
Article

Not peer-reviewed version

Dynamics of Mitochondrial Proteome

and Acetylome in Glioblastoma Cells

with Contrasting Metabolic Phenotypes

Diana Lashidua Fernández-Coto , Jeovanis Gil , Guadalupe Ayala , Sergio Encarnación-Guevara 

*

Posted Date: 26 January 2024

doi: 10.20944/preprints202401.1891.v1

Keywords: Glioblastoma; lysine acetylation; SIRT3; metabolism; mitochondria

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2028288
https://sciprofiles.com/profile/883483
https://sciprofiles.com/profile/2694566
https://sciprofiles.com/profile/2112129


 

Article 

Dynamics of Mitochondrial Proteome and Acetylome 
in Glioblastoma Cells with Contrasting Metabolic 
Phenotypes 

Diana Lashidua Fernández-Coto 1,a, Jeovanis Gil 2,a, Guadalupe Ayala 3  

and Sergio Encarnación-Guevara 1,* 

1 Laboratorio de Proteómica, Centro de Ciencias Genómicas-UNAM, Universidad s/n, Col. Chamilpa, 

Cuernavaca, Morelos CP 62210, México; cocodi_trent@hotmail.com. 
2 Division of Oncology, Department of Clinical Sciences Lund, Lund University, 22185 Lund, Sweden; 

jeovanis.gil_valdes@med.lu.se.   
3 Instituto Nacional de Salud Pública, Universidad No. 655, Col. Santa María Ahuacatitlán, Cuernavaca, 

Morelos CP 62100, México; gayala@insp.mx.  
a These authors contributed equally to this work 

* Correspondence: Sergio Encarnación-Guevara; encarnac@ccg.unam.mx.  

Abstract: Glioblastoma is a central nervous system cancer type with a poor prognosis. One of its main features 

is the constant change of metabolism phenotype to support its development and progression. Mitochondria 

play a critical role in cellular metabolism. Acetylation on lysine residues of mitochondrial enzymes is a 

mechanism for regulating protein function. This modification negatively affects the mitochondrial proteome 

function and is counteracted by the enzyme sirtuin 3 (SIRT3). To better understand how SIRT3 regulates 

mitochondrial metabolism, we inhibited SIRT3 and examined by high-resolution mass spectrometry analysis 

the proteome and acetylome of two glioblastoma cell lines with different metabolic preferences. Our results 

indicate that protein synthesis machinery is regulated by lysine acetylation and plays a role in the metabolic 

phenotype. We also identified new SIRT3 targets not previously associated with specific functions, highlighting 

their potential as future targets for further study. This study shed light on the role of SIRT3 in mitochondria 

and its implication for cellular metabolism. We have generated knowledge at the proteome and acetylome 

levels on the dynamics between two glioblastoma cell lines with opposing metabolic phenotypes. Our results 

might guide in searching for biomarkers at both proteome and acetylome levels in glioblastoma. 
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1. Introduction 

Glioblastoma multiforme (GBM) is the most common and aggressive form of brain cancer, with 

an incidence of 2 to 5 cases per 100,000 people in North America and Europe. It is more common in 

men than women and rare in children. GBM can be primary or secondary [1, 2]. Secondary GBM 

often occurs earlier, at around 45 years of age, develops more frequently from a low-grade 

astrocytoma, and is associated with a better prognosis [2, 3]. On the other hand, primary GBM is more 

widespread, aggressive, highly invasive, and more prevalent among the elderly. Both primary and 

secondary glioblastomas are treated with surgical resection, radiation therapy, and chemotherapy 

with temozolomide [3]. 

The different subtypes of GBM possess a wide range of metabolic phenotypes, affecting the 

cancer cells' behavior. Research has revealed that glioblastomas can exhibit both oxidative and 

glycolytic metabolic profiles, each providing advantages to tumor cells [4–6]. For instance, glycolytic 

glioblastoma cells are typically more aggressive and proliferate faster than oxidative glioblastoma 

cells, leading to varying responses to current therapies targeting the altered metabolism. There is no 

standard treatment approach for glioblastoma based on its metabolic phenotype. However, the 

potential of targeting the metabolic reprogramming of cancer to improve treatment outcomes is 

gaining popularity. The molecular mechanisms responsible for these opposing metabolic phenotypes 
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can be studied in cell models. T98G and U87MG exhibit an oxidative and glycolytic phenotype, 

respectively. As expected, U87MG cells show a higher proliferation rate and migration than T98G 

cells [7]. 

Mitochondria play a critical role in dictating the metabolic phenotype of cancer cells. It is well 

known that the main mitochondrial metabolic pathways are regulated at different molecular levels, 

from transcriptional to translational and posttranslational levels. Protein lysine acetylation has been 

identified as a posttranslational modification (PTM) that regulates increasing mitochondrial proteins 

and pathways. To a large extent, acetylation of mitochondrial proteins has been found to have a 

detrimental effect on their function [8–11]. The main mitochondrial deacetylase is SIRT3, a member 

of the sirtuin family. SIRT3 targets various proteins involved in cell proliferation, cell cycle, ATP 

production, and metabolic pathways such as the tricarboxylic acid cycle (TCA), fatty acid oxidation, 

oxidative phosphorylation (OXPHOS), and ketogenesis [12]. Understanding the interplay between 

this enzyme, its targets, and mitochondrial and cellular dynamics is crucial for developing more 

precise treatment strategies targeting specific glioblastoma phenotypes. 

In this study, the two above-mentioned metabolically distinct glioblastoma cell lines, oxidative 

(T98G) and glycolytic (U87MG) were used to assess the role of SIRT3 in regulating acetylation and 

mitochondrial function. Quantitative proteomics and acetylomics were performed at the cellular and 

mitochondrial level of both cell lines control and treated with a SIRT3 inhibitor. Our results confirmed 

the upregulation of the mitochondrial metabolism in the oxidative cell line and provided new insights 

into the fraction of the proteome regulated by SIRT3. Our findings suggest that SIRT3 plays a crucial 

role in regulating protein synthesis and transcriptional processes regardless of the metabolic 

phenotype of the cell. Improving our understanding of this regulation may affect the development 

of better cancer treatments. 

2. Results 

Quantitative proteomics and acetylomics were performed on two distinct glioblastoma cell lines 

with differing metabolic preferences (U87MG, glycolytic phenotype; T98G, oxidative phenotype) and 

on isolated mitochondria from these cells. The oxidative metabolic phenotype of the T98G cell line 

(Appendix A, Figure A 1) and the glycolytic phenotype of the U87MG cell line (Appendix A, Figure 

A 2) were confirmed by measuring oxygen consumption and lactate production (Appendix A). The 

cells were treated with either dimethyl sulfoxide (Control) or 3-TYP (Treated), a selective inhibitor 

for SIRT3. Mass spectrometry-based measurements were performed on three biological replicates for 

each condition, using a sample processing and analysis approach described in previous studies [13–
15]. The study outline is illustrated in Figure 1A.  

A total of 5992 proteins were confidently identified, including 1489 acetylated proteins and 2800 

acetylation sites. Our results confirmed our previous observation that protein abundance represents 

a limiting factor for identifying acetylation sites [16, 17], as illustrated in the abundance distribution 

histograms for all acetylated identified proteins (Figure 1B). Based on the annotation of 1119 

mitochondrial subcellular location proteins in the Protein Atlas repository[18, 19], we identified 525 

and 547 proteins with a mitochondrial location in the global proteome and mitochondria-enriched 

samples, respectively (Figure 1C). 

The mitochondrial subcellular enrichment was assessed based on the relative proteome 

abundance, considering the reported subcellular location for the proteins. As expected, mitochondrial 

extracts showed higher quantities of mitochondrial proteins while were underrepresented in cellular 

and nuclear proteins (Figure 1D). The proteome abundance profiles provided clear discrimination 

between the two cell lines and treatment conditions. This was evident in both sample types, whole 

cellular and mitochondrial extracts, as shown by the principal component analyses (Figure 1E). 

In the upcoming sections, we will investigate the differences between two metabolically 

opposing glioblastoma cell lines and their response to chemical inhibition of the most significant 

deacetylase in the mitochondria SIRT3, using quantitative proteomics and acetylomics. 
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Figure 1. A) Outline of the study. B) Abundance distribution histograms for all and acetylated 

identified proteins. C) The mitochondrial proteins found in both extracts represent the specific subset 

of proteins found within mitochondria and likely play a role in regulating oxidative metabolism. D) 

The abundance distribution of proteins based on their cellular location shows the protein distribution 

in each extract. E) Principal component analyses using the identified proteome in mitochondria-

enriched (upper plot) and whole cell-cell samples (lower plot). 
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2.1. Proteome dynamics supporting phenotypic features of glioblastoma cells.  

We examined the functional annotation of proteome dynamics to investigate the metabolic 

phenotypic differences between the glioblastoma cell lines under study. We subjected significantly 

dysregulated proteins and differential proteome abundance to enrichment analysis. The proteome 

analysis revealed 2300 proteins significantly differentially expressed between the two cell lines (t-

test, FDR 1%). Functional annotation enrichment analysis on these proteins unveiled the molecular 

signatures supporting the metabolic characteristics of these cell lines (Figure 2A). 

The more aggressive and proliferative glycolytic phenotype of U87MG cells was characterized 

by the upregulation of pathways related to synthesis, proliferation, cellular translation machinery, 

ribosome biogenesis, and RNA splicing. These cells also activated the cellular response to hypoxia 

even under normoxic conditions, supporting their high-energy demands. The relative 

downregulation of immune system-related processes highlighted the aggressiveness of the glycolytic 

phenotype in glioblastomas. Conversely, the oxidative phenotype of T98G cells showed significant 

upregulation of mitochondrial-related functions, including mitochondrial metabolism, organization, 

biogenesis, transport, and translation. Furthermore, the significantly upregulated proteome in these 

cells was enriched in extracellular matrix organization and immune system processes. Proteins 

directly involved in glycolysis and oxidative phosphorylation provided additional validation 

supporting the described metabolic phenotypes in these cells (Figure 2B) (Table S1). 

These findings at the functional molecular level provide insights into a better understanding of 

the differences in disease presentation associated with the metabolism of tumor cells [18, 20]. The 

global available proteome dynamics between these cells were subjected to gene set enrichment 

analysis (GSEA), which largely confirmed our previous observations. The functional molecular 

signature of cells with an oxidative phenotype was characterized by an enrichment of pathways 

involved in mitochondrial energy metabolism, extracellular matrix organization, and immune 

system response signaling. In contrast, cells with a glycolytic phenotype were characterized by 

upregulation of pathways involved in synthesis processes (Figure 2C). 
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Figure 2. Functional proteome characterization of the two glioblastoma cell lines. A) Pathways and 

processes overrepresented in each cell line. B) Volcano plot representation of the differential protein 

abundance between the cell lines of the glycolysis and oxidative phosphorylation hallmark 

annotations. C) Gene set enrichment analysis of the proteome differences between the cell lines. 

2.2. Acetylation Profile in Oxidative and Glycolytic Glioblastoma Cell Lines. 

At the proteome level, we investigated the acetylation profile of oxidative and glycolytic 

glioblastoma cell lines. Our analysis identified 2800 acetylation sites across 1489 proteins, indicating 

that acetylation is a common post-translational modification across all subcellular components and 

significantly regulates various cellular functions [8, 15, 21, 22]. There were no significant differences 

in the subcellular distribution of acetylated proteins between the two cell lines (Figure 3A). 

Interestingly, in the T98G cell line, we identified 1398 acetylated sites from 1058 proteins, 

whereas the U87MG cell line had 1380 acetylated sites from 1049 proteins. Upon comparing these 

acetylation sites, we discovered that 702 were exclusive to the T98G oxidative cell line, while 693 were 

exclusive to the U87MG glycolytic cell line. Moreover, 356 acetylation sites were common in both cell 

lines.  

The acetylation analysis revealed 266 and 272 peptides with relatively higher acetylation 

occupancy (> 0.2%) in T98G and U87MG, respectively. The differences in acetylation stoichiometry 

in proteins between both cell lines play integral roles in diverse metabolic processes. This significance 
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is underscored by the pathway enrichment analysis depicted in Figure 3B, shedding light on specific 

processes regulated by lysine acetylation. 

The high acetylation of some components of signaling pathways in the oxidative cell line 

underscores the potential role of acetylation in regulating critical processes and maintaining cellular 

homeostasis. While most of these signaling pathways are implicated in cancer, information regarding 

the acetylation of their components is limited, and the regulatory effects of this modification remain 

unclear. The Epidermal Growth Factor Receptor (EGFR) participates in pathways such as mitogen-

activated protein kinase (MAPK) signaling, forkhead box O (FoxO) signaling, and the 

phosphoinositide 3-kinase (PI3K-Akt) signaling. It induces cell proliferation and has been implicated 

in glioblastoma's pathogenesis and treatment resistance [23]. Acetylation of EGFR is necessary for 

regulating its function, and higher acetylation levels have been linked to enhanced EGFR activity 

[24]. Acetylation of certain members of the vascular endothelial-derived growth factor  (VEGF) 

signaling pathway has been linked to angiogenesis, which is the primary function of this signaling 

pathway[25].      

Interestingly, we have observed acetylated proteins associated with crucial brain processes such 

as axo-dendritic transport and brain development within the oxidative cell line. Additionally, we 

have identified acetylation in proteins implicated in gliomas and pathways related to 

neurodegeneration. Despite the lack of evidence regarding the acetylation state in a glycolytic cell 

line compared to an oxidative one, our findings indicate that the glycolytic cell line indeed exhibits 

an acetylation state predominantly associated with mitochondrial-related proteins. Notably, 

processes such as mRNA catabolic process, calcium import, transmembrane transport, respiratory 

chain complex assembly, gene expression, and acetyl CoA biosynthetic process from pyruvate, 

among others, demonstrated acetylation.  

Furthermore, the glycolytic cell line exhibited acetylation patterns associated with mitochondrial 

damage, specifically in necroptotic processes and pore complex assembly. It is worth noting that 

mitochondria play a crucial role in regulating necroptosis, which is a controlled form of necrosis that 

relies on the generation of mitochondrial reactive oxygen species (mt ROS) and is dependent on 

mitochondrial permeability transition[26].  

The glycolytic cell line also presents acetylation in proteins that participate in processes related 

to cancer development. Members linked to mesenchyme development, actin cytoskeleton 

organization, and cell junction assembly. During mesenchyme development, epithelial cells can 

reorganize the cytoskeleton, lose cell–cell contacts, and gain a mesenchymal phenotype to facilitate 

cell motility, resistance to apoptosis, and epithelial-mesenchymal complex (ECM) production. 

Current evidence shows that acetylation in some histone and non-histone proteins is implicated in 

the ECM transition and regulates this process[27]. 

Both cell lines showed enrichment in acetylated proteins involved in the spliceosome machinery 

complex. The regulation of spliceosome-related proteins through PTM is not well understood. 

However, studies indicate that dysregulation of pre-mRNA splicing leads to the production of 

aberrant proteins that accelerate tumorigenesis [28]. 
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Figure 3. Enrichment analysis of differentially acetylated proteins between U87MG and T98G cell 

lines. (A) The chord diagram shows the distribution of acetylated proteins from both cell lines across 

different cellular compartments, including nucleoli, cytoplasm, endoplasmic reticulum (ER), 

mitochondria, nucleoplasm, Golgi apparatus, nuclear membrane (NM), and plasma membrane (PM). 

(B) The plot of significantly enriched protein pathways with differentially acetylated sites between 

T98G and U87MG cell lines. Dark green and red circles represent pathways in T98G and U87MG cells, 

respectively. 

2.3. Mitochondrial pathway proteins are overexpressed in response to SIRT3 inhibition in glycolytic and 

oxidative glioblastoma cell lines. 

The regulation of acetylation modifications by SIRT3 is essential for preserving mitochondrial 

function. However, the function of SIRT3 seems to be dependent on the context. While it can promote 

the growth of certain cancers that depend on OXPHOS, it can also act as a tumor suppressor in 

cancers that rely on glycolysis [29]. Our primary focus in this section was to explore how SIRT3 

inhibition affects protein expression in our two cell lines with different metabolism dependencies. To 

selectively inhibit SIRT3, we used 3-TYP reactive, a specific inhibitor to SIRT3 over SIRT2 and SIRT1. 

Although 3-TYP did not affect SIRT3 expression, it effectively inhibited its activity [30].  

In the cellular samples, 1554 proteins were significantly upregulated in the T98G-3TYP cell line 

compared to the control (T98G-Ctrol). The pathways enriched in T98G-3TYP included fatty acid 

metabolism and degradation, TCA cycle, oxidative phosphorylation, and proteins from ribosome and 

peroxisome. The down-regulated proteins after treatment were associated with glycolysis, the HIF-1 

signaling pathway, biosynthesis of amino acids and nucleotide sugars, and proteins of the 

spliceosome and proteasome (Figure 4A). 

In the mitochondrial enriched samples, 1182 proteins were significantly upregulated in the 

oxidative T98G cell line after treatment. The pathways enriched in these proteins included the TCA 

cycle, oxidative phosphorylation, fatty acid beta-oxidation, peroxisome, and ribosome biogenesis. 

The downregulated proteins were associated with other pathways, such as the phagosome, 

spliceosome, endocytosis, focal adhesion, glycolysis, and mitophagy (Figure 4B). 

One thousand nine hundred ninety-seven proteins were significantly upregulated in the U87MG 

cell line after treatment with 3TYP. The functional enrichment analysis revealed that these proteins 

were involved in the degradation of amino acids and fatty acids, as well as pathways like oxidative 

phosphorylation and TCA cycle, peroxisome, and spliceosome. In contrast, the proteins that 

decreased their expression in treated U87MG were associated with the transport and localization of 

proteins, biosynthesis of macromolecules, peptides, cellular nitrogen compounds, and translation 

(Figure 4C). 
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A total of 933 proteins were significantly upregulated in the treated U87MG cell line (Mito-

U87MG-3TYP) compared to the control (Mito-U87-Ctrol). The enrichment analysis showed that these 

proteins were involved in mitochondrial complex I, III, and IV assembly, oxidative phosphorylation, 

TCA cycle, cristae formation, mitochondrial biogenesis, and mitochondria organization. In contrast, 

the proteins that decreased their expression in treated U87MG were associated with apoptosis, cell 

cycle, Ras pathway, endocytosis, ribosome, peroxisome, proteasome, etc. (Figure 4D). 

The response of each cell line to the SIRT3 inhibition treatment is unique. However, the 2D 

enrichment analysis reveals that both cell lines overexpress proteins involved in mitochondrial 

metabolism, such as those related to cristae formation, the Krebs cycle, and the electron transport 

chain (Figure 4E and 4F). It was unexpected to observe this outcome from the inhibition of SIRT3, 

given the enzyme's complex role in tumor biology. SIRT3 can act as a tumor promoter or tumor 

suppressor, depending on the context of the cancer [31]. For instance, it has been shown to have 

protumorigenic properties in colorectal cancer and squamous cell carcinoma [32, 33]. At the same 

time, its knockdown has been associated with tumor proliferation and tumorigenesis in breast and 

liver cancer, where it functions as a tumor suppressor [34].   

In a previous study where SIRT3 inhibition affected the glycolytic metabolism of a cell, the 

researchers found that the suppression of SIRT3 led to abnormal glycolysis [35]. Therefore, in 

response to the reduced function of SIRT3, the cell overexpresses the mechanisms that were affected 

to counteract this effect. This finding suggests that although a cell's metabolism is mainly glycolytic, 

mitochondrial function is still present, which indicates that SIRT3 is crucial for maintaining both 

metabolic phenotypes and, more importantly, the integrity of mitochondria. Overall, the findings of 

this study highlight the importance of SIRT3 in maintaining the normal functioning of cells and the 

delicate balance between glycolysis and mitochondrial metabolism. 
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Figure 4. Enrichment analysis of protein expression profiles in response to SIRT3 inhibition in T98G 

and U87MG cell lines. The colors indicate the different processes that were enriched (up-regulated) 

or down-regulated. A) Blue indicates processes enriched in the oxidative T98G treated cell line (T98G-

3TYP), while green indicates down-regulated processes. B) Light blue indicates processes enriched in 

the mitochondria of the oxidative T98G treated cell line (Mito-T98G-3TYP), while light green indicates 

down-regulated processes. C) Purple indicates processes enriched in the glycolytic U87MG treated 
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cell line (U87MG-3TYP), while red indicates down-regulated processes. D) Light purple indicates 

processes enriched in the mitochondria of the glycolytic U87MG treated cell line (Mito-U87MG-

3TYP), while light red indicates down-regulated processes. E) 2D enrichment analysis results from 

cellular samples and F) 2D enrichment analysis from mitochondrial samples. 

2.4. SIRT3 regulates the synthesis of proteins.    

To gain a deeper understanding of the role of SIRT3, we conducted a functional enrichment 

analysis with the proteins that exhibited an increase in acetylation occupancy by more than 0.2% after 

treatment with the SIRT3 inhibitor 3TYP in both T98G and U87MG cell lines. In the T98G-3TYP cell 

line, we observed an elevation in site-specific for 236 acetylation sites, whereas the U87MG cell line 

displayed an increase the occupancy for 269 acetylation sites.  

Applying the same criterion to mitochondrial enriched samples, we discovered that the T98G 

cell line (Mito-T98G-3TYP) increased site-specific occupancy for 196 acetylation sites. Similarly, the 

treated U87MG cell line (Mito-U87-3TYP) increased in occupancy for 183 acetylation sites (Table S2).  

In cancer cells, growth and proliferation processes are intricately linked to cell metabolism, 

which is regulated to a large extent by acetylation. Our study provides valuable insights into the 

specific processes and pathways affected by inhibiting SIRT3. Figure 5A visually represents the 

impact of acetylation changes in response to treatment with 3TYP in both oxidative and glycolytic 

cell lines. The pie plots in the figure depict various pathways, with the size of the pie slices indicating 

the number of proteins that increased their acetylation in response to treatment in cellular or 

mitochondrial fractions associated with each pathway. This representation highlights the relative 

influence of acetylation changes on different biological processes. 

The inhibition of SIRT3 predominantly impacts the acetylation of proteins involved in critical 

signaling pathways, such as vascular endothelial growth factor receptor (VEGFR) signaling, 

anaplastic lymphoma kinase (ALK) signaling, and ROBO receptor signaling. This highlights the 

regulatory role of acetylation in signaling pathways and the well-known role of phosphorylation. 

Additionally, RNA processing and mitochondrial RNA metabolism processes are significantly 

impacted. Notably, we observed acetylation changes in proteins associated with nervous system 

development and axon guidance. Figure 5B provides a more detailed view of each sample's specific 

protein alterations resulting from SIRT3 inhibition.  

We discovered acetylation in specific members of the ribosomal 55s subunit in the oxidative cell 

line. Previous studies have shown a direct interaction between SIRT3 and 55s ribosome, and 

acetylation of Mitochondrial ribosomal proteins (MRPs) proteins has been identified as a regulatory 

process [36]. Acetylation of ribosomal proteins likely contributes to fine-tuning the regulation of 

translation and may play a role in the functions of MRPs beyond their involvement in ribosomes. 

Specifically, we found SIRT3-dependent acetylation in some proteins, including MRPS6, MRPS22, 

MRPL47, and MRPL3. 

After treatment in the glycolytic cell line, we also observed increased acetylation in specific 

mitochondrial ribosomal proteins, including MRPS5, MRPL16, and MRPS7. This suggests that 

acetylation of ribosomal proteins is an essential modification in both cell lines and serves as a 

mechanism for regulating mitochondrial translation machinery. However, the exact implications of 

this modification still need to be fully understood, and its impact on energy metabolism has yet to be 

thoroughly studied. Further research is required in order to uncover the precise role of acetylation in 

regulating mitochondrial translation machinery and its effects on energy metabolism. 

The effect of acetylation on most members of the ribonucleoprotein complex biogenesis remains 

poorly understood. Heat Shock Protein Family A (HSPA9), a mitochondrial chaperone of the heat 

shock 70 families, has been closely linked to mitochondrial sensitivity to stress in degenerative 

neurons. It is known to sense oxidative stress and activate antioxidant pathways, thereby conferring 

resistance against oxidative stress-induced apoptosis. In our study, we observed the regulation of 

HSPA9 through acetylation in the oxidative cell line.  

In the same way, we observed increased acetylation of HSP90AB1, another cytosolic chaperone 

protein. It has been described that acetylation resulted in the inactivation of HSP90 and played a 
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significant role in destabilizing its client proteins, which are crucial for cell growth and survival 

[37][38]. Moreover, our study shows that inhibiting SIRT3 in the oxidative cell line affected some 

regulatory factors, such as Runx3. The stability of Runx3 has been associated with specific acetylation 

sites and the role of this modification in preventing ubiquitination and their degradation [39]. That 

suggests a protective role of acetylation.  

Notably, N-Acetyltransferase 10 (NAT10), the only nuclear protein with lysine acetyltransferase 

activity, increased acetylation status after the treatment in the glycolytic cell line. This protein has 

been related to the cell cycle and promotes tumor metastasis[40]. Interestingly, the auto-acetylation 

of NAT10 at K426 is required to activate rRNA transcription[41]. This is another example of how 

inhibition of SIRT3 impacts RNA metabolism in our cell lines. 

An important observation from our study is the decrease in acetylation levels of certain 

glycolytic enzymes in the glycolytic cell line following the inhibition of SIRT3. One such enzyme is 

phosphoglycerate kinase 1 (PGK1), which plays a crucial role in glycolysis by catalyzing the 

reversible conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate. The acetylation of PGK1 at 

the K323 site has been associated with enhanced enzymatic activity, carcinogenic effect, and increased 

glycolysis[42]. Another enzyme that exhibited decreased acetylation was phosphoglycerate mutase 1 

(PGAM), a key glycolysis enzyme. The deacetylation of PGAM reduces its enzymatic activity and 

hampers the glycolysis process[43]. These findings highlight the critical role of acetylation in 

regulating the activity of glycolytic enzymes. 
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Figure 5. Pathways and proteins affected by SIRT3 inhibition. (A) Visualization of the Metascape 

enrichment network edited in Cytoscape shows the enriched terms of over-acetylated proteins after 

SIRT3 inhibition treatment. The nodes are represented as pie charts, where the size of a pie is 

proportional to the Z-Score of a specific term. The pie charts are color-coded by the gene list in each 

sample, where the size of a slice represents the percentage of genes under the term that originated 

from the corresponding gene list. The thickness of the line edges is proportional to the SCORE of the 
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pairwise similarities between any two enriched terms. (B) This study contains proteins that increase 

acetylation after SIRT3 inhibition, as shown for each sample. 

3. Materials and Methods 

Cell culture  

Human glioblastoma cell lines, T98G and U87MG were cultured in Eagle's Minimum Essential 

Medium (EMEM) (from GIBCO) supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin in 175 cm2 sterile culture dishes at 37°C and 5% C02 atmosphere. The medium was 

changed regularly, and cells were allowed to reach 80% confluence until SIRT3 inhibition treatment 

and protein extraction. 

SIRT3 selective inhibition treatment with a 3-TYP reagent 

All the experiments were carried out in triplicate. In each iteration, six 175 cm2 culture dishes of 

every cell line at 80% confluence were treated with the 3-TYP (3-(1H-1,2,3-triazol-4-yl) pyridine) 

reagent (from Selleck Chem) at a final concentration of 20 µM in EMEM medium without fetal bovine 

serum. This treatment was maintained for 24 hours for subsequent protein extraction from either 

mitochondrial or total cellular fractions. Concurrently, six 175 cm2 culture dishes for each cell line, 

also maintained at 80% confluence, were subjected to the same conditions but without of applying 

the 3-TYP reagent, serving as the control sample.  

Protein extraction  

For protein extraction from the total cellular fraction in each replicated, cells from six culture 

dishes of each cell line and condition (with and without treatment) were collected with a scraper in 

cold Phosphate-buffered saline (PBS) maintained at 4 °C. The collected cells were then centrifugated 

at 208 xg for five minutes, and the supernatant was removed. Three washes with PBS were performed 

to remove the remaining medium completely.  

The cell count was determined using a Neubauer chamber with trypan blue staining. Six million 

cells were separated and homogenized in a sodium dodecyl sulfate (SDS) solution (4% SDS, 50 mM 

Dithiothreitol (DTT), 100 mM Tris-HCl pH 8.6). Pelleted cells underwent incubation in the SDS 

solution for one minute, followed by sonication on ice. Sonication involved twenty cycles of one 

minute each, with one-minute rest intervals between cycles. The resulting homogenate was 

centrifuged at 1,500 xg /10 minutes/ 4°C, and the supernatant was separated for further 

quantification. Protein content was proved using a 2D Quant kit following the manual instructions 

(from GE Healthcare).      

Mitochondrial purification  

To obtain a replicate of the mitochondrial fraction, six million cells from each cell line and 

condition were homogenized using a glass homogenizer in HEPES solution (20 mM Hepes, 2 mM 

EGTA, 250 mM sucrose, and 0.5 % albumin; pH 7.4). The lysates were centrifuged at 1,500 xg/ 20 min 

/ 4°C, and the supernatant was collected. This process was repeated three more times, with the 

supernatants being combined at each step. The resulting mixture was then centrifuged at 15,600 xg/ 

50 minutes/ 4°C.The precipitate obtained was suspended in a mannitol buffer (120 mM mannitol, 70 

mM sucrose, 5 mM EDTA, and 5 mM Tris-HCl), which was placed on top of a centrifuge tube 

containing a sucrose gradient (1.7 M sucrose, 1M sucrose). The sucrose gradient tube was centrifuged 

in a swinging rotor at 40,000 xg / 60 minutes / 4°C. The lower white line contained the mitochondrial 

phase, which was carefully collected with a micropipette, dissolved in mannitol buffer, and 

centrifuged at 18,000 xg/ 40 minutes/ 4° C. The button was homogenized with SDS solution following 

the procedure in protein extraction section.         
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Chemical acetylation with Deuterated N-acetoxysuccinimide (NAS-d3)  

After obtaining mitochondria extracts and total cellular proteins, we followed the lysine 

acetylation stoichiometry analysis methodology developed by Jeovanis Gil et al. without any 

modifications [15]. We applied the in-solution sample preparation procedure as described (SSP).  

The protein extracts were incubated at 95 °C for five minutes to reduce the disulfide bridges 

completely. Iodoacetamide (IAA) was added at a final concentration of 0.1 M, incubated in the dark 

for 30 minutes, and centrifuged at 1,500 xg / five minutes. The supernatant was collected and 

quantified in an SDS-PAGE. 100 µg of each sample was suspended in 

Triethylammonium bicarbonate (TEAB) solution (100 mM TEAB, 1% SDS, and 0.5% sodium 

deoxycholate (SDC)). SDS and SDC in this methodology were essential to avoid protein precipitation. 

Proteins were precipitated with nine volumes of cold ethanol and incubated overnight at -20 °C, and 

samples were suspended in 200 µl TEAB.  

NAS-d3 alkylating reagent that contains stable heavy isotopes was added to each extract at a 

ratio of 100:1 (reagent: number of amino groups) and incubated for one hour at room temperature. 

This reagent is a deuterated derivate of N-hydroxysuccinimide (NHS) and acetylates free lysine 

residues. Proteins suffer fewer collateral reactions than other reagents in residues, such as tyrosine, 

threonine, and serine. 

Then, hydroxylamine was added at a concentration of 5% and incubated for 20 minutes at room 

temperature. Immediately after that, proteins were precipitated with ethanol and suspended in 

digestion buffer (50 mM albumin; pH 7.5-8, 0.5 % SDC). Trypsin was added at a ratio of 1:50 and 

incubated at 37 °C/16 hours. The SDC was eliminated through an ethyl acetate extraction process in 

an acidic environment. One volume of ethyl acetate was added to the sample and acidified with 0.5% 

trifluoroacetic acid (TFA). Following thorough vortexing and centrifugation, the organic phase was 

removed. Another round of ethyl acetate, excluding TFA, was conducted. Lastly, the peptide mixture 

underwent drying using a SPEED VAC. 

The acetylation stoichiometry of all proteins was obtained by mass spectrometry thanks to the 

distinction in the spectrum of endogenously acetylated proteins and those chemically acetylated with 

the heaviest reagent. 

LC-MS/MS and data analysis 

We used a mass spectrometry-based proteomics strategy to describe the protein expression and 

mapped acetylation sites[15].  

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed on a 

Dionex Ultimate 3000 RSLC nano UPLC system coupled in line with a Thermo Fisher Scientific Q-

Exactive high-resolution mass spectrometer. The identification and relative quantification analysis of 

peptides and proteins were performed with the Max Quant v1.5.3.30 program. The same data 

generated from LC-MS/MS analysis was used to determine the acetylation stoichiometry using the 

Pview program.  

The mass spectrometry proteomics data were submitted to the ProteomeXchange Consortium 

via the PRIDE[44] partner repository using the data set identifier PXD045197. 

Statistical analysis was done with Perseus v1.6.15.0 software [45]. We corrected the intensity data 

based on the log2 transformation, then the average abundance for each protein was subtracted from 

the log2 transformation from the individual values. Proteins with less than two valid values were 

filtered out. The corrected data was used to compare the relative quantification of proteins in the 

three replicates and their controls using the two-sample T-test statistical analysis. We obtained 

relative quantitative information from 6158 proteins. Filtering based on 100% valid values, we 

performed the principal component analysis (PCA). Functional enrichment analysis of differentially 

abundant proteins between treated and control samples was performed using Metascape online 

resource[46], Gene Ontology resource v14[47], and ToppGene Suite [48]. The Reactome pathways, 

KEGG pathways, and GO Biological Processes were used to do the enrichment analysis. The 2D 

functional annotation enrichment analysis was done using the default parameters with Perseus.  
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The proteins with acetylation sites with more than 0.2% difference in site occupancy between 

treated and control samples were submitted to a functional annotation enrichment analysis with 

Metascape and Cytoscape. The results were plotted with GraphPad Prism v8.0.1 program and 

RStudio software v R4.2.0. 

4. Conclusions 

In this study, we have demonstrated that the effects of SIRT3 inhibition on protein acetylation 

are diverse and influenced by the cell's metabolic characteristics. While no significant differences 

were observed in SIRT3 expression, measuring enzymatic activity would be essential, as cell lines 

respond differently to the inhibition of this enzyme. The inhibition of SIRT3 appears to enhance the 

glycolytic phenotype in the U87 cell line, leading to the generation of lactate levels. This lactate, acting 

as an HDAC inhibitor, resulted in increased protein acetylation not only in mitochondria but also in 

other cellular compartments. 

Our findings suggest that SIRT3 primarily regulates assembly and production processes in the 

cell lines under investigation. These processes include chaperones, transcription factors, and 

ribosomal proteins, which are crucially regulated by acetylation. Further exploration is needed to 

understand these processes and establish their direct relationship with cellular metabolism. 

Interestingly, despite the distinct metabolic profiles of the cell lines, protein acetylation regulation is 

centered around similar processes in both. Although SIRT3 targets differ depending on the cell line, 

the overall processes regulated by this enzyme remain consistent. Notably, the inhibition of SIRT3 

primarily induces the overexpression of mitochondrial proteins, irrespective of the cell's metabolic 

characteristics. This reinforces the involvement of SIRT3 in mitochondrial processes, even in cells 

with oxidative or glycolytic metabolism. 

The significance of acetylation regulation in determining specific metabolic pathways lies in the 

acetylation of proteins involved in protein production, such as mitochondrial and cytoplasmic 

ribosomes. Although the exact implications of acetylation on these components still need to be well-

described, their importance in cellular metabolism is evident.  

Our study benefited from the high specificity of mass spectrometry and the acetylation 

stoichiometry technique, enabling us to visualize previously overlooked protein acetylation 

differences that are relevant to cellular metabolism. These results provide a deeper understanding 

and underscore the significant role of acetylation in protein production, highlighting how cellular 

metabolism is influenced from the early stages of protein synthesis. Although SIRT3 does not directly 

regulate these proteins, the impact of its inhibition extends to various cytoplasmic cellular processes. 
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Appendix A 

1.- Oximetry (Contribution of OXPHOS to ATP consumption) 

An YSI model 5360 oxygen meter with a chamber volume of 1.9 mL was utilized. The cell pellet 

was resuspended in Krebs Ringer buffer (125 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.4 mM CaCl2, 1 
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mM KH2PO4, 25 mM HEPES, pH 7.4), centrifuged at 1,500 rpm for 5 minutes and the supernatant 

was removed. This process was repeated three times to completely remove any residual medium. 

The final cell pellet was resuspended in 1 mL of Krebs medium and quantified. 

The chamber was brought to a volume of 1.9 mL with Krebs medium previously incubated at 

37°C with constant bubbling. The chamber was calibrated to 100% oxygen, and 4 mg of cells were 

added. 

The recording was allowed to run until a constant slope was observed. Then, 5 µM oligomycin 

was added until a constant slope was reached. Subsequently, 1 mM CN was added until a constant 

slope was achieved. Finally, a small amount of dithionite was added to completely reduce any 

remaining oxygen, thus concluding the tracing. Calculation of the ng O2/min/mg was performed. 

 

Figure A1. Oxygen consumption measurements were conducted in triplicate, and a t-test was 

performed to assess statistical significance (t=5.33; p=0.033). 

2.- Lactate measurement (Contribution of glycolysis to ATP consumption) 

The cell pellet was resuspended in Krebs Ringer buffer (125 mM NaCl, 5 mM KCl, 1 mM MgCl2, 

1.4 mM CaCl2, 1 mM KH2PO4, 25 mM HEPES, pH 7.4), then centrifuged at 1,500 rpm for 5 minutes, 

and the supernatant was removed. This process was repeated three times to completely remove any 

residual medium. The final cell pellet was resuspended in 1 mL of Krebs medium and quantified. 4 

mg of cells was taken and brought to a final volume of 2 mL with Krebs medium. This mixture was 

incubated under agitation at 150 rpm and 37°C for 10 minutes. 

Two labeled tubes were prepared, one marked as "time 0" and the other as "time 10". To both 

tubes, 50 µL of PCA was added. After the initial 10 minutes of agitation, 500 µL of cells were taken 

and placed in the tube labeled as "time 0". To the remaining cells under agitation, 37.5 µL of glucose 

(200 mM) was added, and incubation was continued for an additional 10 minutes. 

At the end of the last 10-minute period, 500 µL of cells were taken and placed in the tube labeled 

as "time 10". Both tubes were agitated and allowed to rest for 15-30 minutes at 4°C. Then, they were 

centrifuged at 2,500 rpm for 5 minutes. The supernatant was transferred to labeled tubes containing 

50 µL of Kodak indicator. To this, 60 µL of a 3M KOH solution with 0.1M Tris was added and mixed. 

Finally, 5 µL increments of this last solution were added until the color turned milky white. The 

samples were stored at -70°C for subsequent lactate measurement by spectrophotometry. 

As the LDH enzyme contains lactate that maintains it undenatured, this lactate had to be 

completely consumed to avoid interference with the measurements. For this purpose, 20 µL of NAD+ 

(100 mM), 40 µL of LDH, and 1890 µL of hydrazine lysine medium were placed in 2 mL quartz cells. 

One cell was used for each sample. The cells were inserted into a diode array computerized 

spectrophotometer (Agilent 8453) calibrated at 340 nm. The spectrophotometer measured absorbance 
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every 3 seconds, which was plotted in real time. Once the lactate in the LDH solution was fully 

consumed, the absorbances remained constant, and a consistent slope was observed. At this point, 50 

µL of previously thawed samples were added at room temperature and centrifuged at 10,000 rpm 

for 2 minutes. 

The absorbance reading continued every 3 seconds until the lactate in the samples was 

completely consumed. The absorbance deltas (Δ) were calculated, along with the nmol/min/mg of 
glucose consumed by each sample. 

 

Figure A2. Lactate production measurements were conducted in triplicate, and a t-test was performed 

to assess statistical significance (t=4.35; p=0.012). 
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