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INTRODUCTION 

The proteasome activator PA200 is one of the activator subunits of the proteasomes. PA200 binds 

to the 20S proteasome core and enhances degradation of peptides in a ubiquitin and ATP 

independent manner. PA200 was identified at the first time in bovine testis (Ustrell et al., 2002), 

then its homologs were described in worm (Caenorhabditis elegans), yeast (Saccharomyces 

cerevisiae), and plants (Arabidopsis thaliana) (Book et al., 2010; Ustrell et al., 2002). 

Bioinformatics analysis of PA200 amino acid sequence revealed that PA200 entirely consists of 32 

HEAT-Like motif repeats, which form at the tertiary structure an asymmetric dome-like structure 

with major and minor lobes (Kajava et al., 2004; Ortega et al., 2005). At the protein and mRNA 

levels, three PA200 isoforms were identified in eukaryotic cells; PA200-I; ~ 190 kDa, PA200-II; 

~ 140 kDa and, PA200-III; ~ 130 kDa (Blickwedehl et al., 2007; Ustrell et al., 2002). Only PA200 

I isoform can bind to the 20S proteasome core to form single (PA200-20S) or double capped 

(PA200-20S-PA200) proteasome complexes. Biochemical characteristics of PA200 are fully 

understood, however, to date, the biological functions of PA200 are more controversial. PA200 has 

structural and functional particularities that candidate this protein to have other important functions 

in addition to its role in proteolysis machinery. PA200 is entirely reached with HEAT-like motif 

repeats which are typically associated with protein-protein recognition, suggested that PA200 may 

have a role as an adaptor protein. Furthermore, PA200 binds to 20S and enhances the axial gate 

opening like all other proteasome activators, however, the mechanism of substrate delivery into 

20S catalytic chamber remains unclear. Additionally, it has been reported that the affinity of PA200 

to 20S proteasomes is the lowest with a percentage of 1-2% compared to 20S-19S (15-25%) and 

20S-11S (5-10%) proteasome complexes in different cell types (Sahu & Glickman, 2021). Notably, 

some cell types do not show the interaction of PA200 and the 20S proteasome, such as cardiac 

muscle cells in mice (Gomes et al., 2006). This suggests that PA200 may have other functions than 

an activator of the ubiquitin-proteasome system (UPS) that needs further investigation. 

The first proposed biological function of PA200, in addition to its role as proteasome activator, 

was that the protein is involved in repair of DNA double-strand breaks (DSBs) (Ustrell et al., 2002). 

However, the exact molecular mechanisms of PA200 in the DNA DSBs repair process remain 

unclear. PA200 knockout mice show a defect in male fertility but not females, and this phenomenon 

was explained as an impairment in the DNA DSBs repair machinery in meiotic cells upon deletion 
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of PA200 during spermatogenesis. The authors argue that if we consider PA200 as an essential 

factor in DNA DSBs repair, we expect to see the same phenotypes of mice-deficient of well-known 

DNA DSBs repair factors in PA200Δ/Δ mice. Deletion of these factors leads to both male and female 

sterility, which was not observed in the PA200Δ/Δ female mice (Khor et al., 2006). In the same 

context, it has been reported that proteasome activity in sperm of  PA200Δ/Δ mice is strongly 

reduced only in the double knockout (dKO) mice of PSME3 and PSME4 (encoding for PA28γ and 

PA200, respectively), but not a single PSME4 KO mouse (Huang et al., 2016). It is known that 

PA200 is highly expressed in testis compared to all other tissues and its deletion did not show any 

major effect on proteasome activity, unlike PA28γ. This suggests that PA200 influences the 

spermatogenesis process with another mechanism that is not related to the proteolytic machinery. 

It has been shown that loss of Blm10 (yeast ortholog of PA200) leads to impaired mitochondrial 

respiration and an increase in oxidative stress sensitivity (Tar et al., 2014). More interestingly, 

Blm10 expression level increased upon switching from fermentation to oxidative metabolism 

(Lopez et al., 2011), which suggests the possible role of PA200 in oxidative phosphorylation 

machinery and overall metabolism. Furthermore, recent studies demonstrated that PA200 knockout 

mice exhibit muscle fiber atrophy and accelerated aging (Jiang et al., 2020). The accelerated aging 

in PA200-deficient mice could be aging-related to mitochondrial dysfunction, which is a common 

factor of aging and aging-related neurodegenerative disorders.  

Almost all the above-discussed functions of PA200 were related to proteasome activity without 

providing an exact molecular mechanism behind it. Furthermore, the possible role of PA200 in the 

pathophysiology of diseases through the maintenance of cell survival, mitochondrial integrity, and 

metabolism is undetermined. In the present study, we investigated the possible new cellular 

functions of PA200, in the SH-SY5Y cell line, using chromatin immunoprecipitation (ChIP) 

followed by ChIP-sequencing (ChIP-seq) analysis and global transcriptomic analysis approaches. 

My main research work focued on the effects of PA200 on cell survival, mitochondrial integrity 

and metabolism under normal condition and upon mitochondrial stress.  
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REVIEW OF THE LITERATURE 

Proteolysis 

All proteins are sooner or later subjected to proteolysis, regardless of their cellular functions, half-

life, biochemical, and structural properties (Minina et al., 2017). However, the ways how proteins 

are degraded by either partial digestion (limited proteolysis) or complete digestion (digestive 

proteolysis) are different. In eukaryotic cells, two major processes carry out digestive proteolysis: 

The UPS and autophagy are constitutively involved in the turnover of cellular proteins (Fig. 1). In 

general,  proteasomes specifically degrade proteins tagged with ubiquitin (Ub) and with a short 

half-life (Tomko & Hochstrasser, 2013). Unlike the UPS,  autophagy is responsible for the 

degradation of long half-lived proteins and other types of macromolecules such as lipids, nucleic 

acids, and carbohydrates (Ciechanover, 2005). 

 

Figure 1. Cellular proteolytic systems: ‘The UPS and the autophagy-lysosomal system’. (A) 

Short-lived, polyubiquitin-tagged proteins are usually degraded by the 26S proteasome. Some 

ubiquitinated proteins can also be degraded by the autophagy-lysosomal system. (B) The 

autophagy-lysosomal system is comprised of three classes (1) Defective organelles and protein 

aggregates are degraded by macroautophagy by the formation of autophagosomes that are 

delivered to the lysosome, (2) Small cytosolic substrates are directly engulfed by lysosomes and 

degraded by microautophagy, and (3) Chaperone-mediated autophagy (CMA),  specifically targets 

cytosolic substrates that are associated with a specific chaperone complex and translocated into 

the lysosome through the lysosome-associated membrane protein (LAMP)-2A receptor. (Nedelsky 

et al., 2008) 

A B 
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Lysosome mediated protein degradation  

Autophagy 

Autophagy is a lysosome-dependent self-digestion process; it serves as a balancer of cellular 

energy at critical times during development and response to stress (Glick et al., 2010; Mizushima 

et al., 2008). Autophagy plays a crucial role in removing aggregated and misfolded proteins, 

eliminating defective organelles, such as peroxisomes, endoplasmic reticulum (ER), and 

mitochondria, as well as cleaning intracellular pathogens (Glick et al., 2010; Mizushima et al., 

2008). The autophagy substrates are delivered into the lysosomal lumen via three different 

pathways and based on that the autophagy process is classified into three forms; macroautophagy, 

microautophagy, and chaperone-mediated autophagy (CMA) (Fig. 1) (Kaushik & Cuervo, 2012; 

Li et al., 2012; Majeski & Fred Dice, 2004; Mortimore & Reeta Pösö, 1986).  

Macroautophagy is the most widely studied and best-characterized type of autophagy (Yang & 

Klionsky, 2010). It can selectively degrade defective organelles including depolarized 

mitochondria and protein aggregates mediated by autophagosome formation and finely fused with 

lysosomes for degradation. Macroautophagy is considered a key regulator of organelle and protein 

quality control in eukaryotes (Wang & Robbins, 2014). Unlike macroautophagy, microautophagy 

is a direct lysosomal degradative process. It occurs by internalization of soluble intracellular 

components via invagination of the lysosomal membrane to assure their degradation  (Li et al., 

2012). Another selective autophagy -lysosome mediated protein degradation pathway was 

identified only in mammalian cells, known as CMA. This class of autophagy specifically degrades 

cytosolic proteins with a particular pentapeptide. Furthermore, it is capable to identify a single 

cytosolic protein and directing it to lysosomes (Arias & Cuervo, 2011) 

Macroautophagy 

Macroautophagy is divided into five successive steps; it begins with the induction step, which is a 

response to therapeutic or metabolic stress. This phase is mediated by the Unc-51 like autophagy 

activating kinase 1 (ULK1). The second step is the initiation of phagophore formation (nucleation); 

this phase is triggered by a protein complex containing class III phosphatidylinositol 3-kinase 

(VPS34). In the elongation phase, the phagophore starts to expand to sequester a cargo and form a 

structure called the autophagosome. The formation of autophagosome is mediated by two 



12 
 

ubiquitin-like conjugation (Ublc) systems (Atg8 coupled with the membrane lipid phosphatidyl 

ethanolamine (PE) (Atg8–PE), and the Atg12–Atg15). After cargo formation, it will fuse with the 

lysosome for degradation. Once the autophagosome is fused with the lysosome, the degradation 

step starts immediately by a wide range of hydrolases that break down all materials in the lysosomal 

lumen. (Abada & Elazar, 2014; Galluzzi et al., 2017; Yang & Klionsky, 2010) 

Microautophagy 

Microautophagy occurs also in five steps, starting with invagination and autophagy tube elongation 

followed by vesicle formation, extension, scission, degradation, and recycling (Li et al., 2012). 

Briefly, starvation conditions trigger the initiation of membrane invagination and autophagy tube 

formation. The invagination occurs after lateral redistribution of lipids and local exclusion of large 

transmembrane proteins on particular parts of the lysosome membrane, which create smooth areas 

with a very low content of transmembrane proteins. This step is adenosine triphosphate (ATP)-

dependent (Li et al., 2012; Sattler & Mayer, 2000). Two Ublc systems participate in the initiation 

of the microautophagy process; first, it is mediated by the E1-like enzymes (Atg7 and Atg8), and 

the second by an E2-like enzyme (Atg3, and cysteine protease Atg4) (Doelling et al., 2002). Next, 

invagination naturally occurs due to low protein incorporation at the top of the autophagic tube, 

and this step ends by the formation of a microautophagy vesicle (Müller et al., 2016). The vesicle 

expansion is mediated by several enzymes and Ublc systems. After the formation of the 

microautophagy vesicle and expansion, the vesicle is released (scission from autophagic tubes) into 

the lysosome lumen for degradation. At the end of the process, the vesicle is degraded by hydrolysis 

(Epple et al., 2001). 

CMA 

The mechanism of CMA is different compared to macroautophagy and microautophagy which both 

direct the cytosolic cargo to the lysosomal lumen by vesicles. However, CMA delivers its target 

substrate by cytosolic chaperones and co-chaperones (Bejarano & Cuervo, 2010). Briefly, the 

cytosolic heat shock cognate protein 70 (Hsc70) recognizes the CMA-targeting motif in the 

cytosolic protein substrate. The substrate-Hsc70co-chaperones complex then is delivered into the 

lysosomal membrane and interacts with the CMA receptor, called LAMP-2A. The protein substrate 

starts to unfold and translocates to the lumen of the lysosome across the CMA translocation 
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complex and a luminal form of Hsc70 (Lys-hsc70). The degradation occurs rapidly and 

immediately (Bejarano & Cuervo, 2010; Cuervo, 2011).  

Proteasome mediated protein degradation  

Proteolysis through the UPS is believed to occur with short-lived proteins that are involved in a 

variety of basic cellular processes, such as modulation of ion channels, cell cycle via cyclin 

degradation, eliminate of aged housekeeping proteins, and antigen-presenting processes (Myung 

et al., 2001; Schwartz & Ciechanover, 1999). Unlike autophagy, which is based on specific or non-

specific lysosomal degradation of cytosolic cargo containing target proteins, the UPS degrades its 

target proteins with exquisite specificity (Myung et al., 2001). The selective recognition of specific 

cytosolic substrates by 26S (19S-20S proteasome complex) is ensured by the ubiquitination 

machinery, in an ATP-dependent manner (Schwartz & Ciechanover, 1999). The covalent binding 

of ubiquitin molecules to target substrates acts as an opsonization molecule that facilitates the 

recognition of ubiquitinated proteins as a signal for degradation by the 26S proteasome (Myung et 

al., 2001). The ubiquitination process consists of several enzymatic steps that modulate the target 

protein by covalently adding ubiquitin molecules to specific sites (Maupin-Furlow, 2012). 

Ubiquitin activating enzymes or E1s are responsible for activating and binding ubiquitin in a two-

step reaction in an ATP-dependent manner. E2s or ubiquitin-conjugating enzymes transfer the 

ubiquitin from E1 to the active site Cys residue of E2. E3s or ubiquitin ligases perform the last step 

of the cascade. One of the hundreds of E3s catalyzes the reaction by forming an isopeptide bond 

between a Lys residue of the target protein and a Gly residue at the C-terminal end of the ubiquitin. 

Ubiquitin proteins themselves contain seven Lys residues therefore they serve as ideal targets for 

ubiquitination to give rise to various polyubiquitin chain compositions. The chain is extended by 

attaching the next ubiquitin moiety to a Lys residue within the first ubiquitin. 

Increasing evidence demonstrates that the position of ubiquitinated Lys determines the ultimate 

fate of the substrate protein. The most common type of linkages are the Lys48-linked (K48) chains 

that target the substrate protein for proteasomal degradation (Maupin-Furlow, 2012; Schwartz & 

Ciechanover, 1999) (Fig. 2). 
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Figure 2. 26S proteasome-mediated protein degradation. (A) Simplified model of substrate 

ubiquitination by ubiquitin conjugation system modulated by E1, E2, and E3 enzymes that ensure 

the activation of ubiquitin, conjugation, and ligation to the protein substrates, respectively. This 

process requires ATP hydrolysis. The ubiquitinated substrate is a signal for protein degradation. 

(B) Processing of ubiquitinated substrate by the 26S proteasome starts by recognition through 19S 

regulatory subunit of 20S proteasome. Substrate unfolding, internalization of the unfolded protein 

substrate, and finally degradation in the catalytic chamber of the 20S proteasome. The degradation 

process by the 26S proteasome is ATP-dependent. (Thibaudeau & Smith, 2019) 
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Structure and function of proteasome  

The 20S proteasome: The Proteolytic Core 

Proteasomes are large multi-enzyme complexes present in the cytosol and nucleus of eukaryotic 

cells (Rivett, 1998). The UPS  can be also present in the extra cellular space (Sixt & Dahlmann, 

2008). The main function of proteasomes is to maintain intracellular protein homeostasis by 

preventing the accumulation of damaged and misfolded proteins (Finley, 2009). The proteasome 

system is involved in the regulation of important cellular processes, such as cell cycle, apoptosis, 

signal transduction, transcription, DNA repair, and antigen presentation (Pickart & Cohen, 2004). 

The proteasome is composed of the 670-kDa 20S core particle (CP). The 20S consists of 28 protein 

subunits organized into four stacked rings with each ring composed of seven α - or seven β -

subunits (α7β7β7α7) (Groll et al., 1997; Löwe et al., 1995) (Fig 3). The proteolytic sites of the 

proteasome are possessed by the N termini of β subunits. Three out of seven subunits are 

catalytically active, cleaving the proteins after acidic (β1), basic (β2), or hydrophobic (β5) residues 

(Finley et al., 2016; Seemüller et al., 1995). The catalytic activities include caspase-like, trypsin-

like, and chymotrypsin-like activities, respectively (Bochtler et al., 1999; Kish-Trier & Hill, 2013). 

The function of the α -subunits is to stabilize the proteasome complex (Bochtler et al., 1999). 

Furthermore, the N-termini of the α- subunits form the 20S proteasome gate with a 13 A° central 

pore preventing non-specific protein degradation (Groll et al., 2000). 
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Figure 3. Composition and organization of the proteasome complexes and their regulatory 

subunits. The catalytic core of the proteasome (20S) consists of 28 subunits. The barrel-shaped 

structure of the 20S is formed by four heptameric rings stacked axially; the two inner rings are 

composed of seven different β- subunits holding the catalytic sites. The outer rings are composed 

of 7 different α- subunits, which serve as an anchor for 20S regulators. The 20S core can assembly 

with different regulatory subunits, including the PA700 (19S), PA28 (11S), and the PA200/Blm10 

families. The binding of these regulators facilitates the access of substrates to the catalytic chamber 

of the 20S. This process could be ATP and ubiquitin-dependent in the case of 19S binding or ATP 

and ubiquitin-independent in the case of 11S or PA200/Blm10 regulators binding. Modified from 

(McNaught et al., 2001) 
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Tissue-specific proteasomes 

In mammals, the constitutive catalytic subunits of 20S CP (β1, β2, and β5) are susceptible to 

replacement with other variants, based on tissue specificity and extracellular stimuli (Qian et al., 

2013; Stadtmueller & Hill, 2011). Three tissue-specific proteasomes are known in mammalian 

cells; the immunoproteasome which is characterized by the presence of the catalytic β-subunits 

β1i, β2i, and β5i subunits (“i” is for immunoproteasome) (Dahlmann, 2016; Groettrup et al., 2010) 

(Fig 4). These variants are expressed mainly in the cells of the immune system, such as monocytes 

and lymphocytes. Upon viral or bacterial infection, more than 90% of the ordinary proteasomes 

are replaced by immunoproteasome (Barton et al., 2002; Khan et al., 2001). This inducible type of 

proteasome has a lack in cleavage-specificity after hydrophobic and basic residues, which is 

represented by low catalytic activity after acidic residues and enhanced cleavage after hydrophobic 

residues (Groettrup et al., 2010). The products of βi-subunits have high affinity toward class I major 

histocompatibility complex (MHC I). (Gaczynska et al., 1993; Silva et al., 2012). Another tissue-

specific proteasome is the thymproteasome. Encoding a specific catalytic β-subunit named β5t (''t'' 

for thymus). The 20S CP of the thymoproteasome is composed of β1i, β2i, and β5t instead of β1, 

β2, and β5 (Groettrup et al., 2010; Khan et al., 2001) (Fig 4). Unlike the immunoproteasome, the 

β5t subunit has a low catalytic activity to cleave after hydrophobic residues. The peptides produced 

by thymproteasome activity have a very low affinity to MHC-I, which is involved in the T cell 

selection (positive selection of CD8+ T cells)  and maturation in the thymus (Murata et al., 2007; 

Tomko & Hochstrasser, 2013). Another proteasome subpopulation is known as 

spermatoproteasome, which is exclusively found in male germ cells. It is only expressed in 

spermatids and mature sperms. The α4 -subunit is replaced with an alternate core subunit, 

α4s/PSMA8 in mammals (Uechi et al., 2014). Moreover, two alternate α-subunits, α4T1 and α4T2,  

are found in Drosophila (Yuan et al., 1996). 
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Figure 4. Tissue-specific proteasome isoforms. The active site of the constitutive proteasome is 

characterized by β1, β2, and β5 subunits with chymotrypsin-, caspase-, and trypsin-like activities. 

The proteolytic subunits of the immunoproteasome are β1i, β2i, and β5i with a strongly decreased 

caspase-like activity, and an increased chymotrypsin-like activity, compared to the constitutive 

proteasome. The proteolytic thymoproteasome subunits are β1i, β2i, and β5t with a decreased 

chymotrypsin-like activity. (Groettrup et al., 2010) 

 

The activator families of the proteasome 

The 19S regulatory subunit (PA700/RP) 

The 20S CP itself can degrade unfolded and small peptides in an ATP- and ubiquitin-independent 

manner with a low proteolytic capacity (Baugh et al., 2009). Therefore, the association of the 

proteasome with regulatory subunits (activators) is necessary for fully functional proteasome and 

specific protein degradation. The regulatory subunits provide the gate opening and the access of 

substrates to the central proteolytic chamber of the 20S (Peth et al., 2009). Three different families 

of activators regulate the 20S gate opening (Stadtmueller & Hill, 2011). The 19S or regulatory 

particle/RP/PA700 is a highly conserved activator in eukaryotic cells (archaeal; PAN and 

eubacterial; ARC/Mpa homologs). It binds to one or both sides of the 20S CP to form a high 

molecular weight complex named 26S (19S - 20S) and 30S proteasome (19S - 20S - 19S) 

(Rechsteiner, 1998; Stadtmueller & Hill, 2011), which represent 15-25 % and 5-15 % of total 

proteasomes complexes, respectively (Fig 5) (Sahu & Glickman, 2021). The 26S or 30S consist of 

two sub-complexes, the base, and the lid. (Glickman et al., 1998). Six out of ten subunits of the 

base (Rpt1-Rpt6) are ATPases and they belong to the AAA family (ATPases Associated with a 
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variety of cellular Activities), which is responsible for the gate opening and conducts substrates 

into the 20S CP proteasome (Finley, 2009). The other base subunits are non-ATPase subunits 

(Rpn1, Rpn2, Rpn10, and Rpn13), playing a role in substrate recognition. Rpn1 and Rpn2 serve as 

docking sites for Ub processing factors that interact with ubiquitinated substrates and the 

proteasome at the same time. Rpn10 and Rpn13 bind directly to polyubiquitinated substrates 

(Elsasser et al., 2004; Rosenzweig et al., 2012). The lid consists of eight non-ATPase subunits 

(Rpn3, Rpn5–9, Rpn11, Rpn12, and Rpn15 (Dss1/Sem1)). The lid ensures the assembly of 19S 

and serves as an enzyme that deubiquitinates the ubiquitin-tagged substrates. Deubiqitination is 

mediated by the highly conserved metalloprotease deubiquitinase enzyme, DUBRpn11 (Yao & 

Cohen, 2002). The biding of the C terminal of the 19S to the α ring of the 20S leads to open the 

gate and facilitates substrate degradation (Bochtler et al., 1999). 

The 11S regulators: PA28αβ and PA28γ (REG) 

The PA28 activator or 11S regulator (REG) is involved in a ubiquitin and ATP independent 

substrate degradation (Dubiel et al., 1992). The activator is present in eukaryotic cells except for 

yeast and with less conservation between species (Stadtmueller & Hill, 2011). PA28 represents 2-

10 % of total proteasome complexes (Fig 5) (Sahu & Glickman, 2021). Reports showed that PA28 

activators are involved in the degradation of oxidized proteins (Pickering & Davies, 2012). In 

eukaryotic cells, PA28 has three members, two hetero-heptameric subunits PA28αβ mainly 

distributed in the cytosol (Huber & Groll, 2017), however, the homo-heptameric subunits PA28γ 

are constitutively expressed in the nucleus (Orlowski & Wilk, 2000). Furthermore, the combination 

of PA28 α and β is more efficient at the activation of proteasome, compared to the PA28 α and γ 

combination. Mild stress or interferon gamma (INFγ) induces the expression of PA28αβ, but not 

PA28γ (Tanahashi et al., 2000). The PA28αβ activator with the 19S forms a hybrid 

immunoproteasome involved in MHC I ligand generation and controlling the quality of peptides 

released (Tanahashi et al., 2000), suggesting the protective role of PA28αβ and the 

immunoproteasome during infection and oxidative stress conditions (Johnston-Carey et al., 2016). 

The function of the PA28γ is different compared to the PA28αβ isoform. Several reports 

demonstrated that REGγ/PA28γ involved in the degradation of some natively unfolded proteins, 

RNA splicing, DNA repair, and cell cycle (Levy-Barda et al., 2011; Murata et al., 1999; Zannini 

et al., 2008).   
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The Proteasome activator 200 kDa (PA200) 

In addition to the well-known proteasome activators PA700 (19S) and PA28 (11S REG), a new 

proteasome activator with a molecular weight of 200 KDa (PA200) was identified in bovine testis 

(Ustrell et al., 2002). PA200 alternatively binds to the 20S proteasome to promote ubiquitin- and 

ATP-independent peptide degradation (Ustrell et al., 2002). PA200-20S represents 1-2% of total 

proteasome complexes (Fig 5) (Sahu & Glickman, 2021). The orthologs of PA200 exist in worm 

(Caenorhabditis elegans with 29% similarity), yeast (Saccharomyces cerevisiae with 17% 

similarity), and plants (Arabidopsis thaliana with 22 % similarity) (Book et al., 2010; Ustrell et al., 

2002). The functional particularity of PA200, compared to other activators, is similar to PA28αβ 

and PA28 γ regarding the ubiquitin and ATP independent degradation of substrates and the inability 

to degrade full-length proteins (Ustrell et al., 2002). PA200 is involved in several cellular processes 

including DNA repair, spermatogenesis, and mitochondrial inheritance (Khor et al., 2006; Sadre-

Bazzaz et al., 2010; Ustrell et al., 2002), however, the molecular details behind many of these 

functions are not clear.  

Figure 5. Cellular distribution of mammalian proteasome complexes. The 20S proteasomes 

present usually as free form with 45-75% of total proteasome complexes. The holoenzyme 26S and 

30S present the majority of proteasome active forms with 5-25 %, compared to PA28-20S and 

PA200-20S forms with 5-10% and 1-2%, respectively. The formation of hybrid proteasome 

complexes, 26S-PA200 and 26S-PA28, are variable depending on cell type and extracellular 

stimulus.  (Sahu & Glickman, 2021) 
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The structure of PA200  

PA200 was identified as a component of slow-migration of an active form 20S proteasome 

(Hoffman et al., 1992). The human PA200 activator consists of 1,843 amino acid residues with a 

theoretical molecular weight of 200 kDa. Western blot analysis of murine tissues demonstrates that 

PA200 is broadly expressed in mammalian tissues with a high expression level in testis (Ustrell et 

al., 2002).  

Structural prediction methods and bioinformatic analysis revealed that PA200 is entirely formed 

by 32 HEAT-Like motif repeats (Huntingtin - elongation factor 3 -PR65/A subunit of PP2A - lipid 

kinase TOR) (Kajava et al., 2004; Ortega et al., 2005). The first characterization of PA200-20S 

interaction was assessed using electron microscopy. The data disclosed that PA200 binds either 

one or both sides of the 20S CP (Fig 6). Cryo-electron micrographs (cryo-EM) of the singly-bound 

PA200-20S complex at the 23 A˚ resolution have an asymmetric dome-like structure with major 

and minor lobes. PA200 binds to all α subunits except the α7 subunit (Fig 6) (Ortega et al., 2005). 

Three isoforms of PA200 were identified in eukaryotic cells; PA200 I with a molecular weight  of 

~ 190 kDa, PA200 II with a molecular weight of ~ 140 kDa, and  the PA200 III with a molecular 

weight of ~ 130 kDa. The PA200 I isoform can bind only to 20S proteasomes (Blickwedehl et al., 

2007; Ustrell et al., 2002). PA200 I isoform is present  in the cytosol either as soluble, proteasome 

unbound, or as proteasome bound form (Blickwedehl et al., 2007). 

Blm10, the yeast ortholog of PA200 (originally named BLM3p) (Doherty et al., 2004), was 

described as a nuclear CP assembly protein, which binds to nascent CP and controls a late stage of 

nuclear CP maturation (Fehlker et al., 2003). PA200 and Blm10 share only 17% of sequence 

identity. This percentage of similarity is concentrated at the C-terminal residues, however, the 

function of the proteins seems to be conserved. PA200 and Blm10 bind to proteasomes as a single 

polypeptide chain with a horseshoe-like shape (Schmidt et al., 2005) (Fig 6). The binding of PA200 

and Blm10 activators to CP causes opening of the axial channel and promotes the peptidase activity 

of the proteasome (Iwanczyk et al., 2006; Schmidt et al., 2005; Ustrell et al., 2002) (Fig 6). 
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Figure 6. Three-dimensional reconstruction of bovine PA200-20S and the yeast Blm10-20S-

Blm10 complexes. (a) Side views of PA200-20S and Blm10-20S-Blm10 complexes revealed the 

dome-like structure of PA200 ((right)/Blm10 (left). (b) Surface representation of the axial view of 

the 20S capped either with PA200 (right) or Blm10 (left). The axial view of PA200-20S complexes 

shows the non-symmetrical dome-like structure of PA200 that binds to all α subunits except α-7. 

(c) And (e) Sharp cut of the surface representing the recombinant structure of PA200 (c) and Bm10 

(e). The binding of activators creates an internal cavity, which communicates with the catalytic 

chamber of the 20S.(d) and (f) Central section of the density maps of the PA200-20S (left panel) 

and Blm10-20S (right panel) complexes. The binding of activators to the 20S significantly reduces 

the density in the center of the α-rings (white arrows), compared to the free α rings (yellow arrow). 

Modified from (Iwanczyk et al., 2006; Ortega et al., 2005) 
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The molecular mechanistic comparison between 26S and Blm10 on α-subunits positioning revealed 

that the 26S gate opening is due to repositioning of all 7 α- subunits of the proteasomes to form a 

large gate (Förster et al., 2003). The rearrangement of α-subunit binding with Blm10, however, 

prevents the formation of a normal gate structure (Fehlker et al., 2003). 

PA200 interacts with the proteasome via two interacting regions; the first interaction site involves 

the C-terminal residue of PA200 (1838SPCYYA1843) and includes a HbYX motif (hydrophobic 

tyrosine-other). The HbYX motif interacts with the interface of α5 and α6 subunits (Toste Rêgo & 

da Fonseca, 2019). The second anchor region is formed by an extended PA200 loop that is formed 

by residues 561–576 docks, which tightly bind into the interface of α1-α2 subunits (Toste Rêgo & 

da Fonseca, 2019). The dome-like structure of PA200 caps the 20S core particle using its C-

terminal HbYX motif to rearrange the α-subunits to partially open the 20S gate. The direct binding 

of PA200 onto the α ring opening results in the inner chamber of the proteasome considerably 

closed. Thus, it restricts the access of the proteolytic active site to small peptides and unfolded 

proteins (Toste Rêgo & da Fonseca, 2019). Moreover, the atomic model comparison of the active 

site in the 20S and 20S-PA200 complexes revealed that among the three important β-subunits that 

are involved in the catalytic activity, only the S1 pocket in the β2 subunit exhibits wider movement. 

However, β1 and β5 showed more narrowness sites and that can reduce the accessibility to the 

substrate. These findings explain the increase of trypsin-like activity (β2 ) after PA200 binding and 

in parallel slight inhibition of the caspase- and chymotryptic-like activities (β1 and β5, 

respectively) (Toste Rêgo & da Fonseca, 2019). In addition to the structural investigation of the 

recombinant 20S-PA200, non-protein cryo-EM densities revealed that the second groove of PA200 

consists of a cluster of positively charged residues assigned to PA200-bound inositol phosphates 

(Lin et al., 2020; Toste Rêgo & da Fonseca, 2019). Further structural analysis of PA200/Blm10 

proteins revealed the presence of bromodomain (BRD)-like (BRDL) domain that binds specifically 

to acetylated histones. Compared to well-known human BRD families, PA200/Blm10 BRD-like 

domain does not share any sequence homology with any known BRDs, however, structurally it 

resembles BRDs  (Guan et al., 2020; Qian et al., 2013). 
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Biological functions of the PA200/Blm10 family  

DNA double-strand breaks (DSBs) repair  

PA200 functionally is more like PA28 αβ and PA28γ activators than the 19S regulator (Ustrell et 

al., 2002). PA200 activator enhances the trypsin-like catalytic activity of the proteasome in a 

ubiquitin- and ATP-independent manner to degrade peptides, but not full-length proteins (Toste 

Rêgo & da Fonseca, 2019; Ustrell et al., 2002). The first biological role of PA200 in addition to its 

minor role in proteolysis was described as a cytoprotective protein that is involved in DNA repair 

by degrading specific substrates (Ustrell et al., 2002).  

Transcriptomic analysis of yeast exposed to several DNA damaging agents (bleomycin and methyl 

methane sulfonate) revealed an increase of mRNA expression of Blm10 by 5 folds (Jelinsky et al., 

2000). Blm10 binds to Sir4P, one of the proteins that accumulated on the chromatin during DNA 

damage (Ho et al., 2002). The authors speculated that PA200/Blm10 has a role in DNA repair. The 

properties of PA200 make the protein a good candidate to be involved in the process. First, the 

mRNA and protein level of PA200 is high in testis, where DNA DSBs occur with high frequency. 

Second, PA200 is abundant in the nucleus and form nuclear foci similar to many  DNA repair 

factors in response to γ-irradiation (Schultz et al., 2000; Ustrell et al., 2002, 2005).  

The PA200/Blm10 family serves as proteasome activators that enhance the proteasomal activity 

for small peptides, but not full-length proteins. It was hypothesized that  Blm10 serves as an adaptor 

protein when it binds to Sir4P during DNA DSBs repair, and it recruits the 26S proteasome that 

degrades proteins and histones to ensure the accessibility of DNA DSBs repair factors to damaged 

sites (Ustrell et al., 2002). 

Data obtained from PA200 knockout mice revealed that there is no effect of PA200 deletion on 

mouse embryonic development. Furthermore, exposing PA200Δ/Δ embryonic stem (ES) cells to 

either ionizing radiation (IR) or bleomycin does not show any sign of sensitization (Khor et al., 

2006). The authors concluded that PA200 does not contribute to the DNA repair process under the 

defined experimental work conditions (Khor et al., 2006). Surprisingly, PA200Δ/Δ male mice show 

a defect in fertility due to impaired spermatogenesis and haploid spermatid maturation (Khor et al., 

2006). Other reports demonstrated that only double knockout (dKO) mice of PSME3 and PSME4 

(encoding for PA28γ and PA200, respectively) are completely infertile, but not the single KO ones 



25 
 

(Huang et al., 2016). The sperm of dKO mice is morphologically similar to the wild type (wt) mice, 

however, it has remarkable defects in motility (Huang et al., 2016). Furthermore, proteasome 

activity was abolished and an increased level of oxidative damage was detected in sperms of dKO 

mice (Huang et al., 2016). Transcriptomic screening of dKO mice revealed an increase in the 

expression of proteins involved in oxidative stress response (Huang et al., 2016). 

Khor et al. speculated that, if PA200 is an essential factor in DNA DSBs repair, they were expected 

to see the same effects of deletion of well-known DNA DSBs repair factors, such as Dmc1 or 

Msh5, in PA200-deficient mice. These factors are required for the repair of DSBs generated during 

meiosis (Edelmann et al., 1997; Pittman et al., 1998). The deletion of these two factors leads to 

male and female sterility, which is not seen in the PA200Δ/Δ female mice (Khor et al., 2006). 

Furthermore, DNA DSBs repair occurs constitutively in the immune system cells during the 

maturation of B and T lymphocytes (Bassing et al., 2002; Chaudhuri & Alt, 2004).  Mice deficient 

of one protein related to the DNA DSBs repair leads to defects in lymphocyte development, which 

again was not shown in the PA200Δ/Δ mice. Both lymphocyte development and immunoglobulin 

classes in PA200Δ/Δ are similar to wt mice. (Khor et al., 2006).  

In vitro studies demonstrate that PA200-proteasomes are accumulated on the chromatin in response 

to IR (Blickwedehl et al., 2007). The authors mention that DNA repair occurs mainly in 4 to 6 h, 

and they suggest that PA200-proteasome foci are formed at the late stage of DNA repair to degrade 

proteins involved in DNA DSBs repair (Blickwedehl et al., 2007). Moreover, mutation but not 

deletion of PA200/Blm10 leads to radiation sensitivity (Schmidt et al., 2005). This result is similar 

to the results from ES cells, derived from PA200-null mice, which do not show an apparent increase 

in sensitivity to IR (Khor et al., 2006), thus, PA200 has no direct effect on DNA DSBs repair 

(Blickwedehl et al., 2007). 

Other reports showed that PA200 deficient cells exhibit impairment in long-term survival upon IR 

exposure (Blickwedehl et al., 2012). This effect is reversed after the addition of glutamine in 

excess. However, in a glutamine-free medium, PA200 depleted cells exhibit a high rate of 

proliferation, compared to control cells (Blickwedehl et al., 2012). This data suggests that cells 

deficient of PA200 have a defect in glutamine homeostasis (Blickwedehl et al., 2012). 
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The degradation of acetylated histones  

long-term exposure of murine embryonic fibroblasts (MEF) to low concentration of hydrogen 

peroxide (H2O2) enhances the expression of PA200 and PA28αβ activators (Pickering & Davies, 

2012)., The capacity of the proteasome to degrade oxidized proteins, such as histones and 

hemoglobin, however, is enhanced in the presence of the PA28 activator, but not PA200 (Pickering 

& Davies, 2012). In vitro combination of  PA200 and 20S CP at appropriate concentrations leads 

to the inhibition of the activity of the proteasome against oxidized proteins and native hemoglobin 

but not native histones (Pickering & Davies, 2012). The authors suggest that, unlike PA28y, PA200 

is not responsible for the turnover of oxidized protein, but may be involved in DNA repair through 

the degradation of histone proteins (Pickering & Davies, 2012). 

The investigation of the turnover of histones during spermatogenesis and DNA repair revealed that 

4% of histones or variants are retained in nucleosomes of mature sperms (Hammoud et al., 2009). 

Furthermore, the accumulation of histones or their delayed degradation leads to inefficiency in 

transcriptional machinery and increased DNA damage (Singh et al., 2009). PA200-deficient mice 

exhibit an accumulation of core histones in elongated spermatids and that leads to apoptosis. The 

authors speculated that PA200 is involved in a tightly regulated process of acetylated histone 

degradation (Qian et al., 2013). Notably, acetylated histones are involved in numerous cellular 

processes, including transcription, DNA repair by relaxing chromatin upon stress-induced DNA 

DSBs (Campos & Reinberg, 2009), and spermatogenesis (Gaucher et al., 2010). In yeast, the DNA 

DSBs repair process is required for the removal of core histones that are present in the vicinity of 

DNA-damaged sites (Tsukuda et al., 2005). Qian et al, showed that during DNA DSBs repair, 

PA200/Blm10 proteins enhance the proteasomal degradation of acetylated core histones mediated 

by BRD-like regions of PA200/Blm10. The authors speculated that the PA200/Blm10 mediated 

degradation of acetylated histones facilitates the access of DNA repair proteins to the DNA damage 

site (Qian et al., 2013).  

In contrast, studies demonstrated that the formation of Blm10 double-capped CP complex (Blm10-

CP-Blm10) inhibits the proteasome activity (Lehmann et al., 2008; Sadre-Bazzaz et al., 2010), 

while the asymmetric CP-Blm10 complex shows active proteasome. The authors speculated that 

Blm10 is probably a proteasome inhibitor or essential factor for proteasome assembly. 

Furthermore, peptidomics analyses of wt and blm10Δ strains do not show any significant 
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differences in the intracellular peptides between the two strains (Dasgupta et al., 2016). This data 

suggested that the absence of Blm10 does not cause a major change in the level of cellular peptides. 

The role of the Blm10/PA200 family in the maintenance of mitochondrial integrity 

Other reports demonstrate that Blm10 is important for the maintenance of mitochondrial function 

with no remarkable changes in mitochondrial morphology (Sadre-Bazzaz et al., 2010), However, 

Tar et al. showed that loss of Blm10 increased mitochondrial fission through the stabilization of 

the Dnm1 protein level (Tar et al., 2014). Furthermore, Blm10 deletion leads to impaired 

mitochondrial respiration and increased sensitivity to oxidative stress. Blm10 expression level 

increased upon switch from fermentation to oxidative metabolism (Lopez et al., 2011). 

Cardiovascular disease and fibrosis 

Studies demonstrated that the expression of PA200 is regulated by miR-29b at the mRNA level. 

Replacement of synthetically engineered miR-29b leads to reduced PA200 protein level, assembly 

with the proteasome, and peptide activity (Jagannathan et al., 2015). Besides, a report showed that 

lovastatin, a drug used to treat hypercholesterolemia, has a direct effect on proteasome-mediated 

oxidative stress (Wang et al., 2017). Lovastatin induces the overexpression of miR-29b which in 

turn abolishes the expression of PSME4, the gene for PA200.  In a cardiovascular disease model, 

lovastatin treatment leads to reduced PA200 protein level and PA200-proteasome complex, besides 

that has diminished oxidative stress which prevents endothelial dysfunction and minimizes the 

multiple cardiovascular risk factors (Wang et al., 2017). The authors related the reduction of 

proteasome activity to the lovastatin-induced PA200 silencing; however, the mechanism of 

oxidative stress diminution upon lovastatin treatment is not clear. The involvement of PA200 in 

the pathomechanism of diseases was primarily investigated in patients with idiopathic pulmonary 

fibrosis (IPF) (Welk et al., 2019). PA200 was highly expressed in myofibroblasts and hyperplastic 

basal cells in the fibrotic tissue of the IPF patients. Furthermore, the increased PA200 protein level 

was accompanied by PA200-proteasome complex formation in fibrotic tissues (Welk et al., 2019). 

Transient depletion of PA200 in primary human lung fibroblasts (phLF) strongly promotes 

myofibroblast differentiation. On the other hand, treatment of phLF cells with transforming growth 

factor (TGF)-β1 leads to up-regulation of PA200 and promotes myofibroblast differentiation. This 

contradicted the function of PA200 in fibroblast differentiation, raising the proposition that up-
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regulation of PA200 upon TGF-β1 may acts a negative regulator of TGF-β1-induced myofibroblast 

differentiation (Welk et al., 2019). The mechanism of the inhibitory effects of PA200 on 

myofibroblast differentiation and induced fibrosis in patients suffering from IPF remains unclear. 

The role of PA200/Blm10 in aging  

Another recent report has demonstrated that PA200/Blm10 is related to cellular aging, mediated 

by DNA damage and dysfunction of proteasome activity. The authors showed that the level of 

PA200 but not the 20S proteasomes and the PA28 family  decreased in MEF cells during aging  

(Chen et al., 2020). Inversely, the authors mention that overexpression of BLM10 in the yeast-

aging model prevents the aging hallmarks and maintains the activity of the proteasome. This 

suggests that the aging-dependent decline in proteasome activity is primarily caused by the reduced 

protein levels of PA200 /Blm10 (Chen et al., 2020) and that PA200/Blm10 proteins antagonize 

aging. A recent study has also demonstrated that mutation in the acetyl binding region of PA200 

interrupts the degradation of acetylated histones, suggesting that the degradation of histones 

requires acetylation (Jiang et al., 2020). Furthermore, deletion of PA200 dramatically altered 

transcription during aging by inducing an overall change in the disposition of transcriptional 

hallmarks (H3K4me3 and H3K56ac) (Jiang et al., 2020). Also, PA200 deficient mice exhibit 

anxiety-like behavior, defects in the immune system, and accelerated aging (Jiang et al., 2020). 

The PA200-proteasomes mediated degradation of acetylated histone directly modulates the 

distribution of transcription hallmarks that controls the transcriptional machinery in different 

promoter regions (Jiang et al., 2020). 

Neuronal aging and neurodegenerative diseases are related to each other. Recently, it has been 

shown that PA200/Blm10 family mediates the degradation of mutant N‐terminal Huntingtin 

fragments (N‐Htt) with 103 glutamines (Htt103Q). Furthermore, a pull-down assay shows that 

PA200 binds to N‐Htt. The loss of Blm10 in yeast or PA200 in human cells results in increased 

mutant N‐ Htt aggregate formation and elevated cellular toxicity, the authors related the increase 

of insoluble N‐Htt aggregates upon depletion of PA200 and deletion of Blm10 in yeast to the 

impairment of proteasome activity (Aladdin et al., 2020). 
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Mitochondria 

Mitochondria or the powerhouse of the cells are one of the important organelles in eukaryotic cells. 

The essential function of mitochondria is to supply ATP through oxidative phosphorylation 

(OXPHOS) and produce approximately 90% of the cellular energy (Chance et al., 1979; McBride 

et al., 2006). 

Mitochondria consist of the mitochondrial matrix, a folded inner mitochondrial membrane (IMM) 

that holds the assembled electron transport chain (ETC). The IMM forms cristae, an inter 

membrane space (IMS), and an outer mitochondrial membrane (OMM) (Rambold & Pearce, 2018; 

Tilokani et al., 2018). Unlike other organelles, the mitochondria have their genome (mitochondrial 

DNA; mtDNA), which is comprised of 16,569 base pairs that encode for 2 ribosomal RNAs, 22 

transfer RNAs, and 13 proteins for ETC subunits (Jornayvaz & Shulman, 2010). The remaining 

proteins (1000-1500 proteins)  involved in the mitochondrial biogenesis and activity are encoded 

by the nuclear genome. These proteins contain a mitochondrial localization signal for efficient 

delivery of the polypeptide to mitochondria (Baker et al., 2007). 

In mammalian cells, the number of mitochondria ranges between 200 to 2000 mitochondria per 

cell (Pieczenik & Neustadt, 2007). The mitochondrial mass and its location depend on the cell type 

and the rate of metabolic activity (Piquereau et al., 2013). In somatic cells, mitochondria do not 

function as a single organelle, indeed, they operate together through mitochondrial dynamics. In 

addition to energy production (ATP), the mitochondria are involved in several intracellular 

processes including the maintenance of intracellular Ca2+ homeostasis (signaling pathways), 

generation of reactive oxygen species (ROS), proliferation, cell migration, and regulation of 

apoptosis (Kamer & Mootha, 2015; McBride et al., 2006; Rambold & Pearce, 2018). All these 

processes are managed based on the mitochondrial architecture, which continuously undergoes 

coordinated cycles of fission and fusion (Liesa et al., 2009). 
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Mitochondrial dynamics 

Gene screening and live-cell imaging have disclosed that the mitochondria are highly dynamic. 

Mitochondrial dynamics overall are resumed by the balance of mitochondrial fission and fusion, 

cristae remodeling, mitochondrial number, distribution, and the expression pattern of the genes that 

control these processes (Liesa et al., 2009; Pernas & Scorrano, 2016). Mitochondria continuously 

undergo fission and fusion cycles to control the distribution, size, and shape of the mitochondrial 

network (Tilokani et al., 2018) (Fig. 7). The maintenance of equilibrium between mitochondrial 

function, morphology, and cellular homeostasis is mediated by a heterogeneous group of proteins 

that coordinate their activities (Lee & Yoon, 2016). Mitochondrial number and distribution are 

controlled by the fission machinery, as well as a response to changes in energetic cellular needs 

(Bereiter-Hahn, 1990) (Fig. 7). However, fusion occurs to ensure mitochondrial preservation, 

biochemical homogeneity, regulation of mtROS levels, and exchange of mutated mtDNAs (Pernas 

& Scorrano, 2016; Vafai & Mootha, 2012). Furthermore, mitochondrial dynamics and intracellular 

metabolism are connected. ATP deprivation and starvation conditions drive mitochondria to 

interconnect with each other to form an elongated mitochondrial network (Gomes et al., 2011; 

Mitra et al., 2009) (Fig.7). Long tubular forms of mitochondria ensure energy restoration and the 

exchange of metabolites (Gomes et al., 2011). On the contrary, mitochondrial fission is promoted 

by access to nutrients (Jheng et al., 2012) (Fig. 7). 
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Figure 7. Mitochondrial morphology in different conditions. Mitochondria are dynamic 

organelles continuously enrolled in fission and fusion cycles depending on the nutrient availability, 

cell cycle stage, and extracellular stimuli. (Rambold & Pearce, 2018) 

 

 



32 
 

The mitochondrial fission and fusion machinery  

Outer membrane fission by Drp1 

The mitochondrial fission and fusion machinery are tightly regulated by a family of GTP-

dependent dynamin-related proteins (Kasahara & Scorrano, 2014). 

The central protein that mediates mitochondrial OMM fission is the large GTPase dynamin-related 

protein 1 (Drp1) (Ingerman et al., 2005; Nakamura et al., 2006). Drp1 assembles into oligomeric 

spirals in OMM and promotes mitochondrial division at specific points. The binding of Drp1 on 

mitochondria is mediated by OMM receptors including the mitochondrial dynamics proteins of 51 

and 49 kD (MiD51 and MiD49), the mitochondrial fission protein 1 (Fis1), and the mitochondrial 

fission factor (Mff) (Labbé et al., 2014). Furthermore, the earlier stage of Drp1 oligomerization is 

controlled by the ER and actin (Friedman et al., 2011; Manor et al., 2015). Once Drp1is recruited 

to the OMM, the structural conformation of Drp1 changes via GTP binding and hydrolysis resulting 

in membrane constriction and scission (Fig. 8B). 

Inner membrane fission by S-OPA1 and MTP18 

The machinery of IMM fission is not fully understood. Several reports disclosed that the short 

isoform of optic atrophy 1 (S-OPA1) (Anand et al., 2014) and the mitochondrial protein 18 kDa 

(MTP18) proteins have a crucial role in the IMM fission process (Tondera et al., 2005). S-OPA1 

is generated from L-OPA isoform cleavage by Yeast Mitochondrial AAA Metalloprotease Like 1 

ATPase (YME1L) and Overlapping with the M-AAA Protease 1 Homolog (OMA1) (Anand et al., 

2013). Deletion of YME1L and OMA1 leads to the reduction of S-OPA1 isoform in IMM and 

promotes permanent mitochondrial fusion. Also, deletion of MTP18 leads to hyperfused 

mitochondria which suggest its direct or indirect role in the fission machinery (Tondera et al., 

2005). On the other hand, overexpress of  MTP18 enhances Drp1 recruitment to mitochondrial 

fission, the molecular mechanism behind the role of MTP18 in IMM fission remains unclear (Wai 

& Langer, 2016). 
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Outer membrane fusion by mitofusins 

Similar to mitochondrial fission, mitochondrial fusion occurs also in both membranes, IMM and 

OMM, mediated by dynamin-like GTPases. First, OMM fusion is controlled by mitofusin1 and 

mitofusin 2 (MFN1 and MFN2) in mammals (H. Chen et al., 2003; Koshiba et al., 2004) (Fig. 8A). 

MFNs ensure the maintenance of the reticular formation of the mitochondrial network. The C-

termini of MFN 1 and 2 are anchored to the OMM while the N-termini possesse the catalytic GTP-

binding domains. Depending on the GTP hydrolysis, the allosteric conformation of MFN 1 and 2 

are changed to form homo- or heterodomain interactions to mediate the OMM fusion (Koshiba et 

al., 2004) (Fig. 8A). Furthermore, MFN2 modulates the ER-mitochondria interaction to ensure the 

exchange of Ca2+ ions between the two organelles (De Brito & Scorrano, 2008; Friedman et al., 

2011). Moreover, MFNs play a crucial role in the mitophagy process (Tanaka et al., 2010). Loss 

of MFNs leads to an impairment of both OMM and IMM fusion ( Song et al. 2009). 

Inner membrane fusion by OPA1  

IMM fusion is mediated by the dynamin-like GTPase, OPA1 protein (Cipolat et al., 2004; Wong 

et al., 2000). OPA1 is anchored to the IMM via its transmembrane N-termini while the GTPase 

active domain is exposed to IMS. In mammals, splicing of OPA1 produces different OPA1 

isoforms including L-OPA1 a and b. The cleavage of L-OPA1 isoforms by the 

metalloendopeptidase OMA1 and the i-AAA ATP-dependent metalloprotease YME1L1 generates 

the S-OPA1 isoforms which are named as c, d, and e (Anand et al., 2014). After L-OPA cleavage, 

a portion of S-OPA1 isoforms are present as a soluble form in IMS (Ishihara et al., 2006). Activities 

of OMA1 and YME1L are modulated by ATP abundance and extracellular stimuli (Fig. 8C). On 

other hand, mitochondrial depolarization, ATP depletion, and increased ROS production were 

associated with OMA1 and YMEL1 activation (Anand et al., 2014; Baker et al., 2014). The activity 

of OMA1 at physiological conditions is limited, but constitutively cleaves L-OPA1 at S1 (Quirós 

et al., 2012). Notably, even in conditions where OMA1 is overexpressed, the catalytic activity of 

OMA1 is low. However, different stress stimuli promote overactivation of OMA1 associated with 

the conversion of L-OPA1 to S-OPA1 by cleavage of L-OPA1 into S1 and S3, the accumulation 

of S-OPA1 isoforms causes excess mitochondrial fission (Anand et al., 2014) (Fig. 8C). YME1L 

ensures the proteolytic cleavage of L-OPA1 in S2  (Anand et al., 2014; Quirós et al., 2012). Stress-

induced OMA1 activation not only leads to conversion of L-OPA1 to S-OPA1 but also promotes 
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autocatalytic proteolysis of OMA1. This action is a crucial auto-negative feedback of OMA1 to 

ensure the formation of a fused mitochondrial network again upon mitigation of stress (Baker et 

al., 2014). In addition to the regulation of IMM fusion, OPA1 regulates the cristae morphology 

(Olichon et al., 2003), for proper assembly of ETC supercomplex, and maintenance of mtDNA and  

mitochondrial respiration (Burté et al., 2015; Liesa et al., 2009; Zorzano & Claret, 2015).  
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Figure 8. Mitochondrial fusion and fission machinery. (A) Mitochondrial fusion starts by the 

fusion of OMM (dark green) meditated by homo- and heterotypic interactions between MFN1 and 

MFN2 (red), followed by IMM (light green) fusion regulated by L-OPA1 (purple) (B) 

Mitochondrial fission starts by the recruitment of Drp1 (red) at the site of fission in OMM and is 

mediated by ER-actin (blue-brown) and Fis1, the receptor of Drp1, Mff, and MiD49/51. IMM 

fission is mediated by S-OPA1 isoform. (C) The activities of OMA1 and YME1L are regulated by 

responses to stress and metabolic stimuli, respectively. The mitochondrial network is maintained 

by the balanced formation of L- and S-OPA. The stressed conditions lead to OMA1 hyperactivation, 

thereby accumulation of S-OPA1 and access to mitochondrial fragmentation.  Modified from (Wai 

& Langer, 2016). 
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Mitochondrial bioenergetics 

Mitochondria play a crucial role in the maintenance of cell metabolism through the coordination 

of cell adaptability to critical conditions, such as oxidative stress, starvation, and DNA damage 

(Vyas et al., 2016). Thus, the mitochondria are multifunctional organelles. Cells generating their 

energy starting from primary energy sources such as carbohydrates, amino acids, and fatty acids 

(FAs). The energy is stored in chemical bonds of ATP and GTP (Walsh et al., 2018) (Fig. 9). The 

consumed fuels are metabolized to provide sample metabolites such as pyruvate, amino acids 

(glutamine), and FAs, and then delivered into the mitochondrial matrix for the tricarboxylic acid 

cycle (TCAC). The electrons produced from TCAC are conserved as two forms NADH and FADH2 

(electron donors) (Mitchell, 1961). Then the electrons are transferred from, NADH and FADH2 to 

pass along through the ETC in the IMM. The ETC consists of four enzymatic complexes; NADH 

ubiquinone oxidoreductase (CI), succinate dehydrogenase (CII), cytochrome c oxidoreductase 

(CIII), and cytochrome c oxidase (CIV) that are embedded in the IMM (Whitehall & Greaves, 

2020) (Fig. 9).  

Electrons from NADH are transferred to CI, then to the lipid-soluble ubiquinone (Q) to form 

ubiquinol (QH2) (Hinkie et al., 1991). The reduced QH2 shuttles the electrons through the 

mitochondrial membrane to CIII. CIII transfers the electrons to cytochrome c (Cyt c) mediated by 

cytochrome b (Hatefi, 1985). Cyt c carries the electrons (2-e) to the final complex; CIV, which 

catalyzes the irreversible reduction of O2, to form H2O (Hatefi, 1985). Movement of electrons from 

the CI to CIII is coupled with the pumping of four protons into the IMS, similar from CIII to 

cytochrome c which is coupled with the pumping of two protons into the IMS (Hinkie et al., 1991). 

FADH2 carries the electrons directly to CII, and then they pass to CIII through the Q-lipoprotein. 

Interestingly, the energy of electron transfer from FADH2 to Q is not sufficient for proton pumping 

(Hinkie et al., 1991). The pumped protons in the IMS create mitochondrial membrane potential 

(ΔΨm). The proton gradient (ΔpH) and ΔΨm create the transmembrane potential of hydrogen ions. 

The ΔpH force in the IMS promotes the motility of complex V (ATP synthase) to ensure the 

electrochemical gradient equilibrium across the IMM. This force is used for the phosphorylation 

of adenosine diphosphate (ADP) to ATP (Hatefi, 1985). The primary metabolites used for 

mitochondrial ATP generation are pyruvate, FAs, or amino acids (AAs) with a different process of 

catabolism, but all carbon material pass through the TCAC. Mitochondria are also a part of the 

intracellular biogenesis of a vast variety of metabolites such as cholesterol, glucose, nucleotides, 
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heme (Ahn & Metallo, 2015; Sano et al., 1959), FAs (Hiltunen et al., 2009), AAs (Yang et al., 

2016). Furthermore, the mitochondria have a crucial role in calcium homeostasis (Gunter et al., 

2004), the modulation of ROS production (Loschen et al., 1971), and induction of apoptosis (Liu 

et al., 1996).  

 

Figure 9. Mitochondria; the main place of ATP production. Metabolites, such as pyruvate and 

FAs, are carried into the mitochondrial matrix mediated by specific transporters. FAs pass through 

beta-oxidation cycles, however, pyruvate via pyruvate dehydrogenase complex enters the TCAC. 

Electrons that carry high energy produced from the TCAC are captured by the electron carriers 

NAD+ and FAD, to form NADH and FADH2. FADH2 and NADH, each deliver the electrons into 

the ETC. High-energy electrons pass through ETC complexes and are coupled with protons. The 

proton gradient between the IMS and the matrix creates a force that changes the structure of the 

protein assembly of the CV accompanied by the transformation of ADP and inorganic phosphate 

to ATP. Modified from (Pieczenik & Neustadt, 2007) 
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Mitochondrial respiratory chain inhibitors 

Rotenone is a natural hydrophobic pesticide. In vivo studies demonstrated that rotenone induces 

the pathological symptoms of PD in animal models (Betarbet et al., 2000). Furthermore, treatment 

of SH-SY5Y cell line with rotenone is used as an in vitro model for PD.  Rotenone inhibits the 

mitochondrial CI by blocking the electron transport between the NADH dehydrogenase and 

coenzyme Q (Gutman et al., 1968). Thus, rotenone inhibits the oxidative phosphorylation process 

and induces high ROS production (Radad et al., 2006). Reports revealed that rotenone induces 

apoptosis in several mammalian cells such as SH-SY5Y cells (Newhouse et al., 2004) and human 

breast cancer cells (MCF-7 ) (Deng et al., 2010), through the JNK and p38 signaling pathway. 

Antimycin A is an antibiotic that was used for the first time as an antifungal compound. Similar to 

rotenone, antimycin A is a potent inhibitor of aerobic respiration. Antimycin A inhibits the CIII of 

ETC by preventing the transfer of electrons between cytochromes b and c (Campo et al., 1992; Van 

Ark & Berden, 1977). It has been shown that Antimycin A induces ROS production and depletion 

of glutathione (GSH) content in HeLa cells, thus, inhibits cell growth and induces apoptosis (Woo 

et al., 2007). another report argue that the antimycin-induced cell death is not due to an increase in 

ROS production but due to the strongly depleted GSH level (Y. H. Han et al., 2008). 

Oligomycin is another inhibitor of the oxidative phosphorylation process, unlike rotenone and 

antimycin A, oligomycin inhibits the phosphorylation step rather than the ETC. oligomycin inhibits 

specifically the FOF1-ATP synthase, thereby blocks the ATP production. Studies demonstrated that 

HepG2 cells treated with oligomycin increased ROS production and cytosolic Ca2+, however, SK-

Hep-1 cells respond to oligomycin by enhanced migration (Chang et al., 2009). Reports 

demonstrated that the high rate of invasion and migration induced by oligomycin treatment in lung 

cancer cells is due to the increase of phosphorylated (p) protein kinase B (AKT) and p AMP-

activated protein kinase (AMPK).  (Han et al., 2018). Furthermore, oligomycin has been shown to 

induce apoptosis in human lymphoblastoid cells (Wolvetang et al., 1994). 

Rotenone, oligomycin, and antimycin A are used as a positive control of mitochondrial oxidative 

phosphorylation disorders, and as in vitro model to study aging-associated diseases (Wolvetang et 

al., 1994).  
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Diseases related to mitochondrial dysfunctions 

The majority of mitochondrial-related diseases, such as neurodegenerative, cardiovascular 

diseases, cancer, and aging-related mitochondrial function, are caused by dysregulation of ROS 

production (Wei et al., 1998). In normal cellular respiration, mitochondria consume approximately 

85 % of cellular oxygen to produce ATP (Shigenaga et al., 1994). During this process, a portion of 

consumed oxygen is converted into free superoxide (O2-). The copper/zinc superoxide dismutase 

(Cu/Zn SOD) converts O2- into hydrogen peroxide (H2O2) then H2O2 is converted into water by 

peroxidases and catalases, thus the free radicals that may cause mitochondrial or cellular damages 

are eliminated by this tightly regulated process (Green et al., 2004; Shigenaga et al., 1994; Wallace, 

2005). In case of a defect of the conversion machinery by extracellular stimuli, genetic disorders, 

or enzymatic defects, ROS are accumulated in mitochondria (Sies, 1993). Mitochondria and other 

cellular organelles are exposed to free radicals causing oxidation of proteins, DNA, and lipids, thus 

altering their functions (Liu et al., 2002; Shigenaga et al., 1994). Furthermore, the interaction of 

O2- with nitric oxide (NO), which that is present in the cytosol and produced in the mitochondria 

as well, produces the peroxynitrite (ONOO−) radicals, which are also highly damaging reactive 

species. (Carreras et al., 2004; Green et al., 2004). 

Neurodegenerative diseases, such as Huntington’s disease (HD), amyotrophic lateral sclerosis 

(ALS), Alzheimer’s disease (AD), and Parkinson’s disease (PD) are characterized by a progressive 

loss of the neuronal system. Mitochondrial dysfunction is a common factor in these diseases. 

Increased ROS production and impeded mitochondrial dynamics are some of the characteristics of 

neuronal disorders, in particular AD. Highly fragmented mitochondria in AD patients prevent 

mitochondrial restoration, which mainly accrues during mitochondrial fusion (Calkins et al., 2011), 

thus, leads to increased oxidative damage in neurons, mitochondrial dysfunction, and impairment 

of energy homeostasis (Swerdlow, 2018). Furthermore, it has been shown that the mitochondrial 

distribution in neuronal cells (axonal and synaptic parts) is crucial for proper neuronal function, 

which is disturbed in many neurodegenerative diseases (Calkins et al., 2011; Stokin et al., 2005; 

Trushina et al., 2012). Inhibition of mitochondrial CI mimics the pathological phenotype of PD. 

Therefore mitochondrial CI inhibitors, such as rotenone, are used in laboratory animal models of 

PD (Betarbet et al., 2000). Additionally, in PD patients, the CI activity is disordered and 

accompanied by increased oxidative stress (Schapira et al., 1990). 
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Furthermore, mitochondrial dysfunctions is found to participate in several cardiac diseases, such 

as ischemia, atherosclerosis, heart failure. Increased ROS production, and disruption of cellular 

energy production are the common features of different cardiac diseases. Uncontrolled ROS 

production leads to the damage of vascular endothelial cells, thus facilitate enhanced immune 

reaction against the vascular wall and initiates atherosclerotic plaque formation (Chrissobolis et al., 

2011). Furthermore, impaired lipid metabolism, increased the vulnerability of unstable plaque 

formation (Libby et al., 2016; Madamanchi & Runge, 2007) 

mtDNA mutation is another factor of mitochondria dysfunction in both cardiovascular and 

neurodegenerative diseases (Sazonova et al., 2017; Heidari et al., 2020; Vecoli et al., 2018). 

Accumulation of ROS is the most important factor that induces mtDNA mutagenesis. Increased 

frequency of mutations in mtDNA results in inefficient ETC complexes, thereby reducing 

mitochondrial respiration. ROS production also influences mitochondrial DNA polymerase γ 

(POLG) function by reducing its replication fidelity of mtDNA, which is another source of mtDNA 

mutation. Reports demonstrated that the transfer of mtDNA of AD patients into cell lines with 

deficient mtDNA showed a deficiency in ETC enzymes, which is a hallmark of mitochondrial 

dysfunction, the authors speculated that a part of mitochondrial dysfunction in AD is due to mtDNA 

mutations (Wang et al., 2005). Similar assay, introducing an mtDNA of PD patients in to human 

cells with depleted mtDNA, resulted in a variety of pathological features of PD, such as impaired 

CI activity, increased ROS production, and cell sensitivity to stress (Gu et al., 1998; Swerdlow et 

al., 1996). The authors hypothesized that mtDNA impairment is a part of PD-inducing factors 

(Giannoccaro et al., 2017). 
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Cross-talk between the UPS and mitochondria 

UPS, as discussed above, is involved in several cellular processes, such as cell cycle, apoptosis, 

and protein turnover (Voges et al., 1999). Proteasomes are present in the cytosol, nucleus, and they 

interact with ER as well (Enenkel, 2014). Moreover, the mitochondria are also considered as a 

compartment of various UPS components (Cilenti et al., 2014; Karbowski et al., 2007; Nakamura 

et al., 2006; Yonashiro et al., 2006). The crosstalk between mitochondria and the UPS has been 

revealed in different mitochondrial processes, such as dynamics, activity, and homeostasis 

(Bragoszewski et al., 2013; Tatsuta, 2009). Moreover, impaired UPS function influence various 

mitochondrial functions (Altmann & Westermann, 2005). The ubiquitination of the key 

mitochondrial fission and fusion proteins, located at the OMM, facilitates the recognition and 

turnover of proteins by the UPS. Thereby, the mitochondrial dynamics and homeostasis are also 

UPS-dependent. The OMM is orchestrated by several UPS components, such as E3 ligases, for 

ubiquitination, and DUBs for deubiquitination (Karbowski et al., 2007; Nakamura & Hirose, 2008). 

There are two well-known mitochondrial ubiquitin ligase enzymes, the E3 Ub ligase known as 

MITOchondrial ubiquitin Ligase (MITOL), which is anchored to OMM and mediates the 

ubiquitination of a variety of mitochondrial-linked protein substrates. The substrates of MITOL 

include the key proteins for the mitochondrial fission and fusion machinery; Drp1, Fis1, MiD49, 

Mfn2, and Mcl1 proteins (Nakamura et al., 2006; Park et al., 2010; Sugiura et al., 2013; Xu et al., 

2016; Yonashiro et al., 2006). Furthermore, MITOL ensures the ubiquitination of damaged and 

mutated mitochondrial-associated proteins (Karbowski et al., 2007; Yonashiro et al., 2006, 2009). 

The other E3 Ub ligase is named Mitochondrial Ubiquitin Ligase Activator of NF-kB (MULAN). 

Similar to MITOL, MULAN is incorporated in the OMM and modulates the mitochondrial 

dynamics by reducing the level of Mfn2 (Cilenti et al., 2014). Importantly, the UPS targets 

mitochondrial proteins from different biological processes; such as the TCAC, and oxidative 

phosphorylation (Jeon et al., 2007; Peng et al., 2003; Sickmann et al., 2003). 

Several hypotheses were proposed regarding the mechanism of internal mitochondrial protein 

turnover, one of hypothesizes proposes the existence of a mechanism that retro-translocates the 

IMM and matrix proteins to the cytosol and the OMM for degradation. This type of degradation is 

named the mitochondria-associated degradation (MAD) system (Chatenay-Lapointe & Shadel, 

2010; Heo et al., 2010). In support of this hypothesis, one report has been demonstrated that the 



42 
 

inhibition of heat shock protein 90 (HSP90) in colon cancer cells (COLO 205) leads to cell death 

mediated by mitochondrial dysfunction (Margineantu et al., 2007). The impaired mitochondria 

were characterized by the accumulation of proteins located to the IMM and the mitochondrial 

matrix due to the delay of degradation and increased half-life of the proteins.  The oligomycin 

sensitivity-conferring protein (OSCP), which is a component of complex V, and resides at the 

IMM, is also one of these proteins. These findings suggested that the degradation of the OSCP 

protein requires its retro-translocation from the IMM to the OMM to be accessible for UPS, and 

that is an HSP90 dependent process (Margineantu et al., 2007). Moreover, using proteasome 

inhibitors led to the accumulation of mitochondrial encoded protein COX1 (Cytochrome c oxidase 

I), which also requires retro-translocation for access by the proteasome, similarly to UCP2 

(uncoupling protein 2), and UCP3 (Azzu et al., 2010; Azzu & Brand, 2010). It is evident that the 

IMM and mitochondrial matrix proteins are retro-translocated to the OMM for degradation 

purposes, but the mechanism of interaction between the UPS and the OMM remains unclear. 
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AIMS 

Our main goal in the present study is to reveal new cellular functions of PA200, an alternative 

activator of the proteasome. 

First, we planned to determine the effects of PA200 on cell viability, necrosis, and apoptosis under 

normal conditions and stressed mitochondria using different mitochondrial inhibitors (rotenone, 

oligomycin, antimycin A). Furthermore, since PA200 is a chromatin component and translocated 

to the nucleus upon irradiation exposure, we aimed to investigate the possible role of PA200 in the 

transcriptional machinery under normal conditions and upon mitochondrial stress using ChIP and 

ChIP-seq approaches supported by RT-qPCR analysis. Second, we aimed to reveal new promising 

functions of PA200 by investigating the global transcriptomic pattern upon depletion of PA200 

using RNA-seq approach and functional gene category analysis supported by functional 

validations. Deletion of the PA200 ortholog in yeast (Blm10) leads to mitochondrial dysfunction, 

thus we speculated that this function is conserved in mammals; we aimed to investigate 

mitochondrial activity, biogenesis, and dynamics.  

The obtained data may provide more information on the interplay between the proteasome 

activator, PA200, cell survival, and mitochondrial integrity, and might contribute to develop 

therapies for aging-related diseases, such as neurodegenerative diseases. 
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MATERIALS AND METHODS 

Chemical and reagents 

All materials were purchased from Sigma-Aldrich unless specified otherwise. The chemicals and 

the reagents were used in this study are the following; Dulbecco’s Modified Eagle’s Medium-high 

glucose (DMEM), Trypsin/EDTA (T/E), phosphate buffer saline (PBS), heat-inactivated fetal 

bovine serum (FBS, Gibco™, Thermo Fisher), L-glutamine (LG), penicillin/streptomycin (PS), 

puromycin (Gibco™, Thermo Fisher), RNA extraction  Kit (Zymo Research), Trizol, High-

Capacity cDNA reverse transcription Kit (Applied Biosystems), SYBR Premix Ex Taq II 

(Clontech), sulforhodamine B (SRB, 80100), lactate dehydrogenase (LDH) cytotoxicity assay Kit 

(786-210, G-Biosciences), propidium-iodide (PI), dimethyl sulfoxide (DMSO), rotenone, 

oligomycin, antimycin A, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), 

formaldehyde, glycine, bovine serum albumin (BSA) (Roche, Germany), PCR Clean-up Kit 

(Qiagen), Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mMNaCl, 0.5 % 

Na-deoxycholate, 2 mM EDTA, 1 % NP-40, 50mM NaF), Bradford reagent (500-0205, Bio-Rad 

laboratory), nitrocellulose membranes (0.45 µm NC Amersham. Germany), Hydrophilic 

polyvinylidene fluoride (PVDF) membrane (0.45 µm NC Amersham. Germany), western blotting 

luminol reagent (sc-2048, Santa Cruz Biotechnology), plasmids pGIPZ-GFP (Dr. Marion Schmidt, 

shRNA Facility of the Albert Einstein College of Medicine, Bronx, NY, USA), packaging and 

enveloping vectors; HDM-Hgpm2, RC-CMV/Rev, HDM-tat1b, and HDM-VSV-G (Dr. Orsi 

Giricz, Albert Einstein College of Medicine, Bronx, NY, USA), lipofectamine 3000 

(ThermoFisher), gelatin, Mitotracker Red CMXRos (ThermoFisher), Hoechst 33342 (62249, 

Thermo scientific), FluoroBrit DMEM medium (A18967-01, Gibco), agarose, 

tetramethylrhodamine ethyl ester (TMRE) (ThermoFisher), 41µm nylon Net Filter (Merck 

Millipore), seahorse bioscience XF96 calibrant solution (pH 7.4) (Seahorse Bioscience), XF assay 

medium (Seahorse Bioscience), D-Glucose, 2-deoxy-D-glucose (2-DG), oxyblot protein oxidation 

detection kit (S7150, Millipore), Dithiothreitol (DTT), sodium dodecyl sulfate (SDS), reactive 

oxygen species (ROS) detection assay Kit (ab 186029, Abcam, UK), Ribonuclease I, nonfat-dried 

milk bovine, Trichloroacetic acid (TCA), Human Phospho-Kinase Array Kit. 

 

 



45 
 

Antibodies  

Table 1. List of antibodies used in this study 

Antibody Source  Catalog Number Host Dilution  

Drp1 BD Biosciences #611112 Mouse  1:1000 

Mfn1 Abnova #H00055669-M04 Mouse  1:1000 

Mfn2 Sigma Aldrich #WH0009927M3 Mouse  1:800 

Opa1 Novus Biologicals #NB110-55290 Rabbit 1:1000 

PA200 Novus Biologicals # NBP2-22236 Rabbit 1:2000 

Fis1 Invitrogen #PA1-41082 Rabbit 1:1000 

Mff Proteintech #17090-1-AP Rabbit 1:1000 

β-actin Santa Cruz 

Biotechnology 

#sc-1616 Goat 1:5000 

Hsp60 Invitrogen # MA3-012 Mouse 1:1000 

Total OXPHOS Abcam # ab110413 Mouse 1:250 

PCNA  CST # 13110 Rabbit 1 :1000 

Anti‐Mouse, HRP 

conjugate  

Sigma-Aldrich # A9044 Rabbit 1:3000 

Anti‐Rabbit, HRP 

conjugate 

Sigma-Aldrich # A0545 Goat 1:3000 

SAPK/JNK CST # 9252 Rabbit 1:1000 

P-SAPK/JNK 

(T183/Y185) 

CST # 9251 Rabbit 1:1000 

c-Jun Santa Cruz 

Biotechnology 

# sc-74543 Mouse 1:250 

P-c-Jun (S63) Santa Cruz 

Biotechnology 

# sc822 Mouse 1:250 

Cleaved –PARP1 CST #5625 Rabbit 1:1000 

P- H2AX (S139) TREVIGEN 4418-APC-100  Rabbit 1:1000 
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Cell culture 

Human neuroblastoma (SH-SY5Y) and Human embryonic kidney 293 cells (HEK293T) cells lines  

(European Tissue Culture) were maintained in DMEM-high glucose supplemented with 10 % heat-

inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL 

streptomycin in 5% CO2 humidified incubator at 37 °C. 

Lentiviral technology was used to downregulate the expression of PSME4/PA200 in the SH-SY5Y 

neuroblastoma cell line. 

Downregulation of PSME4/PA200 

Lentiviral technology was used to generate stable PSME4/PA200 depleted cells using the SH-

SY5Y neuroblastoma cell line. First, the virus soup was produced in HEK293T cells as the 

following, HEK293 cells were seeded in 24-well plates in DMEM high glucose to reach 80% 

confluency. The HEK 293T cells were co-transfected with the packaging-enveloping vectors 

(HDM-Hgpm2, RC-CMV/Rev, HDM-tat1b (25 ng/µl each), HDM-VSV-G (50 ng/µl)) and the 

expression plasmids pGIPZ-GFP containing the shRNA target sequences (100 ng/µl). pGIPZ-GFP 

plasmids containing Non-silencing shRNA sequences were used as a control. shRNA sequences 

are provided in Table 2.  The packaging-enveloping vectors and the expression plasmids were co-

transfected at a 1:1 ratio using Lipofectamine 3000 according to the manufacturer’s protocol. The 

culture medium was collected at two time points after transfection, the first was at 48h and the 

same volume of cutler medium was added, and the second at 96 h, then the medium was filtered 

through 0.45-µm pore filters and immediately used for transduction. The transduction of human 

SH-SY5Y neuroblastoma cells was assessed as the following protocol, SH-SY5Y cells were seeded 

in 24 well plates at 60% confluency in DMEM high glucose. On the day of transduction (80% 

confluency), cells were incubated with virus-containing antibiotic-free media supplemented with 8 

µg/ml polybrene, in a 5% CO2 humidified incubator at 37°C. The GFP expression was monitored 

every day under a fluorescent microscope. After 72h of viral transduction, the culture medium was 

supplemented with 1.25 µg/ml puromycin for selection. The puromycin selected and amplified 

cells were further analyzed by RT-qPCR and Western blot to verify the depletion of 

PSME4/PA200. 
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Table 2.  List of shRNA sequences used for PA200 silencing   

 

 

Antibiotic titration and selection of shPA200 cells  

To select the successfully transduced cells (only cells that constitutively express the shRNA 

sequence), first, the titration of puromycin was assessed in the SH-SY5Y cells. Cells were seeded 

in 6 well plates in DMEM high glucose medium to reach 90% confluency. Puromycin was diluted 

in complete medium at the final concentrations; 0, 0.5, 1, 1.25, 2.5, or 5 µg/ml. Cells were incubated 

with a selection medium for 10 days and replaced every 2 days, the lowest concentration of 

puromycin that begins to give massive cell death in 7 days and kills all the cells within 10 days was 

determined as 1.25µg/ml. The transduced cells were maintained in 1.25 µg/ml puromycin in 

DMEM high glucose. 

 

 

Gene 

ID 

Gene 

symbol 

 

Species  

 

Vector 

 

Marker  

 

Sense strand sequence 
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pGIPZ 
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Empty pGIPZ vector 

(no shRNA) 
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Cell lysis and protein measurement  

The total cell lysates from control or shPA200 cells treated with appropriate drugs were extracted 

using RIPA buffer (50mM Tris-HCl, 150mM NaCl, 0.5 % Na-deoxycholate, 2 mM EDTA, 1% 

NP-40, 50mM NaF) supplemented with protease inhibitors cocktail and EDTA-free protease 

inhibitors. Benzamedin and PMSF were used at the final concentration of 1mM and 1xEDTA-free 

protease inhibitors. Cells were scraped on ice for 5min and then the homogenate was centrifuged 

for 10 min at 4°C /12.000 rpm. The supernatant was transferred carefully into a clean Eppendorf 

tube. The protein concentration was determined using the Bradford protein assay protocol. Briefly, 

before the measurement, each protein sample was diluted 5 times to get more precise measurements 

and to avoid saturation. 5µl from each diluted sample was added to 125µl Bradford reagent in 96-

well clear-bottom plates. In parallel, the standard curve of BSA protein was made by making a 

serial dilution of BSA in ddH2O (2, 1, 0.5, 0.25, 0.125, and 0.0625 µg/µl). Then the plate was 

incubated with shaking for 5 min at 37°C, 500 rpm in dark.  The air bubbles were removed and the 

absorbance was measured at 595 nm using a microplate reader. The BSA standard curve equation 

was used to determine the concentration of each sample. The protein samples were denatured and 

reduced using 5 x SDS loading buffer 1:5 (v/v), the reducing reagent DTT was used at the final 

concentration of 50 mM. Before the loading, the samples were boiled for 5 min at 95°C. 

Subcellular fractionation  

The subcellular fractionation of control and shPA200 cells was performed using cell fractionation 

kit according to the manufacturer's protocol. Cells were fractionated on three fractions, cytosolic, 

mitochondrial, and nucleus fraction. The fractionation was based on centrifugation and detergent-

buffers formulations provided in the kit. We used 20 µg of protein from each mitochondrial fraction 

of control and shPA200 cells for western blot analysis. 

RNA extraction  

The cells were seeded in 6 well plates (8 x105 cell/well) in DMEM-high glucose at 37°C in a 5 % 

CO2 incubator. Cells were subjected to mitochondrial inhibitors with appropriate concentrations 

for 24h. Total RNA was extracted using RNA extraction kit according to the manufacture's 

protocol, briefly, after washing the cells with  1 x PBS, cells were lysed using 300µl TRIzol reagent 

and homogenized by pipetting up and down for 5 min at 4°C. The homogenized samples were 
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transferred into the Zimo Speen column. After centrifugation and DNAase I digestion, the RNA 

was washed several times with washing buffers (provided in the kit) and eluted in clean RNAase-

free Eppendorf tubes. The concentration and purity of RNA were determined using NanoDrop™ 

Spectrophotometers. 

Reverse transcription and cDNA synthesis 

The cDNA preparation was assessed by a High capacity cDNA reverse transcription kit. The 

reverse transcription was performed by the following steps; first, the 2 x reverse transcription 

master mix for one reaction was prepared by mixing 4.2 µl nuclease-free water, 2µl 10 x RT-

Buffer, 0.8 µl 25 x dNTP Mix (100 mM), 2µl 10 x RT Random Primers, and 1 µl Multi-ScribeTM 

reverse transcriptase at 4°C. 1 µg from the total mRNA was diluted with nuclease-free water to 

10µl final volume. 10 µl from the 2 x master mix was mixed with 10µl (1µg mRNA) at 4°C. The 

tubes were centrifuged to spin down the content and to eliminate any air bubbles. The thermal 

cycler was programed as the following; Step 1; 25°C (10 min), Step 2; 37°C (120 min), Step 3; 

85°C (5 min) and finally Step 4; 4°C (∞). The quality of cDNA was checked by loading a 1 µl 

sample on a 1% agarose gel. 

Quantitative Real-Time PCR  

Real-time qPCR (RT-qPCR) was performed using SYBR Premix Ex Taq II from Takara (Clontech) 

according to the manufacturer’s protocol. Briefly, the cDNA was diluted at 1:20 (v/v) in nuclease-

free water. For one RT-qPCR reaction, 5 µl SYBR premix, 0.4 µl (10µM ) reverse primers, 0.4 µl 

(10µM ) forward primers, 2.2 µl Nuclease-free water, and 2 µl diluted cDNA (1:20) were added to 

each port of 384 well PCR plate at 4°C. The PCR plate was then centrifuged for 20 sec at 2000 

rpm (24°C) to spin down the content and to eliminate any air bubbles.  The  Light cycler 480 

thermocycler (Roche) was set to the following cycling conditions ; Stage 1: Initial denaturation 

95°C (30 sec) 1 cycle, Stage 2: PCR  95°C (5 sec), 60°C (30 sec) 40 cycles, Stage 3: Melting Curve 

Analysis 95°C (0 sec), 65°C (15 sec), 95°C (0 sec), Cooling 50°C (30 sec) 1 cycle. Threshold 

values (Cp-values) of all replicate analyses were normalized to GAPDH and/or ACTB. 2-ΔΔCt 

values were used to calculate the fold change in the expression levels. The primer pairs used in the 

RT-qPCR experiments are summarized in Table 3. Data were statistically analyzed according to 

(Livak & Schmittgen, 2001). 
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Table 3.  Primer pairs used for RT-qPCR analysis 

Gene 

symbol 

Species  Forward sequence (5’-3’) Reverse sequence (5’-3’) 

PSME4 human ATGGAGAGTGCCTGAACTATTG GTAGGTCAGCACACTTCCTATTC 

cJUN human CCCCAAGATCCTGAAACAGA CCGTTGCTGGACTGGATTAT 

cFOS human CCGGGGATAGCCTCTCTTAC GTGGGAATGAAGTTGGCACT 

MAPK8 human TGTGGAATCAAGCACCTTCA GTTTTCCTTGTAGCCCATGC 

MAPK9 human GGGAACACCATCAGCAGAGT GTATGGGTGACGCAGAGCTT 

MAPK10 human TGGAAGTGGGAGACTCAACC TGGTTCTGAAAGGGTCTGCT 

CASP5 human ACGGATCAAAAGTCGACCAG GATCAGGGCCTTGTCTTCAA 

CASP4 human TCTCACCTGTTGGAATGCAC TGACCCGAACTTTGTCTTCA 

ATP5E human CCTACTGGAGACAGGCTGGA TTTTACGTTGCTGCCAGAAG 

ATP6VOE

1 

human TTGTGATGAGCGTGTTCTGG CTTCTTCCTCAAGGCCAATG 

PPP1R12B human ACCAGTTCCCACCTGCTATG ATTGATGCCTGTGCCTCTTC 

API5 human CTCACCATGCCGACAGTAGA CAGCCAATTCTGGAAAATGC 

CDC6 human AGTTTGTTCAGGGGCTTGTG CGAGACAGCTTCCTTTTTGG 

GAPDH human GAGTCAACGGATTTGGTCGT GATCTCGCTCCTGGAAGATG 

OPA1 human CACTTCCTGGGTCATTCCTG TGCTTCGTGAAACCAGATGT 

FIS1 human AGCTGGTGTCTGTGGAGGAC ACGATGCCTTTACGGATGTC 

MIEF2 human GCAGAGTTCTCCCAGAAACG GTCTGCCTTGGTGTCATCCT 

MIEF1 human GCAAAGGCAAGAAGGATGAC CTTCATGTCCCTGTTCAGCA 

MFF human AAACGCTGACCTGGAACAAG TTTTCAGTGCCAGGGGTTTA 

MIEF1 human GCAAAGGCAAGAAGGATGAC CTTCATGTCCCTGTTCAGCA 

MIEF2 human GCAGAGTTCTCCCAGAAACG GTCTGCCTTGGTGTCATCCT 

ACTB human GACCCAGATCATGTTTGAGACC CATCACGATGCCAGTGGTAC 
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Table 3. Continued 

MFN1 human CGGAACTTGATCGAATAGCC AGAGCTCTTCCCACTGCTTG 

MFN2 human ATGCATCCCCACTTAAGCAC AGCACCTCACTGATGCCTCT 

DNM1L human AGATCTCATCCCGCTGGTC CAGATCCTCGAGGCAAGAAG 

 

Chromatin Immunoprecipitation (ChIP) 

ChIP assay was assessed in SH-SY5Y cells. Cells were grown in T-75 flasks, in DMEM high 

glucose medium, to reach by the next day 75 % confluency, the cells then were treated either with 

vehicle (DMSO) or mitochondrial inhibitors at the final concentrations of 10µM rotenone, 3 µM 

oligomycin and 100 nM antimycin A, for 3h in 5 % CO2 humidified incubator at 37 °C. After 

treatment, the cells were washed twice with 1 x PBS, trypsinized for 2 min at 37 °C, and collected 

in complete medium in 15 ml falcon tubes. Formaldehyde, at a final concentration of 1%, in culture 

medium was used to cross-link the cells for 10 min at 24 °C. 125 mM glycine was applied for 10 

min at 24 °C to quench the cross-linking. Cells were spun for 2 min / 400 × g at 4 °C, washed two 

times in cold PBS, and suspended in lysis buffer (1 % Triton, 0.1 % SDS, 150 mM NaCl, 2 mM 

EDTA, 1 mM EGTA, 20 mM Tris (pH 8.0)). The samples were then sonicated twice, 5 cycles for 

30 s on/off with maximum level. The cell debris was pelleted by centrifugation for 2 minutes at 

10,000 × g, and the supernatant was used for subsequent ChIP. Antibodies against PA200 

proteasome activator, and H3K27ac were used for immunoprecipitation (IP). 200 µl of supernatant 

from each sample was diluted in IP wash buffer 1 (1 % Triton, 0.1 % SDS, 150 mM NaCl, 2 mM 

EDTA, 1 mM EGTA, 20 mM Tris (pH 8.0), 2 μg/μl BSA, and complete protease inhibitor) and 

incubated with the antibody overnight with rotating at 4 °C. The immunocomplex was then 

incubated with magnetic protein A conjugated beads for 6h at 4°C, with gentle rotation. The beads 

and immune complex conjugate were washed twice with IP wash buffer 1, once with IP wash buffer 

2 (1 % Triton, 0.1 % SDS, 500 mM NaCl, 2 mM EDTA, 1 mM EGTA, 20 mM Tris [pH 8.0]), once 

with IP wash buffer 3 (0.25 M LiCl, 1 % NP-40, 1 % deoxycholic acid, 1 mM EDTA, 0.5 mM 

EGTA, 10 mM Tris [pH 8.0]), and finally twice with Tris-EDTA buffer, all at 4 °C. The elution of 

the protein-DNA complex was performed by adding 400 μl of elution buffer (1 % SDS and 0.1 M 

NaHCO3) and decross-linked by adding NaCl to a final concentration of 0.2 M, followed by 
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shaking overnight at 65 °C. DNA was purified using the PCR Clean-up Kit, according to the 

manufacturer’s protocol, and analyzed by ChIP-seq. 

ChIP-Seq analysis  

ChIP-Seq analysis was performed in Galaxy version 18.01.rc1 (Afgan et al., 2018) using data 

released by NextSeq 500 System from Illumina (Center for Clinical Genomics and Personalized 

Medicine, Core Facility, University of Debrecen) for anti-PA200 pull-downs and publicly available 

data from the GEO database (SRR1631233, Bioproject PRJNA264969) for anti-H3K27ac pull-

downs in control (DMSO treated) SH-SY5Y. FASTQ format files were unified to Sanger FASTQ 

encoding with FASTQ Groomer (Blankenberg et al., 2010). Reads were aligned to the Human 

Genome (v 19) using Map with Bowtie for Illumina (Langmead et al., 2009). ChIP-seq peaks were 

called in MACS (Zhang et al., 2008) with a p-value cutoff for peak detection set at 10-3.  

PA200 distribution around the transcription start site (TSS) was visualized using compute 

Matrix/plot Profile (deepTools (Ramírez et al., 2016)) with score file: PA200 reads in bigWig 

format and regions to the plot: UCSC Main on Human: gtexGene in BED format. Gene promoters, 

enriched in PA200 and H3K27ac, were identified by returning intersects of PA200/H3K27ac peaks 

(in bed) and genomic regions ± 2000 bp centered on TSSs (overlapping intervals of both datasets 

for at least 1 bp). To compare PA200 occurrence in the genome between control and mitochondrial 

inhibitor-treated cells, read depth (bedtools MultiCovBed, mapped reads as BAM to count) was 

calculated for a set of genomic regions (merged peak intervals as bed for all considered samples). 

Venn diagrams were created in InteractiVenn (http://www.interactivenn.net/) from generated gene 

lists (Schmidt et al., 2005). Enriched gene ontology terms (GO) were derived using PANTHER 

Classification System (http://pantherdb.org/tools/compareToRefList.jsp; test type – Fisher’s 

Exact; Reference List – Homo sapiens (all genes in the database) with no correction).  

Mitochondrial live staining in high content screening (HCS) system 

PA200 depleted and control cells were seeded at the density of 1.5 x 104 cell/well in cell carrier-

96 ultra microplates in DMEM high glucose, to reach 70% confluence. After determining the type 

and concentration of mitochondrial inhibitor necessary to acquire high mitochondrial 

fragmentation among the following drugs and concentrations; 5 µM and 10µM rotenone, 3 µM and  

10µM oligomycin, and 100 nM antimycin A. Cells then were treated for 24h with vehicle and 3 

http://www.interactivenn.net/
http://pantherdb.org/tools/compareToRefList.jsp
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µM oligomycin. Cells were rinsed with serum-free medium and fluoroBrit DMEM medium, 

respectively. Cells were incubated at 37°C in a 5% CO2 incubator with 50 nM Mitotracker Red 

CMXRos and 10 µM Hoechst 33342 in serum-free media for 30 minutes. Cells were washed twice 

by fluoroBrit DMEM medium and live-cell imaging was assessed using an Opera Phenix HCS 

System (Perkin Elmer). The temperature (37°C) and CO2 (5%) were adjusted 25 min before starting 

the measurements. 

Mitochondrial morphology analysis 

Live microscopy image acquisitions were assessed in Opera Phenix HCS System. The instrument 

was set up as follows; water objective (63 x, NA=1.15), the filters were adjusted according to the 

excitation /emission of EGFP, Hoechst 33342, and Mitotracker Red CMXRos in sequential mode 

to avoid the spectra overlap. After the selection of the optimal z frame position, the detection was 

done with a 16-bit camera with non-saturating conditions. Images were analyzed using Harmony 

4.8 software and different subcellular fluorescence staining was used for cell segmentation (EGFP 

determines the cytoplasm, Hoechst determines the nuclei, and Mitotracker red determines the 

mitochondria compartments). Mitochondria were spotted using the Findspot building block and 

classified as follows: fragmented, short tubular, long tubular, and compact tubular based on 

measured properties using the PhenoLOGIC machine learning. The percentage of each class 

presented in total mitochondria was calculated by the following formula: (mitochondria class area 

/ total mitochondria area) x 100.  

Measurements of mitochondrial membrane potential (ΔΨm) 

To measure the mitochondrial ΔΨm in control and PA200 depleted cells, cells were seeded in 6 

well plates in DMEM high glucose to reach 70% confluency. Cells were used in normal conditions 

or treated either with vehicle or 3 µM oligomycin for 24h.  After washing twice with serum-free 

medium, cells were stained with 100nM TMRE for 10 min at 37°C in 5%CO2 incubators. Cells 

were washed with PBS and harvested with Trypsin /EDTA at 300 x g for 5min, the pelleted cells 

were then suspended in 200 µl of 0.2% BSA (w/v) in PBS and 50µM EDTA. Before proceeding 

with fluorescence-activated single cell sorting (FACS), the cells were filtered through a 41µm 

nylon net filter in FACS tubes. FACS Aria III flow cytometer (BD Biosciences, Franklin Lakes, 
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NJ, USA) was used. Data analysis was acquired using FlowJo software version 10 (FlowJo LLC, 

Ashland, OR, USA). 

Measurement of reactive oxygen species (ROS) 

Cellular ROS was measured using ROS Detection Assay Kit, as instructed by the manufactures. 

Cells were seeded 24 h in complete medium DMEM at 37°C,  5% CO2 to reach 70 % confluence 

and then used in normal conditions or treated either with DMSO or 3 µM oligomycin for 24h. Cells 

were washed two times with PBS and incubated with ROS Deep Red dye for 30 min at 37 °C in a 

5% CO2 incubator in the dark. For the FACS measurement, cells were harvested by Trypsin-EDTA, 

suspended in 0.2 % BSA-50µM EDTA in 1x PBS, and filtered through a 41 µm nylon net filter. 

Data acquisition was performed using a FACS Aria III flow cytometer. Data were analyzed with 

FlowJo software version 10. Images of ROS-mediated deep red fluorescence were taken using a 

FLoid™ Cell Imaging Station fluorescence microscopy (Thermo Fisher).  

Sulforhodamine B (SRB) assay 

Cellular viability was determined using SRB assay, which based on the measurement of total 

cellular protein content, the protocol used was described by Vichai and Kirtikara (Vichai & 

Kirtikara, 2006). Cells were seeded in 96 well plates at the confluence of 70% in DMEM high 

glucose. The next day cells were treated for 24h with a vehicle and mitochondrial inhibitors (10µM 

rotenone, 3µM oligomycin, or 100 nM antimycin A) in a complete medium. After 24 h treatment, 

the cells were fixed as the following; the culture medium was removed and replaced with 100µl 

10% ice-cold TCA, then the plate was incubated for 1h at 4°C. To remove the remaining TCA, the 

plates were washed four times with slow-running tap water in plastic tubing connected directly to 

a faucet. The excess water was removed using paper towels. To completely dry out the plates, a 

blow dryer was used. 100 µl of 0.057% (wt/vol) SRB solution in 1% acetic acid was added to each 

well and incubated for 30 min at 24 °C. Then, the plates were washed quickly several times with 

1% acetic acid and dried using a blow dryer. The protein-bound dye was solubilized with 200µl 10 

mM Tris base solution (pH 10.5) with shaking for 5 min at 24 °C. The optical density OD of the 

solubilized dye was measured at 564 nm using a microplate reader. The data were calculated by 

the following formula; % cell viability = (Absorbance of sample/Absorbance of negative control 

or untreated) × 100. 
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Lactate dehydrogenase (LDH) assay 

Cellular cytotoxicity assay was assessed using Cytoscan™-LDH Cytotoxicity Assay kit, according 

to manufacturer's protocol with some modifications. Briefly, cells were seeded on triplicate at 70% 

confluency in 96 well plates in 100 µl DMEM high glucose medium. The next day, cells were 

treated with mitochondrial inhibitors at the final concentrations of 10µM rotenone, 3µM 

oligomycin, 100 nM antimycin A, and 1% (v/v) DMSO was used as a vehicle (negative control) in 

100 µl complete medium for 24h. The positive control wells were filled with fresh complete 

medium. After 23 h treatment, 10 µl of 10x lysis buffer was added to triplicate cell-containing wells 

(positive control wells) and mixed gently, and then the plates were incubated for 45 min in a 

humidified chamber at 37°C, 5% CO2. Those cells were referred to as maximum LDH activity 

controls. 50µl medium from each sample was transferred into a new flat-bottom 96 well plates and 

gently mixed with a 50 µl Reaction Mixture. The plates were incubated in dark at 24 °C for 30 

minutes. The maximum absorbance of the reaction product (formazan) was measured at 490 nm 

using a microplate reader. The data were calculated as following; after subtraction of OD of the 

complete medium, the % LDH release = (mean OD of sample /mean OD of positive control) x 100. 

Cell cycle assay 

Cell cycle analysis was assessed based on DNA content quantitation, using flow cytometry, as 

described in Abcam protocol (https://www.med.cam.ac.uk/wp-content/uploads/2012/10/pi.pdf) 

Cells were seeded in 6 well plates in DMEM high glucose at the density of 8 x 105 cells/well. After 

24h treatment with mitochondrial inhibitors (10µM rotenone, 3µM oligomycin, and 1% (v/v) 

DMSO), the cells were harvested with Trypsin/EDTA in complete medium at 300 x g for 5 min 

and washed with 1 x PBS. 800 µl ice-cold 70% ethanol was added to each cell pellet, vortexed for 

5 sec, and incubated on ice for 30 min. The fixed cells were spin at 850 x g for 5 min and washed 

with 1 x PBS. Cell pellets were resuspended in 50µl of 100µg/ml RNAase A and incubated in a 

water bath for 15 min at 37°C. 200µl of 10µg/ml PI in PBS was added to each tube and mixed by 

pipetting. Before assessing the FACS, cells were filtered through a 41 µm Nylon Net Filter in 

FACS tubes. Data acquisition was performed using a FACS Aria III flow cytometer. Data were 

analyzed with FlowJo software version 10. 
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Human phospho-kinase array analysis 

Analyzing the phosphorylation profiles of 43 kinases in shPA200 and control cells was assessed 

using Human Phospho-Kinase Array Kit according to the manufacturer’s protocol. Briefly, cells 

were seeded in 10 cm dishes at 70% confluence in DMEM high glucose. Cells were treated with 

either vehicle or 10µM rotenone in complete medium for 24h and then washed with 1 x PBS, lysed 

with lysis buffer (provided in the kit), and incubated on ice for 30 min. The cell lysate was 

centrifuged for 5 min at 10.000 x g / 4°C. The phosphokinase-array was calibrated with lysis buffer 

and blocked for 1 h at room temperature, 350 µg protein was applied for each array set (treated and 

non-treated sample) in a final volume of 2 ml lysis buffer, the plate was incubated overnight on a 

rocking platform shaker at 4°C. After three washes with washing buffer, the detection antibody 

cocktail was applied for 2h at room temperature on a rocking platform. After the washing step, the 

Streptavidin-HRP was incubated for 30 min at 24 °C. After three washes, 1ml of prepared Chemi-

reagent mix was added to each set of membranes. The images were taken using a ChemiDoc Imager 

and the pixel intensity was quantified using Image Lab software. 

SDS-PAGE and Western blot 

The cell lysates for western blot analysis were prepared as previously described (see cell lysate and 

protein measurement). Control and shPA200 cells were treated with different mitochondrial 

inhibitors for appropriate time points in DMEM high glucose in a humidified incubator with 5% 

CO2 at 37°C. After washing two times with 1 x PBS, the cells were lysed with RIPA buffer 

supplemented with protease inhibitors, and the protein was measured using the Bradford method 

(see cell lysate and protein measurement). 30µg from each sample was mixed with 5 x SDS loading 

buffer and DTT to final concentrations of 1x SDS loading buffer and 50mM DTT respectively. 

The mixed samples were boiled for 5 min at 95°C. 30µg of protein with equal volumes from each 

sample was loaded into a polyacrylamide gel (8 to 15%). Proteins were separated first in low 

voltage (60V for 10min) and then at 120V. The blots were then transferred onto either 

nitrocellulose membrane or reactivated PVDF membrane for 1h at 4°C. Membranes were blocked 

either with 5 % nonfat dried milk in TBS-T or 5 % BSA in TBS-T for anti- phosphoprotein 

antibodies. The blocking buffer was applied for 1h at 24 °C. The primary antibodies were incubated 

overnight at 4°C on a rocking platform, the list of primary antibodies is provided in (Table 1). After 

washing step (3x) with TBS-T, anti-rabbit/anti-mouse HRP-conjugated antibodies were applied for 
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1h at 24 °C. The immunoreaction was detected by an enhanced chemiluminescence detection 

system (ECL) and the images were taken using a ChemiDoc Imager. The pixel intensity was 

quantified and normalized to internal control (β-actin or HSP60) using Image Lab software. 

Glycolysis and mitochondrial bioenergetics measurements 

To monitor glycolysis and mitochondrial bioenergetics of control and shPA200 cells, seahorse 

XF96 extracellular flux analyzer were used. Cells were seeded at the density of 3.5 x 104 cells /well 

on XF96 cell culture microplate in DMEM high glucose medium in a 5% CO2 humidified incubator 

at 37°C. To monitor the extracellular acidification rate (ECAR), the complete medium was replaced 

with 180µl XF assay medium glucose-free, and then the plate was incubated for 1h in a CO2-free 

incubator at 37°C. After calibration of the sensors with calibrant solution (pH 7.4) overnight in a 

CO2-free incubator at 37°C, the drugs were added to the cartridge ports as the following: port A: 

100 mM glucose (Glu), port B: 10 µM oligomycin (Olig), and port C:  500 mM  2-deoxy-D-glucose 

(2-DG). The final concentration of drugs injected to each well is 10 mM glucose (Glu), 1 µM 

oligomycin (Olig), and 50 mM 2-deoxy-D-glucose (2-DG). The ECAR baseline was determined 

for 30min. The glycolysis and the glycolytic capacity were monitored after glucose and oligomycin 

injection, respectively. 

To monitor the oxygen consumption rate (OCR), the complete medium was replaced with a 180µl 

XF assay medium supplemented with 4.5 g/l glucose, and then the plate was incubated for 1h in a 

CO2-free incubator at 37°C. After calibration of the sensors in XF96 calibrant solution (pH 7.4) 

overnight in a CO2-free incubator at 37 °C, the drugs were added to the cartridge ports as the 

following: port A: 15 µM oligomycin (Olig), port B: 10 µM FCCP , and port C:  10 µM antimycin-

A/rotenone. The final concentrations injected to each well are; 1, 5 µM oligomycin, 1 µM FCCP, 

and 1 µM antimycin-A/rotenone. After 20 min of instrument calibration, the baseline of OCR was 

determined for 30 min, and then the ATP production and proton leak were determined following 

the oligomycin injection. The maximum respiration and spear respiratory capacity were determined 

after FCCP injection. Bradford assay was used to measure protein concentration for normalization. 

Data analysis was performed by using Wave 2.3 Agilent Seahorse Desktop software. 
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Protein carbonyl assay 

The detection and quantification of proteins modified by oxygen free radicals were assessed using 

OxyBlotTM Protein Oxidation Detection Kit. Briefly, PA200-deficient and the corresponding 

control cells were seeded in 6 well plates in DMEM high glucose in a humidified incubator at 

37°C/5 % CO2. The following day, the cells were treated with DMSO and 3 µM oligomycin for 24 

h. Cells were lysed by RIPA buffer supplemented with a protease inhibitor cocktail (see cell lysate 

and protein measurement) and 50mM DTT for 5 min at 4°C. The cell homogenate was centrifuged 

at 300 x g for 5 min at 4°C and the protein concentration was measured using the Bradford method. 

Two aliquots of each sample, containing 20 µg protein / each, were treated as the following, first, 

the proteins of both aliquots were denatured with 12% SDS (v/v) (6% SDS final) for 5 min at 24 

°C. The samples were derivatized with the derivatization solution (1x DNPH). The non-derivatized 

samples were used as a negative control. The protein samples were separated by SDS-PAGE. Non-

specific sites were blocked by blocking/dilution buffer 1% BSA in PBS-T (PBS-T: PBS containing 

0.05% Tween-20, pH 7.2-7.5) for 1 hour with gentle shaking at 24°C. The primary antibody was 

diluted 1:150 in blocking/dilution buffer and applied overnight at 4°C. The secondary antibody 

was applied for 1h at 24°C. Images were taken using ChemiDoc Imager. The image adjustment 

and band quantification were assessed using Image Lab software. 

RNA sequencing (RNA-seq) and RNA-Seq data analysis 

PA200 depleted cells and control cells were seeded in T-75 flasks in DMEM high glucose medium 

to reach 90% confluency. The total RNA was extracted in normal condition according to the 

protocol described above (see RNA extraction). Three independent flasks from each clone (control 

and shPA200) were used. The samples for RNA sequencing were performed on Illumina 

sequencing platform (Center for Clinical Genomics and Personalized Medicine, Core Facility, 

University of Debrecen, Hungary). The obtained data were analyzed with Dr. Agnieszka 

Robaszkiewicz (Department of General Biophysics, University of Lodz). Total RNA sample 

quality was checked on Agilent BioAnalyzer using Eukaryotic Total RNA Nano Kit according to 

the manufacturer’s protocol. Samples with RNA integrity number (RIN) value 7 were accepted 

for the library preparation process. RNA-Seq libraries were prepared from total RNA using Ultra 

II RNA Sample Prep kit (New England BioLabs) according to the manufacturer’s protocol. Briefly, 

poly-A RNAs were captured by oligo-dT conjugated magnetic beads then the mRNAs were eluted 
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and fragmented at 94°C degrees. First-strand cDNA was generated by random priming reverse 

transcription and after second strand synthesis; step double-stranded cDNA was generated. After 

repairing ends, A-tailing and adapter ligation steps, adapter-ligated fragments were amplified in 

enrichment PCR, and finally, sequencing libraries were generated. Sequencing runs were executed 

on Illumina NextSeq500 instrument using single-end 75 cycles sequencing. 

Raw sequencing data (fastq) was aligned to human reference genome version GRCh38 using 

HISAT2 algorithm and BAM files were generated. Downstream analysis was performed using 

StrandNGS software (www.strand-ngs.com). BAM files were imported into the software DESeq1 

algorithm was used for normalization. To identify differentially expressed genes (DEGs) between 

conditions, moderated t-test with Benjamini-Hochberg false discovery rate (FDR) for multiple 

testing corrections was used.  

Functional analysis of RNA-Seq data 

The threshold for significantly up-and down-regulated genes was set at 1.3 of the fold change in 

gene transcription between shPA200 versus shCTRL. The genes above and below the threshold 

values were considered as DEGs. The heat map of the Log2 fold change (Log2FC) of gene 

transcription in shPA200 versus shCTRL was generated in the Heatmapper using average linkage 

for clustering and Euclidean distance measurement among DEGs. The statistical over-

representation test for gene ontologies of biological processes was carried out in Panther, using 

Fisher’s exact test with no correction. Gene-regulatory signaling networks were generated in 

Network Analyst. The number of nodes and edges was reduced using a minimum network tool, 

and their colocation was set up using reduce overlap layout. Nodes representing particular 

processes (metabolism, MAPK cascade, PI3K-Akt signaling pathway, and the regulation of 

programmed cell death) were assigned to biological processes (Database:GO: BP) in Functional 

Explorer and highlighted in blue.  

Statistical analysis 

Data from each experiment were summarized with the mean and standard deviation (SD) of n≥3 

experiments. Statistical analysis was performed with one-way, two-way ANOVA, or unpaired 

Student’s t-test where is applicable using GraphPad Prism v8.2.1. Statistical significance was 

determined as * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. 

http://www.strand-ngs.com/


60 
 

RESULTS 

Stable depletion of PSME4/PA200 in SH-SY5Y human neuroblastoma cells 

The proteasome activator PA200 (Blm10 ortholog in yeast) is involved in several cellular 

processes, such as DNA repair (Schmidt et al., 2005; Ustrell et al., 2002), normal spermatogenesis, 

and male fertility (Khor et al., 2006), the proteasome core 20S assembly (Fehlker et al., 2003), and 

the maintenance of genome stability (Blickwedehl et al., 2008). Furthermore, reports demonstrated 

that Blm10 is involved in the maintenance of mitochondrial function (Sadre-Bazzaz et al., 2010; 

Tar et al., 2014). A recent study demonstrates for the first time the role of PA200 in diseases, which 

shows that the PA200 is upregulated in myofibroblasts of fibrotic lungs (Welk et al., 2019). In our 

current work, we established a model in which we can study the potential role of PA200 in 

transcriptomic regulations and the maintenance of mitochondrial integrity. 

Lentiviral technology was used to generate stable PA200 knockdowns in SH-SY5Y neuroblastoma 

cells. The efficiency of depletion was confirmed by RT-qPCR and western blot (Fig. 10A and B). 

In two out of five clones, PA200 expression was successfully down-regulated (PMSE4 clone # 4 

referred to as shPA200_A and PMSE4 clone # 5 referred as shPA200_B) (Fig. 10A). Control cells 

containing pGIPZ-GFP plasmids without the silencing shRNA sequence. PA200 depleted and the 

control cells were treated with selective mitochondrial inhibitors. The mitochondrial inhibitors 

specifically inhibit different elements of ETC: (rotenone inhibits CI, oligomycin blocks ATP 

synthase, and antimycin A inhibits CIII). The mRNA level of the PSME4 gene was analyzed in 

shPA200 upon 24h treatment with mitochondrial inhibitors to confirm that the gene depletion was 

not affected by specific treatments (Fig. 10C). There was no significant change in the mRNA 

expression level of PSME4 in control cells upon 24h treatment with mitochondrial inhibitors (Fig. 

10D). 
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Figure 10. Downregulation of PSME4/PA200 in SH-SY5Y cell line. The stable silencing of 

PA200 expression was achieved using lentiviral technology. (A) RT-qPCR analysis of mRNA 

expression level of PSME4 in different clones (clone # 1-5), PSME4 clone #4, and PSME4 clone 

#5 showed silencing of PA200, which later referred to as shPA200_A and shPA200_B, 

respectively. The A panel is generated from one biological replicate. (B) PA200 protein level in 

control and shPA200 cells (shPA200_A, shPA200_B) was analyzed using SDS-PAGE western 

blotting. Images were taken and adjusted using a ChemiDoc Imager and Image Lab software, 

respectively. (C) RT-qPCR analysis of mRNA expression level of PSME4 clone #4, and PSME4 

clone #5 showed silencing of PA200 in the presence or absence of mitochondrial inhibitors. (D) 

The relative mRNA expression level of PSME4 in control cells treated with mitochondrial 

inhibitors. Statistical analysis was performed by ANOVA using GraphPad Prism v8.2.1. n=4, 

(**** indicates p < 0.0001, ns, indicates non-significant).   
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Depletion of PA200 in neuroblastoma cells increases the expression of necrotic and 

apoptotic markers upon rotenone treatment 

We investigated the effect of PA200 on cell viability using SRB assay. PA200-deficient cells and 

the corresponding control cells were subjected to selective mitochondrial inhibitor treatments for 

24h (Fig. 11). Treatment with either 100 nM antimycin A or 3µM oligomycin did not result in 

significant changes in cell viability between control and shPA200 cells. 10µM rotenone treatment, 

however, significantly reduced cell viability of PA200 depleted cells compared to control cells 

(Fig. 11A). The impact of rotenone on cell viability in shPA200 cells was confirmed by 

investigating necrotic and apoptotic markers. LDH release assay was used to monitor necrosis upon 

24h treatment with mitochondrial inhibitors (Fig. 11B). As expected, 24h treatment with rotenone 

significantly increased LDH release in shPA200 cells compared to rotenone-treated control cells 

(Fig. 11B). Oligomycin treatment did cause a significant change in LDH release in shPA200 

compared to control cells. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Loss of PA200 reduces cell viability upon rotenone treatment. Control and PA200-

depleted cells were treated for 24h with appropriate mitochondrial inhibitors. (A) Cell viability 

was assessed using SRB assay (B) Percentage of LDH release in control and PA200 depleted cells 

upon selective mitochondrial stress. Results are presented as the mean ± SD of six independent 

experiments. Statistical analysis was performed by ANOVA using Graph Pad Prism v8.2.1. (*P < 

0.05, **P < 0.01, ***P < 0.001, #### P < 0.0001, and $$$ P < 0.001, ns, indicates non-

significant). 
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Western blot analysis of apoptotic markers in control and PA200-depleted cells shows a significant 

increase in both H2AX phosphorylation at serin139 and cleaved-PARP1 in rotenone-treated 

shPA200 compared to rotenone-treated control cells (Fig. 12A-B). H2AX phosphorylation and 

PARP1 cleavage are considered as a hallmark of DNA damage and apoptotic cell death, 

respectively (Chaitanya et al., 2010; Sharma et al., 2012). Moreover, live images were taken after 

24h treatment with mitochondrial inhibitors. Microscopy images did not indicate a major difference 

in cell morphology between shPA200 and control cells following oligomycin or antimycin A 

treatment (no signs of cell death), however, treatment with 10µM rotenone lead to a massive 

formation of apoptotic bodies in shPA200 compared to rotenone treated control cells (Fig. 12C, 

arrows). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.  Rotenone-treated PA200 depleted cells exhibit an increase in DNA damage and 

apoptosis markers. 30µg protein from total cell lysates of control and PA200-depleted cells treated 

for 24h with mitochondrial inhibitors (10µM rotenone (R), 3 µM oligomycin (O), 100nM Antimycin 

A (A)) were analyzed by western blot. (A-B) SDS-PAGE and western blot analysis of apoptosis 

using cleaved-PARP1 and phospho-H2AX antibodies. β-actin was used as a loading control. 

Results are presented as the mean ± SD of n ≥ 3 independent experiments. Statistical analysis was 

performed using Two-way ANOVA and unpaired t-test using GraphPad Prism v8.2.1. (**P < 0.01). 

(C) Light microscopy images of control and shPA200 cells treated for 24h with mitochondrial 

inhibitors. Arrows indicate apoptotic bodies. Scale bar=100 µm.  
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PA200 is over recruited to promoter regions of genes involved in cell cycle, metabolism, and 

protein modification processes 

It has been demonstrated that PA200/Blm10 is involved in the DNA repair process upon IR 

exposure through degradation of acetylated core histones (Qian et al., 2013). Structural analysis of 

PA200/Blm10 revealed the presence of a BRD-like region that binds to acetylated histones. 

However, compared to well-known human BRD families, PA200/Blm10 BRD-like domain does 

not share any sequence homology with any known BRDs (Guan et al., 2020; Qian et al., 2013). In 

addition to its role in peptide degradation, studies demonstrated that the deletion of PA200 

orthologue in yeast (Blm10) shows overall changes in gene expression encoded for proteins 

required for chromosome organization and cell cycle progression (Doherty et al., 2012). Based on 

differential sensitization of PA200-deficient and control cells to mitochondrial inhibitors, and the 

impact of Blm10 deletion on gene expression, we hypothesized that the depletion of PA200 in SH-

SY5Y cells is associated with overall changes in gene expression through the direct or indirect 

binding of PA200 to promoters of relevant genes. 

To verify our hypothesis, we assessed ChIP followed by ChIP-seq analysis. Bioinformatics data 

analysis shows anti-PA200 enriched regions in the genome of the SH-SY5Y neuroblastoma cell 

line (Supplementary Table 1). Furthermore, we monitored the distribution of chromatin-bound 

PA200 and found that protein peaks were centered in the vicinity of TSSs (Fig. 13A). To investigate 

whether anti-PA200 enriched promoters were actively transcribed or repressed, we collated 

H3K27ac peaks with PA200 peaks in the Genome Browser (Fig. 13B). The collected peaks 

revealed that PA200 was associated with both, transcriptionally active regions and non-

transcriptionally active gene promoters (Fig. 13B and C). Gene ontology annotation has showed 

that promoters enriched in the anti-PA200 ChIP contribute to cellular physiology regulation 

including proliferation, protein modifications, and metabolism (Fig. 13D, Table 4). 
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Figure 13. The occurrence of PA200 in transcriptionally active and non-active promoters in SH-

SY5Y cells. (A) ChIPseq reads analysis with deep Tools revealed that PA200 presents around gene 

transcription start sites (TSS). (B) Some PA200-positive promoters were simultaneously 

characterized by histone acetylation (H3K27ac) that marks actively transcribed genes. (C) Venn 

diagram displays PA200-enriched active (H3K27ac) and inactive (-H3K27ac) gene promoters. (D) 

The biological function of genes whose promoter is enriched in the anti-PA200 ChIP.  
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PA200 binds to and is distributed on promoters depending on the mitochondrial status 

Blm10 is required for the maintenance of mitochondrial integrity (Sadre-Bazzaz et al., 2010; Tar 

et al., 2014). Here, we investigated the effects of mitochondrial inhibition on PA200 chromatin-

binding and distribution. Three hours treatment with either rotenone, antimycin A, or oligomycin 

causes an eviction of PA200 from chromatin compared to vehicle-treated SH-SY5Y cells. These 

data suggest that PA200 binding to the genome is influenced by mitochondrial activity by shifting 

from a promoter region to another in a mitochondrial inhibitor-dependent manner (Fig. 14A-B). 

 

 

 

 

 

 

Figure 14. Mitochondrial inhibitors influence PA200-promoters binding in SH-SY5Y cells. (A) 

PA200 association with chromatin after cell treatment with 10 µM rotenone, 3 µM oligomycin, 

and 100 nM antimycin A was monitored and quantified by bed coverage. (B) Alterations in the 

occupancy of gene promoters by PA200 in untreated cells and cells challenged with mitochondria-

impairing agents were compared by Venn diagram. 
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Table 4. The function of genes whose promoters are enriched in the anti-PA200 ChIP 

Gene functions P-value 

peptidyl-lysine trimethylation (GO:0018023) 
   

1.85E-02 

ribonucleoside triphosphate metabolic process (GO:0009199) 2.30E-02 

regulation of exit from mitosis (GO:0007096) 2.30E-02 

protein transport to vacuole involved in ubiquitin-dependent protein catabolic 

process via the multivesicular body sorting pathway (GO:0043328) 

2.30E-02 

ribonucleoside triphosphate biosynthetic process (GO:0009201) 2.30E-02 

mitotic cell cycle phase transition (GO:0044772) 2.76E-02 

peptidyl-lysine methylation (GO:0018022) 3.21E-02 

positive regulation of neuron differentiation (GO:0045666) 3.21E-02 

ribonucleotide biosynthetic process (GO:0009260) 3.21E-02 

ribonucleotide metabolic process (GO:0009259) 3.66E-02 

protein methylation (GO:0006479) 4.55E-02 

protein alkylation (GO:0008213) 4.55E-02 

protein catabolic process in the vacuole (GO:0007039) 4.99E-02 

negative regulation of mitotic cell cycle (GO:0045930) 5.98E-03 

cell cycle phase transition (GO:0044770) 1.36E-03 

regulation of mitotic cell cycle phase transition (GO:1901990) 2.10E-02 

regulation of mitotic cell cycle (GO:0007346) 2.10E-02 

negative regulation of cell cycle (GO:0045786) 2.44E-02 

organonitrogen compound biosynthetic process (GO:1901566) 4.10E-02 

cell cycle process (GO:0022402) 1.56E-02 

protein modification by small protein conjugation or removal (GO:0070647) 1.24E-02 

lipid metabolic process (GO:0006629) 3.64E-02 

primary metabolic process (GO:0044238) 1.68E-02 

cellular protein modification process (GO:0006464) 1.24E-02 

protein modification process (GO:0036211) 1.26E-02 
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Expression profile of genes whose promoters are enriched in the anti-PA200 ChIP 

Next, we investigated the expression pattern of genes whose promoters show over recruitment of 

PA200 and regulate cell cycle progression, mitochondrial function, and apoptosis by RT-qPCR 

analysis. Cells were treated with vehicle (DMSO) or with selective mitochondrial inhibitors for 3h 

to conserve the experimental conditions of the ChIP experiment (Fig. 15). Gene expression patterns 

of selected genes showed differential expression in both clones upon 3h treatment with 

mitochondrial inhibitors compared to DMSO-treated cells (Fig. 15). For example, upon oligomycin 

and rotenone treatment, the promoter region of CASP4 and CASP5 were enriched in PA200, 

respectively (Supplementary Table 1). The RT-qPCR data analysis showed a significant down-

regulation of both genes, CASP4 and CASP5, in PA200 depleted cells compared to control cells 

upon oligomycin and rotenone treatments, respectively (Fig. 15). Furthermore, the expression of 

API5, ATP5E, and ATP6VOE1 genes was significantly down-regulated in shPA200 cells upon 

oligomycin treatment compared to vehicle-treated shPA200 cells, however, control cells did not 

indicate any change in the expression of indicated genes upon oligomycin treatment. Together, this 

data suggests that PA200 enrichment to specific promoters might influence transcriptional patterns. 

 

 

 

 

 

 

 

 

 

Figure 15. Expression profile of genes enriched in PA200. RT-qPCR analysis was used to 

investigate the mRNA expression level of PA200 target genes. The mRNA expression level of 

selected target genes was tested after 3h treatment with mitochondrial inhibitors at the indicated 

concentrations. The mRNA expression of selective mitochondrial inhibitor-treated (10 µM 

rotenone and 3 µM oligomycin) control and shPA200 cells was normalized to DMSO-treated cells. 

Data are presented as the mean ± SD of three independent experiments. Statistical analysis was 

performed by ANOVA using GraphPad Prism v8.2.1. (*P < 0.05, # P < 0.05, **P < 0.01, ***P < 

0.001, and ****P < 0.0001). 
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PA200 affects cell cycle in a mitochondrial inhibitor dependent manner  

ChIP-seq data analysis revealed that gene promoters that were significantly enriched in PA200 

contribute to the regulation of crucial intracellular processes including cellular proliferation. We 

investigated the role of PA200 in cell proliferation by monitoring cell cycle phases in shPA200 

cells and their corresponding control using flow cytometer and western blot analysis (Fig. 16). 

FACS data analysis shows a slight increase in the S phase population in shPA200 compared to 

control cells with or without treatment (Fig. 16A). Oligomycin-treated control cells did not show 

any significant changes in any cell cycle phases compared to vehicle-treated control cells, however, 

oligomycin-treated shPA200 cells show a significant increase in S phase population compared to 

vehicle-treated shPA200 cells (Fig. 16B). We verified these findings by western blot analysis of 

the proliferating cell nuclear antigen (PCNA), PCNA protein has an essential role in cell cycle 

progression regulation (Juríková et al., 2016). Western blot data revealed a reduction in PCNA 

protein level in control cells treated with oligomycin, or rotenone compared to vehicle-treated cells. 

The PCNA protein level was maintained in shPA200 cells upon mitochondrial inhibitors treatment 

compared to vehicle-treated shPA200 cells (Fig. 16C). 

Rotenone treatment has a similar impact on both cell lines (Fig. 16D), represented by a reduction 

of G0/G1populations, and an arrest in G2/M phases. Rotenone treatment led to an increase in sub 

G1 population in shPA200 cells indicative of apoptosis (Fig. 16D). Together, these data suggest 

that PA200 has a crucial role in cell cycle progression regulation. 
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Figure 16. Effects of PA200 depletion on cell cycle progression upon mitochondrial stress. Cell 

cycle distribution was analyzed using flow cytometry. Quantification of DNA content was 

determined in control and shPA200 cells using PI staining. (A) Histogram depicting cell cycle 

distribution in shPA200 cells and control cells upon treatment with mitochondrial inhibitors for 

24h. (B) Graphs represent a statistical analysis of cell cycle phase populations in control and 

shPA200 cells upon 24h treatment with oligomycin. (C) Western blot analysis of proliferative cell 

nuclear antigen protein (PCNA), total cell lysates of control, and shPA200 cells incubated with 

vehicle (DMSO), 10 µM rotenone (R) or 3µM oligomycin (O) for 24 h. β-actin was used as an 

internal loading control. (D) Graphs represent a statistical analysis of cell cycle phase populations 

in control and shPA200 cells upon 24h treatment with rotenone. Results are displayed as mean ± 

SD of 3 independent experiments, and statistically significant differences were calculated using the 

RM ANOVA test (*P < 0.05, **P < 0.01).  
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PA200 regulates the expression of genes involved in cell proliferation and response to stress 

The rotenone treatment induces cell death in SH-SY5Y cells through the JNK pathway (Klintworth 

et al., 2007; Newhouse et al., 2004). We showed a significant increase in apoptotic markers in 

shPA200 cells upon rotenone treatment (Fig. 12). Additionally, the flow cytometry data 

demonstrated an increase in sub-G1 cell population in shPA200 upon rotenone treatment indicative 

of apoptosis. We investigated the expression pattern of genes involved in the JNK pathway, such 

as MAPK8/JNK1, MAPK9/JNK2, MAPK10/JNK, and cJUN (c-Jun) using RT-qPCR analysis (Fig. 

17). 

The fold changes in mRNA expression in control and PA200 depleted cells were compared in the 

presence and absence of mitochondrial inhibitors. RT-qPCR data show a strong upregulation in 

MAPK8 and MAPK9, however, MAPK10, cJUN (c-Jun), and cFOS (proto-oncogene c-fos) were 

downregulated in shPA200 vehicle-treated cells compared to control vehicle-treated cells (Fig. 

17A). The expression pattern of genes was dramatically changed in response to mitochondrial 

inhibitor treatment. Rotenone treatment led to a significant up-regulation of almost all of the 

examined genes compared to vehicle treatment in both clones (control and shPA200 cells) (Fig. 

17B). Oligomycin-treated shPA200 cells show a strong downregulation in all MAPKs, while cJUN 

and cFOS expression was upregulated compared to vehicle-treated shPA200 cells (Fig. 17B). 

Control cells show an upregulation in all examined genes; except MAPK10 upon oligomycin 

treatment compared to vehicle-treated cells (Fig. 17B). These differential changes in gene 

expression on shPA200 cells with or without treatment, compared to control cells suggest the 

important role of PA200 a regulator of cell survival through the JNK pathway in neuroblastoma 

cells. 
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Figure 17. Loss of PA200 influences gene expression of JNK-pathway in the SH-SY5Y cell line. 
The mRNA level of examined genes in control and shPA200 was analyzed using RT-qPCR analysis. 

Cells were incubated with vehicle (DMSO) or the mitochondrial inhibitors (10 µM rotenone and 

3µM oligomycin) for 24 h. (A) the mRNA levels of vehicle-treated shPA200 were normalized to 

vehicle-treated control cells. (B) The mRNA expression level in control and shPA200 cells upon 

selective mitochondrial inhibitor treatment were normalized to DMSO-treated control and DMSO-

treated shPA200 cells, respectively. Data are presented as the mean ± SD of four separate 

experiments. Statistical analysis was performed by two-way ANOVA and using GraphPad Prism 

v8.2.1. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). 

 

PA200 knockdown leads to reduced c-Jun and phospho-c-Jun following rotenone 

administration 

We investigated the impact of the differential expression pattern on signaling pathways in control 

and shA200 cells. Only rotenone treatment resulted in significant changes in cell viability and 

apoptosis in shPA200 cells compared to control cells. Therefore, we tested the phosphokinase 

profile in both clones upon 24h treatment with 10µM rotenone. 43 phosphosites of specific kinases 

and transcription factors were investigated using a humane phosphokinase array. The tested kinases 

showed quite similar levels of phosphorylation in both rotenone-treated shPA200 compared to 

rotenone-treated control cells (Fig. 18A-B), except the phospho-c-Jun at serine 63, which showed 

high phosphorylation in control compared to shPA200 rotenone-treated cells (Fig. 18A-B).  
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Figure 18. PA200 deficient cells show reduced c-Jun phosphorylation after rotenone treatment. 

(A) Control and shPA200 cells were incubated with vehicle (DMSO) or 10 µM rotenone for 24 h. 

Total cell lysates were used to analyze phosphorylation profiles of kinases using the human 

phospho-kinase array. (B) Representative bars of the pixel intensity of dots in the human phospho-

kinase array. The black (A panel) and the red (B panel) frames indicate the phospho-kinases that 

influenced by the absence of PA200. The image was taken using a ChemiDoc Imager, and for data 

analysis, Image Lab 5.2.1 software was used. 

 

Next, we confirmed the findings of the phosphokinase array by analyzing the total c-Jun and 

phospho- c-Jun protein levels from total cell lysates of control and shPA200 cells upon rotenone 

treatment at different time points by western blot analysis. The vehicle-treated clones did not show 

any phosphorylation of c-Jun during the time of the experiment (Fig. 19A). At two hours of 

treatment with rotenone, we observed an increase in c-Jun protein level and phospho-c-Jun at serine 

63 in both PA200 depleted and control cells (Fig. 19A). The level of c-Jun phosphorylation was 

significantly less in shPA200 compared to control cells. In addition to its autoregulation, the 

expression of c-Jun is also regulated by JNKs (JNK1, JNK2, and JNK3) in neuroblastoma cells 

(Davis, 1998). With the same treatments, we analyzed the JNK expression and phosphorylation 

level using anti-total JNK antibody and anti-Phospho-JNK at the T183 and Y185. The total JNK 

protein level was constantly expressed in both cell lines, treated with vehicle or rotenone during 

the time of experiment (Fig. 19B). The vehicle treatment did not promote the JNK phosphorylation 

in both clones. The 2h treatment with rotenone induced a similar level of JNK phosphorylation in 
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both control and shPA200 depleted cells, and it was considerably reduced in both clones at 12 and 

24h time points (Fig. 19B). This data suggest that JNK pathways similarly respond to rotenone in 

both control and PA200 depleted cells. The reduced c -Jun phosphorylation in shPA200 cells upon 

rotenone treatment was not due to less activity of JNK, but the reduced protein level of c-Jun (c-

Jun pool) as demonstrated in the gene expression level (Fig. 17), and western-blot analysis (Fig. 

19A).  
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Figure 19. PA200-depleted cells exhibit a reduction in c-Jun protein level upon rotenone 

treatment. Control and shPA200 cells were incubated with vehicle (DMSO) or 10µM rotenone for 

the indicated time points. (A) Western blot analysis of c-Jun and p-c-Jun protein level in control 

and shPA200 cells upon rotenone treatment at different time points. Data are presented as mean 

values ± SD of 3 independent experiments. Statistical analysis was performed by ANOVA using 

Graph Pad Prism v8.2.1. (*P < 0.05, and ****P < 0.0001, §§§§ P < 0.0001). (B) Total JNK 

protein level and phosphorylated JNK were analyzed using SDS-PAGE and Western blot upon 

rotenone treatment at different time points. Western blot analysis was performed in 2 independent 

experiments. 
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PA200 influences cellular metabolism and mitochondrial activity at the transcriptional level  

As we mentioned above, the promoter of genes involved in several cellular processes, such as 

protein modifications, cell cycle, and cellular metabolism was enriched in PA200 in SH-SY5Y 

(Fig. 13 and Table 4). We confirmed the contribution of PA200 in cell cycle progression (Fig. 16) 

and its role in cellular death, especially upon selective mitochondrial inhibition. The role of PA200 

in metabolic processes has not been studied yet. To test the possible contribution of PA200 to 

metabolism, we first investigated the role of PA200 in transcriptional control using the RNA seq 

approach in control and stably depleted cells of PA200. The mRNA-seq data analysis confirmed 

the stable silencing of PA200 in shPA200 cells (Fig. 20A). The differential gene expression (DGEs) 

analysis shows that the depletion of PA200 leads to an overall change in the gene expression of 

shPA200 cells compared to control cells (Fig. 20B, C). The functional annotation analysis of DEGs 

revealed that PA200 has a crucial role in cellular functions (Fig. 20D, E) including metabolism, 

apoptotic and cell death processes, neuron differentiation and proliferation, MAPK signaling 

pathway, histone modification, DNA repair, and autophagy. But the greatest representation of 

DEGs was assigned to cellular metabolism (Fig. 20D-G). Furthermore, the intervention of PA200 

in metabolism appears in mitochondrial homeostasis, oxidative phosphorylation regulation, ATP 

production, and glycolysis (Fig. 20G). 
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Figure 20. Loss of PA200 influences gene expression as profiled by RNA-seq in SH-SY5Y 

neuroblastoma cells. Transcriptomic analysis of PA200 depleted cells and their corresponding 

control in normal conditions using RNA sequencing. (A) Fold change of mRNA expression level of 

the PSME4 gene that expresses PA200 shows a successful depletion of PA200. (B) Numbers of the 

down and up-regulated genes in the PA200-depleted cells normalized to control cells (shCTRL) 

(C) Hierarchical clustering of log2FC of selected DEGs. The list on the right quotes every second 

gene.(D-E) pathway classification of the up (D) and down-regulated (E) DEGs following depletion 

of PA200.(F) Analyzing the signaling network of genes influenced by PA200 stably depletion 

represented by nodes. Gene regulatory networks indicating the genes related to metabolism by blue 

nodes and others gray nodes. (G) Loss of PA200 positively influences genes that contribute to 

mitochondrial respiration and NAD metabolism. DEGs are shown (shPA200 vs. shCTRL) derived 

from RNA-Seq data for regulation of oxidative phosphorylation (GO: 0002082), NAD metabolic 

process (GO: 0019674), and glycolytic process (GO: 0006096). 
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PA200-deficient cells exhibit mitochondrial dysfunction  

Stable depletion of PA200 influences several gene expressions including those involved in the 

regulation of metabolic processes, which strongly support the ChIP-seq data. Next, we investigated 

whether this overall change in the gene expression of shPA200, especially on cellular metabolism 

was also reflected in cellular functions. Notably, deletion of Blm10 in yeast reduced mitochondrial 

function and led to altered mitochondrial dynamics (Tar et al., 2014). Furthermore, the mRNA 

expression of Blm10 increased upon the switch from fermentation to oxidative metabolism (Lopez 

et al., 2011). Thus, we have first investigated the mitochondrial bioenergetics profile using 

Seahorse analysis in human cells. Cells were subjected to different mitochondrial inhibitors to 

investigate the different parameters of mitochondrial activity. First, oligomycin treatment blocks 

ATP synthase and provides information about ATP production in aerobic respiration (OXPHOS) 

and proton leak. FCCP uncouples mitochondrial respiration to measure maximal respiration and 

spear respiratory capacity. Finally, adding a combination of rotenone and antimycin A blocks the 

ETC and differentiates between mitochondrial and non-mitochondrial oxygen consumption. 

Seahorse data analysis of shPA200 cells showed a significant reduction in proton leak and spare 

respiratory capacity by 84.147% and 99.834%, respectively, compared to control. Maximal 

respiration was also dramatically, but not significantly reduced in shPA200 compared to control 

cells (Figure 21A, B). This data suggests that loss of PA200 negatively influences mitochondrial 

activity. 
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Figure 21. Mitochondrial bioenergetics profile of control and PA200-deficient cells. The 

mitochondrial activity was measured with respect to oxygen consumption rate (OCR) using a 

Seahorse XF96 analyzer. Control and shPA200 cells were seeded at a density of 35,000 cells/well 
in XF96 Seahorse plates. The following day, the basal OCR was determined for 30min before the 

injection of oligomycin (1.5 µM); FCCP (1 µM); and the cocktail of rotenone/antimycin (1 µM). 

(A) ATP production, basal and maximal respiration. (B) Calculated basal respiration, proton leak 

respiration, maximal mitochondrial respiratory capacity, spare respiratory capacity, and ATP-

coupled respiration. Data were normalized to total protein (pmol/min/µg protein), and were 

analyzed using Wave Desktop software. Data are presented as mean values ± SD (n=3), and 

statistical analysis was performed by unpaired t-test (* indicates p<0.05, ** indicates p<0.01, ns; 

not significant). 
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PA200 knock-down reduces mitochondrial ETC biogenesis 

We investigated the protein level of OXPHOS machinery using western blot analysis. Samples 

were used from total lysates and mitochondrial sub-fractions of both clones (shPA200 and control 

cells) under normal conditions. Western blot analysis of OXPHOS proteins from a mitochondrial 

fraction (Fig. 22A) revealed a significant reduction in the protein levels of CI-NDUFB8, CII-SDHB 

(p=0.0648), subunits in shPA200 cells compared to control cells; however, there was no significant 

change in CV-ATP5A subunit between the two clones (Fig. 22B). CIII-UQCRC2 and CIV-MTCOI 

were probably affected by the reagents used for mitochondrial extraction especially the CIV-

MTCOI subunit, which has a hydrophobic character. Therefore, we investigated the mitochondrial 

OXPHOS complexes from total lysates as well (Fig. 23A). Western blot analysis showed a 

significant reduction in all examined OXPHOS complexes subunits; CI-NDUFB8, CII-SDHB, 

CIII-UQCRC2, and CIV-MTCOI subunits in PA200 deficient cells except CV-ATP5A subunit 

which did not show any difference in both clones (Fig. 23B-F). 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Reduction in CI-NDUFB8 subunit in mitochondrial fraction of PA200-deficient 

cells. Mitochondrial fraction from control and shPA200 cells was analyzed by western blot. (A) 

Representative western blot of mitochondrial OXPHOS proteins from mitochondrial fraction of 

control and PA200-deficient cells. (B) Representative bar graphs of statistical analysis of examined 

OXPHOS subunits. Data were analyzed using Image Lab V 6.1 software and presented as mean 

values ± SD (n=4). The statistical analysis was performed by unpaired t-test (** indicates p<0.01. 

ns, not significant). 
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Figure 23. PA200 knock-down cells exhibit a significant reduction in the protein level of electron 

transport chain complexes. Total lysate from control and shPA200 cells at normal conditions (no 

stress) were analyzed by western blot, the antibody cocktail that detects four subunits of the four 

ETC complexes; CI-NDUFB8, CII-SDHB, CIII-UQCRC2, CIV-MTCOI, and one subunit for the 

ATP synthase CV-ATP5A, simultaneously was used. (A) Western blot analysis of mitochondrial 

OXPHOS proteins from total cell lysate of control and PA200-deficient cells. (B-F) Representative 

bar graphs of statistical analysis of examined OXPHOS subunits. The density of the protein was 

normalized to internal control of mitochondrial mass, Hsp 60. Data were analyzed using Image 

Lab V 6.1 software and presented as mean values ± SD (n=4). The statistical analysis was 

performed by unpaired t-test (* indicates p<0.05, *** indicates p<0.001. ns, not significant). 
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Cells stably depleted of PA200 shift from OXPHOS to glycolysis 

Next, we hypothesized that the reduced mitochondrial activity might lead shPA200 cells to be 

provided by energy from other sources, such as increased glycolysis, especially upon stressed 

mitochondria. PA200 depletion also leads to downregulation of the negative regulators of 

glycolytic genes and induces the glycolytic process (Fig. 20D, E, G). Therefore, we determined 

changes in glycolysis upon PA200 depletion using Seahorse XF analysis. During the real-time 

ECAR measurement, the shP200 and control cells were subjected to different compounds to 

investigate the different parameters of cellular glycolysis. First, we determined the baseline of the 

ECAR for 30min in a glucose-free medium. Next glucose, oligomycin, and 2-DG were sequentially 

injected. Administrating glucose help to determine glycolysis, while oligomycin treatment blocks 

ATP production enhancing other sources of energy in the cell, thereby we can determine the 

glycolytic capacity. Finally, the administration of the glucose analog, 2-DG blocks glycolysis by 

antagonizing the endogenous glucose, confirmation that the ECAR originates from glycolysis.  

Data analysis demonstrates that in PA200 depleted cells, the glycolysis and glycolytic capacity are 

significantly increased by 42.186% and 26.106%, respectively, compared to control cells (Fig. 24A 

and B). This data suggests that the loss of PA200 directs cells from oxidative 

phosphorylation to glycolytic activity as another source of energy, especially under mitochondrial 

insult.  
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Figure 24. Increased glycolysis and glycolytic capacity in PA200-deficient cells. The glycolytic 

activity was measured using the Seahorse XF 96 analyzer. Glycolysis was assessed by measuring 

ECAR. PA200-depleted and corresponding control cells were seeded in an XF 96 cell culture 

microplate at 35.000 cells/well. The basal ECAR was determined for 30 min before the injection 

of 10 mM glucose (Glu), 1 µM oligomycin (Olig), and 50 mM 2-deoxy-d-glucose (2-DG). (A) 

Glycolytic profile of PA200 depleted cells and control cells. (B) Calculated glycolysis and 

glycolytic capacity of shPA200 and control cells normalized to total protein (mpH/min/µg protein). 

Data were analyzed using Wave Desktop software. Data are presented as mean values ± SD (n=4), 

and statistical analysis was performed by unpaired t-test (* indicates p<0.05, *** indicates 

p<0.001). 
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PA200-deficient cells exhibit fused mitochondrial morphology upon selective mitochondrial 

inhibitor treatment 

Mitochondrial number, structural network, and distribution are subject to change depending on cell 

type, cell cycle stage, and response to extracellular stimuli (Rambold & Pearce, 2018). 

Furthermore, the intracellular energy status and the mitochondrial morphology are dependent on 

each other (Mishra & Chan, 2016; Wai & Langer, 2016). We studied the impact of PA200 depletion 

on mitochondrial dynamics, in the presence or absence of the mitochondrial inhibitor, oligomycin. 

We used oligomycin at the concentration of 3 µM for 24h based on our previous observations. 

First, we have chosen oligomycin because it induced more fragmented mitochondria compared to 

rotenone treatment (Fig. 25), indicative of reduced mitochondrial activity. Second, rotenone 

treatment showed increased cell death, especially upon loss of PA200, compared to oligomycin 

treated shPA200 cells (Fig. 11, Fig. 12). Furthermore, oligomycin treatment was described as a 

tool for the investigation of  OXPHOS suppression adaptation in various cancer cell lines (Hao et 

al., 2010).  

Mitochondrial morphology was analyzed using the HCS system. Mitotracker Red CMXRos and 

Hoechst 33342 were used to stain the mitochondria and nuclei, respectively. The analysis and 

quantification of mitochondrial morphology were assessed using Harmony 4.8 and PhenoLogic 

machine learning software. Mitochondria were classified into four classes; long tubular, short 

tubular, compact tubular, and fragmented mitochondria (Fig. 26). Analysis of Mitochondrial 

classes revealed that there were no significant changes between the PA200 depleted and the control 

cells upon vehicle treatment (Fig. 27A and B). When cells were treated with 3 µM oligomycin, we 

observed a significant increase of mitochondrial fragmentation in both cell lines compared to 

vehicle-treated cells. The effects of oligomycin on mitochondrial fragmentation were significantly 

higher in control cells compared to shPA200 cells (Fig. 27B). Moreover, the long tubular and the 

compacted mitochondrial structures were significantly higher in shPA200 cells compared to 

control cells after 24h treatment with oligomycin. The data suggest that PA200 has a crucial role 

in the maintenance and proper mitochondrial dynamics. 
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Figure 25. Oligomycin induces elevated mitochondrial fragmentation compared to other 

mitochondrial inhibitors in the SH-SY5Y cell line. Control cells were treated for 24 h either with 

DMSO or 5µM and 10µM rotenone, or 3 µM and 10 µM oligomycin. After 24h treatment, the cells 

were stained with 50 nM Mitotracker Red CMXRos and 10 µM Hoechst 33342 for 30 minutes. Live 

cell mitochondrial morphology monitoring was assessed using Opera Phenix High-Content 

Screening System. Up to 5000 cells were analyzed in each condition of treatment with 

mitochondrial inhibitors. Images were analyzed using Harmony 4.8 software. Data are presented 

as mean values ± SD (n=4), and statistical analysis was performed by Two-way ANOVA test (*** 

indicates p<0.001. ### indicates p<0.001). 
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Figure 26. Classification of Mitochondrial morphology. Live-cell images were acquired by Opera 

Phenix High-Content Screening System (63× water objective (NA = 1.15)). The cells were stained 

with Hoechst 33342 and Mitotracker Red CMXRos to label the nucleus and mitochondria, 

respectively. shPA200 and control cells constitutively expressed the EGFP to determine the 

cellular cytosol. (A-B) Images were analyzed using Harmony 4.8 software and different subcellular 

fluorescence staining was used for cell segmentation (EGFP determines the cytoplasm, Hoechst 

determines the nuclei, and Mitotracker red determines the mitochondrial compartments). (C) 

Mitochondria were classified as follows: fragmented, short tubular, long tubular, and compact 

tubular based on measured properties using the PhenoLOGIC machine learning. % of each 

mitochondria class = (mitochondria class area / total mitochondria area) x 100. Scale bar =50µm, 

inset=10µm.   
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Figure 27. Depletion of PA200 reduces mitochondrial fragmentation upon oligomycin 

treatment. Automated confocal microscopy was performed on an Opera Phenix High-Content 

Screening System (Perkin Elmer). Image acquisition settings were the following: 63x water 

objective (NA=1.15), appropriate lasers, and filters for Hoechst, eGFP, and Mitotracker Red in 

sequential mode to exclude spectra overlap. (A) Representative confocal images of shPA200 and 

control cells stained with MitoTracker Red CMXRos upon treatment with vehicle (DMSO) or 3 µM 

oligomycin for 24 hr (scale bar = 10 µm. inset 2.5 µm). (B) Mitochondria classes (%) of shPA200 

and control cells upon treatment with vehicle or 3 µM oligomycin for 24h. Data represent the mean 

± SD (n=4). Up to 5000 PA200-deficient and control cells were analyzed in each condition. 

Statistical analysis was performed by Two-Way ANOVA (*** indicates p<0.001, **** indicates 

p<0.0001, ns, not significant). 
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Effects of PA200 depletion on genes related to mitochondrial dynamics   

Under normal conditions, the loss of PA200 in SH-SY5Y neuroblastoma cells did not affect 

mitochondrial dynamics (Fig. 27B). However, upon oligomycin treatment, PA200 depleted cells 

showed a significant reduction of fragmented mitochondria compared to oligomycin-treated 

control cells (Fig. 27B). The mitochondrial morphology is controlled by heterogeneous groups of 

proteins (see mitochondrial fission ad fusion machinery), which mediate mitochondrial fission and 

fusion to ensure mitochondrial homeostasis. We investigated the effect of PA200 depletion on the 

expression pattern of genes involved in mitochondrial fission and fusion upon a vehicle or 3 µM 

oligomycin treatments for 24h, using RT-qPCR. The examined fusion genes were MFN1, MFN2, 

and OPA1, and the examined fission genes were MIEF1, MIEF2, FIS1, DNM1L, and MFF. The 

RT-qPCR data analysis revealed that the majority of genes are down-regulated in both cell lines 

following oligomycin treatment (Fig. 28A). OPA1 mRNA level, however, shows a considerable 

but not significant increase in both clones (Fig. 28A). Interestingly, MFN1 mRNA expression level 

was significantly reduced in shPA200 cells compared to control cells upon oligomycin treatment 

(Fig. 28A). 

We also normalized the RT-qPCR data to control cells to see the effect of PA200 depletion on the 

expression pattern. Data revealed that there were no significant changes in the mRNA expression 

of the tested genes upon a vehicle or oligomycin treatment compared to control cells, except a 

slight but significant increase in the fold change of MFN2, in the vehicle-treated shPA200 cells 

(Fig. 28B). Taken together, oligomycin treatment negatively influences gene expression of proteins 

of mitochondrial dynamics in both control and shPA200 cells. Furthermore, loss of PA200 did not 

cause significant changes in mRNA expression of mitochondrial fission and fusion proteins 

compared to control cells, except for MFN1 after oligomycin treatment (Fig. 28A), and MFN2 after 

treatment with vehicle (Fig. 28B). 
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Figure 28. mRNA expression of mitochondrial fission and fusion genes upon loss of PA200. 

Control and shPA200 cells were treated with vehicle or 3µM oligomycin for 24h. The mRNA 

expression levels of mitochondrial fission and fusion genes were examined by RT-qPCR. (A) The 

data of RT-qPCR were normalized to vehicle-treated cells. (B) The data of RT-qPCR were 

normalized to control cells. Data are presented as mean values ± SD. Statistical analysis was 

performed by Two-Way ANOVA and unpaired student t. test (* indicates p<0.05, ** indicates 

p<0.01, *** indicates p<0.001. ns, not significant).       
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PA200-deficient cells demonstrate stabilized L-OPA1 isoform upon oligomycin treatment 

We investigated the key mitochondrial fission and fusion proteins using western-blot analysis (Fig. 

29). Overall, the mitochondrial fission and fusion proteins did not show significant changes in 

shPA200 compared to control cells upon vehicle treatment (Fig. 29A-D). However, 3 μM 

oligomycin treatment significantly reduced the level of L-OPA1 isoform in both clones, compared 

to vehicle-treated cells (Fig. 29A and B). The effects of oligomycin on L-OPA1 cleavage to S-OPA 

isoform was significantly higher in control than in shPA200 cells (Fig. 29B), suggesting that PA200 

knockdown prevented the oligomycin-induced L-OPA1 cleavage, and thus might lead to more 

fused mitochondria in shPA200 upon oligomycin treatment (Fig. 27B). OPA1 isoforms in the IMM 

are controlled by the peptidase OMA1 and the i-AAA protease YME1L (Anand et al., 2013). The 

cleavage of L-OPA by OMA1 or YME1L depends on extracellular stress that leads to ATP 

depletion, mitochondrial depolarization, and increased ROS production, which was associated with 

OMA1 and YMEL1 activation (Anand et al., 2014; Baker et al., 2014). 

To explore the mechanism behind the high cleavage of L-OPA in control, but not shPA200 cells 

upon oligomycin treatment, we investigated the protein level of OMA1 and YME1L in control and 

PA200 deficient cells upon vehicle or 3 µM oligomycin using western blot analysis. Data reveals 

that no significant changes in YME1L in both clones were detected either treated with vehicle or 3 

µM oligomycin (Fig. 29A and D). Interestingly we found a significant reduction of protein level 

of OMA1 in oligomycin-treated shPA200 compared to oligomycin-treated control cells (Fig. 29A 

and C). This data suggests that stress-dependent L-OPA1 cleavage is reduced in shPA200 due to 

the reduction of the protein pool of OMA1 upon oligomycin treatment, compared to oligomycin 

treated control cells. These results partially explain the increased fused and compacted 

mitochondrial classes in PA200-deficient cells (Fig. 27B).  

 

 

 

 

 

 



93 
 

       

 

 

DMSO 3 µM oligomycin 

0.0

0.5

1.0

1.5

2.0

2.5

L
-O

P
A

1
/S

-O
P

A
1
 r

a
ti

o

Control

shPA200

# #

✱✱

✱✱✱

DMSO 3 µM oligomycin

0.00

0.02

0.04

0.06

R
e
la

ti
v
e
 O

M
A

1
 p

ro
te

in
 l
e
v
e
l

(O
M

A
1
/β

-a
c
ti

n
)

control

shPA200

**

*

ns

ns

 

 

Figure 29. PA200-deficient cells exhibit reduced stress-induced L-OPA1 cleavage. Control and 

PA200-depleted cells were treated either with vehicle or 3 µM oligomycin for 24h. Cells were lysed 

and equal amounts of proteins were separated in SDS-PAGE, Key proteins of mitochondrial 

dynamics were investigated using; anti-Drp1, anti-Fis1, anti-Mff, anti-Mfn1and 2, anti-OPA1, 

anti-OMA1, and anti-YME1L antibodies. (A, E) representative image of western blot analysis. (B) 

OPA1 statistic bar graph, (C) OMA1 statistic bar graph (D) YME1L statistic bar graph. Images 

were taken using a ChemiDoc Imager. The pixel intensity was quantified and normalizes to internal 

control β-actin using Image Lab software. Data are presented as mean values ± SD (n=4). 

Statistical analysis was performed by Two-Way ANOVA. (* indicates p<0.05, ** indicates p<0.01, 

*** indicates p<0.001, ## indicates p<0.01. ns, not significant). 
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Loss of PA200 increases ROS production and oxidized proteins upon mitochondrial stress 

The active mitochondria generate ROS under normal conditions with low rates as part of cellular 

redox regulation (Loschen et al., 1971). ROS are considered as indicators of mitochondrial status 

since mitochondria are the main sources of ROS in the cell. Our RNA-seq data analysis 

demonstrated that loss of PA200 alters the expression of genes related to cellular responses to 

oxidative stress. Our results also show that PA200-deficient cells exhibit inefficient mitochondrial 

function and biogenesis. Thus, as a logical step, we studied the possible impact of PA200-depletion 

on ROS production using flow cytometry analysis.  

The total ROS production of control and shPA200 cells were measured in the presence and absence 

of either vehicle or 3 µM oligomycin. Cells were stained with Deep-Red ROS detection dye and 

the fluorescence intensity was detected from 20.000 PA200-deficient and control cells. FACS 

analysis revealed a slight but significant reduction in total ROS production in shPA200 compared 

to control cells in the absence of the treatment (Fig. 30A). We did not see a major difference in 

ROS production upon vehicle treatment between the two cell lines (Fig. 30B), while, treatment 

with 3 µM oligomycin significantly increased ROS production in shPA200 compared to vehicle-

treated cells (Fig. 30B).  

ROS induce irreversible structural modification of proteins by giving a rise of carbonyl groups 

(protein carbonylation) (E. R. Stadtman & Berlett, 1991; E. R. Stadtman & Levine, 2003; E. R. 

Stadtman, 1990). Oxidized proteins lose their function and promote disease-related protein 

dysfunction for example in neurodegenerative diseases (Dalle - Donne et al., 2006). We tested the 

effects of the PA200 knock-down on protein carbonylation. Both cell lines were tested with or 

without treatment of oligomycin. Cells were lysed and conjugated with DNPH molecules. The 

derivatized proteins were separated by SDS-PAGE and the oxidized proteins were detected using 

an anti-DNP antibody. Western blot data analysis showed a slight but significant reduction in 

protein carbonylation (oxidization) in PA200 knock-down compared to control cells without 

treatment (Fig. 30C and D). Oligomycin treatment in both PA200-deficient and control cells leads 

to an increase in oxidized proteins (Fig. 30E). Notably, in PA200 deficient cells, the protein 

carbonylation is higher compared to oligomycin treated control cells (Fig. 30E). Based on these 

data, we speculate that PA200 deficient cells can adapt to mitochondrial dysfunction when 

additional mitochondrial stress is not present, by maintaining low ROS production, thereby 



95 
 

reducing protein oxidation and minimizing intracellular oxidative stress. However, upon 

mitochondrial insult, such as oligomycin treatment, PA200-deficient cells produce higher level 

ROS leading to protein oxidation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure 30. High ROS production and protein oxidation in PA200-deficient cells upon stress. 

Total intracellular ROS in control and PA200 depleted cells were analyzed by flow cytometry. 

Untreated cells were stained with ROS detection reagent that interacts with free radicals and base 

on red/ox reactions generates a dye that is detected at the deep-red channel of the flow cytometer. 

20.000 cells were analyzed from shPA200 and control cells. (A, B) Statistical histogram of FACS 

data analysis of ROS dye fluorescence intensity in control and shPA200 cells. Data are presented 

as mean values ± SD (n=4). Statistical analysis was performed by unpaired t-test and Two-Way 

ANOVA. (* indicates p<0.05, ns, not significant). (C) Representative western blot of protein 

carbonylation of untreated control and shPA200 cells. (D) Statistical analysis of protein 

carbonylation in both clones and data normalized to internal control β-actin. Data are presented 

as mean values ± SD (n=3). Statistical analysis was performed by unpaired t. test. (* indicates 

p<0.05). (E) Representative western blot of protein carbonylation in control and shPA200 cells 

upon treatment with vehicle (DMSO) or 3µM oligomycin (O), #; indicates highly oxidized proteins 

in shPA200 cells upon oligomycin treatment. Images were taken using a ChemiDoc Imager and 

the pixel intensity was quantified and normalized to internal control, β-actin, using Image Lab 

software.  
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PA200 influences mitochondrial membrane potential (ΔΨm) 

RNA-seq data revealed that PA200 depletion affects the mRNA expression of genes involved in 

mitochondrial membrane potential (Fig. 20D and E). We measured ΔΨm in PA200-depleted and 

control cells using FACS. We tested untreated and we challenged cells with the mitochondrial 

inhibitor, oligomycin. ΔΨm in both clones was determined using TMRE staining, which labels 

only active mitochondria. The fluorescence intensity of TMRE is proportional to mitochondrial 

membrane polarization. FACS data analysis showed a significant reduction of ΔΨm in shPA200 

cells, compared to control cells without treatment (Fig. 31A). However, upon 24h treatment with 

oligomycin, ΔΨm significantly increased in both clones, compared to vehicle-treated cells (Fig. 

31B). This data supports the mRNA-seq results and suggests that PA200 positively influences 

ΔΨm. 
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Figure 31. PA200 deficient cells exhibit lower mitochondrial membrane potential. The 

mitochondrial membrane potential of untreated and oligomycin treated shPA200 and control cells 

was assessed using TMRE. Cells were stained with 100 nM TMRE for 10 min. (A) Statistical bar 

graph of TMRE-median fluorescence intensity of shPA200 and control cells at normal conditions. 

(B) Statistical bar graph of median fluorescence intensity of TMRE in PA200-deficient cells and 

its control that treated either with vehicle or 3 µM oligomycin for 24h. Data acquisition was 

assessed using a flow cytometer analyzer (n=4). Data were analyzed using FlowJo_V10 software. 

Data are presented as mean values ± SD and statistical analysis was performed by unpaired t-test 

and ANOVA (*** indicates p<0.001. ns, not significant).  
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DISCUSSION 

The proteasome activator, PA200 alternatively binds to 20S core particle and enhances the 

peptidase activity of the proteasomes. In mammals, PA200 is expressed in all tissues and at a larger 

extent in testis (Ustrell et al., 2002). PA200 is present in the nucleus, and cytosol either as free form 

or it binds to 20S proteasome, depending on the cell type and stress conditions (Gomes et al., 2006; 

Ustrell et al., 2002). The known functions of PA200/Blm10, in addition to its role in proteolysis, 

are cytoprotection in DNA repair, spermatogenesis, myofibroblast differentiation, mitochondrial 

function in yeast, and aging (Chen et al., 2020; Huang et al., 2016; Iwanczyk et al., 2006; Khor et 

al., 2006; Ustrell et al., 2002; Welk et al., 2019).  

Based on our preliminary data, we further aimed to explore the role of PA200 in transcriptional 

control and mitochondrial integrity. We generated stable knockdown of PA200 in the SH-SY5Y 

cell line using lentiviral technology. We chose SH-SY5Y cells for several reasons, in addition to 

their human origin and neuronal properties (Klintworth et al., 2007; Lopes et al., 2010; Xicoy et 

al., 2017). Disease-specific network analysis of SH-SY5Y cells revealed that the genomic integrity 

of SH-SY5Y cells is highly maintained regarding the pathological pathways of PD and AD, but 

low for HD (Krishna et al., 2014). The intracellular stress that occurs in disordered neurons in 

neurodegenerative patients was created in our model by treating the cells with different 

mitochondrial inhibitors, especially rotenone, which is used to mimic the intracellular condition in 

the PD model (Betarbet et al., 2000). 

The stable depletion of PA200 in SH-SY5Y cells did not show any major differences compared to 

control cells regarding proliferation and viability; however, cell adhesion was slightly lower in 

shPA200 compared to control cells. First, we tested the possible role of PA200 in cell viability 

upon treatment with mitochondrial inhibitors using SRB assay. Our data revealed that all 

mitochondrial inhibitors led to a significant reduction of cell viability, in both shPA200 and control 

cells, compared to vehicle-treated cells. Mitochondrial respiratory chain inhibitors such as 

rotenone, antimycin A, and oligomycin are already known to induce cell death in cultured human 

lymphoblastoid (Wolvetang et al., 1994). Rotenone showed to induce cell death in the SH-SY5Y 

cell line (Newhouse et al., 2004), and antimycin-A induced apoptosis in Hela and HL-60 cells. 

Interestingly, the effect of rotenone treatment on PA200-deficient cells was more severe on cell 

viability compared to control cells, suggesting that the loss of PA200 significantly increases cell 



98 
 

death upon rotenone treatment. We confirmed this finding by testing necrosis and apoptosis 

markers in shPA200 and control cells under the same conditions of treatment. We observed a 

significant increase in the protein levels of necrotic and apoptotic markers in shPA200 cells upon 

rotenone treatment, compared to rotenone-treated control cells. Oligomycin and antimycin A 

treatments did not show any significant differences either in cell viability or apoptosis hallmarks 

between the two clones.  

It is known that the PA200/Blm10 family is recruited to the chromatin upon IR exposure and is 

involved in the DNA repair process by degradation of acetylated core histones (Qian et al., 2013). 

PA200 recognizes and binds to acetylated histones by its BRD-like region. Notably, PA200/Blm10 

BRD-like domain does not share any sequence homology with any known BRDs (Guan et al., 

2020; Qian et al., 2013). Furthermore, deletion of Blm10 in yeast leads to overall changes in the 

expression pattern of relevant genes encoding for proteins required for cell cycle, chromosome 

organization, assembly, function, and repair (Doherty et al., 2012). Additionally, structural 

characteristics of PA200 are typically associated with protein-protein binding (adaptor protein). 

Based on these findings, we speculated that the mechanism behind the higher sensitization of 

PA200-deficient cells to rotenone compared to control is due to an overall change in the 

transcriptional machinery via direct or indirect binding of PA200 to promoters of relevant genes. 

To verify our hypothesis, we assessed ChIP and ChIP-seq analysis in SH-SY5Y cells upon 

treatment with mitochondrial inhibitors.  

ChIP-seq data analysis revealed that PA200 is a chromatin component in SH-SY5Y cells. Previous 

reports revealed that PA200 forms nuclear foci upon exposing HeLa cells to IR  (Ustrell et al., 

2002). Others demonstrated that this accumulation of PA200 in the chromatin upon IR exposure is 

accompanied by association with 20S proteasomes to ensure the degradation of acetylated histones 

(Qian et al., 2013). Interestingly, our ChIP-seq data analysis disclosed that PA200 is recruited to 

TSS regions of genes involved in the cell cycle, primary metabolism, and protein modifications. 

Furthermore, the binding of PA200 to such promoter regions is changed based on selective 

mitochondrial inhibitor treatment; for example, upon vehicle treatment PA200 binds to promoter 

regions of ATP5E gene, which encodes for mitochondrial ATP synthase F1 subunit. However, 

treatment with oligomycin leads to dissociation of PA200 from the ATP5E promoter. For the same 

gene, RT-qPCR data of genes whose promoters are enriched in the anti-PA200 ChIP showed that 
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the mRNA expression level of ATP5E gene was significantly downregulated in shPA200 upon 

oligomycin treatment compered to vehicle-treated shPA200 cells. ATP5E silencing in HEK cells 

leads to defects in ATP synthase complex and reduction in ATP production (HavlíČková et al., 

2010). This data suggests that loss of PA200 affects mitochondrial biogenesis at the transcriptional 

level, thereby overall influences cellular metabolism. PA200 also binds to promoter regions of 

genes involved in cell survival, such as CASP4, upon oligomycin treatment. RT-qPCR data 

revealed that CASP4 mRNA expression was significantly down‐regulated in PA200‐dificent cells 

after oligomycin treatment compared to oligomycin-treated control cells. On the other hand, 

rotenone treatment leads to enrichment of PA200 to promoter regions of genes involved in 

apoptosis process, such as CASP5. CASP5 mRNA expression was significantly down regulated in 

rotenone-treated shPA200 cells compared to rotenone-treated control cells. Shuttling of PA200 

from one promoter to another, depending on selective mitochondrial stress, is accompanied by 

changes of expression of many genes that are involved in the cell cycle progression, apoptosis, 

kinases, and transcription factors upon PA200 depletion. This suggests that PA200 is probably 

involved in the regulation of transcriptional machinery. Notably, the presence of PA200 in the 

vicinity of both acetylated and non-acetylated promoter regions supports our hypothesis that PA200 

may play a role as a transcription factor of cofactors, but not as proteasome activator that is 

involved in the degradation of acetylated histones through the BRD-like domain of PA200. The 

specificity of how this regulation is achieved, and whether PA200 directly binds to DNA or via 

specific transcription factors requires further investigation. 

Flow cytometry and western blot analysis of cell cycle progression support the ChIP-seq data of 

the enrichment of PA200 on promoter regions of genes involved in cell cycle progression and the 

possibility that PA200 influences those genes at the transcriptional level. PA200-deficient cells 

exhibit an increased cell population in the S phase upon oligomycin treatment, compared to 

vehicle-treated shPA200 cells. In the same context, reports disclosed that the overexpression of 

Blm10 inhibited cell growth in yeast (Fehlker et al., 2003). Furthermore, the deletion of Blm10 

affects the transcription pattern of numerous genes that regulate cell cycle progression (Doherty et 

al., 2012). Another report has revealed that the PA200-deficient cells are continuously grown at a 

high rate when extracellular glutamine is limited, while control cells respond by slow growth 

(Blickwedehl et al., 2012). This data suggests that PA200 plays a crucial role in cell cycle 

progression either by direct regulation of cell cycle genes, as we showed by ChIP-seq data, or 
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indirectly by interrupting the cellular metabolism and directing cells to continuous cell cycle as 

Blickwedehl et al, described. 

We also looked at signaling pathways that lead to massive cell death in PA200-deficient cells upon 

rotenone treatment. It is known that SH‐SY5Y cells treated with rotenone activate the JNK/c-Jun 

pathway leading to cell death (Klintworth et al., 2007; Newhouse et al., 2004). In our study, the 

loss of PA200 in the SH-SY5Y neuroblastoma cell line leads to strong down-regulation of the JUN 

gene, which is involved in cell death. In our model, c-Jun expression without stress is very low. 

However, treatment with rotenone leads to induction of the expression of c-Jun and its 

phosphorylation as a stress response to ensure cell survival. Interestingly, the response to rotenone 

treatment in shPA200 was significantly lower, compared to rotenone-treated control cells regarding 

c-Jun protein expression and phosphorylation. This data might explain the massive cell death in 

PA200-deficient cells upon rotenone treatment. The low expression of c-Jun protein and its 

phosphorylation in shPA200 upon rotenone treatment reduce the tolerance to extracellular stimuli 

resulting in increased apoptosis of shPA200 cells. Related to our findings, a report demonstrated 

that mutations of c-Jun in fibroblasts show enhanced sensitivity to UV and TNFα-induced 

apoptosis (Wisdom et al., 1999). This data suggested that c-Jun protected cells from apoptosis, 

while the molecular mechanism by which c-Jun prevents cell apoptosis upon extracellular stimuli 

is unclear.  

Our ChIP-seq data revealed that PA200 is recruited to the promoter region of genes involved in 

primary metabolic processes. However, these findings needed confirmation by functional assays 

to reveal the role of PA200 in metabolism. Therefore, we assessed RNA-seq analysis upon stable 

silencing of PA200 in SH-SY5Y cells and its respective control. RNA-seq data analysis was 

strongly following ChIP-seq data findings. The RNA-seq has revealed that loss of PA200 leads to 

an overall transcriptomic change in genes related to apoptosis, metabolism, cell cycle, MAPK 

signaling pathway, and mitochondrial homeostasis. Similar to our findings, a recent report 

demonstrated that the PA200 is essential to maintain the transcriptional machinery especially 

during aging. Furthermore, RNA-seq data analysis from MEF and liver of PA200 knockout mice 

revealed that PA200 modulates the transcription of genes involved in aging, MAPK signaling, and 

cell cycle (Chen et al., 2020). In support of the role of PA200 in metabolism and the maintenance 

of mitochondrial homeostasis, yeast deleted of Blm10 exhibits mitochondrial dysfunction showing 
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reduction of respiration. Furthermore, this strain is unable to grow on non-fermentable carbon 

sources, such as glycerol (Tar et al., 2014). Moreover, the expression level of Blm10 increased 

upon the switch from fermentation to oxidative metabolism (Lopez et al., 2011). In summary, our 

data suggested that aerobic oxidative phosphorylation might be interrupted by the loss of PA200. 

These observations in yeast and the results of DEG clustering of RNA-seq data, therefore, pointed 

us to investigate the metabolic state of cells stably depleted of PA200.  

We validated DEGs affected by the depletion of PA200 and found to be involved in metabolism 

and mitochondrial homeostasis. Seahorse analysis revealed that PA200 cells exhibit defects in 

mitochondrial activity. Lacking PA200 leads to a significant reduction in the spare respiratory 

capacity, maximal respiration, and proton leak. Reduction in spare respiratory capacity and 

maximal respiration indicates that the mitochondria are not able to generate enough energy by 

oxidative phosphorylation to overcome stress (Desler et al., 2012; Marchetti et al., 2020; 

Yamamoto et al., 2016). This data shows that loss of PA200 negatively affects oxidative 

phosphorylation, especially under conditions where cells are in high energy demand. Furthermore, 

western blot analysis of mitochondrial oxidative phosphorylation complex subunits, in PA200-

deficient cells and control cells, show a significant reduction of ETC complexes in shPA200 cells, 

compared to control cells, especially the CI subunit NDUFB8, which is involved in CI assembly 

(Vogel et al., 2007). However, the ATP synthase subunit, ATP5E did not change between the two 

clones, which might explain the similar OCR rate in baseline and ATP production of both clones. 

The strong reduction of the assembly subunit, NDUFB8 in shPA200 did not affect the ATP 

production under normal condition and this data is consistent with the finding in a mouse model of 

AD that shows a reduction in assembly subunit of CI (NDUFB8) without affecting ATP production 

(Francis et al., 2014). This data suggests that PA200 affects mitochondrial biogenesis and that leads 

to inefficient mitochondrial function under conditions where cells need high energy. This raised 

the question of how PA200-deficient cells adapt to mitochondrial dysfunction. The answer 

primarily appeared in the RNA-seq data. DEGs show that PA200 is a repressor of glycolysis and 

an activator of negative regulation of glycolysis. As we expected, the glycolytic stress assay 

revealed that loss of PA200 leads to a significant increase in glycolysis and glycolytic capacity. 

These data suggest that the interrupted OXPHOS activity in cells stably lacking PA200 drives cells 

to consume alternative sources of energy, such as glycolysis, to produce more ATP and adapt to 



102 
 

the inefficiency of mitochondrial function. The role of PA200 in the transcriptional machinery is 

summarized in Figure 32.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Representative graphical model summarizing the role of PA200 in the transcriptional 

machinery. 
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The structure of mitochondrial network correlates with the energy status of the cell (Gomes et al., 

2011; Jheng et al., 2012; Mitra et al., 2009). We speculated that the impaired mitochondrial activity 

in PA200-deficient cells has an impact on mitochondrial morphology. Mitochondrial morphology 

is tightly regulated by proteins with GTPase-activity (Cipolat et al., 2004; Nakamura et al., 2006; 

Wong et al., 2000). We investigated mitochondrial morphology of PA200-deficient and control 

cells using Mitotracker Red CMXRos dye by the Opera Phenix HCS system. HCS data analysis 

revealed that both shPA200 and control cells under physiological conditions did not show any 

morphological differences in mitochondrial classes, however, when cells were challenged with 

oligomycin, shPA200 cells exhibited significant increases in long and compact tubular structures. 

Western blot analysis of key mitochondrial fission and fusion proteins revealed a significant 

reduction in stress-induced L-OPA1 cleavage in shPA200 cells, compared to control cells. 

Furthermore, under the same condition OMA1 protease that cleaves L-OPA to S-OPA1 was 

significantly low in PA200-deficient cells upon oligomycin treatment. This data suggest that the 

low level of OMA1 protein in shPA200 upon selective mitochondrial stress maintains L-OPA1 

isoform and promotes mitochondrial fusion. The role of PA200 in mitochondrial dynamics is 

summarized in Figure 33.  

Our data are also confirmed by a study describing increased glycolysis in mesenchymal cells, 

which promotes cell survival via Opa1-mediated mitochondrial fusion, regulated by leptin (Yang 

et al., 2019). Another report has demonstrated that the purposes of mitochondrial fusion are to 

ensure exchange of metabolites energy restoration, and preventing apoptosis (Gomes et al., 2011; 

James & Martinou, 2008). Overall, our data suggest that deficiency of PA200 leads to an overall 

change in the transcriptomic process of relevant genes including metabolism, mitochondrial 

biogenesis, and homeostasis. Inefficient mitochondrial function in shPA200 cells was 

counterbalanced by increased glycolysis and elevated mitochondrial fusion upon stress.  

During oxidative phosphorylation, ROS are naturally generated from the mitochondria mainly by 

CI and CIII of the ETC (Harper et al., 2004). The level of ROS is adjusted by an antioxidant 

mechanism to prevent mitochondrial protein damage and loss of their function. Flow cytometry 

data shows that loss of PA200 under normal conditions significantly reduces ROS production 

compared to control cells. However, when cells are treated with oligomycin, ROS are significantly 

increased in shPA200 cells, compared to vehicle-treated cells, while the level of ROS in control 
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cells slightly increased, compared to vehicle-treated cells. Low ROS in shPA200 cells under 

normal conditions might be a result of the reduction of mitochondrial ETC biogenesis, especially 

the assembly subunit NDUFB8 that contributes directly to oligomerization of CI (Wu et al., 2016). 

Reports have demonstrated that the decrease in CI activity leads to an increase in ROS production 

(Verkaart et al., 2007). On the contrary, inhibition of CI assembly by repressing one of the assembly 

subunits, such as NDUFS3, assembly factor NDUFAF1, or NDUFA13 leads to a reduction in ROS 

production (Huang et al., 2007; Kamiński et al., 2007). Furthermore, studies demonstrated that 

treatment of cardiovascular diseases with lovastatin indirectly reduces the protein level of PA200 

which is accompanied by minimizing ROS-induced damage in endothelial cells (Wang et al., 

2017). Significant increases in ROS production in PA200 depleted cells, but not control cells, upon 

oligomycin treatment are indicative of more damaged mitochondria in shPA200 cells.  

At physiological conditions, the mitochondrial ETC complexes are exposed to ROS-induced ETC 

protein carbonylation, and progressive mitochondrial dysfunction during normal aging (Choi et al., 

2008). We measured low ROS production in shPA200 under normal conditions. Oxyblot assay 

revealed significantly lower protein oxidation in shPA200 cells compared to control cells. Protein 

oxidation in PA200-depleted cells treated with oligomycin was higher compared to oligomycin-

treated control cells. These data are consistent with ROS status in both cells under the indicated 

conditions. Together, these findings suggest that loss of PA200 negatively influences ROS 

production and protein oxidation as an adaptive mechanism of mitochondrial dysfunction 

preventing ROS-induced ETC oxidation. However, when shPA200 cells are challenged with 

selective mitochondrial inhibitors, cells were not able to control ROS-induced protein oxidation. 

One of the explanations might be the interrupted ETC biogenesis in PA200-depleted cells since 

ETC is the main source of ROS generation. In summary, our findings support a model in which 

PA200 potentially regulates cellular homeostasis at the transcriptional level and suggest a role for 

PA200 in the regulation of metabolic changes in response to selective inhibition of ATP synthase 

in an in vitro cellular model. 
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Figure 33. Graphical model summarizing the role of PA200 in mitochondrial dynamics and 

metabolic homeostasis upon stress. 
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SUMMARY 

The conserved Blm10/PA200 family belongs to the proteasome activators. PA200 alternatively 

binds to the proteasome core particle (CP) and facilitates peptide degradation in an ATP and 

ubiquitin-independent manner. PA200 has several important physiological roles, such as DNA 

repair, spermatogenesis, and aging. However, the exact molecular mechanisms behind these 

functions are not clear. In the present study, we investigated new promising functions of PA200 

and the consequences of PA200 stable depletion at the normal condition and upon mitochondrial 

stress. First, we investigated the role of PA200 on cell viability and apoptosis with or without 

mitochondrial stress. We found that PA200 deficient cells are more sensitive to rotenone but not 

oligomycin and antimycin A treatment. Furthermore, PA200-deficient cells exhibit low expression 

of c-Jun upon rotenone treatment, thereby; reducing the capacity of PA200 depleted cells to tolerate 

the rotenone-induced cell death. Second, we performed ChIP followed by ChIP-sequencing 

analysis to study the possible role of PA200 as a transcription factor or cofactor that regulates the 

transcription machinery. We demonstrated that PA200 is a chromatin component in SH‐SY5Y 

neuroblastoma cells and it bound to promoter regions of genes involved in the cell cycle, 

metabolism, and protein modification. Third, we performed an RNA sequencing study. We found 

that the loss of PA200 has an overall change in the transcriptomic profile of the SH-SY5Y cell line. 

Functional annotation analysis of differential gene expression (DGEs) revealed that PA200 has a 

crucial role in cellular functions including apoptosis, metabolism, cell cycle, MAPK signaling 

pathway, and mitochondrial homeostasis. Furthermore, the extracellular flux analysis of shPA200 

and control cells indicates mitochondrial dysfunction and a significant increase in glycolysis in 

PA200 deficient cells. Further investigations of mitochondrial mass show a significant reduction 

in mitochondrial ETC biogenesis upon loss of PA200. Finally, mitochondrial morphology analysis 

shows significant increase in fused mitochondria in shPA200 cells, compared to control cells upon 

oligomycin treatment due to maintenance of L-OPA1 isoforms. Our new findings provide more 

information regarding the role of PA200 in eukaryotic cells. The new disclosed functions of PA200 

in the maintenance of mitochondrial integrity and cell survival may contribute to the development 

of new therapy for many diseases related to mitochondrial dysfunction including but not limited to 

neurodegenerative disease, cardiovascular disease, and aging. 
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APPENDIX 

The thesis is based on the following publications: 
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