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Simple Summary: Cancer cells alter their metabolism to maintain their high need for energy, produce
enough macromolecules for biosynthesis, and preserve their redox status. The investigation of
cancer cell-specific metabolic alterations has vital importance to identify targets to be exploited for
therapeutic development. The pentose phosphate pathway (PPP) is often highly activated in tumor
cells to maintain redox level, as this pathway takes an important role in reactive oxygen species
detoxification. PPP also yields ribose-5-phosphate, a five-carbon sugar essential for synthesizing
nucleotides necessary for DNA replication and cell proliferation. In this study, we inhibited one of the
key enzymes of this biochemical pathway and observed the main functions of this enzyme in breast
cancer cells. We have demonstrated that inhibition of this enzyme reduces cell proliferation and
leads to cell cycle arrest and apoptosis. Besides that, we showed that the inhibition of this enzyme
causes an alteration in cellular metabolism. All these findings indicate that targeting this enzyme
with specific pharmacological inhibitors is an effective strategy in fighting cancer.

Abstract: The pentose phosphate pathway (PPP) plays an essential role in the metabolism of
breast cancer cells for the management of oxidative stress and the synthesis of nucleotides. 6-
phosphogluconate dehydrogenase (6PGD) is one of the key enzymes of the oxidative branch of
PPP and is involved in nucleotide biosynthesis and redox maintenance status. Here, we aimed to
analyze the functional importance of 6PGD in a breast cancer cell model. Inhibition of 6PGD in MCF7
reduced cell proliferation and showed a significant decrease in glucose consumption and an increase
in glutamine consumption, resulting in an important alteration in the metabolism of these cells. No
difference in reactive oxygen species (ROS) production levels was observed after 6PGD inhibition,
indicating that 6PGD, in contrast to glucose 6-phosphate dehydrogenase, is not involved in redox
balance. We found that 6PGD inhibition also altered the stem cell characteristics and mammosphere
formation capabilities of MCF?7 cells, opening new avenues to prevent cancer recurrance after surgery
or chemotherapy. Moreover, inhibition of 6PGD via chemical inhibitor S3 resulted in an induction of
senescence, which, together with the cell cycle arrest and apoptosis induction, might be orchestrated
by p53 activation. Therefore, we postulate 6PGD as a novel therapeutic target to treat breast cancer.
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1. Introduction

Alteration in metabolism is one of the emerging hallmarks of cancer [1]. Many ob-
servations made during the early period of cancer biology research revealed metabolic
changes, such as the Warburg effect [2,3], to be a common feature of cancer cells. Nowa-
days, multiple molecular mechanisms, both intrinsic and extrinsic, are known to play a
vital role in reprogramming cellular metabolism in order to fulfill the three basic needs
for cancer cell survival: (i) maintenance of energy status, (ii) increased biosynthesis of
macromolecules, and (iii) preservation of appropriate redox status. Nevertheless, many
mechanisms regulating metabolic reprogramming are still unknown, and the search for
novel tumor-specific metabolic dependencies exploitable for therapeutic interventions is a
growing field in cancer research.

The pentose phosphate pathway (PPP) plays essential roles not only in nucleotide
biosynthesis and the maintenance of redox status but also in various aspects related to
cancer cells viability, including proliferation, apoptosis, drug resistance, invasiveness,
metastasis, and senescence [4-8]. Moreover, as an alternative pathway to glycolysis for
glucose metabolism, PPP metabolizes from 5 to 30% of glucose depending on the tissue
type [8]. In particular, breast cancer cells are reported to be eight times more dependent
on PPP compared to their non-cancerous counterparts to maintain their redox status [9].
Because of all these crucial aspects, cancer cells are significantly dependent on PPP to
maintain their highly proliferative state [10,11]. Therefore, the therapeutic potential of
targeting PPP has attracted the interest of researchers in the field and both oxidative and
non-oxidative branches of this metabolic pathway have been of keen interest to be used as
a therapeutic drug target [5,10,12,13].

PPP consists of two branches that converge in the production of ribose-5-phosphate,
which is essential for the synthesis of nucleotides (Supplementary Figure S1). The ox-
idative branch of PPP (ox-PPP) is a non-reversible metabolic pathway where glucose-6-
phosphate (G6P) is transformed into 6-phosphoglucono-5-lactone by glucose-6-phosphate
dehydrogenase (G6PD) and, subsequently, to ribulose-5-phosphate by 6-phosphogluconate
dehydrogenase (6PGD) with the concomitant production of nicotinamide adenine dinu-
cleotide phosphate (NADPH). The resulting ribulose-5-phosphate is then converted to
ribose-5-phosphate and used for biosynthesis of nucleotides. The non-oxidative branch
(nonox-PPP), on the other hand, consists of a set of reversible reactions in which ribose-5-
phosphate and xylulose-5-phosphate are converted to glyceraldehyde-3-phosphate and
fructose-6-phosphate by transketolase (TKT) and transaldolase (TALDO), which are then
utilized for glycolysis [8,14].

The oxidative branch of PPP is of particular interest because it is able to produce
NADPH, and therefore plays a key role in the regulation of reactive oxygen species (ROS)
levels. The balance between ROS production and scavenging has been demonstrated to be
altered in some tumors and has also been proposed to be an attractive therapeutic target on
its own [9,15]. 6PGD, the third enzyme of the ox-PPP, is an excellent target since it plays an
essential role in both the synthesis of nucleotides and generation of NADPH required for
ROS detoxification. Although the importance of 6PGD had till now been overshadowed
by G6PD and TKT [16,17], recent evidence suggests that G6PD alone has only marginal
effects on in vitro proliferation of some particular types of cancer cells, including breast
cancer [6,18,19]. Moreover, new evidence highlighting the potential of 6PGD as a promising
therapeutic target in certain forms of cancer has emerged [6,20-22].

We suggest 6PGD as a better target than G6PD for various reasons. First, despite
the fact that the entire PPP is regulated by several factors, G6PD is much more tightly
controlled through several levels involving transcriptional, translational, post-translational,
and metabolic regulations, being the rate-limiting enzyme of this pathway [23]. Besides, the
NADPH/NADP+ ratio is an important regulator of G6PD, and since up to 75% NADPH
required for de novo lipid synthesis in cellular organisms is produced by G6PD, this enzyme
is also considered as a part of the lipogenic enzyme family, and it is further regulated by
hormone and nutritional factors [20,24]. Therefore, altering the function of G6PD is more
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challenging than other PPP enzymes. On the other hand, inhibition of 6PGD leads to the
accumulation of 6-phosphogluconate (6-PG), a critical glycolysis regulator [24]. Glycolytic
enzyme phosphoglycerate mutase 1 (PGAM]) is reciprocally regulated by 6-PG in a way
that 3-phosphoglycerade (3-PG), the substrate of this enzyme, is also a competitive inhibitor
of 6PGD [24]; therefore, accumulation of 6-PG affects the activity of PGAM1. Besides that,
recent studies reported the direct relationship of 6PGD and the AMP-activated protein
kinase (AMPK) signaling pathway [20,25-28], which further shows the importance of
targeting this enzyme in cancer cells.

In our study, we first characterized the metabolic reprogramming induced by the
knockdown of 6PGD by RNAi-mediated silencing to further explore the potential of this
enzyme as a therapeutic drug target in the MCF7 breast cancer cell line. Then, we used a
chemical selective 6PGD inhibitor, S3 (1-hydroxy-8-methoxy-anthraquinone), to test the
effect of the inhibition of 6PGD on cellular senescence. In addition, we aimed to investigate
the relation between p53 activation and PPP, since p53 has several vital functions in cellular
metabolism, among which are cell cycle regulation, apoptosis induction, regulation of
glycolysis and PPP, and cellular senescence [29-31]. Because of the high reliance of breast
cancer cells on PPP and their dependence on ROS detoxification to manage oxidative stress
and maintain their survival [11,22,32], we targeted 6PGD in MCF7. MCF?7 is an estrogen
and progesterone receptor (ER and PR, respectively) positive, and a human epidermal
growth factor receptor 2 (HER2) negative cell line [33]. This cell line is demonstrated
to have more than 4 times higher 6PGD at mRNA, protein, and enzyme activities levels
compared to healthy breast cancer cell lines MCF10A and HMT3522. Besides that, it shows
similar 6PGD levels at mRNA, protein, and specific enzyme activity levels among a panel
of different breast cancer cell lines including MDA-MB-468 and MDA-MB-231 (both triple
negative) and SKBR3 (ER, PR negative, and HER?2 positive) [22,33].

2. Materials and Methods
2.1. Cell Culture

Breast cancer cell line MCF7 was purchased from ATCC, and it was cultured in MEM
without phenol red (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10%
fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 10 mM d-glucose
(Sigma-Aldrich, St. Louis, MO, USA), 1 mM sodium pyruvate (Biological Industries, Beit
HaEmek, Israel), 2 mM glutamine (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
0.1% antibiotic (penicillin 10 units/mL-streptomycin 10 units/mL, Gibco), 0.01 mg/mL
insulin (Sigma, St. Louis, MO, USA), and 1% non-essential amino acids (Biological Indus-
tries, Beit HaEmek, Israel). Cells were maintained at 37 °C with 5% CO? and saturated
humidity. Growth medium was replaced every 2-3 days, and cells were passed before they
reached 80% confluence.

2.2. siRNA Transfection

For the transfection, MCF7 cells were seeded at a density of 1 x 10° cells per well in
a 6-well plate with an antibiotic-free growth medium. After 24 h, cells were transfected
in triplicates with 50 nM of either siNEG or siRNAs against 6PGD using Metafectene®
Pro (Biontex, Miinchen, Germany) according to the manufacturer’s protocol. The medium
was replaced after 6 h with normal medium containing antibiotics. The siRNA sequences
targeting 6PGD were purchased from Dharmacon (Lafayette, CO, USA) and are listed as
follows: si6PGD-1, GAUCAUCUCUUACGCUCAA; si6PGD-2, GAGCAGGCCACUUCGU-
GAA. Non-targeting siRNA (siNEG) was also purchased from Dharmacon (sequence not
provided by the manufacturer).

2.3. RNA Isolation and Gene Expression Analysis

RNA isolation from the transfected cells from fresh or frozen plates was done using
Trizol® reagent (Sigma, MA, USA) according to the manufacturer’s protocol. Conversion of
RNA into cDNA was done using 1 pg of RNA, random primers (Roche, Basel, Switzerland),
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and M-MLYV reverse transcriptase enzyme (Invitrogen) according to the manufacturer’s
protocol. Gene expression analysis was performed by RT-PCR (Applied Biosystems®
7500 Real Time PCR) in standard conditions provided by the manufacturer employing
Tagman® (Applied Biosystems, Thermo Fisher Scientific, Darmstadt, Germany) gene-
specific probes for 6PGD. The expression levels were quantified using the AACt method
using peptidylprolyl isomerase A (PPIA) as a reference gene.

2.4. Enzyme Activity Assays

Fresh cell culture plates were rinsed with PBS and lysed with lysis buffer (20 mM
tris-HCI, pH 7.5, 1 mM dithiothreitol, 1 mM EDTA, 0.02% (v/v) triton X-100, 0.02% (v/v)
sodium deoxycholate) supplemented with protease and phosphatase inhibitor cocktails
(Thermo Scientific). Cells were scrapped and the cell lysate was disrupted by sonication
using a titanium probe (Vibracell, Sonics & Materials Inc., Tune 50, Output 20, 3 cycles of
5 s each) and centrifuged at 12,000x g at 4 °C for 20 min. The supernatant was separated
and immediately used to determine specific enzyme activities of 6-phosphogluconate
dehydrogenase, lactate dehydrogenase, malic enzyme, isocitrate dehydrogenase, and
transketolase using the COBAS Mira Plus analyzer (Horiba ABX, Kyoto, Japan). All
enzymatic activities were determined by monitoring the increase or decrease of absorbance
due to NAD(P)H at 340 nm wavelength (e 6.23 x 103). The enzyme activity for each sample
was then normalized to the total protein content of the samples measured by BCA assay at
550 nm (Pierce, Thermo Fisher Scientific, Waltham, MA, USA).

2.4.1. 6-Phosphogluconate Dehydrogenase (6PGD), Malic Enzyme (ME) and Isocitrate
Dehydrogenase (IDH)

Specific activities of 6PGD, ME, and IDH were measured by adding samples to a
cuvette containing 0.5 mM NADP+ in 50 mM tris-HCl (including 0.2 mM MgCl,), pH 7.6,
at 37 °C. The reaction was initiated by the addition of 6PG, malate or isocitrate, respectively,
up to a final concentration of 2 mM.

2.4.2. Lactate Dehydrogenase

LDH specific activity was measured by adding samples to a cuvette containing 0.2 mM
NADH in 100 mM KH,PO4/KoyHPOy, pH 7.4, at 37 °C. The reaction was initiated by the
addition of 10 mM pyruvate up to a final concentration of 0.2 mM.

2.4.3. Transketolase

Specific activity of TKT was measured by adding samples to a cuvette containing
5 mM MgCl,, 0.2 U/mL triose phosphate isomerase, 0.2 mM NADH, 0.1 mM thiamine
pyrophosphate in 50 mM tris-HCI, pH 7.6, at 37 °C. The reaction was initiated by the
addition of a substrate mixture prepared by dissolving 50 mM ribose-5-phosphate in
50 mM tris-HCI, pH 7.6, in the presence of 0.1 U/mL ribulose-5-phosphate-3-epimerase
and 1.7 mU/mL phosphoriboisomerase.

2.5. Cell Proliferation and Cell Cycle Distribution Analysis

Proliferation kinetics and viability of the transfected cells were measured using flow
cytometry combining direct cell counting and propidium iodide (PI) staining. The analysis
was performed using a Beckman Coulter® Epics® XLTM Flow Cytometer adjusted to
1 x 10* fluorospheres cut-off. Total cell number was registered, allowing discrimination
between dead and alive cells.

For cell cycle analysis, the transfected cells were harvested after 96 h, resuspended
in 200 pL of 1X TBS buffer, fixed and stained with 200 pL of vindelov-PI solution, and
incubated at room temperature for 30 min in the dark. The analysis was performed using a
Beckman Coulter® Epics® XLTM Flow Cytometer with a cut-off at 1 x 10* cells. Cell cycle
distribution analysis was done using FlowJo® software, through which the percentage of
cells in G1, S, and G2 phases was obtained.
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Viability assay was performed by a modification of the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay described by Mosmann et al. [34]. Briefly,
3 x 10° MCF?7 cells/well were seeded in 96-well plates for 24 h before exposure with
different concentrations of S3 (Sigma-Aldrich, MA, USA), and serial dilutions of the com-
pound was added to cell medium. DMSO was added to the control to ensure the real
dose response of the tested compound. Cells were incubated at 37 °C with 5% CO; for
72 h. Then, the medium was removed, and 100 pL of filtered MTT in PBS (0.5 mg mL™1)
was added to wells. After 1 h of incubation with MTT, the medium containing MTT was
aspirated, and the formazan product was dissolved in 100 pL of DMSO. Absorbance values
were measured in an ELISA plate reader at 550 nm wavelength and normalized to the
absorbance of cells cultured without compound. The inhibitory concentration values were
determined using GraphPad Prism software.

2.6. Mammosphere Formation Assay (3D Cell Culture)

The capability of MCF7 cells to grow as single-cell colonies in low-attachment condi-
tions was analyzed by mammosphere formation assay. siRNA transfection was performed
as described before, and the cells were trypsinized 24 h after transfection. Then, cells
were reseeded at a density of 7500 cells/well into 24-well ultra-low attachment plates
(Corning Costar, Corning, NY, USA) along with 1.5 mL of complete media supplemented
with 20 ng mL~! EGF, 20 ng mL~! bFGF, 10 ug mL~! heparin, B27 (1:50), and 0.5 ug mL~!
hydrocortisone. The cells were allowed to grow undisturbed for 10 days and then checked
under a microscope for the mammosphere formation. The quantification of mammosphere
formation capability was measured using the MTT assay [34] by adding MTT reagent to
a final concentration of 0.5 mg/mL into each well followed by incubation at 37 °C for
2 h. The plates were then scanned using the HP ScanJet G-4010 scanner at a pixel density
of 2400 ppp and analyzed using Image]® Software (public domain National Institutes of
Health, USA, http:/ /rsbweb.nih.gov/ij/). Quantification of the mammosphere formation
capability was done by calculating the total surface area occupied by mammospheres with
a size greater than 0.0000785 cm?, corresponding to a spheroid diameter of 0.01 mm.

2.7. Western Blot

Protein extracts were obtained from either fresh or frozen plates 96 h after transfection
using the protocol described for the enzyme activity assays. The protein level in each
sample was quantified using the BCA assay according to the manufacturer’s protocol.
Western blot analysis was carried out using 30 ug of protein, and after electrophoretic
separation, proteins were transferred onto a PVDF membrane. The membranes were then
blocked with 0.5% of non-fat dry milk in 0.1% PBS-Tween, and then incubated with p53
polyclonal (Merck, Millipore, Darmstadt, Germany) antibody followed by exposure to
corresponding horseradish peroxidase-conjugated secondary antibody. Visualization was
carried out on Fujifilm X-ray using chemiluminescence detection.

2.8. Metabolite Production and Consumption Analysis

Glucose consumption rates in the cells were analyzed by measuring the decrease in
the concentration of extracellular glucose in the media at 96 h, compared to the initial
concentration of glucose, with respect to the total cell number at each time point. The
extracellular glucose concentration at a given time point was measured by calculating
the decrease in NAD(P)H concentration caused by the conversion of total glucose by
hexokinase and conversion of resulting glucose-6-phosphate into D-gluconate-6-phosphate
by G6PD. Similarly, the glutamine consumption rate was estimated by measuring the
change in NADH concentration after conversion of extracellular glutamine into glutamate
by glutaminase and the following conversion of glutamate to o-ketoglutarate by glutamate
dehydrogenase. Glutaminase reaction was performed by incubating the media samples
with 125 mU mL~! glutaminase in 125 mM acetate buffer (pH 5) with soft agitation for
30 min at 37 °C. Lactate concentration was determined by measuring the change in NADH
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concentration resulting from the lactate dehydrogenase (LDH) reaction, which was carried
out at 37 °C by adding media to a cuvette containing 1.22 mg/mL NAD and 87.7 U/mL
LDH in 0.2M hydrazine 12 mM EDTA buffer, pH 9. All the measurements were done using
a COBAS Mira Plus chemistry analyzer (ABX Diagnostics) and measuring the absorbance
of NAD(P)H at 340 nm.

2.9. Intracellular ROS Level Measurement

Total intracellular ROS levels were determined using flow cytometry and an H2DCFA
probe (Sigma, MA, USA). Cells were incubated with 5 uyM H2DCFA in PBS for 30 min.
Afterwards, PBS was replaced with complete growth medium, and cells were incubated for
15 min at 37 °C and 5% CO;. Next, cells were trypsinized and resuspended in a solution
containing 50 uM H2DCFA and 20 pg/mL propidium iodide. Internalized probes reacted
with ROS and emitted fluorescence when excited at 492 nm. Emitted fluorescence was
recorded by a flow cytometer (Beckman Coulter® Epics® XLTM) at 520 nm wavelength
with a cutoff range of 1 x 10 cells. For the ROS analysis, only Pl-negative cells were taken
into consideration.

2.10. Apoptosis Measurement

The apoptosis measurement was conducted as previously described [35]. In short,
the transfected cells were washed twice with PBS and trypsinized. The cells were then
collected and incubated in 195 pL of 1X binding buffer (10 mM hepes/NaOH, pH 7.4,
140 mM NaCl, 2.5 mM CaCl,) and 5 pL of annexin V (BendersMedSystem, Vienna, Austria)
for 30 min in the dark. Then, 10 pL of 20 ug/mL PI was added to the samples before
analysis, and the percentage of apoptotic cells was measured using the Beckman Coulter®
Epics® XLTM Flow Cytometer with a cutoff range of 1 x 10* cells. Data analysis was
carried using FlowJo® Software.

2.11. Senescence-Associated-3 Galactosidase Activity

We used the senescence 3-galactosidase staining kit (9860S; Cell Signaling Technolo-
gies, Danvers, Massachusetts, USA) to detect 3-galactosidase activity at pH 6.0 following
the manufacturer’s instructions. In brief, cells were fixed for 15 min at room temperature
and then incubated with (-galactosidase staining solution containing X-gal in a dry incu-
bator (without CO,) at 37 °C overnight. As the blue color developed, images were taken
using a contrast phase microscope.

2.12. Statistical Analysis

For statistical analysis, parametric unpaired two-tailed independent samples Student’s
t-test (Mann—Whitney U test) was used. In all figures, bars represent the mean of triplicates
+ SD. Statistical significance was assumed if a null hypothesis could be rejected when at
least p < 0.05 for a confidence interval of >95%. One asterisk (*) denotes p-value < 0.05, two
asterisks (**) denote p-value < 0.01 and three asterisks (***) denote p-value < 0.001.

3. Results
3.1. 6PGD Was Successfully Inhibited in MCF7 Cells

We tested the functional role of 6PGD in breast cancer using MCF7 cells as a cell
model. Two siRNA sequences targeting different exonic regions of the 6PGD gene were
tested and the knockdown of 6PGD was measured at mRNA level 72 h after transfection.
Both siRNA sequences showed successful knockdown of 6PGD mRNA expression on
MCEF7 cells, with a decrease in fold change of around 60% when compared to the cells
transfected with siNEG. Similarly, the reduction of 6PGD activity was observed 96 h
after transfection by measuring specific enzyme activity. Correspondingly, both siRNA
sequences induced a decrease of around 50% of enzyme activity in MCF7 cells (Figure 1).
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Figure 1. 6PGD mRNA expression 72 h after transfection with non-targeting siRNA (siNEG) or
siRNAs against 6PGD. Fold change was calculated with respect to siNEG. 6PGD enzyme activity
levels 96 h post-transfection using either siRNAs against 6PGD or non-targeting siRNA. Two asterisks
(**) denote p-value < 0.01.

3.2. 6PGD Knockdown Affects Cell Proliferation, Cell Cycle Distribution, and Apoptosis

The effect of 6PGD knockdown on the cell proliferation rate was measured via flow
cytometry, combining direct cell counting and propidium iodide (PI) staining. Then, 96 h
after transfection, 6PGD-knockdown MCF7 cells proliferated around 25% less compared to
siNEG-transfected cells (Figure 2A). This result proves that the altered cellular metabolism
due to 6PGD inhibition results in reduction in cell proliferation rates. It is worth noting
that this effect on MCF7 cells’ proliferation rates results from a limited decrease of 6PGD’s
activity (less than 50%), which highlights the importance of 6PGD activity in breast cancer
cell proliferation. This could be explained because 6PGD inhibition entails a decrease in
pentose biosynthesis, which is essential for proliferating cells to synthesize DNA. Besides,
the knockdown of 6PGD will also produce an accumulation of 6-phosphogluconate (6PG),
which has been reported to cause a slower proliferation of cells by a not yet fully elucidated
mechanism [6]. Therefore, a permanent and stronger inhibition of 6PGD is expected to
result in greater reductions of the proliferation kinetics of breast cancer cells.

Since both cell cycle arrest and apoptosis induction can be related to decreased cell
proliferation rates, we decided to see whether 6PGD knockdown had any effect on them.
As it is reported in many studies, cell cycle dysregulation is a hallmark of cancer cells,
and several proteins controlling the phases of cell cycle have been proposed as antitumor
targets [36,37]. To study the effect of 6PGD knockdown on cell cycle distribution, cells
were stained with Vindelov-PI solution after fixation and analyzed by flow cytometry to
quantify their DNA content. The analysis of cell cycle distribution indicated a significant
arrest in S phase 96 h after 6PGD inhibition (Figure 2B). As any alteration in cell cycle may
induce apoptosis [38], we checked whether the arrest in cell cycle induced apoptosis in
our cell line by carrying out apoptosis assays 96 h after inhibiting 6PGD gene expression.
Flow cytometry analysis using annexin V and PI can assess the presence of non-apoptotic
cells (no interaction with either annexin V or PI), early apoptotic cells (interaction with
only annexin-V), and late apoptotic or necrotic cells (interaction with both annexin V and
PI) [35,39]. In our study, the knockdown of 6PGD in MCF7 showed a significant increase in
the number of early apoptotic and late apoptotic and necrotic cells (Figure 2C).
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Figure 2. (A) Flow cytometry measurements of cell proliferation, 96 h after transfection, for 6PGD-
knockdown cells and cells transfected with siNEG. (B) Cell cycle distribution analysis of MCF-7
cells after 96 h of siRNA transfection. The percentage of cells in the different cell cycle phases was
calculated using FlowJo® software. (C) Apoptosis analysis of MCF7 cells after 96 h of siRNA transfec-
tion, measured by flow cytometry using annexin V FITC kit, 96 h after transfection. The percentage
of cells in the different apoptosis phases was calculated using FlowJo® software. (D) Western blot
analysis of p53 expression in cells transfected with si6PGD vs. cells transfected with siNEG 96 h after
transfection. One asterisk (*) denotes p-value < 0.05, two asterisks (**) denote p-value < 0.01.

3.3. p53 Is Upregulated with 6PGD Knockdown

The tumor suppressor gene p53 has been proven to have effects on the regulation of
cell cycle arrest and apoptosis [40]. Considering this, we decided to assess whether the
inhibition of 6PGD activity could affect p53 expression. Our results showed an increase
in p53 protein levels after the inhibition of 6PGD gene expression in MCF7 (Figure 2D,
Supplementary Figure S2A). MCF?7 cells are known to have the wild type p53 gene [41],
and therefore we hypothesize that p53 overexpression resulting from 6PGD inhibition can
lead to cell cycle arrest and apoptosis induction, slowing down proliferation rates in MCF7
cells. Therefore, these results highlight an interesting connection between 6PGD activity
and p53 expression, although further studies will be needed to elucidate the relationship
between these proteins in a more detailed way.

3.4. NADPH Produced by 6PGD Is Dispensable for ROS Detoxification

The NADPH produced in PPP provides reducing equivalents for protecting the cells
against the toxicity of ROS by regenerating reduced glutathione (GSH) from glutathione
disulfide (GSSH) by means of glutathione reductase [8]. Taking this into account, we
speculated that inhibiting 6PGD, which is involved in NADPH production, might provoke
changes in breast cancer cells’ total ROS levels. However, the measurement of total intra-
cellular ROS using H2DCFA probes in MCF7 cells transfected with si6PGD did not show
any significant changes in their ROS production compared to cells transfected with siNEG
(Figure 3A). This result indicates that 6PGD might not be involved in the maintenance of
the redox status of these cells or that these cells are able to resort to alternate pathways
to maintain their required NADPH levels. Nevertheless, our results indicate that the
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Figure 3. (A) Relative total intracellular reactive oxygen species (ROS) level measured by flow cytometry using H2ZDCFA
probes. ROS levels are expressed as fold change with respect to siNEG ROS levels. (B) Lactate dehydrogenase, malic
enzyme, isocitrate dehydrogenase, and transketolase activity levels measured at 96 h post-transfection using either siRNAs
against 6PGD or non-targeting siRNA. Fold changes were calculated as a percentage relative to enzyme activity levels
per mg of protein in siNEG-transfected cells. (C) Glucose and glutamine consumption and lactate production rates were

measured 96 h after transfection by either si6bPGD or siNEG. (D) Glycolytic activity showing the conversion rate of glucose
to lactate. (E) Consumption rate of glutamine over glucose. One asterisk (*) denotes p-value < 0.05, two asterisks (**) denote
p-value < 0.01.

3.5. 6PGD Inhibition Leads Breast Cancer Cells to Reprogram Their Central Carbon Metabolism

Cancer is not only a disorder of proliferation but also a metabolic disease. Therefore,
metabolic changes in cancer cells are considered to have a vital role in explaining tumor
formation. Analysis of consumption and production rates of extracellular glucose and
lactate showed a significant decrease in glucose consumption 96 h after knockdown of
6PGD gene (Figure 3C). Similarly, lactate production was observed to be reduced, but at
a slightly higher rate. Accordingly, Figure 3D shows the glycolytic efficiency decrease of
both cell lines with 6PGD knockdown, calculated as moles of lactate produced per moles of
glucose consumed, as described previously [42,43]. A decreased rate of glucose to lactate
could be due to a shift from glycolysis towards the TCA cycle for the production of energy
and other intermediates needed for bioenergetic reactions and cells’ survival. This result is
concordant with 6PGD knockdown reducing LDH enzyme activity, as shown in Figure 3B.

Glutamine is an abundant and important amino acid that plays a crucial role in en-
ergy generation, redox homeostasis, synthesis of macromolecules, nitrogen metabolism,
and several signaling pathways relevant in cancer cells [44,45]. Therefore, we decided to
measure the effect of 6PGD knockdown over glutamine consumption. Indeed, an altered
glutamine metabolism was observed when cells were subjected to 6PGD knockdown,
since the ratio between glutamine and glucose consumption was higher after 6PGD in-
hibition (Figure 3C,E), implying that 6PGD knockdown increases MCF7 cells” glutamine
consumption rate. Since we have found 6PGD inhibition to have no noticeable effect on
total ROS levels (Figure 3A), we hypothesized that the increased consumption of glutamine
could be to produce NADPH via the malic enzyme (ME) and isocitrate dehydrogenase
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(IDH) to maintain the reductive capacity of the cells which would have been compromised
after 6PGD inhibition. Glutamine plays a key role in TCA cycle, such as ME and IDH
do, and the fact that 6PGD knockdown increased glutamine consumption together with
specific activities of ME and IDH enzymes in MCF7 cells (Figure 3B) is consistent with our
hypothesis. It has also been reported that MCF?7 cells are more dependent on glutamine
than glucose [46], which is also in agreement with our results. (Figure 3E).

3.6. 6PGD Knockdown Reduces the Mammosphere Formation Capacity of Breast Cancer Cells

One of the biggest challenges in the clinical treatment of tumors is cancer recurrence,
a phenomenon occurring due to stem cell-like properties of cancer cells [47]. Therefore,
we decided to check whether targeting 6PGD could be an effective method to disrupt the
acquisition of stem cell-like properties in MCF7 breast cancer cells. The ability to form
single-cell colonies is one of the characteristic features of cancer stem cells (CSCs) [48], so
we determined the effect of 6PGD inhibition over the stem cell characteristics of MCF7 cells
by measuring their mammosphere formation capability. We observed that mammosphere
formation capability of MCF7 decreased around 50% when the cells were transfected with
si6PGD compared to the cells transfected with siNEG (Figure 4). Besides, the size of the
mammospheres was found to be smaller in cells with reduced 6PGD expression compared
to those without 6PGD knockdown (Figure 4A). This indicates that 6PGD has a crucial
role in maintaining the stem cell characteristics of these luminal breast cancer cells. The
fact that inhibition of 6PGD decreases mammosphere formation capability highlights the
potential of 6PGD as a promising therapeutic target.

si6PGD-1

B Mammosphere Formation
150-
100-
=<
St _— *kk
50- —
0-
o N s
s & &
P P

Figure 4. (A) Representative photographs showing the different shape, size, and number of mammo-
spheres in each experimental condition. (B) Mammosphere formation capability of MCF?7 cells after
treatment with siNEG or si6PGD. The total mammosphere area for each condition was represented
as a percentage relative to the total mammosphere surface area of siNEG-transfected cells. Three
asterisks (***) denote p-value < 0.001.
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3.7. 83 Is a Specific 6PGD Inhibitor that Induces Senescence in MCF7 Cells

To further characterize 6PGD inhibition in MCEF7 cells, we tested the effects of a
selective small-molecule inhibitor of 6PGD, S3 [20]. We first determined the inhibitory
effect of this compound on MCF7 cell proliferation (Figure 5A). We observed that around
30 uM of S3 was needed to inhibit the 50% (IC50) of the MCF7 cells. Then, we tested several
doses of S3 lower than the IC50 value and checked the impact on the activity of 6PGD in
MCEF?7 cells (Figure 5B). Additionally, 20 uM of S3, which is the IC40 value of S3 in MCF7
cells, inhibited the activity of 6PGD by around 25%. Further, we speculated that inhibition
of this enzyme might lead to senescence; thus, we performed an SA-{3-gal assay, which is a
classic and straightforward method to detect signs of senescence. As shown in Figure 5D,
a significant increase in cells positive for SA-3-gal was found in MCF7 cells treated with
20 uM of S3. To confirm these results, we subsequently tested for increased protein levels of
the key senescence effectors p53 and the anti-apoptotic protein B-cell lymphoma 2 (BCL-2)
(Figure 5C, Supplementary Figure S2B,C). As expected, immunoblot analysis confirmed the
activation of the p53 and BCL2 regulatory pathways with even lower doses of S3 treatment.
This finding is concordant with the study of Prieur et al. [49].
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Figure 5. (A) Dose response curve of MCF7 cells for selective 6PGD inhibitor S3 after 72 h of treatment of cells with different
doses of S3. (B) Relative 6PGD specific enzyme activity levels 24 h post treatment with S3. Fold change was quantified
relative to control. (C) Western blot analysis of p53 and BCL2 expression in cells treated with different doses of S3 or control
for 72 h. (D) Representative photographs showing increased SA--gal positive cells in MCF7 cells treated with 20 uM of S3
compared to cells treated with DMSO alone. In addition, 12.5 uM etoposide was used as a positive control as it is known to
induce senescence. Three asterisks (***) denote p-value < 0.001.

4. Discussion

Our study reveals 6PGD as a key enzyme for MCF7 breast cancer cells with an
important metabolic role that is regulated by the p53 tumor suppressor. Several previous
studies have highlighted the importance of PPP in breast cancer tumors, especially those
in advanced states, such as MCF7 [48,50,51]. Therefore, we focused our attention on
investigating the role of the 6PGD, a less studied dehydrogenase enzyme in ox-PPP.

Here, we have first demonstrated that 6PGD has a pivotal role in the proliferation
of MCF7 cells. The high dependency of these cells to 6PGD is evident, considering that
partial inhibition of this enzyme activity (around 50%) led to about 25% decrease in cell
proliferation for MCF7 cells. This finding is in line with a previously reported study carried
out by Yang et al. [22]. Several scenarios might be considered in the reduction of breast
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cancer cells proliferation when 6PGD is impaired. First, decreased nucleotide and NADPH
synthesis with inhibition of PPP leads to a decrease in cell proliferation since nucleotides are
needed for the biosynthesis of genetic material, and NADPH is required for redox balance
and lipid biosynthesis. Besides the increase of glycolysis metabolites, 6PGD inhibition also
results in the accumulation of 6-phosphogluconate and 6-phosphogluconolactone, which
in turn alters the proliferation of cells [25]. Even though the exact mechanism of action
of 6PGD is not totally elucidated, its importance in cell proliferation has been reported in
several studies [6,20,26,28,52] and a permanent and stronger knockdown of this gene using
shRNA, CRISPR/Cas technology, or small molecules selectively targeting this enzyme is
expected to result in even more significant reductions of the proliferation kinetics of the
breast cancer cells.

Furthermore, the cell cycle was also altered in 6PGD inhibited breast cancer cells. An
expected arrest at the S phase was observed since nucleotide synthesis is partly impaired.
Similarly, 6PGD knockdown also induced apoptosis in breast cancer cells. This induction is
visible at both the early and late apoptosis/necrosis level. On the other hand, we showed
that p53 is augmented on the cells with 6PGD inhibited, which confirms our hypothesis that
6PGD knockdown decreases proliferation of breast cancer cells through p53. Considering
that p53 has essential roles in modulation of cell cycle and apoptosis [40] and also knowing
that MCF?7 cells have wild type p53 [41], the increase in p53 levels resulting from 6PGD
inhibition led MCF7 cells to alter cell cycle progression with an arrest in the S phase.
Thus, we can conclude that p53 regulates PPP enzymes, including 6PGD. Knowing that
AMP-activated protein kinase (AMPK) couples p53 in cell fate decision [53] and that 6PGD
ablation alters the AMPK levels in breast cancer cells [22], we can conclude that increase in
P53 levels upon inhibition of 6PGD in our experimental design might occur through an
AMPK dependent manner.

Next, we observed that 6PGD knockdown did not change the total intracellular
ROS level of MCF7 cells. Filosa et al. previously demonstrated that G6PD-knockdown
mouse embryonic fibroblasts made use of another source of NADPH production to rescue
ROS [54]. We assume that MCF7 with 6PGD inhibition also recover the missing NADPH
for redox detoxification from other sources such as glutaminolysis and that the decreased
proliferation rate with inhibited 6PGD has an oxidative stress independent mechanism. It
has been demonstrated that the G6PD enzyme does not have a strong effect on cellular
proliferation but is crucial for defense against oxidative stress [55]; nonetheless, our findings
prove the importance of functional 6PGD activity for cell survival in contrast to G6PD
activity. On the other hand, Sukhatme et al. showed that 6PGD inhibition increased G6PD
activity considerably in lung cancer cells [6]. Even though in our cells, 6PGD knockdown
did not cause a strong G6PD activity enhancement, knowing that breast cancer cells have a
very active PPP and that especially MCF7 cells have very high G6PD levels, we assume
that NADPH produced by G6PD together with enhanced glutaminolysis is enough to
compensate the decrease of NADPH resulting from the reduced 6PGD activity as well as
to maintain ROS levels.

To have a complete idea about the effect of 6PGD reduction in breast cancer, we
assessed some flux measurements related to glucose and glutamine metabolism. Like
previously reported studies [6], we also observed a decrease in the glycolytic efficiency after
6PGD inhibition. In addition, the reduction in LDH activity suggests that 6PGD inhibition
causes a shift from glycolysis to TCA cycle. On the other hand, 6-PG accumulation has
been reported to activate glycolytic enzymes PFK and PK in hepatic cells to carry the excess
glucose away from PPP to produce pyruvate for lipid biosynthesis [56,57]. Nevertheless,
we observed reduced glucose consumption in MCF7 cells with 6PGD inhibition, which
might be due to the fact that glucose metabolism in malignant cells is distinct from that of
non-transformed cells.

This study uncovers a link between PPP and glutaminolysis since cells with reduced
6PGD activity consumed more glutamine than control cells. Additionally, the ratio of
glutamine consumption rate over glucose consumption rate was significantly increased. As
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we discussed before, increased glutamine metabolism must be taking place to compensate
for both the missing NADPH and nucleotides caused by 6PGD inhibition. Our results
also reveal that inhibiting 6PGD entails the upregulation of ME and IDH, which probably
constitutes an adaptive mechanism that breast cancer cells undergo to produce NADPH
when the ox- PPP has been blocked. Interestingly, this fact reveals an alternative metabolic
vulnerability that could be targeted to hamper breast cancer cells” adaptation to 6PGD
inhibition. The simultaneous inhibition of 6PGD and ME or IDH represents a promising
strategy to deprive tumor cells of their ability to compensate for the oxidative stress
through NADPH production. In fact, a recent publication showed that even though 6PGD
enzymatic activity is not indispensable, the inhibition of 6PGD together with any enzyme of
non-oxidative PPP (transketolase, transaldolase, ribulose epimerase, or ribulose isomerase)
is highly detrimental [58]. That is, targeting other metabolic targets along with 6PGD could
result in the development of better therapies against breast cancer cells [59,60].

One of the most striking findings in this study is the uncovered link between PPP
and cancer stem cell characteristics. The results provided in this research clearly show that
6PGD inhibition significantly decreased not only the mammosphere formation capability
but also the size and number of formed mammospheres. To the best of our knowledge,
this is the first study to reveal that an enzyme of the oxidative phase of PPP has significant
effect on diminishing the stem cell-like characteristics of breast cancer cells. This could be
efficient in preventing breast cancer growth and helpful in addressing the severe problem
of cancer recurrence, which is one of the most challenging issues faced by many of the
currently targeted therapies. The fact that the inhibition of 6PGD decreases mammosphere
formation capability highlights the potential of 6PGD as a promising drug target, and
targeting 6PGD could also sensitize cells to current chemotherapeutics, thus improving the
efficacy of the most used clinical approaches [61].

Cancer cells are characterized inherently by a dynamic interplay between proliferation,
cell death, and/or senescence [62]. Previously, it has been reported that knockdown of
6PGD induces cellular senescence in several cancer types including lung tumors [6]. In
accordance with this, our results indicated an increase of SA-B-gal activity in 6PGD-
inhibited MCEF?7 cells. Besides SA-[3-gal activity, senescent cells are known to up-regulate
p53 [49]. Here, we demonstrated the activation of the p53 following S3 treatment. Similar to
apoptosis, senescence also gives opportunities for therapeutic targeting in cancer. The cell
fate choice between senescence and apoptosis can be manipulated by targeting upstream
mediators of apoptosis, such as the anti-apoptotic Bcl-2 family proteins [63]. Here, we also
showed an increased expression of BCL-2 upon S3 treatment in MCF7 breast cancer cells.

Besides our results, a recent study indicated that 6PGD played an important role in
the migration of tumor cells in vitro [64]. Results obtained through cell culture might differ
from true tumors, as cell culture lines have sustained changes in metabolism that may
deviate from the metabolism of native tumors. However, cancer cell lines play a pivotal
role in modern cancer research as preclinical model system since they retain most of the
genetic properties of the cancer of origin under the right conditions and with appropriate
controls. They also have peculiar capability to provide an indefinite source of biological
material for gaining mechanistic and therapeutic insight [65]. Therefore, validation of
this proof of concept in vivo through xenograft experiments will have to be conducted to
further assess the potential of 6PGD inhibition as a therapeutic strategy in breast cancer
treatment, as our results highlight the potential of this new approach.

5. Conclusions

The experimental evidence presented in this work highlights the potential of 6PGD
as a putative therapeutic drug target in breast cancer treatment. Targeting 6PGD not
only reduces cell proliferation through cell cycle arrest and apoptosis induction but also
activates p53 and decreases the stem cell-like characteristics of breast cancer cells. This
could be efficient in preventing breast cancer growth and be helpful in addressing the severe
problem of cancer recurrence, which is one of the most challenging issues faced by current
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targeted therapies. In this sense, targeting 6PGD could also sensitize the cells to current
chemotherapeutics, thus improving the efficacy of the most used clinical approaches [61].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2079-773
7/10/2/85/s1, Supplementary Figure S1. Outline of Pentose Phosphate Pathway; Supplementary
Figure S2. Intensity ratio of western blots.

Author Contributions: LH.P, R.B. and ]J.P. performed the experiments. LH.P,, A.B. and M.C. per-
formed the conceptualization. L.H.P. wrote the first draft of the manuscript. LH.P,, R.C., R.B., M.T.-C.,
A.B. and M.C. analyzed and interpreted data. I.H.P,, A.B., R.C. and M.C. designed and supervised
experiments. LH.P, M.T.-C,,R.B.,].P, R.C,, PS,, A.B. and M.C. discussed results, and participated in
writing and revising the manuscript. M.C. performed overall supervision and funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by MCIU/AEI/FEDER, UE (SAF2017-89673-R), by the Ageéncia
de Gesti6 d’Ajuts Universitaris i de Recerca (AGAUR)—Generalitat de Catalunya (2017SGR1033),
by Instituto de Salud Carlos III (CIBEREHD, CB17/04/00023), and by the Icrea Academia award
granted to M Cascante.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not Applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: Authors thank to Erika Zodda and Josep Tarrago for their valuable comments
on the manuscript and Silvia Marin for initial discussions and valuable suggestions on the conceptu-
alization.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1.  Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]

2. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309-314. [CrossRef] [PubMed]

3. Vaupel, P; Schmidberger, H.; Mayer, A. The Warburg effect: Essential part of metabolic reprogramming and central contributor to
cancer progression. Int. J. Radiat. Biol. 2019, 95, 912-919. [CrossRef] [PubMed]

4.  Gao, W, Xu, Y;; Chen, T,; Du, Z; Liu, X.; Hu, Z.; Wei, D.; Gao, C.; Zhang, W.; Li, Q. Targeting oxidative pentose phosphate
pathway prevents recurrence in mutant Kras colorectal carcinomas. PLoS Biol. 2019, 17, e3000425. [CrossRef] [PubMed]

5. Vizan, P; Alcarraz-Vizan, G.; Diaz-Moralli, S.; Solovjeva, O.N.; Frederiks, W.M.; Cascante, M. Modulation of pentose phosphate
pathway during cell cycle progression in human colon adenocarcinoma cell line HT29. Int. ]. Cancer 2009, 124, 2789-2796.
[CrossRef] [PubMed]

6.  Sukhatme, V.P,; Chan, B. Glycolytic cancer cells lacking 6-phosphogluconate dehydro-genase metabolize glucose to induce
senescence. FEBS Lett. 2012, 586, 2389-2395. [CrossRef]

7.  Ge, T;Yang, J.; Zhou, S.; Wang, Y.; Li, Y,; Tong, X. The Role of the Pentose Phosphate Pathway in Diabetes and Cancer. Front.
Endocrinol. 2020, 11, 365. [CrossRef]

8.  Riganti, C.; Gazzano, E.; Polimeni, M.; Aldieri, E.; Ghigo, D. The pentose phosphate pathway: An antioxidant defense and a
crossroad in tumor cell fate. Free. Radic. Biol. Med. 2012, 53, 421-436. [CrossRef]

9.  Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?
Nat. Rev. Drug Discov. 2009, 8, 579-591. [CrossRef]

10.  Jin, L.; Zhou, Y. Crucial role of the pentose phosphate pathway in malignant tumors (Review). Oncol. Lett. 2019, 17, 4213-4221.
[CrossRef]

11. Patra, K.C.; Hay, N. The pentose phosphate pathway and cancer. Trends Biochem. Sci. 2014, 39, 347-354. [CrossRef] [PubMed]

12. Ramos-Montoya, A.; Lee, W.-N.P; Bassilian, S.; Lim, S.; Trebukhina, R.V.; Kazhyna, M.V.; Ciudad, C.J.; Noé, V.; Centelles,
J.J.; Cascante, M. Pentose phosphate cycle oxidative and nonoxidative balance: A new vulnerable target for overcoming drug
resistance in cancer. Int. J. Cancer 2006, 119, 2733-2741. [CrossRef] [PubMed]

13. De Preter, G.; Neveu, M.-A,; Danhier, P; Brisson, L.; Payen, V.L.; Porporato, P.E.; Jordan, B.F; Sonveaux, P; Gallez, B. Inhibition
of the pentose phosphate pathway by dichloroacetate un-ravels a missing link between aerobic glycolysis and cancer cell
proliferation. Oncotarget 2015, 19, 2910-2920.

14. Giacomini, I.; Ragazzi, E.; Pasut, G.; Montopoli, M. The Pentose Phosphate Pathway and Its Involvement in Cisplatin Re-sistance.

Int. ]. Mol. Sci. 2020, 21, 937.


https://www.mdpi.com/2079-7737/10/2/85/s1
https://www.mdpi.com/2079-7737/10/2/85/s1
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://doi.org/10.1080/09553002.2019.1589653
http://www.ncbi.nlm.nih.gov/pubmed/30822194
http://doi.org/10.1371/journal.pbio.3000425
http://www.ncbi.nlm.nih.gov/pubmed/31461438
http://doi.org/10.1002/ijc.24262
http://www.ncbi.nlm.nih.gov/pubmed/19253370
http://doi.org/10.1016/j.febslet.2012.05.052
http://doi.org/10.3389/fendo.2020.00365
http://doi.org/10.1016/j.freeradbiomed.2012.05.006
http://doi.org/10.1038/nrd2803
http://doi.org/10.3892/ol.2019.10112
http://doi.org/10.1016/j.tibs.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25037503
http://doi.org/10.1002/ijc.22227
http://www.ncbi.nlm.nih.gov/pubmed/17019714

Biology 2021, 10, 85 15 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jia, P; Dai, C.; Cao, P; Sun, D.; Ouyang, R.; Miao, Y. The role of reactive oxygen species in tumor treatment. RSC Adv. 2020,
10, 7740-7750. [CrossRef]

Hartmannsberger, D.; Mack, B.; Eggert, C.; Denzel, S.; Stepp, H.; Betz, C.S.; Gires, O. Transketolase-like protein 1 confers resistance
to serum with-drawal in vitro. Cancer Lett. 2011, 300, 20-29.

Jonas, S.K.; Benedetto, C.; Flatman, A.; Hammond, R.H.; Micheletti, L.; Riley, C.; Riley, P.A.; Spargo, D.].; Zonca, M.; Slater, T.F.
Increased activity of 6-phosphogluconate dehydrogenase and glu-cose-6-phosphate dehydrogenase in purified cell suspensions
and single cells from the uterine cervix in cervical intraepithelial neoplasia. Br. J. Cancer 1992, 66, 185-191.

Lin, C.-J.; Ho, H.-Y,; Cheng, M.-L.; Cheng, T.-H.; Yu, J.-S.; Chiu, D.T.-Y. Impaired dephosphorylation renders G6PD-knockdown
HepG2 cells more susceptible to H202-induced apoptosis. Free. Radic. Biol. Med. 2010, 49, 361-373. [CrossRef]

Benito, A.; Polat, .LH.; Noé, V.; Ciudad, C.J.; Marin, S.; Cascante, M. Glucose-6-phosphate dehydrogenase and transketolase
modulate breast cancer cell metabolic reprogramming and correlate with poor patient outcome. Oncotarget 2017, 8, 106693-106706.
[CrossRef]

Lin, R;; Elf, S.; Shan, C.; Kang, H.-B.; Ji, Q.; Zhou, L.; Hitosugi, T.; Zhang, L.; Zhang, S.; Seo, J.H.; et al. 6-Phosphogluconate
dehydrogenase links oxidative PPP, lipogenesis and tumour growth by inhibiting LKB1-AMPK signalling. Nat. Cell Biol. 2015,
17,1484-1496. [CrossRef]

Sarfraz, I.; Rasul, A.; Hussain, G.; Shah, M.A.; Zahoor, A.F; Asrar, M.; Selamoglu, Z.; Ji, X.; Adem, S.; Sarker, S.D. 6-
Phosphogluconate dehydrogenase fuels multiple aspects of cancer cells: From cancer initiation to metastasis and chemoresistance.
BioFactors 2020, 46, 550-562. [CrossRef] [PubMed]

Yang, X.; Peng, X.; Huang, J. Inhibiting 6-phosphogluconate dehydrogenase selectively targets breast cancer through AMPK
activation. Clin. Transl. Oncol. 2018, 20, 1145-1152. [CrossRef] [PubMed]

Stanton, R.C. Glucose-6-phosphate dehydrogenase, NADPH, and cell survival. IUBMB Life 2012, 64, 362-369. [CrossRef]
[PubMed]

Shan, C.; Elf, S.; Ji, Q.; Kang, H.-B.; Zhou, L.; Hitosugi, T; Jin, L.; Lin, R.; Zhang, L.; Seo, ].H.; et al. Lysine Acetylation Activates
6-Phosphogluconate Dehydrogenase to Promote Tumor Growth. Mol. Cell 2014, 55, 552-565. [CrossRef] [PubMed]

Gao, X.; Zhao, L.; Liu, S.; Li, Y;; Xia, S.; Chen, D.; Wang, M.; Wu, S.; Dai, Q.; Vu, H.; et al. y-6-Phosphogluconolactone, a Byproduct
of the Oxidative Pentose Phosphate Pathway, Contributes to AMPK Activation through Inhibition of PP2A. Mol. Cell 2019, 76,
857-871.€9. [CrossRef] [PubMed]

Guo, H.; Xiang, Z.; Zhang, Y.; Sun, D. Inhibiting 6-phosphogluconate dehydrogenase enhances chemotherapy ef-ficacy in cervical
cancer via AMPK-independent inhibition of RhoA and Racl. Clin. Transl. Oncol. 2019, 21, 404-411. [PubMed]

Cao, J.; Sun, X.; Zhang, X.; Chen, D. 6PGD Upregulation is Associated with Chemo- and Immuno-Resistance of Renal Cell
Carcinoma via AMPK Signaling-Dependent NADPH-Mediated Metabolic Repro-graming. Am. J. Med. Sci. 2020, 360, 279-286.
Chen, H.; Wu, D.; Bao, L.; Yin, T.; Lei, D.; Yu, J.; Tong, X. 6PGD inhibition sensitizes hepatocellular carcinoma to chemotherapy
via AMPK activation and metabolic reprogramming. Biomed. Pharmacother. 2019, 111, 1353-1358. [CrossRef]

Lacroix, M.; Riscal, R.; Arena, G.; Linares, L.K.; Le Cam, L. Metabolic functions of the tumor suppressor p53: Implications in
normal physiology, metabolic disorders, and cancer. Mol. Metab. 2020, 33, 2-22. [CrossRef]

Jiang, P.; Du, W.; Wang, X.; Mancuso, A.; Gao, X.; Wu, M.; Yang, X. p53 regulates biosynthesis through direct inactivation of
glu-cose-6-phosphate dehydrogenase. Nat. Cell Biol. 2011, 13, 310-316.

Mijit, M.; Caracciolo, V.; Melillo, A.; Amicarelli, F.; Giordano, A. Role of p53 in the Regulation of Cellular Senescence. Biomolecules
2020, 10, 420. [CrossRef] [PubMed]

Bhardwaj, V.; He, J. Reactive Oxygen Species, Metabolic Plasticity, and Drug Resistance in Cancer. Int. . Mol. Sci. 2020, 21, 3412.
[CrossRef] [PubMed]

Dai, X.; Cheng, H.; Bai, Z.; Li, ]. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor Subtyping. J. Cancer
2017, 8, 3131-3141. [CrossRef] [PubMed]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63. [CrossRef]

Hammill, A.K.; Uhr, ] W.; Scheuermann, R.H. Annexin V staining due to loss of mem-brane asymmetry can be reversible and
precede commitment to apoptotic death. Exp. Cell Res. 1999, 251, 16-21. [PubMed]

Zanuy, M.; Ramos-Montoya, A.; Villacafias, O.; Canela, N.; Miranda, A.; Aguilar, E.; Agell, N.; Bachs, O.; Rubio-Martinez, J.;
Pujol, M.D; et al. Cyclin-dependent kinases 4 and 6 control tumor progression and direct glucose oxidation in the pentose cycle.
Metabolomics 2011, 8, 454-464. [CrossRef]

Diaz-Moralli, S.; Tarrado-Castellarnau, M.; Miranda, A.; Cascante, M. Targeting cell cycle regulation in cancer therapy. Pharmacol.
Ther. 2013, 138, 255-271. [CrossRef]

Pucci, B.; Kasten, M.; Giordano, A. Cell Cycle and Apoptosis. Neoplasia 2000, 2, 291-299. [CrossRef]

Bratton, D.L.; Dreyer, E.; Kailey, ].M.; Fadok, V.A.; Clay, K.L.; Henson, PM. The mechanism of internalization of platelet-activating
factor in acti-vated human neutrophils. Enhanced transbilayer movement across the plasma membrane. J. Immunol. 1992,
148, 514-523.

Liu, J.; Zhang, C.; Hu, W.; Feng, Z. Tumor suppressor p53 and its mutants in cancer metabolism. Cancer Lett. 2015, 356, 197-203.
[CrossRef]


http://doi.org/10.1039/c9ra10539e
http://doi.org/10.1016/j.freeradbiomed.2010.04.019
http://doi.org/10.18632/oncotarget.21601
http://doi.org/10.1038/ncb3255
http://doi.org/10.1002/biof.1624
http://www.ncbi.nlm.nih.gov/pubmed/32039535
http://doi.org/10.1007/s12094-018-1833-4
http://www.ncbi.nlm.nih.gov/pubmed/29340974
http://doi.org/10.1002/iub.1017
http://www.ncbi.nlm.nih.gov/pubmed/22431005
http://doi.org/10.1016/j.molcel.2014.06.020
http://www.ncbi.nlm.nih.gov/pubmed/25042803
http://doi.org/10.1016/j.molcel.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31586547
http://www.ncbi.nlm.nih.gov/pubmed/30182212
http://doi.org/10.1016/j.biopha.2019.01.028
http://doi.org/10.1016/j.molmet.2019.10.002
http://doi.org/10.3390/biom10030420
http://www.ncbi.nlm.nih.gov/pubmed/32182711
http://doi.org/10.3390/ijms21103412
http://www.ncbi.nlm.nih.gov/pubmed/32408513
http://doi.org/10.7150/jca.18457
http://www.ncbi.nlm.nih.gov/pubmed/29158785
http://doi.org/10.1016/0022-1759(83)90303-4
http://www.ncbi.nlm.nih.gov/pubmed/10438567
http://doi.org/10.1007/s11306-011-0328-x
http://doi.org/10.1016/j.pharmthera.2013.01.011
http://doi.org/10.1038/sj.neo.7900101
http://doi.org/10.1016/j.canlet.2013.12.025

Biology 2021, 10, 85 16 of 16

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.
63.

64.

65.

Vojtések, B.; Lane, D.P. Regulation of p53 protein expression in human breast cancer cell lines. J. Cell Sci. 1993, 105, 607-612.
[PubMed]

Ahn, W.S.; Antoniewicz, M.R. Parallel labeling experiments with [1,2-13C]glucose and [U-13C]glutamine provide new insights
into CHO cell metabolism. Metab. Eng. 2013, 15, 34—47. [CrossRef] [PubMed]

Zancan, P; Sola-Penna, M.; Furtado, C.M.; Da Silva, D. Differential expression of phosphofructokinase-1 isoforms correlates with
the glycolytic efficiency of breast cancer cells. Mol. Genet. Metab. 2010, 100, 372-378. [CrossRef] [PubMed]

Wise, D.R.; Thompson, C.B. Glutamine addiction: A new therapeutic target in cancer. Trends Biochem. Sci. 2010, 35, 427-433.
[CrossRef] [PubMed]

Hensley, C.T.; Wasti, A.T.; DeBerardinis, R.]. Glutamine and cancer: Cell biology, physiology, and clinical opportunities. J. Clin.
Investig. 2013, 123, 3678-3684. [CrossRef]

Kung, H.-N.; Marks, J.R.; Chi, J.-T.A. Glutamine Synthetase Is a Genetic Determinant of Cell Type-Specific Glutamine Indepen-
dence in Breast Epithelia. PLoS Genet. 2011, 7, €1002229. [CrossRef] [PubMed]

Kondo, T. Stem cell-like cancer cells in cancer cell lines. Cancer Biomark. 2007, 3, 245-250. [CrossRef]

Jerby, L.; Wolf, L.; Denkert, C.; Stein, G.Y.; Hilvo, M.; Oresic, M.; Geiger, T.; Ruppin, E. Metabolic associations of reduced
proliferation and oxidative stress in advanced breast cancer. Cancer Res. 2012, 72, 5712-5720. [CrossRef]

Prieur, A.; Besnard, E.; Babled, A.; Lemaitre, J.-M. p53 and p16INK4A independent induction of senescence by chroma-tin-
dependent alteration of S-phase progression. Nat. Commun. 2011, 2, 473. [CrossRef]

Hong, S.M.; Park, CW.; Kim, SSW.; Nam, Y.J.; Yu, J. H.; Shin, ] H.; Yun, C.H,; Im, S.-H.; Kim, K.-T.; Sung, Y.C.; et al. NAMPT
suppresses glucose deprivation-induced oxidative stress by in-creasing NADPH levels in breast cancer. Oncogene 2015, 35, 3544—
3554. [CrossRef]

Blanquer-Rossello Mdel, M.; Olivera, J.; Sastre-Serra, J.; Valle, A.; Roca, P. Leptin regulates energy metabolism in MCF-7 breast
cancer cells. Int. J. Biochem. Cell Biol. 2016, 72, 18-26. [CrossRef] [PubMed]

Feng, Q.; Li, X.; Sun, W.; Li, Y.; Yuan, Y.; Guan, B.; Zhang, S. Discovery of Ebselen as an Inhibitor of 6PGD for Suppressing Tumor
Growth. Cancer Manag. Res. 2020, 12, 6921-6934. [CrossRef] [PubMed]

Adamovich, Y.; Adler, J.; Meltser, V.; Reuven, N.; Shaul, Y. AMPK couples p73 with p53 in cell fate decision. Cell Death Differ.
2014, 21, 1451-1459. [CrossRef] [PubMed]

Filosa, S.; Fico, A.; Paglialunga, F.; Balestrieri, M.; Crooke, A.; Verde, P; Abrescia, P.; Bautista, ].M.; Martini, G. Failure to increase
glucose consumption through the pentose-phosphate pathway results in the death of glucose-6-phosphate dehydrogenase
gene-deleted mouse em-bryonic stem cells subjected to oxidative stress. Biochem. J. 2003, 370, 935-943. [CrossRef] [PubMed]
Pandolfi, PP; Sonati, F.; Rivi, R.; Mason, P.; Grosveld, F.; Luzzatto, L. Targeted disruption of the housekeeping gene encoding
glucose 6-phosphate dehydrogenase (G6PD): G6PD is dispensable for pentose synthesis but essential for defense against oxidative
stress. EMBO ]. 1995, 14, 5209-5215. [CrossRef]

Smith, S.B.; Freedland, R.A. Activation of pyruvate kinase by 6-phosphogluconate. J. Biol. Chem. 1979, 254, 10644-10648.
[CrossRef]

Sommercorn, J.; Freedland, R.A. Regulation of hepatic phosphofructokinase by 6-phosphogluconate. J. Biol. Chem. 1982,
257,9424-9428. [CrossRef]

Muller, FL.; Aquilanti, E.A.; Depinho, R.A. Collateral Lethality: A New Therapeutic Strategy in Oncology. Trends Cancer 2015,
1,161-173. [CrossRef]

Galluzzi, L.; Kepp, O.; Heiden, M.G.V.; Kroemer, G. Metabolic targets for cancer therapy. Nat. Rev. Drug Discov. 2013, 12, 829-846.
[CrossRef]

Heiden, M.G.V. Targeting cancer metabolism: A therapeutic window opens. Nat. Rev. Drug Discov. 2011, 10, 671-684. [CrossRef]
Vikas, P.; Sukhatme, C.B.C. Methods and Compositions for 6-Phosphogluconate de-Hydrogenase (6-pgd) as a Target for Lung
Cancer Therapy. U.S. Patent No. WO2013152186A8, 1 May 2014.

Labi, V.; Erlacher, M. How cell death shapes cancer. Cell Death Dis. 2015, 6, €1675. [CrossRef] [PubMed]

Childs, B.G.; Baker, D.; Kirkland, J.L.; Campisi, J.; Van Deursen, ].M. Senescence and apoptosis: Dueling or complementary cell
fates? EMBO Rep. 2014, 15, 1139-1153. [CrossRef] [PubMed]

Chan, B.; VanderLaan, P.A.; Sukhatme, V.P. 6-Phosphogluconate dehydrogenase regu-lates tumor cell migration in vitro by
regulating receptor tyrosine kinase c-Met. Biochem. Biophys. Res. Commun. 2013, 439, 247-251. [CrossRef] [PubMed]

Mirabelli, P.; Coppola, L.; Salvatore, M. Cancer Cell Lines Are Useful Model Systems for Medical Research. Cancers 2019, 11, 1098.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/8408290
http://doi.org/10.1016/j.ymben.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23111062
http://doi.org/10.1016/j.ymgme.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20483646
http://doi.org/10.1016/j.tibs.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20570523
http://doi.org/10.1172/JCI69600
http://doi.org/10.1371/journal.pgen.1002229
http://www.ncbi.nlm.nih.gov/pubmed/21852960
http://doi.org/10.3233/CBM-2007-34-508
http://doi.org/10.1158/0008-5472.CAN-12-2215
http://doi.org/10.1038/ncomms1473
http://doi.org/10.1038/onc.2015.415
http://doi.org/10.1016/j.biocel.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26772821
http://doi.org/10.2147/CMAR.S254853
http://www.ncbi.nlm.nih.gov/pubmed/32801914
http://doi.org/10.1038/cdd.2014.60
http://www.ncbi.nlm.nih.gov/pubmed/24874608
http://doi.org/10.1042/bj20021614
http://www.ncbi.nlm.nih.gov/pubmed/12466018
http://doi.org/10.1002/j.1460-2075.1995.tb00205.x
http://doi.org/10.1016/S0021-9258(19)86568-7
http://doi.org/10.1016/S0021-9258(18)34087-0
http://doi.org/10.1016/j.trecan.2015.10.002
http://doi.org/10.1038/nrd4145
http://doi.org/10.1038/nrd3504
http://doi.org/10.1038/cddis.2015.20
http://www.ncbi.nlm.nih.gov/pubmed/25741600
http://doi.org/10.15252/embr.201439245
http://www.ncbi.nlm.nih.gov/pubmed/25312810
http://doi.org/10.1016/j.bbrc.2013.08.048
http://www.ncbi.nlm.nih.gov/pubmed/23973484
http://doi.org/10.3390/cancers11081098
http://www.ncbi.nlm.nih.gov/pubmed/31374935

	Introduction 
	Materials and Methods 
	Cell Culture 
	siRNA Transfection 
	RNA Isolation and Gene Expression Analysis 
	Enzyme Activity Assays 
	6-Phosphogluconate Dehydrogenase (6PGD), Malic Enzyme (ME) and Isocitrate Dehydrogenase (IDH) 
	Lactate Dehydrogenase 
	Transketolase 

	Cell Proliferation and Cell Cycle Distribution Analysis 
	Mammosphere Formation Assay (3D Cell Culture) 
	Western Blot 
	Metabolite Production and Consumption Analysis 
	Intracellular ROS Level Measurement 
	Apoptosis Measurement 
	Senescence-Associated- Galactosidase Activity 
	Statistical Analysis 

	Results 
	6PGD Was Successfully Inhibited in MCF7 Cells 
	6PGD Knockdown Affects Cell Proliferation, Cell Cycle Distribution, and Apoptosis 
	p53 Is Upregulated with 6PGD Knockdown 
	NADPH Produced by 6PGD Is Dispensable for ROS Detoxification 
	6PGD Inhibition Leads Breast Cancer Cells to Reprogram Their Central Carbon Metabolism 
	6PGD Knockdown Reduces the Mammosphere Formation Capacity of Breast Cancer Cells 
	S3 Is a Specific 6PGD Inhibitor that Induces Senescence in MCF7 Cells 

	Discussion 
	Conclusions 
	References

