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Telomerase is a complex composed by a catalytic subunit (TERT) and an RNA component (TERC) 
whose main function is telomere synthesis in eukaryotic cells. For that reason, telomerase has 
been related directly the aging and cancer. Nevertheless, both TERT and TERC are known to 
perform extracurricular or non-canonical functions, that is, independently of telomere 
lengthening.  

The regulation of the cell energy metabolism plays an important role in the cell function, being 
the glucose metabolism one of the most studied in cancer and immune cells. In general terms, 
the regulation of both glycolysis and the Krebs cycle (TCA cycle) is fundamental for cell 
proliferation. However, also the generated metabolites in those pathways perform cell signaling 
functions, participate in the control of gene expression and have immunomodulatory roles. 

In this doctoral thesis, we have described new extracurricular functions of TERT and TERC related 
to the regulation of glucose metabolism. In order to do that, we took advantage of zebrafish as 
an in vivo model, exploring these functions in two different disease models (chronic 
inflammation and cancer); and we have also used human cell lines for in vitro experimentation 
and in physiological condition approximations.  

The objectives of this doctoral thesis are the following: 1) Validate and characterize the 
interaction between the pyruvate dehydrogenase complex and the telomerase components 
TERC and TERT. 2) Study the relationship between terc and the regulation of glucose metabolism 
in the context of chronic inflammation and the cancer immune response. 

In the first chapter we performed a metabolic study and determined that terc expression was 
able to modify the glycolysis and TCA cycle metabolite composition. Likewise, we established 
that terc was playing a role as a long non-coding RNA, controlling the expression of the ldhbb 
gene, which encodes one isoform of the enzyme lactate dehydrogenase. Hence, we 
characterized this effect first in a chronic inflammation model by performing pharmacologic, 
transcriptomic, and functional studies; and second, in a cancer model, specifically studying the 
anti-tumor immune response in vivo by evaluating the tumor development and performing 
functional studies with several transgenic zebrafish lines. 

In the second chapter, we based our studies in a proteomic analysis performed in zebrafish and 
found that the E1 subunit of the pyruvate dehydrogenase complex (PDC) was a possible terc 
interactor. In our studies, we validated this interaction in human cell lines using molecular 
biology and imaging techniques. Moreover, we checked by immunofluorescence and enzymatic 
activity assays that TERC expression could modify the PDC cell location, but not its enzymatic 
activity. Lastly, we confirmed that the interaction with PDC-E1 was also taking place with TERT, 
and that both telomerase components were interacting with the E2 subunit of the PDC, 
stablishing a new extracurricular function for both complexes. 
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1. Telomeres and Telomerase: structure and functions 

1.1. Telomeres  

Telomeres are oligomeric DNA structures localized at the end of the eukaryotic chromosomes1. 
They are made by tandem repeat sequences which vary in copy number among organisms. In 
vertebrates, the telomeric sequences are composed by the TTAGGG hexanucleotide, that can 
be extended thousands of times1; 2. Another characteristic of the telomeric DNA is that it is a 
double stranded sequence for the most part, but it ends with a single stranded 3´overhang3. 

Telomeres are not coding sequences, that is, they don’t contain genetic information. 
Nevertheless, they have a very relevant function in the cell since they protect the information 
contained in the genomic DNA. These protective sequences in the eukaryotic genome have been 
maintained throughout evolution, form yeast to mammals, revealing the importance of their 
presence in the cell4. 

However, due to the nature of the telomere structure, the telomeres also need protection form 
cellular exonucleases and other extracellular damages5. In order to maintain the telomere and 
chromosome stability, there is a series of proteins attached to the telomere repetitions called 
the shelterin complex3; 6. This six-protein complex is composed by the proteins POT1, TPP1, TIN2, 
TRF1, TRF2 and Rap1. The shelterin complex serves as a protection mechanism as well as it plays 
an important role in the nuclear localization of the telomeres and in the recruitment of specific 
proteins to the telomeres6; 7.        8 

 

Even though the genomic DNA is protected by this nucleoprotein structure, it is known that each 
cellular division entails a small telomere shortening due to the impossibility of the replication 
machinery to complete the extension of the 3’ ending of the DNA9. This implies that the cell 
cannot proliferate indefinitely due to the continuous loss of the chromosomal protection in each 

Figure 1. Localization and structure of telomeres. Adapted from (Lim and Cech, 2021)8. 
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division10. When this limit of divisions is reached (Hayflick limit), cells undergo a process called 
replicative senescence, in which they stop their cellular cycle and become unable to proliferate 
anymore11. However, some cells have mechanisms to maintain a continuous proliferation by 
avoiding this telomere attrition. One of most studied mechanisms that maintain the telomere 
length is the telomerase complex. 

 

1.2. Telomerase complex 

Telomerase is a ribonucleoprotein complex that has reverse-transcriptase activity12; 13. The main 
components of this complex are the protein called Telomerase Reverse-Transcriptase or TERT 
(the catalytic subunit; EC:2.7.7.49) and TERC (the RNA component), although also other 
accessory proteins such as Dyskerin are part of the complex14; 15.  

Telomerase is recruited by the sheltering complex proteins to the telomeric region during the S-
phase of the cell cycle to perform the telomere elongation16. TERT uses TERC as a template to 
synthetize the telomeric sequence at the 3’ overhang of the chromosomal DNA. After this 
elongation of the 3´ending, the DNA polymerase can now complete the other chain, thus 
achieving the maintenance of the telomere length in each DNA replication2; 9; 11; 13.  

 

 

Since the telomerase function can overcome the limit of the cell divisions, the telomerase has 
been widely studied as a central player in aging, and cancer development and progression. 

Figure 2. Synthesis of the telomeric sequence by telomerase. First telomerase extends the telomeric 
sequence thanks to its reverse-transcriptase activity using the TERC RNA as a template. After 
telomerase, the DNA polymerase now binds to the extended telomere and uses it to synthesize the 
lagging strand. Created with BioRender.com.  
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In multicellular organisms, telomerase is absent in most tissues and can only be found in 
embryonic and highly proliferative adult tissues1; 7. For that reason, most somatic cells undergo 
a telomere attrition throughout their cell divisions that ultimately leads to cell senescence. This 
senescent cells have been directly linked to the aging process, making the telomere length a 
common measure of the life expectancy17.  

As above mentioned, the expression of telomerase is restricted to specific tissues in the adult. 
However, its expression is commonly reactivated in cancer cells, since it enables a continuous 
proliferation2. Indeed, around 90% of tumors express TERT, becoming one of the most studied 
players in cancer and a target for cancer therapy2; 18. 

 

1.3. The extracurricular functions of telomerase 

Besides telomere lengthening, TERT and TERC have other distinct roles in the cell that have been 
named as extracurricular or non-canonical functions19-21. A large part of the established 
extracurricular functions of TERT and TERC are due to their ability to bind to the DNA, acting as 
transcription factors.  

 
1.3.1. Extracurricular roles of TERT  

Overall, TERT expression has been directly associated to cancer progression by its role in 
maintaining chromosome stability through telomere elongation. Nonetheless, it’s been 
demonstrated that TERT is involved in several processes that are key to cancer progression in a 
telomere-independent way, such as cell proliferation, stemness or cell migration7; 22.  

With the purpose of studying these extracurricular roles independent of its telomerase activity, 
mutant forms of TERT with no catalytic activity have been generated (DN-TERT). Several studies 
show that both the wild type and mutant TERT increase cell proliferation, cell adhesion and 
migration23; 24. Also, in Dr Cayuela’s laboratory, TERT was found to regulate cancer cell 
invasiveness in vivo. In this case, both the mutant and wild type TERT increased the expression 
of a cluster of microRNAs called MIR500, and, specifically, the overexpression of miR500 by TERT 
or the mutant form resulted in an increase in cancer cell invasiveness25.  

Moreover, the epithelial-to-mesenchymal transition (EMT), one of the hallmarks of cancer cell 
transformation has been found to be regulated by TERT in a telomere-independent fashion. 
TERT has been shown to activate one of the major pathways involved in EMT, which is the 
Wnt/β-catenin signaling pathway. TERT is able to directly interact with β-catenin, increase its 
nuclear translocation and bind to the promoter region of the Wnt/β-catenin target genes, 
ultimately activating their transcription26; 27.  

Another way in which TERT is linked to cancer progression independently of TERC and telomere 
lengthening, is by improving the binding of c-MYC to the promoter of its target genes. The ability 
of c-MYC to bind to the promoter of its target genes was impaired upon TERT deletion, and TERT 
overexpression resulted in an increase in the transcription of c-MYC target genes. Moreover, 
TERT was found to bind to and stabilize c-MYC at the promoter region of its target genes28.  

Other extracurricular roles of TERT point out to a relationship between TERT expression and the 
regulation of inflammation and oxidative stress.  
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The nuclear factor-kappa B (NF-κB) protein complex is a master transcription factor regulating 
inflammation and the immune response29. NF-κB can regulate TERT expression by binding to its 
promoter region30. However, also TERT can increase the transcription of NF-κB target genes, 
such as the pro-inflammatory cytokines interleukin 6 (IL-6) or the Tumor Necrosis Factor alpha 
(TNFα)31; 32. Nevertheless, this seems not to be a TERT exclusive role since TERC has also been 
shown to be involved in the regulation of the expression of NF-κB target genes. The activation 
of the NF-κB pathway is related to inflammation but also to cancer development33, therefore, 
the communication between the telomerase complex and the NF-κB pathway stablishes a 
complex feed-forward loop between the inflammatory and the pro-oncogenic pathways in the 
cell. 

All these extracurricular roles of TERT are related to their presence in the nucleus. However, it’s 
been described that TERT has extracurricular roles in the mitochondria. Indeed, TERT has a 
canonical N-terminus mitochondria localization sequence (MLS), and it can be found inside the 
mitochondrial matrix34; 35.  

Since the mitochondrial DNA doesn’t have telomeres, the presence of TERT in the mitochondria 
(mitochondrial TERT or mito-TERT) has been related to its extracurricular roles. One of them is 
the ability of TERT protect the mitochondrial DNA from the ultraviolet (UV) damage by binding 
to it34. Also, the mitochondrial TERT has been described to have an antioxidant role. 
Mitochondria are the main productors of reactive oxygen species (ROS) in the cell, which 
produce oxidative stress. Some studies show how the increase in the amount of mito-TERT not 
only improved the mitochondrial function by inhibiting the ROS production, but it also inhibited 
the ROS-mediated cell apoptosis34; 36. 

 

  

Figure 3. Representation of the extracurricular roles of TERT in the nucleus and mitochondria. Created 
with BioRender.com. 
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1.3.2. Extracurricular roles of TERC  

As mentioned before, TERC has other functions besides telomere lengthening. Particularly, a 
Chromatin Isolation by RNA purification (ChIRP) study identified more than two thousand loci in 
the human genome which contained a TERC binding sequence37, suggesting a role of TERC as a 
long non-coding RNA (lncRNA). 

 

 

 

 

 

 

 

 

 

Long non-coding RNAs (lncRNAs) are defined as transcripts longer than 200 nucleotides that lack 
the capacity to code for proteins38; 39. Most of the described functions of lncRNAs have to do 
with the control of gene expression. For instance, they are able to work as cis or trans elements, 
binding to specific motifs in the DNA that are nearby (cis) or far (trans) from the locus of their 
target gene40. They can also regulate gene transcription by acting as scaffolds for protein-protein 
interactions such as those between the elements of the transcription machinery. They can even 
change the chromatin spatial organization by controlling the localization of chromatin 
modificators38. 

In the case of TERC, studies have shown it to be an active player in multiple biological processes 
and pathways in the cell, independently of telomerase activity or telomere maintenance. These 
include establishing differential gene expression, directly controlling specific gene transcription, 
or even interacting with other RNAs. 

As well as TERT, TERC can promote cell proliferation and cancer development through its non-
canonical functions. Several studies reveal that the expression of TERC independently of TERT is 
needed to promote tumor development41; 42. Moreover, a recent study described how the 
expression of TERC increased the malignancy of gastric cancer cells by binding and sequestrating 
the microRNA miR-423-5p, which was found to have a positive effect inhibiting cell proliferation, 
migration and invasion43. 

Besides its non-canonical roles in cancer progression, TERC is accountable for several 
physiological processes related with the hematopoietic stem cell (HSC) differentiation and the 
immune function. 

One example of that is the antiapoptotic role of TERC in CD4+ T lymphocytes44. Specifically, an 
increase in TERC levels demonstrated to have a protective effect in CD4+ T cells when treated 
with dexamethasone, independently of TERT expression. Furthermore, the knockdown of the 
endogenous TERC but not TERT in CD4+ cells, activated the apoptosis signaling pathway by 
boosting the activity of caspase-3/7 and 9 without affecting the telomere length44.  

Figure 4. The cytosine-enriched motif corresponding to the TERC-binding 
sequence. Adapted from (Chu et al., 2011)37. 
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In another study, TERC was found to activate one of the major pathways controlling cell 
proliferation: the PI3K-AKT pathway. Specifically, TERC was shown to bind to the promoter 
region and activate the transcription of the PI3K-AKT target genes such as 3-Phosphoinositide 
Dependent Protein Kinase 1 (PDPK1). The role of TERC increasing the signaling of the PI3K-AKT 
pathway was found to be critical for the proliferation of activated CD4+ T cells45. 

Other studies reveal a non-canonical function for TERC regulating the hematopoietic stem cell 
differentiation. In HSCs, a decrease in TERC expression resulted in impaired differentiation. 
Additionally, TERC reduction increased the expression of cellular senescence markers and the 
production of reactive oxygen species. This effect was demonstrated to be telomerase-
independent since in induced pluripotent stem cells (IPSCs) with reduced TERC levels no 
telomere attrition was detected46.  

Also, studies performed in Dr. Cayuela’s laboratory show how TERC absence leads to a defective 
production of neutrophils and macrophages (neutropenia and monocytopenia)21. In both human 
and zebrafish, TERC was demonstrated to function as a transcription factor needed for the 
expression of master myelopoietic genes such as the Colony Stimulating Factor 2 and 3 (CSF2 
and CSF3) and SPI1, and their zebrafish orthologous csf3b, spi1a and spi1b. This transcriptional 
regulation was found to be produced exclusively by TERC in a TERT-independent manner. The 
binding of TERC to its specific consensus sequence at the promoter regions of the genes, allowed 
the recruitment of the RNA polymerase II (RNApol II), therefore, enabling the expression of 
CSF2/3 and SPI1 and the correct formation of the myeloid population47. 

In addition to the role of TERC in the myelopoiesis and T lymphocytes, some evidence supports 
its role promoting the inflammatory response. 

As commented before, TERC promotes the transcription of NF-kB target genes along with TERT. 
Nevertheless, TERC can promote the NF-kB signaling pathway also independently of TERT. The 
inhibition or overexpression of TERC in telomerase deficient or knock-down cells resulted in an 
increase and decrease, respectively, of the expression of pro-inflammatory cytokines such as IL-
6 and IL-8. Moreover, TERC has been found to bind to the promoter region, and enhance the 
transcription, of the Tumor protein p63-regulated gene 1-like protein (TPRG1L), TYRO protein 
tyrosine kinase-binding protein (TYROBP) and Ubiquitin carboxyl-terminal hydrolase 16 (USP16) 
genes, which are up-regulated in patients with inflammation related disorders such as type II 
diabetes and multiple sclerosis48. 

Besides its presence in the nucleus and cytoplasm, TERC has also been found to be imported 
into the mitochondria49. In the mitochondria, TERC is processed into a shorter form (TERC-53), 
which is suggested to act as a reporter of the mitochondrial funciton49. The levels of TERC-53 
increase in the cytosol when there’s a mitochondrial damage. Furthermore, the increase in 
TERC-53, seems to increase cell senescence markers both in in vitro and in vivo models, 
independently of telomerase activity or TERC levels50. 
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Figure 5. Representation of the extracurricular roles of TERC. In the nucleus, TERC regulates processes 
such as myelopoiesis and cell proliferation by binding to promoter regions and modiying gene expression. 
TERC is also imported into the mitochondria and processed into a shorter form (TERC-53) which is 
exported to the cytosol and regulates cell senescence. Created with BioRender.com. 
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2. Glucose metabolism 

The cell metabolism is a very well-orchestrated succession of cellular processes by which cells 
obtain energy and precursors to maintain their synthetic and proliferative functions. The 
macromolecules and molecules involved in these processes are organized in pathways that are 
anabolic if they’re aiming the synthesis of macromolecules or catabolic if the oxidation of 
molecules takes place to obtain energy51. One of the main catabolic pathways in the cell is the 
oxidation of glucose and it takes place in the cytosol (glycolysis) and in the mitochondria 
(tricarboxylic acid or TCA cycle and the electron transport chain or ETC). As a result, the 
molecules of glucose that enter the cell are catabolized to obtain energy in the form of 
adenosine triphosphate (ATP). 

 

2.1. Glycolysis and TCA cycle 

The uptake of glucose is done by two different kinds of transporters in the cell membrane: 
sodium–glucose linked transporters (SGLTs) and facilitated diffusion glucose transporters 
(GLUTs). The SGLTs are usually found in the small intestine and renal tubules, and they need a 
sodium concentration gradient to import glucose. On the other hand, GLUTs can introduce the 
glucose into the cell by a facilitated diffusion mechanism, and are present in all cell types52. 

Once glucose enters the cell, it must be activated to be catabolized, so the first step of glycolysis 
is the obtention of glucose-6-phosphate (G6P) by hexokinase (HK). The G6P is then converted 
into two molecules of glyceraldehyde 3-phosphate by four successive enzymatic reactions. 
These firsts steps of glycolysis are part of the preparatory phase, in which two molecules of ATP 
are consumed to introduce the phosphate groups in the enzymatic reactions. However, this ATP 
consumption will increase the ATP yield of the following steps51.  

In the payoff phase, each molecule of glyceraldehyde 3-phosphate is oxidized and 
phosphorylated by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to obtain 1,3-
bisphosphoglycetate, which is converted into 3-phosphoglycerate and 2-phosphoglycerate by 
the successive reactions of phosphoglycerate kinase and phosphoglycerate mutase. Lastly, the 
enzyme enolase uses the 2-phophoglycetate molecules to produce phosphoenolpyruvate (PEP). 
The PEP molecules are used by the pyruvate kinase (PK) to produce pyruvate, which is the final 
product of glycolysis. In this payoff phase, four molecules of ATP are produced by each molecule 
of glucose. Considering that there was a consumption of two ATPs at the beginning of the 
pathway, the glycolysis only generates a total of 2 ATP molecules, being most of the energetic 
power still in the pyruvate molecules51.  
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Pyruvate can be further oxidized in the TCA cycle or it can be converted into lactic acid (lactate). 
The conversion of pyruvate into lactate is performed by the enzyme lactate dehydrogenase and 
it usually occurs under anaerobic conditions (hypoxia) or in specific cell types under normal 
oxygen conditions, such as in erythrocytes. Even though the production of lactate doesn’t 
produce any extra ATP, the reaction catalyzed by lactate dehydrogenase consumes NADH, and 

Figure 6. Schematic representation of the glycolysis pathway. In the preparatory phase, glucose is 
converted into two molecules of glyceraldehyde 3-phosphate by consuming two molecules of ATP. In 
the payoff phase, two molecules of pyruvate are generated along with four ATPs and two molecules of 
NADH. In brief, glycolysis yields a total of two molecules of ATP and two molecules of NADH. Created 
with BioRender.com. 
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therefore produces NAD+. This conversion is important to restore the NAD+ molecules that were 
consumed in the payoff phase and makes it possible to continue with the flux of the glycolysis 
pathway53. 

However, in most tissues, pyruvate is oxidized by the pyruvate dehydrogenase complex (PDC) 
to obtain acetyl-CoA51. These two enzymes (lactate dehydrogenase and pyruvate 
dehydrogenase) are key in controlling the fate of the pyruvate molecule and, therefore, the 
amount of ATP produced by the cell and the way it is produced. The function and regulation of 
both enzymes will be covered in the next sections.  

The TCA cycle (also called Krebs cycle) is a cyclic enzymatic pathway that takes place in the 
mitochondria. These cyclic reactions generate electrons which will be carried in the form of 
NADH and FADH2, and later will be accepted by oxygen molecules in the electron transport chain 
to finally produce more ATP molecules. This process is called oxidative phosphorylation and 
yields a total of 36 ATP molecules per molecule of glucose51; 53. 

The first step in the cycle is the conversion of acetyl-CoA and oxaloacetate into citric acid 
(citrate). The acetyl-CoA can come from several sources, including the fatty acid and amino acid 
catabolism, but in the case of glucose catabolism, it comes from the oxidation of the pyruvate 
molecules by the pyruvate dehydrogenase complex. In the following reactions of the TCA cycle, 
citrate will be transformed into isocitrate, which will be decarboxylated by isocitrate 
dehydrogenase to produce α-ketoglutarate. A second decarboxylation of α-ketoglutarate will 
ultimately lead to the production of succinate.  

These reactions comprise the first half of the TCA cycle and yield a total of two molecules of CO2 
(coming from the two decarboxylation steps) and two molecules of NADH for each acetyl-CoA 
entering the cycle. In the second half of the cycle, succinate gets reconverted into oxaloacetate 
in three enzymatic steps that will produce a molecule of FADH2 and another molecule of NADH. 

The TCA cycle is not only key in the oxidation of glucose. It generates metabolites that are 
intermediates or precursors in several biosynthetic pathways, such as fatty acids, amino acids 
and nucleotides. For that reason, the TCA cycle is considered an amphibolic pathway (both 
catabolic and anabolic)51. Moreover, the intermediates in the cycle can be replenished trough 
anaplerotic pathways, that is, pathways involved in other anabolic or catabolic processes, such 
as the amino acid metabolism54. 

Although the oxidation of glucose is aiming at energy production, both the glycolysis and the 
TCA cycle generate metabolites that are known to have signaling and regulatory functions 
besides being mere intermediate molecules. Furthermore, the enzymes participating in this 
process are known to have important roles in the cell in the regulation of gene expression and 
cell fate. In this regard, the study of the regulation of the glucose metabolism has been 
important in several fields such as immunology, cancer and aging55-59. 
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Figure 7. Schematic representation of the TCA cyle. In this cyclic pathway, the acetyl-CoA is 
transformed in succesive reactions that yield NADH, FADH2 and ATP. The NADH and FADH2 cofactors 
will transfer their electrons in the electron transport chain to produce more ATP molecules. The 
metabolites of the TCA cycle are also important for anabolic pathways, thus, the Krebs cycle defined  
an anphibolic pathway. Created with BioRender.com. 
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2.1.1. Lactate dehydrogenase 

Lactate dehydrogenase or LDH (EC 1.1.1.27) is a cytosolic enzyme in charge of the conversion of 
pyruvate into lactic acid (lactate). It is tetramer composed by two different types of subunits 
that are encoded by two different genes. The subunit M, also called LDHA, is encoded by LDHA 
gene and the subunit H (LDHB) is encoded by LDHB gene60. In vertebrates, five different 
isoenzymes of LDH are found depending on the tetramer composition, ranging from LDH1 (all 
LDHB subunits) to LDH5 (all LDHA subunits)61. The abundance of each isoenzyme is different 
depending on the tissue energy requirements. For example, LDH1 is the predominant isoform in 
the heart whereas LDH5 is more abundant in tissues like the muscle or the skin62; 63.  

Besides LDHA and LDHB, there are another two genes encoding two special LDHs. One of them 
is LDHC, an exclusive form of male germ cells and spermatozoa64. The other one is LDHD, which 
encodes an LDH enzyme located inside the mitochondria that generates the isomer D-lactate 
instead of L-lactate, which is a hundred times less abundant65.  

In zebrafish, there are orthologs for every LDH gene except for LDHC, which probably appeared 
by an independent duplication of the LDHB gene in humans64; 66. Besides, due to the genome 
duplication in zebrafish67, LDHB has two ortholog genes: ldhba and ldhbb. In the case of LDHA 
and LDHD, each one has its own ortholog: ldha and ldhd, respectively. 

The reaction catalyzed by LDH is a reversible reaction and partially depends on the substrate 
availability61; 68. However, the subunit composition of the enzyme plays an important role in 
defining the enzyme affinity for pyruvate or lactate as a substrate, and that’s why different 
tissues with different energy requirements have different LDH isoforms.  

Figure 8. LDH isoenzymes and enzymatic reaction. Two genes code for two different subunits called 
H (LDHB) and M (LDHA). The two subunits compose the LDH tetramer in five different stequiometric 
arrangements: from all LDHB subunits (LDH1) to all LDHA subunits (LDH5). The reaction catalized by 
LDH depends on the subunit composition since LDHB usually transforms lactate into pyruvate whereas 
LDHA transforms pyruvate into lactate. Created with BioRender.com. 
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Even though LDHA and LDHB share almost 90% of similarity, only one key aminoacidic change 
in their catalytic center is enough to achieve a different affinity for the substrate69. As a result, 
LDH5 which is composed by all LDHA subunits, is more prompt to bind pyruvate and produce 
lactate, whereas LDH1 (all LDHB subunits) has a higher affinity binding lactate and producing 
pyruvate69; 70. Nevertheless, LDH1 is also able to produce lactate71. 

Although LDH activity varies according to the tetramer composition, there are two more levels 
of regulation for this enzyme. Through both transcriptional and post-translational modifications, 
the levels and activity of LDHA and LDHB are modified separately, thus increasing the level of 
complexity to study the regulation of this enzyme. These mechanisms have been widely studied 
in cancer cells since LDH has been stablished as a key protein that tumor cells need to fulfill their 
energy and proliferation requirements 72; 73. 

The transcription of LDHA is positively regulated by transcription factors that are implicated in 
cell proliferation and oncogenic transformation, such as the Hypoxia-Induced Factor 1 alpha 
(HIF-1α) and c-MYC74; 75. The transcription regulation of LDHB is less well characterized, and 
whether its increase or decrease favors cancer development is still under debate. On the one 
hand, some transcription factors related to cancer progression have been identified to activate 
LDHB expression. That is the case of High-mobility group box 2 (HMGB2) and STAT376; 77. On the 
other hand, it has been found that a common characteristic in several types of cancer cells is the 
hypermethylation of the promoter region of LDHB78. Specifically in prostate and pancreatic 
cancers, this epigenetic mark that leads to a decrease in LDHB expression and correlates with 
cancer development and invasiveness79; 80.  

As mentioned before, there are as well post-translational modifications (PTM) affecting LDHA 
and LDHB activities. Both phosphorylation and acetylation are common PTMs to LDHA and 
LDHB. In the case of LDHA, the phosphorylation at tyrosine 10 increases its enzymatic activity81, 
whereas acetylation at lysine 5 inhibits the catalytic activity of LDHA. Moreover, this acetyl 
addition not only reduces its activity but also serves as a signal for the LDHA lysosomal 
degradation82. Interestingly, the phosphorylation of LDHB has a different effect on its activity. 
LDHB is phosphorylated at serine 162 by the kinase Aurora-A, changing its affinity for the 
substrate. Hence, the phosphorylated LDHB is more efficient producing lactate and nicotinamide 
adenine dinucleotide (NAD+) instead of pyruvate and NADH (the reduced form of NAD+)83. On 
the contrary, the acetylation of LDHB at lysine 392 has a similar effect as on LDHA, reducing its 
ability to convert lactate into pyruvate. Along with this finding, the deacetylation of LDHB by 
SIRT5 has been shown to produce and increase in its enzymatic activity84. 
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Figure 9. Transcriptional and protein regulation of LDH. The transcription of LDHA and LDHB is 
regulated independently and can be enhanced by several transcription factors by its binding at their 
promoter region. Also LDH activity can be modified at protein level by acetylation, which inhibits the 
function of both LDHA and LDHB, and by phosphorylation, which promotes lactate synthesis in both 
proteins. Created with BioRender.com. 
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2.1.2. LDH and lactate functions 

The function of LDH has been described to be crucial to cancer cells, which have unlimited an 
uncontrolled proliferation85. In order to maintain that high level of proliferation, these cells 
undergo a metabolic adaptation which consists in the use of the glycolysis pathway as their main 
source of energy (ATP). This metabolic switch was first described by Otto Warburg, therefore, it 
was called the Warburg effect86.  

The Warburg effect has been described to be a common characteristic in most cancer cells. Since 
LDH is key to this metabolic adaptation, it has been established as one of the main targets in 
cancer therapy72; 73; 87. Nevertheless, the study of LDH as also unveiled the presence of 
extracurricular roles for this enzyme.  

Although considered a cytoplasmic enzyme, LDH has been described to be present also in the 
nucleus (nLDH). nLDH is able to bind the DNA and regulate the transcription efficiency of several 
DNA polymerases88; 89. Furthermore, it is known that nLDH is involved in the regulation of gene 
transcription by regulating histone acetylation/deacetylation. However, it is unclear whether 
nLDH increases or decreases the activity of histone deacetylases (HDACs), since some studies 
show how the production of NAD+ by LDH increases the function of acetylating proteins such as 
sirtuin 1 (SIRT1)89, while others show a decrease in HDACs activity upon lactate accumulation90. 
Also, LDH has been described to promote EMT in cancer by increasing histone acetylation and 
the transcription of EMT genes such as CTNNB1, RHOB, and TGFBR191. 

A special interest in the study of the LDH function and its regulation lies in the ability of this 
enzyme to control the production of lactate. Beyond being a product of an incomplete glycolysis, 
lactate has been established to be a metabolite with several and important signaling and 
regulatory functions under physiological conditions and in several diseases92; 93:  

Specifically, the role of lactate has been studied in cancer, since it gets accumulated in the tumor 
microenvironment as a consequence of the tumor metabolism94. Lactate has been shown to 
affect the cells surrounding the tumor in multiple ways, but in all cases the final consequence is 
the promotion of tumor growth and metastasis. For instance, lactate affects the function of 
fibroblasts and other cells that form the tumor stroma, changing their metabolism to support 
the tumor metabolic requirements95; 96. Moreover, it can promote the formation of new vessels 
(angiogenesis) to increase the oxygen and nutrient supplies to the tumor cells92. Another way in 
which lactate is related to tumor progression is by its immunomodulatory functions, a topic that 
will be covered more extensively in following sections. 

 

2.1.3. Pyruvate Dehydrogenase Complex  

The Pyruvate Dehydrogenase Complex (PDH complex or PDC) is in an enzymatic complex located 
in the mitochondrial matrix of eukaryotic organisms and it is responsible for the conversion of 
pyruvate into acetyl-CoA51. The PDC is constituted by three different enzymes: pyruvate 
dehydrogenase (EC 1.2.4.1; PDH or E1), dihydrolipoyl transacetylase (EC 2.3.1.12; DLAT or E2) 
and dihydrolipoyl dehydrogenase (EC 1.8.1.4; DLD or E3)97. Although all of them constitute the 
whole Pyruvate Dehydrogenase Complex, the term ‘complex’ refers to the fact that all those 
subunits are usually found as a cluster with several copies of each one of them, resulting in a 
structure of several nanometers of diameter (30-50 nm)51; 98; 99. 
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In order to obtain acetyl-CoA, the three enzymes perform consecutive reactions that require a 
total of five different cofactors: thiamine pyrophosphate (TTP), flavin adenin dinuclueotide 
(FAD), coenzyme A (CoA), NAD+ and lipoate51. The E1 component is responsible for the first steps 
of the reaction. First, the pyruvate is decarboxylated, losing the acid group. The rest of the 
molecule is attached to TTP and is immediately oxidized, which generates the acetyl group and 
liberates the TTP. Next, the lipoyl component of the E2 enzyme joins to it and transfers the 
coenzyme A to this intermediate. That way, acetyl-CoA is produced. Lastly, the E3 enzyme uses 
FAD to regenerate the lipoate to its original oxidized form. The resulting FADH2 transfers the 
remaining electrons to NAD+ leading to the formation of NADH97.  

 

 

The PDH (E1) enzyme is a heterotetramer composed by two alpha and two beta subunits (E1α 
and E1β). This enzyme is the one controlling the speed of the reaction of the PDC and is target 
of regulation by phosphorylation/dephosphorylation100. Three different phosphorylation sites at 
the PDC-E1α subunit have been identified: Ser232, Ser293 and Ser300. The modification of one or 
several of these serine residues has been shown to drastically reduce the activity of the PDC101. 

The pyruvate dehydrogenase kinases (PDKs) are the enzymes in charge of inhibiting PDC trough 
phosphorylation. There are four isoforms (PDK1, PDK2, PDK3 and PDK4), each one with a 
different specificity for the target serine residues in the E1α subunit and different patterns of 
expression among tissues100.  

Figure 10. Pyruvate dehydrogenase complex (PDC) structure and enzymatic reaction. The PDC is 
composed by several copies of E1, E2 and E3 subunits in a variable amount. The E2 subunit is located 
in the core of the complex and the E1 and E3 are at the periphery. The three subunits use five different 
coenzymes in succesive reactions to produce acetyl-CoA from pyruvate. Created with BioRender.com.
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The other key enzymes in control of PDC activity are the pyruvate dehydrogenase phosphatases 
(PDPs), which remove the phosphorylation mark, therefore activating the PDC. There are two 
isoforms of PDPs: PDP1 which is detected mainly in the heart and brain, and PDP2, which is 
present also in other tissues such as the liver and kidney. However, both isoforms can catalyze 
the de-phosphorylation of PDC102.  

The activity of the PDC can be allosterically inhibited by its own products: acetyl-CoA and 
NADH51. Besides, both PDKs and PDPs can be allosterically regulated by the products and 
substrates of the PDC. High levels of SH-CoA, NAD+, or pyruvate (substrates) can inhibit PDKs, 
while high levels of acetyl-CoA or NADH (products) can activate PDKs and inhibit PDPs51; 100. 
Moreover, the activity of the PDC is also dependent on the energy requirements in the cell since 
ATP and ADP are allosteric regulators PDKs: high levels of ATP activate PDKs while high levels of 
ADP can inhibit their function103. 

 

  

Figure 11. Regulation of PDC activity by phosphorylation. The phosphorylation of Ser232, Ser293 and/or 
Ser300 at the E1α subunit of PDC by pyruvate dehydrogenase kinases (PDKs) inhibits PDC activity while 
dephosphorylation by pyruvate dehydrogenase phosphatases (PDPs) activates the PDC. Both PDKs and 
PDPs are allosterically regulated. Created with BioRender.com. 
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2.1.4. PDC and its non-canonical functions 

Even though the PDC has been studied as a mitochondrial protein, this complex, as well as other 
glycolytic and TCA cycle enzymes, has other roles besides participating in the oxidation of 
glucose104.  

In addition to LDH, PDC can be translocated into the nucleus, where it takes part in the regulation 
of gene expression. Specifically, it has been reported that the production of acetyl-CoA in the 
nucleus by the PDC is directly related to the levels of histone acetylation and the transcription 
of genes related with cell cycle and proliferation105. Interestingly, the nuclear PDC corresponds 
only to active PDC, since only the non-phosphorylated form has been shown to be in the nucleus 
and none of the PDKs have been found in there. 

The mechanism behind the translocation of the PDC remained unknown for several years after 
the discovery of its presence in the nucleus. The crossing of several mitochondrial membranes 
and the small pore size of the nuclear pores challenged the understanding on how this big-sized 
complex could be translocated into the nucleus. In a recent study, it’s been shown that the 
whole PDC can translocate inside the nucleus through a non-canonical entry pathway, without 
involving the nuclear pores. Specifically, the tethering of mitochondria around the nucleus, 
creating points of contact with the nuclear envelope, facilitates the nuclear entry of the whole 
PDC. Specifically, the interaction between Lamin A (LMNA) and mitofusin 2 (MFN2) is crucial for 
mitochondria tethering and therefore, for PDC translocation106. However, this mechanism 
doesn’t exclude the entry of the PDC subunits separately trough the nuclear pores. 

The maximum amount of nuclear PDC (nPDC) is found during the S phase of the cellular division, 
when the DNA replication is taking place105. Proliferating stimulus such as serum, endothelial 
growth factor (EGF) and hypoxia promote mitochondria tethering around the nucleus, thus, PDC 
nuclear entry105; 106. Besides, other triggers and molecules have been described to affect nuclear 
PDC levels. Heat shock protein 70 (HSP70) is a chaperone that has been shown be bound to PDC 
subunits E1 and E2. Moreover, its nuclear levels correlated with nuclear PDC levels. And a 
decrease in HSP70 levels lead to a decrease in nPDC levels, indicating that HSP70 was important 
for the PDC entry into the nucleus (or the entry of the individual subunits)105. Other authors 
found that the presence of exogenous H2S decreases nPDC levels. The S-suflhydration of PDC-E1 
at Cys101 impaired PDC-E1 nuclear translocation, thus decreasing histone acetylation levels107. 

The levels of nPDC were first linked to an increase in H3K9 and H3K18 histone acetylation, thus 
promoting the cell-cycle progression105. Histone acetylation regulation has been shown to be 
directly related to aging in an evolutionary-conserved manner55; 108. Also, some works show how 
nPDC levels are key in regulating histone acetylation levels related to pluripotency and the 
embryonic development109; 110. Although PDC function and regulation has been widely studied 
as a potential target for cancer therapy due to its role controlling the pyruvate entry to the TCA 
cycle111, the nuclear translocation of PDC expands the possible mechanisms by which PDC can 
be involved cancer progression, cell fate and aging. 
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3. The immune system and the inflammation response 

3.1. Function and components of the immune system 

The immune system is mainly composed of physical barriers and cellular responses whose 
function is the protection of the organism against tissue damage and pathogens. The first barrier 
that pathogens encounter is a physical barrier and is the cell epithelium, being the skin one of 
them112. 

The skin is composed by an external layer, the epidermis, and an internal layer, the dermis113. 
Although tight junctions between the skin cells impair the entrance of pathogens, also the 
synthesis of lipids, anti-microbial peptides and enzymes by the skin cells serve as a chemical 
barrier114; 115. 

Besides, the immune system also has a specific subset of cells in charge of defending the host 
from pathogens once they overcome the first line of defense above mentioned. These cells are 
generated in the hematopoietic tissue from progenitor cells in a process called hematopoiesis 
(the formation of blood cells) and are usually subdivided into innate immune cells and 
adaptative immune cells. 

The innate immune cells represent the second line of defense. The cells that participate in the 
innate immune response are mainly monocyte/macrophages and neutrophils, that have the 
ability to phagocytize and eliminate pathogens. It is worth mentioned that, upon activation, 
macrophages can acquire pro or anti-inflammatory functions, classically defined as M1 or M2 
macrophages, respectively. Other immune cells that are part of the innate immunity are natural 
killer cells (NKs), dendritic cells (DCs), eosinophils and basophils116. These cells can recognize 
conserved pathogen-associated molecular patterns (PAMPs) with specific membrane receptors 
called pattern recognizing receptors (PRRs)112; 117. 

The third line of defense is the adaptative immunity, which is constituted by T and B lymphocytes 
that recognize specific pathogen antigens. Some T lymphocytes are activated upon antigen 
presentation by other immune cells and initiate a clonal expansion to produce the lysis of 
targeted cells, whereas B lymphocytes produce immunoglobulins (antibodies) that bind to the 
extracellular pathogens to induce their elimination118. Additionally, some lymphocytes can 
acquire memory (T and B memory lymphocytes), improving the performance of the immune 
response in subsequent exposures to pathogens119. 
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3.2. Regulation of metabolism in immune cell function 

Nowadays there is clear evidence of the connection between the immune function and the cell 
metabolism120-122. The type and activity of immune cells not only determines their function in 
the organism but also their metabolic characteristics. The energy requirements for activated 
immune cells are not the same as for those cells that remain resting or those that are responsible 
of the trained immune response121; 123. The glycolysis, Tricarboxylic Citric Acid (TCA) cycle, 
phosphate pentose pathway (PPP) and fatty acid oxidation (FAO) are the main pathways 
involved in the metabolic changes that occur within the immune cells120; 122.  

One of the most studied metabolic adaptations is the switch between the use of the TCA and 
the glycolysis pathway as the main source of ATP for the cell (Warburg effect). Whereas the 
oxidative phosphorylation of glucose results in higher amounts of ATP per glucose molecule, 
aerobic glycolysis allows for a faster ATP production121. Besides, it serves as a source for the 
synthesis of intermediates that allow cell growth and proliferation and doesn’t require an 
increase in the mitochondria biogenesis to support the production of energy. Another advantage 
in the use of glycolysis is that is not oxygen-depended. Therefore, cells can maintain their 
functionality in hypoxic conditions such as the tumor microenvironment120.  

Hence, aerobic glycolysis seems to be the pathway of preference in pro-inflammatory immune 
cells such as TH1 (CD4+), T CD8+ cytotoxic lymphocytes and M1 macrophages, while the TCA cycle 

Figure 12. Lines of defense of the immune system. The immune system has several mechanisms to 
perform its function as a defense system. The first line of defense is a physical barrier while the second 
and third barriers are part of the cellular immunity. The second line is composed by cells of the innate
inmunity and the third line of defense are cells from the adaptative immunity. Created with 
BioRender.com. 
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seems to be of greater importance in the metabolic requirements and immune function of Treg, 
Naïve T cells and M2 macrophages (anti-inflammatory)122; 124; 125. 

It may appear that for most immune cells the transitioning between the pro-inflammatory and 
the resting or anti-inflammatory state is clearly defined by this switch in the use of glucose. 
Nonetheless, new insights into the field of immunometabolism reveal the complexity of the 
regulation of the glucose metabolism in the immune response.  

In the case of neutrophils, it is not possible to establish a key metabolic pathway controlling their 
immune functions. On the one hand, glycolysis has been shown to be relevant for its energy 
support and phagocytosis. On the other hand, their mitochondrial energy production has been 
proven to have an important role in their differentiation and also in their ability to follow 
chemoattractant signals126; 127.  

Besides, the connection between the glucose metabolism and the nuclear regulation of gene 
expression has already been extensively studied, establishing even more complex mechanisms 
of control of the immune cell function. 

In M1 macrophages, the metabolic rewiring towards glycolysis not only results in changes in the 
cell energy production but also leads to changes in gene expression that regulate their activation 
state. One of these transcriptional changes takes place through a recently discovered histone 
modification: histone lactylation128. This epigenetic modification consists in the addition of 
lactate to some specific lysine residues in histones (Kla). Since M1 macrophages increase their 
glycolytic flux to support their proliferation, LDH activity increases, and so the production of 
lactate. Histone lactylation has been shown to be increased in M1 macrophages due to an 
increase in lactate production. Histone lactylation at specific promoters in M1 macrophages 
enhances the transcription of genes related with the M2 phenotype, acting as a modulator of 
the immune cell response at later time points of the polarization128; 129.  

Moreover, not only glycolysis, but also the Krebs cycle seems also to have a relevant role in the 
function of M1 macrophages. Since glycolysis serves as the main source of energy for these cells, 
the TCA cycle suffers a remodeling to increase the production intermediates such as of citrate, 
α-ketoglutarate or succinate instead of aiming at the production of ATP130. These metabolites 
now are no longer critical for the energy production of the cell but are key for the M1 phenotype 
as they also regulate the expression of cytokine genes through epigenetic modifications130. For 
instance, the production of α-ketoglutarate and succinate is increased in M1 macrophages since 
it increases the stability of the hypoxia-induced factor alpha (HIF-1α), which is crucial in 
regulating the cell function in hypoxic environments such as in cancer130; 131. Also, the TCA cycle 
has been shown to be important in M1 macrophages as they need it to produce antimicrobial 
metabolites such as itaconate132. Furthermore, plenty of TCA cycle metabolites are known to 
induce histone modifications that control gene expression, including the production of 
inflammatory cytokines and important signaling molecules such as reactive oxygen species (ROS) 
in activated macrophages133. 
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3.3. Acute and chronic inflammation 

Inflammation is a defensive response of the immune system to a given stimuli that causes 
disbalance in tissues or the organism homeostasis134. The classic inflammatory response is 
characterized by swelling, redness, pain, and warmness112; 134. All these phenomena are 
triggered by the immune system in order to increase the performance of the immune cells. 

The inflammatory response can broadly be subdivided into acute and chronic inflammation, 
being the first normally more localized and transitory, while the second one is usually a systemic 
and maintained inflammation135. 

Although inflammation is a mechanism needed to reestablish tissue homeostasis, the timing and 
degree of the inflammatory response must be very well controlled to avoid damage in healthy 
tissues. That’s why besides having activating mechanisms, immune cells also have deactivating 
strategies136. For instance, macrophages can acquire pro-inflammatory (M1 macrophages) or 
anti-inflammatory characteristics (M2 macrophages)137. Some molecules or cytokines such as 
the bacterial lipopolysaccharide (LPS) or interferon γ (INFγ) induce the M1 polarization. Other 
cytokines such as IL-4 induce the M2 polarization138. Also, T lymphocytes are subdivided into 
different subsets of cells depending on their function: TCD8+ lymphocytes exert cytotoxic 
functions whereas TCD4+ lymphocytes, also called T regulatory or helper cells, are able to 
suppress the function of other immune cells112. 

When the regulation mechanisms of inflammation are altered, it persists longer than necessary 
and turns itself into a process that causes additional damage instead of serving as a response to 
reduce it136. Systemic chronic inflammation is present in a wide range of diseases including 
cardiovascular disease, type 2 diabetes and obesity135, and it has even been related to the aging 
process (inflammaging)139. However, there are also some chronic inflammatory diseases such as 
psoriasis, rheumatoid arthritis, or atopic dermatitis in which chronic inflammation affects a 
specific tissue or organ.  

 

3.3.1. Psoriasis as a skin chronic inflammation disease 

Psoriasis is a skin chronic inflammation disease with several clinical presentations140; 141. The 
most common form is psoriasis vulgaris which is characterized by the presence of well-defined 
red plaques with silvery scales in the skin141; 142. It can be triggered by genetic and environmental 
factors, and it involves an uncontrolled keratinocyte proliferation and the infiltration of immune 
cells in the skin due to an exacerbated immune response141. 

Whether the hyperproliferation of skin cells or the immune response initiates the skin chronic 
inflammation of psoriasis is still under debate142. Nevertheless, both keratinocytes and immune 
cells participate in the development of the disease. 

Since keratinocytes are part of one of the main the physical barriers of the immune system (the 
skin), they are able to sense different kinds of PAMPs and other kinds of danger signals. 
Furthermore, they can react to them, synthetizing and releasing pro-inflammatory cytokines 
such as tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL-1β) or interleukin 18 (IL-18). 
Some of these triggered-inflammatory pathways have been described to be upregulated in the 
psoriatic skin and amplified by keratinocytes143; 144. 
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The other main players involved in the psoriatic chronic inflammation are a wide range of 
immune cells that produce pro-inflammatory cytokines and participate in the activation of other 
immune cells. Specifically, there is an increase in dendritic, T cells and neutrophils infiltrating the 
skin145; 146. 

In the psoriatic skin, dendritic cells produce interleukin 23 (IL-23) that induces the production of 
interleukin 17A (IL-17A) in several types of T cells. These wide range of T cells producing IL-17A 
are called TH17 lymphocytes147. In this inflammatory context, IL-17A stimulates keratinocytes to 
produce more IL-17A and other chemokines that attract neutrophils to the site of 
inflammation146. Moreover, neutrophils also become IL-17A producers, creating a complex feed-
forward loop that amplifies the IL-17A pro-inflammatory signal146; 148. 

The IL-23/IL-17A axis seems to be one of the main signaling molecule pathways by which 
inflammation is initiated and maintained in chronic inflammation diseases149. Several 
monoclonal antibody therapies have been developed to target these cytokines and have 
successfully reduced the chronic inflammation in a range of diseases, including psoriasis150; 151.  

Other factors intervening in the pathology of inflammation in the psoriatic skin and that have 
been studied as targets for therapy are the levels of oxidative stress and the glucose metabolism. 

Oxidative stress is defined by a disbalance between the levels of ROS produced by the cells and 
the molecules with antioxidant properties152. It is reported that the skin of psoriatic patients has 
higher levels of ROS. Moreover, those are known to be important for the pathogenesis of 
psoriasis153; 154. Some molecules that are classified as ROS are the superoxide anion (O2•‾), 
hydrogen peroxide (H2O2) and hydroxyl radical (HO‾)155. 

Neutrophils are known to produce large amounts of ROS as part of their antimicrobial 
function146. Due to the increase in neutrophil infiltration in the psoriatic skin, they may be one 
of the major sources of ROS in psoriasis, besides keratinocytes155. Moreover, the H2O2 gradient 
produced in the skin in both acute and chronic inflammation is known to induce neutrophil 
recruitment156; 157, functioning as another feed-forward loop for inflammation and oxidative 
stress in the skin.  
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Recently, nicotinamide adenine dinucleotide (NAD+) has been recognized as a key molecule in 
psoriasis controlling inflammation and oxidative stress in the skin. Specifically, the main enzyme 
controlling NAD+ production, nicotinamide phosphoribosyltransferase (NAMPT) has been 
described to have a key role in psoriasis. An increase in NAD+ levels results in increased H2O2 
production, increased ROS production by NADPH oxidases, and an increase in general 
inflammation levels, while inhibition of NAMPT by FK-866 alleviates both oxidative stress and 
inflammation in both a psoriasis zebrafish model and in the human psoriatic skin158. 
Furthermore, NAD+ levels and NAMPT expression are increased in the skin of psoriatic 
patients158; 159 and are associated with keratinocyte proliferation159. 

As stated before, the chronic inflammation in psoriasis is explained by both an excessive 
inflammatory response and keratinocyte proliferation. As such, other studies have focused in 
describing mechanisms participating in the skin cell hyperproliferation of the psoriatic patients 
to find additional therapy strategies. 

The glucose metabolism has been established to have a special role in the development of 
chronic inflammatory diseases, including psoriasis160-162. Usually, when cells need to support a 
high rate of cellular proliferation they increase their need for glucose, and they opt for a rapid, 
although not complete, oxidation of glucose trough the glycolysis pathway. Hence, both the 
uptake of glucose and the last product of the pathway, lactate, have been extensively studied in 
the context of cell hyperproliferation such as in the case of cancer cells and activated immune 
cells, as commented before94; 163; 164. 

Figure 13. Schematic representation of the main molecular and cellular players of the psoriatic skin 
inflammation. Created with BioRender.com. 
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The skin keratinocytes, which usually maintain a high rate of proliferation due to the 
physiological skin renovation, also rely extensively on glucose consumption to maintain their 
function165. In psoriasis, this dependence on glucose is more accentuated since the proliferation 
rate increases. In this sense, several studies have shown that the inhibition of GLUT1, one of the 
main the glucose transporter in keratinocytes, achieves an alleviation of inflammation in the 
psoriatic skin165-167. 

This metabolic adaptation in the hyperproliferating cells also leads to an accumulation of lactate 
in the inflamed tissue168. Lactate has been shown to participate in tumor progression, but it also 
has important roles in chronic inflammation controlling the immune response169. For instance, 
it has been reported that it is able to induce the production of IL-17A in T CD4+ lymphocytes and 
retains them in the inflamed tissue, that way promoting the inflammation in rheumatoid 
arthritis170; 171. Also, LDHA, the enzyme in charge of lactate production, has been shown to 
promote inflammation by increasing ROS production in osteoarthritis mice models172, linking the 
metabolite rewiring of the inflamed tissue with the increase in the levels of oxidative stress.  

 

3.4. Immune response and inflammation in cancer 

Another context in which the immune response plays a key role is in cancer. Due to the 
characteristics of the immune cell response that cancer cells trigger; inflammation has been 
considered as one of the hallmarks of cancer173; 174. 

The immune system is able to recognize the tumor cells due to the presence of antigens that 
make them different from normal cells, such as phosphatidylserine (normally in the inner cell 
membrane) or heat shock proteins (HSPs) that are usually overexpressed in cancer cells to adapt 
to the stress in the tumor microenvironment175; 176.  

Also, cancer cells usually have mutated or aberrant proteins due to the accumulation of 
mutations in their DNA177. Another way in which T cells sense the self and no-self is by identifying 
small peptides from inside the cell that are presented by the major histocompatibility complex 
(MHC). When cancer cells present a mutated peptide in their MHCs, they are recognized by T 
cells as malignant, and are eliminated. Hence, cancer cells often lose their antigenicity by 
avoiding the expression of MHCs, camouflaging themselves as part of their immune escape 
strategy.178.  

Interestingly, cancer cells produce chemokines to attract immune cells. By producing 
granulocyte and granulocyte-monocyte colony stimulating factors (G-CSF and GM-CSF), they 
induce a dysregulation in hematopoiesis and promote neutrophil and macrophage proliferation 
and mobilization to the tumor site179. However, these cytokines, rather than improving the 
immune response against the tumor, induce the arrival of immune cells with 
immunosuppressive characteristics (often immature neutrophils and macrophages). Besides, 
cancer cells produce another set of molecules to make sure that immune cells, once inside the 
tumor, reinforce the tumor progression179; 180.  

The M2 macrophage phenotype is associated with tissue remodeling, wound healing, and the 
inhibition of the inflammatory response since they also induce a TH2 lymphocyte phenotype138. 
M2 macrophages are producers of growth factors and angiogenic cytokines such as the 
epidermal growth factor (EGF) and the vascular endothelial growth factor (VEGF). These 
physiological roles that are needed after an injury, in the context of cancer, they are translated 
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into an inhibition of the anti-tumor response and the promotion of tumor growth and 
metastasis181. 

The production of IL-4 in the tumor microenvironment by cancer cells, induces M2 macrophage 
polarization and a TH2 regulatory response182-184. What is more, the lactate they produce due to 
their rapid proliferation, becomes another signaling molecule that induces the Treg and M2 
polarizations. Several mechanisms have been described for lactate to produce this immune 
modulation. In the case of M2 polarization, it has been reported that lactate can activate 
signaling pathways important for the M2 phenotype such as the ERK-STAT3 signaling pathway, 
or the G-protein-coupled receptor 132 (GPR132)169. In lymphocytes, lactate inhibits the 
production of INFγ in TCD8+ cells. However, lactate does not affect but increases the Treg 
function, which results in overall impaired anti-tumor T function169; 185. 

 

 

3.4.1. Cancer immunotherapy and glioblastoma  

Due to the important role of immune cells in cancer progression, immunotherapy has emerged 
as a new approach to fight cancer, an several strategies have been developed to potentiate the 
anti-tumor immune response177. 

Glioblastoma multiforme (GBM) is the most common malignant brain tumor and one of the 
most aggressive brain cancers. Besides surgical resection and the application of chemotherapy 
and radiotherapy, the median survival of the patients is 15 months186; 187. The location of the 
tumor, the heterogeneity of mutations and deregulated signaling pathways in the tumor cells, 
and the immunosuppressive environment, make it hard to find successful conventional 

Figure 14. Schematic representation of the tumor immunosuppresive environment of glioblastoma.
Tumor cells secrete cytokines to induce immune cell recruitment and polarization towards pro-tumor 
phenotypes such as Treg and Th2 lymphocytes, and M2 macrophages. Created with BioRender.com. 
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therapies to fight this cancer188; 189. For that reason, a great effort has been made to develop 
effective immunotherapy treatments for glioblastoma tumors190.  

One of the major advances in immunotherapy is the development of Nivolumab, a monoclonal 
antibody that binds specifically to PD-1 receptor in T lymphocytes191. As commented before, 
cancer cells usually develop strategies to avoid the anti-tumor immune response. Hence, they 
often express PD-L1 and PD-L2, which are the ligands for PD-1192. The activation of PD-1 receptor 
by its ligands serves as checkpoint for T-cell deactivation, that way cancer cells can abrogate T 
cell function. The blockade of PD-1 with Nivolumab has been reported to be a very successful 
treatment for several types of solid tumors193, although in glioblastoma tumors this strategy 
doesn’t seem to be as efficient as in other types of cancer194. 

Another strategy to overcome the immunosuppressive environment of GBM has focused in 
reverting the M2 macrophage polarization induced by the tumor181; 195. Specifically in 
glioblastoma tumors, the M2 polarization not only affects the new recruited macrophages but 
also the ones already in the brain: the microglia.  

Microglia are the tissue-resident macrophages in the central nervous system and, as well as 
other macrophages, they get activated when there is some kind of tissue damage and can be 
polarized to pro-inflammatory M1 or an anti-inflammatory M2 phenotype195. Microglia and 
macrophages are the most abundant cells infiltrating glioblastoma tumors196. Therefore, they 
are responsible for most of the immune response and inflammation in the tumor.  

Some drugs and antibodies have been already developed to target key pathways involved in the 
M1 or M2 polarization. For instance, the inhibition of the colony stimulating factor 1 receptor 
(CSF1R), important for the M2 polarization, has been proven to have good effects in in vitro and 
in in vivo mice models. However, it seems that a positive effect in patients can only be achieved 
when used in combination with other therapies195; 197. Other proteins involved in the M1/M2-
polarization signals are the Signal transducers and activators of transcription (STATs). One of the 
proteins in the family, STAT3, has been described to participate in the M2-polarization process, 
and the inhibition of the protein has been shown to activate macrophages and microglia, 
resulting in an inhibition of the glioblastoma growth in in vitro and in vivo models181; 197.  

In conclusion, although some immunotherapy strategies have reported promising results, in the 
present days there is no effective treatments for patients with glioblastoma tumors. 
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4. Zebrafish as a model for biomedical research 

Animal models have been long and extensively used in research. In life sciences, the use of use 
of mammals such as mice is very frequent due to the genetic similarities with humans. 
Nevertheless, in the past years the use of zebrafish in biomedical research has been 
exponentially growing. 

Zebrafish (Danio rerio) is a small tropical freshwater fish that belongs to the Cyprinidae family, 
Cypriniformes order198. Even though this fish can be viewed as distant relative of humans, 
zebrafish share 70% of genomic similarity with humans and, attending only to genes related to 
human diseases, 82% of them are conserved in the fish199. Additionally, as a vertebrate, the 
whole development of the organism is conserved, being established at first as a great model for 
developmental studies198; 200. 

Besides the genetic and developmental similarities, the increased use of zebrafish in research is 
explained by the several advantages that it has over other animals used such as mice.  

One of the major advantages is their external fertilization and rapid embryo development (only 
24 hours to complete organogenesis)201. This characteristic along with their high fecundity 
(≈100-200 eggs/female) an the small larvae size, make possible the use of a large number of 
individuals to perform the studies202. Also, zebrafish larvae can incorporate small molecules 
directly put into the water203. Taking into consideration all the above, zebrafish has become a 
great model for high throughput drug screening204.  

Moreover, the genome of zebrafish is fully sequenced199. This along with the external 
fecundation, makes very easy to genetically modify the zebrafish embryos. This can be done to 
model diseases or to perform functional studies. Moreover, there are several tools already 
developed to perform these genetic modifications. The knock-down of genes can be performed 
through microinjection of morpholinos205, zinc-finger nucleases and transcription activator-like 
effector nucleases (TALENs). Also the use of CRISPR-Cas9 has been adapted for its use in 
zebrafish and has shown a very high efficacy to perform the genes knock-down206. On the other 
hand, gene overexpression can be accomplished by mRNA microinjection202.  

Besides transient gene regulations, stable transgenic and mutant lines can also be generated. 
The Gateway Tol2kit207 and Gal4/UAS (upstream activating sequence)208 transgenic tools are 
common systems used to generate transgenic lines in zebrafish.  

The Gal4/UAS system is found in yeasts. The Gal4 protein a transcriptional activator that can 
bind to a small DNA sequence (UAS). The binding of Gal4 to those regions induces the 
recruitment of the transcription machinery, therefore initiating the transcription of the genes 
downstream the UAS sequence. The expression of Gal4 can be driven by different promoters, as 
well as different genes can be located downstream the UAS sequence. The use of the Tol2kit 
enables the introduction of the Gal4/UAS system in the zebrafish DNA by the Tol2 transposase, 
permitting endless combinations of specific tissue gene-modifications and facilitating the 
modelling of several diseases and the study of tissue-specific alterations209. 

Another great advantage of zebrafish is the larvae transparency. This characteristic enables in 
vivo labeling with fluorescent dyes, probes and/or proteins to perform developmental and 
carcinogenesis studies. This characteristic also allows to detect the presence of specific 
molecules in the context of a whole organism and in real time210; 211. 
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4.1. Telomerase and zebrafish 

Telomeres and telomerase are directly linked with the processes of aging, regeneration, and 
cancer. In the recent years, zebrafish has been used to study telomerase and the telomerase-
related functions.  

In regards to the telomerase complex components in zebrafish, the telomerase catalytic subunit 
(Tert) has conserved functional domains and residues with the human telomerase212. Also, the 
RNA component (terc) of telomerase zebrafish has a high conservation in structure and function 
with the human TERC213; 214. 

Contrary to humans, telomerase expression and activity has been detected in several tissues in 
zebrafish215. Nevertheless, their telomere length is similar to the one in humans (5-15 kb)216. This 
represents an advantage to the use of mice in the study aging and telomere disorders, since 
mice have telomere lengths ranging from 20-150 kb. Furthermore, the offspring of Tert-deficient 
mice need several generations of inbreeding to develop an aged phenotype217. 

Even though telomerase is expressed in several tissues in the fish, the telomere length in 
zebrafish has been described to be important for its lifespan. First, it’s been demonstrated that 
telomeres get shorter with age in zebrafisfish218. And secondly, telomerase-deficient zebrafish 
show shorter telomeres and age faster216; 219. All these characteristics make zebrafish a great 
model to study aging and telomere disorders such as dyskeratosis congenita21; 216. 

In addition, zebrafish has also served as a great model to study non canonical roles of 
telomerase. A role of Tert independent of telomere length has been stablished to be important 
for the development of hematopoietic cells in zebrafish220. Furthermore, in Dr. Cayuela’s lab, 

Figure 15. Zebrafish advantages over other vertebrate models in biomedical research. Created with 
BioRender.com. 
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deeper studies have shown a non-canonical function of telomerase RNA terc crucial for correct 
myelopoiesis21. And recently, new insights into this function have revealed the ability of terc to 
bind RNA polymerase II to regulate the transcription of master hematopoietic genes. These 
functions described in zebrafish have shown to be a conserved in humans, stablishing new 
targets for the treatments of neutropenias47. 

 

 

4.2. Skin chronic inflammation zebrafish models 

Zebrafish has shown to be a great model to study skin chronic inflammatory diseases such as 
psoriasis. Although some differences exist between the human and zebrafish skin, they also 
present some similarities. The overall structure of the skin in zebrafish follows the same 
distribution as in humans, with an external layer conforming the epidermis and an internal 
multilayered dermis221. Moreover, zebrafish has been established as a great model to study the 
immune response222; 223 and, indeed, skin inflammation in zebrafish largely resembles the 
processes occurring in the human skin221. 

Several models of skin chronic inflammation have been already developed:  

One of them is the tnfatnfr2 morphant157. The knock-down of tnfa or its receptor tnfr2 using 
morpholinos induced neutrophil mobilization to the skin, increased the production of pro-
inflammatory cytokines such as il1b, and increased the production of H2O2 in keratinocytes. All 
in all, the tnfatnfr2 morphant reproduces the skin inflammation phenotype seen in the psoriatic 
skin. 

Another zebrafish model of skin chronic inflammation is a mutant in the serine peptidase 
inhibitor, Kunitz type 1a (Spint1a)224. The Spint1a protein is an inhibitor of matriptase 1a (St1a), 
which is expressed in the epidermis, among other epithelia. This mutation in spint1a produces 
the disruption of the skin integrity, a process that has also been reported to happen in the early 

Figure 16. Structure similarities between human and zebrafish telomerase RNA. Both human (A) and 
zebrafish (B) telomerase RNAs have similar secondary structures. They both have a CR4/CR5 domain 
(purple), a psudoknot/template domain (orange) and a H/ACA domain (green). Created with 
BioRender.com. 
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stages of psoriasis225. In the spint1a -/- model, keratinocytes loose contact with each other and 
acquire mesenchymal-like properties, resulting in the formation of aggregates due to their 
hyperproliferation. Moreover, it causes in an increase in keratinocyte cell death and consequent 
inflammation, as they have increased macrophage and neutrophil infiltration in the skin224; 226. 

Taking advantage of the zebrafish embryo transparency and in vivo cell visualization though the 
use of fluorescent transgenic lines, these psoriasis models have been combined with transgenic 
lines such as lyz:dsRED, in which neutrophils are labeled with red fluorescent. This enables the 
visualization and study of the skin chronic inflammation and the immune response live in a 
whole organism157; 226. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 17. Images of wild type and mutant spint1a zebrafish larvae. Merged brightfield and 
red fluorescence channel images of wild type (A) and mutant (B) spint1a larvae. An image 
magnification of the tail is shown underneath each whole larva image (white rectangle area). 
Skin keratynocyte aggregates can be seen in the brighfield channel (white arroheads) whereas 
neutrophils are shown in red (lyz:dsRED). The mutant spint1a larvae have neutrophil 
inflitration in the skin due to inflammation, whereas neutrophils in the wild type larvae are 
mostly in the caudal hematopoietic tissue (CHT; yellow dotted line). 
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4.3. Cancer zebrafish models 

Zebrafish serves also as a great animal model to study cancer. First of all, the cancer biology of 
zebrafish and humans is very alike. Zebrafish can develop cancer when exposed to mutagens, 
and their tumors are histologically similar to the ones in humans227. Moreover, zebrafish and 
humans share cell-cycle, tumor suppressor, and oncogenes that participate in cancer 
development in both organisms228; 229.  

Zebrafish can be used as a tool for cancer studies in many ways. One of the first approaches was 
large-scale forward genetic screens. In these kinds of studies, mutations were introduced in the 
DNA of adult zebrafish using chemicals, irradiation or by insertional mutagenesis (introducing 
viral or transposons vectors). After that, a correlation between the cancer phenotype and the 
introduced mutations was done to identify novel genes or pathways involved in tumor 
progression228; 230.  

Also, since human cancers share oncogene signaling pathways with zebrafish, the human tumors 
can be modelled in the fish. This has been used to identify driver mutations from passenger 
mutations in human cancers such as in melanoma231. Moreover, this also means that zebrafish 
is useful to identify potential drugs for the treatment of several cancers229. 

The transparency of zebrafish larvae has enabled the study of cell engraftment, invasiveness, 
and metastasis in vivo. Using xenograft cell transplantations, human cancer cells labeled with 
fluorescent markers can be introduced into the larvae without rejection232. Cells can be 
microinjected in the larvae yolk sac (heterotopic transplant) or orthotopically, in the same tissue 
the tumor develops normally. The fluorescent labeling allows the study of the tumor cells 
interactions with immune cells, cancer cell invasiveness, and proliferation233. Moreover, this can 
be done with tumor cells from patients. This approach in combination with the drug-screening 
potential of the zebrafish, makes possible the development of patient avatars in which to test 
hundreds of drugs to select a personalized treatment for each patient234. 

Without any doubt, the use of transgenic zebrafish lines has maximized the potential of zebrafish 
as a model to study cancer. The easy genetic manipulation of zebrafish has permitted the 
obtention of zebrafish with different fluorescent tissues such as vessels235 or immune cells236, 
but also with fluorescent tumors, meaning that cancer development and progression can be 
assessed in vivo237. In order to achieve that, the UAS/Gal4 system has been widely used. 

The UAS/Gal4 system is used to drive the expression of oncogenes fused with fluorescent 
proteins in specific tissues, generating zebrafish models for different types of cancer. One of the 
most common cancer drivers is Ras protein, therefore, one of the main constructs used to 
generate cancer in zebrafish is an eGFP-HRASG12V fusion protein. In order to control the 
expression of the oncogene, an UAS sequence is placed upstream the fusion protein, and this 
construction can be inserted in the zebrafish to generate a stable transgenic line (Tg(UAS:eGFP-
HRASG12V))238. This construction can also be microinjected in the fish along with the Tol2 
transposase, generating a mosaic expression of the fluorescent oncogene239. However, it must 
be taking into consideration that a tissue-specific oncogene expression is only generated when 
the Tg(UAS:eGFP-HRASG12V) line is inbred with a tissue-specific Gal4-expressing transgenic line 
or when the UAS:eGFP-HRASG12V construction is microinjected in Gal4-expressing embryos. One 
example of this is the generation of the glioblastoma zebrafish model240.  

Specifically, the transgenic line Et(zic4:GAL4TA4,UAS:mCherry)hmz5
241 was used to obtain the 

expression of HRAS in the zebrafish brain. In this zebrafish line, the zic4 enhancer, which is 
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exclusive to the central nervous system (CNS), drives the expression of an optimized version of 
Gal4. In addition, the fluorescent protein mCherry labels the CNS, hence, the places of Gal4 
expression. The glioblastoma model was then obtained through the somatic expression of GFP-
HRASG12V by the inbreed of zic4:GAL4TA4,UAS:mCherry and UAS:GFP-HRASG12V zebrafish lines. 
Also, this glioblastoma can be generated in the germline by microinjecting a plasmid containing 
UAS:GFP-HRASG12V sequence. 

 

 

 

 

 

 

Germline glioblastoma generation  Somatic glioblastoma generation  

Figure 18. Germline (A) and somatic (B) generation of the glioblastoma zebrafish model. Adapted from 
(Mayrhofer et al., 2017)239. 
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The specific objectives of the present work are the following: 

1. Study the relationship between terc and the regulation of glucose metabolism in the 
context of chronic inflammation and the cancer immune response. 
 

2. Validate and characterize the interaction between the pyruvate dehydrogenase 
complex and the telomerase components TERC and TERT. 
 
 
 



 

 



 

 

 

 

 

 

 

 

Chapter I 
Regulation of glucose metabolism by terc: 

 

PART 1. terc alleviates inflammation through the regulation of 
lactate metabolism 

 

PART 2. terc inhibits glioblastoma growth by activating 
antitumor innate immunity 
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1. Introduction 

Telomerase is a ribonucleoprotein complex whose main function is the synthesis of the 
telomeric DNA. The main components of this complex are TERT (the catalytic subunit) and TERC 
(the RNA component). Besides telomere lengthening, TERT and TERC perform extracurricular 
functions19-21. Particularly, in the case of the telomerase RNA, a Chromatin Isolation by RNA 
purification (ChIRP) study identified more than two thousand loci in the human genome which 
contained a TERC specific binding sequence (TERC-bs)6, suggesting a role of TERC as a long non-
coding RNA (lncRNA). 

In that sense, TERC is accountable for several physiological processes related to the 
hematopoietic stem cell (HSC) differentiation and the immune function. For instance, TERC 
increases the anti-apoptotic signals in CD4+ T lymphocytes, independently of TERT44. Another 
described extracurricular role for TERC is related to the production of myeloid cells and was 
depicted in our laboratory, where we described an evolutionary conserved mechanism by which 
TERC is needed for the production of neutrophils and macrophages21. TERC was demonstrated 
to function as a transcription factor, binding to its specific consensus sequence at the promoter 
regions of the master myelopoietic genes Colony Stimulating Factor 2 and 3 (CSF2 and CSF3) and 
SPI1, and therefore allowing the recruitment of RNA polymerase II (RNApol II) and the correct 
formation of myeloid cells47. 

In hyperproliferating cells, such as in cancer and activated immune cells, a metabolic rewiring 
takes place to support the energy requirements of the increased cell proliferation. One of the 
most common metabolic adaptations is the use of the glycolysis pathway as the main source of 
ATP instead of performing a complete oxidative phosphorylation (Warburg effect)94; 164. Due to 
the importance of this metabolic adaptation, the regulation of the glucose metabolism of 
hyperproliferating cells can be targeted in order to control their function. Lactate 
dehydrogenase (LDH), which is responsible for lactate production, is one of the main players 
involved in this adaptation, thus, the roles of LDH and lactate have been studied in a wide range 
of diseases that involve cell proliferation92. 

Psoriasis is one of the most prevalent chronic inflammatory diseases141, and it is characterized 
by a keratinocyte hyperproliferation and an increase in the immune cell infiltration in the skin, 
both resulting in a persistent chronic inflammation150. Although the IL-23/IL-17A axis is one of 
the main signaling molecule pathways involved in inflammation in psoriasis149, also the levels of 
oxidative stress are known to have an important role in the pathogenesis of the disease153; 154, 
and recently, nicotinamide adenine dinucleotide (NAD+) has been identified as a key molecule 
controlling inflammation and oxidative stress in the psoriatic skin158; 159.  
 
The hyperproliferating keratinocytes of the psoriatic skin also have that constant rely on 
glycolysis to support their growth and proliferation. Moreover, the inhibition of GLUT1, one of 
the main the glucose transporter in keratinocytes, produces an alleviation of inflammation in 
the skin165-167. The increase in glucose consumption by keratocytes also leads to an accumulation 
of lactate in the inflamed tissue168, which has been shown to have important roles in chronic 
inflammation controlling the immune response169. For instance, it has been reported to induce 
the production of IL-17A in T CD4+ lymphocytes and to participate in the retention of the immune 
cells in the inflamed tissue, ultimately fostering inflammation in mice with rheumatoid 
arthritis170; 171. Also, LDH has been shown to promote inflammation by increasing ROS production 
in osteoarthritis mice models172. 
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Even though the regulation of the glucose metabolism, and specially, the regulation of lactate 
production has shown to have an important immunomodulatory role in chronic inflammation 
diseases such as rheumatoid arthritis, its role in psoriasis has not been explored yet.  

On the other hand, the regulation of the glucose metabolism in immune cells has been widely 
studied in the tumor immune response161; 176. In the tumor microenvironment, cancer cells 
secrete cytokines and other molecules that enable the tumor immune escape by inhibiting the 
immune cell function. Moreover, in this environment, immune cells become active players in 
the promotion of tumor growth182. 

Glioblastoma is very aggressive type of brain cancer, with an average survival time of 15 months 
for the patients19. Conventional therapy strategies have shown to not be enough to stop the 
cancer progression, being the highly immunosuppressive tumor microenvironment one of the 
characteristics that challenge the glioblastoma treatment20. For that reason, recent studies in 
glioblastoma therapy have focused on the development of new strategies to improve the 
immune response against the tumor (immunotherapy)21. With this purpose, the study of 
immunometabolism has raised interest in the context of glioblastoma tumors22.  

Many lncRNAs have been proven to be clearly implicated in the metabolic regulation of tumor 
cells, such as the lncRNA-UCA1, which increases the glucose metabolism by promoting the 
expression of the main enzyme in control of the glycolysis pathway: hexokinase 2 (HK2)242. 
However, only a few lncRNAs have been identified as to participate in this metabolic regulation 
in other types of cells with a similar metabolic adaptation, such as immune cells. One example 
is Malat1243, which regulates the expression of mitochondrial pyruvate carriers (MPCs) in M2 
macrophages, promoting the mitochondrial oxidation of glucose.  

In this work, we study the relationship between the expression of the telomerase RNA (terc) and 
the glucose metabolism using zebrafish as an in vivo model. We show how terc expression is 
able to change the concentration of glycolysis and TCA cycle metabolites and we demonstrate 
that terc is able to change the expression of glycolysis-related genes such as ldhbb. Moreover, 
we explore the role of this metabolic terc-regulation in the context of skin chronic inflammation 
and the glioblastoma immune response.  

 

 



Materials and Methods 

61 

2. Materials and Methods 

2.1. Zebrafish lines and maintenance 

All zebrafish (Danio rerio H., Cypriniformes, Cyprinidae) were raised and handled using standard 
procedures244; 245. All experiments comply with the Guidelines of the European Union Council 
(Directive 2010/63/EU) and the Spanish RD 53/2013. Experiments and procedures were 
performed as approved by the Bioethical Committee of the University Hospital Virgen de la 
Arrixaca (approval number A13211202). 

The wild type zebrafish AB strain was obtained from the Zebrafish International Resource Center 
(ZIRC).  

The transgenic zebrafish line Tg(lyz:dsRED) was kindly provided by Prof. Phil Crosier. In this 
transgenic fish, the promoter of the lysozyme C gene drives the expression of the red fluorescent 
protein dsRED2246. Thus, this transgenic line neutrophils are specifically labeled with red 
fluorescence. 

The zebrafish line mutant for spint1a (hi2217 mutant allele) was obtained in an insertional 
mutagenesis screen247, and was kindly provided by Prof. Matthias Hammerschmidt.  

The transgenic zebrafish line Tg(zic4:Gal4TA4, UAS:mCherry)hzm5, (also called zic:Gal4; 
UAS:mCherry or zic in this work for simplicity) was kindly provided by Prof. Maria Caterina Mione 
from the Laboratory of Experimental Cancer Biology (CBIO, University of Trento). In this 
transgenic fish, the zic4 promoter drives the expression of the red fluorescent protein mCherry 
in the central nervous system240. This tissue-specific regulation labels with red fluorescence the 
brain and the notochord in the transgenic fish. 

The transgenic line Tg(mpx:eGFP) was kindly provided by Prof. Stephen A. Renshaw from the 
University of Sheffield. In this fish the neutrophil-specific myeloperoxidase promoter (mpx) 
controls the expression of the enhanced green fluorescent protein (eGFP), therefore the fish 
present neutrophils labeled in green248. 

The mutant zebrafish line for tert (allele hu3430), named tert-/- in this work, was obtained from 
the Sanger Institute and has been previously characterized218.  

The mutant line for terc (terc-/-) was obtained in our laboratory, using the Transcription 
Activator-Like Effector Nuclease (TALEN) technology47.  

The transgenic lines Tg(drl:terc) and Tg(drl:tert) have a green heart reporter and were also 
generated in our laboratory using the Gateway Tol2kit system (47, unpublished). In these fish, 
terc or Tert overexpression is driven by the draculin (drl) promoter, which is specific of cells of 
hematopoietic and angiogenic origin (hemangiogenic cells)249. 

Lastly, the transgenic line Tg(mpeg1:mCherryF/tnfa:eGFP-F), named mpeg1:mCherry;tnfa:eGFP 
in this work, was generously provided by Prof. Georges Lutfalla from the University of 
Montpellier250. In this case, the macrophage-specific mpeg1 promoter drives the expression of 
mCherry while the Tumor Necrosis Factor tnfa promoter drives the expression of eGFP. The fish 
that have both genetic constructions have their macrophages labeled with red fluorescence and 
if macrophages polarize towards an M1 phenotype, they express Tnfα and, consequently, the 
eGFP protein. 
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2.2. Metabolite analysis 

Targeted mass spectrometry and metabolite analysis were performed as previously 
described251. In short, samples were resuspended in 20μL HPLC grade water for mass 
spectrometry and 5μL were injected and analyzed using a hybrid 5500 QTRAP triple quadrupole 
mass spectrometer (AB/SCIEX) coupled to a Prominence UFLC HPLC system (Shimadzu) via 
selected reaction monitoring (SRM)252. Peak areas from the total ion current for each metabolite 
SRM transition were integrated using MultiQuant v2.0 software (AB/SCIEX).  

 

2.3. Zebrafish morpholino and RNA microinjection  

The specific morpholino targeting terc (Moterc) and the control morpholino (Mostd) were 
obtained from Gene Tools and resuspended in nuclease-free water to 1 mM concentration 
(Table 1).  

The RNAs of terc sense and antisense (S and AS) were obtained using pBlueScript zfTR KS+ 
plasmid generated in our laboratory. To produce the mRNAs, double stranded DNA sequence of 
the zebrafish rps6ka1 and socs2 genes was synthetized (IDT) and cloned into a pCS2P+ plasmid 
(Addgene) using NotI and EcoRI restriction enzymes (Invitrogen). 

The plasmids were linearized with specific restriction enzymes and the mMESSAGE mMACHINE 
kit (Ambion) was used to produce the in-vitro transcribed RNAs following manufacturer's 
instructions. In the case of mRNAs, they were also polyadenylated using the Poly(A) Tailing kit 
(Invitrogen) following the manufacturer´s protocol. 

MOs and RNAs were mixed in microinjection buffer (0.5x Tango buffer and 0.05% phenol red 
solution) and microinjected into the yolk sac or cell of one-cell-stage embryos using a Narishige 
IM3000 microinjector. The terc S and AS RNAs and the mRNAs of rps6ka1 and socs2 mRNAs were 
microinjected into the cell of one-cell stage zebrafish embryos at a concentration of 200 pg/egg. 
The working morpholino concentration is detailed in the table below (Table 1).  

 

Name Sequence (5´3´) Working dosis (ng/egg) 
Mostd CCTCTTACCTCAGTTACAATTTATA 1 
Moterc TCAAGTTAATCTGCTCAGTGTTGTG 1 

Table 1. Morpholino sequences and used concentration. 

 

2.4. Zebrafish CRISPR-Cas9 microinjection  

The genetic inhibition experiments were carried out using the CRISPR-Cas9 system and following 
the manufacturer´s indications. The predesigned guide RNAs (crRNAs) targeting the desired 
genes, the tracRNA (ref. 1072533) and the Cas9-V3 protein (ref. 1081058) were obtained from 
IDT. 1 µL of both crRNA (100 µM) and tracRNA (100 µM) were incubated at 95°C for 5 min and 
cooled at room temperature for 5-10 min to allow crRNA guide/tracRNA complex formation. 
1.43 µL of IDT duplex buffer was added for a final complex concentration of 50 µM. The 
microinjection mixture was prepared with 1µL of crRNA guide/tracRNA complex, 0.2 µL of Cas9, 
0.25 µL of phenol red and 2.55 µL of IDT duplex buffer. The mixture was kept in ice and injected 
into the yolk sac of one cell-stage zebrafish embryos using a NARISHIGE 300 IM microinjector 
(0.5-0.9 nl/egg). The name and sequence of the microinjected guide RNAs are listed below (Table 
2). 
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crRNA Name Species Sequence (5´3´) 
Dr.Cas9.LDHA.1.AC Zebrafish GGTGGACGTGATGGAAGATA 
Dr.Cas9.LDHBA.1.AC Zebrafish CTAACTCTCGTATTGTGGTG 
Dr.Cas9.CXCL14.1.AC Zebrafish CATTTATTCGCTCAACACAG 
Dr.Cas9.SOCS2.1.AC Zebrafish CTGCCATGAGAGACCTTAAA 
Dr.Cas9.CTNNB1.1.AA Zebrafish CGTCCCTGAGTGGCAAAGGC 
Dr.Cas9.PFAS.1.AD Zebrafish CAGCTGTGCAATCCTTCTTA 
Dr.Cas9.RPS6KA1.1.AD Zebrafish ACACAGAGTACGCAGTGAAG 

Table 2. List of crRNAs used in the zebrafish larvae. 

 

The genomic DNA of the 3 dpf larvae microinjected with the control or the specific crRNAs was 
extracted with the Wizard® Genomic DNA Purification Kit (Promega) and the target region was 
amplified by PCR. The PCR product was sequenced, and the edition of the target locus was 
analyzed with the TIDE software (https://tide.nki.nl). The primers used for PCR and sequencing 
is listed in the table below (Table 3). 

Table 3. List of primers used for PCR and/or sequencing of the target region for each crRNA. 

 

2.5. Zebrafish glioblastoma generation 

The glioblastoma was generated in the zebrafish as previously described240. Briefly, GFP-
HRAS_V12 oncogene was overexpressed in the zebrafish brain by the microinjection of the 
pT2MUASMCS-UAS:eGFP-HRAS_V12 plasmid (250 ng/μL) along with the mRNA of Tol2 
transposase (250 ng/μl) into one-cell stage Tg(zic4:Gal4TA4, UAS:mCherry)hzm5 embryos. Images 
of seven days post fertilization larvae (7 dpf) were acquired to measure the tumor size. 

 

 

 

Name Species Sequence (5´3´) Application 
F9-zf-rps6ka1-TIDE Zebrafish AGCAGCTTCACGGTAAGAACA PCR/ Sequencing 
R9-zf-rps6ka1-TIDE Zebrafish TTCAGTTGGATCCGTGCTTGT PCR/ Sequencing 
F-zf-pfas-TIDE Zebrafish CAGGATCATGCCTGTCGTGC PCR/ Sequencing 
R-zf-pfas-TIDE Zebrafish AAACATTTTAGGCTCCCCTGACA PCR/ Sequencing 
F9-zf-cxcl14-TIDE Zebrafish CGCCTGTCTATTCAGCCTCG PCR/ Sequencing 
R9-zf-cxcl14-TIDE Zebrafish ACAGTTGGACAAGCGTGAGG PCR/ Sequencing 
F7-zf-socs2-TIDE Zebrafish GTCACTCATCCGACTCCACG PCR 
R7-zf-socs2-TIDE Zebrafish TTGTGGGGGCGAACATTGTA PCR 
Rv6-zf-seq-TIDE-socs2 Zebrafish CCAAATTGGTTCAAATGGCCCCT Sequencing 
zf_Ldha_I2/3_F Zebrafish GAGACCATTCCATTGGGGATCT PCR 
zf_Ldha_I3/4_R Zebrafish ACAGTGGAGCACATAGCTCAG PCR 
F-zf-gLDHA-nested Zebrafish GATCTGACCGATGAACTCGCC PCR 
R-zf-gLDHA-nested Zebrafish TCTTGTGCGTCTTGAGAAACAG PCR/ Sequencing 
Fw-zf-ldhbaE2/I3 Zebrafish GCGTACTGCTTCGGGTAAGA PCR 
Rv-zf-ldhbaE6 Zebrafish TTTGCACCACTCCATACGGG PCR/ Sequencing 
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2.6. Gene expression analysis by RT-qPCR  

Total RNA from zebrafish larvae or kidney marrow was extracted with TRizol (Thermo Fisher 
Scientific) using Direct-zol RNA Miniprep kit (Zymo Research). In the case of tail fins, the RNA 
extraction was performed using the RNAqueous-Micro Total RNA Isolation Kit. cDNA synthesis 
was performed using SuperScript IV VILO Master Mix (Invitrogen) following manufacturer’s 
instructions. The quantitative PCR (qPCR) was performed in a StepOne Plus Real-time PCR 
System instrument (Applied Biosystems) using SYBR Premix Ex Taq (Perfect Real Time) (Takara). 
The following conditions were used for the amplification: 10 min at 95°C, followed by 40 cycles 
of 15s at 95°C, 1 min at 60°C, and finally a standard melting curve protocol 15s at 95°C, 1 min at 
60°C and 15s at 95°C. The expression of each analyzed gene was normalized to the expression 
of the ribosomal protein S11 (rps11) gene in each sample using the comparative Ct method (2-

∆∆Ct). Each PCR was performed with triplicate samples and with at least two independent 
samples. The primers used are listed in the table below (Table 4). 

 

Name Species Sequence (5´3´) 
zf terc-F1q Zebrafish GGTCTCACAGGTTTGGCTGT 
zf terc-R2q Zebrafish TGCAGGATCAGTGTTTGAGG 
zf tert-F2q Zebrafish CGGTATGACGGCCTATCACT 
zf tert-R1q Zebrafish TAAACGGCCTCCACAGAGTT 
FZF1_ldha Zebrafish CCCAAACATCATCAA GTACA 
RZF1_ldha Zebrafish GATTTGAAACCACCAAAAGG 
FZF1_ldhba Zebrafish CCTTGTGTCTGTGTTTAAGT 
RZF1_ldhba Zebrafish TACAGCA GATTCAGAGGATG 
FZF1_ldhbb Zebrafish GTGGTATCTTTACCTGGGAG 
RZF1_ldhbb Zebrafish ACGCCATCTCTAATACTTGT 
FZF1_ldhd Zebrafish ACTCCG ATTATACGGTGTTC 
RZF1_ldhd Zebrafish GACGGATGGAAA AGAACAAA 
FZF1_cxcl14 Zebrafish GTGGTTCAAAATCTGGAAGG 
RZF1_cxcl14 Zebrafish ACATTTAGGCTTCAAACGTC 
FZF2_ctnnb1 Zebrafish CATTCTAGCCAGAGACATTC 
RZF2_ctnnb1 Zebrafish TAGGAGAATACAGCAACTGA 
FZF1_socs2 Zebrafish AAAACACTGGCTGGTATTG 
RZF1_socs2 Zebrafish AGATGGTGAAGAGGTAGTC 
FZF1_idh1 Zebrafish ATATGATGGGCGTTTCAAAG 
RZF1_idh1 Zebrafish ATACTTGGCCTTGTSCTCTT 
FZF1_tbxas1 Zebrafish TCTCAAGCTGACCTCATAAA 
RZF1_tbxas1 Zebrafish CCGGCCTATATAATAACCACA 
FZF1_rps6ka1 Zebrafish CACTATGATTGCTGGGTTTA 
RZF1_rps6ka1 Zebrafish GAGTGTCTTCTGGTCCATTA 
FZF2_abl2 Zebrafish ACATCCCAATCTAGTACAGT 
RZF2_abl2 Zebrafish TACTCGGTCACAATGTAGAA 
FZF1_odc1 Zebrafish TTGCTTGAGAGAAGTACACA 
RZF1_odc1 Zebrafish GCAAAAGAAACAGACGAATG 
Fq-rps11 Zebrafish ACAGAAATGCCCCTTCACTG 
Rq-rps11 Zebrafish GCCTCTTCTCAAAACGGTTC 

Table 4. List of primers used for gene expression analysis by RT-qPCR. 
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2.7. In vivo luciferase assay 

The luciferase plasmid containing the promoter region of ldhbb was obtained as follows: the 
genomic DNA of wild type larvae was extracted with the Wizard Genomic DNA Purification Kit 
(Promega) and used as template in a PCR amplification of the promoter region (1970pb 
upstream the transcription start site) of the ldhbb gene, using the Phusion High-Fidelity DNA 
polymerase from New England Biolabs (NEB) and the following primers F1-
AAGGGGTACCGCACCAGGCGAAAGTATAAATGT and R1- 
AAGGGAGCTCGTGAGGGGATTACAATTAACCGA.  

The PCR product was purified with the QIAquick PCR Purification kit (QIAGEN) and cloned into 
the luciferase reporter PGL3basic vector (Promega). Both the plasmid and insert were digested 
with Kpn I y Sac I restriction enzymes (Invitrogen) overnight at 37°C. The plasmid was also 
treated with Shrimp Alkaline Phosphatase (Promega) for one hour at 37°C. Both plasmid and 
insert were again purified with QIAquickPCR Purification kit (QUIAGEN) and the ligation step was 
done with T4 ligase (NEB) in a 1:3 proportion accordingly to the manufacturer’s instructions.  

The generated plasmid was transformed into One ShotTOP10 chemically competent Escherichia 
coli (ThermoFisher) by heat shock, accordingly with the manufacturer protocol. The plasmid was 
obtained from the bacteria by extraction with the GenEluteTM HP Plasmid Midiprep kit (Sigma).  

To perform in vivo luciferase assay, the Dual-Luciferase® Reporter Assay System kit (Promega) 
was employed. In brief, 250 ng of the luciferase construction (PGL3-pldhbb plasmid) along with 
the Moterc or terc RNA were microinjected into the yolk sac or the cell of one-cell stage wild 
type zebrafish embryos. The 2 dpf larvae were pooled into groups of 10 and lysed by mechanical 
homogenization in the provided lysis buffer at room temperature. The luciferase substrate was 
added prior to the luciferase measurement in each sample in an Optocom I luminometer (MGM 
Instruments). 

 

2.8. Pharmacological treatments 

The chorion of zebrafish embryos was manually removed at 24 hours post fertilization (hpf) and 
20-25 embryos were sampled in wells of 6-well plates. The compounds were added at the 
indicated concentration into the egg water and 1% DMSO was used as a control. Larvae were 
treated for 48 hours more, and the egg water and treatments were changed after 24 hours. The 
larvae were maintained during the time of the treatment in a 28°C incubator and protected from 
light. The used compounds and concentrations are listed in the following table (Table 5). 

 

 

  

Compound Manufacturer Concentrations 

Sodium Oxamate Sigma-Aldrich- O2751 
100 µM 
1 mM 

10 mM 
L-Sodium Lactate PanReac AppliChem-A1004 25 mM 

NAD Cayman Chemical- 16077 1 mM 
Talazoparib Sigma-Aldrich- S7048 10 µM 

FK-866 (Daporinad) Selleckchem- S2799 10 µM 
Table 5. Compounds and concentrations used to treat the zebrafish larvae. 
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2.9. NAD+ and NADH luciferase determination  

Three dpf larvae were anesthetized in cold PBS with tricaine and the tail fins of each larva was 
cut off (150-200 larvae per group). The tissue was collected and resuspended in 100-150 µL of a 
1:1 mixture of PBS and NaOH 0.2 N with 1% dodecyltrimethylammonium bromide (DTAB). The 
sample was mechanically homogenized and kept in ice. Protein concentration was measured 
using Bradford reagent (Sigma). 

The NAD+ and NADH determination were performed with the NAD/NADH-Glo Assay kit from 
Promega (G9071) following manufacturer’s instructions. For each sample, 10-15 µg of protein 
were used and NAD+ and NADH levels were determined. A NAD+ (Cayman Chemical 16077) and 
NADH (Biosynth NN12622) standard curve (0-400 nM) was used to obtain the exact 
concentration in each sample. 

 

2.10.  Microarray gene expression analysis 

The RNA of the tail fin was extracted using RNAqueous-Micro Total RNA Isolation Kit (Invitrogen) 
following manufacturer’s instructions. RNA quantification and quality was evaluated using a 
NanoDrop One Spectrophotometer (Thermo Fisher Scientific) and an Affimetrix Zebrafish Array 
Strip 1.1 ST (901802) from Thermo Fisher Scientific was used to perform the transcriptomic 
microarray analysis. 

 

2.11.  Transcriptomic data of psoriasis patients 

The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) was used 
to obtain transcriptomic data from punch biopsies of healthy individuals and psoriatic patients 
(GDS4602).  

 

2.12.  Zebrafish whole larvae immunofluorescence 

The zebrafish larvae were fixed with paraformaldehyde 4% in PBS overnight at 4°C. They were 
washed four times for 5 minutes in PBS and two times in PBS with 0.2% Triton (PBStx). Then 
larvae were treated with 2 mg/mL Collagenase A (Sigma) in PBS for 30 minutes and washed three 
times in PBStx. Later, they were incubated in glycine (50 mM in PBStx) for 10 minutes, washed 
5 minutes in PBStx, and blocked in blocking buffer (1% DMSO, 1% normal goat serum or fetal 
bovine serum, 1% BSA and 0.7% Triton-X in PBS) for 2 hours at room temperature. The 
incubation with the primary antibody for microglia (1:50 anti-4C4, mouse monoclonal Becker 
Laboratory, University of Edinburgh) or for Histone H2A.X phosphor Ser139 (1:250 Genetex 
GTX127342) was performed overnight at 4°C, diluted in blocking buffer. The next day, the larvae 
were washed three times for 15 minutes in PBStx and incubated with the secondary antibody 
(1:200 dilution of goat anti-mouse Alexa Fluor-647 or goat anti-rabbit Alexa Fluor 488) overnight. 
Lastly, they were washed twice in PBStx for 15 min and three times in PBS for 15 min.  

 

2.13.  H2O2 determination 

The measurement of H2O2 levels was performed as previously described157; 158 using a live cell 
fluorescein dye. Briefly, 3 dpf larvae were incubated with 50 μM acetyl-pentafluorobenzene 
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sulphonyl fluorescein (H2O2 probe) (Cayman Chemical) in egg water for one hour in the dark. 
After probe incubation, imaging was carried out immediately. 

 

2.14.  Sudan black neutrophil staining 

The 7 dpf larvae were fixed in methanol-free paraformaldehyde 4% in PBS overnight at 4°C. The 
next day, the larvae were washed two times for 5 minutes in PBS and were incubated in Sudan 
black (Sigma - 380B-1KT) for 12 minutes. Larvae were washed two to three times for 30 minutes 
with 70% ethanol (until the liquid was clear) and were progressively rehydrated with 50% and 
25% ethanol solutions in PBT (0,1% Tween-20 PBS). Finally, they were placed in PBT and images 
were acquired immediately after the staining with a Leica M165 C stereomicroscope equipped 
with a Leica DMC 5400 camera. 

 

2.15.  Neutrophil wound migration assay 

The complete transection of the tail was performed with a disposable sterile scalpel in the 3 dpf 
larvae previously anesthetized in buffered tricaine (164 mg/mL). Then, they were mounted in 
1% (w/v) low-melting-point agarose dissolved in egg water, and images were acquired at the 
selected times at 28.5°C in a LEICA M205 FA stereomicroscope. Neutrophils recruited to the 
wound area (between the arterio-venous loop and the end of the tail) were manually counted. 

 

2.16.  Salmonella infection 

The otic vesicle and systemic infection experiments were carried out using Salmonella 
Typhimurium (ST 12023). The bacteria were cultured in Luria-Bertani (LB) broth plates and the 
day before the infection, one single colony was grown overnight in liquid LB medium. The day 
of the infection, the ST culture was diluted 1/5 in LB with 0.3 M NaCl and incubated at 37 °C with 
agitation until 1.4-1.6 optical density at 600 nm was reached (about 1-1.5 hours). Lastly, 600 µl 
of bacterial culture were diluted adding 400 µl of sterile PBS and the microinjection mixture was 
prepared with 20 µL of the diluted bacteria (or 20 µL of PBS as control) plus 2 µL of phenol red. 
Larvae of 2 dpf were anaesthetized in embryo medium with tricaine and placed in an agar plate. 
Around 100 bacteria per larvae were microinjected into the otic vesicle for local infection or 
Cuvier duct for systemic infection. At 4 and 6 hours post infection (hpi), the larvae with the 
infection in the otic vesicle were anesthetized in egg water with buffered tricaine and placed in 
an agar plate to acquire the images of the recruited macrophages to the site of infection. The 
larvae with the systemic infection were also anesthetized at 6 hpi (peak of recruitment) and 
processed for FACS analysis. Larvae were crushed to homogenization with a sterile scalpel and 
treated with liberase (Roche) at 1:65 (vol/vol) in PBS for 30 minutes at 28°C, pipetting up and 
down every 10 minutes. To stop the reaction, fetal bovine serum (FBS) was added to a final 
concentration of 5% and samples were kept in ice from this point onwards. The cell suspension 
was filtered through a 70-micron cell strainer, washed with 5%FBS in PBS, filtered again through 
a 40-micron cell strainer and washed again. The suspension was centrifuged at 650g for 5 
minutes and resuspended in PBS. Lastly, cells were fixed with 0.5% PFA in PBS for 20 min at RT, 
washed twice with PBS and kept at 4°C overnight.  

The next day, the cell suspension was analyzed with a DB LRSFortessa X-20 cytometer. The 
percentage of mCherry+, GFP+, doble positive cells and fluorescent intensity of the cells was 
calculated using the BD FACSDivaTM Sorftware v8.0.  
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2.17.  Zebrafish larvae imaging 

The zebrafish larvae were anesthetized in a petri dish with a solution of 164 mg/L of tricaine in 
egg water and images were acquired using a Leica M205 FA fluorescent stereomicroscope 
equipped with a Leica DFC365 FX camera. The LASX software was used to perform the area and 
fluorescence quantification analysis. The neutrophil dispersion and aggregate number were 
manually quantified in the acquired images. 

 

2.18.  Microglia imaging and quantification 

The immunostained larvae were mounted in 1.5% low melting point agarose (Life Technologies) 
in E3 (5mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) for the microglia image 
acquisition. Z-stacks images were taken with a step size of 80 µm in an inverted Leica TSP8 
confocal microscope. For the quantification of 4C4+ cells, only cells within the brain 
(telencephalon, tectum, and cerebellum) were counted for each sample using the ‘To count 
microglia’ plugging for ImageJ developed by the members of the of the CBIO Advanced Imaging 
Core Facility (AICF) at the University of Trento. 

 

2.19.  Statistical analysis and data representation  

All statistical analysis and data representations were performed using GraphPad Prism version 
8.0.0. The statistical test used in each particular experiment is stated in the corresponding figure 
legend. 
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3. Results 

3.1. The expression of telomerase RNA (terc) alters glycolysis and TCA cycle 
metabolite composition  

A metabolomic analysis was carried out in 3 days post fertilization (dpf) zebrafish larvae in which 
terc expression was modified. The expression of terc was decreased through a morpholino 
microinjection (Moterc), while terc levels were increased by microinjecting the terc RNA (terc S) 
in the embryos. A standard morpholino (Mo std) and the antisense RNA of terc (terc AS) were 
used as controls. 

After analyzing the metabolomic composition of the samples, we focused on studying the 
metabolites whose concentration had the opposite behavior when modifying terc levels. We 
found out that the levels of several metabolites related to glycolysis and tricarboxylic acid (TCA) 
cycle changed in accordance with terc expression. Specifically, the levels of 3-phosphoglycerate, 
phosphoenolpyruvate and succinyl-CoA where reduced, and the levels of lactate, succinate and 
oxaloacetate significantly increased when reducing terc expression (Fig. 19). As mentioned, the 
opposite effect in the metabolite concentration was observed when increasing terc levels in the 
larvae, and statistically significant changes were detected in the levels of fructose 1,6-
bisphosphatase, 3-phosphoglycerate, phosphoenolpyruvate and acetyl-CoA (Fig. 19).  

 

Figue 19.terc expression modifies the levels of glycolytic and TCA cycle metabolites. Heatmap showing 
the glycolytic and TCA cycle metabolite composition in 3 days post fertilization (dpf) zebrafish larvae after 
decreasing (Moterc vs. std) or increasing (terc S vs. AS) terc expression. Only those metabolites that 
showed the opposite behaviour when changing terc expression are shown. Metabolites that present 
statistically significant changes are labelled as * pvalue≤0.05, ** pvalue≤0.01, ***pvalue≤0.001. 
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In this context, we came out with two possible situations that could be occurring to induce those 
variations in the metabolite concentration. One of them would be that the levels of terc could 
be changing the activity of the enzymes in charge of synthetizing or consuming those 
metabolites. Another possibility would be that the total levels of those enzymes were increasing 
or decreasing due to changes in terc expression. Since terc is able to bind the DNA and regulate 
gene expression21; 37, we hypothesized that terc levels could be regulating the glycolytic 
metabolite concentration trough changes in the expression of genes encoding the enzymes 
participating in these pathways. 

 

3.2. The expression of the ldhbb gene is regulated by terc expression 

One of the metabolites with the highest changes in concentration was lactate. The levels of 
lactate increased when terc expression decreased, whereas lactate concentration declined 
when terc was overexpressed (Fig. 19). Given that the enzyme that generates lactate is lactate 
dehydrogenase (Ldh), we looked for the consensus terc-binding sequence (tercbs) at the 
promoter region of the genes coding for that enzyme in the zebrafish. 

In the zebrafish, four genes code for LDH isoforms: ldha, ldhba, ldhbb and ldhd. Using the 
ensembl database (https://www.ensembl.org/index.html) a possible TERC-binding sequence 
(tercbs) was found at the promoter region of the ldhbb gene253: CCACCACCACC (Fig. 20A). In 
order to know if terc expression was important for ldhbb expression, we microinjected the 
morpholino against terc in zebrafish embryos and checked ldhbb expression through RT-qPCR in 
3 dpf larvae. Strikingly, ldhbb expression decreased when using the terc morpholino (Fig. 20C).  

 

P ldhbb 

CCACCACCACC 

A 

B 

Figure 20. The expression of ldhbb decreases in the terc-deficient larvae. (A) Schematic 
representation of the terc-binding sequence (tercbs) found at the promoter region of ldhbb gene using 
the ensembl website. (B) RT-qPCR of 3 dpf larvae microinjected with a standard morpholino (Mostd) 
or the morpholino against terc (Moterc) to decrease terc expression. The expression of terc and ldhbb 
was measured and normalized to Mostd samples. The mean ± standard error of the mean (S. E. M) 
for each group is shown. P value was calculated using Man-Whitney test, ****p≤0.0001. 

tercbs 
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3.3. terc regulates ldhbb expression through the promoter region of ldhbb 

To further confirm if terc was able to regulate ldhbb expression through the tercbs at the 
promoter region of the gene, an in vivo luciferase assay was performed. The sequence 2 kb 
upstream the ldhbb gene that had the terc-binding sequence was cloned into a reporter plasmid 
containing the luciferase gene (Fig. 21A). This construction was microinjected in the zebrafish 
embryos along with the terc morpholino or the standard morpholino as a control. The 3 dpf 
larvae were used for the luciferase assay, in which we could confirmed that the luciferase activity 
of terc morpholino larvae significantly decreased (Fig. 21C).  

 

 

The ldhb (a and b) genes are both orthologous of the LDHB human gene, although in the 
zebrafish, the gene is duplicated. The ldha zebrafish gene corresponds to the human LDHA. The 
LDHB enzyme is known to preferably convert lactate into pyruvate, while LDHA is prompt to 
transform the pyruvate into lactate. Thus, the increase in lactate when terc expression is 
reduced may be caused by a decrease in ldhbb expression. 

  

P ldhbb LUCIFERASE 

A 

B 

Figure 21. terc controls ldhbb expression through its promoter region. (A) Schematic representation 
of the luciferase construction microinjected in the zebrafish embryos. The promoter region of ldhbb
containing the tercbs was cloned upstream the luciferase gene. (B) RT-qPCR of terc in 3 dpf larvae 
microinjected with the luciferase construction and Mostd or Moterc. (C) Quantification of the luciferase 
signal of the microinjected larvae normalized to Mostd larvae. The mean ± S.E.M. for each group is 
shown. P value was calculated using Man-Whitney test, **p≤0.01 

tercbs 

C 
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3.4. The expression of ldhbb is regulated in the zebrafish hematopoietic tissue by 
terc levels 

It is known that the immune cells regulate their energy metabolism depending on their function 
and their resting/activation state. Since changes in terc expression induce changes in the 
expression of ldhbb and the glycolytic metabolite composition in the larvae, we wondered if 
those changes could also be seen specifically in the hematopoietic lineage in adult zebrafish. 

For that reason, first we decided to study if the regulation of ldhbb was taking place in the 
zebrafish hematopoietic tissue (kidney marrow). The expression of the four genes coding for Ldh 
in zebrafish was studied in the kidney marrow of 6-month-old fish by RT-qPCR. Specifically, four 
different genetic backgrounds were used to elucidate the terc involvement in ldh gene 
expression. Wild type fish (WT) were used as controls, terc knock out fish (terc-/-) were used to 
identify changes in the absence of terc and, lastly, drl:terc fish were used to determine changes 
due to terc overexpression. In addition, tert knock out zebrafish (tert-/-) were chosen to identify 
changes related to the canonical function of telomerase. The drl:terc transgenic zebrafish line 
overexpress terc under the draculin (drl) promoter. This promoter is specific for cells in the 
cardiac tissue but also for hematopoietic cells. Therefore, terc overexpression is specific to the 
hematopoietic tissue in those fish. 

The results show that terc-/- fish have almost an indetectable amount of terc while drl:terc fish 
have a 12-fold increase in terc expression in the kidney marrow compared to the wild type ones 
(Fig. 22A). drl:terc fish had a 2-fold increase compared to wild type fish (Fig. 22A). In the case of 
tert-/- fish, they have a truncated TERT protein with no enzymatic activity, but the expression of 
messenger RNA can be detected (Fig. 22D). Similarly, to zebrafish larvae, the expression of ldhbb 
was regulated by terc levels: terc-/- hematopoietic tissue had a decreased expression of ldhbb 
(Fig. 22B). Besides, the ldhba expression also increased in the terc-overexpressing hematopoietic 
tissue (Fig. 22C). 

In the case of ldha and ldhd, some changes in expression were detected in all genetic 
backgrounds (Fig. 22E and 22F). However, the more distinct changes were found in terc-/- fish, in 
which both genes were increased 5 to 6 times (Fig. 22E and 22F). Since terc-/- fish have a reduced 
ldhbb expression, this increase may be explained by a genetic compensation mechanism in those 
fish. 
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On the basis of terc regulation of lactate levels in the zebrafish larvae, we aimed at evaluating 
the effects of terc expression in two different disease models, both involving an immune 
response due to an inflammation process: chronic inflammation and the cancer immune 
response. Due to the established role of lactate in other chronic inflammatory diseases, in the 
first part of this chapter (Part 1) we decided to test the effects of lactate regulation in chronic 
inflammation to later study terc involvement. Lastly, in Part 2, we evaluated the effects of terc 
expression in the immune cells in the context of the cancer immune response. 

Figure 22. Expression of the ldh genes in the kidney marrow of wild type, tert-/-, terc-/- and drl:terc fish. 
Four kidney marrows were pooled in two groups of two to perform the RT-qPCR in each genotype. (A 
and D) terc and tert expression were measured as control. (D) tert-/- fish have an increase in a short form 
of tert mRNA. (B and C) The expression of ldhbb and ldhba change in accordance to terc expression. (E 
and F) The expression of ldha and ldhd is increased in terc-/- larvae. The mean ± S.E.M. for each group is 
shown. P values were calculated using Kruskal-Wallis and Dunn’s multiple comparisons test, n.s.: not 
significant,*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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3.5. The pharmacological inhibition of Ldh and exogenous lactate reduce the 
inflammation levels in a zebrafish model of psoriasis  

To assess the role of Ldh in a zebrafish model of skin chronic inflammation, spint1a-/- larvae were 
treated with sodium oxamate, a pyruvate analog that inhibits the LDH activity. Hence, 24 hour-
post-fertilization (hpf) larvae were exposed to oxamate for 48 hours by adding the compound 
into the embryo water. After the treatment, images were acquired, and the number of skin 
aggregates and neutrophil dispersion were quantified.  

As expected, the spint1a mutant larvae had increased keratinocyte aggregates and neutrophil 
infiltration in the skin compared to wild type spint1a+/+ larvae (Fig. 23A and 23B). The treatment 
with oxamate reduced keratinocyte aggregates and neutrophil infiltration in the skin in a dose 
dependent manner (Fig. 23A and 23B). The concentration of 10 mM of oxamate was chosen to 
perform the following experiments, since it showed the most potent anti-inflammatory effect.  

   

In order to investigate a possible direct relationship between the inhibition of LDH by oxamate 
and the reduction of the inflammation, spint1a -/- larvae were treated with lactate, the product 
of LDH, and a combination of both oxamate and lactate. Surprisingly, larvae treated with 25 mM 
of lactate had a reduction in both the neutrophil dispersion and the skin aggregate formation, 
whereas the combination of both oxamate and lactate led to a decrease in neutrophil dispersion. 

spint1a+/+ 

Oxamate 100 µM 

Oxamate 1 mM 

spint1a-/- 

Oxamate 10 mM 

Control 

A B 

Figure 23. The treatment with oxamate reduces keratinocytes aggregates and neutrophil skin 
infiltration.(A) Quantification of skin aggregates and neutrophil dispersion out of the CHT in the tail of 72hpf 
larvae after treatment with different doses of oxamate. Mean ± standard error of the mean (S.E.M) is shown
for each group and each dot represents a larvae. (B) Representative images of the tail of the wild type 
(spint1a+/+) and chronic inflammation (spint1a-/-) zebrafish larvae treated with oxamate. Merged brightfield 
and red fluoresecent channel are shown. Skin aggregates can be seen in the brighfield channel (white 
arroheads), whereas neutrophils are shown in red (lyz:dsRED). Scale bar= 200 µm . P values were calculated 
using Brown-Forsythe and Welch’s ANOVA tests followed by Dunnett's T3 multiple comparisons test 
**p≤0.01, ****p≤0.0001. 
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Nevertheless, the number of aggregates in the latter remained at the same level as untreated 
spint1a deficient larvae (Fig. 24A and 24B).  

 

 

Since the reaction catalyzed by the LDH enzyme is reversible and dependent on the abundance 
of the substrate and the product, we hypothesized that the addition of lactate may be 
decreasing the inflammation in the skin by modifying the enzymatic reaction equilibrium 
towards the production of pyruvate and NADH instead of lactate and NAD+ (Fig. 25). That is, the 
addition of an excess of lactate would be mimicking the effect of the LDH inhibition.  

 

spint1a-/- 

Oxamate 10 mM 

Lactate 25 mM 

Oxam. + Lac. 

spint1a+/+ 

Control 

A B 

Figure 24. The addition of exogenous lactate alleviates inflammation. (A) Quantification of skin 
aggregates and neutrophil dispersion out of the CHT in the tail of 72hpf larvae after treatment with 
oxamate, lactate and the combination of both. Mean ± S.E.M. is shown for each group and each dot 
represents a larvae. (B) Representative images of the tail of the wild type (spint1a+/+) and chronic 
inflammation (spint1a-/-) zebrafish larvae with the oxamate, lactate or the treatment combination 
(Oxam.+Lac.). Merged bright field and red fluoresecent channel are shown. Skin aggregates can be seen in 
the brighfield channel (white arroheads) whereas neutrophils are shown in red (lyz:dsRED). Scale bar= 200 
µm. P values were calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Dunnett's T3 
multiple comparisons test n.s.: not significant, ***p≤0.001, ****p≤0.0001. 
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To further confirm that the inhibition of Ldh was directly contributing to mitigate skin 
inflammation, we used the CRISPR-Cas9 technology to perform the genetic inhibition of the two 
most expressed genes in zebrafish coding for Ldh isoforms. spint1a-/- embryos were 
microinjected with crRNA guides targeting ldha and ldhba, that are the homologs of the human 
LDHA and LDHB. The ldha gene is mostly expressed in the muscle tissue, although it is also 
present in the zebrafish skin. On the contrary, the ldhba gene is the predominant isoform in the 
zebrafish skin254. 

Neither the microinjection of the ldha or ldhba guides alone, nor the combination of both 
produced any recovery of the skin inflammation in the spint1a-deficient larvae (Fig. 26A and 
26B). Even though the guides successfully edited the selected genes (Fig. 26C and 26D), this 
unexpected result may be explained due to the presence of other ldh isoforms in the skin of the 
larvae such as ldhbb or ldhd, and the impossibility to target all of them with this genetic 
inhibition, in contrast to the pharmacological inhibition with oxamate. In fact, in the samples 
microinjected with the ldha guide, the expression of the ldha gene is reduced but not completely 
abrogated (Fig. 26E). In addition, other ldh isoforms are expressed at the same level as in control 
samples (Fig. 26E). 

 

 

Figure 25. Representation of the possible mechanism by wich both lactate and oxamate alleviate 
inflammation. The inhibition of Ldh by oxamate in the left panel causes a decrease in the production of 
lactate and NAD+. The addition of exogenous lactate in the right panel would shift the direction of the 
enzymatic reaction. The presence of excess substrate (lactate) would be unbalacing the reaction towards 
the production of pyruvate and NADH, decreasing NAD+ levels as well. Created with BioRender.com. 
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Figure 26. The genetic inhibition of ldha, ldhba or its combination does not alleviate skin inflammation. (A)
Quantification of skin aggregates and neutrophil dispersion in the tail of 72hpf larvae after the microinjection of 
crRNAs control (gControl) or targeting ldha (gldha), ldhba (gldhba) or both (gldha + gldhba). Mean ± S.E.M. is 
shown for each group and each dot represents a larvae. (B) Representative images of the tail of spint1a-/- zebrafish 
larvae microinyjected with the mentioned crRNAs. Scale bar= 200 µm. (C) Graph showing the efficacy of edition 
of the gldha (total eff.= 64.9%) and percetange and position of insertions and deletions found in the target 
sequence. The analysis was performed using the TIDE software (https://tide.nki.nl/) after uploading the sanger 
sequencing data from samples microinjected with gControl or gldha. (D) Sanger sequencing results of samples 
microinjected with control or ldhba crRNAs. Note the peak mixture around the dotted red line, indicating the 
genome editing at the target sequence by the gldhba-Cas9 complex. (E) Gene expression of the different ldh genes 
in the microinjected zebrafish larvae, n.d.: not detected. P values were calculated using Brown-Forsythe and 
Welch’s ANOVA tests followed by Dunnett's T3 multiple comparisons test (A) and Kruskal-Wallis test followed by 
Dunn's multiple comparisons test (E), n.s.: not significant, *p≤ 0.05, **p≤0.01, ****p≤0.0001 
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3.6. The treatment with either oxamate or lactate restores the NAD+/NADH 
balance in spint1a -/- larvae 

An appropriate NAD/NADH balance has been shown to play a key role in the skin homeostasis 
of the spint1a-/- skin inflammation model as well as in patients with psoriasis158. Since the LDH 
catalyzes a reversible reaction that uses NADH or NAD+, changes in the reaction equilibrium due 
to the lactate addition or directly the enzyme inhibition by oxamate, could cause changes in the 
NAD+/NADH balance and, eventually, changes in the skin inflammation state (Fig. 25). To test 
this hypothesis, the spint1a mutant larvae were treated with a combination of NAD+ and lactate 
or NAD+ and oxamate.  

It has been shown that treating spint1a-/- larvae with NAD+ worsens the skin inflammation (158 
and Fig. 27A). The lactate in combination with NAD+ reduced the skin inflammation to the same 
level as the control spint1a deficient larvae (Fig. 27A and 27B). The oxamate was able to slightly 
reduce the level of inflammation caused by the addition of NAD+, since the aggregate number 
and the neutrophil dispersion was reduced in comparison with the group treated with NAD+ 
alone (Fig. 27C and 27D). However, the aggregate number was still higher than in the control 
spint1a-/- larvae (Fig. 27C). These results suggest that the exogenous lactate and the inhibition 
of LDH by oxamate may be increasing the NADH levels and restoring the NAD+/NADH balance. 
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Figure 27. Either lactate or oxamate treatment rescue NAD+-driven inflammation. (A and C) Quantification of
skin aggregates and neutrophil dispersion out of the CHT in the tail of 72hpf larvae after treatments. Mean ±
S.E.M. is shown for each group and each dot represents a larvae. (B and D) Representative images of the tail of 
the wild type (spint1a+/+) and chronic inflammation (spint1a-/-) zebrafish larvae with the treatments. Merged 
bright field and red fluoresecent channel are shown. Skin aggregates can be seen in the brighfield channel 
(white arrowheads) whereas neutrophils are labeled in red (lyz:dsRED). Scale bar= 200 µm. P values were 
calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Tamhane's T2 multiple comparisons 
test n.s.: not significant, *p≤ 0.05, **p≤0.01,***p≤0.001, ****p≤0.0001. 
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Next, we aimed to evaluate whether the treatments were indeed modifying the NAD+/NADH 
balance in the larvae. For that we measured NAD+ and NADH levels in the tail fin using a cycling 
enzyme luciferase method. We chose this part of the larvae because it is a skin-enriched tissue. 
The levels of NAD+ and NADH were measured for each sample and then the NAD+/NADH ratio 
was calculated (Fig. 28B). As expected, the NAD+/NADH ratio for the skin of spint1a -/- larvae was 
higher than the one for spint1a+/+, (Fig. 28C). Confirming our hypothesis, the treatment with 
either lactate or oxamate returned the NAD+/NADH ratio to the levels of the spint1a+/+ (Fig. 28C), 
indicating that the alleviation of the skin phenotype caused by the treatments may be due to 
changes in the concentration of NAD+ and NADH. 

 

  

Figure 28. The treatment with either oxamate or lactate reduces the NAD+/NADH ratio of spint1a-/-

larvae. (A) Schematic representation of a 72 hpf zebrafish larvae. The area inside the doted black line 
indicates the tissue collected to perform the NADH and NAD+ measurement. (B) Standard curves for NAD+

and NADH. Solutions of 0, 20, 40, 80, 200 and 300 mM of pure NAD+ and NADH were used to obtain the 
curves. (C) Quantification of the NAD+/NADH ratio measured in the control and treated larvae. The values 
for NAD+ and NADH were obtained for each sample and the NAD+/NADH ratio was calculated. Then the
obtained value was normalized to spint1a wild type larvae (spint1a+/+). Mean ± S.E.M. is shown for each 
group and each dot represents a pool of around 150 tail fins. P values were calculated using Kruskal-Wallis
test followed by Dunn's multiple comparisons test, *p≤ 0.05, **p≤0.01. 
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3.7. The treatment with oxamate reduces DNA damage and oxidative stress in 
spint1a deficient larvae 

The spint1a mutant embryos have higher levels of DNA damage than the wild type larvae. This 
DNA damage is known to be partially dependent on the levels of NAD+ since the inhibition of 
one of the main enzymes in charge of synthesizing NAD+, Nicotinamide 
phosphoribosyltransferase (NAMPT), reduces the amount of DNA damage in the larvae158. Given 
that oxamate and lactate treatments are able to reduce the NAD/NADH ratio in spint1a-/- larvae, 
we decided to test whether these treatments were also affecting the amount of DNA damage. 
Therefore, we performed an immunostaining of the DNA damage marker pγH2Ax in both control 
and treated larvae (Fig. 29C). The larvae were also treated with FK-866 and talazoparib as 
controls. Talazoparib is an inhibitor of poli-ADP ribose 1 (PARP1), an enzyme involved in DNA 
repair. Thus, talazoparib was used a positive control due to its ability to increase the amount of 
DNA damage.  

 

spint1a-/- 

spint1a+/+ 

pγH2AX 

Oxamate  

Lactate 

Talazoparib 

FK-866  

Control  
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Figure 29. The treatment with oxamate reduces DNA damage in the spint1a mutant larvae. (A)
Schematic representation of a 3 dpf zebrafish larvae. The area inside the doted black line indicates 
the area used to perform the image quantification. (B) Quantification of the number of pγH2AX 
positive cells per square inch using imageJ software. Mean ± S.E.M. is shown for each group and 
each dot represents a larvae. (C) Representative images of the pγH2AX immunostaining (merged 
red and green fluorescent channels). The green fluorescent signal in the skin of the larvae 
corresponds to pγH2AX positive cells, which accumulate in the skin aggregates. Neutrophils are 
labeled in red and maintain their fluorescence after the staining (lyz:dsRED). Scale bar= 200 µm. P 
values were calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Dunnett's T3 
comparisons test, *p≤ 0.05, ****p≤0.0001. 
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Even though the treatment with lactate slightly reduced the number of pγH2Ax positive cells, 
only the treatment with oxamate showed a significant reduction of the pγH2Ax staining, almost 
to the same level as the treatment with FK-866 (Fig. 29B). 

Another characteristic of the spint1a mutant embryos is their high levels of oxidative stress158. 
Because of that, they have increased levels of oxygen reactive species (ROS) such as hydrogen 
peroxide (H2O2). Besides, the treatment with NAD+ increases the amount of H2O2 in spint1a-/- 
larvae. The two tested compounds were able to revert the inflammation and restore the 
NAD+/NADH balance, so it was of interest to know if the treatments with oxamate and lactate 
were also causing a decrease in the oxidate stress levels of the larvae. 

The oxidative stress of the larvae was then measured by the detection of H2O2. A fluorescent 
probe detecting H2O2 levels was added in the water and, after one hour of incubation in the 
dark, images were acquired, and the fluorescence intensity of the skin was analyzed (Fig. 30A). 
The image quantification revealed that only the treatment with oxamate but not the treatment 
with lactate, was again able to decrease the levels of H2O2 in the larvae (Fig. 30B and 30C). 
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Figure 30. The treatment with oxamate reduces H2O2 levels in spint1a-/- larvae. (A) Schematic 
representation of a 3dpf zebrafish larvae. The area inside the doted black line indicates the area 
used to perform the image quantification. (B) Quantification of the fluorescent signal of the H2O2 
probe per square centimeter. The values were calculated and normalized to spint1a+/+ control 
larvae. Mean ± S.E.M. is shown for each group and each dot represents a larvae. (C) Representative 
images showing the fluorescent green signal from the H2O2 probe in the zebrafish control and 
treated larvae. Scale bar= 200 µm. P values were calculated using Brown-Forsythe and Welch’s 
ANOVA tests followed by Dunnett's T3 comparisons test, n.s.: not significant, **p≤0.01, 
****p≤0.0001. 
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3.8. A microarray analysis reveals putative genes involved in the alleviation of the 
inflammatory phenotype after oxamate and lactate treatment. 

With the purpose of identifying key genes that could be mediating the alleviation of the skin 
inflammation observed with oxamate and lactate treatments, a transcriptomic analysis was 
carried out. Tail fins of spint1a+/+ and spint1a-/- larvae along with the tail fins of spint1a-/- larvae 
treated with lactate or oxamate were collected to perform the gene expression analysis.  

We found 56 genes that were upregulated in both treatments at the same time, and 36 genes 
that were downregulated (fold change threshold ±1.2, p value≤0.05) (Fig. 31A and 31C). These 
genes were used to perform a KEGG enrichment analysis to reveal specific molecular pathways 
that could be regulated by the treatments. The analysis showed that the metabolic and signaling 
pathways (MAPK signaling pathway, neuroactive ligand-receptor interaction, calcium signaling 
pathway) were among the most enriched ones (Fig. 31B and 31D). Also, a few of the identified 
pathways were only represented in one of the treatments, including cellular senescence, cellular 
cycle, or cytokine-cytokine receptor interaction (Fig. 31B and 31D).  
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Figure 31. The microarray analysis shows that the genes regulated by oxamate and lactate treatments 
are mainly involved in metabolic pathways. (A and C) Venn diagrams showing the genes up or 
downregulated in the treatments with lactate (blue) and oxamate (magenta) versus spint1a-/- control larvae 
(yellow). The overlapping regions correspond to genes commonly up or downregulated by two or more 
groups and the number inside each region represents the number of genes. There are 56 commonly 
upregulated genes in the treatments with lactate and oxamate and 36 commonly downregulated genes. (B 
and D). Representation of the KEGG pathway-enrichment analysis. The number of genes in each treatment 
is represented by a colored bar. The dark or light blue bars correspond to the number of genes (up or 
downregulated respectively) with the lactate treatment. The dark or light magenta bars correspond to the 
number of genes (up or downregulated respectively) with the oxamate treatment. The KEGG analysis shows 
that most up and downregulated genes in both treatments are related to metabolic pathways, followed by 
signaling pathways (MAPK signaling pathway and neuroactive ligand-receptor interactions). 
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The common genes to both treatments that were annotated in databases were grouped 
attending to their KEGG pathway classification and some of the genes related with cell 
proliferation, metabolism and/or chemokines (Fig. 32) were chosen to validate the microarray 
data by RT-qPCR (Fig. 33).  

 

 

Overall, the transcript levels of the selected genes correlated with the microarray results with 
some exceptions. The expression of C-X-C motif chemokine ligand 14 (cxcl14) (Fig. 33A), 
suppressor of cytokine signaling 2 (socs2) (Fig. 33B), isocitrate dehydrogenase 1 (idh1) (Fig. 33C), 
thromboxane A synthase 1 (tbxas1) (Fig. 33D), catenin beta 1 (cnntb1) (Fig. 33F) and ribosomal 
protein S6 kinase a polypeptide 1 (rps6ka1) (Fig. 33G) was similar to the expression data 
obtained in the microarray analysis, whereas the expression of Ornithine Decarboxylase 1 (odc1) 
and ABL proto-oncogene 2 (abl2) did not follow the same expression pattern (Fig. 33E and 33H). 

 

Figure 32. Heatmap showing the commonly up and downregulated genes by oxamate and 
lactate. The value of the fold change for each gene in each treatment is represented in each 
square. The color indicates if it is downregulated (blue) or upregulated (magenta) and the 
intensity of the color corresponds to the fold change value, as indicated in the legend at the right. 
The genes were classified attending to their KEGG pathway, which is indicated for some of them 
in the left. The genes in bold were the ones chosen to validate the array results by RT-qPCR. 
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Figure 33. Validation of the microarray results by RT-qPCR. Tail fins of control spint1a+/+ and spint1a-/-larvae, 
and spint1a-/- treated with oxamate and lactate were collected. The results are an average of three independent 
experiments. Most of the analyzed genes showed the same regulation indicated by the array results, with the 
exception of odc1 and abl2. Mean ± S.E.M. is shown for each group. P values were calculated using Kruskal-
Wallis test followed by Dunn's multiple comparisons test, *p≤ 0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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3.9. The expression of LDHA increases in psoriatic human skin and positively 
correlates with IL1B expression  

We have previously shown that the regulation of Ldh enzymatic activity is important for the skin 
homeostasis in a zebrafish model of skin inflammation. Therefore, we next decided to 
investigate if Ldh could also have a role in the regulation of the inflammation in the skin of 
psoriatic patients. Using the Gene Expression Omnibus (GEO) database 
(https://www.ncbi.nlm.nih.gov/geo/), we obtained transcriptomic data from skin punch 
biopsies of healthy individuals and psoriatic patients (GDS4602). The biopsies for each patient 
were obtained from their skin lesions and a healthy area, so we could analyze the levels of the 
genes of interest in these two kinds of samples.  

In this dataset, we looked for the transcript levels of LDHA and LDHB. On the one hand, we found 
that the mRNA levels of LDHA were reduced in the healthy skin of the psoriatic patients 
compared to control healthy skin. However, they increased in the skin lesions. On the other 
hand, the levels of LDHB did not change in the healthy skin of the psoriatic patients, but they 
also increased in the psoriasis lesions (Fig. 34A). 

Once we observed that the mRNA levels of LDHA and LDHB increased in the lesioned skin of the 
psoriatic patients, we aimed at exploring if there was a correlation with the expression of 
inflammatory genes. We focused on the expression of cytokines related to the Th17 response 
characteristic of psoriasis, such as interleukin 17 (IL17A) and interleukin 23 (IL23A). Also, we 
checked the expression of a well-known gene involved the inflammatory response: interleukin 
1β (IL1B).  

Although the mRNA levels of neither LDHA nor LDHB correlated with IL17A or IL23A levels (Fig. 
34C and 34D), we found that LDHA levels positively correlated with those of IL-1B (Fig. 34B), 
indicating that LDHA could be important to regulate the levels of the inflammation in the skin of 
the patients. 
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3.10.  The expression of CXCL14, SOCS2 and CTNBB1 decrease in the skin lesions of 
the psoriatic patients 

Since we conducted a microarray study in zebrafish in which we determined some candidate 
genes that could be taking part in the alleviation of the skin inflammation, we wondered if the 
expression of those genes was affected in the skin of the psoriatic patients. Besides, the 
expression of some of the studied genes was not only changed by the oxamate and lactate 
treatments but it was also affected in the skin of the spint1a mutant larvae (Fig. 33A, 33B and 
33D-F). 

Interestingly, the transcript levels of some of the studied genes in the microarray were the 
opposite of what we had described in the zebrafish skin. The mRNA levels of TBXAS1 and 
RPS6KA1 increased in the lesioned skin of the psoriatic patients (Fig. 35A and 35E), whereas 
tbxas1 decreased and rps6ka1 levels did not change in spint1a-/- larvae. Besides, the mRNA levels 
of both genes increased by oxamate and lactate treatments (Fig. 33D and 33G). 

Other genes such as PFAS and ODC1 did not change their transcript levels in the psoriatic human 
skin or did it very weakly (Fig. 35F and 35G). However, CXCL14, CTNNB1 and SOCS2 mRNA levels 
decreased both in the skin of the psoriasis patients (Fig 35B-D) and in the studied zebrafish 

A B 

C 

Figure 34. The transcript levels of LDHA and LDHB increase in the psoriatic lesions and positively 
correlate with IL-1B expression. Transcriptomic data obtained from GEO database (GDS4602) of skin 
biopsies of healthy individuals (control) and healthy and skin lesions of psoriatic patients. (A) Transcript 
levels of LDHA and LDHB in the skin samples. P values were calculated using Brown-Forsythe and Welch’s
ANOVA tests followed by Games-Howell’s multiple comparisons test, n.s.: not significant, *p≤0.05, 
****p≤0.0001. (B, C and D) Correlation between LDHA and LDHB mRNA levels and the ones of pro-
inflammatory cytokines IL1B, IL23 and IL17A. Linear regression for each gene is shown. P values were 
calculated using Pearson's correlation coefficient, n.s.: not significant, ****p≤0.0001. 
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model of psoriasis. Moreover, all of them increased by oxamate and lactate treatments (Fig. 
33A, 33B and 33F).  
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Figure 35. Differential expression in healthy and psoriatic human skin of altered genes in the zebrafish 
spint1a-/- larvae. Transcriptomic data obtained from GEO database (GDS4602) of skin biopsies of healthy 
individuals (control) and healthy and skin lesions of psoriatic patients. (A) mRNA levels of RPS6KA1, (B) 
CXCL14, (C) CTNNB1, (D) SOCS2, (E) TBXAS1, (F) PFA) and (G) ODC1 in the skin samples. P values were 
calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Games-Howell’s multiple 
comparisons test, n.s.: not significant, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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3.11.  mRNA levels of RPS6KA1 positively correlate, while CXCL14 negatively 
correlate with the mRNA levels of LDHA and pro-inflammatory cytokines  

We also checked in psoriatic skin lesions if there was a correlation between the transcript levels 
of all these genes found in the zebrafish microarray and the inflammatory cytokines mentioned 
before. Out of the seven genes, we only found some correlations in the case of RPSKA1, CXCL14 
and CTNNB1 (Fig. 36A-C). 

We unexpectedly found that the transcript levels of RPS6KA1, that increased in the lesions of 
the psoriatic patients, positively correlated with those of IL1B and IL17A (Fig. 36A and 36B). 
Conversely, the levels of CTNNB1 negatively correlated with those of IL23 (Fig. 36C). In the case 
of the mRNA levels of CXCL14, decreased both in human and zebrafish psoriatic skin, negatively 
correlated with those of IL1B and IL17A (Fig. 36A and 36B).  
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Figure 36. The transcript levels of RPS6KA1, CXCL14 and CTNNB1 correlate with the ones of 
inflammatory cytokines. Transcriptomic data obtained from GEO database (GDS4602) of skin lesions of 
psoriatic patients. The correlation between the transcript levels of RPS6KA1, CXCL14 and CTNNB1 and 
the pro- inflammatory cytokines (A) IL1B, (B) IL17A and (C) IL23A was studied in the samples. Linear 
regression for each gene is shown. The negative slope of CXCL14 and CTNNB1 indicates a negative 
correlation. P values were calculated using Pearson's correlation coefficient, n.s.: not significant, *p≤0.05, 
**p≤0.01, ****p≤0.0001. 
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Lastly, we analyzed the correlation between the transcript levels of these three genes, namely 
RPS6KA1, CXCL14, CTNNB1, and LDHA and LDHB, to determine if indeed this differential gene 
expression could be caused by the increase in LDHA or LDHB seen in the psoriatic lesions (Fig. 
34A). The mRNA levels of CTNNB1 did not correlate with neither those of LDHA nor LDHB. 
Nevertheless, RPS6KA1 levels positively correlated with those of LDHA and negatively with those 
of LDHB. In the case of CXCL14, its levels negatively correlated only with those LDHA (Fig. 37A 
and 37B).  

 

 

 

  

A B 

Figure 37. The mRNA levels of RPS6KA1, CXCL14 and CTNNB1 do not completely correlate with the 
expression of LDHA and LDHB. Transcriptomic data obtained from GEO database (GDS4602) skin lesions 
of psoriatic patients. The correlation between the transcript levels of RPS6KA1, CXCL14 and CTNNB1 and 
(A) LDHA and (B) LDHB genes was studied in the samples. Linear regression is shown for each group. A 
negative slope indicates a negative correlation. P values were calculated using Pearson's correlation 
coefficient, n.s.: not significant, *p≤0.05, **p≤0.01, ****p≤0.0001. 
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3.12.  The overexpression of socs2 and rps6ka1 did not alter the inflammation 
levels in the spint1a-deficient larvae 

Once explored the transcriptional changes taking place in the zebrafish spint1a-/- larvae treated 
with oxamate and lactate, and the transcriptional changes in the psoriatic human patients, we 
decided to perform functional studies in the zebrafish in order to test if the regulation of some 
of the identified genes had an impact in the development of the skin inflammation. 

The genes that showed the best correlation with the zebrafish array results were selected to 
examine their role in the inflammation phenotype. The mRNAs socs2 and rps6ka1, two of the 
overexpressed genes, were in vitro synthetized and microinjected in the zebrafish spint1a 
mutant embryos. The results indicated that neither the overexpression of rps6ka1 or socs2 
mRNAs nor its combination (Fig. 38A) reduced the skin aggregate formation or neutrophil 
dispersion (Fig. 38B and 38C). 
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Figure 38. The overexpression of socs2, rps6ka1 or its combination fail to alleviate inflammation of 
spint1a mutant larvae. (A) RT-qPCR of the microinjected 72 hpf larvae showing the mRNAs 
overexpression. Mean ± S.D. is shown. P values were calculated using Man-Whitney test, ****p≤0.0001. 
(B) Quantification of skin aggregates and neutrophil dispersion out of the CHT in the tail of 72hpf larvae
after treatments. Mean ± S.E.M. is shown for each group and each dot represents a larvae. P values were 
calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Dunnett's T3 multiple 
comparisons test, n.s.: not significant. (C) Representative images of the tail of spint1a-/- zebrafish larvae 
microinjected with a control RNA or the mRNAs of socs2 and rps6ka1. Merged bright field and red 
fluoresecent channel are shown. Skin aggregates can be seen in the brighfield channel (white arrowheads) 
whereas neutrophils are labeled in red (lyz:dsRED). Scale bar= 200µm.  
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3.13.  The genetic inhibition of socs2 and rps6ka1 did not compromise the anti-
inflammatory effect of oxamate 

To elucidate whether the lack of these genes impaired the reduction of the skin inflammation 
observed when treating with oxamate, the spint1a mutant embryos were microinjected with 
CRISPR-Cas9 RNA guides targeting the selected genes and then treated with oxamate. Besides 
socs2 and rps6ka1, some other upregulated genes were selected, such as pfas, cxcl14 and cnntb1 
(Fig. 32). Four out of the five tested guides successfully edited the locus of the target genes. 
However, the guide targeting cxcl14 was not able to perform the expected edition due to the 
presence of two SNPs in the target sequence (Fig. 39A).  
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Figure 39. SNPs found in the target sequence of the cxcl14 crRNA. (A) Genomic DNA sequence for the 
cxcl14 zebrafish gene (https://www.ensembl.org/index.html). The green rectangle comprises the target 
sequence recognized by the predesigned crRNA for cxcl14. (B) Sanger sequencing of the genomic DNA of 
zebrafish larvae microinjected with a control crRNA. (C) Sanger sequencing of the genomic DNA of 
zebrafish larvae microinjected with cxcl14 crRNA. The lack of mixture of sequences indicates that there 
was no edition in that region after the crRNA/Cas9 microinjection. The nucleotides highlighted in blue 
indicate the sequence that is bound by the RNA guide and the nucleotides highlighted in orange 
correspond to the SNPs that were found. 
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The knock-down of ctnnb1 caused morphological abnormalities in spint1a+/+ and spint1a-/- 
larvae, even when reducing the amount of guide microinjected (Fig. 40A and 40B). 

 

 

The crRNAs targeting socs2, rps6ka1 and cnntb1 successfully edited the target loci (Fig. 41A-C). 
In the case of the guide targeting pfas, although it was editing the locus with a high efficacy 
(84,5%), the main modification was a deletion of three nucleotides, which does not change the 
reading frame of the gene and most likely fails to alter the protein function (Fig. 41A). 
Nevertheless, the socs2 and rps6ka1 crRNAs showed a high efficacy of edition and properly 
insertion/ deletion positions (Fig. 41B and 41C). 
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Figure 40. The genetic inhibition of ctnnb1 gene causes develomental abnormalities in the zebrafish larvae. 
(A) Quantification of spint1a-/- larvae that presented malformations after ctnnb1 crRNA microinjection. The 
colors indicate the phenotype of the larvae: normal development (black), mild malformations (light blue) 
and severe malformations (blue). The guide was microinjected at the standard and half dosis (std. and 1/2, 
respectively), without obtainig a decrease in the percentage of larvae with malformations. (B) Representative 
images of wild type (spint1a+/+) and chronic inflammation larvae (spint1a-/-) with at 72hpf after microinjection 
of control or ctnnb1 crRNAs (gControl and gctnnb1). Merged bright field and red fluoresecent channel are 
shown, where neutrophils are shown in red. Scale bar= 200 µm. 
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Figure 41. Efficiency of CRISPR-Cas9 targeting pfas, rps6ka1 and socs2.  Graphs showing the efficacy of edition 
for each crRNA (total eff.) and percetange and position of insertions and deletions found in the target sequence. 
The analysis was performed using the TIDE software (https://tide.nki.nl/) after uploading the sanger sequencing 
data from samples microinjected with gControl or the targeted crRNAs (gpfas, grps6ka1 or gsocs2). 
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Lastly, the microinjection of pfas, socs2 or rps6ka1 crRNAs alone did not impair the reduction in 
the inflammation caused by oxamate. The number of aggregates in both control and the edited 
larvae treated with oxamate was similarly reduced compared to the untreated ones (Fig. 42A 
and 42B). 

 

 

  

Figure 42. (A) Representative images of the tail of zebrafish larvae microinjected with a control crRNA 
(gControl) or a crRNA targeting pfas, socs2 or rps6ka1 (gpfas, gsocs2 and grps6ka1) with and without 
oxamate treatment. Merged bright field and red fluoresecent channel (neutrophils) are shown. Scale bar= 
200 µm. (B) Quantification of skin aggregates in the tail of 72hpf spint1a-/- larvae after guide microinjection 
and treatment with oxamate. Mean ± S.E.M. is shown for each group and each dot represents a larvae. P 
values were calculated using Brown-Forsythe and Welch’s ANOVA tests followed by Unpaired t with Welch’s 
correction test ****p≤0.0001. 
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3.14.  terc-/- larvae show decreased skin aggregate formation and neutrophil 
infiltration 

So far, we have characterized the effect of lactate modulation in a model of skin chronic 
inflammation, stablishing that the decrease in lactate production is able to ameliorate the 
inflammation. Since terc levels change the transcription of one of the genes coding for ldh in the 
zebrafish (Fig. 20), we decided to explore if terc expression could also affect the levels of 
inflammation in the spint1a-/- model. 

In order to accomplish that, we used CRISPR-Cas9 edition technology against the spint1a gene 
to induce the skin chronic inflammation condition in wild type and terc-/- larvae. The terc-/- larvae 
were obtained by the breeding of terc-/- fish and they show barely any terc expression (Fig. 43A) 
and decreased neutrophil number, as expected21 (Fig. 43B and 43C). The number of neutrophils 
was quantified with a Sudan black staining. Sudan black stains neutrophils specifically and they 
can be seen as black cells in the larvae (Fig. 43C). 

 

 

Interestingly, terc/spint1a-deficient larvae showed reduced keratinocyte aggregate numbers 
and neutrophil dispersion than terc wild type larvae (Fig. 44A-D). Moreover, the same 
experiment was repeated with tert-/- larvae, and they showed no differences in the aggregate 
formation (Fig. 44E and 44F), indicating that the reduction in the aggregate number in the terc-

/- larvae seemed to be independent of telomerase function and telomere length. 
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Figure 43. terc-/- larvae have reduced neutrophil number. (A) RT-qPCR of wild type and terc-/- 72 hpf larvae 
showing the terc expression. Mean ± S.E.M. is shown. (B) Neutrophil cuanƟficacƟon in the caudal 
hematopoieƟc Ɵssue (CHT) of wild type and terc-/- 72 hpf larvae. Each dot represents a larvae. Mean ± S.E.M. 
is shown. (C) Representative birghtfield images of the Sudan black neutrophil staining. Neutrophils can be 
seen as black dots in the CHT (white arrowheads). The staining was performed in wild type larvae and terc-

/- larvae. Scale bar= 200 µm. P values were calculated using Man-Whitney test, ***p≤0.001, ****p≤0.0001.
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Figure 44. terc/spint1a-deficient larvae have reduced aggregate number and neutrophil dispersion 
independently of Tert. (A and E) Quantification of skin aggregates in the tail of 72hpf wild type and terc-/-

or tert-/- larvae after spint1a crRNA microinjection (gspint1a). Mean ± S.E.M. is shown for each group and 
each dot represents a larvae. (B and F) Representative brightfield images showing aggregates in the tail of 
wild type and terc-/- or tert-/- . Scale bar= 200 µm. (C) Quantification of neutrophil dispersion out of the CHT 
in the tail of 72hpf larvae. Mean ± S.E.M. is shown for each group and each dot represents a larvae. (D) 
Representative birghtfield images of the Sudan black neutrophil staining. Neutrophils can be seen as black 
dots in the larvae. Scale bar= 200 µm. P values were calculated using Man-Whitney test, n.s.: not 
significant,****p≤0.0001. 
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3.15.  terc overexpression in the hematopoietic lineage reduces glioblastoma 
tumor size independently of tert expression 

Considering that both the metabolomic and gene expression results pointed out to a regulation 
of the glycolytic metabolism by terc (Fig. 19, 20A and 21C), we hypothesized that those 
metabolic changes could be affecting the function of the immune cells in the zebrafish. We then 
decided to test the effects of terc overexpression in the blood cells in a zebrafish cancer model. 
That way, we could track in vivo tumor development and the immune response.  

We used a model of glioblastoma since the development and size of the tumor can be easily 
detected and measured, and the immune response in this type of cancer is especially relevant 
for the cancer progression. To generate the glioblastoma, we used the transgenic line zic:Gal4; 
UAS:mCherry (zic:Gal4 for simplicity) and the UAS:GFP-HRAS_G12V plasmid. The zic:Gal4 fish 
have the brain and notochord labelled with the red fluorescent protein mCherry. The 
microinjection of the UAS:GFP-HRAS_G12V construction in those fish leads to the expression of 
oncogenic HRAS_G12V in the brain and nervous tissue . Since the green fluorescent protein GFP 
is fused to the HRAS_G12V, the tumor can be directly observed because of its green 
fluorescence. 



Chapter I 

106 
 

   

The offspring of the drl:terc+/- and the zic:Gal4 fish was microinjected with the UAS:GFP-
HRAS_G12V plasmid to obtain both the larvae with glioblastoma (control) and larvae with 
glioblastoma and terc overexpression in the hematopoietic lineage (Fig. 45A). The drl:terc fish 
can be differentiated from the wild type fish since they have a fluorescent reporter gene that 
results in the GFP expression in the heart (green heart). After the oncogene microinjection, the 
tumor area was measured in 7 dpf larvae. Surprisingly, the tumor area of the drl:terc fish was 
significantly reduced compared to control larvae (Fig. 45B and 45C). Furthermore, the same 
experiment was repeated this time with drl:tert+/- fish (overexpression of the catalytic subunit 
of telomerase in the hematopoietic linage), and no tumor growth changes were observed (Fig. 
45B and 45C). These results indicated that the decrease in tumor size seemed to be specific to 
terc overexpression in the hematopoietic cells.  

  

T
u

m
o

r 
a

re
a

(m
m

2 )

A 

drl:terc+/- or drl:tert+/- 

B 
zic:Gal4; inj.UAS:GFP-HRAS_G12V 

drl:tert drl:terc 

C 

Figure 45. The overexpression of terc in the hematopoietic lineage decreases glioblastoma tumor size. 
(A) Schematic representation of the glioblastoma generation in wild type, drl:terc and drl:tert larvae. 
Created with BioRender.com. (B) Tumor size quantification in 7 dpf larvae. Mean ± S.E.M is shown for 
each group and ach dot represents a larvae. (C) Representative images of the tumor size in the larvae. 
Merged brightfield, red and green fluorescent channels are shown. The brain is seen in red while the 
heart of the drl:terc and drl:tert larvae is seen in green. The glioblastoma is shown in yellow due to the 
colocalization of red fluorescence signal from the brain and the green signal from the tumor (GFP-
HRAS_G12V-expressing tissue). Scale bar= 200 µm. P values were calculated using Brown-Forsythe and 
Welch’s ANOVA tests followed by Games-Howell’s multiple comparisons test, n.s.: not 
significant,***p≤0.001, ****p≤0.0001 
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3.16.  terc overexpression in the hematopoietic lineage increased the number of 
glioblastoma-recruited neutrophils 

Since increased terc levels leads to increased neutrophils and macrophages21, we first studied if 
there were changes in the number of those cells around the tumor. The reduction in the tumor 
size could be explained in that case as a result of an increase in the number of immune cells 
instead of a better response of the immune cells.  

To study the neutrophil number around the tumor area, a Sudan black staining was performed. 
The number of neutrophils in the head of drl:terc fish was similar to wild type fish (Fig. 46A and 
46B). Although drl:terc fish have increased number of neutrophils, those are predominantly 
localized in the caudal hematopoietic tissue (CHT) of the larvae, so the number of circulating 
neutrophils number may not be altered. Interestingly, there was a significant increase in the 
number of neutrophils in the head of the drl:terc larvae with glioblastoma (Fig. 46A and 46B). 
However, due to the limitations of this technique, we could not confirm if those neutrophils 
were just around the tumor or if they were indeed infiltrating the tumor. 
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Figure 46. drl:terc larvae with glioblastoma have increased number of neutrophils in the head. (A)
Quantification of the neutrophils in the head of the 7 dpf larvae. Mean ± S.E.M is shown and each dot 
represents a larvae. (B) Representative images of the sudan black neutrophil staining. Merged brightfield, 
red and green fluorescent channels are shown. Neutrohpils can be seen as black dots in the larvae (white 
arrowheads). The staining was performed in control larvae (zic:Gal4 and drl:terc) and larvae with 
glioblastoma (inj. UAS:GFP-HRAS_G12V). Scale bar= 200 µm. P values were calculated using Kruskal-Wallis
test followed by Dunn's multiple comparisons test, n.s.: not significant,**p≤ 0.01, ****p≤0.0001. 



Chapter I 

108 
 

3.17.  Neutrophil migration to wound is not altered in larvae overexpressing terc in 
the hematopoietic lineage 

Since the number of neutrophils in the head only increased in drl:terc larvae upon tumor 
development, we investigated if neutrophil recruitment improved in those fish compared to the 
wild type ones. To study neutrophil migration, we used the transgenic zebrafish line mpx:eGFP, 
in which neutrophils can be tracked in vivo due to its green fluorescence. The drl:terc and 
mpx:eGFP fish were bred to obtain larvae with terc-overexpressing and green fluorescent 
neutrophils. The recruitment assay was performed in 3 dpf larvae, using mpx:eGFP larvae as the 
wild type control. The complete transection of the tail was performed to follow up neutrophil 
migration to the wound from 1 to 8 hours post wounding (hpw) (Fig. 47A). In both groups the 
peak of migration was observed at 4 hpw and no differences in the number nor the migration 
pattern of the drl:terc neutrophils was detected (Fig. 47B and 47C).  
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Figure 47. Neutrophil migration is not altered in drl:terc larvae. (A) Representative images of the 
neutrophil migration assay in 3dpf control (mpx:eGFP) and drl:terc larvae (mpx:eGFP; drl:terc). Merged 
brightfield and green fluorescent channel are shown. Neutrophils in both groups are shown green. Scale 
bar= 200µm. (B) Quantification of the number of neutrophils at the wound area. Mean ± S.E.M is shown
for each group and each dot represents a larvae. (C) Migration kinetics of control and drl:terc larvae. Mean 
± S.E.M is shown for each group. P values were calculated using two-way ANOVA with Geisser-Greenhouse 
correction followed by Sidak’s multiple comparisons test, n.s.: not significant. 
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3.18.  The microglia number is not affected in larvae overexpressing terc in the 
hematopoietic lineage  

We then focused on studying the tissue-specific brain macrophages (microglia). The microglia 
cells come from primitive macrophages that colonize the brain and are the first immune cells in 
contact with the glioblastoma.  

We performed a whole larva immunostaining to count the number of microglia cells in the brain 
of drl:terc and wild type larvae. Also, drl:tert larvae were used as control. The microglia cells 
were quantified in z-stacks images of the brain of the larvae using a specific ImageJ software 
plugin. We found that there were no changes in the number of cells in the drl:terc larvae 
compared to the wild type ones (Fig. 48A and 48B). Moreover, the number of microglia cells in 
the larvae with glioblastoma was no different in the wild type and drl:terc or drl:tert larvae (Fig. 
48A and 48C).  
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Figure 48. The number of microglial cells is not affected in drl:terc larvae. (A) Quantification of the 
number of microglial cells in the brain of 7 dpf larvae. Mean ± S.E.M is shown for each group and each 
dot represents a larvae. (B and B’) Representative confocal images of the microglia immunostaining in 
whole larvae. The microglia cells are shown in magenta (C4C+ cells) and the tumor tissue is shown in 
green (GFP-HRAS_G12V). The brain (quantification area) is inside the white dotted line. All images 
represent maximum intensity projections of confocal stacks. Scale bar= 198 µm. P values were calculated 
using Kruskal-Wallis test followed by Dunn's multiple comparisons test, n.s.: not significant, * p≤0.05, 
**p≤ 0.01, ***p≤0.001. 
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3.19.  terc expression does not affect macrophage polarization in response to 
bacterial infection 

Macrophages can be classified in different stages depending on their activity. The M0 state 
corresponds to resting macrophages while activated macrophages are categorized into two 
groups: M1 if they are performing pro-inflammatory functions or M2 if they have anti-
inflammatory roles. It is also known that those changes in the state of activated macrophages 
(from M1 to M2 or vice versa) are linked to modifications in their energy metabolism. M1 
macrophages rely more on an incomplete glycolysis to obtain energy, whereas M2 macrophages 
tend to obtain ATP through the complete oxidative phosphorylation of glucose. We 
hypothesized that if the terc-overexpressing cells from the macrophage lineage were 
experimenting changes in their metabolism, there should be also changes in their polarization 
status.  

To identify changes in polarization in vivo, we used the mpeg1:mCherry; tnfa:eGFP zebrafish 
line. We can detect macrophages in these larvae due to their red fluorescence. Besides, since 
M1 macrophages start expressing Tnfa, due to the tnfa:eGFP reporter, they become doble 
fluorescent (red and green positive cells). Hence, we can detect M2 macrophages based on their 
red fluorescence and M1 macrophages based on the number of doble positive cells for red and 
green.  

In order to induce the M1 polarization and also to follow the macrophage recruitment, 2 dpf 
larvae were locally infected in the otic vesicle with Salmonella Thyphimurium (ST). The terc-
overexpressing larvae were obtained by microinjecting the terc RNA into the mpeg1:mCherry; 
tnfa:eGFP embryos. Also, a control RNA was microinjected. Images of the site of infection were 
taken 4 and 6 hours post infection (hpi), when the peak of recruitment is reached. Unfortunately, 
although the recruited macrophages were polarized, individual cells could not be counted in the 
infection area (Fig. 49A). Thus, the number of polarized cells was quantified based on the ratio 
between the green and the red fluorescent signal in the otic vesicle. In the analyzed time points 
after the infection, no changes in polarization were observed in the terc-microinjected larvae 
versus the control larvae (Fig. 49B and 49C). 
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Lastly, with the aim of counting individual polarized macrophages, we decided to do a systemic 
infection in the mpeg1:mCherry; tnfa:eGFP larvae and analyze the macrophage populations 
through flow cytometry. First, we manipualted terc levels by microinjecting the larvae with the 
terc RNA or the terc morpholino. Two dpf larvae were infected with ST in the duct of Cuvier and 
six hours post infection, the larvae were processed to obtain a cell suspension (Fig. 50A). Cells 
were fixed in 0.5% PFA and kept in PBS at 4ºC until the next day, when they were analyzed 
through FACS. In the flow cytometry analysis, the population of mCherry positive cells was 
detected and the number of doble positive cells for mCherry and GFP was quantified (Fig. 50B, 
50D and 50G). Also, the GFP signal intensity was measured as a way of detecting differences in 
tnfa expression in the M1 macrophages (Fig. 50C, 50E and 50H). Neither the increase nor the 
decrease in terc expression resulted in significant changes in the percentage of polarized M1 
macrophages (Fig. 50G) nor in the tnfa levels measured through the GFP signal intensity (Fig. 
50H). 
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Figure49. terc overexpression does not modify macrophage polarization. (A) Representative images of 
2 dpf larvae infected with ST in the otic vesicle (white dotted line) at 6 hours post infection (hpi). 
Macrofages are shown in red (mpeg1+ cells) while polarized M1 macrophages are shown in geen (tnfa+ 
cells). Scale bar= 198 µm. (B) RT-qPCR of terc showing terc overexpression in the terc-microinjected 
larvae. Mean ± S.E.M is shown. (C) Polarized M1 macrophage quantification. The ratio between the green 
and the red fluorescent intensity was calculated in the otic vesicle area at 4 and 6 hpi. Mean ± S.E.M is 
shown for each group and each dot represents a larvae. P values were calculated using Man-Whitney 
test, n.s.: not significant,****p≤0.0001. 
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Figure 50. terc expression does not affect macrophage polarization. (A) Schematic representation of 
the infection protocol in larvae with terc downregulation or overexpression. (B and D) Dot plots of the 
fluorescent cell populations in the infected larvae obtained through flow cytometry analysis. The red 
versus the green fluorescent signal is represented and each dot represents  a cell. The red population 
outside the limited areas corresponds to the background autofluorescent signal. The P6 population in 
magenta are mpeg+ cells only (M2 macrophages) while the P7 population in green are mpeg1+/tnfa+ cells 
(M1 macrophages). The P8 population in light blue are tnfa+ cells only. (C and E) Histograms of the GFP 
intensity signal in the cells of P6, P7 and P8 populations. The peaks at the right of the graph indicate GFP 
expression (P7 and P8) while the ones in the left indicate no GFP expression (P6). (F) RT-qPCR of terc 
showing terc downregulation or overexpression in the microinjected larvae. (G) Quantification of the 
percentage of M1 macrophages (mpeg1+/tnfa+ cells) over the total number of macrophages (mpeg+ 
cells). (H) Quantification of the mean GFP intensity signal in the P7 population. (F, G and H) Mean ± S.E.M 
is shown in each graph. P values were calculated using Man-Whitney test, n.s.: not 
significant,****p≤0.0001. 
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The same experiment was repeated this time breeding the mpeg1:mCherry; tnfa:eGFP fish with 
drl:terc fish to obtain terc overexpression specifically in the hematopoietic cells (including 
macrophages). The infection experiment was performed as described above, but selecting after 
the infection the doble positive larvae for mpeg1:mCherry; tnfa:eGFP and triple positive larvae 
for mpeg1:mCherry; tnfa:eGFP and green heart (drl:terc) (Fig. 51A). Yet again, no differences 
were found in the percentage of polarized M1 macrophages (Fig. 51B and 51E) nor in TNFα 
expression (Fig. 51C and 51F).  

 

Figure 51. terc overexpression in hematopoietic cells does not alter macrophage polarization. (A) 
Schematic representation of the infection protocol in wild type and drl:terc larvae. (B) Dot plots of the 
fluorescent cell populations in the infected larvae obtained through flow cytometry analysis. The red 
versus the green fluorescent signal is represented and each dot represents  a cell. The red population 
outside the limited areas corresponds to the background autofluorescent signal. The P6 population in 
magenta are mpeg1+ cells only (M2 macrophages) while the P7 population in green are mpeg1+/tnfa+ cells 
(M1 macrophages). The P8 population in light blue are tnfa+ cells only. (C) Histograms of the GFP intensity 
signal in the cells of P6, P7 and P8 populations. The peaks at the right of the graph indicate GFP expression 
(P7 and P8) while the ones in the left indicate no GFP expression (P6). (D) RT-qPCR of terc showing terc 
overexpression in drl:terc larvae. (E) Quantification of the percentage of M1 macrophages (mpeg1+/tnfa+ 
cells) over the total number of macrophages (mpeg1+ cells). (F) Quantification of the mean GFP intensity 
signal in the P7 population. (D, E and F). Mean ± S.E.M is shown in each graph. P values were calculated 
using Man-Whitney test, n.s.: not significant,**p≤0.01. 
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4. Discussion 

The telomerase RNA is known to have extracurricular functions independently of telomere 
lengthening activity. In our laboratory we have described an extracurricular function for terc 
regulating myelopoiesis by binding though a specific consensus sequence at the promoter region 
of the main myelopoiesis regulatory genes, SPI1 and CSF3, and recruiting RNA polymerase II to 
initiate their transcription21; 47.  

It has been reported that the terc-binding motif is present in more than 2000 loci in the whole 
human genome, indicating that it could be regulating the transcription of many other genes37. 
In addition, there are also many identified lncRNAs involved in the regulation of the glucose 
metabolism, such as lncRNA-UCA1242; 255, which increases the expression of hexokinase 2 (HK2) 
or lncRNA-AC020978, which is expressed under hypoxic conditions and increases the expression 
of several glycolytic enzymes256. 

Considering all the above, we decided to test if terc expression could be affecting the glucose 
metabolite composition by performing a metabolomic analysis in zebrafish larvae upon 
manipulation of terc expression. Our results provide the first evidence of telomerase RNA 
regulating the glucose metabolism. We found that the concentration of several metabolites 
related to glycolysis and the TCA cycle changed according to terc expression. One of the most 
salient metabolite changes was found to be in lactate, which increased when reducing terc 
expression and decreased upon terc overexpression. We found the consensus terc-binding 
sequence (tercbs) at the promoter region of ldhbb gene and demonstrated that terc expression 
was able to regulate the expression of ldhbb though its promoter region. We also show that the 
regulation of ldhbb by terc not only occurred in the zebrafish larvae, but also in the adult 
hematopoietic tissue, the kidney marrow. To further characterize this regulation, an additional 
in vivo luciferase experiment should be performed by mutating the consensus terc-binding 
sequence at the ldhbb promoter. Moreover, a Chromatin Isolation by RNA Purification (ChIRP) 
assay would be key to detect terc RNA bound at this promoter region. 

Once established this regulation, we aimed at studying the impact of terc expression in two 
different disease models in which lactate has an important immunomodulatory function, first 
focusing on a model of skin chronic inflammation. Due to the relationship between the glucose 
metabolism and cell proliferation, the regulation of glucose uptake and use by the cell have been 
widely studied in the progression of chronic inflammatory diseases that are linked to cell 
hyperproliferation such as psoriasis160. For instance, inhibition of the main glucose transporter 
GLUT1 has been shown to have a positive effect reducing keratinocyte hyperproliferation and 
inflammation in zebrafish, mouse, and human psoriatic skin165-167.  

Besides cell proliferation, the way glucose is metabolized by the cell creates a specific metabolite 
composition that directly and indirectly regulates gene expression and cell function. Some key 
glucose-derived metabolites have been identified to have this signaling and regulatory 
functions57; 257. Specifically, lactate has been described as one of those metabolites, and it has 
been reported to have immunomodulatory functions128; 169; 170. 

For that reason, before stablishing the impact of terc regulation in chronic inflammation, we 
decided to characterize the effect of lactate regulation in a model of skin chronic inflammation 
such as the spint1a-deficient zebrafish. This model has a characteristic phenotype of 
keratinocyte aggregates and neutrophil skin infiltration that makes it a unique model great for 
drug screening, besides all the other advantages of the work with zebrafish, such as their easy 
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genetic modification, fast development, and larvae transparency, which enabled us to 
determine inflammation status in a whole vertebrate in vivo. 

We found that the inhibition of Ldh by oxamate alleviated the inflammatory phenotype of this 
model, reducing both the neutrophil infiltration in the skin and the number of skin aggregates, 
a surrogate of keratinocyte proliferation. Unfortunately, we could not confirm this result 
through genetic inhibition of ldha, ldhba or both. As stated before, the presence of other ldh 
isoforms in the zebrafish skin or the impossibility to abrogate completely ldha and ldhba 
expression may explain this result. Thus, it would be interesting to generate a skin-specific ldha 
and ldhba knock out zebrafish line to confirm whether skin inflammation is impaired or reduced 
in those fish. 

The treatment of the spint1a-/- larvae with lactate also alleviated the skin inflammation. This 
unexpected result led us to hypothesized that not only the production of lactate, but also 
changes in the NAD+/NADH balance caused by Ldh regulation could be mediating the recovery 
of skin homeostasis in the larvae. We demonstrated that the inhibition of Ldh by oxamate and 
the excess exogenous lactate were in fact decreasing the NAD+/NADH ratio, as shown in the 
functional rescue experiments performed and the measurement of NAD+ and NADH levels in the 
skin of treated and untreated spint1a mutant larvae. The NAD/NADH balance has been 
previously reported to be essential for the skin inflammation in zebrafish models and patients 
with psoriasis158. Furthermore, our results confirm other studies which have stablished that 
excess lactate directly contributes to NAD+/NADH levels in the cell258; 259.  

Although both oxamate and lactate reduced the NAD+/NADH ratio in the spint1a-deficient 
larvae, when measuring DNA damage and oxidative stress in the treated larvae, we could only 
see a reduction in H2O2 production and pγH2Ax+cells by oxamate. This may be implying that 
those effects may not only be caused due to changes in the NAD+/NADH balance but also to a 
decrease in lactate production by oxamate. Further studies will be required to clarify this issue. 

Additionally, we studied the transcriptomic changes caused by oxamate and lactate treatments 
in the skin of spint1a-deficient larvae. Although we focused on studying common regulated 
genes by the treatments, some of the identified genes were only exclusive of one treatment. On 
the one hand, these specific genes regulated by oxamate may be interesting to identify key 
players involved in the oxidative stress and DNA damage responses that may explain the 
reduction in H2O2 production and pγH2Ax+cells seen exclusively with this treatment. On the 
other hand, the genes regulated by both treatments could be mediating the inflammation 
alleviation due to their involvement in metabolic, cytokine signaling and proliferation pathways. 
Some of them (rps6ka1, socs2, ctnnb1, pfas or cxcl14) were chosen to study in vivo their 
implication in the development of the skin inflammation. Although we could not perform the 
studies regarding cxcl14, ctnnb1 and pfas by different reasons, we could stablish that neither 
gain- nor loss-of-function of socs2 and rps6ka1 were enough to cause changes in the 
inflammation status of the larvae, pointing out to the complex effects played by lactate 
metabolism in inflammation. 

Besides our studies performed with the spint1a-/- zebrafish model, we conducted an exploratory 
analysis using transcriptomic data from the skin of psoriatic patients available in the GEO 
database (GDS4602). We found that the transcript levels of LDHA and LDHB increased in the skin 
lesions of psoriatic patients. Moreover, the positive correlation found between LDHA and IL1B 
expression in the samples could be indicating a role for LDHA promoting skin inflammation in 
the patients.  
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We also evaluated the expression in the human samples of some of the differentially expressed 
genes in the skin of the mutant spint1a larvae. Overall, not all genes behaved as previously seen 
in the zebrafish model, such as RPS6KA1, TBXAS1 and PFAS. Surprisingly, the mRNA levels of 
RPS6KA1, which was upregulated by both treatments in the zebrafish skin, positively correlated 
with the mRNA levels of LDHA and negatively with LDHB. Besides, RPS6KA1 mRNA levels 
positively correlated with the expression of the genes encoding the proinflammatory cytokines 
IL1B and IL17A. LDHA is prompt to convert pyruvate into lactate, whereas LDHB has the opposite 
affinity. These transcriptomic results seem to be linking lactate production to RPS6KA1 
expression and an increase in inflammation in the human skin, differing from the results 
obtained in the zebrafish. 

CXCL14, CTNBB1 and SOCS2 were found to be downregulated both in the zebrafish and human 
skin samples. Besides, their expression in zebrafish increased upon treatment with both 
oxamate and lactate. In addition, CXCL14 levels correlated negatively with LDHA, IL1B and IL17A. 
CXCL14 is relatively new discovered cytokine, and its roles are not well-defined yet260. It is known 
to be produced by a variety of immune cells and skin cells (among others), and it has been found 
to have antimicrobial and chemoattractant roles260; 261. One study has shown a reduction of 
CXCL14 protein expression in psoriasis lesions261, and links the lack of this protein to the 
susceptibility of the patients to bacterial infections. Moreover, other studies also find CXCL14 to 
have an anti-inflammatory role since its overexpression leads to a decrease in pro-inflammatory 
cytokines262. Therefore, it will be worthy to investigate the relevance of the crosstalk between 
lactate metabolism and CXCL14 in skin inflammation. 

One of the most interesting results of this study is the alleviation of skin inflammation by terc 
deficiency, independently of Tert. terc deficiency results in decreased ldhbb expression. This 
gene is mostly expressed in the liver, where it converts lactate to pyruvate. Since ldhba is the 
most expressed Ldh isoform in the zebrafish skin, terc deficiency will lead to increased lactate 
concentrations in the liver due to ldhbb reduced expression; however, in the skin, the excess 
lactate from the liver, can be transformed into pyruvate, decreasing the NAD+/NADH ratio, 
which, in turn, will alleviate the oxidative stress and inflammation (Fig. 52).  
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Besides reporting a novel terc non-canonical function modifying lactate production trough 
regulation of ldhbb expression and performing an exploratory analysis on terc impact in the 
development of chronic inflammation in the spint1a-/- larvae, we conducted a second study in 
order to characterize the implications of terc overexpression in the immune cells in the context 
of the tumor immune response. First, we found that overexpression of terc in the hematopoietic 
linage, which results in myelopoiesis activation47, results in decreased size of the glioblastoma 
tumor, and this effect was also independent of Tert. When encountering this remarkable result, 
we looked for the players involved, starting with neutrophils. We have described that drl:terc 
fish have an enhanced myelopoiesis, and thus, an increased number of neutrophils47. However, 
we do not know if the changes found in ldhbb expression in drl:terc hematopoietic tissue could 
change their function. Even though we could detect increased neutrophil number around the 
tumor area (head) in the drl:terc fish with glioblastoma, we found that there were no differences 
in the migration to wound of terc-overexpressing versus wild type neutrophils. It is known that 
glioblastoma tumor cells induce neutrophilia and promote neutrophil recruitment by secreting 
granulocyte and granulocyte-macrophage colony-stimulating factors (G-CSF and GM-CSF), two 
of the major cytokines that induce neutrophil production and mobilization263. In addition, other 
neutrophil-chemoattractant cytokines, such as CXCL1 and CXCL2, are produced under 
neuroinflammatory conditions264; 265. Nevertheless, neutrophil recruitment only seems to 
increase in terc-overexpressing neutrophils in the context of the glioblastoma-induced 
inflammation but not in the acute inflammation caused in the wound assay. In the latter, the 
first signal for neutrophil recruitment in is an H2O2 gradient produced by epithelial cells156, 
whereas this signaling pathway has not been reported to occur in in glioblastoma. It would be 

Figure 52. Possible mechanism for skin inflammation alleviation in terc/spint1a-deficient larvae.
The reduced expression of ldhbb in the liver results in lactate accumulation. The excess lactate 
reaches the skin, where it is converted into pyruvate by ldhba. The enzymatic reaction of ldhba yields 
NADH molecules, which reestablish the NAD+/NADH balance in the inflamed skin. 
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interesting to study the differences in the chemoattractant cytokine gradients of glioblastoma 
and the one happening in the wound and see if terc overexpression could be changing the 
expression of cytokine receptors in the neutrophils, promoting the migration to the glioblastoma 
but not to the wound. 

Although the role of neutrophils in tumor progression is not well elucidated, a higher number of 
neutrophils specifically in glioblastoma tumors has been largely described to promote tumor 
progression and correlates with poor prognosis263; 266; 267. However, our results show a higher 
number of neutrophils in the larvae with a reduced tumor. Moreover, we cannot confirm that 
terc-overexpressing neutrophils are indeed infiltrating the tumor and whether they contribute 
to restrain tumor growth. Therefore, we decided to study the role of microglia, since they are 
the main immune cells in close contact with the tumor195. The embryonic microglial cells come 
from primitive macrophages in the zebrafish that colonize the brain at about 60 hours post 
fecundation (hpf)268. Since terc overexpression increases the macrophage number, it could also 
be increasing the microglia in the brain. Unexpectedly, the number of microglia cells in drl:terc 
larvae was no different from the wild type larvae, and that was also the case in the larvae with 
glioblastoma. This result indicated that the tumor size reduction was not due to an increase in 
the amount of microglia in the tumor. 

Given that terc overexpression was not changing the amount of microglia cells and our results 
indicated that terc was causing changes in the glucose metabolism, we further investigated if 
terc was affecting macrophage polarization. Macrophages (including microglia) can be classified 
into M1 and M2 depending on their pro-inflammatory or anti-inflammatory characteristics, and 
it has been widely reported that changes in the way they oxidize glucose are key in determining 
their polarization status56; 269; 270. We induced the activation of macrophages in the zebrafish by 
performing a bacterial infection250 (locally in the otic vesicle and systemically by introducing the 
bacteria in the Cuvier Duct), and we found that changes in terc expression did not affect 
macrophage polarization.  Although changes in terc levels affect glucose metabolism, it may not 
be enough to rewire completely the mechanisms participating in macrophage of polarization. 
Besides the metabolic changes, specific cytokines, several transcription factors, signaling 
pathways and chromatin remodeling enzymes participate to produce a specific polarization M1 
or M2 phenotype271. Unfortunately, we could not evaluate macrophage polarization in the 
tumor microenvironment, which is known to affect the overall immune function174 and, 
specifically the microglia polarization195; 272. In that sense, it would be interesting to address 
polarization markers in the microglia around the tumor (wild type and drl:terc) to completely 
discard that terc expression is not affecting microglia polarization. 

In order to have an idea of which other cells may be playing a role in the decrease of glioblastoma 
size, we looked at the protein interactome of the Draculin protein using the STRING database 
(https://string-db.org/).  
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The Draculin protein, whose expression is driven by the draculin (drl) promoter, interacts with 
master transcription factors and specific proteins of hematopoietic stem cells (HSCs) and 
progenitors, such as lcp1, gata1a and gata1b, indicating that it is present in those cells, as 
previously described273 (Fig. 53).  

In the zebrafish embryos, the HSCs arise from the hemogenic endothelial cells (HECs), which also 
generate the common endothelial cells (ECs). Indeed, HECs and ECs have a common 
progenitor274. In this protein interactome, besides finding HSCs markers, we also found proteins 
present in endothelial cells or that participate in the EC generation, such as the Friend leukemia 
integration 1 transcription factor (fli1a)274; 275, LIM Domain Only 2 (lmo2)276 and T-cell acute 
lymphocytic leukemia protein 1 (tal1)277 (Fig. 53). Hence, we can infer that in our drl:terc 
transgenic line, terc is being overexpressed not only in hematopoietic cells but also in endothelial 
cells. Solid tumors such as glioblastoma induce the formation of new blood vessels 
(angiogenesis) to ensure nutrients reaching the tumor cells278; 279. It would be interesting to study 
if the tumor-promoted angiogenesis is different in the drl:terc fish, resulting in the reduction of 
the tumor size reported in this work. 

In conclusion, here we describe a new non-canonical function for the telomerase RNA (terc) 
participating in the regulation of glucose metabolism. terc expression is able to induce changes 
in the concentration of glucose-derived metabolites and regulates the transcription of ldhbb 
gene though its promoter region. Moreover, we report that only terc but not tert overexpression 
in the hematopoietic cell population leads to a reduction in glioblastoma size, revealing a 
telomerase-independent function. Further studies are needed to determine the exact molecular 
players involved in this anti-tumor function of terc and whether there is any relationship to its 
effect on metabolism. 

 

Figure 53. Draculin protein interactions found in STRING database. Each conecting line indicates a type 
of interaction described in the literature between two proteins (colored spheres). The color of each line 
indicates the kind of interation: pink and blue lines indicate known interactions. The black lines indicate 
co-expression and the other colored lines indicate predicted interactions. The studied protein (drl) is 
indicated with a red-color sphere. 
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1. Introduction 

Telomerase is a ribonucleoprotein complex in charge of telomere synthesis, consisting of a 
catalytic subunit (TERT) and an RNA component (TERC)280. More specifically, TERT, which has a 
reverse-transcriptase activity, uses TERC as a template to synthetize the telomeric sequence12; 

13. Nevertheless, it is known that TERT and TERC have other extracurricular roles that are 
independent of telomerase activity and telomere lengthening19-21. 

TERT has been shown to regulate cell signaling pathways related to cell proliferation and 
migration by binding at promoter regions and interacting with transcription factors such as β-
catenin and c-MYC, increasing the transcription of their target genes22; 26; 28. In the case of TERC, 
it’s been described that it can bind to a specific sequence in the DNA (TERC-binding sequence), 
which is presented in more than 2000 loci in the genome, indicating its role as a long-noncoding 
RNA (lncRNA)37. As such, TERC has been shown to promote cell proliferation by activating the 
transcription of genes in the PI3K-AKT pathway45. Furthermore, in our laboratory, we have 
described that TERC plays an important role in the transcription of master myelopoietic genes, 
controlling the production of neutrophils and macrophages in a TERT-independent manner21; 47. 
In addition, both telomerase components (TERT and TERC) are known to be imported into the 
mitochondria, where they also perform independent non-canonical functions34; 50. 

With the aim of further explore the mechanism by which TERC regulated myelopoiesis, we 
discovered its ability to bind RNA polymerase II (RNApol II), thus increasing the transcription of 
master myelopoietic genes47. In light of this observation, we hypothesized that TERC could be 
playing other non-canonical roles by interacting with other proteins. We therefore performed a 
proteomic analysis to identify the terc-interacting proteins using zebrafish as an in vivo model. 
Surprisingly, we found that most terc protein interactors were involved in metabolic pathways 
(Elena Martínez-Balsalobre PhD thesis, unpublished results). 

Metabolic enzymes stablish an axis of communication between the nucleus, mitochondria, and 
the cytoplasm, and they are important to perform regulatory and sensing functions for the cell 
to adapt to nutrient availability and stress conditions. These functions besides their catabolic 
activities have been named as moonlighting functions281; 282.  

In this regard, a long list of enzymes participating in the glycolytic pathway and the Tricarboxylic 
Acid Cycle (TCA) have been identified to be present in the nucleus, such as pyruvate kinase 
muscle isoenzyme 2 (PKM2)283, lactate dehydrogenase (LDH)88, the pyruvate dehydrogenase 
complex (PDC)105 or malate dehydrogenase 2 (MDH2)284. These enzymes are able to control gene 
expression by modifying histone acetylation and methylation levels, but also, they can bind to 
transcription factors to potentiate or inhibit the transcription of their target genes104. 

The Pyruvate Dehydrogenase Complex (PDC) is a mitochondrial enzymatic complex that is able 
to produce acetyl-CoA from pyruvate51. The PDC is constituted by three different enzymes: 
pyruvate dehydrogenase (PDH or E1), dihydrolipoyl transacetylase (DLAT or E2) and 
dihydrolipoyl dehydrogenase (DLD or E3)97. The PDC-E1 is an heterotetramer composed by two 
alfa and two beta subunits (E1α and E1β), and phosphorylation or dephosphorylation of the E1α 
subunit at Ser232, Ser293 or Ser300 controls the PDC activity100. The phosphorylation of one or 
several of these serine residues by the pyruvate dehydrogenase kinases (PDKs) inhibits the 
activity of the PDC whereas the dephosphorylation of these residues by the pyruvate 
dehydrogenase phosphatases (PDPs) restores its activity101. 
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The PDC has been described to be translocated into the nucleus during the S phase of the cellular 
cycle. Once inside, the nuclear PDC (nPDC) is able to produce acetyl-CoA and increase the levels 
of acetylation of H3K9 and H3K18, thus, promoting cell-cycle progression105. In addition, other 
studies show how nPDC levels are key in regulating histone acetylation related to pluripotency 
and the embryonic development109; 110. Interestingly, the nPDC is only active PDC, since only the 
non-phosphorylated form has been shown to be in the nucleus and none of the PDKs have been 
found in there105. 

Besides nuclear translocation, another moonlighting function of several metabolic enzymes is 
their ability to bind RNAs285; 286. Although the function behind this RNA-binding activity has not 
been elucidated for all the identified enzymes with this ability, some of them have shown to 
perform regulatory functions. That is the case of enzymes such as the cytosolic aconitase 
(aconitase 1), whose catabolic activity is impaired under low iron conditions; however, in this 
context, it is starts to bind and stabilize mRNAs related to iron homeostasis287. Another well-
studied example of metabolic enzyme binding RNA is Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), which has been shown to bind mRNAs, controlling their transcription, 
as well as tRNAs, viral RNAs and even the telomerase RNA288. 

In this study we report the interaction between the telomerase RNA (TERC) and the PDC-E1 in 
both zebrafish and two different human cell lines. To our knowledge, this is the first study 
showing the ability of the PDC to bind RNAs. We determined that this interaction is taking place 
inside and outside the cell nucleus, and that the nuclear translocation of PDC-E1 is affected by 
TERC levels. Moreover, we show that this interaction is not exclusive to the telomerase RNA 
since also TERT was found as an interactor of PDC-E1. Finally, we also described that both 
telomerase components are in close proximity with the PDC-E2 subunit, indicating that the 
telomerase complex could be interacting with the whole PDC and performing a new non-
canonical function. 
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2. Materials and Methods 

2.1. Cell culture and transfection 

HL60 and MOLM-13 cell lines were cultured in RPMI (Lonza) supplemented with 10% fetal 
bovine serum (FBS), 1% glutamine and 1% penicillin/ streptomycin at 37°C in a 5% CO2-
humidified atmosphere. HeLa cells were cultured in DMEM (Lonza) supplemented with 10% 
fetal bovine serum (FBS), 1% glutamine and 1% penicillin/ streptomycin in the same 
conditions.  

HL60 shC and shTERC cell clones were obtained by lentiviral transduction. HL60 cells were 
incubated overnight with a mixture of shRNA-containing lentiviral particles (1-2.5 lentiviral 
particles/20 cells, Santa Cruz Biotechnology) and 8 µg/ml of polybrene (Sigma). On the next 
day, the transduction medium was replaced with fresh medium, and cells were incubated 
for another 24 h. To select stable clones expressing shRNAs against TERC, cells were split 1:3 
and selected for 2 weeks (4 passages) in medium containing 2 µg/mL of puromycin (Sigma). 

HeLa cells were seeded to 70%-80% confluency and transfection was performed with 
Lipofectamine RNAiMAX (Invitrogen) for siRNAs, and Lipofectamine™ 2000 (Invitrogen) for 
plasmid transfection following the manufacturer’s instructions. Briefly, lipofectamine-siRNA and 
lipofectamine-plasmid complexes were prepared in OptiMEM Reduced Serum Medium (Gibco) 
and added to the cells. After 4 hours, transfection medium was replaced with fresh medium and 
cells were left for 24 to 48 hours before collecting them. 

The used siRNAs were purchased from Santa Cruz Biotechnology: control siRNA-A (sc-37007), 
TERC siRNA (sc-106994) and TERT siRNA (sc-36641).  

The plasmids used were the following: pCS2 mt-GFP (BamHI minus) was a gift from Michael 
Klymkowsky (Addgene plasmid #15681, unpublished). pBABE-puro-hTERT (pBABE-TERT for 
simplicity) was a gift from Bob Weinberg289 (Addgene plasmid # 1771). pBABEpuro U3-hTR-500 
(pBABE-TERC in this work for simplicity) was a gift from Kathleen Collins290 (Addgene plasmid # 
27666).  

 

2.2. Nuclei Isolation in HL60 

The nuclei isolation was performed as previously described291. Briefly, the cells were washed 2 
times with phosphate-buffered saline (PBS) for 5 minutes at room temperature (RT) and 
resuspended in 2 mL of nuclear solubilization buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 
mM Mg2Cl, 0.3% Igepal) containing a protease inhibitor cocktail (Sigma). Cells were incubated 
for 30 min in ice and centrifuged for 5 minutes at 500g at 4°C to collect nuclei. The 
supernatant (cytoplasmic fraction) was centrifuged at 21.000xg for 30 min at 4 °C to remove 
cell debris and cellular organelles. The nuclei were washed with nuclear solubilization buffer 
without Igepal and centrifuged for 5 min at 500g and 4°C four times. 

  



Chapter II 

126 
 

2.3. Nuclei isolation in HeLa 

The nuclei of HeLa cells were isolated following 3 different protocols. 

First, nuclei were obtained following the protocol used for HL60 cells, but incubating cells in lysis 
buffer for 1 hour instead of 30 min. 

Second, nuclei isolation was performed with NE-PER™ Nuclear and Cytoplasmic Extraction 
Reagents (Thermo Fisher Scientific) following manufacturer’s instructions, with some 
modifications. Briefly, cells were collected by centrifugation and washed with PBS once. Cell lysis 
was performed with ice-cold CER I buffer for one hour in ice, vortexing every 10 minutes. After 
lysis, CER II buffer was added, and the sample was incubated in ice for an additional minute. 
Sample was centrifuged at 16 000xg for five minutes and the supernatant (cytoplasm) was 
collected. The nuclear pellet was washed once with CER I buffer before nuclei lysis with ice-cold 
NER buffer. 

Lastly, nuclei purification was performed using the Nuclei PURE prep kit from Sigma (NUC201) 
following manufacturer’s instructions. HeLa cells were washed with ice cold PBS and lysed in 
lysis buffer supplemented with DTT and 0.1-0.5% Triton X-100 (Sigma Aldrich). Cells were then 
incubated in ice for 0.5-2 hours, vortexing 10 seconds every 30 minutes. Cell lysate was carefully 
placed in a 1.8-2M glucose cushion prepared in a Beckman ultracentrifuge tube (Ultra-Clear 
Centrifuge Tubes, Beckman Catalog #344058) and centrifuged at 30,000xg for 45 min at 4°C in 
a swinging bucket ultracentrifuge. The supernatant containing the cytoplasmic fraction was 
recovered, and proteins were precipitated with trichloroacetic acid (TCA). The pellet containing 
nuclei was washed once with Nuclei PURE Storage Buffer and resuspended in the same buffer. 
A sample of the isolated nuclei were stained with DAPI 1:1000 in PBS and adhered to confocal 
dishes with Corning Cell-Tak adhesive and analyzed for cytoplasmic membrane contamination 
using a confocal microscope. 
 

2.4. RNA immunoprecipitation (RIP) 

RNA immunoprecipitation experiments were performed as previously described292. HL60 whole 
cells or nuclei were washed twice with PBS and crosslinked in 1%formaldehyde in PBS for 10 min 
at RT with rotation, followed by the addition of 1/10 volume of fresh glycine 1.25M in PBS. Cells 
were then washed twice with cold PBS and lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM 
NaCl, 1mM EDTA, 0.5 mM DTT, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate) containing a 
protease inhibitor cocktail (Sigma) and RNase inhibitors (Thermo Fisher Scientific). Lysates 
were centrifuged at 21,000xg for 10 min at 4°C and pre-cleared with washed Protein G 
Sepharose beads (GE Healthcare Life sciences) for 1 hour at 4°C with rotation. The extract was 
quantified using Bradford reagent (Sigma) and 2-5% of the sample was kept at 4°C as Input. The 
immunoprecipitation was performed by adding 1 µg of antibody (Table 7) per 1 mg of precleared 
protein extract and overnight incubation at 4°C with rotation. The sample was incubated with 
the Protein G Sepharose beads 1 hour at 4°C with rotation, washed 3 times for 5 minutes with 
RIPA buffer and one time with RIPA high salt buffer (RIPA buffer with 1 M NaCl). Beads and Input 
sample were resuspended in 50 µl of RIPA buffer and incubated with 5 µL of Proteinase K (20 
mg/ml, Roche) for 1 hour at 65°C. The Input and precipitated RNAs were purified using the 
RNeasy Mini Kit (QIAGEN) following the RNA Cleanup protocol provided by the manufacturer. 
Finally, they were reverse transcribed and subjected to qPCR for detection of TERC or control 
RNAs (ACTIN or U6). 
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2.5. RT-qPCR 

The total RNA of whole cells was obtained with Direct-zol RNA Miniprep kit (Zymo Research) 
accordingly to the manufacturer’s instructions and cDNA synthesis was performed using 
SuperScript IV VILO Master Mix (Invitrogen).  

Quantitative gene expression was performed by qPCR in a StepOne Plus Real-time PCR System 
instrument (Applied Biosystems) using SYBR Premix Ex Taq (Perfect Real Time; Takara). The PCR 
conditions were 30 seconds (s) at 95°C followed by 40 cycles of 5s at 95°C, 20s at 60°C and finally, 
a melting curve protocol: 15s 95°C, 1 min 60°C and 15s 95°C. The levels of expression of each 
gene were normalized with the expression levels of ACTIN using the comparative Ct method (2-

∆∆Ct). In all cases, each PCR was performed with triplicate samples. The used primers are shown 
in Table 6. 

 

Name Species Sequence (5´3´) 
hTERC-F3q Human CCCTAACTGAGAAGGGCGTA 
hTERC-R3q Human GCTCTAGAATGAACGGTGGAA 
FH1-TERT Human AGAACGCAGGGATGTC 
RH1-TERT Human CAGCTTGAGCAGGAATG 
ACTIN-Fw Human CCACCCCACTTCTCTCTAAGGA 
ACTIN-Rv Human ACCTCCCCTGTGTGGACTTG 
RN-U6 F2 Human CTCGCTTCGGCAGCACA 
RN-U6 R2 Human ACGAATTTGCGTGTCATCCT 

Table 6. List of primers used for RT-qPCR. 

 

2.6. RNA-pull down 

RNA immunoprecipitation experiments were performed as described292. The in vitro-transcribed 
and biotin-labeled TERC and control (GFP) RNAs were generated with the mMESSAGE 
mMACHINE kit (Ambion), adding biotin RNA labeling mix (Roche) instead of 2x dNTP/CAP mix 
provided by the kit. 

To perform the RNA-pull down, HL60 cells were collected and washed twice with PBS. Later, the 
cell pellet was resuspended and homogenized in RIP buffer (25 mM Tris pH 7.4, 150 mM KCl, 0.5 
mM DTT, 0.5% NP-40). The sample was centrifuged at 21,000xg for 10 min at 4°C to remove cell 
debris and pre-cleared by incubating the sample with washed Dynabeads MyOne Streptavidine 
C1 magnetic beads for 1h at 4°C with rotation. After bead incubation, protein concentration was 
quantified using a standard curve and Bradford reagent (Sigma). 2-5% of the sample was kept 
as Input. An equal volume of 2x RNA structure buffer (20 mM Tris pH 7.0, 0.2 M KCl, 20 mM 
MgCl2) was added to 3 µg of each biotinylated RNA, incubated at 70°C for 5 min and cooled 
down to room temperature (RT) for 20 min to allow RNA folding. Finally, 1x RNA structure buffer 
was added up to 100 µL. The folded RNA was bound to 20 µL of washed streptavidin beads for 
1 hour at RT with rotation and at least 1 mg of the pre-cleared protein extract was incubated 
with the RNA-loaded beads overnight at 4°C with rotation. The beads were washed 5 times for 
5 min with 1 mL of RIP buffer and the RNA-protein complexes and INPUT sample were eluted in 
30 µL of NuPAGE LDS sample buffer (Termo Fisher Scientific) boiling at 90°C for 10 min. Finally, 
samples were subjected to polyacrylamide gel electrophoresis (PAGE) followed by western 
blotting with the selected antibodies (Table 7 and 8). 
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2.7. Western blot 

For mitochondria and nuclear isolation analysis, SDS-PAGE experiments were performed as 
described previously293. Briefly, cells were pelleted, washed twice with PBS and lysed on ice cold 
RIPA buffer (Sigma, R0278) containing PMSF, protease inhibitor cocktail, sodium orthovanadate, 
and sodium fluoride, for 30 min, vortexing every 10 min. Samples were centrifuged at 10 000 
rpm at 4°C for 20 min and the protein concentration in the lysates was measured using a BCA 
kit (Thermo Fisher Scientific, 23227) following manufacturer’s instructions. Samples were 
prepared in 2x Laemmli sample buffer (Sigma Aldrich S3410) and boiled for 5 minutes at 100˚C. 
Protein electrophoresis was done in 12% polyacrylamide gels and transferred onto nitrocellulose 
membranes (BioRad) using a Trans-blot turbo transfer (Bio Rad). Ponceau S staining (Thermo 
Fisher Scientific) was performed to assess efficient loading and transferring. The membranes 
were blocked with 5% bovine serum albumin (BSA) (w/v) in tris-buffered saline with tween-20 
(TBST) for 1 hour at RT and further incubated with the primary antibodies (Table 7) in TBST 5% 
BSA overnight at 4°C. The following day, membranes were washed 5 times for 5 minutes with 
TBST and incubated with the appropriate secondary antibodies coupled to horseradish 
peroxidase (Cell Signaling Technology, Table 8) for one hour at RT. After several washes with 
TBST, proteins were detected with enhanced chemiluminescence reagent (ECL) (Thermo Fisher 
Scientific) and imaged on a ChemiDoc MP Imaging System. 
 
To analyze total lysates cells were harvested, washed twice in PBS and lysed in RIPA buffer (50 
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5 mM DTT, 0.1% SDS, 1% NP-40, 0.5% sodium 
deoxycholate) containing a protease and phosphatase inhibitor cocktail (Sigma) and the histone 
deacetylase inhibitor Trichostatin A (Sigma). Samples were then incubated on ice for 10 min with 
frequent vortexing and centrifuged at 21,000xg for 10 min at 4°C. The supernatant was 
collected, and protein concentration was measured using Bradford reagent (Sigma). Proteins 
were subjected to polyacrylamide gel electrophoresis (4–15% Mini-PROTEAN® TGX™ Precast 
Protein Gels, #4561084) and humid-transferred onto nitrocellulose membranes (Bio-Rad) or 
methanol-activated PVDF membranes (Bio-Rad), in the case of detecting acetylated proteins. 
The membranes were blocked with 5% (w/v) skim milk (BD Life Sciences) in TBST for 1 hour at 
RT and later they were incubated with primary antibodies (Table 7) diluted in TBST 5% skim milk 
overnight at 4°C. The next day, membranes were washed 5 times for 5 minutes with TBST and 
secondary antibody incubation (Cythiva, Table 8) was performed in TBST 5% skim milk for one 
hour at RT. After several washes with TBST, proteins were detected with enhanced 
chemiluminescence reagent Cytiva Lifescience™ Amersham™ ECL™ Prime and imaged on a 
ChemiDoc XRS Imaging System. 

 

2.8. Proximity Ligation Assay (PLA) 

PLA for specific RNA–protein interaction was performed as described47; 294. Briefly, HL60 or HeLa 
cells were seeded in poly-L-Lys coverslips, washed once with PBS, and fixed in 4% formaldehyde 
for 30 min on ice. Cells were permeabilized with 1% saponin in PBS for 1 hour and blocked with 
blocking buffer (10 mM Tris-acetate pH 7.5, 10 mM magnesium acetate, 50 mM potassium 
acetate, 250 mM NaCl, 0.25 mg/ml BSA, 0.05% Tween 20) and 20 µg/ml sheared salmon 
sperm DNA (sssDNA) for 1 hour at 4°C. Then, cells were incubated with 100 nM TERC sense or 
antisense oligonucleotide probes (TERC-sense probe 5´ 
TCCGGAGGCACCCACTGCCACCGCGAAGAGTTGGGCTCTGTCAGCCAAAAAAAAAAAAAAAAAAAATA
TGACAGAACTAGACACTCTT 3´ and TERC-antisense probe 5´ 
AGCAGCTGACATTTTTTGTTTGCTCTAGAATGAACGGTGGAAAAAAAAAAAAAAAAAAAAAATATGAC



Materials and Methods 

129 
 

AGAACTAGACACTCTT 3´) pre-heated at 70°C for 3 min in blocking buffer. Cells were washed 
three times with PBS and blocked in PBST (PBS 0.1% Tween 20) containing 1% BSA and 20 μg/mL 
salmon sperm sheared (sss) DNA at RT for 1 h. 

Samples were washed once with PBS, once with 300 mM NaCl, 30 mM sodium citrate buffer pH 
7 (2xSSC) with 0.1% Tween 20, washed again with PBS, and then incubated with the selected 
primary antibodies (Table 7), or no antibody as control, in PBST at RT for 1 h. The appropriate 
species-specific minus PLA probe (Duolink PLA Fluorescence kit, Sigma) was diluted 1:5 into PBST 
containing 20 μg/mL sssDNA and incubated for 20 min at RT. After three washes with PBS, the 
coverslips were incubated with the probe solution for 1 h at 37 °C. 

PLA for specific protein–protein interaction was performed as described295. Briefly, HL60 or HeLa 
cells were seeded in poly-L-Lys coverslips and fixed and permeabilized as described above. Then 
cells were blocked with Duolink block solution (Sigma) for 1h at RT followed by primary antibody 
incubation (Table 7) or no antibody as negative control, overnight at 4°C. Primary antibodies 
were prepared at the dilution indicated in Table 7 using Duolink antibody dilution buffer (Sigma). 
The next day, samples were washed with 5% BSA in PBS twice for 10 min. Then, the 
corresponding species-specific minus PLA probe (Duolink PLA Fluorescence kit, Sigma) was 
diluted 1:5 into Duolink antibody dilution buffer and incubated for 20 min at RT. Finally, PLA 
probe was added to the samples and incubated for 1h at 37°C. 

Ligation, amplification and labeling steps in both RNA-protein and protein-protein PLA, were 
performed using the Duolink PLA Fluorescence kit (Sigma), following manufacturer's 
instructions. Samples were washed twice with buffer A and incubated with fresh ligation mix for 
30 min at 37 °C. They were washed twice again with buffer A and further treated with fresh 
amplification mix for 100 min at 37 °C. Finally, cells were washed twice with buffer B and 
mounted onto glass slides in Duolink PLA Fluorescence mounting medium with DAPI (Sigma). 

To couple mitochondria staining to PLA, cells were previously labeled using MitoTracker Red 
CMXRos (Thermo Fisher Scientific). In HL60 cells, the staining was done with 250 nM of 
MitoTracker for 30 min at 37°C and in HeLa cells with 500 nM for 45 min at 37°C. Next, cells were 
washed once with medium and twice with PBS, protecting from light. HL60 cells were then 
attached to poli-L-lysine confocal dishes or coverslips for 30 min to continue with the PLA 
protocol. 

 

2.9. Cell cycle analysis 

shC and shTERC HL60 cells were collected and washed twice with PBS and centrifuged in 
cytometer tubes at 1000 rpm for 2 minutes. The cell pellet was immediately fixed adding 1 mL 
of ice cold 70% ethanol while vortexing. Cells were centrifuged again at 1000 rpm for 2 minutes 
and kept in 70% ethanol at 4°C for at least 30 minutes until propidium iodide staining. Cells were 
then washed two times with cold PBS in order to remove ethanol, treated with 100 μg/mL of 
Ribonuclease A (Sigma) for 10-15 min and with propidium iodide (Sigma) at a concentration of 
50 μg/mL in PBS for another 10 min. The cell cycle analysis was performed using a BD FACSCanto 
II flow cytometer and ModFit LT V5.0.9 software. 
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2.10.  Immunostaining  

HL60 or HeLa cells were seeded in poly-L-Lys coverslips, washed once with PBS, and fixed in 4% 
formaldehyde in PBS at RT for 20 min. Cells were permeabilized with 0.3% Triton-X in PBS for 10 
min at RT on a shaker. Later, cells were blocked in PBS with 1% BSA and 0.1% saponin. Samples 
were incubated with primary antibody (Table 7) diluted in blocking solution for 1 hour at RT in a 
humid chamber. Cells were washed twice with 0.1% Triton in PBS (PBST) and incubated with 
secondary antibody (Alexa Fluor Goat anti-rabbit 594, Invitrogen) diluted at 1:200 in PBS with 
1% BSA for 30 min at RT and protected from light. In addition, Hoechst reagent was added at 
1:1000 concentration together with the secondary antibody for nuclei staining. Finally, 
coverslips were mounted in Dako fluorescent mounting medium. 

 

2.11.  Confocal imaging and co-localization analysis 

RNA-protein PLA and immunofluorescence images were acquired on a Leica TCS SP8 confocal 
microscope by tandem scanner of 405 nm and 561 nm lasers and sequential scanner when using 
the 488 nm laser. All images were acquired with a 63x/1.4 oil objective with a resolution of 
1024x1024 pixels. In these images, co-localization analysis was performed using ImageJ software 
with Intensity Correlation Analysis plugging in selected z-stacks slices after image de-convolution 
with Huygens Essential (Scientific Volume Imaging B.V) software. 

Protein-protein PLA and nuclei isolation images were acquired on a ZEISS LSM 710 confocal 
microscope with a 40x/1.4 oil objective (1024x1024 pixel resolution). Each channel was 
independently and sequentially scanned with only one excitation wavelength active during each 
scan to avoid overlap between the different dye emissions. After acquisition, images were 
processed with ZEN software (Carl ZEISS AG). 

 

2.12.  Pyruvate dehydrogenase (PDC) activity colorimetric assay 

The activity of the PDC (PDH) was evaluated with the Pyruvate Dehydrogenase Kit from Abcam 
(ab287837) following manufacturer’s instructions. Briefly, cells were lysed in ice cold PDH Assay 
Buffer and centrifuged to remove cell debris. 46 l of HL60 or HeLa cell protein extracts 
corresponding to 25 000 and 1000 000 cells respectively, were mixed with 2 l of PDH developer 
reagent and with 2 l of PDH substrate in wells of 96-well clear plate with flat bottom. 1µl of 
PDH Positive Control (NADH) was used as positive control. Protein extracts were incubated 
without PDH substrate to correct the cell background absorbance. Sample absorbance was 
measured at 450 nm in kinetic mode every 10 min for 60 min at 37°C in a CLARIOstar® Plus plate 
reader. The reading from sample background controls was subtracted from its paired sample 
and two time points (T1 & T2) in the linear range were chosen to calculate the pyruvate 
dehydrogenase activity of the samples. 

 
2.13.  Mitochondria isolation in HeLa 

Mitochondria were isolated with the Mitochondria Isolation Kit for Cultured Cells from Abcam 
(ab110170) following manufacturer’s instructions. In brief, confluent HeLa cells were scrapped 
and resuspended in Reagent A at a concentration of 5 mg/mL. Cells were disrupted using a 2 mL 
Dounce homogenizer and centrifuged at 1000xg for 10 min at 4°C. The supernatant was 
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collected, and this step was repeated with the pellet, resuspending this time in Reagent B. The 
supernatants from both steps were combined and centrifuged at 12 000xg for 15 min at 4°C. 
The pellet (mitochondria) was used for the subsequent protein quantification and PDC activity 
determination. 

 

2.14.  Pyruvate dehydrogenase activity dipstick assay and band quantification 

Determination of PDC activity in isolated mitochondria was performed using the Pyruvate 
dehydrogenase (PDH) Enzyme Activity Dipstick Assay Kit (ab109882) following the 
manufacturer’s instructions. 25 µg of total protein extracts from isolated mitochondria of HeLa 
cells was incubated with the dipstick containing the PDC antibody that captures the PDC in the 
sample is in its native form in the dipstick membrane. After washing the dipstick with sample 
buffer, it was incubated with the activity buffer, containing diaphorase and nitroblue tetrazolium 
(NBT). PDC activity is visualized by coupling PDC-dependent production of NADH to the 
reduction of NBT in the presence of excess diaphorase, forming an insoluble intensely colored 
precipitate at the capture line (Fig. 54). PDC activity was measured by quantification of the band 
intensity using a flat top scanner and ImageJ software. 

 

 

2.15. Statistical analysis and data representation  

All statistical analysis and data representations were performed using GraphPad Prism version 
8.0.0. The statistical test used in each experiment is stated in the corresponding figure legend. 

  

Figure 54. Schematic representatiton of PDH activity reaction. (A) The PDH activity reaction 
generates NADH. (B) The NADH produced is coupled to the reduction and precipitation of a colored 
dye. Figure obtained from Abcam. 
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Target protein Species Dilution and 
application Manufacturer Reference 

MDH2 (1G12) Mouse 1:500 WB Santa Cruz 
Biotechnology sc-293477 

GLUD1/2 (C-10) Mouse 1:1000 WB Santa Cruz 
Biotechnology sc-515542 

H3 total Rabbit 1:1000 WB Abcam ab1791 
Acetyl-histone H3 Rabbit 1:1000 WB EMD Millipore 06-042 
Acetyl-histone H4 Rabbit 1:1000 WB EMD Millipore 06-866 

TERT Rabbit 1:100 IF/PLA Rockland 600-401-252 
PDC-E1α (PDHA1) Rabbit 1:500 WB Abcam ab168379 

PDC-E1β (PDHB) Rabbit 
1:200 IF/PLA 

1µg/mg IP 
1:1000 WB 

Abcam ab155996 

PDC-E1 (PDHA1) Mouse 1:200 PLA Abcam ab110334 
PDC- E1α p-S293  Rabbit 1:1000 WB Abcam ab92696 
PDC-E2 (DLAT) Rabbit 1:100 PLA Abcam ab126224 
PDC-E2 (DLAT) Mouse 1:100 PLA Abcam ab69304 

PDC-E2 (C-1) Mouse 1:100 PLA Santa Cruz 
Biotechnology sc-166899 

Lamin A/C Mouse 1:1000 WB Cell signaling 
Technology #4777S 

Tom20 Rabbit 1:500 WB Santa Cruz 
Biotechnology sc-11415 

NUP98 Rabbit 1:1000 WB Cell signaling 
Technology #2598S 

αTubulin Mouse 1:1000 WB Sigma T6199 
Total RNApol II  Mouse 1:1000 WB Abcam ab817 

Anti-mitochondria (MTC02) Mouse 1:1000 WB Abcam ab3298 

β-actin-HRP (C4) Mouse 1:1000 WB Santa Cruz 
Biotechnology sc-47778 

Rabbit IgG Isotype control Rabbit 1µg/mg IP Thermo Fisher 
Scientific 10500C 

Table 7. List of primary antibodies used, application and concentration. 

 

Target protein Species Dilution and 
application Manufacturer Reference 

Mouse IgG, HRP-linked 
antibody Horse 1:2500 WB Cell Signaling 

Technology #7076 

Rabbit IgG, HRP-linked 
antibody Goat 1:2500 WB Cell Signaling 

Technology #7074 

Mouse IgG HRP-Linked 
Whole Ab Sheep 1:1000 WB Cytiva NA931 

Rabbit IgG, HRP-linked 
F(ab')₂ fragment Donkey 1:1000 WB Cytiva NA9340 

Table 8. List of primary antibodies used, application and concentration. 
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3. Results 

3.1. Telomerase RNA interacts with the E1 component of the pyruvate 
dehydrogenase complex in zebrafish and human 

Previous results obtained in our laboratory showed that TERC plays a non-canonical role in 
myelopoiesis by interacting with and recruiting RNA polymerase II to the promoter of myeloid 
genes and activating its transcription47. Therefore, we speculated that TERC could be playing 
additional non-canonical roles by interacting with other proteins. To address this hypothesis, a 
proteomic analysis to identify the protein interactome of TERC in zebrafish was performed in 
our lab. TERC-interacting proteins were isolated by RNA pull-down experiments followed by 
mass spectrometry. Proteins identified in at least two out of three independent experiments 
were considered positive interactions and then classified according to their implication in 
different pathways using the KEGG database. Interestingly, TERC-interacting-proteins involved 
in metabolic pathways were the most enriched. Specifically, the carbon metabolism and the 
oxidative phosphorylation were some of the most represented pathways (Elena Martínez-
Balsalobre PhD thesis, unpublished results). The identified TERC-interactors that belonged to 
those pathways are listed in the table below (Table 9). 

 

Gene symbol Protein name EC number 
pdhb (Z), PDHB (H) Pyruvate dehydrogenase E1 component subunit 

beta 
EC:1.2.4.1 

mdh2 (Z), MDH2 (H) Malate dehydrogenase 2 EC 1.1.1.37 
glud1a (Z), GLUD1 (H) Glutamate dehydrogenase 1a EC 1.4.1.3 
atp2a1l (Z), ATP2A1 (H) ATPase sarcoplasmic/endoplasmic reticulum Ca2+ 

transporting 1, like 
EC 7.2.2.10 

atp5f1c (Z), ATP5F1C (H) ATP synthase F1 subunit gamma EC 7.1.2.2 
atp5pb (Z), ATP5PB (H) ATP synthase peripheral stalk-membrane subunit b - 
atp5pd (Z), ATP5PD (H) ATP synthase peripheral stalk subunit d - 
atp5po (Z), ATP5PO (H) ATP synthase peripheral stalk subunit OSCP - 

 

Table 9. terc potential interactors involved in carbon metabolism and oxidative phosphorylation. Table 
showing the gene symbol of the identified zebrafish interactors (Z) and their human ortholog (H). The 
protein name and EC entry number are also presented.  

 

Next, we sought to validate in human cell lines some of these proteins interacting with terc in 
the zebrafish. The possible interaction of TERC with MDH2, GLUD1A and PDHB (PDC-E1) was 
analyzed in human leukemia cells (HL60 or MOLM-13) using RNA pull-down or RNA 
immunoprecipitation (RIP) experiments. We were able to validate only the interaction of TERC 
with PDC-E1 (Fig. 55A and 55C).  Although in the RNA-pull down experiments the interaction was 
validated with a whole cell extract, in the RIP experiments, a significant interaction could only 
be observed when using nuclear extracts (Fig. 55B and 55C).  
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3.2. The TERC-PDC-E1 interaction takes place in multiple sites in the cell 

It has been shown that the pyruvate dehydrogenase complex (PDC) can be translocated into the 
nucleus105.Other studies describe the presence of TERC inside the mitochondria49. Therefore, it 
was interesting for us to explore the specific location of the interaction between TERC and PDC-
E1 withing the cell. For that, an RNA-protein proximity ligation assay (PLA) was performed in 
HL60 cells. This kind of assay is performed maintaining the cell structure, so the interactions 
occurring in vivo in the cell can be detected. This technique is similar to an immunofluorescent 
staining since it uses specific primary antibodies and also secondary antibodies to amplify the 
signal. If the molecules of interest interact with each other at a distance below 40 nm, it will be 
visualized due to a specific fluorescent signal295. (Fig. 56).  
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Figure 55. Validation of TERC interaction with PDC-E1 in HL60 cells. (A) Western blot of RNA-pull down 
eluates performed in HL60 and MOLM-13 cells using anti-PDC-E1, anti-GLUD1/2 and anti-MDH2 
antibodies. The RNA of GFP was used as control. A specific interaction is only detected when using TERC
RNA. (B) Western blots of RNA-pull down eluates performed in HL60 and MOLM-13 cells using anti-
GLUD1/2 and anti-MDH2 antibodies. (C) Western blots of cytoplasmic and nuclear fractions of HL60 cells. 
The abscense of cytoplasmic and mitcochondrial markers (β-actin and MTC02) and the presence of the 
nuclear protein RNApol II indicates the purity of the nuclear extract. (D) RT-qPCR performed with the RIP 
eluates of HL60 cells and their isolated nuclei. The samples were immunoprecipitated with anti-PDC-E1 or 
IgG as a control and the enrichment in TERC, ACTIN and U6 RNAs was detected. ACTIN was used as control 
in the whole cell samples whereas the lnc-RNA U6 was used as control in the nuclear extracts. The mean 
± S.E.M. for each sample is shown. P values were calculated using Man-Whitney test, n.s.: not significant,
**p≤0.01, ***p≤0.001,****p≤0.0001.  
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The PLA was originally developed to detect protein-protein interactions. In this case, a variation 
of that protocol was used to detect an RNA-protein interaction294. A specific primary antibody 
was used to detect PDC-E1, and a probe with an antisense sequence was designed to bind to 
TERC. In addition, two different conditions were tested as negative controls: a sample without 
primary antibody and the antisense probe, and another control with the primary antibody and 
a sense probe (same sequence as TERC) (Fig. 57A and 57B). As a positive control, a primary 
antibody against RNA polymerase II (RNApol II) and the TERC antisense probe were used47 (Fig. 
57C). Surprisingly, a positive PLA signal for TERC-PDH interaction was found both inside and 
outside of the nucleus of the cells (Fig. 57D).  

 

 

 

Figure 56. Schematic representation of the RNA-protein and protein-protein proximity ligation assay 
(PLA). (A) RNA-protein PLA. A primary antibody is used to recognize the protein of interest while an 
antisense oligonucleotide probe is used to detect the RNA molecule. (B) Potein-protein PLA. Two primary 
antibodies of different species (such as mouse and rabbit) are employed to detect the two proteins of 
interest. After incubation with primary antibodies and/ or probes, specific secondary antibodies that 
contain a ligation/hydridization arm are used (PLA PLUS and MINUS probes). In the PLA processing steps 
(common to both techniques), a specific ligase creates a DNA circle between the two probe arms. Later, 
a polymerase is added, resulting in the generation of a fluorescent product that indicates the place of 
interaction between the studied molecules. Created with BioRender.com. 
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To find out if the PDH-TERC interaction outside of the nucleus was taking place in the 
mitochondria, we performed PLA experiments coupled to mitochondria staining with 
Mitotracker. After the image acquisition, a colocalization analysis was performed in imageJ to 
determine the degree of overlap between the green channel (PLA signals for TERC and PDC-E1 
interaction) and the red channel (mitochondria).  

There are several methods to analyze colocalization. One of them is to use the Manders’ 
coefficients (M1 and M2)296. These coefficients range from 0 to 1 depending on the percentage 
of overlapping area between the signal of the two channels of interest. A value of 1 indicates 
total colocalization (100%) and a value of 0 indicates no colocalization (0%). We used the M2 
value to study the amount of green area (PLA signal) overlapping with the red area 
(mitochondria). In the analyzed cells, values for M2 coefficient ranged from 0 to 0.4, indicating 
a very low level of colocalization (data not shown). Nevertheless, each M2 value is calculated for 
every cell, and some of them had multiple PLA signals (including those inside the nucleus). 
Therefore, we couldn’t rule out the possibility that some, but not all of the PLA signals could be 
co-localizing with the mitochondria, resulting in an overall low M2 value.  

Since the Manders’ coefficients method was not useful to determine these possible situations 
of partial colocalization, the shape of the ICA (Intensity Correlation Analysis) plot and scatter 

w/o Ab (-) PDC-E1 sense 

PDC-E1 antisense RNApol II antisense (+) 

A B 

C D 

Figure 57. TERC and PDC-E1 interaction occurs inside and outside of the nucleus. Representative 
images of the RNA-protein PLA experiment in HL60 cells. The foci of red fluorescence (PLA signal) 
indicate the sites of interaction between TERC and the studied protein. The cell nucleus is stained with 
DAPI (blue). (A-B) Negative controls without the anti-PDC-E1 antibody or with the sense TERC probe. (C) 
Positive control with anti-RNA pol II and TERC antisense probe. (D) Interactions between TERC and PDC-
E1 inside and outside the nucleus of the cells. Scale bar= 10 µm (yellow), 20 µm (white). 
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plots for each cell were used to determine the place of the interaction between TERC and PDC-
E1. In both kinds of graphs, the intensity and overlap of two fluorescent signals is shown, 
although different formulas are applied to obtain a specific representation297. The visual 
representation that these graphs provide for total, partial co-localization or no co-localization is 
shown in Figure 58.  

 

 

Considering the shape of both the ICA plot for the green channel and the scatter plot, the image 
analysis revealed that most PLA signals outside the nucleus were not colocalizing with the 
mitochondrial signal (Fig. 59D-F). Only some cells had one or two PLA signals that colocalized 
with the mitochondria (Fig. 59A and 59B), that were represented as situations of partial 
colocalization. The ICA plot representation for the red channel was not considered in the analysis 
because the area of the mitochondria signal is way larger than the one colocalizing, so always a 
no colocalization plot was showing. These results suggest that the interactions between TERC 
and PDC-E1 observed in the cytosol were taking place mainly outside the mitochondria.  

Figure 58. ICA and scatter plot examples of total, partial or no colocalization. In the upper pannel the 
Intensity Correlation Analysis (ICA) plot for the green channel is represented. The ICA plot is specific for 
each channel and the distribution of the cloud indicates the level of colocalization. The right side of the x 
axis indicates total colocalization if forming a C shape (A) or partial colocalization if the cloud is spread 
(C). The presence of pixels along the left side of the x axes indicates no colocalization (D). The scatter plots 
examples are shown on the lower pannel. The scatter plot is a representation of the correlation between 
the pixel intensity of the green and the red channel using Pearson’s coefficient. A straight line 
representation indicates total colocalization (A’) whereas the partial colocalization is shown as a cloud all 
over the graph (C’). The situations of no colocalization are shown as an L-shaped graph (D’). Figure 
adapted from (Bolte S. and Cordelières F.P., 2006)12. 
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3.3. TERC modulates the levels of nuclear PDC-E1 

Next, we aimed at studying the biological significance of the interaction between TERC and PDC-
E1. Since the interaction was occurring both inside and outside the nucleus, we first decided to 
test whether TERC was involved in the PDC translocation. 

The translocation of PDC into the nucleus is produced mainly during the S phase of the cell 
cycle105. To stablish if TERC levels could be important for the nuclear translocation of PDC, 
control HL60 cells and HL60 cells with reduced TERC levels by RNA interference (shC and shTERC, 
respectively47) were synchronized by serum starvation overnight, and samples were collected 
after 4 hours of serum addition, when the maximum number of S-phase cells was reached (data 
not shown). To determine nuclear PDC (nPDC) levels, an immunostaining for PDC-E1 was 
performed followed by a co-localization analysis. The colocalization was determined using the 
Manders’ coefficients, focusing on the M2 value: amount of red signal (PDC) inside the blue 
signal (nucleus). Given that the majority of PDC is outside the nucleus, the M2 value was 
expected to be very low. However, this time we could compare between samples (shC and 
shTERC), so we could stablish if that level changed upon decreasing TERC levels. 

Although the TERC expression in the shTERC clone only decreased in by 30% (Fig. 60B), the 
colocalization analysis revealed that there was a slightly increase in nPDC-E1 levels in those cells 
compared to the shC HL60 cells (Fig. 60C). 
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Figure 59. The interaction between TERC and PDC-E1 is produced mainly outside the mitochondria. (A 
and D) Confocal images of the TERC-PDH PLA (green) in HL60 cells stained with mitotracker (red). The 
white arrowhead indicates the place of colocalization between the green and the red signal. Scale bar= 
10 µm. (B and E) ICA plots of the red and the green channel in each cell. (C and F) Scatter plots for each 
cell. The upper green ICA plot along with the upper scatter plot show the partial colocalization between 
the PLA signal and the mitchondria. The green ICA plot and scatter plot in the bottom show a situation of 
no colocalization.  
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Figure 60. The decrease inTERC levels increases the amount of nuclear PDC-E1. (A) Representative 
confocal images of PDC-E1 immunostaining (red) in shC and shTERC HL60 cells. The white arrowheads 
indicate cells with nPDC-E1. Scale bar= 20 µm. (B) RT-qPCR of shC and shTERC HL60 cells showing the 
decrease in TERC levels in the shTERC clone. The mean ± S.D. for each group is shown. P value was
calculated using Man-Whitney test, ***p≤0.001. (C) Quantification of the levels of nuclear PDC-E1 (nPDC-
E1). The imageJ software was used to determine the M2 Manders’ coefficient, which indicates the amount 
of PDC-E1 inside the nucleus. Each dot represents a cell nucleus. The median for each sample is shown. P 
value was calculated using Welch’s t test, *p≤0.05. 
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3.4. The decrease in TERC expression does not affect the total levels of histone 
acetylation. 

The nuclear localization of PDC has been directly related with an increase in histone acetylation. 
The increase in PDC in the nucleus leads to an augmented production of acetyl-CoA that is used 
by the acetylases to modify the histones. Specifically, the acetylation levels of histone 3 (H3) and 
histone 4 (H4) increase upon PDC nuclear translocation105. Since TERC inhibition resulted into an 
increment of the levels of nPDC-E1, total levels of acetylated H3 and H4 (Ac-H3 and Ac-H4) were 
quantified by western blot in both shC and shTERC HL60 cells (Fig. 61A). Nevertheless, no 
changes in total acetylation levels were found either in H3 or in H4 (Fig. 61B). 
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Figure 61. The decrease in TERC levels does not affect total levels of aceytaled histone 3 and 4. (A) 
Western blot  membranes of acetylated H3 (Ac-H3) and H4 (Ac-H4) in two different shC and shTERC HL60 
clones. The levels of total H3 and β-actin were also dermined. (B) Western blot quantification. The total 
levels of H3 were normalized to β-actin and then used to normalized the levels of Ac-H3 and Ac-H4 in the 
samples. The mean ± S.E.M. for each group is shown. P value was calculated using Man-Whitney test, 
n.s.: not significant. 
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3.5. The decrease in TERC levels does not change PDC-E1 activity 

With the purpose of evaluating if the interaction with TERC was modifying the activity of the 
enzyme, we quantified PDC activity through a colorimetric method using a commercial kit. We 
obtained shC and shTERC HL60 protein extracts and samples were incubated with pyruvate (the 
substrate of PDC). The rest of the protein extract was used as background. The absorbance of 
each sample was measured every ten minutes for one hour and two time points were selected 
in the linear range to calculate the PDC activity (increase in absorbance). The results showed 
that PDC activity did not change upon decreasing TERC levels (Fig. 62B and 62C).  
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Figure 62.The decrease in TERC expression does not affect PDC-E1 activity. (A) Image showing the plate 
sample distribution and color at the final time of the PDC activity determination. In the right, a well with 
the possitive control provided by the kit is shown (NADH). The well below corresponds to the blank 
withouth cells. (B) RT-qPCR of shC and shTERC HL60 cells showing the decrease in TERC levels in the 
shTERC clone. (C) PDC activity quantification. The absorbance at 450 nm in the 40 and 60 minutes time 
points was chosen to determine the increase in PDC activity in the samples. (B and C) The mean ± S.D. for 
each group is shown. P value was calculated using Man-Whitney test, n.s.: not significant,**p≤0.01. 
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3.6. The interaction between TERC and PDC-E1 is also occurring in HeLa cells 

We use HeLa cells to further confirm the TERC- PDC E1 interaction in another cell line. The HeLa 
cells are epithelial cells that can be easily transfected with siRNAs or plasmids to decrease or 
increase the expression of a protein or RNA of interest. 

The interaction between TERC and PDC-E1 was confirmed using RNA-protein PLA. In this case a 
positive PLA signal was found both inside and outside of the cell nucleus, corroborating what we 
previously described in HL60 cells (Fig. 63D).  
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Figure 63. TERC and PDC-E1 interaction is confirmed in HeLa cells. Representative images of the RNA-
protein PLA experiment in HeLa cells. The foci of red fluorescence (PLA signal) indicate the places of 
interaction between TERC and the studied protein. The cell nucleus is stained with DAPI (blue). (A-B) 
Negative controls without the anti-PDC-E1 antibody or with the sense TERC probe. (C) Positive control 
with anti-RNA pol II and TERC antisense probe. (D) Interactions between TERC and PDC-E1 inside and 
outside the nucleus of the cells. Scale bar= 20 µm. 
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3.7. TERC modulates the levels of nuclear PDC-E1  

Next, we studied the PDC-E1 localization in HeLa cells upon modulating TERC levels. Cells were 
transfected with siTERC to decrease TERC levels, or with a plasmid (pBABE-TERC) to overexpress 
TERC. A scramble siRNA (siC) or a plasmid expressing GFP (pCS2-mtGFP) were used as controls. 
Then, cells were cell-cycle synchronized and an immunostaining and nuclear co-localization 
analysis were done. As shown in HL60 cells, we observed that a decrease in TERC levels lead to 
an increase in the levels of nPDC-E1 (Fig. 64A-C). Moreover, the overexpression of TERC resulted 
in a reduction of the amount of nPDC-E1, suggesting that TERC is important to control PDC-E1 
localization in HeLa cells (Fig. 64A’, 64B’ and 64C).  

   

 

 

 

 

Figure 64. TERC levels can modify the amount of nuclear PDC-E1. (A and A’) TERC levels quantified by RT-
qPCR in HeLa cells transfected for 24 hours with siTERC to decrease TERC expresion or the pBABE-TERC
plasmid to increase TERC expresion. The siC RNA and pCS2-mtGFP plasmid were used as controls. The 
mean ± S.D. for each group is shown. (B and B’) Quantification of the levels of nuclear PDC-E1 (nPDC-E1). 
The imageJ software was used to determine the M2 Manders’ coefficient, which indicates the amount of 
PDC-E1 inside the nucleus. Each dot represents a cell nucleus. The mean ± S.E.M. for each sample is 
shown. (C) Representative confocal images of PDC-E1 immunostaining (red) in the transfected HeLa cells. 
The cell nucleus is shown in blue (Hoechst). The white arrowheads indicate cells with nPDC-E1. Scale bar= 
20 µm. P values were calculated using Mann-Whitney test, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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3.8. The change in TERC levels does not alter PDC-E1 activity 

The PDC-E1 activity was also quantified in protein extracts of HeLa cells transfected with siTERC 
or pBABE-TERC using the same colorimetric method as described previously. In this case, neither 
the decrease nor the increase in TERC levels changed PDC-E1 activity in the whole cell lysate (Fig. 
65B and 65C). 
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Figure 65. TERC expression does not affect PDC activity. (A) Image showing the plate sample distribution 
and color at the final time of the PDC activity determination. In the right, a well with the possitive control 
provided by the kit is shown (NADH). The well below corresponds to the blank withouth cells. (B) RT-qPCR 
of transfected HeLa cells showing the decrease in TERC levels upon siRNA transfection (siTERC) and the 
increase in expression with the plasmid transfection (pBABE-TERC). (C) PDC activity quantification. The 
absorbance at 450 nm in the 40 and 60 minutes time points was chosen to determine the increase in PDC 
activity in the samples. The measurements were then normalize to control samples. (B and C) The mean 
± S.D. for each group is shown. P value was calculated using Man-Whitney test, n.s.: not 
significant,***p≤0.001 

si
C

si
TERC

pCS2-
m

tG
FP

pBABE-T
ERC



Results 

145 
 

3.9. The telomerase catalytic subunit (TERT) interacts with PDC-E1 

It is known that TERC and TERT play non-canonical functions independent of telomere 
lengthening. However, those functions can be performed by each component separately or 
forming a complex32. Hence, to establish whether TERT was also involved in the interaction with 
PDC-E1, we performed protein-protein PLA assays. In this protein-protein PLA we used two 
primary antibodies to detect TERT and PDC-E1. As a positive control of interaction, the 
antibodies against the E1 and E2 components of the PDC were used (Fig. 66A and D). 

In the PLA experiments, we detected a positive interaction signal inside and outside of the cell 
nucleus in both HL60 and HeLa cells, the same distribution observed for TERC and PDC-E1 
interaction (Fig. 66C and 66F). Besides, an increase in the number of interactions occurred when 
we overexpressed TERT (pBABE-hTERT) (Fig. 66H). 
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Figure 66. The interaction between TERT and PDC-E1 is confirmed by PLA. Representative confocal 
images of the TERT-PDC-E1 PLA in HL60 and HeLa cells. The PLA foci of interactinon can be seen in green 
in the upper panel (A-C) and in yellow in the other images (D-H). Mitochondria are stained with 
mitotracker (magenta) and the green cells correspond to HeLa cells transfected with the pCS2-mtGFP 
plasmid. (A and D) Positive control with anti-PDC-E1 and PDC-E2. (B, E and G) Negative controls without 
the primary antibodies. (C, F and H) Foci of interaction between TERT and PDC-E1 in the nucleus and 
cytoplasm of HL60 cells and HeLa cells. The number of foci increases upon transfection with the pBABE-
TERT plasmid. Scale bar= 10 µm. 
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3.10.  The isolation of pure nuclei in HeLa cells could not be achieved 

The activity of PDC is regulated by phosphorylation of the E1 component. Three different serine 
residues can be phosphorylated: Ser232, Ser293 and Ser300. The modification of one or several of 
these serines has been shown to drastically reduce the activity of the PDC101. The pyruvate 
dehydrogenase kinases (PDKs) are the enzymes in charge of phosphorylating the PDC-E1. Since 
PDKs are not present in the cell nucleus105, all nuclear PDC is active. According to our results, 
TERC levels do not affect PDC-E1 activity in whole cell lysates. However, TERC levels seemed to 
be important for nuclear PDC-E1 localization. For that reason, we aimed at studying PDC activity 
only in the nucleus of the transfected HeLa cells. Unfortunately, even though several protocols 
were tested to obtain pure nuclei of HeLa cells (refer to materials and methods), those could not 
be isolated with a significant level of purity. When analyzing the cellular fractions by western 
blot, an increase in the amount of nuclear proteins could be detected, indicating the nuclei were 
being enriched in the fractionation (Fig 67A and 67B). Nevertheless, the cytoplasmic and 
mitochondria proteins were present, indicating that membranes and cytoplasmic components 
were still attached to the cell nuclei (Fig. 67A-C).  
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Figure 67. Three different protocols were tested to obtain pure nuclei out of HeLa cells. (A) Western blot 
membranes of nuclear (N) and cytoplasmic fractions (Cy) of HeLa cells incubated with anti RNA pol II and 
anti β-actin. The fractions were obtained using two different protocols utilizing homemade (protocol 1) and 
commercial buffers (protocol 2). Both consisted in a first step of lysis followed by differential centrifugation. 
The enrichment in RNA pol II shows the nuclei enrichment in the N fraction. The presence of β-actin in the 
nuclear fraction indicates the presence of cytoplasmic components along with the nuclei. (B) Western blot 
membranes of nuclear (N), cytoplasmic (Cy) fractions and whole HeLa (WC) cells incubated with anti NUP98, 
Lamin A/C, α-Tubulin and Tom20. The fractions were obtained using two variations of a protocol with a first 
step of lysis with TritonX followed by density gradient centrifugation with a glucose cushion (protocol 3). 
The Ponceau staining shows the no-recovery of the cytoplasmic fraction after the nuclear isolation protocol. 
The presence of α-Tubulin and Tom20 in the N fraction indicates the presence of cytoplasmic and 
mitochondrial components along with the nuclei. (C) Representative confocal images of isolated nuclei 
after performing the standard protocol 3 with four different lysis times. Nuclei are stained with DAPI (blue). 
The presence of cytoplasmic membranes around the nuclei shows their incomple isolation. 
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3.11.  PDC activity is reduced in the mitochondria of TERT-overexpressing cells 

Due to the impossibility to isolate pure nuclei, we decided to measure the PDC activity in isolated 
mitochondria. Also, because of the interaction found between TERT and PDC-E1, these 
experiments were done in HeLa cells transfected with siRNAs or plasmids to knock down or 
overexpress both telomerase components independently.  

In this case, the PDC activity quantification was done using an immunocapture-dipstick assay, a 
more accurate method to determine PDC activity105. In this method, the cell or tissue lysate is 
absorbed into a nitrocellulose membrane (dipstick) that captures specifically the PDC. Later on, 
the dipstick with the bound PDC is incubated with a substrate that generates a color precipitate. 
The intensity of the color band that appears correlates to the PDC activity (Fig. 68A).  

The mitochondria of the transfected HeLa cells were isolated, and their purity was evaluated by 
western blot (Fig. 68C). The determination of PDC activity in the HeLa knocked down for TERC 
and TERT could only be performed once. In this samples, no significant changes in PDC activity 
were found (Fig. 68B and 68D). The overexpression experiment was performed four times. The 
quantification of the band intensity indicated that the increase in TERC levels didn’t cause any 
changes in PDC activity, which confirms our previous results (Fig. 68B and 68D). Unexpectedly, 
TERT overexpression caused a reduction in the mitochondrial PDC activity (Fig. 68B and 68D).  
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Figure 68. PDC activiy is reduced in mitochondria upon TERT overexpression. (A) Scheme of the 
followed protocol. After mitochondria isolation, the protein lysate was incubated with the comercial 
dipstick to retain the PDC in the nitrocelulose membrane. The intensity of the colored band correlates 
with the PDC activity. Created with BioRender.com. (B) Representative images of the band that 
apperared in the dipstick for the transfected HeLa cells. (C) Western blot membranes of isolated 
mitochondria and whole HeLa cells (WC) incubated with anti NUP98, Lamin A/C, α-Tubulin and Tom20. 
The absense of nuclear proteins (NUP98 and Lamin A/C) ensures that there was no nPDC in the samples. 
The enrichment in Tom20 shows the enrichment in mitochondria. (D) PDC activity quantification. The 
band intensity for each sample was measured in imageJ and normalized to control samples. The mean 
± S.E.M for each group is shown. Each dot represents an experimental replicate. (E) RT-qPCR of 
transfected HeLa cells showing the TERC and TERT levels upon siRNA transfection (siTERC, siTERT) and 
the increase in expression with the plasmid transfection (pBABE-TERC/TERT). The mean ± S.E.M for each 
group is shown. (D and E) P value was calculated using Kruskal-Wallis and Dunn’s multiple comparisons 
test, n.s.: not significant,*p≤0.05, **p≤0.01, ***p≤0.001.  
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Since the TERT-overexpressing cells showed a decrease in PDC activity, we wondered if there 
were changes in total levels of PDC-E1 or its phosphorylation status. The total levels of PDH (total 
E1) and serine 293 phosphorylated E1 (p-S293 E1) were determined by western blot in the 
isolated mitochondria (Fig. 69A). Neither TERC nor TERT overexpression changed total PDC-E1 
levels (Fig. 69B). Interestingly, the levels of p-E1 showed an increase in TERC-overexpressing cells 
but in TERT-overexpressing cells weren’t consistent with the previous results. (Fig. 69C). 

 

  

Figure 69. Total PDC-E1 and p-PDC-E1 protein levels do not change in the mitochondria of TERC and 
TERT-overexpressing HeLa cells. (A) Western blot membranes showing protein levels of PDC-E1 (total 
E1) and serine 293 phosphorylated E1 (p-S293 E1) in isolated mitochondria from transfected HeLa cells. 
(B) Quantification of the levels of total E1 in the samples. The levels of E1 were normalized to the 
Ponceau staning (total protein levels) and to control sample (pCS2-mtGFP). The levels of p-E1 were also 
normalized to total E1 levels. Each dot represents an experimental replicate. The mean ± S.E.M. for each 
group is shown. P value was calculated using Kruskal-Wallis and Dunn’s multiple comparisons test, n.s.: 
not significant. 
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3.12.  TERT and TERC weakly interact with PDC-E2  

Finally, since the PDC complex is formed by the E1, E2 and E3 subunits, we wanted to know if 
TERC or TERT were also interacting with other subunits of PDC. Therefore, TERC and TERT 
interaction with the E2 component was investigated by PLA assays in HL60 and HeLa cells. The 
results showed that only a couple of cells were found to have a positive PLA signal in the case of 
TERC-PDC E2 interaction (Fig. 70D).  

 

 

In the case of TERT-E2 interaction, the number of cells with a PLA signal and the number of 
signals in each cell was also lower than that observed in the TERT-E1 component interaction (Fig. 
71C and 71F). HL60 cells presented a higher number of positive PLA signals than HeLa cells, in 
which again, the number of interactions increased upon transfection with the pBABE-TERT 
plasmid (Fig. 71C, 71F and 71H). 

These results might suggest that the telomerase complex (or each component independently) 
interact with the whole PDC complex. Given that the PLA signal only appears if the interacting 

w/o Ab (-) PDC-E2 sense 

PDC-E2 antisense RNApol II antisense (+) 

PLA signal 
DAPI 
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C D 

Figure 70. The telomerase RNA interacts with the PDC-E2 subunit. Representative images of the RNA-
protein PLA experiment in HeLa cells. The foci of red fluorescence (PLA signal) indicate the places of 
interaction between TERC and the studied protein. The cell nucleus is stained with DAPI (blue). (A-B) 
Negative controls without the anti-PDC-E2 antibody or with the sense TERC probe. (C) Positive control 
with anti-RNA pol II and TERC antisense probe. (D) Interactions between TERC and PDC-E2 inside and 
outside the nucleus of the cells. Scale bar= 20 µm. 
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molecules are closer than 40 nm, the lower number of PLA signals may be explained due to the 
fact that the PDC-E2 is found in the core of the complex, and the PDC-E1 protein is located in 
the periphery of the enzymatic complex.  

 

 

Figure 71. Telomerase (TERT) interacts with the PDC-E2 subunit. Representative confocal images of 
the TERT-PDC-E2 PLA in HL60 and HeLa cells. The PLA foci of interactinon can be observed in green in 
the upper panel (A-C) and in yellow in the other images (D-H). Mitochondria are stained with 
mitotracker (magenta) and the green cells correspond to HeLa cells transfected with the pCS2-mtGFP 
plasmid. (A and D) Positive control with anti-PDC-E1 and PDC-E2. (B, E and G) Negative controls without 
the primary antibodies. (C, F and H) Foci of interaction between TERT and PDC-E2 in the nucleus and 
cytoplasm of HL60 cells and HeLa cells (white arrowheads). The number of foci increases upon 
transfection with the pBABE-TERT plasmid. 
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4. Discussion 

Long non-coding RNAs (lncRNAs) are known to have functions controlling gene expression by 
binding to specific motifs in the DNA40 or by determining the localization of chromatin 
modificators or the transcription machinery38. The telomerase RNA (TERC) has been described 
to act as a lncRNA independently of telomerase performing those kinds of functions45; 48. In 
particular, our previous findings reveal the ability of TERC to interact with RNApol II to promote 
the transcription of myelopoietic genes47. However, although several loci containing the TERC-
binding motif were found in the genome37, the protein interactors of TERC haven’t been 
described. 

Considering all of the above, we decided to identify the protein interactome of terc to uncover 
additional non-canonical roles of the telomerase RNA using zebrafish as an in vivo model. 
Surprisingly, we found that most terc-interacting proteins were involved in carbon metabolism 
and oxidative phosphorylation pathways (Elena Martínez-Balsalobre PhD thesis, unpublished 
results).  

In this work we demonstrated that the interaction found between terc and the E1 component 
of the pyruvate dehydrogenase complex (PDC-E1) in zebrafish was conserved in human cells. 
We validated the TERC-PDC-E1 interaction in two different human cell lines (HL60 and HeLa cells) 
by using RNA-pull down, RNA immunoprecipitation (RIP) and Proximity Ligation Assay (PLA) 
experiments. Additionally, by colocalization analysis of the PLA signal, we determined that this 
interaction was taking place inside the nucleus and in the cell cytosol and mitochondria. In the 
recent years, the number of reported glycolysis and TCA-related proteins interacting with RNAs 
has been widely increasing286; 298. Still, the pyruvate dehydrogenase has not been reported to be 
able to bind RNAs until now. Furthermore, this interaction also depicts another non-canonical 
role of TERC. 

Since we found that TERC-PDC-E1 interaction was occurring in multiple cell sites, and it has been 
reported that TERC can be imported into the mitochondria49 and PDC can translocate into the 
nucleus105; 106, we wondered if TERC could be involved PDC-E1 localization. In fact, we found that 
a decrease in TERC expression led to an increase in nuclear levels of PDC-E1 and that TERC 
overexpression had the opposite effect. However, although we saw an increase in nuclear PDC 
levels when decreasing TERC expression, we did not see changes in global levels of acetylated 
histone 3 (H3) or histone 4 (H4). Besides, TERC expression did not affect PDC activity when 
measured in whole cells and mitochondria. Although global changes in PDC activity could not be 
appreciated, we wanted to address the question if, specifically, PDC activity could be changing 
in the nucleus when modifying TERC expression. Unfortunately, we couldn’t isolate nuclei with 
enough purity to address this question. Furthermore, we cannot rule out that, despite the global 
acetylation status of histones is not altered, TERC might be recruiting PDC-E1 to specific loci to 
regulate histone acetylation. This would not be surprising considering the ability of TERC to bind 
to genomic DNA. Regarding this, it would be very interesting to assess PDC-E1 binding to 
genomic loci containing TERC-binding sites known to be bound by TERC and determine histone 
acetylation status in those loci. 

It has been shown that TERC-TERT complexes regulate regeneration and tumorogenesis by 
binding to promoters of ribosomal DNA genes and stimulating its transcription by RNA 
polymerase I299. Furthermore, inhibition of both TERT and TERC impaired myelopoiesis in human 
iPS cells in a telomere length independent manner46. In addition, we have also shown that terc 
has a key role in the regulation of myelopoiesis in zebrafish and humans independently of TERT 
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and telomere length21; 47. Thus, we evaluated if PDC-E1-TERC interaction was TERC-exclusive, 
that is, a non-canonical role of telomerase RNA independent of TERT. We discovered that, in 
fact, TERT was also interacting with PDC-E1. Moreover, TERT overexpression reduced PDC 
activity in the mitochondria. In addition, we investigated if TERC and TERT were interacting with 
other proteins of the PDC. By using PLA, we detected some signals for both telomerase 
components interacting with PDC-E2, however, those were less intense and abundant than the 
ones obtained with PDC-E1. This may be due to the distribution of the PDC subunits in the 
complex, being the E1 in the periphery and E2 in the core. We need to further investigate if that 
interaction is performed by TERT and TERC separately or forming a complex, and in case of the 
latter, whether any of the components is dispensable for the interaction to happen. 

Summarizing, in this work we show the interaction between both telomerase components with 
the E1 and E2 subunits of the PDC. We need to further investigate if that interaction is performed 
by TERT and TERC separately or altogether, and in case of the latter, if the presence of TERC or 
TERT is indispensable for the interaction to happen. Besides, all PDC components are known to 
perform independent functions in cytosol and nucleus of the cells. The PDC-E1α subunit has 
been reported to be in the cytosol, inhibiting the NFκB pathway by directly interacting with IKKβ 
and protein phosphatase 1B300. The E2 and E1 components have been shown to interact with 
the transcription factor STAT5, improving its function and upregulating the transcription of the 
genes under its control such as IL-3301; 302. Moreover, PDC-E2 has been described to form a 
complex with histone acetyltransferase p300 and pyruvate kinase (PKM2) to induce local 
production of acetyl-CoA in specific loci in the nucleus303. Lastly, the PDC-E3 protein has been 
shown to be able to bind TiO2, and also to interact with doble strand DNA (dsDNA)304. 

Due to the numerous functions attributed to the E1, E2 and E3 components besides the 
production of acetyl-CoA when they’re forming the PDC, and due to the several places of 
interaction found between PDC-E1 and E2 and the telomerase components, in order to stablish 
the biological role of this interaction, it would be useful to determine if the interactions found 
take place with the components separately of with the whole PDC (E1, E2 and E3 altogether). 
That is, if TERT and/or TERC are interacting with the PDC subunits separately, they may also be 
participating in their described non-canonical functions or being part of another non-canonical 
role of the PDC subunits not yet reported.  

On the other hand, PDC has been recently described as a target to the aging process305. Not only 
PDC activity has been reported to be diminished in the muscle of aged mice306 and in the brain 
of aged mice and Alzheimer’s disease patients307; 308, but also progeria patients, which have an 
accelerated aging process, have been described to have more nuclear PDC and decreased 
oxidative phosphorylation106; 309; 310. The telomerase complex is one of the key cellular 
mechanisms directly related to aging and immortalization10; 218. Several studies have already 
described the importance of the nucleus-to-mitochondria communication in cell function in 
general but also in the aging process34; 104; 311. Moreover, they point to histone modifications 
(specifically acetylation) as the main mechanism by which cell senescence and pluripotency are 
linked to cell metabolism104; 312. Due to the previous evidence linking the control of histone 
acetylation and aging, and due to the role of PDC in histone acetylation, we also have to consider 
that the interaction that we report in this work between the telomerase components and the 
subunits of PDC, may be indicating a new way in which aging and metabolism are connected.
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The results obtained in this work led to the following conclusions: 

1. terc levels affect the composition of the glycolytic and TCA cycle metabolites in zebrafish 
larvae. Moreover, terc functions as a lncRNA regulating the expression of ldhbb by 
binding to its promoter region in both larvae and adult hematopoietic tissue. 
 

2. The pharmacological inhibition of lactate dehydrogenase (Ldh) with oxamate and 
exogenous lactate are able to alleviate skin inflammation in the spint1a mutant 
zebrafish by decreasing the NAD+/NADH ratio. However, only the treatment with 
oxamate reduces the levels of DNA damage and oxidative stress (H2O2) in the skin of 
spint1a mutant larvae. 
 

3. Manipulation of Ldh activity with oxamate and lactate alters gene expression profile of 
inflamed skin of spint1a mutant zebrafish larvae, including rps6ka1, socs2 and cxcl14. 
However, genetic manipulation of selected differential expressed genes, such as 
rps6ka1 and socs2, does not affect skin inflammation of spint1a mutant zebrafish larvae. 
In addition, RPS6KA1 transcript levels increase in human skin psoriatic lesions and 
correlate with those of inflammation markers, whereas those of SOCS2 are decreased. 
 

4. LDHA transcript levels are higher in psoriatic lesions of human skin than in non-lesional 
and healthy skin, and positively correlate with those of inflammation markers. In 
addition, CXCL14 mRNA levels are lower in human skin psoriatic lesions than in healthy 
skin and negatively correlate with those of LDHA and inflammation markers. 
 

5. terc deficiency, but not Tert, alleviates skin inflammation of spint1a mutant larvae, 
assayed as the number of skin aggregates and neutrophil infiltration.  
 

6. Overexpression of terc in hematopoietic cells restrains glioblastoma progression 
independently of Tert. This effect seems to be independent of the microglia, since its 
number and its polarization are both unaffected. 
 

7. Both telomerase components (TERC and TERT) interact with the E1 and E2 subunits of 
the pyruvate dehydrogenase complex (PDC) in the nucleus, cytosol, and mitochondria 
of human cells. 
 

8. Nuclear PDC correlates with TERC levels in human cells. Thus, increased TERC levels 
result in reduced nuclear PDC and, conversely, decreased TERC levels lead to increased 
nuclear PDC. These changes of PDC localization promoted by TERC affect neither global 
histone H3 and H4 acetylation nor PDC activity. However, TERT overexpression 
decreases PDC activity in the mitochondria. 
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1. Introducción 

Los telómeros son estructuras conformadas por una secuencia de ADN repetida en tándem 
(TTAGGG) y un conjunto de proteínas accesorias, localizadas en los extremos de los cromosomas 
eucariotas1; 2. La secuencia telomérica no es una secuencia codificante, siendo la principal 
función de los telómeros la protección del ADN cromosómico3. El ADN telomérico sufre un 
pequeño acortamiento en cada división celular., y cuando se alcanza una longitud telomérica 
crítica, la célula entra en senescencia y es incapaz de seguir dividiéndose. Sin embargo, existen 
mecanismos en la célula para poder solventar este problema, como la telomerasa. 

La telomerasa es un complejo ribonucleoproteico compuesto principalmente por dos 
componentes: una subunidad catalítica (TERT) y un componente de ARN (TERC). TERT es capaz 
de emplear a TERC como molde para completar la síntesis de los telómeros y mantener la 
longitud telomérica de las células4; 5. Dado que la telomerasa es capaz de mantener la longitud 
telomérica y, por ende, la capacidad de división de la célula, la telomerasa se ha relacionado 
directamente con los procesos de envejecimiento y cáncer2; 6. Sin embargo, en los últimos años 
se ha determinado que tanto TERT como TERC son capaces de realizar funciones 
extracurriculares o no canónicas, es decir, independientes del alargamiento telomérico7-9.  

La expresión de TERT se reactiva en el 90% de los tumores2, y se ha demostrado que TERT es 
capaz de incentivar la progresión tumoral de forma independiente al alargamiento telomérico 
interviniendo en procesos como la transición epitelio-mesénquima10; 11, y aumentando la 
señalización de factores de transcripción pro-tumorales como c-MYC12. Por otro lado, TERT 
ejerce otras funciones extracurriculares en la mitocondria, donde se ha determinado que es 
capaz de proteger el ADN mitocondrial del daño de la luz ultravioleta y además disminuye el 
estrés oxidativo inhibiendo la producción de especies reactivas de oxígeno (ROS)13; 14. 

En el caso de TERC, se conoce que es capaz de unirse a más de 2.000 loci en el genoma mediante 
una secuencia consenso (TERC-bs), y que es capaz de actuar como un ARN largo no-codificante 
(lnc-ARN) modificando la transcripción de genes, independientemente de TERT y de la actividad 
telomerasa15. Concretamente en nuestro laboratorio hemos determinado que su expresión es 
imprescindible para la correcta formación de la población mieloide (macrófagos y neutrófilos)9: 
TERC se une a los TERC-bs de las regiones promotoras de los genes que controlan la 
diferenciación mieloide (CSF2, CSF3 y SPI1), reclutando a la ARN polimerasa II (ARN-pol II), y 
promoviendo la transcripción de esos genes y, por tanto, la mielopoyesis16. TERC también es 
importando a la mitocondria, donde es procesado, generándose una forma corta (TERC-53) 
relacionada con el control de la función mitocondrial y la senescencia celular17; 18. Además, tanto 
TERT como TERC poseen funciones extracurriculares regulado procesos de inflamación, 
regulando, entre otros, la señalización a través del factor nuclear-kappa B (NF-κB)19-21. 

La célula utiliza como principal fuente de energía las moléculas de glucosa, que se hidrolizan en 
un proceso en dos fases: la glucólisis y la fosforilación oxidativa22. La glucólisis se produce en el 
citosol y consiste en una oxidación parcial de la glucosa, dando lugar a dos moléculas de 
adenosina trifosfato (ATP) y dos moléculas de piruvato. El piruvato puede convertirse en lactato 
para recuperar el poder reductor perdido en la glucólisis, o puede convertirse en acetil-CoA en 
la mitocondria para entrar en el ciclo de ácidos tricarboxílicos (CAT) y así continuar con el 
proceso de fosforilación oxidativa (oxidación completa de la glucosa), que reporta más 
moléculas de energía (ATP)22; 23. 



Resumen en castellano 

182 
 

La enzima encargada de la conversión del piruvato a lactato es la lactato deshidrogenasa (LDH)22. 
La reacción que cataliza es una reacción reversible y la regulación de su actividad viene dada 
tanto por su composición de subunidades (LDHA y LDHB) como por modificaciones 
transcripcionales y post-traduccionales, aunque en términos generales, una mayor composición 
de subunidades LDHA implica una mayor producción de lactato, y en el caso de LDHB, una mayor 
producción de piruvato24. El estudio de la LDH es de especial interés en las células tumorales 
debido a que es clave en la reprogramación metabólica que sufren para hacer frente a la 
demanda de producción de energía para su rápida proliferación (efecto Warburg)25; 26. Además, 
se ha establecido que el lactato ejerce un papel fundamental inmunomodulador en el 
microambiente tumoral26; 27. 

El piruvato puede también ser destinado a la generación de acetil-CoA por el complejo piruvato 
deshidrogenasa (PDC). Se trata de un complejo enzimático mitocondrial formado por tres 
subunidades28: E1 (piruvato deshidrogenasa), E2 (dihidrolipoil transacetilasa) y E3 (dihidrolipoil 
deshidrogenasa), donde el componente E1 está sujeto a una regulación mediante fosforilación 
que inactiva la actividad enzimática del complejo29. Aunque el PDC es mitocondrial, se ha 
demostrado que es capaz de translocarse al núcleo, donde controla la expresión de genes 
relacionados con el ciclo celular mediante la regulación de la acetilación de histonas30. Asimismo, 
su presencia en el núcleo se ha relacionado con los procesos de envejecimiento y desarrollo 
embrionario31-33. 

El sistema inmunitario está compuesto por barreras físicas y celulares y su principal función es 
la defensa del organismo frente a daño tisular y patógenos34. Se conoce que la regulación del 
metabolismo energético de las células inmunitarias es importante para el desarrollo de sus 
funciones, siendo el metabolismo de la glucosa uno de los más estudiados35; 36. Tanto la glucólisis 
como el CAT son fundamentales no solo para la proliferación de las células inmunitarias, sino 
que también los metabolitos generados poseen funciones de señalización importantes para el 
control de la expresión de genes y la generación de citoquinas35; 37; 38. 

Uno de los principales mecanismos de defensa del sistema inmunitario es la inflamación39. Este 
proceso se ha caracterizado clásicamente por el enrojecimiento, tumoración, dolor y calor34; 39. 
Cuando la inflamación se produce de forma controlada, se considera una inflamación aguda, 
donde hay una respuesta localizada en el espacio y el tiempo. Sin embargo, cuando los 
mecanismos de control de la inflamación se desajustan, se puede producir una inflamación 
crónica, donde la inflamación persiste en el tiempo, y puede producirse de forma sistémica40; 41. 
La inflamación crónica está presente en numerosas enfermedades, siendo una de ellas la 
psoriasis.  

La psoriasis es una enfermedad multifactorial con un elevado componente genético que cursa 
con inflamación crónica en la piel, donde suelen aparecer lesiones en forma de placas 
enrojecidas con descamación42; 43. Molecularmente se caracteriza por una hiperproliferación de 
queratinocitos y la infiltración de células inmunitarias en la piel, donde se genera un bucle de 
alimentación positivo de moléculas pro-inflamatorias sintetizadas tanto por las células de la piel 
como por las del sistema inmunitario44-47. Además, se produce un incremento del estrés 
oxidativo en la piel que contribuye a la patogénesis de la enfermedad, y se ha determinado que 
moléculas como el NAD+ son clave en la patología de la psoriasis ya que aumentan este estrés 
oxidativo48. Por otro lado, también se conoce que la regulación del metabolismo de la glucosa 
juega un papel fundamental ya que interviene en la proliferación de los queratinocitos49; 50. 
Además, el lactato producido por las células hiperproliferativas en condiciones de inflamación 
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crónica es capaz de retener a las células inmunitarias en el tejido, aumentando los niveles de 
inflamación en el mismo51; 52. 

Otro proceso patológico donde también la respuesta inflamatoria es clave es en el cáncer. Las 
células tumorales son capaces de evadir la respuesta inmunitaria anti-tumoral y crear un 
ambiente de citoquinas y moléculas de señalización para inducir una respuesta inmunitaria que 
favorezca el desarrollo del tumor53-55. 

El glioblastoma es el tumor cerebral más común y uno de los más agresivos, donde la 
supervivencia media de los pacientes es de aproximadamente 15 meses, a pesar de su 
tratamiento con terapias convencionales56; 57. Uno de los motivos por los que este tumor es tan 
agresivo es debido a su gran ambiente inmunosupresor58. Por ello, en la actualidad se considera 
que la inmunoterapia puede ser un tratamiento efectivo para los pacientes con glioblastoma59. 

El pez cebra (Danio rerio) es un pequeño pez tropical que pertenece a la familia Cyprinidae, 
orden de los Cypriniformes60. El uso de este pez como modelo animal en la investigación 
biomédica ha ido creciendo exponencialmente en los últimos años debido a sus numerosas 
ventajas frente a otros modelos vertebrados, como su elevada fecundidad y fertilización 
externa, la fácil manipulación genética de los embriones; su rápido desarrollo (organogénesis 
completa en 24 horas) y la transparencia de las larvas, que permite la visualización in vivo de 
células y moléculas mediante el uso de proteínas fluorescentes61-63.  

Se ha demostrado que el pez cebra es un gran modelo para el estudio de la biología de los 
telómeros ya que existe una gran similitud tanto estructural como funcional entre la telomerasa 
humana y la del pez cebra64. Además, el pez cebra posee una longitud telomérica similar a la del 
humano (5-15 kb)65, y está relacionada con el envejecimiento del pez y su esperanza de vida64-

66. Igualmente, el pez cebra se ha empleado como modelo para el descubrimiento de nuevas 
funciones extracurriculares tanto de Tert como de terc9; 16; 67. 

El pez cebra también es un gran modelo para el estudio del sistema inmunitario68; 69 y la 
inflamación crónica70. Existen numerosos modelos de inflamación crónica en piel, como por 
ejemplo el mutante en el gen spint1a (spint1a-/- ), en el que el nivel de inflamación puede 
detectarse fácilmente debido a su fenotipo de agregados de queratinocitos y dispersión de 
neutrófilos fuera del tejido hematopoyético caudal71.  

Por otro lado, también se han establecido varios modelos de cáncer en el pez empleando el 
sistema de generación de transgénicos Gal4/UAS, por el que se puede inducir la expresión de un 
oncogén en un tejido específico72. Por ejemplo, uno de los modelos de glioblastoma más 
empleados se genera mediante la expresión del oncogén HRAS fusionado a la proteína 
fluorescente verde GFP (UAS:eGFP-HRAS_V12) en la línea transgénica zic4:GAL4, que expresa 
Gal4 específicamente en el tejido cerebral73.  

  



Resumen en castellano 

184 
 

2. Objetivos 

Los objetivos de este trabajo son los siguientes: 

3. Estudiar la relación entre terc y la regulación del metabolismo de la glucosa en el 
contexto de inflamación crónica y en la respuesta inmunitaria antitumoral. 
 

4. Validar y caracterizar la interacción entre el complejo piruvato deshidrogenasa y los 
componentes de la telomerasa TERC y TERT. 
 

 

  



Resumen en castellano 

185 
 

3. Resultados y discusión 

3.1. Regulación del metabolismo de la glucosa por terc 

En nuestro grupo de investigación hemos descrito que TERC posee una función extracurricular 
evolutivamente conservada regulado la generación de células de la estirpe mieloide. 
Concretamente, hemos demostrado que TERC es capaz de unirse su secuencia consenso 
específica (TERC-bs) en las regiones promotoras de los principales genes en control de la 
mielopoyesis, SPI1 and CSF3, reclutando a la ARN pol II para iniciar su transcripción9; 16.  

Se conoce que los TERC-bs se encuentran en más de 2000 loci diferentes en todo el genoma 
humano, por lo que TERC puede estar regulando la transcripción de muchos más genes15. Por 
otro lado, ya hay descritos muchos lnc-ARNs que están involucrados en la regulación del 
metabolismo de la glucosa, como por ejemplo lncRNA-UCA188; 89, que aumenta la expresión de 
la hexoquinasa 2 (HK2) o el lncRNA-AC020978, que se expresa en condiciones de hipoxia, 
aumentando la transcripción de enzimas implicadas en la glucólisis90. 

Por ese motivo, decidimos evaluar si la expresión de terc podría estar afectando la composición 
de los metabolitos glucídicos, realizando un análisis metabolómico en larvas de pez cebra con 
una expresión de terc reducida o incrementada.  

En este trabajo se presentan los primeros datos que apuntan a la existencia de una regulación 
del metabolismo de la glucosa por terc, ya que la concentración de varios metabolitos de la 
glucólisis y del ciclo de Krebs (CAT) se vio modificada atendiendo a la expresión de terc, 
especialmente, la concentración de lactato. Los niveles de lactato se vieron incrementados 
cuando se redujeron los niveles de terc y viceversa. Además, se encontró una terc-bs en el 
promotor del gen ldhbb y se comprobó que su expresión se reducía al disminuir los niveles de 
terc, y que la regulación se llevaba a cabo a través de su secuencia promotora. También pudimos 
establecer que esta regulación se producía no solo en larvas de pez cebra sino también en el 
tejido hematopoyético del pez adulto, siendo necesaria la caracterización de esta regulación 
mediante mutagénesis del tercbs en la región promotora del gen ldhbb y con un ensayo de 
aislamiento de cromatina mediante purificación de ARN (ChIRP) para detectar directamente la 
unión de terc a esta región promotora. 

Una vez establecida esta regulación, se decidió estudiar el impacto de la expresión de terc en 
dos modelos de enfermedad en los que el lactato juega un papel importante en la modulación 
de la respuesta inmunitaria, comenzando por la inflamación crónica en piel. 

En el contexto de inflamación crónica se ha descrito que el lactato es capaz de incrementar la 
respuesta inmunitaria, aumentando los niveles de inflamación37; 51; 91. Por ese motivo, 
comenzamos caracterizando el efecto de la regulación del lactato en un modelo de inflamación 
crónica en piel, como es el modelo de pez cebra mutante para spint1a (spint1a-/-).  

En primer lugar, encontramos que el tratamiento con un inhibidor de LDH (oxamato), redujo los 
niveles de inflamación en las larvas spint1a-/-, aunque no se consiguió confirmar este resultado 
mediante la inhibición genética de los genes de ldha ni ldhba. Este resultado puede deberse a la 
presencia de otras isoformas de Ldh en la piel del pez cebra y a la dificultad para inhibir 
completamente la expresión de ldha y ldhba mediante la microinyección de las guías de CRISPR-
Cas9, que generan una deleción en mosaico en la primera generación. 

Por otro lado, el tratamiento con lactato también redujo los agregados y la dispersión en las 
larvas con inflamación crónica. Esto nos hizo plantearnos la hipótesis de que la reducción en la 
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inflamación se debiera no solo la producción de lactato, sino que la regulación de la actividad 
LDH mediante el oxamato o el lactato, estuviera afectando al balance NAD+/NADH. Así, a través 
de ensayos de rescate mediante el tratamiento con NAD+ y a través de la medición de NAD+ y 
NADH mediante ensayos de luciferasa, comprobamos que tanto el tratamiento con oxamato 
como el lactato exógeno estaban reduciendo la ratio NAD+/NADH. Existen evidencias previas de 
que la reducción en esta ratio mejora la inflamación en la piel48, y nuestros resultados también 
confirman otros estudios de la literatura donde se establece que el lactato en exceso es capaz 
de producir cambios en los niveles de NAD+/NADH92; 93.  

Asimismo, decidimos estudiar los cambios transcriptómicos que se estaban produciendo en la 
piel de las larvas tratadas con ambos tratamientos, y nos centramos en los genes comúnmente 
regulados por oxamato y lactato con el objetivo de encontrar genes candidatos a mediar esta 
mejora en la inflamación. Concretamente, establecimos que la mayoría de los genes 
identificados estaban implicados en rutas metabólicas, de señalización celular mediante 
citoquinas y en rutas de proliferación. Algunos de ellos (rps6ka1, socs2, ctnnb1, pfas or cxcl14) 
fueron seleccionados para realizar ensayos funcionales en las larvas spint1a-/-, donde en el caso 
de rps6ka1 y socs2, concluimos que ni su aumento ni su disminución era suficiente para causar 
cambios en el estado de inflamación de las larvas deficientes en spint1a. 

Además, realizamos un análisis bioinformático empleando datos de transcriptómica de 
muestras de piel de pacientes de psoriasis, disponibles en la base de datos GEO (GDS4602). En 
este análisis comprobamos que la expresión de LDHA y LDHB estaba aumentada en las lesiones 
de piel de los pacientes de psoriasis y encontramos una correlación positiva entre la expresión 
de LDHA y el marcador de inflamación IL-1B. También evaluamos la expresión de los genes 
candidatos encontrados en el análisis de microarray realizado con las muestras de piel de pez 
cebra, encontrando varias diferencias en el patrón de expresión de los genes, como en el caso 
de RPS6KA1 cuya expresión estaba aumentada en las muestras humanas y correlacionaba 
positivamente con la expresión de genes inflamatorios como IL-1B e IL-17A. Sin embargo, 
determinamos otros genes como CXCL14, cuya expresión estaba disminuida en la piel de las 
larvas spint1a-/- y también en las lesiones de piel de los pacientes de psoriasis, y aumentaba con 
los tratamientos de oxamato y lactato. Además, su expresión correlacionaba negativamente con 
la expresión de LDHA y los marcadores de inflamación estudiados, corroborando los resultados 
de otros estudios en la bibliografía, donde se ha descrito que sus niveles se encuentran 
reducidos en las lesiones de los pacientes de psoriasis, y que su falta aumenta la susceptibilidad 
de los pacientes a sufrir infecciones bacterianas94.  

Uno de los resultados más llamativos es la mejora de la inflamación en piel de las larvas 
deficientes en terc. Esto puede deberse a la reducción de la expresión de la ldhbb hepática, 
donde se acumularía el lactato. Este exceso de lactato en el hígado iría a la piel, donde la ldhba 
lo convertiría en piruvato, y generaría NADH, que restauraría el balance NAD+/NADH. 

Por otro lado, debido a la regulación de ldhbb por terc en las células hematopoyéticas, y a la 
implicación del metabolismo en la función del sistema inmunitario, estudiamos también el papel 
de terc en la respuesta inmunitaria antitumoral. Concretamente, encontramos que la 
sobreexpresión de terc en las células hematopoyéticas (peces drl:terc), resultó en una reducción 
del tamaño del tumor de glioblastoma, de forma independiente a la expresión de tert.  

De esta forma, comenzamos a estudiar las posibles células inmunitarias involucradas en la 
reducción del tumor, comenzando por los neutrófilos debido al papel previamente descrito para 
terc regulando la mielopoyesis16. Mediante una tinción con negro Sudán, se vio que el número 
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de neutrófilos en la cabeza de las larvas drl:terc con tumor aumentaba de forma significativa, sin 
embargo, al estudiar la capacidad de migración de los neutrófilos en un ensayo de herida, no se 
encontraron diferencias con respecto a los neutrófilos sin sobreexpresión de terc. Ya que las 
citoquinas quimioatrayentes producidas por el tumor son diferentes a las producidas en una 
herida (G-CSF y GM-CSF en tumores95, y gradientes de H2O2 como primera señal de 
reclutamiento en las heridas98), sería interesante estudiar las diferencias en la composición de 
citoquinas en ambos casos, e investigar si terc es capaz de inducir diferencias en la expresión de 
receptores de citoquinas, influyendo en el reclutamiento de los neutrófilos al tumor, pero sin 
tener efecto en el caso de las heridas. 

Puesto que la mayor parte de las células que constituyen la respuesta inmunitaria frente al 
glioblastoma son las células de la microglía101, decidimos estudiar si la sobreexpresión de terc 
era capaz de modificar su función antitumoral. Mediante inmunotinción de la microglía en larvas 
con y sin sobreexpresión de terc, comprobamos que el número de células de la microglía era 
similar en ambos casos, con independencia al desarrollo del glioblastoma. Asimismo, se 
comprobó si terc era capaz de inducir cambios en la polarización de los macrófagos (y, por ende, 
la microglía), realizando ensayos de infección en las larvas, previamente modificando los niveles 
de terc. Nuestros resultados indican que los cambios en la expresión en terc no son suficientes 
para producir cambios en el estado de polarización de los macrófagos, aunque sería necesario 
descartar al completo esta posibilidad estudiando marcadores de polarización directamente de 
la microglía que se localiza en el microambiente tumoral.  

Finalmente, se decidió estudiar el interactoma de la proteína Draculin usando la base de datos 
STRING (https://string-db.org/) para establecer otras células que pudieran estar implicadas en 
la reducción del glioblastoma al aumentar la expresión de terc. En este estudio bioinformático 
se establecieron como posibles candidatas las células hemangiogénicas, que dan lugar tanto a 
las células hematopoyéticas como las células angiogénicas, es decir, las que dan lugar a los vasos 
sanguíneos. Los tumores sólidos como el glioblastoma inducen la formación de nuevos vasos 
sanguíneos para asegurar la llegada de nutrientes y oxígeno al tumor115; 116, por lo que sería 
interesante indagar en la posibilidad de que terc esté involucrado en este proceso y que, por 
ello, los cambios en su expresión en estas células produzcan la reducción tumoral que hemos 
descrito.  
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3.2. Caracterización de la interacción entre piruvato deshidrogenasa y telomerasa 

Se conoce que el ARN de la telomerasa (TERC) es capaz de funcionar como un lnc-ARN, 
uniéndose a una secuencia consenso específica en el genoma15, y realizando funciones de forma 
independiente a TERT y al alargamiento telomérico21; 74. Concretamente, nuestro grupo de 
investigación ha demostrado que TERC es capaz de aumentar la transcripción de reguladores 
clave de la mielopoyesis, uniéndose en su región promotora y atrayendo y uniéndose a su vez a 
la ARN polimerasa II (ARN pol II)16. Sin embargo, aunque se conoce esta habilidad de TERC como 
regulador transcripcional, nunca se ha descrito si existen más proteínas que interaccionan con 
este ARN y que puedan dar más información sobre otras funciones extracurriculares que pueda 
estar llevando a cabo. 

Teniendo esto en cuenta, decidimos identificar el interactoma proteico de terc, empleando al 
pez cebra como modelo in vivo. Una vez identificados los posibles interactores, descubrimos que 
la mayoría de ellos eran proteínas involucradas en el metabolismo de carbohidratos y la 
fosforilación oxidativa (tesis doctoral de Elena Martínez-Balsalobre, resultados no publicados).  

En este trabajo hemos demostrado que la interacción identificada en el pez cebra entre terc y el 
componente E1 del complejo piruvato deshidrogenasa (PDC-E1), se encuentra conservada en el 
humano. Para ello, se han empleado dos líneas celulares diferentes y se han realizado ensayos 
de RNA-pull down, inmunoprecipitación de RNA (RIP) y ensayos de ligación por proximidad 
(PLA). Además, mediante ensayos de colocalización se ha determinado que esta interacción 
ocurre tanto en el núcleo como en el citosol y la mitocondria de la célula. En los últimos años, 
se ha incrementado considerablemente el número de enzimas glucolíticas y del CAT que tienen 
la capacidad de unir ARNs. Sin embargo, esta es la primera evidencia de la habilidad de la 
piruvato deshidrogenasa de unir ARN. Además, esta interacción evidencia un nuevo papel 
extracurricular de TERC.  

Se determinó que los niveles de TERC son importantes para determinar la localización nuclear 
de la enzima, ya que una disminución de la expresión de TERC conllevaba un aumento de los 
niveles de PDC nuclear, y viceversa. Sin embargo, la expresión de TERC no indujo cambios en la 
actividad enzimática de PDC ni en los niveles globales de acetilación de las histonas H3 y H4. Sin 
embargo, ya que TERC es capaz de unirse a sitios específicos en el genoma a través de su 
secuencia consenso, no se puede descartar la posibilidad de que TERC pueda estar guiando al 
PDC para controlar la transcripción en sitios específicos del genoma. 

También se evaluó si la interacción entre TERC y PDC era exclusiva del ARN de la telomerasa o si 
también estaba implicada la subunidad catalítica (TERT). Mediante la realización de PLA, 
concluimos que también TERT era capaz de interaccionar con la subunidad E1 del PDC. Además, 
comprobamos que la sobreexpresión de TERT era capaz de reducir la actividad PDC en la 
mitocondria. Asimismo, se estableció que ambos componentes de la telomerasa eran capaces 
de interaccionar con la subunidad E2 del PDC, aunque de forma más débil. 

Es necesario conocer aún si esta novedosa interacción entre los componentes de la telomerasa 
y el PDC se produce por TERC y TERT por separado o formando un complejo, y, en ese caso, si 
alguno de los dos componentes es un factor limitante para la interacción. Además, se han 
descrito funciones independientes para las subunidades del PDC tanto en el núcleo como en el 
citosol. Por ejemplo, se ha determinado que la subunidad PDC-E1α se localiza también en el 
citosol y es capaz de inhibir la señalización del factor proinflamatorio NFκB, interaccionando con 
su inhibidor IKKβ75. También se ha descrito que tanto la subunidad E1 como la E2 son capaces 
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de interaccionar con el factor de transcripción STAT5, aumentando la transcripción de sus genes 
diana, como la interleucina 3 (IL-3)76; 77. Por tanto, para conocer la función biológica de esta 
interacción, es necesario dilucidar si la interacción con TERC y TERT se produce con las 
subunidades del PDC por separado, o con el complejo enzimático al completo. 

Por otro lado, el PDC ha sido descrito recientemente como una proteína clave a estudiar en el 
proceso de envejecimiento78, ya que se ha visto que su actividad se encuentra disminuida tanto 
en ratones envejecidos como en el cerebro de los pacientes con alzheimer79-81. Además, se ha 
determinado que las personas con progeria (síndrome que produce un envejecimiento 
acelerado), poseen una mayor cantidad de PDC nuclear y una disminución en su capacidad para 
realizar la fosforilación oxidativa33; 82; 83.  

El complejo de la telomerasa es uno de los mecanismos celulares directamente relacionados con 
los procesos de envejecimiento e inmortalidad64; 84, y numerosos estudios han descrito la 
importancia de la comunicación núcleo-mitocondria tanto para la normal función celular como 
durante el envejecimiento13; 85; 86. Más aún, los estudios señalan que las modificaciones de 
histonas, y específicamente la acetilación, es el principal mecanismo por el que la senescencia y 
la pluripotencia celular se encuentra ligada al metabolismo85; 87. Debido a los estudios previos 
que relacionan el control de la acetilación de histonas con el envejecimiento, y debido al papel 
de PDC en la acetilación de histonas, también se debe considerar la posibilidad de que la 
interacción que reportamos en este trabajo entre los componentes de la telomerasa y las 
subunidades del PDC, pueda indicar una nueva forma por la que los procesos de envejecimiento 
y el metabolismo celular están conectados.  
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4. Conclusiones 

Las conclusiones obtenidas a partir de los resultados de este trabajo son las siguientes: 

1. Los cambios en la expresión de terc inducen modificaciones en la composición de los 
metabolitos de la glucólisis y el CAT en las larvas de pez cebra. Asimismo, terc funciona 
como un ARN largo no codificante regulando la expresión del gen ldhbb uniéndose a su 
región promotora tanto en larvas como en el tejido hematopoyético adulto.  
 

2. La inhibición farmacológica de la lactato deshidrogenasa (Ldh) con oxamato y el 
tratamiento con lactato exógeno, mejoran la inflamación en piel en las larvas de pez 
cebra deficientes en spint1a, disminuyendo la ratio NAD+/NADH. Sin embargo, solo el 
tratamiento con oxamato es capaz de reducir los niveles de daño en el ADN y de estrés 
oxidativo (H2O2) en la piel de las larvas deficientes en spint1a. 
 

3. La manipulación de la actividad Ldh con oxamato y lactato altera el patrón de expresión 
génica de la piel inflamada de las larvas deficientes en spint1a, incluyendo rps6ka1, 
socs2 y cxcl14. Sin embargo, la manipulación genética de los genes diferencialmente 
expresados seleccionados, como rps6ka1 y socs2, no afecta a la inflamación crónica en 
piel de estas larvas. Además, los niveles de RPS6KA1 están aumentados en las muestras 
de lesiones de pacientes psoriásicos y correlacionan con los niveles de marcadores de 
inflamación, mientras que los de SOCS2 están disminuidos. 
 

4. Los niveles de LDHA están aumentados en las lesiones de pacientes psoriásicos con 
respecto a la piel sin lesiones y aquella de pacientes sanos, y correlacionan 
positivamente con marcadores de inflamación. Además, los niveles de ARNm de CXCL14 
se encuentran disminuidos en las muestras de lesiones de pacientes psoriásicos con 
respecto a la piel sana, y correlacionan negativamente con los niveles de LDHA y los 
marcadores de inflamación.  
 

5. Solo la deficiencia de terc, pero no la de Tert, es capaz de mejorar la inflamación crónica 
en piel de las larvas deficientes en spint1a, como muestra la disminución en la formación 
de agregados de queratinocitos y en la infiltración de neutrófilos en la piel.  
 

6. La sobreexpresión de terc en células hematopoyéticas restringe el desarrollo tumoral 
del glioblastoma de forma independiente a Tert. Este efecto parece ser independiente 
de la microglía ya que tanto su número como su polarización permanecen inalterados.  
 

7. Ambos componentes de la telomerasa (TERT y TERC) interaccionan con las subunidades 
E1 y E2 del complejo piruvato deshidrogenasa (PDC) en el núcleo, citosol y la 
mitocondria de células humanas. 
 

8. La PDC nuclear correlaciona con los niveles de TERC en células humanas. Así, el 
incremento de TERC resulta en una disminución de PDC nuclear, mientras que una 
disminución de TERC produce un aumento en PDC nuclear. Los cambios de localización 
de PDC promovidos por TERC no afectan a los niveles generales de acetilación de 
histonas H3 y H4 ni a la actividad enzimática del PDC. Sin embargo, la sobreexpresión de 
TERT produce una disminución de la actividad PDC mitocondrial. 



 

 

 


