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Abstract—Transcriptional factor p53 is a master regulator of energy metabolism. Energy metabolism strongly depends on
thiamine (vitamin B1) and/or its natural derivatives. Thiamine diphosphate (ThDP), which is a major thiamine derivative,
affects p53 binding to DNA. In order to elucidate the mechanism of regulation of thiamine-dependent metabolism by p53,
we assessed putative p5S3-binding sites near transcription starting points in genes coding for transporters and enzymes, whose
function is associated with thiamine and/or its derivatives. The predictions were validated by studying cell metabolic
response to the p53 inducer cisplatin. Expression of p53 and its known target, p21, has been evaluated in cisplatin-treated
and control human lung adenocarcinoma A549 cells that possess functional p53 pathway. We also investigated the activity
of enzymes involved in the thiamine-dependent energy metabolism. Along with upregulating the expression of p53 and p21,
cisplatin affected the activities of metabolic enzymes, whose genes were predicted as carrying the p53-binding sites. The
activity of glutamate dehydrogenase GDH?2 isoenzyme strongly decreased, while the activities of NADP*-dependent isoc-
itrate dehydrogenase (IDH) and malic enzymes, as well as the activity of 2-oxoglutarate dehydrogenase complex at its
endogenous ThDP level, were elevated. Simultaneously, the activities of NAD"-dependent IDH, mitochondrial aspartate
aminotransferase, and two malate dehydrogenase isoenzymes, whose genes were not predicted to have the p53-binding
sequences near the transcription starting points, were upregulated by cisplatin. The p53-dependent regulation of the assayed
metabolic enzymes correlated with induction of p21 by p53 rather than induction of p53 itself.
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INTRODUCTION

DNA binding of p53 may regulate transcription of
several hundreds of genes directly, with the list extended
to thousands of those regulated indirectly [1]. The p53-
dependent transactivation has been studied mostly for the
p53 targets involved in the regulation of the cell fate, such
as p53-destabilizing HDM2 protein, cell cycle control

Abbreviations: GDH1(2), glutamate dehydrogenase 1(2); GOT,
aspartate aminotransferase; GSH, glutathione; GSSG, glu-
tathione disulfide; IDH, isocitrate dehydrogenase; MDH,
malate dehydrogenase; OGDHC, 2-oxoglutarate dehydroge-
nase complex; SP, succinyl phosphonate; ThDP, thiamine
diphosphate.
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p21, cell death/survival regulators PUMA and TIGAR,
etc. As the cell fate is closely related to the energy status,
it is not surprising that p53 also acts as a master regulator
of cellular energy metabolism. Direct p53-dependent
activation and repression of corresponding transporters
and enzymes have been investigated in several studies [2-
5]. Remarkably, one of the p53 targets is the thiamine
(vitamin B1) transporter [2]. Major intracellular deriva-
tive of thiamine, thiamine diphosphate (ThDP), not only
serves as coenzyme of central metabolism, but also regu-
lates p53 binding to DNA [6].

Although most studies on the transcriptional regula-
tion by p53 have been focused on the p53 inactivation in
tumorigenesis, some cancer cells, such as non-small cell
lung adenocarcinoma A549 cells, have a functional p53
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pathway [7, 8]. The p53 pathway is linked to changes in the
thiamine-dependent metabolism of tumor cells [9, 10] and
their response to cisplatin [8], which is a first-line drug in
lung cancers. However, cancer cells develop resistance to
cisplatin. Therefore, the p53- and thiamine-dependent
metabolic regulation in such cells is of particular interest.

The DECODE proprietary database created by
SABiosciences, combines text mining of ChIP-seq data
and data from the UCSC Genome Browser, predicting
the binding sites for more than 200 transcription factors.
In this study, we used predictions of the p53-binding sites
in genes encoding proteins involved in the thiamine-reg-
ulated metabolism in order to assess the role of p53 in the
thiamine-dependent metabolism. The predicted p53-
binding sites in the genes encoding enzymes of the thi-
amine-dependent metabolism, were experimentally veri-
fied by assaying the activity of these enzymes after p53
upregulation.

MATERIALS AND METHODS

Bioinformatics search for potential p53-binding sites in
genomes. The SABiosciences’ proprietary database
DECODE (DECipherment of DNA Elements) from QIA-
GEN was searched for the p53-binding sites in the prox-
imity of gene transcription starting points as in other stud-
ies [11, 12]. The DECODE database combines the results
of text mining analysis of ChIP-seq data and the UCSC
Genome Browser, providing identification of binding sites
for more than 200 transcription factors located closely to
the transcription starting points of genes. For human
genes, the data were compared with the information pro-
vided by GeneCards (https://www.genecards.org/) as “Top
Transcription factor binding sites by QIAGEN”.

Cell culture and reagents. Adenocarcinoma non-
small cell lung cancer A549 cells (ATCC® CCL-185™)
were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM; Thermo Fischer Scientific, 21855, USA) con-
taining 1 g/liter glucose, 1 mM pyruvate, 4 mM
GlutaMAX™, 10% FBS (Gibco, 10270, USA), 100 U/ml
penicillin, and 0.1 mg/ml streptomycin (Thermo Fisher
Scientific, 15140, USA) at 37°C in 5% CO, in a humidi-
fied atmosphere.

A549 cells were seeded in 6-well plates (2 x 10° cells
per well). After 24 h, the medium was replaced with the
fresh one supplemented with 5 uM cisplatin or 4.5 mM
succinyl phosphonate (SP). SP was synthesized according
to the previously published procedure [13]; its identity and
purity were confirmed by NMR spectroscopy. After the
cells were cultured for 24 h (approximately to 70% conflu-
ence), cells lysates were obtained as described previously
[14] using protease and phosphatase inhibitor cocktails
cOmplete™ (Roche, 04693116001, Switzerland) and
PhosSTOP™ (Roche, PHOSS-RO, Switzerland), respec-
tively, and assayed for the enzyme activity on the same day.
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Enzymatic activity assays. Enzyme activities were
assayed as described previously [14]. The activity of the
OGDHC holoenzyme was determined at the endogenous
ThDP level by omitting ThDP in the reaction medium.
Glutamate dehydrogenase 2 (GDH?2) activity was assayed
by adding 1 uM GTP [to inhibit glutamate dehydrogenase
1 (GDH1)] and 100 uM ADP (to activate GTP-resistant
GDH?2), based on different regulatory properties of the
two enzymes [15]. The activity of NAD*-dependent isoc-
itrate dehydrogenase (IDH) was determined as described
by Cox et al. [16] in HEPES buffer. NADP*-dependent
IDHs were assayed as described by Artiukhov et al. [17].
NAD*, NADP*, ADP, GTP, NADH, 2-oxoglutarate,
DL-isocitrate, malate, oxaloacetate, CoA, and thiamine
pyrophosphate were from Sigma-Aldrich.

Total protein content was determined with a Bio-
Rad Protein Assay Kit I, 5000001 (Bio-Rad, USA),
according to manufacturer’s instructions, and used for
normalization of enzymatic activities.

p53, p21, and GOT2 assays. The levels of p53 and
aspartate aminotransferase (GOT?2) proteins were deter-
mined with anti-p53 (Santa Cruz Biotechnology, sc-126,
USA) and anti-GOT2 (Sigma-Aldrich, HPA018139,
USA) primary antibodies. Actin and VDAC/porin stained
with anti-p-actin (Sigma-Aldrich, A5441) and anti-
VDAC/porin (Cell Signaling Technology, 4661, USA)
antibodies, respectively, were used as loading controls.

The level of p21 mRNA was analyzed by RT-qPCR
using 5'-CAGACCAGCATGACAGATTTC-3" and 5'-
TTAGGGCTTCCTCTTGGAGA-3' primers (Kapa
Biosystems, USA). RNA was isolated with RNeasy mini
kit (74106, QIAGEN, The Netherlands). B-Actin and
S18 mRNAs were used for normalization.

Assays of glutathione and glutathione disulfide. The
concentration of glutathione (GSH) was determined
using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) as
described by Boiko et al. [18]. Glutathione disulfide
(GSSG) was quantified from the fluorescence of the
product of its reaction with o-phthalic aldehyde accord-
ing to the method of Hissin and Hilf [19] optimized by
Senft et al. [20].

Statistical analysis. The data are presented as mean
+ SEM. Independent experiments were performed with
different batches of cells. Statistical analysis was carried
out using the GraphPad Prism program, version 7.0
(GraphPad Software Inc., USA). The data for the control
and treatment groups were compared using the two-tailed
Student’s #-test with the Holm—Sidak correction for mul-
tiple comparisons. All data passed the D’Agostino
omnibus normality test.

RESULTS AND DISCUSSION

Enzymes and transporters that are regulated by thi-
amine and its natural derivatives or require these com-
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pounds for their activity, are shown in the table. In addi-
tion to the known enzymes that use ThDP (main intra-
cellular derivative of thiamine) as a coenzyme, the table
includes metabolic enzymes allosterically or competitive-
ly regulated by thiamine and its derivatives [21, 22], as
well as metabolic partners of thiamine-dependent
enzymes and currently known thiamine-metabolizing
enzymes and transporters.

Assuming that p53-dependent regulation is con-
served in mammalian species, we evaluated the presence
of p53-binding sites near the gene transcription starting
points in three well-characterized mammalian genomes
(human, mouse, and rat) using the DECODE data.
Multiple hits for such p53-binding sites were considered
as indicators of a higher probability of the p53-mediated
gene regulation. The total number of potential p53-bind-
ing sites near the transcription starts in the three mam-
malian genomes (table) was considered as a cumulative
marker of the prediction consistency. The numbers of
p53-binding sites in the genes encoding for the compo-
nents of heteroprotein complexes (including regulatory
enzymes, such as kinases and phosphatases) in all the
three genomes were summed up. For instance, transcrip-
tion of the first and the second enzymatic components of
the OGDH multienzyme complex was predicted as regu-
lated by p53 (table). This increases the probability of p53-
dependent regulation for the major form of this multien-
zyme complex that contains the OGDH gene product,
compared to the complexes formed by the OGDH isoen-
zymes encoded by recently characterized OGDHL and
DHTKDI genes [17]. However, the activities of the
OGDHL and DHTKDI1 complexes may also depend on
the p53-regulated transcription of their second enzymat-
ic component encoded by the DLST gene. The predicted
p53-binding sites in the genes of ThDP-dependent mul-
tienzyme 2-oxo acid dehydrogenase complexes (table)
are in good agreement with the existing data on the p53-
induced upregulation of these genes in the chemical
models of thiamine deficiency [23].

Compared to the information extracted from the
DECODE database, predictions stored in GeneCards
exhibit a lower sensitivity. Thus, the top hits revealed by
GeneCards did not include known p53 direct targets,
such as SLC19A2 [2], PDK2, and PDK4 [4, 5, 24] that
have from two to six predicted p53-binding sites accord-
ing to the DECODE database (table).

To test the bioinformatics prediction on the regula-
tion of thiamine-related genes by p53, we used cisplatin,
a well-known p53 inducer, in A549 cells [8].

Incubation of A549 cells with 5 uM cisplatin (ICs,
for cisplatin in A549 cells is 18 uM [25]) upregulated p53
expression, leading to the induction of its target p21
(cyclin-dependent kinase inhibitor 1A) (Fig. 1a). Under
these conditions, the redox potential of cellular glu-
tathione (GSH/GSSG) decreased, which was in accor-
dance with the molecular mechanism of cisplatin action,
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Fig. 1. Changes in the p53 and p21 protein levels, cellular glu-
tathione status and activities or expression of enzymes related to
the thiamine-dependent metabolism after 24-h incubation with
5 uM cisplatin (a) or 4.5 mM SP (OGDHC inhibitor) (b); * p <
0.05. Abbreviations: GDH, glutamate dehydrogenase; IDH,
isocitrate dehydrogenase; ME, malic enzymes (all three isoen-
zymes); MDH, malate dehydrogenase; OGDHC, 2-oxoglutarate
dehydrogenase complex; GOT, aspartate aminotransferase;
GSH, glutathione; GSSG, glutathione disulfide. Numbers refer
to the isoenzymes as in the table.

since cisplatin is known to induce oxidative stress [26].
However, the levels of both oxidized and reduced glu-
tathione increased, although the former more than the
latter (Fig. la). Hence, cisplatin activated glutathione
biosynthesis, which is controlled by the interaction
between the ROS/p53/p21 and Nrf pathways [27]. By
assaying the activity of enzymes selected from those listed
in the table, we revealed the metabolic targets of p53
involved in such regulation.

As shown in Figs. 1a and 2, cisplatin induced signif-
icant changes in activities of the enzymes of the gluta-
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Putative p53-DNA binding sites in the proximity of transcription starting points of the genes encoding proteins of thi-
amine-dependent metabolism in the human, mouse, and rat genomes

Number of p53-binding sites | Total number of Number of p53 sites
Groups of proteins Genes p53 sites in the in the three genomes
Human | Mouse Rat three genomes per protein complex
o OGDH* 1 2 0 3 6 sites located in 2 catalytic
anis) OGDHL 0 0 0 0 components
SE DHTKDI 0 0 0 0
38 DLST 1 1 1 3
DLD 0 0 0 0
PDHAI 0 0 0 0 16 sites, mostly in the compo-
PDHA2 0 0 0 0 nents of phosphorylation sys-
PDHB 0 0 0 0 tem
% b DLAT 0 0 0 0
g g PDHX 0 1 0 1
< 5 PDKT1* 3 1 1 5
5 E PDK2 1 0 1 2
= a PDK3 0 0 0 0
3 o PDK4 2 2 2 6
5 PDPI 0 0 0 0
o PDP2 1 no result 1 2
Z PDPR 0 no result | no result 0
% T BCKDHA 1 1 1 3
&= a2 BCKDHB 0 0 0 0 10 sites in 2 components (cat-
N g‘ DBT 0 0 0 0 alytic and regulatory)
28 BCKDK 3 3 1 7
PPMIK 0 0 no result 0
- TKT* 4 1 1 6
5 g TKTLI 0 0 no result 0
=2 TKTL2 0 0 no result 0
Oz HACL1 0 0 no result 0
ILVBL 0 0 no result 0
O v GLUDI 0 0 0 0
g9 GLUD2* 1 nogene | no gene 1
8ES | MDHI 0 0 0 0
£ EZZ | MDH2 0 0 0 0
Rz g %-8 PDXK 1 0 1 2
- _(.‘: g = 3 GOT1 0 0 0 0
ERs =2 GOT2 0 0 0 0
S g o} L; > GPT* 12 5 5 22
SR P GPT2 0 0 no result 0
Rt = GLUL 0 0 0 0
E®
&4 > IDHI (NADP) 1 1 1 3
S g = N g IDH2 (NADP) 0 0 0 0
2 s e
g < .C% ﬁ E IDH3A (NAD) 0 1 0 1 9 sites in 3 catalytic compo-
2 S0l IDH3B (NAD) 1 0 1 2 nents
= EZE IDH3G (NAD) 2 2 2 6
g 233
ES i MEI* (NADP) 1 no result 0 1
§¥823 ME2 (NAD u NADP) 0 0 no result 0
m ME3 (NADP) 0 0 no result 0
TPKI* 1 1 no result 2
. 2E THTPA 2 2 3 7
S°E = SLC1941 0 0 0 0
258 SLCI942 2 0 0 2
EE 8 SLC1943 0 0 no result 0
B E SLC44A44 3 4 4 11
SLC25A419 0 0 0 0

Note. Asterisks denote p53-binding sites according to GeneCards (https://www.genecards.org/). Genes consistently predicted as transcriptionally
regulated by p53 are shown in bold. Direct transcriptional targets of p53 (according to published papers) are marked by grey shading.
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mate/2-oxoglutarate node and affiliated malate metabo-
lism. Cisplatin increased the flux through the OGDHC
by increasing its saturation with the coenzyme (ThDP)
from 23 + 9 to 100% (p < 0.05). Considering that no
increase in the total activity of the OGDHC was
observed, the higher extent of enzyme saturation with
endogenous ThDP is in good agreement with the p53-
dependent increase in the thiamine influx [2]. Other
metabolic enzymes known to be controlled by p53, such
as NADP*-dependent IDHs and malic enzymes [28, 29],
were also upregulated along with p53 and p21 induction
(Fig. 1a). At the same time, the human-specific isoen-
zyme of glutamate dehydrogenase (GDH?2) predicted to
have the p53-binding site (table), was strongly downregu-
lated by cisplatin (Fig. 1a). The effect on the total GDH
activity was less pronounced, in accordance with the pre-
dicted absence of transcriptional regulation of GDHI1 by
p53 (table). The activity of the OGDHC holoenzyme
increased 6-fold (p < 0.02), while the activity of TCA
cycle isoenzyme (IDH3) that catalyzes formation of the
OGDHC substrate 2-oxoglutarate, increased 4-fold fol-
lowing p53 induction by cisplatin (p < 0.01). At the same
time, activities of several enzymes whose expression was
not predicted to depend on p53, such as malate dehydro-
genase (MDH) isoenzymes (1.4-fold, p < 0.02) and
GOT?2 (2.5-fold, p < 0.01) (table), increased, too. One of
these enzymes, MDH1, is known to be a co-activator of
p53 transcriptional activity [30, 31]. The mechanisms of
the observed upregulation of these enzymes require fur-
ther studies. These enzymes may be indirect targets of
p53. Alternatively, their genes may have the p53-binding
sites beyond the transcription starting points considered
in the DECODE predictions (table). Supported by chro-
matin structural organization, the regulatory p53-binding
sites may also be located in other regions of the genome.
Overall, the observed cisplatin-induced changes in the
homeostasis of A549 cells (Fig. 1a) pointed to the p53-

pyruvate
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dependent upregulation of the production and oxidation
of 2-oxoglutarate in the TCA cycle, simultaneously limit-
ing 2-oxoglutarate generation from glutamate by GDH?2.
Such changes are in good accord with a higher glutamate
provision to the glutathione biosynthesis in the cisplatin-
induced oxidative stress.

Depending on the signal, upregulation of p53
expression may result in different outcomes, which may
be regulated by post-translational modifications of p53
and its partners proteins involved in DNA binding [1].
Indeed, compared to the action of cisplatin (Fig. 1a),
incubation of A549 cells with 4.5 mM SP (specific
inhibitor of OGDHC [13]) resulted in a similar level of
p53 upregulation, which, however, led to a less pro-
nounced upregulation of p21 (Fig. 1b). This effect was
observed in the absence of statistically significant changes
in the glutathione homeostasis and levels of studied
enzymes. However, the overall patterns of changes in the
enzyme activities in the cells treated with cisplatin
(Fig. 1a) and SP (Fig. 1b), were similar. Particularly
noticeable was induction of the OGDHC holoenzyme
and IDH3. OGDHC saturation with endogenous ThDP
increased from 23 £ 9% to 78 + 16% (p = 0.06) after the
SP treatment, which was accompanied with a 1.5-fold
(although, statistically insignificant) increase in IDH3
activity. Thus, SP induced p53 expression, similar to cis-
platin. This in turn affected the activity of the OGDHC
holoenzyme, for which the changes were the most pro-
nounced compared to other enzymatic activities tested.
The data suggest that the p53-controlled increase in the
intracellular thiamine via upregulation of SLC19A2 [2] is
the first-line defense against impairments in mitochondr-
ial metabolism caused by the OGDHC inhibition.
Indeed, increased thiamine influx was shown to occur
upon SP administration to cells or animals [32].
Interestingly, cisplatin is also known to inhibit the
OGDHC [33].

~ 5 2-oxoglutarate

Glu < GLUD2

OGDH

succinyl-CoA

Fig. 2. Metabolic rearrangements in response to p53 activation by cisplatin in A549 cells. Bold green arrows, upregulation; thin red arrows,
downregulation; dashed arrows, not assayed. For enzyme abbreviations, see Fig. 1 and the table. (Colored version of Fig. 2 is available in on-
line version of the article and can be accessed at https://www.springer.com/journal/10541)
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Overall, our experimental study on the metabolic
changes after the cisplatin induction of p53 in A549 cells
(Figs. 1 and 2) shows a validity of predicting the p53-
binding sites using the DECODE database (table). The
bioinformatics analysis of genome is a valuable tool for
both planning and interpretation of results of complex
biological experiments. Our data on the p53 regulation of
the thiamine-dependent metabolism in AS549 cells
exposed to cisplatin, which remains the first line drug in
lung cancer, provide insights into the metabolic features
of cancer cells and molecular mechanisms of the cisplatin
action.
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