pyruvate to lactate [45].
Consistent with this phenomenon, inhibition of LDHA redirects pyruvate to mitochondrial
oxidative phosphorylation, leading to increased apoptosis and suppression of tumor growth and
progression [45—47] and this is likely due, at least in part, to increased ROS production and the
resultant ROS-induced apoptosis [48, 49]. However, the pyruvate-lactate metabolic pathway in
tumor cell survival is apparently tumor type and cellular context-dependent, since LDHA
inhibition alone does not impact human melanoma cell survival in vitro and tumor growth in
vivo [2]. Similarly, we observed that inhibition of LDHA does not affect human mesothelioma
cell survival. Strikingly, we observed that G6PD expression is down-regulated by its promoter
H3K9me3 deposition in human mesothelioma, and activation of G6PD significantly increased
human mesothelioma cell death in vitro. Consistent with G6PD-mediated tumor cell death in
vitro, pharmacological activation of G6PD suppressed human mesothelioma xenograft growth in
a dose-dependent manner in vivo, resulting in improved survival of tumor-bearing mice. Taken
together, our data suggest that the GD-PPP pathway, and not the pyruvatelactate pathway, plays
an essential role in human mesothelioma survival.
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Fig. 5 G6PD increases ROS promotion to regulate ROS-regulated cell death pathway to promote
human mesothelioma cell death in vitro. A Tumor cells were cultured in the presence of the
indicated concentrations of AG1 for 24 h. Cells were stained with PI and analyzed by flow
cytometry. % cell death is calculated as % PI+ cells and presented at the right panels. Shown are
the results of one of two experiments. Cycle: Mean, Bar: SD. B NCI-H226 cells were treated
with AG1 at 10 uM for 24 h and analyzed by RNA-Seq. Differentially expressed genes induced
by AG1 in the intrinsic and extrinsic apoptosis, mitochondria, and unfolded protein response
pathways are shown. C Tumor cells were labeled by ROS assay stain, treated with AG1 at 10 uM
for 24 h, and analyzed by flow cytometry. The MFI of ROS was quantified and presented at the
bottom panel. Column: Mean, Bar: SD.

G6PD and the PPP are considered essential for promoting tumor cell proliferation and
survival [8], but we observed that activation of G6PD increased ROS production to activate
ROSregulated cell death pathways, thereby inducing human mesothelioma cell death. It is
generally believed that tumor cells increase reduction of NADP+ to NADPH via activating
G6PD and thereby PPP to accommodate excess ROS to maintain survival [50]. NADPH also
inhibits G6PD through a feedback inhibition mechanism to direct glucose metabolic flux to
glycolysis [51]. AG1 is an activator of G6PD and may constantly activate G6PD and, therefore,
it overcomes NADPH-mediated negative regulation of G6PD and the PPP to increase NADPH.
It is therefore expected that increased NADPH would detoxify ROS to suppress ROS-induced



cell death. However, this is not the case in human mesothelioma cells in vitro. A recent study has
shown that NADPH also plays a metabolismindependent role and directly binds to HDAC3 to
regulate histone acetylation in tumor cells [52]. It has also been shown that lactate inhibits
histone deacetylase SIRIT1 expression in renal cell carcinoma cells to increase global H3 and
H3K9 acetylation to promote tumor cell aggressiveness [53]. Inhibition of the lactate transporter
reverses SIRIT1 inhibition and tumor promotion [53]. It is thus possible that verticillin A may
repress lactate transporter expression to decrease lactate secretion, and that the
NADPHHDACS/sirtuins pathway might mediate crosstalk between lactate/ aerobic glycolysis
and the PPP to control tumor cell survival and proliferation; this remains to be elucidated.
Emerging experimental data indicate that G6PD may not be essential for the survival and
progression of certain tumors, as previously reported [11, 12]. In this study, we determined that
G6PD is not essential for mesothelioma and colon carcinoma survival in vivo. It is, therefore,
possible that NADPH may not play an essential role in antioxidative stress, as previously
postulated, due to its metabolismindependent role. It is also possible that dysregulation of the
NADPH pathway by AG1-mediated constitutive G6PD activation may diminish NADPH
function in blocking ROS function in induction of apoptosis in human mesothelioma cells, and
this also requires further study.

Epigenetic alteration of tumor-regulatory gene expression is a known mechanism of
tumor growth control [54]. The histone methyltransferase inhibitor, verticillin A, has G9A
inhibitory activity [23]. G9A is known to regulate PRC2-mediated gene silencing [55], and
inactivation of G9A depletes serine and its downstream metabolites, triggering cell death with
autophagy in cancer cells [21]. The G9A-PRC2 complex inhibition may thus also contribute to
verticillin A-induced mesothelioma cell death. Verticillin A also inhibits SUV39H1 and
SUV39H2 enzymatic activity to inhibit H3K9me3 [23]. H3K9me3 likely regulates genome-wide
gene expression involved in various cellular pathways in tumor cells. It is known that H3K9me3
regulates apoptosis, cell cycle, and oxidative stress response pathways in colon and ovarian
tumor cells [23, 36, 56, 57]. In this study, we determined H3K9me3 represses G6PD expression
in human mesothelioma cells to increase mesothelioma cell survival. Our findings thus extend
the H3K9me3 function to metabolic regulation of mesothelioma tumor cell survival.

Emerging experimental data indicate that epigenetic reprogramming of metabolism,
including both histone methylation and sirtuin-mediated aerobic glycolysis, plays a critical role
in tumor growth and progression [53, 58—60]. It is well known that mesothelioma pathogenesis is
regulated by the EZH2-H3K27me3 epigenetic axis [61, 62]. Although targeting the EZH2-
H3K27me3 epigenetic pathway results in variable outcomes in human clinical trials [61, 63],
these epigenetic targets may be targeted to boost the efficacy of immunotherapy in
mesothelioma. Specifically, the H3K9me3-G6PD axis may be a target in mesothelioma
immunotherapy. Immune check point inhibitor-based immunotherapy has shown potent efficacy
in certain mesothelioma patients [64, 65]. Immune checkpoint inhibitors suppress tumors
through activating tumor-reactive T cells to induce tumor cell apoptosis. If the target tumor cells
are not sensitive to apoptosis, then immune checkpoint inhibitor immunotherapy and T cell-
based immunotherapy are not going to be effective [66]. Targeting the H3K9me3-G6PD
epigenetic axis or GOPD activity with a H3K9me3 inhibitor or G6PD activator such as AG1 thus
has the potential to sensitize human mesothelioma to apoptosis induction to enhance the efficacy
of immune checkpoint inhibitor immunotherapy in suppression of human mesothelioma.
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Fig. 6 G6PD is not essential for human mesothelioma survival in vitro and in vivo. A CRISPR
technique was used to knockout G6PD in NCIH226 and MSTO-211H cells. Cells were selected
with puromycin to generate stable cell lines and analyzed by Western blotting for G6PD. KO1
and KO2 are the cell lines transduced with the G6PD sgRNA1 and G6PD sgRNA2, respectively,
as described in the method section. B Scramble and G6PD-knockout human mesothelioma cells
were cultured for 24 h and analyzed by MTS for proliferation. C Scramble and G6PD-knockout
human mesothelioma cells were injected into athymic mice to establish xenografts. The tumor
volume kinetics were calculated and are presented at the bottom panel. Cycle: Mean, Bar: SD. D
Scramble and G6PD-knockout human mesothelioma cells were treated by AG1 and analyzed by
flow cytometry for Annexin V and PI staining. The percentage of Annexin V+PI+ cells is
quantified and presented at the right. Shown are results of one of two experiments. Column:
Mean, Bar: SD.
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Fig. 7 Pharmacological activation of G6PD enzymatic activity suppresses human
mesothelioma growth in vivo. A. NCI-H226 cells were injected to athymic mice to establish
xenografts. The tumor-bearing mice were treated with solvent (n = 10), AG1 at 20 mg/kg body
weight (n = 10), and 40 mg/kg body weight (n = 8) daily. The tumor growth kinetics and tumor
weight at the end of the experiment were calculated and presented at the right. B The tumor
tissues as shown in A were analyzed by immunohistochemical staining with Ki67-specific
antibody. The Ki-67 positive cells/view area were quantified and presented at the right. Column:
Mean, Bar: SD. C The tumor tissues as shown in A were analyzed by in situ TUNEL. The
TUNEL positive cells/view area were quantified and presented at the right. Column: Mean, Bar:
SD. D & E NCIH226 cells were injected intraperitoneally to athymic nude mice. Mouse cages
were randomized. Tumor-bearing mice were then treated with solvent (n = 10) or AG1 (40
mg/kg body weight, n = 10) at day 7 every 2 days for seven times. Survival was recorded. Shown



is Kaplan-Meier survival plot with the log rank p value (D). The tumor-bearing mouse body

weight was recorded and presented in E. Cycle/square symbol: Mean, Bar: SD.

A limitation of this study is that only mesothelioma and colon carcinoma cell lines were

used for analysis of G6PD function. The function of G6PD in other types of human cancer
remains to be determined. G6PD is a target of verticillin A, but verticillin A likely also regulates
other genes that play a role in the tumor cell apoptosis. Furthermore, the off-target effect and
toxicity of AG1 as a potential anti-cancer agent remain to be determined.
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