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Depletion of pyruvate kinase (PK) activity causes
glycolytic intermediate imbalances and reveals a
PK-TXNIP regulatory axis
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Mirko Wagner 10, Thomas Carell 10, Alexander Hruscha 3, Bettina Schmid 3, Oscar Yanes 4,5,
Robert Schneider 1,2,*
ABSTRACT

Objective: Cancer cells convert more glucose into lactate than healthy cells, what contributes to their growth advantage. Pyruvate kinase (PK) is
a key rate limiting enzyme in this process, what makes it a promising potential therapeutic target. However, currently it is still unclear what
consequences the inhibition of PK has on cellular processes. Here, we systematically investigate the consequences of PK depletion for gene
expression, histone modifications and metabolism.
Methods: Epigenetic, transcriptional and metabolic targets were analysed in different cellular and animal models with stable knockdown or
knockout of PK.
Results: Depleting PK activity reduces the glycolytic flux and causes accumulation of glucose-6-phosphate (G6P). Such metabolic perturbation
results in stimulation of the activity of a heterodimeric pair of transcription factors MondoA and MLX but not in a major reprogramming of the
global H3K9ac and H3K4me3 histone modification landscape. The MondoA:MLX heterodimer upregulates expression of thioredoxin-interacting
protein (TXNIP) e a tumour suppressor with multifaceted anticancer activity. This effect of TXNIP upregulation extends beyond immortalised
cancer cell lines and is applicable to multiple cellular and animal models.
Conclusions: Our work shows that actions of often pro-tumorigenic PK and anti-tumorigenic TXNIP are tightly linked via a glycolytic inter-
mediate. We suggest that PK depletion stimulates the activity of MondoA:MLX transcription factor heterodimers and subsequently, increases
cellular TXNIP levels. TXNIP-mediated inhibition of thioredoxin (TXN) can reduce the ability of cells to scavenge reactive oxygen species (ROS)
leading to the oxidative damage of cellular structures including DNA. These findings highlight an important regulatory axis affecting tumour
suppression mechanisms and provide an attractive opportunity for combination cancer therapies targeting glycolytic activity and ROS-generating
pathways.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Cancer cells usually adapt their metabolism to support tumour growth
and outgrow healthy cells [1]. While non-transformed cells preferen-
tially obtain energy (in the form of adenosine triphosphate (ATP)) from
mitochondrial oxidative phosphorylation, transformed cancerous cells
often shift their metabolism towards glycolysis, regardless of the
availability of oxygen [2], a phenomenon known as the ‘Warburg effect’
[3,4]. In line with this, overexpression of genes involved in glucose
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uptake and glycolysis are hallmarks of many cancers including breast,
liver, colon, kidney, lung, pancreas and stomach cancers [5,6]. These
cancer cells are characterised by an increased need for glycolytic
metabolites that provide ‘building blocks’ for macromolecules neces-
sary for cell proliferation and division. Multiple anti-glycolytic agents
are currently studied as potential anticancer therapies [7].
Pyruvate kinase (PK) is an enzyme with a crucial importance for cellular
metabolism and homeostasis of the whole organism. Its pivotal role in
glucose catabolism is the catalysis of the final and rate-limiting
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reaction of the glycolysis pathway by converting highly energetic
phosphoenolpyruvate to pyruvate with concomitant generation of ATP.
In mammals, there are two genes encoding for a total of four isoforms
of PK. The PKLR gene encodes for the PKL and PKR isoforms. PKL, is
mainly expressed in liver and PKR is expressed exclusively in eryth-
rocytes. PKM1 and PKM2 are formed by alternative splicing of the PKM
transcript and their expression pattern is less clearly defined and can
vary in response to external stimuli, stress or disease [8,9]. PKM2 is
prone to allosteric regulation due to the inclusion of exon 10 into this
isoform, as opposed to exon 9 into PKM1. PKM2 can be found either as
a highly active tetramer or a low-activity dimer [10e12]. Dimeric
PKM2 can, upon exposure to certain stimuli, localise to the nucleus and
serve as a transcriptional coactivator of genes involved in proliferation
and glycolysis. It thereby provides a positive feedback loop leading to
uncontrolled cell proliferation [13e18]. Switching from the expression
of PKM2 to PKM1 can reverse the Warburg effect in different cancer
cell lines and reduce tumour growth [19]. However, this view of PKM2
being the main PK isoform responsible for tumorigenesis has been
recently challenged by Morita et al. by showing that only cells
expressing exclusively PKM1, but not exclusively PKM2, promote
tumour growth in mouse transplantation model [20]. Cancer cells can
also adapt their metabolism resulting in PKM1 compensating for the
loss of PKM2 further emphasising the importance of both isoforms in
the context of abnormal cell proliferation [21,22].
Cells uptake glucose by facilitated diffusion through Glut transporters.
Many cancers upregulate different members of the Glut gene family to
provide increased glucose supply and glycolytic flux [23,24]. One of the
mechanisms inhibiting glucose uptake to restore glucose homeostasis
is endocytic internalisation of Glut receptors stimulated by several
members of the alpha-arrestin family of proteins. Thioredoxin-
interacting protein (TXNIP) and arrestin-4 (ARRDC4) are the most
studied members of the alpha-arrestin family [25e28]. TXNIP and
ARRDC4 are close homologues and show over 40% identity in amino
acid sequence [27,29]. Both the TXNIP and ARRDC4 genes are
upregulated in response to glucose stimulation by the binding of
heterodimeric MondoA/B:MLX transcription factors to a common reg-
ulatory sequence, the double-E-box-like promoter element known as
the carbohydrate-response element (ChoRE), within their promoters
[30e35].
TXNIP was originally identified as vitamin D3 upregulated protein 1
(VDUP1) in HL60 cells and was later shown to bind the reduced thi-
oredoxin (TXN) via a disulphide bond involving Cys247 of TXNIP and
hence to constitute a negative regulator of the thioredoxin antioxidative
system [32,36e38]. In recent years, redox-dependent and -indepen-
dent functions of TXNIP made it a key player in the pathogenesis of
many metabolic, cardiovascular and neurodegenerative disorders
[39e42]. Due to its proapoptotic, proinflammatory and antiproliferative
function, TXNIP is an important tumour suppressor gene, commonly
silenced in various cancer cells [43e45].
Here, we decided to systematically characterise the transcriptional,
epigenetic and metabolic effects of depletion of PK, since this enzyme
(i) has been shown to be the key rate-limiting enzyme in aerobic
glycolysis, (ii) has been proposed to be a potential anti-cancer target
and (iii) can play a pro-tumorigenic role beyond glycolysis by func-
tioning as a transcription factor [6,11,15,21,46,47]. We show that
suppression of PK activity by a stable knockdown of PKM1/2 in
immortalised, fast-proliferating human cell lines leads to the accu-
mulation of glucose-6-phosphate (G6P) and MondoA:MLX-mediated
upregulation of TXNIP. Further, we suggest that this new regulatory
axis is not limited to cancer cell lines but also present in various
metabolically relevant models including mouse primary hepatocytes
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and zebrafish embryos. By investigating redox-dependent function of
TXNIP, we propose that the metabolism-driven upregulation of TXNIP
could lead to the increased production of reactive oxygen species and,
subsequently, increase in oxidative damage to DNA and other cellular
structures. Altogether, our findings advance our understanding of the
metabolic perturbances associated with abnormal activity of PK.

2. MATERIAL AND METHODS

2.1. Cell culture
HEK293 and MCF-7 cell lines were cultured in DMEM (HEK293 and
MCF-7 with 1 g glucose/L, HEK293T with 4.5 g glucose/L) supple-
mented with 10% FBS (Gibco), 2 mM L-glutamine, 1% Pen/Strep,
1 mM sodium pyruvate and non-essential amino acids and maintained
at 37 �C.
Drosophila Schneider 2 cells were cultured at 27 �C, in Schneider
medium (Thermo Fisher) supplemented with 10% heat-inactivated
FBS (Gibco) and 0.5% Pen/Strep.

2.1.1. Stable knockdown generation
Stable knockdown in HEK293 and MCF-7 cells was generated using
lentiviral-delivered shRNA. Lentiviral vector particles were produced by
HEK293T cells transfected with shRNA inserted into pLKO.1-puro
plasmid (Addgene #8453) using LENTI-Smart kit (Invivogen) and
secreted into cell culture medium. Lentiviral particles were collected at
14e18 h and 48 h after transfection, centrifuged at 2000 rpm for
5 min, filtered through 0.45 mm PVDF syringe filter and immediately
used. Target cells were incubated with lentiviral particles and 8 mg/mL
hexadimethrine bromide (Sigma) for 14e18 h. After transduction,
fresh medium was added for 24 h before selection medium with
2.5 mg/mL puromycin was applied. Every batch of knockdown cells
was afterwards validated by RT-qPCR.

2.1.2. siRNA transfection of HepaRG cells
Before transfection, HepaRG cells were differentiated into hepatocyte-
and cholangiocyte-like cells for four weeks by cultivation in William’s E
medium (Invitrogen) supplemented with 10% FBS Fetaclone II
(HyClone), 1% Pen/Strep, 2 mM L-Glutamine, 0.023 IE/mL human
insulin (Sanofi Aventis), 4.7 mg/mL hydrocortisone (Pfizer) and 80 mg/
mL gentamicin (Ratiopharm) with medium exchange twice weekly.
After two weeks, DMSO (Sigma) was added to a final concentration of
1.8%.
After differentiation, cells were transfected with 10 mM control or PKM
or PKLR siRNA (SMARTPool, Dharmacon; control siRNA was non-
targeting siRNA designed and microarray tested by the supplier for
minimal targeting of human, mouse or rat genes) or a combination of
both using Lipofectamine RNAiMAX (Thermo Fisher) according to
manufacturer’s instruction on day 1 and 4, and harvested on day 7.
RNA extraction was performed using Quick-RNA Miniprep Kit (Zymo
Research).

2.1.3. siRNA transfection of murine hepatocytes
Primary murine hepatocytes from 8 to 12-weeks-old C57BL6/N mice
(Janvier Labs) were isolated using collagenase perfusion [48,49].
2 � 105 cells per well were seeded in collagen-coated (Sigmae
Aldrich) 24-well plates (Thermo Fisher Scientific). Hepatocytes were
cultured in William’s Medium E (PAN-Biotech) containing 10% FCS
(PAN-Biotech), 5% Pen/Strep (Thermo Fisher Scientific) and 100 nM
dexamethasone (SigmaeAldrich) and maintained at 37 �C and 5% CO2
for 1 h. Next, cells were washed with PBS (Thermo Fisher Scientific)
and incubated with 80 nM Pklr or control siRNA (SMARTPool,
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Dharmacon; control siRNA was non-targeting siRNA designed and
microarray tested by the supplier for minimal targeting of human,
mouse or rat genes) and interferin (1.2 mL/well) (Polyplus) for 6 h until
a second layer of collagen was added to maintain the cells in sandwich
culture [49] in William’s Medium E medium containing 10% FCS, 5%
Pen/Strep. Medium was changed every second day.
Cells were harvested for RNA isolation 3 days after induction of RNAi by
washing once with ice-cold PBS before adding RNA Lysis Buffer (Zymo
Research). RNA extraction was performed using Quick-RNA Miniprep
Kit (Zymo Research) according to manufacturer’s instruction.

2.1.4. Extracellular acidification rate (ECAR) measurements
One day before the assay, the cells were seeded on the Seahorse XF96
cell culture microplate at the density 2 � 104 cells per well in 15
replicates, incubated for 1 h at room temperature and further overnight
at 37 �C. On the day of the assay, the cells were washed twice with the
assay medium (Seahorse XF Base Medium without phenol red, sup-
plemented with 10 mM glucose and 2 mM L-Glutamine) and incubated
at 37 �C without CO2 supply for 1 h. The assay was performed using
Seahorse XF96 Analyzer (Agilent). After the assay initialisation and
establishing the baseline, 3 sequential injections of glucose (Sigma,
final concentration 10 mM), oligomycin (Sigma, final concentration
3 mM) and 2-deoxyglucose (Sigma, final concentration 100 mM) were
performed. After every injection the plate was subjected to 3e5 cycles
of mixing (3 min) and measurement (3 min).

2.1.5. Transient transfection and MTT assay
Cells were transfected with plasmids encoding variants of TXNIP or
control vector using Lipofectamine 3000 (Thermo Fisher) according to
manufacturer’s instructions. Two days after transfection, thiazolyl blue
tetrazolium bromide solution (Sigma) was added to the medium to the
final concentration of 0.45 mg/mL and incubated at 37 �C for 3 h. After
the incubation, the medium was gently aspirated and the formazan
crystals were dissolved by gentle rocking with 500 mL DMSO for 2 h,
protected from light. Absorbance of the solution at 570 nm and 690 nm
(background) was measured using the microplate reader.

2.2. Zebrafish strains and care
Zebrafish were kept at 26 �C in a recirculating water system and were
staged according to [50]. Mutant offspring was obtained by natural
spawning from incrosses of homozygous pkma2/pkmb/myl7:eGFP and
are referred to as pkma/b �/� throughout the manuscript. AB was
used as a wildtype control.
The following alleles were used: pkma: pkma2s717 [51]; pkmb:
pkmbs718 [51]; myl:eGFP: Tg (myl7:EGFP-Hsa.HRAS) [52].

2.3. Chromatin immunoprecipitation (ChIP)

2.3.1. Preparation of chromatin from human cells
Adherent human cell lines were crosslinked for 5 min at room tem-
perature with 1% formaldehyde (Sigma) and quenched with 125 mM
glycine (Sigma). The cells were washed 3 times with ice-cold PBS
supplemented with cOmplete Protease Inhibitor cocktail (Roche),
10 mM sodium butyrate (NaBu, Alfa Aesar) and 10 mM NAM (Roth),
scraped, pelleted, resuspended in lysis buffer (50 mM Tris pH 8.0,
2 mM EDTA, 0.1% IGEPAL, 10% glycerol, 10 mM NaBu, 10 mM NAM,
1� PIC) and incubated for 5 min. The suspension was pelleted and
resuspended in shearing buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1%
SDS, 10 mM NaBu, 10 mM NAM, 1� PIC). Chromatin was sonicated
for 5 min at 80% amplitude using QSonica Q800R. A fraction of
sonicated chromatin was mixed with RNase A (Thermo Fisher) and
MOLECULAR METABOLISM 74 (2023) 101748 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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proteinase K (Roche), de-crosslinked overnight at 65C and purified
using QIAquick PCR purification kit. DNA concentration was measured
using Varioskan LUX (Thermo Fisher).

2.3.2. Preparation of chromatin from Drosophila cells
Drosophila S2 cells were crosslinked for 5 min at room temperature
with 1% formaldehyde (Sigma) and quenched with 125 mM glycine
(Sigma). The cells were washed 3 times with ice-cold PBS, resus-
pended in ice-cold IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM
EDTA, 0.5% IGEPAL, 1% Triton X-100, 10 mM NaBu, 10 mM NAM, 1�
PIC), incubated for 10 min and pulled through the syringe with a 27G
needle. The cells were pelleted and the homogenisation cycle was
repeated. The pellet was resuspended in shearing buffer and sonicated
for 13 min 20 s at 80% amplitude using QSonica Q800R. From this
point Drosophila chromatin was treated like described in 2.3.1.

2.3.3. Immunoprecipitation
Chromatin was diluted 10 times with ChIP dilution buffer (50 mM Tris
pH 8.0, 200 mM NaCl, 0.5% IGEPAL). Before IP, chromatin samples
were pre-cleared with sepharose beads coupled to protein A and
protein G (A/G beads, GE Healthcare) and blocked with BSA (NEB) and
tRNA from S. cerevisiae (Sigma). The pre-cleared chromatin was
mixed with relevant antibodies (H3K9ac: Abcam ab4441, H3K4me3:
Millipore 17e614, MLXIP: Proteintech 13614-1-AP, MLX: Cell Sig-
nalling #85570) and incubated overnight at 4 �C with rotation. Next,
40 mL of pre-blocked A/G beads were added and incubated for 2 h. The
samples were washed with low salt- (150 mM), high salt- (500 mM)
and TE buffer (2 washes each) and eluted with 100 mM NaHCO3 with
1% SDS for 30 min at 30 �C with shaking. Eluted samples were de-
crosslinked as described in 2.3.1. De-crosslinked samples were
used for qPCR (Supplementary data file 1) or for NGS analysis. Each IP
variant was performed in 2 replicates, unless stated otherwise.

2.3.4. DNA library preparation
DNA library was prepared using NEBNext Ultra II DNA Library Prep Kit,
NEBNext Multiplex Oligos for Illumina and AMPure XP beads (Beckman
Coulter) according to the manufacturer’s instructions. The size distri-
bution of obtained DNA fragments was checked using Bioanalyzer
1000 or Bioanalyzer High Sensitivity Chip (Agilent). For details on data
analysis see Supplementary data file 2.

2.4. Immunoblotting
Proteins were extracted using RIPA buffer, then separated by SDS-
PAGE and transferred to the nitrocellulose membrane. The mem-
brane was blocked with 5% nonfat-dried milk in TBST and incubated
with the relevant primary (PKM1: Cell Signaling #7067, PKM2: Cell
Siganling #4053, ACTB: Cell Signaling #4967, TXNIP: Cell Signaling
#14715, TUBA1B: Abcam ab6160) and HRP-conjugated secondary
antibody (anti-rabbit: Jackson ImmunoResearch 211-032-171, anti-
rat: Jackson ImmunoResearch 712-035-150, anti-mouse: Dako
P0447). The signal was developed using Clarity Western ECL Substrate
(Bio-Rad).

2.5. RNA analysis

2.5.1. RT-qPCR
Total RNA from mammalian cells was extracted using Quick-RNA
Miniprep Kit (Zymo Research) and from zebrafish embryos using
RNeasy Mini Kit (Qiagen) with modifications. 0.3e1.0 mg total RNA
was reverse transcribed using RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher).1 mL cDNA was used as a template in the qPCR
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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reaction together with 1� Absolute Blue qPCR Sybr Green (Thermo
Fisher) and 100 nM forward/reverse reverse primer mix
(Supplementary data file 1). The reaction was performed in a Light-
Cycler 96 system (Roche). The RNA abundance was normalized to the
beta-2-microglobulin (B2M) gene.

2.5.2. RNA-seq
Control and PKM knockdown cells were thawed and cultured in par-
allel, the number of passages was similar yet not equal, due to the
longer generation time of the PKM knockdown in HEK293 model.
Before harvesting the cells, fresh medium was added for 12e16 h.
Total RNA was extracted using Quick-RNA Miniprep Kit (Zymo
Research). RNA concentration was measured using Qubit RNA BR
Assay Kit (Thermo Fisher) and RNA integrity was monitored by Bio-
analyzer 6000 Nano Chip (Agilent). RNA library was prepared using
standard NEBNext RNA Library Prep Kit for Illumina (NEB) and sub-
mitted for sequencing with approx. 35 � 106 paired-end reads per
library.
Residual adapter sequences and low-quality segments were trimmed
out of the RNA-seq reads were using Trim Galore [53]. Resulting se-
quences were quantified against the hg38 transcriptome index from
refgenie (hg38/salmon_sa_index) [54] using Salmon [55] with the
following settings: –seqBias –gcBias evalidateMappings.
A differential expression analysis between WT and KD samples has
been performed using DESeq2 [56], with local fit for dispersion esti-
mates and dispersion outlier filtering disabled. Only genes that had at
least 10 reads mapped to them in all samples were considered.
Resulting differentially expressed genes (Wald test, FDR 0.05) have
been divided into categories based on their confident effect sizes [57].
MCF-7 and HEK293 datasets were analysed independently.

2.6. 13C-glucose labelling
For 13C-glucose labelling, HEK293 cells were grown in glucose-free
DMEM (Gibco) supplemented with 1 g/L D-Glucose-13C6 (Sigma),
10% FBS (Gibco), 2 mM L-Glutamine, 1% Pen/Strep 1 mM sodium
pyruvate and non-essential amino acids. After 5 h of labelling, the
medium was aspirated, the cells were placed on ice, washed twice
with ice-cold PBS, scraped from the dish and transferred to the pre-
cooled low-bind 1.5 mL tube. The cells were centrifuged for 3 min
at 300 � g, 4 �C, and after removing the residual PBS immediately
snap frozen in liquid nitrogen.

2.7. Metabolomic analysis

2.7.1. Metabolites extraction
Metabolites were extracted from frozen pellets with 300 mL of cold mix
methanol:water (8:1/v:v) with internal standard (d3-Leucine at 5ppm).
Cell lysis was carried out with three rounds of freeze and defrost by
liquid N2 immersion and sonication, followed by 1 h in ice before
centrifugation (12,000 rpm, 10 min at 4 �C).

2.7.2. GCeMS settings
270 mL of extract were dried under a stream of N2 gas and lyophilized
before chemical derivatization with 40 mL methoxyamine in pyridine
(40 mg/mL) for 45 min at 60 �C. Samples were also silylated using
25 mL N-methyl-N-trimethylsilyltrifluoroacetamide with 1% trimethyl-
chlorosilane (Thermo Fisher Scientific) for 30 min at 60 �C to increase
volatility of metabolites. A Thermo Scientific� TRACE� 1310 GC
system coupled to an Exactive GC Orbitrap mass spectrometer
(Thermo Scientific, Waltham, MA) was used for isotopologue deter-
mination. Derivatized samples were injected (1 mL) in the gas
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chromatograph system using a split ratio of 5 with HP-5MS chro-
matographic column (30 m length � 0.25 mm i. d., 0.25 mm film
thickness, Agilent Technologies). Helium (99.999% purity) was used as
a carrier gas at a flow rate of 1.5 mL/min. The GC oven program
started with an initial temperature of 70 �C, followed by a ramp of
11 �C/min to 190 �C, then to 325 �C at 21 �C/min, and finally held at
this temperature until a total run time of 20 min. Metabolites were
ionized using positive chemical ionization (CI) with isobutane as re-
agent gas with a flow at 0.7 mL/min. The ion source and the transfer
line temperatures were 200 and 280 �C, respectively. The instrument
operated at a resolution of 60,000 (FWHM m/z 200) and the automatic
gain control (AGC) target was set to 1 � 106. The MS data were
acquired in full-scan mode covering a mass range from 60 to 800 m/z.

2.7.3. Data processing and statistical analysis
Raw data was transformed into mzML open format in order to process
it with isoSCAN R package [58]. Using isoSCAN the following were
performed: targeted isotopologue quantification, C13 natural abun-
dance subtraction, fractional contribution (FrC) calculation and
normalization using d3-Leucine. isoSCAN quantification parameters
(peak width, SNR and scan counts) were optimized to avoid noise and
maximize signal quantification, these were contrasted by manually
evaluation of the raw data.

2.8. ROS quantification
Cells after defined treatment were collected from the plates by tryp-
sinisation, resuspended in full medium supplemented with 10 uM
DCFDA (Abcam) and incubated for 30 min at 37 �C, protected from
light. After the incubation, the cells were centrifuged and resuspended
in 1 mL PBS. The cells were passed through the 0.4 mm strainer and 7-
AAD (Miltenyi) was added to the cell suspension to the final concen-
tration 0.525 mg/mL. The cells were incubated on ice for 10 min and
the fluorescence signal was measured using CytoFLEX flow cytometer
(Beckman Coulter). The data was analysed using CytExpert (Beckman
Coulter) and floreada.io online software.

2.9. Quantification of 8-oxo-dG in genomic DNA
Genomic DNA was extracted using Quick-DNA Miniprep Kit (Zymo
Research). Derivatisation of genomic DNA and LC-MS/MS analysis was
performed as described in [59]. Briefly, DNA was spiked with heavy-
labelled nucleosides and digested with Nucleoside Digestion Mix
(NEB). The samples were filtered through an AcroPrep Advance 96
filter plate 0.2 mm Supor (Pall Life Sciences) before applying to LC-MS/
MS.
The LC-MS/MS analysis was performed using an UHPLC-QQQ-MS/MS
system consisting of a Triple Quadrupole 6490 mass spectrometer
(Agilent) with an ESI source and an Agilent Infinity 1290 UHPLC. The
elution was monitored at 260 nm (Agilent InfinityLab Deuterium Lamp
G1314). Nucleosides were separated on an InfinityLab Poroshell 120
SB-C8 column (2.1 mm � 150 mm, 2.7 mm, Agilent Technologies,
USA) at 35 �C with the parameters and conditions as described in [59].
Data Acquisition and processing were performed using MassHunter
Workstation Software Version B.07.01 (Agilent).

3. RESULTS

3.1. Knockdown of PKM drives TXNIP expression
Alterations of nutrient availability, including glucose, can lead to pro-
nounced transcriptional and epigenetic changes in multiple organisms
[60e63]. However, how depletion of a key rate-limiting enzyme in
glycolysis, PK (Figure 1A) impacts on both transcriptional and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Knockdown of PK impairs glycolysis. (A) Simplified scheme of the glycolytic pathway with the reaction catalysed by PK indicated in red. (B) Heatmap showing the
abundance of protein-coding PKM transcripts; Data derived from our RNA-seq. The most abundant isoform encoding PKM2 (PKM-202) is indicated in bold (left) and RT-qPCR
quantification of a common fragment of all PKM transcripts; n ¼ 3, Student’s t-test, **p < 0.01, ***p < 0.001 (right) upon stable shRNA-mediated PKM knockdown and
wild type (WT) HEK293 and MCF-7 cells. (C) Representative immunoblot of total protein extracts from HEK293 and MCF-7 cells upon stable PKM knockdown with the indicated
antibodies. (D, E) Extracellular acidification rate (ECAR) measurements obtained with HEK293 (D) and MCF-7 (E) cells over time using extracellular flux analyser. Difference in
glycolytic-derived lactate production was tested by sequential addition of glycolysis inducer glucose (Gluc.), ATP synthase inhibitor oligomycin (Olig.) and early glycolysis inhibitor 2-
deoxyglucose (2-DG); Each datapoint shows the average value of 15 replicates � SD.
epigenetic pathways is currently unclear. To determine transcriptional
and histone modification changes upon induced depletion of PK activity
in highly glycolytic cells, we established a stable PKM knockdown in
human embryonic kidney 293 (HEK293) and in Michigan Cancer
Foundation-7 (MCF-7) cell lines using shRNA targeting a common
fragment of the spliced PKM1/2 transcript [64,65]. We confirmed the
efficiency of the knockdowns of both isoforms at the level of mRNA and
protein by RT-qPCR, RNA-seq and immunoblotting (Figure 1BeC). As
expected, we observed the most pronounced reduction of the tran-
script PKM-202 encoding isoform PKM2, which is most abundant in
fast-proliferating cells [66]. PKM-depleted HEK293 cells displayed
increased doubling time and altered cellular morphology, similar to the
changes observed by Wang et al. upon treatment of cells with shikonin,
non-specific PKM2 inhibitor [67]. Next, to validate our models, we
determined if our knockdown cell lines indeed display reduced
glycolytic activity. For this, we induced glycolysis after 1 h of glucose
starvation, by injection of glucose to the culture medium and monitored
extracellular acidification rate (ECAR) in live cells. As shown in
Figure 1DeE, the amount of released glycolysis-derived lactate was
significantly lower upon PKM depletion and this effect was further
augmented by oligomycin. Inhibition of the initial reaction of glycolysis
by 2-deoxyglucose (2-DG) did not result in different non-glycolytic
acidification rates between wild-type and knockdown cells confirm-
ing that our PKM knockdown reduced the functionality of glycolysis.
Having validated that our stable knockdown impairs glycolysis, we
investigated how the altered metabolic state due to PKM depletion
impacts gene expression. In order to identify the genes affected by
PKM depletion, we performed RNA sequencing on wild-type and PKM
knockdown HEK293 and MCF-7 cells. DESeq2 differential enrichment
MOLECULAR METABOLISM 74 (2023) 101748 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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analysis [56] identified 527 and 2015 additional genes misregulated
(FDR ¼ 0.05) in HEK293 and MCF-7 respectively (Figure 2A).
To compare the expression changes across both cell lines, we next
calculated and correlated the confident log2 fold expression changes
[57] (Figure 2B). This analysis showed that 111 genes were consis-
tently downregulated in both HEK293 and MCF-7 cells, of which only
five genes (CBFB, GEMIN2, PKM, PPT1, VTI1B) were downregulated in
both cell lines with a confident log2 fold change of �0.5 or lower.
Additionally, 24 genes were upregulated in both cell lines, out of which
only TXNIP was upregulated at the highest confidence level in both
HEK293 and MCF7. By performing transient siRNA-mediated knock-
down of PKM in HEK293 and MCF-7 cells, we confirmed that the
upregulation of TXNIP is a specific response to PKM depletion
(Supplementary Fig. 1).
As PKM knockdown can affect the levels of epigenetically relevant
metabolites, we reasoned that a change in the global landscape of
histone modifications could cause the observed changes in gene
expression. Thus, we performed chromatin immunoprecipitation (in
HEK293 cells) with a reference exogenous genome (ChIP-Rx) as a
spike-in control for normalisation for H3K9ac and H3K4me3, two
histone modifications linked to active transcription [68]
(Supplementary data file 2). Interestingly, our analysis did not detect a
major reprogramming of the global H3K9ac and H3K4me3 chromatin
landscape upon PKM knockdown (Figure 2CeD and Supplementary
Fig. 2). We rather observed a gain of H3K9ac and H3K4me3 signal
at peaks overlapping with promoters of upregulated genes which
correlated with the level of transcriptional increase (Figure 2EeF).
Notably, TXNIP, which gained the most substantial amount of
H3K4me3 and H3K9ac at its promoter, was also the most highly
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Impact of PKM knockdown on the transcriptome and epigenome of HEK293 and MCF-7 cells. (A) Log ratio-mean expression (MA) plot, with differentially
expressed genes marked and colour-coded according to their confident log2 fold change upon stable knockdown in HEK293 (left) and MCF-7 (right). Number of genes in each
category is displayed in the table on the right. (B) Correlation of confident log2 fold changes upon stable PKM knockdown between HEK293 (x-axis) and MCF-7 (y-axis) cell lines.
The 95% confidence interval (CI) for spearman correlation coefficient (r) estimate is displayed in the top-left corner, and the linear regression line shown in yellow. Genes down-
and up-regulated with a confident log2 fold change of at least 0.5 are highlighted in blue and red respectively. Only genes with a confident log2 fold change estimate in both
experiments are shown. Datapoint for PKM is beyond the axes range. (C, D) Heatmaps and profile plots comparing the normalised read counts of H3K9ac (C) and H3K4me3 (D)
ChIP-Rx in WT and PKM knockdown cells over the consensus peak set for each target. The regions are centered at the middle of the peak and extended by 3 kbp up- and
downstream. The color indicates the read counts in peaks. Data from representative replicate (see also Supplementary Fig. 2 for second replicate). (E, F) Correlation between the
log2 fold change in gene expression (RNA-seq, x-axis) and ChIP-Rx normalized signal levels at their promoter-overlapping peaks (y-axis) for H3K9ac (E) and H3K4me3 (F) ChIP
experiments. The overall trend is indicated by the yellow lowess line. 95% CI for Spearman r is indicated in the top-left corner. The genes are divided into categories based on their
confident log2 fold change as in (A), marginal distributions and their statistical differences are displayed on the right: ManneWhitney U test, Bonferroni adjusted: ns p > 0.05,
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. The genes labeled in (B) are also indicated here. The datapoints with darker border and bolded labels with an asterisk
highlight the peaks with statistically significant changes in ChIP-Rx read abundance (DESeq2, FDR <0.1, see Supplementary data file 2 for details).
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upregulated gene in both cell lines. This suggests that PKM levels
could contribute to the regulation of TXNIP expression by controlling
the histone modification signature at the promoter.

3.2. Knockdown of PKM impairs glycolytic flux and leads to the
accumulation of glucose-6-phosphate
The results of the differential gene expression analysis prompted us to
study the impact of PK depletion on cellular metabolism in more detail.
As reported in multiple previous studies [30,31,33,69], in response to
elevated glucose-6-phosphate (G6P) levels, the heterodimeric tran-
scription factor MondoA/B:MLX binds two double E-box carbohydrate
response elements (ChoREs) present both in the promoter of both
TXNIP and ARRDC4, to drive their expression. To investigate whether
depletion of PKM activity results in the accumulation of glycolytic in-
termediates, such as G6P, and changes in glycolytic flux that could be
implicated in TXNIP activation, we applied stable isotope labelling with
13C-glucose and quantified the amount of glycolytic metabolites.
From the 10 glycolytic intermediates upstream of PKM, we were able
to detect 8 metabolites (Figure 3A). Among these, the total abundances
of 6 metabolites were significantly elevated in PKM knockdown cells
(Figure 3B). For the remaining two, the levels of fructose-6-phosphate
showed the same trend without reaching statistical significance. The
levels of free glucose, that upon entering the cell is immediately
phosphorylated by hexokinase, were not altered. To investigate
whether the increased abundance of glycolytic intermediates was
caused by the altered flux through this pathway, we analysed the
fraction of 13C-labelled G6P in knockdown and WT cells. We observed
that after 5 h of 13C-labelling, in WT cells 100% of G6P was derived
from 13C-labelled glucose in contrast to only 70% in PKM knockdown
Figure 3: Knockdown of PKM impairs flux of metabolites in glycolysis and branch
Compounds detected in the metabolomic analysis are indicated by the shaded background (
knockdown; Student’s t-test, p < 0.05). (B) Log2 fold change of the abundance of detecte
13C-labelled G6P after 5 h of 13C-glucose labelling. (D) Log2 fold change of abundance of to
fold change of abundance of total R5P (left) and fraction of 13C-labelled R5P (right) after 5 h
values in (B) adjusted with BH method; 1,3-PG e 1,3-bisphospoglyceate, 2 PG e 2-phospho
fructose-1,6-bisphosphate, F6P e fructose-6-phosphate, G6P e glucose-6-phosphate, G
phosphate, Ser e serine.
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cells, suggesting that slower conversion of G6P due to a reduced
metabolic flux is the cause of its accumulation upon PKM knockdown
(Figure 3C).
When glycolytic metabolites are in excess, they can be shunted to-
wards the branching pathways [70,71]. We therefore also measured
the total abundances and 13C-enrichment of serine (Ser) and ribose-5-
phosphate (R5P) e end products of serine synthesis and pentose
phosphate pathways, respectively. As expected, we found that in PKM
knockdown cells, the levels of both Ser and R5P were increased and
the contributions of both 13C-labelled isotopologues was higher than
in WT cells (Figure 3DeE). Altogether these results reveal an accu-
mulation of the glycolytic intermediate G6P upon PKM depletion, what
subsequently results in shunting of metabolites towards branching
pathways.

3.3. Knockdown of PKM activates MondoA:MLX transcription
factors
The increased G6P levels prompted us to investigate the role of MondoA/
B:MLX in the upregulation of TXNIP and ARRDC4 upon PKM knockdown.
For this, we first performed ChIP followed by qPCR analysis in order to
determine the binding of the transcription factors to the TXNIP and
ARRDC4 ChoREs. We decided to focus on MLX and MondoA since our
RNA-seq analysis showed that expression level of MondoB is lower than
MondoA in both cell lines.While themRNA levels for all these transcription
factors were notmajorly altered upon PKM knockdown (onlyMLX shows a
slight downregulation in MCF-7 in the analysis with the lowest confect
threshold), we observed significant enrichment of MondoA and MLX
occupancy at the ChoREs of both TXNIP and ARRDC4 (Figure 4AeB). Next,
we performed ChIP-seq for MondoA and MLX to complement this with
ing pathways. (A) Scheme of the glycolytic pathway and its intermediate metabolites.
in blue e elevated upon PKM knockdown, in grey e not significantly changed upon PKM
d glycolytic metabolites between PKM knockdown and WT HEK293 cells. (C) Fraction of
tal Ser (left) and fraction of 13C-labelled Ser (right) after 5 h of glucose labelling. (E) Log2
of 13C-glucose labelling. n ¼ 4, Student’s t-test, ns p � 0.05, *p < 0.05, **p < 0.01, p
glycerate, 3 PG e 3-phosphoglycerate, DHAP e dihydroxyacetone phosphate, F1,6BP e
ADP e glyceraldehyde-3-phosphate, PEP e phosphoenolpyruvate, R5P e ribose-5-
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Figure 4: Changes of chromatin signatures at the promoters of TXNIP and ARRDC4 upon knockdown of PKM in HEK293 cells. (A, B) ChIP-qPCR analysis of MLX (left) and
MondoA (right) enrichment in carbohydrate-response elements (ChoREs) of TXNIP (A) and ARRDC4 genes (B); Each data point represents an average qPCR value � SD of an
independent IP sample; n ¼ 3, Student’s t-test, *p < 0.05, **p < 0.01. (C, D) Genome browser tracks showing read densities for the indicated histone PTMs and TFs at the
promoter region of TXNIP (C) and ARRDC4 (D). Gene schemes and orientations are shown at the bottom, genomic locations and scale at the top. ChIP-seq reads of histone PTMs
were normalised using Drosophila spike in (ChIP-Rx), ChIP-seq reads of TFs were cpm normalised (see also Supplementary data file 2 for more details).
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genome-wide information about their binding profiles. For MLX we
detected a very limited number of peaks of which the ones with the
highest signal intensity mapped close to the TXNIP and ARRDC4 genes
(Figure 4CeD). This confirms our qPCR results of MLX binding. However
due to the small total number of detected peaks, we were not able to
perform differential enrichment analysis comparing WT and PKM
knockdown samples. Our MondoA ChIP-seq detected enough binding
sites to determine differential binding. Interestingly, only the promoter
regions of TXNIP and ARRDC4 showed a clear gain of MondoA signal after
the knockdown (Figure 4CeD) which is in line with our qPCR results.
Together, this suggests that PKM knockdown results in the accumula-
tion of intracellular G6P leading to increased occupancy of MondoA and
MLX specifically at the TXNIP and ARRDC4 promoters. Thus, the PKM/
MondoA/MLX axis is a major regulator of a small set of specific genes
and PKM can act via G6P as fine tuner of global transcriptional profiles.

3.4. TXNIP upregulation triggers ROS accumulation and induces
oxidative damage to DNA
TXNIP is a ubiquitously expressed protein with (i) a unique role to
negatively regulate thioredoxin function, and (ii) alpha arrestin-
associated role to control a broad range of cellular energy meta-
bolism [28,32,44]. A major function of various alpha-arrestins is in-
hibition of glucose uptake what can lead to the inhibition of cell
proliferation [72,73]. To investigate how the redox-specific function of
upregulated TXNIP affects the phenotype of HEK293 cells, we gener-
ated constructs for the overexpression of redox-active TXNIP (TXNIP
WT) and a TXNIP mutant with the cysteine residue at position 247
8 MOLECULAR METABOLISM 74 (2023) 101748 � 2023 The Author(s). Published by Elsevier GmbH. T
replaced by serine (TXNIP C247S) rendering TXNIP devoid of its redox-
specific function [29]. Immunoblotting confirmed that both variants of
TXNIP were comparably expressed upon overexpression in HEK293
cells (Figure 5A). As expected, our MTT assays showed that over-
expression of TXNIP reduced metabolic activity (Figure 5B). Interest-
ingly, the C247S mutation partially rescued this effect. Thus, it is
possible that the redox-dependent function of TXNIP could contribute
to the reduced proliferation we observed. Next, to investigate if a
higher level of reactive oxygen species (ROS) could contribute to
reduced cell proliferation upon TXNIP overexpression, we quantified
the abundance of a DCFDA probe that becomes fluorescent upon
oxidation to DCF by various cellular ROS, in the cells overexpressing
different TXNIP variants. As displayed in Figure 5C and quantified in
Supplementary data file 3, we detected elevated level of ROS in the
cells overexpressing TXNIP WT, while the signal from cells expressing
TXNIP C247S was comparable to the negative control. Overall, these
results suggest that overexpression of TXNIP WT leads to the increased
ROS production and might be linked to inhibition of cell proliferation.
While our assays control for the effects of general TXNIP protein
toxicity, we cannot rule out cellular toxicity effects specific for TXNIP
WT that could provide alternative explanations for the observed
phenotypes.
To complement our transient overexpression results where TXNIP pro-
tein levels are higher than upon physiological upregulation by Mon-
doA:MLX, next we wanted to determine ROS level upon PKM
knockdown. For this we used mass spectrometry to quantify the
amounts of DNA oxidation marker 8-oxo-20-deoxyguanosine (8-oxo-dG)
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Redox function of TXNIP inhibits cell proliferation and can affect DNA oxidation. (A) Representative immunoblot of total protein extracts in HEK293 transiently
transfected with TXNIP WT and mutant TXNIP C247S variants with indicated antibodies. (B) MTT assay representing differences in cell metabolic activity upon transient over-
expression of TXNIP WT and TXNIP C247S; n ¼ 8, pairwise Student’s t-test, p values adjusted with Bonferroni method, ***p < 0.001. (C) Intracellular ROS production in cells
transiently overexpressing TXNIP WT or TXNIP C247S measured by flow cytometry to quantify the abundance of a DCF probe. Only overexpression of TXNIP WT leads to the
increase of intracellular DCFDA oxidation to DCF (see Supplementary data file 3 for quantification). (D) Comparison of the 8-oxo-dG levels in HEK293 (left) and MCF-7 (right) upon
stable PKM knockdown as determined by RT-qPCR n ¼ 4, Student’s t-test, ns p � 0.05, *p < 0.05, **p < 0.01.
in HEK293 and MCF-7 cell lines. While we did not observe a significant
change in the HEK293 model, MCF-7 cells showed significant increase
in the levels of oxidised DCFDA (data not shown) as well as of oxidative
damage upon PKM knockdown (Figure 5D). Such differences between
the two models could be caused by different anti-oxidative systems
engaged in ROS scavenging as well as by lower physiological levels of
TXNIP in HEK293 in comparison to MCF-7 cells. Indeed, our RNA-seq
analysis classified TXNIP in the 60e70% decile and 20e30% decile
of genes expressed in WT in MCF-7 and HEK293, respectively. This
observation is also consistent with our immunoblotting results
(Figure 1C). Altogether, these results suggest that upregulation of TXNIP
could result in increased ROS levels and oxidative stress.

3.5. Regulation of TXNIP expression by pyruvate kinase is also
observed in metabolically relevant models
We found that PKM depletion triggers TXNIP upregulation in two
immortalised, fast-proliferating human cell lines. To investigate
whether the newly discovered regulatory PK-TXNIP axis is also present
in additional metabolically relevant systems, we decided to validate our
findings in two highly glycolytic metabolic models e human HepaRG
cells differentiated into hepatocytes, commonly used as a human
model to study the regulation of glucose and lipid metabolism [74] and
primary mouse hepatocytes. In healthy murine hepatocytes, Pklr is the
main isoform of PK, therefore we used a pool of 4 siRNAs targeting the
Pklr gene to generate a transient PK knockdown. Three days after
siRNA transfection, the amount of Pklr mRNA in samples derived from
the mice (n ¼ 3) was significantly reduced (on average to 0.12-fold
compared to WT expression). The levels of Txnip were elevated in
all samples though the effect size varied between the hepatocytes
derived from different animals (Figure 6A). Of note, expression of Pkm
was not changed during the course of the experiment (data not shown).
MOLECULAR METABOLISM 74 (2023) 101748 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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In HepaRG cells, we performed a sequential knockdown of both PKLR
and PKM using pools of 4 siRNAs against each transcript. In samples
transfected with siRNA against PKLR, TXNIP levels increased on
average 1.80- and 1.33-fold in comparison to those transfected with
non-targeting control siRNA in single and double knockdowns,
respectively (Figure 6B). To further investigate whether the PK-TXNIP
regulatory axis is conserved in a full organism, we next analysed
zebrafish embryos with a knockout of the two PKM zebrafish orthologs,
pkma and pkmb [51]. The zebrafish gene pkma displays similar
genomic organisation as the mammalian gene PKM. Its transcript is
subjected to alternative splicing giving rise to the processed transcripts
pkma1 or pkma2 including exon 9 or 10, respectively [51]. The pkmb
transcript is not subjected to alternative splicing and encodes only one
isoform [51]. RT-qPCR performed on the RNA extracted from the
knockout and wild type zebrafish embryos showed that levels of all
pkm transcripts were significantly reduced in the knockout samples,
and this reduction correlated with the increase of levels of txnipa and
txnipb mRNA (1.13- and 1.62-fold, respectively, in comparison to the
wild type embryos (Figure 6C)). These experiments suggest that the
PK-TXNIP axis is a versatile effect present in various cell- and animal
models.

4. DISCUSSION

Perturbations of glycolysis can result in the misregulation of the
metabolic flux through many interconnected pathways and imbalance
of metabolites [75e77] and thus can have drastic consequences to the
cell and the whole organism. Overexpression of pyruvate kinase (PK), a
crucial enzyme in glycolysis, is a hallmark of many human cancers.
While the glycolytic role of PK has been implicated in conferring growth
advantage of tumour cells over their healthy counterparts, several
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 6: TXNIP upregulation upon depletion of PK activity in different model systems. (A) RT-qPCR quantification of Pklr (left) and Txnip (right) transcripts upon transient
siRNA-mediated knockdown of Pklr in mouse primary hepatocytes. Each datapoint represents an average value of 4 technical replicates. Paired samples were derived from the
same mouse and treated with non-targeting control or Pklr targeting siRNA; n ¼ 3, Paired samples Student’s t-test. (B) RT-qPCR quantification of PKLR (left), PKM (middle) and
TXNIP (right) transcripts upon transient sequential siRNA-mediated knockdown of PKLR and/or PKM in HepaRG cells; n ¼ 4, pairwise Student’s t-test, p values adjusted with
Bonferroni method, ns p � 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. (C) RT-qPCR quantification of transcripts encoding pkm and txnip variants in wt and pkma/b double
knocked out zebrafish embryos (day 5); n ¼ 3, Student’s t-test, ns p � 0.05, *p < 0.05, **p < 0.01.

Figure 7: Proposed model of action of PK-TXNIP axis. Upon depletion of PK activity,
accumulation of G6P can contribute to increased nuclear localisation of MondoA:MLX
heterodimers, their binding to ChoREs and transcriptional upregulation of genes such
as TXNIP and ARRDC4. Upregulated TXNIP can bind to and inhibit the reduced form of
thioredoxin (TXN) rendering it incapable of reducing oxidised cysteine residues on
cellular proteins. Increased level of oxidised thioredoxin peroxidase (TXP) can lead to
reduced superoxide anion scavenging capacity and consequently to the accumulation of
various ROS that can induce oxidative damage to DNA. Note that beyond the PK-TXNIP
axis that we describe here, other stress-related pathways may trigger similar cellular
responses. See main text for details.
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other mechanisms involving PK have also been reported to contribute
to cancer development [13,14,46]. Here, we provide a metabolic link
between impaired enzymatic activity of PK and upregulation of a
tumour suppressor TXNIP with potential implications to the cellular
ROS balance (Figure 7). How important these effects are on the
oncogenic phenotypes of PK inhibition will require further studies.
Moreover, we show that this regulatory PK-TXNIP axis is not limited to
the immortalised cancer cell lines but is also present in other
metabolically-relevant cell- and animal models.
Transcriptional profiling of two fast-proliferating human cell lines,
HEK293 and MCF-7, upon shRNA-mediated knockdown of PKM,
revealed a significant upregulation of TXNIP and ARRDC4. Expression of
both genes has been previously reported to be driven by the glucose-6-
phosphate-responsive transcription factors MondoA:MLX [31,33]. This
G6P response is also in line with a recent report that pharmacological
upregulation of PKM can lead to depletion of TXNIP [78]. Here, we show
that PKM depletion changes the flux of glucose-derived compounds and
leads to the accumulation of G6P and other glycolytic intermediates, as
well as the end products of the pathways branching from glycolysis. We
anticipate that similar metabolic changes may be triggered by depletion
of other glycolytic enzymes, however the effect size might be different,
due to the fact that PK plays a rate-limiting role in glycolysis. Such
altered levels of major cellular metabolites have been previously asso-
ciated with reprogramming the metabolic circuitry and subsequently,
global changes of abundance or distribution of chromatin modifications
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[79e82]. Surprisingly, even though we detected in our PKM knockdown
cells profound changes in the expression of hundreds of genes, our
ChIP-seq analysis did not detect major changes in the global histone
modification landscape. We rather found a specific gain of active histone
marks at specific promoters which correlated with the transcriptional
changes, most prominently at the promoters of TXNIP and ARRDC4. This
suggests that the supply of metabolites is not the only factor regulating
the global deposition of the chromatin marks and that a maintenance
mechanisms of the crucial chromatin signatures can exist even upon
prolonged metabolic perturbation.
Accumulated glycolytic intermediates can be shunted towards the
pathways branching from glycolysis and serve as signalling molecules
and metabolic precursors [76]. While in our study we focused on the
effects of the direct accumulation of the product of the upstream
glycolysis reaction, glucose-6-phosphate, we also detected increased
levels of the end products of serine synthesis pathway and pentose
phosphate pathway: serine and ribose-5-phosphate, respectively.
Therefore, it would be interesting to study the effects of the increased
levels of the end products of these and other pathways branching from
glycolysis in the future. Intensified flux through the pentose-phosphate
pathway might lead to the elevated levels of the reducing equivalent
NADPH [83e86]. Apart from its crucial function in synthesis of mac-
romolecules, NADPH significantly contributes to scavenging of cellular
ROS by thioredoxins, glutaredoxins and catalase [87e89]. Conse-
quently, it is plausible that in certain cell types and disease models,
upon depletion of PK activity, a TXNIP-mediated pro-oxidative state
might be compensated by the increased production of NADPH. Such
effect could explain why we observed oxidative DNA damage upon
PKM knockdown only in MCF-7, in which the base level of TXNIP in WT
cells is higher, but not in HEK293 cell line.
Our ChIP profiling revealed a correlation between the PKM knockdown
and increased occupancy of carbohydrate-response elements
(ChoREs) of TXNIP and ARRDC4 promoters by MondoA and MLX
accompanied by the elevation of the levels of active histone marks.
While nuclear accumulation of MondoA-MLX heterodimers upon
glucose stimulation, as well as a potential role of MondoA in the
localised recruitment of histone acetyltransferases to ChoREs, have
been previously reported [31,33,90], we show here that a similar effect
can be achieved by blocking glycolytic flux by reducing PK activity.
Apart from G6P, TXNIP levels have been previously reported to be
elevated in response to multiple compounds implicated in cellular
metabolism and differentiation including vitamin D, HDAC inhibitors
and mTOR inhibitors [91e97]. Therefore, it is of high interest to further
investigate in the future the potential links between the pathways
affected by these agents, and PK-mediated modulation of glycolysis in
the context of potential additive effects converging on TXNIP
upregulation.
TXNIP and its close homolog ARRDC4 have been implicated in regu-
lation of glucose uptake [27,98]. Our results show that beyond this
arrestin-specific function in regulating glucose metabolism, upregu-
lated TXNIP can provide an additional level of metabolic control by
increasing cellular ROS which correlated with reduced cell prolifera-
tion, in line with the findings reported by Patwari et al. [29,99].
Augmented TXNIP expression and elevated ROS production, potentially
linked to the increased DNA damage, provides interesting opportunities
for designing combination cancer therapies [100,101]. Our work
suggests that combining therapeutic agents that trigger ROS-mediated
DNA damage with compounds selectively inhibiting PK activity and
thereby upregulating tumour suppressor TXNIP, could lead to more
efficient killing of fast-proliferating tumour cells. Even though up to
now no candidate drugs targeting PK isoforms has been approved for
MOLECULAR METABOLISM 74 (2023) 101748 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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therapy [102], our results provide an additional rationale for further
efforts in developing specific inhibitors of PK. However, as a proper
balance of PK activity is required for fundamental cellular processes in
the whole organism, caution should be taken when designing thera-
pies involving modulation of the activity of this enzyme. For example,
PKM1 and PKM2 are central to provide ATP for closing KATP channels
and promoting insulin secretion by pancreatic beta cell and thus could
cause additional side effects that would have to be considered [103].
Both PK and TXNIP have been extensively studied separately as an
oncogene and a tumour suppressor, respectively. TXNIP displays tumour
specific expression and its expression has been suggested as prognostic
marker [104]. PKM2 is widely expressed in many types of tumours, has
been associated with tumorigenesis and recognised as a potential
cancer biomarker [105]. However, the relationship between PK and
TXNIP in tumour samples has not been thoroughly investigated. Cor-
relation of expression of PKM and TXNIP genes by using the OncoDB tool
[106], revealed specific cancer types with anticorrelated expression
(Pearson’s r < �0.25) of these two genes in the TCGA dataset [107]
(Supplementary Table S1). This is accordance with the anticorrelation of
expression we observe in our models. Of note, the same dataset reports
also positive or no correlation between the expression of PKM and TXNIP
in other cancer types. This suggests that the PK-TXNIP regulatory axis is
not manifested in every cellular and metabolic background equally and
therefore, any therapeutic approach targeting this axis, should be
carefully investigated in the context of the specific cancer type.
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