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Cancer represents an extremely complicated ecosystem where cancer cells commu-
nicate with non-cancer cells present in the tumour niche through intercellular contacts,
paracrine production of bioactive factors and extracellular vesicles, such as exosomes. The
non-cancer cells that participate in the control of biological properties of the malignant
disease include cancer-associated fibroblasts (CAFs), tumour-associated macrophages,
granulocytes, NK cells and subsets of lymphocytes [1]. Differences in the metabolism of
cancer cells were established many years ago, and the relationship between the tumour mi-
croenvironment (TME) and the metabolism was shown [2—4]. Distinguished scientists have
prepared highly instructive articles on this topic with the aim of gaining a deeper insight
into the role of the microenvironment and the differences in the cancer cell metabolism
to refine the diagnostics and propose new strategies for anticancer therapy. Tumour cells
share the common ability to obtain necessary nutrients from a relatively poor environment
and use them flexibly to maintain their viability and build new biomass. Bioenergetically
demanding processes accompanying malignant transformation, such as rapid prolifera-
tion and the ability to migrate, require increased production of adenosine triphosphate
(ATP), nucleic acids, proteins and lipids. The changes in intracellular and extracellular
metabolites that accompany the metabolic reprogramming associated with tumour growth
subsequently have a profound effect on gene expression, cellular differentiation and the
tumour microenvironment [5].

Over the course of carcinogenesis, tumour cells face selection pressures that force them
to continuously optimize dominant metabolic pathways, and tumour cells thus undergo
major metabolic reorganizations. In general, greater flexibility of the metabolic pathways
utilized by a given cell or group of cells increases their ability to match metabolic needs
to a changing environment. Metabolic plasticity is mediated by a number of mechanisms
involving receptors, different types of signalling pathways, altered transcription factor
activity and mutations affecting enzyme expression or function. Metabolic plasticity is
not an exclusive feature of cancer cells, as it plays an important role in embryogenesis.
Early embryos are initially dependent on oxidative metabolism and preferentially oxidize
pyruvate using maternal mitochondria from the oocyte. Glucose uptake gradually increases
in the morula and is accelerated at the blastocyst stage, where its uptake exceeds that of
pyruvate or lactate. Glycolysis predominates in this period and is further accelerated
when the embryo is implanted into the uterine wall. During later development, mitochon-
drial replication allows the re-initiation of the oxidative metabolism and a progressive
decline in glycolysis. These metabolic shifts are critical; mutations in genes associated
with glycolysis or oxidative phosphorylation (OXPHOS) can lead to developmental delay
or embryonic lethality [6]. The metabolic plasticity of embryonic cells can be “unlocked”
during carcinogenesis and exploited by tumour cells.

Glioblastoma is a tumour with an extremely poor prognosis concerning patient recov-
ery and very low survival. Cells of advanced glioblastoma are under the influence of the
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tumour microenvironment that is (in addition to usual elements such as CAF-like cells or
immune cells) also formed by non-transformed glial cells (microglia, astrocytes). They are
able to influence the metabolism of cancer cells, for example, by transferring mitochon-
dria to tumour elements. Glial cells are able to participate in the control of glioblastoma
cell metabolism (oxidative phosphorylation and production of ATP) [7]. Glioblastoma
cells, namely those of the so-called mesenchymal type, highly express fibroblast activation
protein (FAP). The expression of FAP was observed in cancer cells as well as in stromal
elements forming the cancer microenvironment (such as mesenchymal cells, pericytes
and endothelial cells). FAP expression in glioblastoma stem cells is usually lower than
in other types of glioblastoma cells. The expression of FAP is dependent on TGF-31 pro-
duction by glioblastoma cells. TGF-f1 is recognized by the TGF-{3 type I receptor via
Smad?2 signalling [8].

FAP is an important molecule on the surface of CAFs that are known as modulators of
the biological properties of head and neck cancer [9]. In the presented study, CAFs prepared
from head and neck cancer promoted forming of colonies of cell lines prepared from this
type of cancer. CAFs significantly stimulated the expression of PGE2S, EGFR, CAV1, NFKB,
FOLR1, COX2, BCL2, VEGFA and POUSF genes that are associated with tumour progression.
The tumour type-specific CAFs also significantly stimulated the resistance of cancer cells to
cisplatin. Transcription analysis demonstrated that the resistance against cisplatin depends
on the activity of genes VEGFA, PGE2S, COX2, EGFR and NANOG. The sensitivity to
cisplatin can be returned by activation of the CCL2 gene [10].

Mutations in the BRCA1 gene are known to increase the risk of breast/ovarian cancer
in the affected women. Extensive data about the role of these mutations in cancer cells
are available, but only limited knowledge exists on the role of these mutations in the
function of the tumour microenvironment. Portier and co-workers [11] prepared induced
mesenchymal stem cells from patients carrying a germline deletion of exon 17 of the BRCA1
gene. Compared to non-deficient cells, they exhibited proangiogenic gene signature (active
HIF-1a, VEGF, PDGF, ANGPT) that was verified by the tube-like formation in vitro. The
application of these cells with 4T1 cancer cells to the mammary fat pad of the mouse
xenogeneic model demonstrated a positive effect of BRCAI-deficient stroma on cancer
growth and the formation of vessels in the tumour site. Ovarian cancer is dependent on
oestrogen-related pathways. Complex analysis of clinical material clearly demonstrated
the dysregulation of the expression of genes for oestrogen receptors 1 and 2 (ESR1/2) and
their co-regulators, such as proline-, glutamic acid- and leucine-rich protein 1 (PELP1),
and proto-oncogene tyrosine-protein kinase c-Src during the ovarian cancer initiation and
progression. The results demonstrated that PEPL1 is strongly upregulated at the protein
level and can be employed as a diagnostic marker or for cancer targeting [12]. Steroids
are also at the centre of interest in the report by Valko-Rokytska and co-workers [13], who
summarize data about the synthesis, function and detection of steroids in distinct biological
fluids (urine, serum, tissue, saliva, blood). They compared different analytical procedures
focused predominantly on breast cancer.

Differences in the cancer cell metabolism are the result of genetic alterations respon-
sible for malignant transformation. The mutual relations between genes and metabolic
differences are summarized in the paper by Di Greogorio and colleagues [14]. They demon-
strated and explained the metabolism’s Warburg alteration in light of modern powerful
molecular genetic tools and used cancer as an example of metabolic disease. Radiation
and immunotherapy represent powerful tools for cancer treatment. Experimental irradia-
tion is used for the induction of senescence in cancer cells. An in vitro study employing
metabolomic approaches clearly demonstrated that radiation-induced senescent colon
cancer cells enhanced the expression of both pro-inflammatory IL-1 and anti-inflammatory
factors, such as IL-27. The reduction in angiogenic factor VEGF-A production was also
noted. From the metabolic point of view, the activity of senescent cells depends on aerobic
glycolysis. These data are fundamental for better understanding the metabolism of senes-
cent cells in tumours and after radiotherapy [15]. Cells of the immune system infiltrate
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solid tumours, but, unfortunately, instead of the anticancer response, they support tumour
spreading and immune escape of cancer cells. Yan and colleagues [16] summarize data on
how to influence the metabolism of cancer cells and immune cells to improve the efficiency
of cancer immunotherapy, which represents one of the most prominent approaches to
anticancer therapy. The manipulation of the cancer cell metabolism is also reviewed by
Nenkov and collaborators [17], who discuss the possibility of manipulating the abnor-
mal metabolism of cancer cells with respect to hypoxia in the cancer niche. They also
present compounds suitable for targeting glucose, glutamine and lipid metabolism and
their molecular effect, which could be employed for anticancer therapy. A good example of
the therapeutic effect of cancer cell metabolic reprogramming is the ductal adenocarcinoma
of the pancreas, where the combination of metabolic reprogramming can improve the
efficiency of targeting KRAS in these patients [18].

The ectopic/aberrant expression of proteins in cancer cells can represent a very impor-
tant problem for oncological patients. The high expression and activity of nicotinamide
N-methyltransferase is commonly observed in various types of cancer. This enzyme is
responsible for the methylation of nicotinamide and controls many metabolic pathways
in cancer cells. The relation of this enzyme to cancer cell plasticity (similar to stem cell)
and resistance to therapy is discussed with the goal of developing new anticancer therapy
procedures [19]. Another example is the amyloid precursor protein (APP), which is known
to be involved in the pathogenesis of Alzheimer’s disease. APP is also expressed in cells
other than neurons and especially in cancer cells. The dysregulation of activity encoding
this protein and aberrant expression of APP seem to influence important properties of
cancer cells, such as metastasizing, proliferation, local invasion and drug resistance [20].

Studies collected in this Special Issue have clearly demonstrated the effect of the
tumour microenvironment on the biology of cancer cells and its influence on cancer cell
metabolism. This part of cancer biology is highly important because some of the interme-
diates of tumour metabolism can significantly influence the resulting phenotype of the
tumour cells themselves and other cells present in the tumour microenvironment (TME).
The most common features of tumour metabolism include: (1) deregulated uptake of glu-
cose, acetate, citrate and some amino acids, (2) use of glycolysis, fermentation or Krebs cycle
intermediates for biosynthesis, NADPH production and NAD+ regeneration, (3) increased
nitrogen demand, (4) epigenetic changes caused by the accumulation of oncogenic metabo-
lites, (5) emergence of metabolic symbiosis and use of the metabolites to manipulate TME,
and (6) use of opportunistic nutrient acquisition pathways. While some tumours exhibit
all of the above features, many tumour types express only a few. The specific metabolic
features exhibited by each tumour type may help to better classify the tumour and aid in
the selection of appropriate treatment.

A deep understanding of the cancer microenvironment and metabolic changes in can-
cer cells can improve our knowledge, potentially resulting in new therapeutic modalities.

Funding: This research was funded by the Operational Programme “Centre for Tumour Ecology—
Research of the Cancer Microenvironment Supporting Cancer Growth and Spread “(No. CZ.02.1.01/0.0/
0.0/16_019/0000785) by the Ministry of Education, Youth and Sport of the Czech Republic, by Opera-
tional Programme”. Research, Development and Education” by the Ministry of Health of the Czech
Republic (NU21-03-00223) and by the Czech Science Foundation (GACR-21-06873S).

Acknowledgments: The authors are grateful to Sarka Takacova for the language revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2022, 23, 4071 4of4

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vokurka, M.; Lacina, L.; Brabek, J.; Kolaf, M.; Ng, Y.Z.; Smetana, K., Jr. Cancer-Associated Fibroblasts Influence the Biological
Properties of Malignant Tumours via Paracrine Secretion and Exosome Production. Int. J. Mol. Sci. 2022, 23, 964. [CrossRef]
[PubMed]

Guido, C.; Whitaker-Menezes, D.; Capparelli, C.; Balliet, R.; Lin, Z.; Pestell, R.G.; Howell, A.; Aquila, S.; Ando, S.; Martinez-
Outschoorn, U.; et al. Metabolic reprogramming of cancer-associated fibroblasts by TGF-$ drives tumor growth: Connecting
TGF-f signaling with “Warburg-like” cancer metabolism and L-lactate production. Cell Cycle 2012, 11, 3019-3035. [CrossRef]
[PubMed]

Martinez-Outschoorn, U.E.; Curry, ] M.; Ko, YH.; Lin, Z.; Tuluc, M.; Cognetti, D.; Birbe, R.C.; Pribitkin, E.; Bombonati, A.;
Pestell, R.G.; et al. Oncogenes and inflammation rewire host energy metabolism in the tumor microenvironment: RAS and NF«B
target stromal MCT4. Cell Cycle 2013, 12, 2580-2597. [CrossRef] [PubMed]

Raudenska, M.; Gumulec, J.; Balvan, J.; Masarik, M. Caveolin-1 in oncogenic metabolic symbiosis. Int. ]. Cancer 2020,
147,1793-1807. [CrossRef] [PubMed]

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27-47. [CrossRef] [PubMed]
Folmes, C.D.L.; Dzeja, P.P; Nelson, T.].; Terzic, A. Metabolic Plasticity in Stem Cell Homeostasis and Differentiation. Cell Stem Cell
2012, 11, 596-606. [CrossRef] [PubMed]

Virtuoso, A.; Giovannoni, R.; De Luca, C.; Gargano, F.; Cerasuolo, M.; Maggio, N.; Lavitrano, M.; Papa, M. The Glioblastoma
Microenvironment: Morphology, Metabolism, and Molecular Signature of Glial Dynamics to Discover Metabolic Rewiring
Sequence. Int. J. Mol. Sci. 2021, 22, 3301. [CrossRef] [PubMed]

Krepela, E.; Vanickova, Z.; Hrabal, P.; Zubal, M.; Chmielova, B.; Balaziova, E.; Vymola, P.; Matrasova, I.; Busek, P.; Sedo, A.
Regulation of Fibroblast Activation Protein by Transforming Growth Factor Beta-1 in Glioblastoma Microenvironment. Int. J. Mol.
Sci. 2021, 22, 1046. [CrossRef] [PubMed]

Plzék, J.; Boucek, J.; Bandurova, V.; Kola#, M.; Hradilova, M.; Szabo, P.,; Lacina, L.; Chovanec, M.; Smetana, K., Jr. The Head and
Neck Squamous Cell Carcinoma Microenvironment as a Potential Target for Cancer Therapy. Cancers 2019, 11, 440. [CrossRef]
[PubMed]

Peltanova, B.; Liskova, M.; Gumulec, J.; Raudenska, M.; Holcova Polanska, H.; Vaculovic, T.D.; Grega, M.; Plzak, J.; Betka, J.;
Masarik, M. Sensitivity to Cisplatin in Head and Neck Cancer Cells Is Significantly Affected by Patient-Derived Cancer-Associated
Fibroblasts. Int. J. Mol. Sci. 2021, 22, 1912. [CrossRef] [PubMed]

Portier, L.; Desterke, C.; Chaker, D.; Oudrhiri, N.; Asgarova, A.; Dkhissi, F.; Turhan, A.G.; Bennaceur-Griscelli, A.; Griscelli, F.
iPSC-Derived Hereditary Breast Cancer Model Reveals the BRCA1-Deleted Tumor Niche as a New Culprit in Disease Progression.
Int. J. Mol. Sci. 2021, 22, 1227. [CrossRef] [PubMed]

Englert-Golon, M.; Andrusiewicz, M.; Zbikowska, A.; Chmielewska, M.; Sajdak, S.; Kotwicka, M. Altered Expression of ESR1,
ESR2, PELP1 and ¢-SRC Genes Is Associated with Ovarian Cancer Manifestation. Int. J. Mol. Sci. 2021, 22, 6216. [CrossRef]
[PubMed]

Valko-Rokytovska, M.; O¢enas, P.; Salayova, A.; Kostecka, Z. Breast Cancer: Targeting of Steroid Hormones in Cancerogenesis
and Diagnostics. Int. . Mol. Sci. 2021, 22, 5878. [CrossRef] [PubMed]

Di Gregorio, E.; Miolo, G.; Saorin, A.; Steffan, A.; Corona, G. From Metabolism to Genetics and Vice Versa: The Rising Role of
Oncometabolites in Cancer Development and Therapy. Int. . Mol. Sci. 2021, 22, 5574. [CrossRef] [PubMed]

Nagineni, C.N.; Naz, S.; Choudhuri, R.; Chandramouli, G.V.R.; Krishna, M.C.; Brender, ].R.; Cook, ]J.A.; Mitchell, J.B. Radiation-
Induced Senescence Reprograms Secretory and Metabolic Pathways in Colon Cancer HCT-116 Cells. Int. . Mol. Sci. 2021,
22,4835. [CrossRef] [PubMed]

Yan, L.; Tan, Y.; Chen, G.; Fan, J.; Zhang, ]. Harnessing Metabolic Reprogramming to Improve Cancer Immunotherapy. Int. J. Mol.
Sci. 2021, 22, 10268. [CrossRef] [PubMed]

Nenkov, M.; Ma, Y.; Gafiler, N.; Chen, Y. Metabolic Reprogramming of Colorectal Cancer Cells and the Microenvironment:
Implication for Therapy. Int. . Mol. Sci. 2021, 22, 6262. [CrossRef] [PubMed]

Muyinda, L].; Park, J.G.; Jang, E.J.; Yoo, B.C. KRAS, A Prime Mediator in Pancreatic Lipid Synthesis through Extra Mitochondrial
Glutamine and Citrate Metabolism. Int. . Mol. Sci. 2021, 22, 5070. [CrossRef] [PubMed]

Novak Kujundzi¢, R.; Prpi¢, M.; Dakovi¢x, N.; Dabeli¢, N.; Tomljanovi¢, M.; Mojzes, A.; Frobe, A.; Gall Troselj, K. Nicotinamide
N-Methyltransferase in Acquisition of Stem Cell Properties and Therapy Resistance in Cancer. Int. . Mol. Sci. 2021, 22, 5681.
[CrossRef] [PubMed]

Lee, H.N,; Jeong, M.S.; Jang, S.B. Molecular Characteristics of Amyloid Precursor Protein (APP) and Its Effects in Cancer. Int. J.
Mol. Sci. 2021, 22, 4999. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms23020964
http://www.ncbi.nlm.nih.gov/pubmed/35055153
http://doi.org/10.4161/cc.21384
http://www.ncbi.nlm.nih.gov/pubmed/22874531
http://doi.org/10.4161/cc.25510
http://www.ncbi.nlm.nih.gov/pubmed/23860378
http://doi.org/10.1002/ijc.32987
http://www.ncbi.nlm.nih.gov/pubmed/32196654
http://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
http://doi.org/10.1016/j.stem.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23122287
http://doi.org/10.3390/ijms22073301
http://www.ncbi.nlm.nih.gov/pubmed/33804873
http://doi.org/10.3390/ijms22031046
http://www.ncbi.nlm.nih.gov/pubmed/33494271
http://doi.org/10.3390/cancers11040440
http://www.ncbi.nlm.nih.gov/pubmed/30925774
http://doi.org/10.3390/ijms22041912
http://www.ncbi.nlm.nih.gov/pubmed/33671869
http://doi.org/10.3390/ijms22031227
http://www.ncbi.nlm.nih.gov/pubmed/33513753
http://doi.org/10.3390/ijms22126216
http://www.ncbi.nlm.nih.gov/pubmed/34207568
http://doi.org/10.3390/ijms22115878
http://www.ncbi.nlm.nih.gov/pubmed/34070921
http://doi.org/10.3390/ijms22115574
http://www.ncbi.nlm.nih.gov/pubmed/34070384
http://doi.org/10.3390/ijms22094835
http://www.ncbi.nlm.nih.gov/pubmed/34063570
http://doi.org/10.3390/ijms221910268
http://www.ncbi.nlm.nih.gov/pubmed/34638609
http://doi.org/10.3390/ijms22126262
http://www.ncbi.nlm.nih.gov/pubmed/34200820
http://doi.org/10.3390/ijms22105070
http://www.ncbi.nlm.nih.gov/pubmed/34064761
http://doi.org/10.3390/ijms22115681
http://www.ncbi.nlm.nih.gov/pubmed/34073600
http://doi.org/10.3390/ijms22094999
http://www.ncbi.nlm.nih.gov/pubmed/34066808

	References

