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Metabolic dysfunctions enabling increased nucleotide biosynthesis are necessary for
supporting malignant proliferation. Our investigations indicate that upregulation of fatty
acid synthase (FASN) and de novo lipogenesis, commonly observed in many cancers, are
associated with nucleotide metabolic dysfunction in lymphoma. The results from our
experiments showed that ribonucleotide and deoxyribonucleotide pool depletion,
suppression of global RNA/DNA synthesis, and cell cycle inhibition occurred in the
presence of FASN inhibition. Subsequently, we observed that FASN inhibition caused
metabolic blockade in the rate-limiting step of the oxidative branch of the pentose
phosphate pathway (0xPPP) catalyzed by phosphogluconate dehydrogenase (PGDH).
Furthermore, we determined that FASN inhibitor treatment resulted in NADPH
accumulation and inhibition of PGDH enzyme activity. NADPH is a cofactor utilized by
FASN, also a known allosteric inhibitor of PGDH. Through cell-free enzyme assays
consisting of FASN and PGDH, we delineated that the PGDH-catalyzed ribulose-5-
phosphate synthesis is enhanced in the presence of FASN and is suppressed by
increasing concentrations of NADPH. Additionally, we observed that FASN and PGDH
were colocalized in the cytosol. The results from these experiments led us to conclude that
NADP-NADPH turnover and the reciprocal stimulation of FASN and PGDH catalysis are
involved in promoting oxPPP and nucleotide biosynthesis in lymphoma. Finally, a
transcriptomic analysis of non-Hodgkin’s lymphoma (n = 624) revealed the increased
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expression of genes associated with metabolic functions interlinked with oxPPP, while the
expression of genes participating in oxPPP remained unaltered. Together we conclude
that FASN-PGDH enzymatic interactions are involved in enabling oxPPP and nucleotide
metabolic dysfunction in lymphoma tumors.

Keywords: non-Hodgkin lymphoma, FASN, metabolomics, nucleotides, pentose phosphate pathway,

lipid metabolism

INTRODUCTION

Oncogenic de novo lipogenesis, which is catalyzed by the
overexpressed fatty acid synthase (FASN), is an important
metabolic phenotype observed in many cancers (1). FASN is a
273-kDa cytosolic multi-catalytic enzyme complex consisting of
homo-dimeric subunits with head to tail linked configuration,
which catalyzes the biosynthesis of palmitic acid (2). FASN
activity is entirely dependent on cytosolic glucose metabolism
for the substrates acetyl-CoA and malonyl-CoA, both derived
through glycolysis/citric acid cycle, and coenzyme NADPH,
derived from the pentose phosphate pathway (PPP) (2), as
indicated in the following reaction equation.

Acetyl — CoA + 7malonyl — CoA + 14NADPH + 14H"

— palmitic acid + 8CoA — SH + 7CO, + 6H,0 + 14NADP"

While other enzymatic sources of cytosolic NADPH are
known to exist, PPP is regarded as the primary NADPH
source for human FASN activity (3). Palmitic acid, which is
the end-product in FASN enzyme activity, is also a key
intermediate for lipid metabolism. Palmitic acid is utilized in
the biosynthesis of phospholipids, sphingolipids, ether
lipids, diacylglycerol, and ceramide. Most importantly, several
palmitic acid-derived lipids act as second messengers and
are involved in the regulation of growth and immune-
related signaling pathways, including, PI3K, MAPK, and
NFxB (2, 4-6). Moreover, palmitic acid, through protein
palmitoylation, is known to impact receptor aggregation and
protein mobilization dynamics on the cell surface (7, 8).
In premalignant cells, FASN activity induced by HIFla
is associated with restoring glycolysis and oxidative
phosphorylation from hypoxia-induced metabolic suppression
(9). In malignant cells, FASN upregulation mediated by
oncogenic signals (including HER2, EGFR, MAPK, and PI3K)
through sterol response element binding proteins is surmised as
lipogenic in nature (2).

We have previously reported the occurrence of PI3K
alterations (10) and increased FASN expression in non-
Hodgkin lymphoma (NHL) (11). Furthermore, we also
observed that an increased FASN expression was correlated
with a poor clinical outcome in NHL (11). Collectively, there
remains a desire to identify novel targeted therapeutic options
with better efficacy and relatively fewer toxic profiles for the
treatment of NHL (12, 13). Therefore, we evaluated the potency
of several FASN small molecule inhibitors, including cerulenin,
orlistat, TVB3166, and TVB3567, in NHL experimental models.

Cerulenin is an antifungal antibiotic FASN inhibitor, which
binds irreversibly with the catalytic domain of B-keto acyl
synthase subunit and blocks the initial step of FASN-catalyzed
condensation of acetyl-CoA with malonyl-CoA (14). The
anticancer activity of cerulenin-mediated FASN inhibition has
been extensively investigated using multiple in vivo and in vitro
tumor models (5). Similarly, orlistat, a bispecific FASN and
pancreatic lipase inhibitor, and the novel small-molecule FASN
inhibitors, TVB3166 and TVB3567, have been evaluated in
several solid tumor models (15, 16). In the present study, we
define the biological consequences and significance of FASN
inhibition in NHL.

METHODS

Cell Culture, Reagents, And Transfections
ATCC (STR profiling) authenticated bNHL cells, SUDHL2,
SUDHL4, SUDHL10, and OCI-LY19. Raji was grown in the
RPMI 1640 medium with 10% heat-inactivated fetal bovine
serum (FBS) and 200 U of penicillin/streptomycin (Mediatech,
Manassas, VA) under 5% CO, and at 37°C. Primary DLBCL
tumor cells were obtained through Tufts Tumor Repository at
Tufts Medical Center (Boston, MA) as de-identified discarded
specimens through an exempt institutional review board
approval. The FASN inhibitors cerulenin (Sigma Aldrich, St.
Louis, MO), TVB3166, and TVB3567 were generous gifts from
3V Biosciences (Menlo Park, CA). Standards from quantitative
mass spectrometry nucleotides, 6-phosphogluconate and
glucose-6-phosphate, were purchased from Sigma (St. Louis,
MO). RNA interference experiments were performed using
FASN siRNA Ambion Cat# 4390824 (Thermo Fisher Scientific,
Austin, TX) and PGDH shRNA, Mission shRNA clone
TRCN0000274974 (Sigma Aldrich, St. Louis, MO).

Western Blot

We prepared the protein lysates and performed western blots as
described before (17) using the following primary antibodies
against total and cleaved caspase-3 and PARP. PGDH, FASN,
and B-actin were purchased from Cell Signaling Technology
(Beverly, MA).

Cell Viability Assays

MTT assays were performed using bNHL cells treated with
cerulenin for 72 h, as described before (17). ICsy values for
drug treatments were derived using Calcusyn version 2.1
software (Biosoft, Ferguson, MO).
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Flow Cytometry
Apoptosis was determined using annexin-V/propidium iodide
(PI) staining and flow cytometry, as described before (17).

Transcriptome Analysis

RNA isolation and transcriptomic analysis by gene set enrichment
analysis (GSEA) and ingenuity pathway analysis (IPA) were
performed as described before (17-19). All experiments were
performed in biological triplicates. Affymetrix Human Genechip
2.0 ST was used for cerulenin-treated Raji and SUDHL10, and
Human HT 12 Genechip Illumina was used for cerulenin-,
TVB3166-, or TVB3567-treated Raji, SUDHL2, SUDHLI10, or
SUDHLA4 cells. The raw data from these experiments is available at
the NCBI Gene Expression Omnibus database, with the following
identifiers: GSE102760 for cerulenin-treated Raji and SUDHL10
experiments and GSE102764 for cerulenin-treated SUDHL4
experiments and for cerulenin-, TVB3166-, or TVB3567-treated
Raji, SUDHL2 SUDHLI0 experiments. Previously published RNA
seq data set available from 624 NHL patients (20) were utilized for
metabolic gene expression. Lists of metabolic genes were downloaded
from Wikipathways, Reactome, and KEGG databases, and a curated
gene list was used for gene expression analysis and construction of
metabolic pathway models and heatmap by R package
(ComplexHeatmap), as described previously (21).

Metabolic Profiling

bNHL cells cultured in the presence of D-glucose-">Cs 2 g/L
(Cambridge Isotopes, Tewksbury, MA) in glucose-free RPMI-
1640 (Sigma Aldrich, St. Louis, MO) containing 10% FBS were
treated with an appropriate concentration of drugs for 48 h. Lipids
were extracted using a modified Folch method (22), followed by
saponification using 0.5 N methanolic sodium hydroxide and
methylated by boron trifluoride in methanol as described
previously (23). The supernatant containing the fatty acid methyl
esters was dried under nitrogen and resuspended in acetonitrile for
lipid profiling by liquid chromatography-mass spectrometry (LC
—MS). For polar metabolites, samples extracted with (40:40:10)
methanol, acetonitrile, and water, consisting of 0.5% formic acid
and neutralized with sodium bicarbonate, were used for analysis by
mass spectrometry. LC-MS was performed using the Q Exactive
PLUS hybrid quadrupole-orbitrap mass spectrometer (Thermo
Scientific) coupled to hydrophilic interaction chromatography.
Metabolite features were extracted using MAVEN with labeled
isotope specified and a mass accuracy window of 5 ppm (24).
The "C isotope natural abundance and the impurity of labeled
substrate were corrected using AccuCor written in R as described
(25). The corrected ion counts were normalized by cell number. The
processed datasets were statistically analyzed, and feature
identification by principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA), PatternHunter,
correlation clustering and heat map analysis, and joint pathway
analysis were performed using Metaboanalyst 3.0 software (26, 27).

dNTP Assays
Cellular ANTP levels were determined using a RT-based dNTP
assay, as described previously (28).

Global DNA and RNA Synthesis

DNA synthesis was monitored using EZClick EdU cell
proliferation kit (#K946). Confocal microscopy and RNA
synthesis, quantified by flow cytometry, were performed using
5-ethynyl-uridine-based EZClick Global RNA synthesis assay kit
(#K718) purchased from Biovision (Milpitas, CA), following the
instructions supplied by the manufacturer.

NADP/NADPH Assay

Total NADP/NADPH concentration was determined using
NADP/NADPH-Glo assay (Promega, Madison, WI), following
the manufacturer-supplied instructions, using NHL cells treated
with cerulenin for 48 h.

Enzyme Activity Assays

Enzymatic activity assays were performed using the following kit
purchased from Abcam (Cambridge, MA): phospho-gluconate
dehydrogenase (PGDH) #ab155896. The assays were performed
following the manufacturer-supplied instructions.

FASN PGDH Colocalization Analysis

Cytospin preparation consisting of 1 x 10> cells was performed
using EZ Cytofunnel starter kit and Cytospin 4 (Thermo
Scientific, Waltham, MA). Air-dried and methanol-fixed cell
preparations were permeabilized with 0.25% Triton X-100 in
phosphate-buffered saline, blocked using 1% bovine serum
albumin, and incubated with appropriate antibody
concentrations. Stained cells mounted using Prolong Antifade-
Gold reagent (Molecular Probes, by Thermo Fisher Scientific,
Waltham, MA) were used for image acquisition by a Nikon
A1RS;i laser confocal microscope. Colocalization analysis was
performed using Colocalization and JACoP, plugins available
through Image], as described before (29). Primary antibodies
mouse anti-human FASN antibody clone 3F2-1F3 (LSBio,
LifeSpan, cat. #LS-C104946, Seattle, WA) and rabbit anti-
human PGDH (Cell Signaling Technology, cat. #13389,
Danvers, MA) and the following secondary antibodies,
AlexaFluor-594 goat and anti-mouse and AlexaFluor-488
donkey anti-rabbit (Invitrogen), were used in this study.

Cell-Free Enzyme Assays

The human recombinant PGDH was purchased from ProSpec
Bio (East Brunswick, NJ). The human recombinant FASN is a
generous gift from Dr. Michael C. Rudolph. The preparation,
purification, reconstitution, and activity assessments are
described elsewhere (30, 31). The following substrates and
coenzyme factors for cell-free enzyme assays were purchased
from Sigma Aldrich (St. Louis, MO): 6-phosphogluconate (6PG),
acetyl-CoA, malonyl-CoA, B-NADP, and B-NADPH. The
reactions were performed using 250 mM potassium phosphate
buffer, pH 7.6, consisting of 1 mM DTT and 5 uM EDTA. The
reactions were performed using PGDH (0.25 ug), FASN (4 ug), 2
mM 6PG, 40 uM acetyl-CoA, 110 pM malonyl-CoA, and
variable concentrations of NADP or NADPH (0-800 uM) in
100-pul final volume. The reaction kinetics were monitored
continuously for 20 min at 340 nM, for NADPH appearance
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or disappearance, using 96-well half area U-plate (Costar) and
Tecan infinite M200 plate reader. The reactions were quenched
by the addition of ice-cold 1:1 methanol and acetonitrile
consisting of 0.5% formic acid, and the mixture was incubated
on ice for 5 min, neutralized with sodium bicarbonate, and
centrifuged. The collected supernatants were used for mass
spectrometric analysis.

Statistical Analysis

All experiments were performed in triplicate. Significant
differences between control and treatment were statistically
determined by Student’s t-test for cell viability, apoptosis, and
enzyme activity assays. For metabolic profiling experiments,
identification of top significant metabolite features by PLS-DA
and variable importance in projection (VIP) scoring analysis,
statistical correlation analysis by one-way ANOVA, and post-hoc
analysis and Spearman rank correlation were performed using
the software packages included in Metaboanalyst 3.0 (26, 27).
The statistical analysis for transcriptomic datasets was performed
as previously described (17-19).

RESULTS

FASN Inhibition Induces Cell
Death in bNHL

Treatment with increasing concentrations of cerulenin for 72 h
resulted in a dose-dependent reduction in cell viability with
associated induction of apoptosis in bNHL cells (Figure 1). The
corresponding ICs, values for the cerulenin treatment were
as follows: Raji (14.3 uM), SUDHL4 (8.0 uM), SUDHL10
(19.4 uM), and OCI-LY19 (9.6 uM) (Figure 1A). In primary
bNHL tumor cells, the associated IC5, values were 5.1 UM in
DLBCL #1, 4.04 uM in DLBCL #2, and 7.8 uM in DLBCL #3
(Figure 1A). We also noted that the sensitivity of DLBCL cells
was significantly low with ICsq >50 uM for orlistat compared
with cerulenin (data not shown). The ICs, values of novel small-
molecule FASN inhibitors TVB3166 or TVB3156, respectively,
were as follows: Raji—110 and 115 nM, SUDHL2—227 and 222
nM, SUDHL4—78 and 85 nM, and SUDHL10—433 and 863 nM
(Figure 1A). The annexin-V-based flow cytometry showed a
dose-dependent increase in apoptosis in SUDHL4 and Raji, but
not in SUDHLI10 cells (Figure 1B). These results were confirmed
by western blot analysis for markers of apoptosis, which showed
the presence of cleaved caspase 3 and PARP in the cerulenin-
treated bNHL (Figure 1B), except in cerulenin-treated
SUDHLI10, indicating resistance to FASN inhibition in
these cells.

FASN Inhibitory Transcriptome

The global transcriptomic analyses following cerulenin treatment
showed significant differential gene changes for DLBCL cells
SUDHL2 (141 genes), SUDHL4 (242 genes), and SUDHL10
(1,600 genes) and Raji (Burkitt lymphoma) (1,092 genes)
(Supplementary Figures S1A-D, G). Inhibition of FASN by
TVB3166 or TVB3567 showed differentially expressed

significant genes for SUDHL2 (962 and 600 genes), SUDHL10
(779 and 497 genes), and Raji (2,216 and 2,556 genes)
(Supplementary Figures S1E-G). The canonical pathway
analysis by IPA of these FASN inhibitory transcriptomes
identified a conserved upregulation of immune signaling
(tumor necrosis factor, interferon, CD27, CD28, IL1, IL6, IL9,
and BCR signaling), apoptosis signaling, cAMP, protein kinase
A, and NRF-2-mediated oxidative stress response pathways as
activated mechanisms by FASN inhibition in NHL cells
(Figure 1C). Genes down-regulated by FASN inhibition
included cell cycle functions (mediated by cyclins, estrogen,
and checkpoint proteins) and growth regulation (mediated by
p53, PPAR, phospholipase C, p70 S6K, VEGF, IL2, IL22, GM-
CSF, and HGF) as identified by the IPA analysis of all NHL cells
(Figure 1C). The transcriptional network analysis from GSEA
showed nucleotide/RNA metabolism and cell cycle as down-
regulated mechanisms from cerulenin or TVB3166 and
TVB3567 treatment in NHL cells (Supplementary Figure S2).
Taken together, the gene expression analyses by IPA and GSEA
both indicate that cell cycle and its regulatory functions are
negatively impacted by FASN inhibition.

FASN Inhibitory Metabolome

We next performed metabolic profiling to determine the impact
of FASN inhibition on cellular metabolism. For this, SUDHL10
cells treated with increasing concentrations of cerulenin for 48 h
were utilized for metabolic assessments by mass spectrometry.
The PCA score plot comparing the cerulenin (15-30 puM)
treatment indicated 72% variance by differential loading across
the PC1 axis in metabolic alterations compared to untreated
SUDHLIO cells (Figure 2A). The regression-based PLS-DA of
the top 50 metabolic features identified from one-way ANOVA
analysis resulted in the selection of 15 metabolites. These
identified 15 features were then ranked by VIP scoring analysis
with significant P-values <0.001, which identified cAMP, 6PG,
phosphocholine, CDP-choline, and acetyl-CoA among other
metabolites (Figure 2B). The heat map of this plot showed
that the levels of 6-phosphogluconate, CDP-choline, and acetyl-
CoA were increased with cerulenin treatment in a concentration-
dependent manner (Figure 2B). The correlation matrix analysis
comparing the cerulenin dose effect with the responses of
significant metabolites revealed four major clusters across the
diagonal within the heat map (Figure 2C). The first cluster
(group 1) consisted of acetoacetate (acetyl-CoA-derived ketone
body), reduced and oxidized glutathione, glucose, glucose-6-
phosphate, and 6PG (PPP metabolites), CDP-choline, and
amino acids (serine and glutamine) (Figure 2C). The second
cluster (group 2) in the middle section included metabolites
predominantly representing nucleotide metabolism (uridine,
uracil, nucleotide monophosphates, ribose + ribulose-5-
phosphate (R5P), AICAR, coenzymes—reduced (NADH/
NADPH), alanine, aspartate, and glycine amino acids related
to the de novo biosynthesis of nucleotides), and glycolytic
intermediates (fructose-6-phosphate, pyruvate, and lactate)
(Figure 2C). The third minor cluster (group 3) in the middle
mid-segment consisted of cAMP, adenine, 3-phosphoglycerate,
and phosphoenolpyruvate, representing both nucleotide and
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FIGURE 1 | Cell viability, apoptosis, and transcriptomic analysis with FASN inhibitors in bNHL. (A) Dose—response curves from cerulenin-, TVB3166-, and TVB3567-
treated bNHL cell lines and patient-derived primary bNHL (DLBCL) cells, with concentration in (x-axis) and dependent decrease in percent cell viability plotted in (y-
axis), determined at 72 h by MTT assay with cerulenin or at 7 days by CellTiter-Glo assay with TVB3166 and TVB3567. (B) Bar chart representing annexin-v staining
positivity (y-axis) with cerulenin concentration by individual bNHL cells on (x-axis), determined by flow cytometry, along with corresponding western blot analysis for

The error bars represent the standard deviations of mean, and the significant
***p < 0.005) statistically determined by Student’s t-test. The bar graph below

the western blots represents the ratio of caspase-3 or PARP products normalized by total B-actin. (C) Hierarchical clustering showing the canonical pathway
changes as a heat map of Z scores representing activation or inhibition occurring with cerulenin or TVB3166 and TVB3567 treatment in lymphoma cells.

glucose metabolism (Figure 2C). The fourth cluster (group 4) in
the right lower corner of the heat map consisted of metabolites
mostly representing the citric acid cycle, and this cluster included
FASN substrate and acetyl-CoA (Figure 2C). Comparing the
group 1 metabolites with the metabolites from groups 2-4, we
observed that a strong negative correlation exists between these
sets. Interestingly, group 2 metabolites, predominantly
comprised of nucleotide metabolites, exhibited a strong
negative correlation with group 1, which consisted of

metabolites representing the interrelated PPP metabolism.
Now, comparing the absolute metabolic changes represented as
heat map, we observed that cerulenin treatment resulted in
increased levels of metabolites of pathways (glycolysis, PPP
and citric acid cycle) that feed into the synthesis of FASN
substrate acetyl CoA and NADPH generation, while a
reduction in nucleotide pools relevant to de novo biosynthesis
(IMP, AICAR, AMP, GMP, CMP, and UMP) was observed with
FASN inhibition (Figure 2D).
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FASN Inhibition Impacts Nucleotide
Metabolism

We then fused transcriptomic and metabolomic datasets and
performed topological assessment of centrality and determination
of pathway enrichment scores, using joint-pathway analysis by
Metaboanalyst. This process resulted in the identification of
ketone body metabolism, Krebs (citric acid cycle), nucleotide
metabolism (purine/pyrimidine metabolism), cell cycle, amino
acid and glutathione metabolism, and PPP and NAD metabolism
as the most FASN inhibition-impacted pathways with enrichment
scores >1, false discovery rate (FDR), and P-values <0.05 (Figure 3A
and Supplementary Table S1). Other high-impact pathways that
included several lipid metabolic processes and PI3K/JAK/STAT
signaling pathways were identified but were below the cutoff for

statistical stringency (Figure 3A and Supplementary Table S1). In
summarizing these observations, FASN inhibition resulted in
increasing the levels of metabolic intermediates associated with
glycolysis and citric acid cycle that yield acetyl-CoA as substrate for
FASN activity (indicated in red) (Figure 3B). The inhibition of
FASN is expected to interrupt palmitic acid synthesis; towards this
end, we observed decreased palmitic acid synthesis (determined
based on C" fractional labeling) that occurred with cerulenin
treatment in SUDHLI10 (Figure 3C). Thus, with acetyl-CoA
accumulation and decreased palmitic acid synthesis, we also
observed pool size reductions in R5P and nucleotides (denoted in
blue) occurring with FASN inhibition (Figure 3B). Biochemically,
oxidative PPP supplies NADPH for FASN. Thus, the accumulation
of 6-phosphogluconate (6PG) (denoted in red) and the reduction in
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pathways with statistical values from this analysis is included in Supplementary Table S1. (B) The summary of metabolic changes shown in this flow chart indicates
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R5P (denoted in blue) (Figure 3B) suggest the perturbation of
PGDH-catalyzed PPP activity occurring with FASN inhibition.
Furthermore, the VIP score-based ranking identified 6PG as
second among the top 15 metabolites impacted by FASN inhibition
(Figure 2B). Utilizing “PatternHunter” (Metaboanalyst package), a
negative correlation (<-0.5) (light blue bars) between 6PG (light
pink bar) with R5P and metabolites from de novo purine/
pyrimidine biosynthesis (inosine monophosphate-IMP, AICAR,
AMP, GMP, UMP, alanine, and aspartate) were observed in
cerulenin-treated SUDHLI10 cells (Figure 3D). Considering that
R5P is a PGDH end-product and a precursor located upstream
prior to de novo nucleotide biosynthesis, our results suggest that
PGDH perturbation and the reduction in nucleotide levels are both
relevant to FASN inhibition, as observed in SUDHLI10 cells. We
then investigated the impact of FASN inhibition on de novo
nucleotide biosynthesis by the following experiments: pulse
labeling and isotope tracing of carbon flow from C'*-glucose into
nucleotides showed a reduction in the proportion of C'*-labeled C5
fractions associated with nucleotide monophosphates (AMP, CMP,
GMP, and IMP) while increasing the amounts of 6PG-labeled
fractions, confirming that PGDH and nucleotide biosynthesis are
suppressed by FASN inhibition with cerulenin (Figures 4A, B).
Further confirmatory quantitative mass spectrometry assessments
using multiple bNHL cell lines (SUDHL10, SUDHIA4, and Raji)
treated with cerulenin or silencing FASN by siRNA in SUDHL10

cells also revealed that nucleotide depletion is a consistent feature in
FASN inhibition, shown as a bar graph by percent changes
(Figures 4C, D) and as absolute concentrations presented in
Supplementary Table S2.

With the decreased nucleotide biosynthesis, we next examined the
effects of FASN inhibition on nucleic acid metabolism (DNA/RNA
synthesis) and cell cycle. 5-Ethynyl uridine (EU) incorporation and
tracking nascent RNA synthesis revealed a net reduction in global
transcriptional activity occurring with cerulenin treatment, detected
as decreased EU RNA incorporation by flow cytometry (Figure 4E).
Deoxyribonucleotides (ANTPs) synthesized from ribonucleotides are
utilized in DNA replication; therefore, we first investigated the effect
of FASN inhibition on dNTP synthesis. The results from the dNTP
evaluation, represented as bar graphs, indicate a significant reduction
in the absolute levels of ANTPs (dATP, dCTP, dTTP, and dGTP)
occurring with cerulenin treatment in SUDHLIO cells (Figure 4F).
Subsequently, the 5-ethynyl deoxy-uridine (EdU) incorporation
assay showed a marked reduction in EdU labeling of DNA (by
confocal microscopy), demonstrating impaired DNA synthesis
occurring in the presence of cerulenin treatment in SUDHLI10 cells
(Figure 4G). Finally, with decreased DNA synthesis, we also observed
areduction in S phase population and increased accumulation of cells
in G1, impacting the cell cycle as observed from PI staining and flow
cytometry performed with cerulenin-treated SUDHL10
cells (Figure 4H).
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(H) Histogram representing changes in cell cycle occurring with cerulenin treatment based on the flow cytometry of propidium-stained SUDHL10 cells at 48 h

(H) Overlaid histogram representing cell cycle changes comparing cerulenin with control at 48 h in SUDHL10 cells, detected by propidium iodide staining and flow
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Enzymatic Coupling of FASN-PGDH
Activities

FASN inhibition resulted in nucleotide depletion and impacted
DNA/RNA metabolism and the cell cycle. It is likely that the

perturbation of PGDH could be relevant for the negative impacts
observed with nucleotide metabolism associated with FASN
inhibition. We, therefore, focused our investigations towards
delineating the mechanistic link between FASN inhibition and the
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perturbation of PGDH activity. Sources of cytosolic NADPH for
FASN activity include PGDH, malic enzyme, and isocitrate
dehydrogenase; however, with FASN inhibition, the metabolic
profiles show that only PGDH activity was impacted (shown in
blue), while the other enzymes remained unaffected (Figure 5A).
Moreover, PGDH is the only rate-limiting unidirectional enzyme
susceptible to allosteric inhibition by NADPH. From these evidence,
we concluded that PGDH is the only NADPH-yielding enzyme that
was responsive to FASN inhibition. The results from NADP/
NADPH quantification by NADP/NADPH-Glo assay showed a
significant fold increase in both NADP and NADPH levels (P <
0.001) occurring with cerulenin treatment in SUDHIO0 cells
(Figure 5B). While NADPH accumulation is expected with FASN
inhibition, the reason for the observed NADP increase seems unclear.
To better understand these metabolic impacts, we first performed
enzyme activity assays, using SUDHL10 cells, and observed a
decrease in PGDH activity occurring in a cerulenin-concentration-
dependent manner (Figure 5C). Our western blot analysis revealed a
stable PGDH protein expression (Supplementary Figure S4),
indicating that PGDH is metabolically repressed under FASN
inhibition. Similar inhibitions of PGDH enzyme activity by
cerulenin were observed in other NHL cells (SUDHL4 and Raji)
(data not shown). Notably, the expression of PPP enzyme G6PDH
and dependent antioxidant enzymes showed a dynamic increase in
protein expression with FASN inhibition, indicating that PGDH is
the only unregulated expression function in this pathway
(Supplementary Figures S4B-E). Since PGDH is the rate-limiting
bridge between PPP and nucleotide biosynthesis, we investigated the
impact of PGDH silencing using shRNA. The results from this
experiment showed that ribulose-5-phosphate (PGDH product)
and inosine monophosphate (precursor associated with de novo
nucleotide biosynthesis) were reduced (Figure 5D), with decreased
PGDH. Therefore, it is now apparent that PGDH perturbation by
both FASN inhibition and RNAi results in negatively impacting the
nucleotide metabolism.

Mechanistically, perturbation of PGDH activity is feasible
through allosteric feedback inhibition caused by NADPH
accumulation resulting from FASN inhibition (Figure 5B).
PGDH is sensitive to allosteric inhibition by NADPH (Ki
value, 0.03 uM) (source: BRENDA, www.brenda-enzymes.org).
Thus, for NADPH accumulation by FASN inhibition to impact
PGDH function, both of these enzymes must be localized in close
proximity. The results from colocalization studies based on
immunofluorescence staining and confocal imaging analysis of
SUDHLI10 cells showed that both PGDH (green) and FASN (red)
were localized in the cytosol, with few punctate nuclear
distributions observed with PGDH (Figure 6A). A
colocalization analysis by Manders coefficient method (JaCoP,
Image]J plugin) performed using three independent sets of images
determined that 0.79 + 0.04 fraction of PGDH overlapped with
FASN, and 0.58 + 0.12 fraction of FASN likewise overlapped
with PGDH in SUDHLI0 cells (Figure 6A). Similar results with
overlaps and colocalization patterns for FASN and PGDH were
also observed from staining with independent sets of antibodies
(FASN #s5c-398977 and PGD #sc48357, Santa Cruz
Biotechnology, Dallas, TX) and additional SUDHL4 cell line
(data not shown).
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FIGURE 5 | FASN inhibition interrupts phosphogluconate dehydrogenase
(PGDH) activity. (A) Schematic representation of the metabolic impacts of
FASN inhibition on potential enzymatic sources of NADPH for FASN activity;
elevated metabolites are shown in red, and decreased metabolites are shown
in blue. (B) Bar graph representing changes in concentrations of NADP or
NADPH comparing untreated control and cerulenin treatment (on x-axis), and
concentration represented as uM/million cells (on y-axis) in SUDHL10 cells.
Data represented are based on averages from experimental triplicates,
comparing cerulenin-treated cells with untreated control, with *** denoting

P <0.001. (C) Bar graph representing PGDH enzymatic activity in SUDHL10
cells treated with cerulenin, with the concentration shown on x-axis, and
enzyme activity normalized by mU/mg of total protein (on y-axis). All
experiments were performed in triplicates. The error bars in all bar graphs
represent the standard deviations of mean, and the significant difference
between control and treatment is indicated by an asterisk (**p < 0.005),
statistically determined by Student’s t-test. (D) Heat map representing the
metabolic impacts of sShRNA-mediated PGDH knockdown compared with
non-targeted control in SUDHL4 cells, shown as log,-transformed, row-
centered data from experimental triplicates. Western blot representing the
extent of PGDH knockdown observed with shRNA-mediated RNA silencing in
SUDHL4 cells.

The FASN and PGDH colocalization patterns indicate that
both of these enzymes are proximally localized, and, therefore,
shuttling of NADP-NADPH between these enzymes could occur
within the cells. In order to determine whether reciprocal
shuttling of NADP-NADPH occurs and influences FASN and
PGDH, we performed the following cell-free enzyme assays: first,
PGDH catalytic activity was quantified in the presence of
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asterisk (**p < 0.001). (E) Diagram representing the allosteric stimulation or inhibitory effects of NADP* and NADPH on PGDH and summarizing the impact of FASN
inhibition on overall metabolic pools (shaded in red indicating increases or blue indicating decreases) in comparison with metabolic flow in uninhibited cells.

increasing concentrations of cofactor, NADP, and fixed substrate
concentration (6PG). The results from mass spectrometry
indicate that the stimulation of PGDH activity occurred in the
presence of an increased NADP concentration (50-800 uM),
resulting in an increase of ribulose-5-phosphate (R5P) synthesis
(57 £20-437 + 111 uM). Next, we observed that coupling FASN

reaction with NADP-driven PGHD resulted in a significantly
increased R5P synthesis at 256 + 68uM (P < 0.001), compared to
R5P synthesis 57 + 20uM by PGDH alone in the reactions
performed using 50 UM NADP (Figures 6B, D). Moreover, we
observed that FASN presence led to decreasing the Km for
NADP from 22.1 to 11.5 uM and the acceleration of PGDH
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reaction velocity, demonstrating that FASN is exerting a positive
influence on PGDH activity. The spectrophotometric
monitoring also showed a reduction in the kinetics of NADPH
appearance in the presence of FASN (compared to PGDH
without FASN) (Supplementary Figure S4F). These results
together indicate that PGDH activity is stimulated by NADP
and that the removal of NADPH in the presence of FASN leads
to an accelerated synthesis of R5P by PGDH. Similarly, in
FASN-PGDH coupled reactions consisting NADPH, an
incremental presence of NADPH resulted in the suppression of
R5P synthesis, indicating that NADPH exerts an inhibitory effect
on PGDH activity (Supplementary Figures 6B, D). In
conclusion, FASN enhances PGDH activity via the
regeneration of allosteric stimulator NADP and reducing the
levels of the allosteric inhibitor NADPH (Figure 6D). The results
observed from these experiments suggest that NADPH
accumulation could be biologically responsible for PGDH
inactivation in the presence of FASN inhibition (Figure 5C).
Thus, FASN inhibition and perturbation of PGDH could lead to
the accumulation of glycolytic and citric acid cycle intermediates
and contributed to nucleotide depletion as observed and
summarized in Figures 3B and 6E.

Onco-Metabolic Implications of Glucose,
Nucleotide, and Lipid Metabolism in
Lymphoma

The results from in vitro metabolic and enzymatic assessments
showed FASN and PPP as interrelated metabolic functions
linked with nucleotide metabolism. Ample nucleotide supply is
necessary for proliferative functions, including for the support of
malignant cell proliferation. Therefore, altering nucleotide
metabolism is an end-point and major end-point for regulation
by oncogenic factors. In this context, we analyzed RNA seq data
from n = 624 NHL tumors consisting of genetic mutations (n =
361) with unaltered (n = 263) TP53, MYC, BCL2, mTOR,
MYD88, PIM2, and CREBP and identified differentially
expressed metabolic genes (Figure 7A). Tumors with
mutations (n = 361) included 144 tumors with two or more
multiple mutations (Figure 7B). A total of 116/241 genes were
altogether identified as differentially expressed metabolic genes
based on significant cutoff (P < 0.005) in tumors consisting of
mutations in TP53, MYC, BCL2, mTOR, MYD88, PIM2, and
CREBP against tumors that are wild type for these genes. The
differentially expressed genes represented in the heat map
(Figure 7C) indicate elevated genes (log, two- to sevenfold)
associated with fatty acid, glycolysis, gluconeogenesis, citric acid
cycle, ketogenesis, PPP, nucleotide, oxidative phosphorylation,
and oxidative stress metabolism (Figure 7C).

Alterations in MYD88 and TP53 resulted in the most
numbers of metabolic genes being upregulated, 64 and 46,
respectively; however, other genetic mutations also yielded
similar distributions in the upregulated metabolic gene
expression patterns (Figure 7D). Furthermore, of 361 tumors
with genetic mutations, 144 tumors carried two or more genetic
mutations, indicating that the upregulation of metabolic gene
expression could be under the influence of multiple oncogenic

mutations in these NHL tumors. Further mapping of elevated
genes (red) to corresponding metabolic pathways indicate that
>95% of metabolic steps associated with glucose, PPP, lipid, and
nucleotide metabolism were increased (Figure 7D), but
regardless of mutational origins. Interestingly, genes related to
oxidative PPP (G6PD, PGLS, and PGDH) were not elevated, but
genes relevant to metabolic feeder pathways (glucose and lipid
metabolism) and dependent processes (nucleotide metabolism)
were found to be elevated in these tumors. These gene expression
patterns altogether suggest that the enzymatic modulation of
oxidative PPP activity via elevated FASN activity could be
necessary for influencing PPP and nucleotide biosynthesis in
these NHL tumors.

DISCUSSION

Intracellular nucleotide concentrations fluctuate continuously
during cell progression, dictating the overall fate, frequencies,
and timings of cell division (32-34). While nucleotide
biosynthesis and proliferation are tightly coordinated processes
in normal cells, a disproportional increase in nucleotide levels is
commonly observed in malignant cells (35). Most importantly,
the lack of carrier protein and the presence of negative charges
are barriers that require endogenous nucleotide biosynthesis as a
metabolic essentiality for sustaining cellular proliferation (36).
While de novo biosynthesis primarily caters the nucleotide
supply for DNA replication, salvage biosynthesis often
supports only low-demand functions, such as DNA repair, efc.
(36). Thus, promotion of de novo nucleotide biosynthesis is the
landmark and end-point for transcriptional upregulation by
various oncogenic factors, including by MYC, RAS, PI3K,
AKT, Rb, mTOR, MAPK, NFkB, etc. (35, 37). Increased
nucleotide metabolism is absolutely necessary for gaining
proliferative advantage in malignancy; therefore, malignant
cells generally maintain excess (approximately three- to sixfold
higher) amounts of nucleotides compared to normal
counterparts (38). The correlation between elevated nucleotide
metabolism and poor clinical outcome is reported in both
hematological and solid tumors (35, 38). Our metabolic and
transcriptomic assessments with FASN inhibition demonstrate
that NADPH utilization and NADP regeneration by FASN could
allow PGDH to remain active and sustain nucleotide
biosynthesis. Furthermore, the increased expression of genes
relevant to FASN metabolism, glycolysis, citric acid cycle, and
nucleotide metabolism, but not of genes associated with
oxidative PPP, underscores the presence of FASN as enzymatic
necessity for promoting nucleotide metabolism in the tumors.
Lipids are physiologically abundant molecules (free fatty
acids, triglycerides, VLDL, LDL, and HDL), and malignant
cells are known to utilize and integrate exogenous lipids with
greater preference (39). Furthermore, FASN-mediated
lipogenesis is an energetically expensive reaction that
consumes massive amounts of energy (through seven ATP, 14
NADPH, and eight acetyl-CoA used per molecule of palmitate
synthesis) (40). Therefore, de novo lipogenesis is a biologically
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unfavorable metabolic reaction, an energy competitor which is
unbeneficial to malignant cell proliferation. However, in the
context of extra-lipogenic function, it has been shown that
FASN activity could serve as a positive influencer and
metabolic driver of glycolysis and citric acid cycle under
hypoxia (9). Similarly, rapid bursts of FASN activity
accompanied with increased glucose uptake and metabolism
are observed during the proliferative expansion of B and T
lymphocytes (41). While in lipogenic tissues de novo

lipogenesis could be the primary function of FASN, extra-
lipogenic role could be a significant metabolic function of
FASN for non-lipogenic tissues.

The results from our experiments demonstrate that extra-
lipogenic activity could involve leveraging FASN substrate and co-
factor dependency for promoting interlinked metabolic activities.
NADP is an allosteric stimulator of PGDH and inhibitor of FASN.
Similarly, NADPH is an allosteric stimulator of FASN and inhibitor
of PGDH. Thus, NADP and NADPH turnover is reciprocally
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beneficial for sustaining FASN and PGDH metabolic activity.
Therefore, mitogenic stimulation, triggering de novo lipogenic
activity as observed in B lymphocytes (41, 42), could be pertinent
to diverting glucose carbon via PPP and nucleotide biosynthesis for
supporting cell proliferation. PPP and nucleotide metabolism is
dynamically influenced by the physiological demands. In resting
cells, R5P synthesized from PPP is shunted back to glycolysis (43);
during oxidative stress and DNA damage, G6PDH-coupled
glutathione reaction caters to the supply of nucleotides for DNA
repair and NADPH for antioxidant defense (44). G6PDH and
PGDH are both rate-limiting PPP metabolic steps subject to
allosteric inhibition by NADPH (Ki for PGDH is ~0.03 and for
G6PDH is ~0.017 uM; source: average Ki values for human
enzymes; BRENDA, www.brenda-enzymes.org). Interestingly,
PGDH exhibits lower Ki for NADPH compared to G6PDH; thus,
PGDH becomes more vulnerable to inhibition by NADPH.
Similarly, FASN has remarkably low Km for NADPH compared
to PPP-dependent antioxidant enzymes (~Km values for NADPH:
FASN—0.005 uM, GR—0.008 M, TR—0.088 UM, NQO1—0.24
UM; source: BRENDA, www.brenda-enzymes.org). Thus, FASN
with low Km for NADPH and PGDH with low Ki NADP could
function as ideal enzymatic partners for NADP-NADPH recycling
activity. Considering that FASN-inhibition-associated NADPH
accumulation inhibits PGDH activity, we conclude that FASN, via
a NADP-NADPH recycling process, could lead to sustained PGDH
activity, as summarized in models shown in Figure 6E.

PPP is considered as a central integrator of glucose,
nucleotide, lipid, and oxidative stress metabolism (37, 43).
Overwhelming evidence indicates that nucleotide metabolism
is the end-point for oncogenic functions mediated by MYC,
PI3K, NFkB, AP1, c-jun, c-fos, GATAI, FOXO, HOX, E2F, and
STATI1 (35, 45). The results from RNA seq data analysis
comparing the impact of genetic mutations of TP53, MYD88,
MYC, BCL2, PIM1, and CREBBP show that metabolic genes
included in nucleotide biosynthesis are upregulated in NHL
tumors (Figure 7). With FASN upregulation and unapparent
effect on oxidative PPP genes, FASN is likely to function as an
enzymatic driver of oxidative PPP in lymphoma tumors.

CONCLUSION

In summary, FASN upregulation, generally ascribed with
lipogenic function in malignancy, appears to be necessary for
promoting nucleotides in lymphoma. The results from FASN
inhibition with cerulenin treatment show the transcriptomic
downregulation of nucleotide metabolism and cell cycle
processes (Supplementary Figure S2) to be correlated with
reduced nucleotide biosynthesis, nucleic acid metabolism, and
cell cycle impairment (Figure 4). Furthermore, impairment of
nucleotide biosynthesis caused by NADPH accumulation and
interruption of PGDH activity by FASN inhibition resulted in
the metabolic accumulations in PPP, while citrate accumulation
resulted in the metabolic accumulations within the citric acid
cycle and glycolysis (Figure 3B). Based on these observations, we
conclude that FASN, via NADPH and citrate utilization in

palmitic acid biosynthesis, plays a central role in the
integration of glucose metabolism with nucleotide biosynthesis.
Thus, the results from our experiments and prior reports
showing that tumor cells exhibit preferential utilization for
extracellular lipids (39) suggest that extralipogenic function
should be the primary metabolic dysfunction of FASN in cancer.

The analysis of the NHL transcriptome from n = 624
lymphoma patients showing upregulations in the expression of
FASN nucleotide metabolic genes, but not with those of oxidative
PPP in the presence of lymphomagenic mutations (Figure 7),
underpins the necessity of FASN to function as a metabolic driver
of nucleotide synthesis in cancer. Although targeting FASN
impairs the cell cycle (Figure 4H), the impact on decreasing
nucleotide levels (Figure 4C) provides unique opportunities for
combining FASN inhibitory drugs with antinucleoside analogs—
for example, we observed that combining 5FU with FASN inhibitor
in fact resulted in increased apoptotic cell death (Supplementary
Figure $4G), possibly via the robust incorporation of 5FU into the
nucleic acid structures. Finally, experiments based on cell-free
enzyme assay demonstrating that NADP/NADPH recycling
occurs between FASN and PGDH and the resultant increase in
the R5P synthesis implicate that PPP is, mechanistically, a FASN-
dependent metabolic function (Figure 6).

We altogether conclude that FASN PGDH enzymes exhibit
metabolic cooperativity and facilitate the flow of glucose carbons
through PPP metabolism into the nucleotide biosynthesis
in lymphoma.
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Supplementary Figure S1 | Identification of differentially expressed genes by
transcriptomic profiling with FASN inhibitors in bNHL cells. Hierarchical clustering of
genes and Euclidean distance calculation for 48 hours of 12.5uM cerulenin
treatment on (A) SUDHL2 cells with One-Way ANOVA, FDR < 0.1 (141 genes), (B)
SUDHL10 cells with LIMMA analysis, FDR < 0.05 (1600 genes) (C) SUDHLA4 cells
with One-Way ANOVA, FDR < 0.05 (242 genes), (D) Raji cells with LIMMA analysis,
FDR < 0.05 (1092 genes). (E) Hierarchical clustering of genes and Euclidean
distance calculation for 48 hours of TVB3166 or 3657 in SUDHL2, SUDHL10 and
Raji cells with One-Way ANOVA, FDR < 0.05 (8872 genes). (F) Principal component
analysis plot of TVB3166 or TVB3567 treated bNHL cells show global differences
between the experimental conditions and the untreated controls for SUDHL2,
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