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Raptor  regulatory-associated protein of mTOR 

Rheb  GTP-binding protein Rheb  

Rictor  rapamycin-insensitive companion of mTOR  

RIDD  regulated IRE1-dependent decay  

Rieske  cytochrome b-c1 complex subunit Rieske  

RNA  ribonucleic acid 

RNS  reactive nitrogen species  

ROS  reactive oxygen species  

RPS6  ribosomal protein S6  

S1P  site-1 protease 

S2P  site-2 protease 

S6K1  p70 S6 Kinase 1  

SAV1  protein salvador homolog 1 
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SDHA  succinate dehydrogenase complex flavoprotein subunit A  
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SDS  sodium dodecyl sulphate  
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Ser  serine 

Sin1  mitogen-activated protein kinase-interacting protein  

SOD  superoxide dismutase 
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Src  proto-oncogene tyrosine-protein kinase Src 

STK11  serine/threonine-protein kinase 11  

TAZ  transcriptional coactivator with PDZ-binding motif 
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TEAD  DNA-binding TEA domain transcription factor 
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Tfam  mitochondrial transcription factor A 

TFEB  transcription factor EB  
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TIF-1A  transcription initiation factor 1A  

TPP-1  tripeptidyl peptidase I  

TRAF  tumour necrosis factor receptor-associated factor 

tRNA  transfer RNA 

Trx(SH)2 reduced thioredoxin 

TrxS2  oxidised thioredoxin 

TSC  tuberous sclerosis complex  

TUBA  α-Tubulin  

TXNIP  thioredoxin-interacting protein 

UBF  upstream binding factor 
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ULK1  Unc-51 like autophagy activating kinase 1  

UPR  unfolded protein response 
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UQCRC2 ubiquinol-cytochrome c reductase core protein 2  

VDAC1  voltage-dependent anion-selective channel protein 1 

WT  wild type  

XBP1  transcription factor X-box-binding protein 1 

YAP  Yes-associated protein
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Abstract 

Since a coordinated function of all organelles is essential for the proper health of a eukaryotic cell, 

defect in a single organelle can affect the condition of other organelles. For instance, mitochondrial 

dysfunction was reported in most of the lysosomal storage diseases and abnormal mitochondria-ly-

sosome crosstalk was observed in several neurodegenerative disorders. Batten disease is a lysosomal 

storage disease and the most frequent cause of dementia in children, although, its precise mechanism 

remains unclear. Thereby, we aimed to advance the understanding of the role of organelle crosstalk 

in the disease progression and identify signaling pathways that might be later tested as potential 

therapeutic targets in Batten disease. 

Analysis of our transcriptome data indicates a lack of significant effect of CLN3 KO on organelle bio-

genesis in HEK cells grown in high glucose medium, while mitochondrial and ER biogenesis are 

transcriptionally repressed in CLN3 KO HEK cells starved in no glucose medium. Moreover, we ob-

served a substantial reduction in levels of proteins that belong to respiratory chain subunits in whole 

cell extracts, apart from complex V. On the contrary, the level of native OxPhos complexes in mito-

chondria isolated from HEK cells grown in a high glucose medium remains unaltered. Importantly, we 

report compromised mitochondrial respiration, increased mitochondrial superoxide levels, a decline 

in mitochondrial membrane potential and reduced cell viability in CLN3 KO HEK cells in both, high 

glucose and no glucose condition. Overall, we introduce extensive evidence of mitochondrial dys-

function in CLN3 KO HEK cells. 

In addition, pathway analysis completed on transcriptome data revealed multiple signaling pathways 

that are significantly affected by CLN3 KO and may play an important role in Batten disease progres-

sion. Particular attention should be given to cell proliferation signaling, including Hippo, mTOR, p70 

S6K1 signalling pathways, as well as stress response mechanisms, such as unfolded protein response 

and eIF2 signaling. Additionally, transcription factor analysis performed on the transcriptome data 

suggested that YAP, which is regulated by Hippo and mTOR signaling, is probably a key regulator of 

the cellular response to CLN3-loss-of-function. Indeed, our immunoblotting results indicate in-

creased YAP activity in CLN3 KO HEK under both normal and starvation conditions. Likewise, we 

observed higher activity of S6K1 and mTORC1 in CLN3 KO HEK cells under starvation. Moreover, 

integrated stress response and unfolded protein response are upregulated in starved CLN3 KO HEK 

cells. In conclusion, our findings indicate several potential therapeutic targets and offer insight into 

the Batten disease mechanism. 
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1. Introduction 

1.1. Eukaryotic cell 

Each living organism is built of various individual cells, whose type, size and number ultimately deter-

mine the structure and functions of the organ and therefore the whole body. The human organism is 

made of approximately 37.2 trillion cells (Bianconi et al., 2013). A eukaryotic cell is organized into 

membrane-bound compartments, named organelles: mitochondria, peroxisomes, endoplasmic retic-

ulum (ER), Golgi, nucleus, lipid droplets (LD), lysosomes and other vesicular compartments like 

endosomes, autophagosomes and multivesicular bodies (Figure 1). Such arrangement allows for spa-

tial and temporal isolation of incompatible biochemical processes, which must be coordinated to 

guarantee proper cellular function (Cohen et al., 2018). The coordinated function of diverse orga-

nelles requires control over their biogenesis, position, performance and degradation. Inversely, the 

organelle has to stay in continuous contact with the cell to report its status and needs to ensure ap-

propriate and timely reaction (Deus et al., 2019). Organelle interactions facilitate metabolite 

exchange and organelle biogenesis, growth and remodelling (Phillips and Voeltz, 2016; Rowland et 

al., 2014; Helle et al., 2013). Expectedly, malfunction of a single organelle due to, e.g., genetic defect, 

affects the condition of other organelles due to their strong interdependence (Deus et al., 2019; 

Sargsyan and Thoms, 2019). 

 

Figure 1. Illustration of the structure of a eukaryotic cell. A eukaryotic cell contains the following organelles: mitochon-

dria, peroxisomes, endoplasmic reticulum, Golgi, nucleus, lipid droplets, lysosomes and other vesicular compartments 

like endosomes, autophagosomes and multivesicular bodies (Glingston et al., 2019). 

1.1.1. Organelle crosstalk 

Besides signaling pathways, organelles can communicate with each other via membrane contact sites 

(MCS), which are established by membrane proteins that function as tethers on the interacting orga-

nelles (Eisenberg-Bord et al., 2016). MCS serve for the exchange of ions, lipids and proteins. In 
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particular, the exchange of calcium (Ca2+) takes place at different types of MCS, such as ER-plasma 

membrane, ER-mitochondria and ER-endosome contacts (Phillips and Voeltz, 2016). Moreover, lipid 

transfer was suggested to occur at most of the reported MCS, e.g., ER-mitochondria, LD-

mitochondria and ER-LD contacts (Gatta and Levine, 2017; Phillips and Voeltz, 2016; Rambold et al., 

2015). Importantly, lysosome-peroxisome contacts are critical for cholesterol metabolism (Chu et al., 

2015). Heretofore, the exchange of proteins has only been described at ER-LD MCS. 

Interestingly, organelle crosstalk can significantly contribute to organelle biogenesis and division. For 

instance, autophagosomes originate from various cellular compartments, including mitochondria, ER 

and plasma membrane (Ge et al., 2013; Hamasaki et al., 2013; Guo et al., 2012; Hailey et al., 2010; 

Ravikumar et al., 2010; Axe et al., 2008). Furthermore, ER-mitochondria MCS enhance autophagy 

specifically in answer to starvation. Notably, lysosome-mitochondria and ER-mitochondria contacts 

mark sites of mitochondrial fission (Wong et al., 2018; Elgass et al., 2015; Friedman et al., 2011). 

1.1.2. Lysosomes 

As comprehensively reviewed in Lamming and Bar-Peled et al. (2019), lysosomes were first observed 

in the 1950s (de Duve, 2005) and for the next several decades were mostly viewed as the degradative 

endpoint of the endosomal pathway (Straus, 1954). Only recently lysosomes were recognized as 

an important hub for metabolic signaling pathways, inter alia protein kinase mechanistic target of ra-

pamycin (mTOR) signaling. Lysosomes play an essential part in nutrient sensing and cellular 

homeostasis, their malfunction results therefore in numerous disorders, collectively called lysosomal 

storage diseases (Cox and Cachón-González, 2012). Lysosomes also contribute to multiple common 

human pathologies, including neurodegeneration, obesity and cancer (Balabio, 2016). 

Lysosomes are responsible for the degradation of major molecules, e.g., lipids, polysaccharides and 

proteins (Settembre et al., 2013). Resultant free fatty acids, monosaccharides and amino acids are 

translocated to the cytoplasm by specialized permeases for further use in anabolic processes (Perera 

and Zoncu, 2016). Hence, lysosomes are considered a recycling centre of the cell. Their degradative 

function requires the activity of circa 60 different catalytic enzymes, named hydrolases and an acidic 

environment with pH around 4.5, which is provided by the lysosomal v-ATPase (Balabio, 2016; For-

gac, 2007). Extracellular material is delivered to the lysosome through endocytosis and phagocytosis, 

whereas intracellular material is supplied by autophagy (Balabio, 2016). 

1.1.2.1 Metabolic signaling 

1.1.2.1.1 Mechanistic target of rapamycin signaling 

Protein phosphorylation is a common, post-translational modification, which defines metabolic and 

immunologic reactions to a host of stimuli (Pawson and Scott, 2005). Overall, the human body incor-

porates more than 500 kinases that drive phosphorylation, 150 phosphatases that can reverse 

phosphorylation, and 250 thousand non-redundant phosphorylation sites in over 20 thousand pro-

teins (Alonso et al., 2004; Hornbeck et al., 2012; Khoury et al., 2011; Manning et al., 2002). 

Phosphorylation of a kinase normally controls its activity and can determine cellular localization 
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(Johnson and Lewis, 2001; Ubersax and Ferrell, 2007). Multisite phosphorylation, i.e., phosphoryla-

tion of more than one site of a protein, can regulate its activity, localization, stability, and interactions 

(Cohen, 2000; Holmberg et al., 2002). 

The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase in the phosphati-

dylinositol 3-kinase (PI3K)-related protein kinases family (Keith and Schreiber, 1995). Predictably, it 

was first noticed during studies on molecular mechanisms, by which rapamycin can slow or arrest cell 

proliferation. Rapamycin, also called sirolimus, forms a complex with the intracellular receptor FK506 

binding protein 12 (FKBP12), which inhibits mTOR (Sabers et al., 1995; Brown et al., 1994; Sabatini 

et al., 1994). In mammals, mTOR acts as a catalytic subunit of two distinct complexes, later described 

as mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These complexes differ concerning 

their sensitivity to rapamycin, substrates and functions (Liu and Sabatini, 2020). 

An association of mTOR with the adaptor proteins regulatory-associated protein of mTOR (Raptor) 

and mammalian lethal with SEC13 protein 8 (mLST8, also called GBL) creates mTORC1, which is 

highly sensitive to rapamycin (Kim et al., 2003; Kim et al., 2002; Hara et al., 2002). On contrary, the 

association of mTOR with the adaptor proteins rapamycin-insensitive companion of mTOR (Rictor), 

mLST8 and mitogen-activated protein kinase (MAPK)-interacting protein (Sin1) forms rapamycin re-

sistant mTORC2 (Kennedy and Lamming, 2016; Frias et al., 2006; Jacinto et al., 2004; Sarbassov et 

al., 2004).  

Both mTOR complexes are essential for the regulation of metabolism, as depicted in Figure 2. Protein 

kinase mTOR integrates various environmental signals, including growth factors, stress, availability 

of nutrients and energy, to adjust material accumulation and metabolism by regulating essential cel-

lular processes, such as autophagy, lipid and protein synthesis. Therefore, mTOR plays a key role in 

maintaining cellular and physiological homeostasis (Liu and Sabatini, 2020).  

 

Figure 2. Diagram of mTOR signaling roles concerning mTORC1 and mTORC2. Briefly, mTORC1 combines information 

about the availability of nutrients and environmental conditions to regulate cellular anabolism and catabolism, while 

mTORC2 controls cytoskeletal arrangement and can activate various pro-survival pathways (Liu and Sabatini, 2020). 
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1.1.2.1.1.1 Mechanistic target of rapamycin complex 1 

Expectedly, the two mTOR complexes play different cellular roles. The kinase complex mTORC1 in-

tegrates environmental and hormonal signals and senses the availability of amino acids, glucose and 

cholesterol (Lamming, 2014; Park and Ahima, 2014; Wang et al., 2007; Barb et al., 2007; Zhang et al., 

2003). When these conditions favour cell growth and anabolism, mTORC1 locates to the lysosomal 

surface, where it interacts with its obligate activator guanosine-5'-triphosphate (GTP)-binding pro-

tein Rheb (Rheb) to phosphorylate multiple substrates, such as p70 S6 Kinase 1 (S6K1), eukaryotic 

translation initiation factor 4E-binding protein (4E-BP) 1 and Unc-51 like autophagy activating kinase 

1 (ULK1), to increase the production of ATP, proteins, lipids and nucleotides, while inhibiting autoph-

agy (Kennedy and Lamming, 2016; Kang et al., 2013; Egan et al., 2011; Kim et al., 2011; Zid et al., 2009; 

Cunningham et al., 2007). Otherwise, mTORC1 stays inactive in the cytoplasm; therefore, anabolic 

processes are inhibited, whereas autophagy is activated. Notably, mTORC1 controls multiple cellular 

functions, including ribosomal biogenesis and translation, lipogenesis amino acid transport and nu-

cleotide synthesis (Kennedy and Lamming, 2016; Rosario et al., 2016; Lamming and Sabatini, 2013). 

Interaction of mTORC1 with Rheb is possible only at the lysosomal surface, thus recruitment of Rheb 

and mTORC1 to the lysosome is required for activation of mTORC1. Lysosomal recruitment of Rheb 

is controlled by amino acids (Yang et al., 2017). The kinase complex mTORC1 is a part of a complex 

signaling network responsive to the variable lysosomal amino acid content via a nutrient-sensing 

mechanism. Amino acids interact with sensor proteins at the lysosomal surface that regulate the nu-

cleotide loading of the ras-related GTP-binding proteins (Rags), which strongly interact with 

mTORC1 through its Raptor subunit to activate mTORC1 (Kim et al., 2008; Sancak et al., 2008). Neg-

ative regulation of mTOR involves peptidyl-prolyl cis-trans isomerase FKBP8 (FKBP8), which 

precludes Rheb from activating mTORC1, and proline-rich Akt1 substrate 1 (PRAS40), which com-

petes with Raptor for binding to S6K1 and 4E-BP1 (Dancey, 2010). 

Noteworthy, Rheb is also regulated by the tuberous sclerosis complex (TSC), consisted of TSC1, TSC2 

and TBC1 Domain Family Member 7 (TBC1D7) (Dibble et al., 2012). Different residues of TSC1 and 

TSC2 are phosphorylated by various kinases, e.g., protein kinase B (Akt) and 5' adenosine monophos-

phate (AMP)-activated protein kinase (AMPK), to adjust mTORC1 activity by changing the GTPase 

activating potential of TSC towards Rheb (Tian et al., 2017; Lee et al., 2007; Inoki et al., 2006; Ma et 

al., 2005). Relative depletion of intracellular adenosine triphosphate (ATP) in proportion to AMP 

leads to phosphorylation of TSC1/2 by AMPK and its upstream regulator serine/threonine-protein 

kinase 11 (STK11), and consequently to inhibition of Rheb and mTORC1 signalling (Dancey, 2010). 

Importantly, the activity of TSC is also regulated by localization. The departure of TSC from lysosome 

results from phosphorylation of TSC2 by Akt in response to insulin-PI3K signalling. Therefore, TSC 

cannot inhibit Rheb, which allows for mTORC1 activation. Otherwise, in the absence of insulin signal-

ling, TSC is located to the lysosome and inhibits Rheb. Briefly, Akt facilitates crosstalk between 

the mTORC1 and mTORC2 by phosphorylation of TSC2 and mSin1 (Humphrey et al., 2013; Inoki et 

al., 2002), as illustrated in Figure 3. 
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Figure 3. Schematic representation of mTOR signaling network depicting crosstalk between the mTORC1 and mTORC2. 

Akt mediates crosstalk between the mTORC1 and mTORC2 since it is a downstream effector of mTORC2 and an up-

stream activator of mTORC1. Following activation of the PI3K-Akt axis, Akt phosphorylates TSC2 and consequently 

inhibits repression of Rheb. Resultant mTORC1 activation leads to phosphorylation of S6K1 and 4E-BP1. On the other 

hand, mTORC2 phosphorylates Akt to enhance its activity and stability. Moreover, relative depletion of intracellular ATP 

in proportion to AMP results in phosphorylation of TSC1/2 by AMPK and its upstream regulator STK11; therefore inhi-

bition of Rheb and mTORC1 signalling. Moreover, mTORC1 can be negatively regulated by FKBP8 and PRAS40. 

Rapamycin analogues (Rapalogs) form a complex with FKBP12 and preferentially disrupt mTORC1, while small mole-

cule mTOR kinase inhibitors deactivate both mTOR complexes (Dancey, 2010). 

1.1.2.1.1.2 Mechanistic target of rapamycin complex 2 

On the other hand, mTORC2 is mainly an effector of the insulin-IGF1-PI3K signalling pathway, while 

IGF1 signifies insulin-like growth factor 1. Complexes have also different cellular localization, 

mTORC2 is physically associated with the ribosome (Zinzalla et al., 2001) and localizes to the mito-

chondria-associated ER, where it interacts with a particular mitochondrial tethering complex (Betz 

et al., 2013). Intriguingly, recent evidence links mTORC2 to lysosomal acidification (Monteith et al., 

2018). Notably, mTORC2 regulates numerous processes, inter alia metabolism, apoptosis, amino acid 

and ion homeostasis (Gu et al., 2017; Kennedy and Lamming, 2016; Sciarretta et al., 2015). 

The kinase complex mTORC2 can be directly activated by phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) by relieving an inhibitory interaction with Sin1 (Liu et al., 2015). PIP3-phosphatase and dual-

specificity protein phosphatase PTEN (PTEN) negatively modulates the PI3K-Akt signalling pathway 

by dephosphorylating phosphoinositides. Moreover, mTORC2 activity responds to fatty acids (Trip-

athy and Jump, 2013) and probably requires interaction with ribosomal protein subunits (Zinzalla et 

al., 2011). After activation, mTORC2 phosphorylates multiple AGC kinases, such as Akt and protein 

kinase C α (PKCα), usually to enhance their activity and stability (Liu et al., 2014; Ikenoue et al., 2008; 
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Sarbassov et al., 2005). Akt in turn mediates the cellular insulin response and enhances proliferation 

as a key early effector in the PI3K pathway. Figure 3 presents a simplified scheme of just described 

mTOR signaling. Lysosomes are not only the recycling centre of the cell but also a signalling platform 

essential for the coordination of environmental and hormonal signals with mTORC1 and mTORC2 

activity. 

1.1.2.1.1.3 P70 S6 Kinase 1 signalling 

As previously mentioned, S6K1 is activated by phosphorylation at threonine 389 mediated by 

mTORC1. Noteworthy, S6K1 can be phosphorylated at eight or more sites in response to various cues 

(Magnuson et al., 2012). Along with the aforementioned phosphorylation at threonine 389, phos-

phorylation at threonine 229 and serine 371 plays an essential role in canonical S6K1 activation (Ma 

and Blenis, 2009; Pullen et al., 1998; Moser et al., 1997). Importantly, the mTORC1-S6K1 kinase axis 

has a key role in the metabolic pathways network, since it integrates intracellular and extracellular 

cues and regulates nutrient driven metabolic pathways with an evident link to inflammation (Saxton 

and Sabatini, 2017; Dibble and Cantley, 2015; Fontana et al., 2010; Ma and Blenis, 2009; Hotamisligil 

and Erbay, 2008; Ruvinsky et al., 2005).  

Interestingly, multisite phosphorylation of S6K1 determines target selection, i.e., phosphorylation of 

several proteins by S6K1 is feasible only if S6K1 is phosphorylated by both, mTORC1 at threonine 

389 (T389) and cyclin-dependent kinase 5 (Cdk5) at serines 424 and 429 (S424 and S429, respec-

tively). Phosphorylation of S6K1 by Cdk5 stimulates a conformational switch, which enables high-

affinity binding and phosphorylation of glutamyl-prolyl tRNA synthetase (EPRS), coenzyme A syn-

thase (COASY), cortactin (CTTN) and lipocalin 2 (LCN2) (Arif et al., 2019). In adipocytes, insulin- and 

obesity-induced activation of Cdk5 is essential for glucose uptake and promotion of a diabetogenic 

expression program (Banks et al., 2015; Li et al., 2011; Lalioti et al., 2009). Overall, S6K1 responds to 

signals from mTORC1 and Cdk5 to regulate lipid metabolism in adipocytes. 

However, phosphorylation of S6K1 by Cdk5 is neither required nor impediment for phosphorylation 

of canonical S6K1 targets, such as eukaryotic translation initiation factor 4B (eIF4B), eukaryotic elon-

gation factor 2 kinase (eEF2K) and ribosomal protein S6 (RPS6) (Arif et al., 2019), which lead global 

induction of translation (Ma and Blenis, 2009; Ruvinsky et al., 2005). Figure 4 is a schematic repre-

sentation of S6 K1 signalling described above.  

Parenthetically, S6K1 and mTOR can also stimulate translation more directly, by increasing the ac-

tivity of RNA polymerase I and RNA polymerase III through phosphorylation of the regulatory factors 

upstream binding factor (UBF) (Hannan et al., 2003), transcription initiation factor 1A (TIF-1A) 

(Mayer et al., 2004) and MAF1 (Michels et al., 2010; Shor et al., 2010), thus upregulating transcription 

of ribosomal RNA. 



Introduction 

8 

 

 

Figure 4. Simplified scheme of S6K1 signaling concerning a role of multisite phosphorylation in substrate selection. 

Briefly, mTORC1-mediated phosphorylation of S6K1 allows for phosphorylation of its canonical targets, including eIF4B, 

eEF2K and RPS6. Additional phosphorylation of S6K1 by Cdk5 is required for phosphorylation of EPRS, COASY, CTTN 

and LCN2. P indicates phosphorylation at threonine (T) or serine (S). NTD, KD and CTD signify the N-terminal domain, 

kinase domain and C-terminal domain of S6K1, respectively (Arif et al., 2019). 

1.1.2.1.1.4 Lysosomal biogenesis  

As neatly summarized in Balabio (2016), lysosomal biogenesis and autophagy are transcriptionally 

controlled by the CLEAR gene network and its master regulator, transcription factor EB (TFEB) (Sar-

diello et al., 2009; Settembre et al., 2011). The lysosomal gene network regulates cellular clearance 

and metabolism. Stressors like starvation lead to a great enhancement of degradation through au-

tophagy, which plays a key role in restoring homeostasis throughout metabolic imbalance. Lysosome-

to-nucleus signalling allows adapting lysosomal function to nutrient availability, i.e., switch between 

cellular anabolic and catabolic pathways (Settembre et al., 2012).  

Under the normal, nutrient-rich condition, TFEB is inactivated by mTORC1 by phosphorylation on 

the lysosomal surface. Moreover, Akt can phosphorylate TFEB independently of mTORC1 (Palmieri 

et al., 2017). Subsequently, TFEB is sequestered in the cytoplasm by 14-3-3 proteins, and unable to 

translocate to the nucleus as a result (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre 

et al., 2012). On the contrary, due to stressors like starvation, mTORC1 is inhibited and relocates to 

the cytoplasm. The lysosome releases calcium through mucolipin TRP cation channel 1 (MCOLN1), 

which leads to local activation of calcineurin (Cn) and dephosphorylation of TFEB. Consequently, 

TFEB dephosphorylation prevents 14-3-3 proteins binding, therefore, TFEB can translocate to 

the nucleus and activate the lysosomal pathway (Medina et al., 2015). As a result, freshly formed ly-

sosomes degrade proteins, release amino acids back to the cytoplasm and regenerate the pool of 

cellular amino acids, allowing for reactivation of mTORC1 (Yu et al., 2010). Just described lysosome-

to-nucleus signalling mechanism is illustrated in Figure 5. Parenthetically, the lysosomal function can 

be also regulated by protein networks through protein-protein interactions. 
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Figure 5. Schematic representation of lysosome-to-nucleus signalling. Under the nutrient-rich condition, mTORC1 lo-

cates on the lysosomal surface and inhibits TFEB by phosphorylation. Then, TFEB is sequestered in the cytoplasm by 14-

3-3 proteins, and consequently incapable of translocation to the nucleus. In contrast, in response to stressors like starva-

tion, mTORC1 is inhibited and repositions to the cytoplasm. The lysosome releases calcium (Ca2+) through MCOLN1, 

causing local activation of calcineurin and dephosphorylation of TFEB. TFEB dephosphorylation precludes 14-3-3 pro-

teins binding; therefore, TFEB can translocate to the nucleus and activate the lysosomal pathway (Balabio, 2016). 

1.1.2.1.1.5 Role of the mechanistic target of rapamycin in health and disease 

Protein kinase mTOR is an essential regulator of glucose metabolism and lipogenesis across different 

tissues, hence, it plays a key role in many metabolic diseases, including obesity and type 2 diabetes 

(Liu and Sabatini, 2020). The mTOR pathway controls brain physiology and function by coordinating 

multiple neuronal functions and stages of development, including shaping basic cortical architecture 

and remodelling of neuronal circuitry in response to experience (Lipton and Sahin, 2014; Graber et 

al., 2013). Interestingly, mTOR activity is perceived as a critical driver of ageing (Liu and Sabatini, 

2020). 

1.1.2.1.2 Hippo signalling 

As neatly summarized in Ibar and Irvine (2020), Hippo-YAP signalling harmonizes organ growth and 

homeostasis with nutrition and metabolism through the integration of signals that regulate cellular 

proliferation and differentiation. The Hippo signalling network reacts to a variety of environmental 

cues, such as cell density and polarity, Wnts, mechanical force, as well as energy and ER stress (Zheng 

and Pan, 2019; Misra and Irvine, 2018).  

The key components of the mammalian Hippo network are transcription factors, Yes-associated pro-

tein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), which can be collectively 
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called YAP proteins. YAP proteins are regulated by Hippo signalling through phosphorylation by large 

tumour suppressor kinases (LATS), which promotes their cytoplasmic localization and degradation 

(Oh and Irvine, 2008; Dong et al., 2007; Zhao et al., 2007). Otherwise, not phosphorylated YAP pro-

teins locate to the nucleus, where they activate gene expression through interactions with partner 

proteins, such as the DNA-binding TEA domain transcription factors (TEAD) (Wu et al., 2008; Zhang 

et al., 2008; Zhao et al., 2008). Furthermore, YAP proteins can induce transcription of secreted 

growth factors like Wnts (Hansen et al., 2015; Varelas, 2014). Under conditions of growth, YAP pro-

teins are critical to promote and orchestrate nutrient uptake, energy availability and anabolic 

processes. Alterations in Hippo-YAP signalling contribute to the pathogenesis of several metabolic 

diseases, including type 2 diabetes, fatty liver and cardiovascular diseases. 

Ste20 family kinases, primarily mammalian STE-like proteins (MST), or mitogen-activated protein ki-

nase 4 (MAP4K4) activate LATS kinases through phosphorylation. MST form a stable complex with 

protein salvador homolog (SAV1), which is required for phosphorylation of the downstream 

LATS/MOB complex (Lin et al., 2020). Independent of Hippo signalling, YAP proteins activity can be 

inhibited through phosphorylation by nuclear Dbf2-related kinases (NDR) (Zhang et al., 2015) and 

PRP4 pre-mRNA-processing factor 4 homolog (PRP4K) (Cho et al., 2018). On the other hand, phos-

phorylation by cyclin-dependent kinase 7 (Cdk7), Nemo-like kinases (NLK) (Cho et al., 2020; Hong et 

al., 2017; Moon et al., 2017) or Src family kinases increases YAP activity (Li et al., 2016; Taniguchi et 

al., 2015). YAP can be also controlled by cytoplasmic sequestration through binding to upstream reg-

ulators, including angiomotin (AMOT) in mammals and expanded (Ex) in Drosophila (Chan et al., 

2011; Oh et al., 2009; Wang et al., 2011; Zhao et al., 2011). Figure 6 presents a simplified schematic 

of the Hippo-YAP signalling network. 

Hippo-YAP signaling is a part of feedback networks, where controls and is controlled by metabolism. 

For instance, YAP proteins modulate glucose metabolism by, inter alia, upregulation of glucose trans-

porters and regulation of insulin signalling (Hwang et al., 2019; Cox et al., 2018). On the other hand, 

energy stress activates AMPK (Hardie et al., 2012), which directly phosphorylates YAP proteins (Mo 

et al., 2015; Wang et al., 2015) or promotes LATS activation (DeRan et al., 2014) to impair YAP activ-

ity. On contrary, under high glucose conditions, YAP is O-linked-N-acetylglucosaminylated 

(O-GlcNAcylated) at multiple sites to suppress its inhibition (Peng et al., 2017; Zhang et al., 2017). 

Moreover, YAP proteins can promote the transcription of amino acid transporters to increase the up-

take of amino acids (Edwards et al., 2017; Park et al., 2016). Interestingly, YAP controls protein 

synthesis by stimulating Myc expression, which in turn promotes the expression of genes implicated 

in ribosome biogenesis. Importantly, YAP proteins can enhance mTOR signalling through miRNA-me-

diated inhibition of PTEN (Tumaneng et al., 2012). Conversely, the previously mentioned effector of 

the insulin-PI3K signalling pathway, Akt can indirectly increase the activity of YAP proteins through 

inhibition of MST1/2 (Borreguero-Muñoz et al., 2019). YAP activity is also regulated by mTORC2, 

which phosphorylates MST1 (Sciarretta et al., 2015) and AMOT (Artinian et al., 2015). 
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Furthermore, Hippo signalling controls autophagy through crosstalk with mTOR pathway and 

MST1-dependent regulation of Beclin-1 (Zhang et al., 2016; Lin et al., 2016; Maejima et al., 2013). 

Defective autophagy results in increased cellular YAP levels and activity (Lee et al., 2018; Liang et al., 

2014). Similarly, crosstalk between lipid metabolism and hippo signalling is evident from several pub-

lications. Regulation of YAP proteins is connected to the mevalonate synthesis pathway and fatty acid 

metabolism (Noto et al., 2017, Sorrentino et al., 2014; Wang et al., 2014). The Hippo signalling net-

work, in turn, regulates adipose cell proliferation and differentiation (Huang et al., 2013; Dupont et 

al., 2011). 

 

Figure 6. A schematic representation of the Hippo-YAP signalling network. The activity of kinases MAP4P4, MST1/2 and 

LATS1/2 is regulated by the environmental signals. YAP is phosphorylated by LATS1/2, NDR1/2 or PRP4K to promote 

is cytoplasmic localization through binding to 14-3-3 proteins and degradation. On contrary, Src, CDK7 and NLK phos-

phorylate YAP to increase its activity. YAP can be also regulated by cytoplasmic sequestration through binding to AMOT. 

Active YAP translocates to the nucleus, where it induces gene expression through interactions with TEAD (Ibar and Irvine, 

2020). 

1.1.2.2 Lysosomal storage diseases 

Mutations in genes encoding proteins engaged in lysosomal function result in lysosomal storage dis-

eases (LSD), distinguished by the gradual accumulation of undegraded material inside the lysosome. 

Patients with LSD show severe multisystemic phenotype, often including early-onset neurodegener-

ation. Pathological lysosomal storage usually results in defective autophagy and consequent 

accumulation of autophagy substrates (Balabio, 2016). Interestingly, the amount of accumulated ma-

terial can be decreased through the initiation of the lysosomal-autophagic pathway caused by 

overexpression of TFEB (Palmieri et al. 2016; Settembre et al., 2013). Moreover, safe and successful 
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means to improve lysosomal function and enhance autophagy might play a key role in healthy ageing 

and treatment of various age-associated diseases (Fujikake et al., 2018; Peng et al., 2016; Peng and 

Puglielli, 2016). 

1.1.3. Mitochondria 

Mitochondria are the main source of an energy-rich compound, ATP, necessary for essential cell func-

tions in all eukaryotes independent of photosynthesis; therefore, they are commonly known as 

the powerhouses of the cell. Noteworthy, mitochondria are also responsible for nicotinamide ade-

nine dinucleotide (NADH) and guanosine-5'-triphosphate (GTP) production, synthesis of 

phospholipids, amino acids, heme groups and iron-sulfur clusters (Kühlbrandt, 2015). Moreover, sim-

ilarly to lysosomes, they function as cellular signalling hubs involved in calcium signalling and stress 

response mechanisms (Chandel, 2015; Pellegrino and Haynes, 2015; Rizzuto et al., 2012). Mitochon-

drial morphology and function are impaired in numerous neurodegenerative disorders leading to 

lowered ATP generation, an overabundance of reactive oxygen species and apoptosis (Area-Gomez 

et al., 2019; Jodeiri Farshbaf and Ghaedi, 2017). 

1.1.3.1 Mitochondrial structure 

Mitochondria are semi-autonomous cellular organelles isolated from the cytoplasm of a cell by 

the outer and inner mitochondrial membrane. Porins in the outer mitochondrial membrane allow for 

passive diffusion of small, uncharged molecules and ions (Bayrhuber et al., 2008), whereas specific 

enzymes called translocases are involved in the transfer of larger molecules, e.g., proteins 

(Kühlbrandt, 2015). On the contrary, the inner mitochondrial membrane is greatly impermeant and 

functions as a principal barrier between the mitochondrial matrix and the cytosol. Expectedly, the gap 

between mitochondrial membranes is termed intermembrane space (IMS). There are three morpho-

logically distinct structures of the inner membrane: cristae, cristae junctions and boundary 

membranes. Interestingly, their shape changes according to the cell’s requirements (Hoppins et al., 

2011; Von der Malsburg et al., 2011). The mitochondrial structure is illustrated in Figure 7 in a sim-

plified manner. Aerobic ATP production can be reinforced through an increase in the number of 

mitochondria and expansion of the surface area of cristae membranes (Cogliati et al., 2016; Perkins 

et al., 2003). 

1.1.3.2 Respiratory chain 

As extensively reviewed in Kausar et al. (2018), the human brain consumes nearly 20% of the basal 

oxygen from the total inhaled oxygen to ensure sufficient energy supply for the usual activity of more 

than 85 billion neurons (Magistretti and Allaman, 2015). The vast majority of the oxygen is utilized by 

mitochondria in the respiratory chain to synthesize ATP through oxidative phosphorylation for vari-

ous cellular activities, while reactive oxygen species (ROS) are generated as a by-product.  

Oxidative phosphorylation (OxPhos) is characterized as an electron transport chain driven by sub-

strate oxidation that is coupled to ATP synthesis through an electrochemical transmembrane 

gradient (Cardol et al., 2009). The mitochondrial respiratory chain consists of four electron transport 
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complexes: NADH dehydrogenase - complex I, succinate dehydrogenase – complex II, cytochrome c 

reductase – complex III, cytochrome c oxidase – complex IV, and the fifth complex is mitochondrial 

ATP synthase. Complexes I, III and IV generate the proton gradient necessary for ATP synthesis by 

pumping protons across the membrane. Successively, complex V produces ATP from adenosine di-

phosphate (ADP) and phosphate ions (Pi), which result from ATP hydrolysis (Kühlbrandt, 2015). 

Figure 8 presents a simple model of respiratory chain complexes. Electron transport complexes (I-IV) 

are found on the flat cristae surface, while ATP synthase (complex V) dimer is located at the cristae 

edge (Davies et al., 2011). Optic atrophy 1 (OPA1) is a dynamin-related GTPase, which fastens 

the crista junction (Varanita et al., 2015; Frezza et al., 2006), as illustrated in Figure 7. 

 

Figure 7. A simple model of cristae and respiratory chain complexes. Electron transport chain complexes I-IV are situated 

on the planar surface of cristae, whereas ATP synthase (complex V) dimers form ribbons at the edge of cristae. OPA1 

oligomers fasten the root of cristae. Traces of protons (H+) are indicated by arrows (Guo et al., 2017).  

As discussed in Cadenas (2018), protons can leak across the inner mitochondrial membrane and re-

turn to the mitochondrial matrix independently of ATP synthase. Mitochondrial OxPhos is not 

therefore completely coupled (Stuart et al., 2001; Rolfe et al., 1999; Nobes et al., 1990). Mitochon-

drial superoxide production notably depends on mitochondrial membrane potential, thereby, proton 

leak affects ROS generation (Korshunov et al., 1997; Liu, 1997). Uncoupling proteins (UCP), which 

are located in the inner membrane, can induce proton leak to lower the overall mitochondrial mem-

brane potential (Ricquier, 2017). Minor uncoupling of mitochondrial oxidative phosphorylation is 

considered a cytoprotective strategy in presence of oxidative stress since it can enhance the respira-

tion simultaneously reducing ROS production through a change of the redox state of coenzyme Q 

(Brookes, 2004; Brand, 2000; Papa and Skulachev, 1997; Boveris and Chance, 1973). 
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Figure 8. A simple model of membrane protein complexes of the respiratory chain. We discern four electron transport 

complexes: NADH dehydrogenase (blue), succinate dehydrogenase (pink), cytochrome c reductase (orange) and cyto-

chrome c oxidase (green). The fifth OxPhos complex is the mitochondrial ATP synthase (tan). Traces of protons (H+) are 

indicated by arrows; UQ: ubiquinol (Kühlbrandt, 2015).  

Individual OxPhos complexes can be combined into supercomplexes to enhance electron transfer ef-

ficiency and reduce ROS production (Cogliati et al., 2016; Cogliati et al., 2013; Diaz et al., 2012; 

Friedrich and Hellwig, 2010; Baracca et al., 2009). Interestingly, deficient supercomplexes assembly 

is implied in the pathogenesis of several neuromuscular disorders (Lopez-Fabuel et al., 2017; Antoun 

et al., 2015). 

1.1.3.3 Reactive oxygen species 

Importantly, mitochondria produce nearly 90% of total cellular ROS (Balaban et al., 2005) and respir-

atory chain complexes I, II and III are considered key contributors (Brand et al., 2010; Lenaz, 2001). 

As discussed in Snezhkina et al. (2019), oxidative ATP production relies on the reduction of molecular 

oxygen to water in the electron transport chain (Brand et al., 2010). The resultant superoxide radical 

is converted by manganese superoxide dismutase to hydrogen peroxide in the mitochondrial matrix 

or by Copper Zinc superoxide dismutase in the intermembrane space or cytosol (Okado-Matsumoto 

and Fridovich, 2001). Then, mitochondrial aconitase converts hydrogen peroxide to a hydroxyl radi-

cal via a Fenton reaction in the mitochondrial matrix (Vasquez-Vivar et al., 2000). Furthermore, 

mitochondrial ROS are produced in the cytochrome catalytic cycle, which is responsible for the me-

tabolism of diverse organic substrates (Yasui et al., 2005). Besides superoxide dismutases, several 

antioxidant systems shield mitochondria from ROS, including glutathione peroxidase, peroxiredox-

ins, glutathione, cytochrome c oxidase (complex IV), coenzyme Q (CoQ) (Marí et al., 2009; Fernando 

et al., 2006; Rabilloud et al., 2001; Hanukoglu, 2001; Ham and Liebler, 1995; Beyer, 1990; Orii, 1982). 

Figure 9 presents a simple model of the mitochondrial respiratory chain and its contribution to total 

ROS, as well as antioxidant scavenger reactions. 
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Noteworthy, ROS are also generated in peroxisomes and ER. Moreover, ROS are also produced due 

to, inter alia, transition metal ions, oxidase activity, thymidine and polyamine catabolism (Kudrya-

vtseva et al., 2019; Amendola et al., 2014; Tabata et al., 2012; Storz, 2005; Dansen and Wirtz, 2001). 

Multiple antioxidant defence mechanisms control metabolic and signalling pathways to regulate ROS 

production and preserve oxidative homoeostasis. Antioxidant systems can also induce cell death in 

response to a chronic increase of ROS levels (Galadari et al., 2019). High level of ROS leads to oxida-

tive stress, which impairs various molecules, cellular structures and functions contributing to 

pathological changes associated with inflammation, ageing, neurodegeneration and cancer (Kudrya-

vtseva et al., 2019; Kirkinezos and Moraes, 2001; Rimessi et al., 2016; Newsholme et al., 2007; van 

der Vliet et al., 2018). Furthermore, the malfunction of antioxidant defence is a significant component 

in neurodegeneration (Sayre et al., 2008). 

 

Figure 9. A simple model of mitochondrial ROS generation by respiratory chain, and antioxidant scavenger reactions. 

Colours of the respiratory chain complexes denote their contribution to the total ROS produced, with red being the big-

gest and pink the smallest. Superoxide radical (O2
•-) is converted by superoxide dismutase (SOD) to hydrogen peroxide 

(H2O2), which in turn is converted by catalase to water (H2O) and oxygen (O2). The enzymatic action of the peroxiredoxin 

(Prx) involves other cellular dithiol proteins, e.g., thioredoxin (TrxS2), resulting then in reduced thioredoxin (Trx(SH)2) and 

water. Likewise, the scavenger reaction of glutathione peroxidase (GP) requires glutathione (GSH) to produce glutathione 

disulfide (GSSG) and water. Traces of protons (H+) are indicated by violet arrows. Importantly, uncoupling proteins (UCP) 

can lower the overall mitochondrial membrane potential; DH: dehydrogenase, FADH2: hydroquinone form of flavin ade-

nine dinucleotide (Balaban et al., 2005). 

1.1.3.4 Mitochondrial DNA 

Mitochondria are believed to descend from an ancient prokaryote, alpha-proteobacteria based on 

their close homology detected by phylogenetic analysis of mitochondrial genes. Intriguingly, mito-

chondria have their genetic system with a DNA code (mtDNA) dissimilar from that of their bacterial 

ancestors and their hosts (Gray et al., 1998). Throughout evolution mitochondria transferred the vast 
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majority of their genes to the nucleus, hence, most mitochondrial proteins are made in the cytoplasm 

and later transferred into the organelle by specialized enzymes, called protein translocases (Schmidt 

et al., 2010). Among circa 1000 mitochondrial proteins in a human body, only 13 are mtDNA encoded, 

all being essential subunits of OxPhos complexes. The remaining genes on the human mtDNA encode 

for mitochondrial translation machinery, including 2 ribosomal RNAs and 22 transfer RNAs. All 

mtDNA encoded genes are therefore crucial for proper mitochondrial function (Chan, 2019).  

1.1.3.5 Mitochondrial dynamics 

As reviewed by Chan (2019), mitochondrial dynamics comprises several processes: fusion, fission, 

transport and selective degradation, which are essential for proper mitochondrial function. Mito-

chondrial dynamics enables control over morphology and mitochondria inheritance, content 

exchange, maintenance of mtDNA and OxPhos activity.  

Fusion and fission control mitochondrial morphology, which varies between cell types and conditions 

(Twig et al., 2008; Chen et al., 2003). Mitochondrial fusion is a unification of two mitochondria 

through the coordinated action of mitofusins (MFN1 and MFN2) and Optic Atrophy 1 (OPA1), which 

are members of the dynamin superfamily of GTPases. Mitofusins are situated on the outer mitochon-

drial membrane (OMM) and are crucial for its fusion, whereas OPA1 mediates fusion of the inner 

mitochondrial membrane (IMM). As illustrated in Figure 10A, tethering between two mitochondria 

in close contact by MFN complexes can be followed by fusions of inner and outer mitochondrial mem-

brane coordinated by short isoforms of OPA1 (s-OPA1) bridging of MFN complexes and 

membrane-bound long isoforms of OPA1 (l-OPA1). Alternatively, IMM fusion can occur as a separate 

step following OMM fusion. 

On contrary, mitochondrial fission is the division of a single mitochondrion into two smaller mito-

chondria. Fission events are mediated by GTP-hydrolysing enzyme called dynamin-related protein 1 

(DRP1), which is recruited to mitochondria by mitochondrial fission factor (MFF), mitochondrial dy-

namics proteins MiD49 and MiD51 (Pagliuso et al., 2018; Otera et al., 2016; Osellame et al., 2016; 

Losón et al., 2013). Additionally, mammalian mitochondrial fission 1 protein (FIS1) plays a key role in 

mitophagy (Rojansky et al., 2016; Shen et al., 2014; Yamano et al., 2014), whereas in yeast FIS1 is 

substantial for DRP1 recruitment (Bui and Shaw, 2013). Interestingly, sites of mitochondrial fission 

are dependent on the dynamics of mtDNA (Lewis et al., 2016) and physical interactions between mi-

tochondria and ER or lysosome (Wong et al., 2018; Elgass et al., 2015; Friedman et al., 2011). 

Mitochondrial fission is illustrated in Figure 10B. 

As discussed in Popov (2020), the homeostasis of a healthy cell requires strict regulation of mitochon-

drial mass and function to adapt to variable energy demand. Mitochondrial biogenesis is a self-

regeneration process, in which new mitochondria are created from the existing ones. More specifi-

cally, novel proteins are recruited by the existing mitochondria, which are later fragmented by fission 

(Zhang and Xu, 2016). This process can be enhanced to address high energy demand. 
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Figure 10. Schematic representation of mitochondrial fusion and fission events. A. Fusion. Initially, two mitochondria in 

close proximity are tethered by MFN complexes. Then, fusions of OMM and IMM are coordinated by s-OPA1 bridging of 

MFN complexes and membrane-bound l-OPA1. Otherwise, IMM fusion can take place as a separate step following OMM 

fusion. B. Fission. Wrapping around mitochondrion by ER tubule is probably the initial step of mitochondrial fission, 

which is followed by recruitment of DRP1 by MFF, MiD49 and MiD51 at a preconstricted fission site. Then, DRP1 form 

a helical structure around the marked fission site. Subsequently, DRP1 hydrolyse GTP and divides the OMM and IMM, 

creating two daughter mitochondria. Adapted from Pernas and Scorrano (2016). 

Mitochondrial biogenesis involves coordination between mitochondrial and nuclear genome in a rel-

atively complex procedure. Initially, a family of peroxisome proliferator-activated receptor-gamma 

coactivator 1 (Pgc1) proteins induce mtDNA transcription. Initiation of the pathway by activation of 

Pgc1α, the master regulator of mitochondrial biogenesis, is followed by stimulation of a sequence of 

nuclear transcription factors, namely respiratory factors 1 (Nrf1) and 2 (Nrf2), as well as oestrogen-

related receptor. Consequently, expression of the final effector of mtDNA transcription and replica-

tion, mitochondrial transcription factor A (Tfam) increases (dos Santos et al., 2018; Cameron et al., 

2017; Cameron et al., 2016). Subsequently, particular translation factors facilitate the translation of 

mtDNA-encoded genes into proteins (Yokokawa et al., 2018). Meanwhile, nuclear-encoded mito-

chondrial proteins are created from the preproteins, which were synthesized within the cytosol and 

have an amino-terminal cleavable targeting signal. The signal is targeted toward the mitochondrial 

matrix, where proteins assemble and are directed toward their exact location. 

Selective degradation aimed at removing damaged mitochondria, named mitophagy, is a key mecha-

nism of mitochondrial quality control. Inner mitochondrial membrane depolarization leads to 

inactivation of OPA1 (Twig et al., 2008; Duvezin-Caubet et al., 2006; Ishihara et al., 2006), which is 

essential for OxPhos activity. Inactive mitochondria cannot fuse (Mishra et al., 2014), in contrast, 

they are engulfed by autophagosomes and trafficked to the lysosome for degradation. 
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1.1.4. Peroxisomes 

As comprehensively reviewed in Islinger et al. (2018), peroxisomes play an important role in the me-

tabolism of reactive oxygen/nitrogen species (ROS/RNS), especially hydrogen peroxide, and lipid 

metabolism. In particular, peroxisomes are involved in the anabolism and catabolism of fatty acids, 

synthesis of ether lipid, bile and myelin sheath lipids. Moreover, peroxisomes perform vital non-met-

abolic functions, e.g., in cellular stress responses, antiviral defence and healthy ageing. Similarly to 

mitochondria and lysosomes, peroxisomes serve as cellular signalling platforms. Peroxisomes are 

considered to have a protective role, which is essential for human health and plays a part in multiple 

frequent pathological conditions, including obesity, cancer, neurodegeneration and age-related dis-

orders. Predictably, peroxisomal dysfunction has been associated with grievous metabolic disorders. 

Moreover, a common characteristic of many peroxisomal inherited disorders is the burdensome neu-

ropathological phenotype.  

Peroxisomes are morphologically heterogeneous and functionally flexible organelles, which can spe-

cifically adapt to cell type, variable conditions and requirements. As discussed in Sargsyan and Thoms 

(2019), peroxisomes regularly interact with other organelles, especially ER and mitochondria, but 

also lipid droplets, lysosomes and autophagosomes to share signals, metabolites and proteins. Thanks 

to their relatively small size, peroxisomes can easily fit between larger organelles. Vesicular transfer 

(Farré et al., 2019), soluble lipid-transfer proteins (Wong et al., 2019) and MCS allow for close coop-

eration of the organelles.  

Impressively, more than 90% of peroxisomes are in the vicinity of the ER (Valm et al., 2017). Peroxi-

somes tightly cooperate with mitochondria in lipid metabolism. For instance, lipid oxidation in 

peroxisomes necessitates constant replenishment of nicotinamide adenine dinucleotide (NAD+) and 

results in the generation of NADH, which is supplied to the mitochondrial respiratory chain (Baum-

gart et al., 1996). Peroxisomes are also functionally linked to lysosomes by cholesterol transport and 

metabolism. 

1.1.4.1 Peroxisomal dynamics 

Similarly to mitochondria, peroxisomes are dynamic organelles, which multiply by fission, i.e., mem-

brane growth and division of existing peroxisomes (Schrader et al., 2016). Furthermore, mitochondria 

and peroxisomes share proteins of their fission machinery, including aforementioned FIS1 (Koch et 

al., 2005), MFF (Gandre-Babbe and van der Bliek, 2008) and DRP1 (Li and Gould, 2003; Koch et al., 

2003). Sharing division factors is viewed as a popular, evolutionary conserved strategy to reinforce 

cooperation between mitochondria and peroxisomes to promote a healthy lifespan (Weir et al., 2017; 

Koch et al., 2016; Schrader et al., 2015). On the other hand, peroxisome-ER tethering is required for 

peroxisome elongation (Hua et al., 2017; Costello et al., 2017). 

An increase in the number of peroxisomes may also result from de novo formation from the ER (Kim, 

2017; Smith and Aitchison, 2013). Intriguingly, mitochondria-derived vesicles were recently re-

ported to contribute to peroxisomal biogenesis. Specifically, mitochondria-derived pre-peroxisomal 
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vesicles containing peroxisomal biogenesis factor 3 (Pex3) fuse with ER-derived vesicles to form ma-

ture peroxisomes (Sugiura et al., 2017). Additionally, peroxisomes and mitochondria are connected 

at the transcriptional level since peroxisome proliferator-activated receptor-gamma coactivator 1 

(Pgc1)α regulates both, peroxisomal and mitochondrial biogenesis (Fransen et al., 2017).  

Peroxisome biogenesis includes the generation of the peroxisomal membrane, followed by targeting 

and insertion of peroxisomal membrane proteins (PMP) into the lipid bilayer, and the transfer of pro-

teins into the peroxisomal matrix. Interestingly, peroxisomes have a unique capability to import 

completely folded and oligomeric or cofactor-bound proteins through a dynamic protein translocon 

(Dias et al., 2017; Montilla-Martinez et al., 2015; Meinecke et al., 2010). Peroxins (Pex) are crucial 

biogenesis factors, which establish the import machinery. For instance, Pex5 is a peroxisomal target-

ing signal receptor, which can function as a stress senor to retain peroxisomal catalase in the cytosol, 

thereby, contend with oxidative stress of non-peroxisomal origin (Walton et al., 2017). Additionally, 

Pex11 proteins contribute to the regulation of peroxisome size and number. Similarly to mitochon-

dria, the balance between biogenesis and degradation of peroxisomes by autophagy is critical for 

the regulation of peroxisome copiousness (Sargsyan and Thoms, 2019). 

1.1.5. Endoplasmic reticulum 

As neatly summarized in Hetz et al. (2020), ER serves as a calcium reservoir, a facility for protein fold-

ing and assembly, as well as a site for lipid and sterol biosynthesis. Importantly, the ER functions as 

a signalling platform and a key node in the organelle interactome, since it structures a network 

throughout the cell that maintains numerous MCS (Sargsyan and Thoms, 2019). 

The secretory pathway is in charge of the synthesis of one-third of all eukaryotic cell proteins, their 

post-translational modification and assembly into complexes, followed by their transport to final des-

tinations inside the cell or their release into the extracellular space. Unfolded proteins are 

translocated from the cytosol into the ER, where they undergo chaperone-assisted folding, i.e., be-

come biologically functional proteins in their native 3D structure. Noteworthy, defective ER protein 

homeostasis (proteostasis) and aberrant unfolded protein response (UPR) signalling were docu-

mented in multiple human diseases, such as neurodegeneration, metabolic diseases and cancer.  

1.1.5.1 Endoplasmic reticulum stress 

Importantly, protein folding is a particularly error-prone process (Hebert and Molinari, 2007). Inten-

sified protein secretion or impaired protein folding can result in the accumulation of unfolded or 

misfolded proteins in the ER lumen, i.e., ER stress. UPR is a signalling network responsible for 

the maintenance of ER functions and proteostasis through gene transcription reprograming, mRNA 

translation and protein modifications (Balch et al., 2008). Apart from impaired protein folding, UPR 

integrates a variety of stimuli, such as variable nutrient availability, energy status and redox balance. 

Moreover, UPR reacts to alterations in cellular growth and differentiation, as well as extracellular 

responses to hormones, growth factors and small ligands that bind cell surface receptors.  
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Activated UPR affects almost every facet of the secretory pathway, including the rate of protein syn-

thesis and translocation into the ER, protein folding, quality control and trafficking, as well as 

elimination of misfolded proteins. Besides ER proteostasis, UPR plays an important role in bioener-

getics (Carreras-Sureda et al., 2019; Munoz et al., 2013; Verfaillie et al., 2012), cytoskeletal dynamics 

(Urra et al., 2018; Ishiwata-Kimata et al., 2013) and DNA damage response (Dufey et al., 2020; Huang 

et al., 2017). Moreover, UPR components play a role in cell differentiation, metabolism (Kim et al., 

2019; Wang et al., 2018; Kim et al., 2017; Zheng et al., 2016), and neuronal plasticity (Saito et al., 

2018; Hayashi et al., 2007). Altogether, UPR is a group of signalling pathways that modify dynamically 

the ER folding capacity to preserve ER proteostasis and maintain cell function under ER stress. Inter-

estingly, UPR plays an important role in the regulation of neuronal physiology and cognition, as well 

as brain development. Altered ER function was reported in multiple neurodegenerative diseases, e.g., 

Alzheimer disease, Huntington disease, Parkinson disease and amyotrophic lateral sclerosis (Hetz 

and Saxena, 2017; Freeman and Mallucci, 2016). 

In mammals, the UPR network is composed of three main signalling pathways downstream of ER 

transmembrane protein sensors: inositol-requiring enzyme 1 (IRE1)α, protein kinase-like endoplas-

mic reticulum kinase (PERK) and activating transcription factor (ATF) 6 (Kaufman, 2002). ER luminal 

domains of these proteins recognize unfolded protein peptides and signal through the transcriptional 

or translational machinery, as well as interactions with signalling molecules. Each UPR sensor can be 

individually modulated through post-translational modifications or binding to particular factors. 

Thereby, the level of ER stress required to activate each UPR sensor depends on specific interac-

tomes, which control UPR signalling (Shi et al., 2018; Morita et al., 2017; Pinkaew et al., 2017; Tyagi 

et al., 2015; Tsukumo et al., 2014; Huber et al., 2013; Rodriguez et al., 2012). Intriguingly, IRE1α and 

PERK localize to ER-mitochondria contact sites (Carreras-Sureda et al., 2019; Verfaillie et al., 2012). 

PERK regulates ROS transmission under ER stress and interacts with MFN2 (Munoz et al., 2013), im-

pacting ER-to-mitochondrion tethering.  

1.1.5.1.1 Adaptive unfolded protein response 

Rapid adaptive response to ER stress is the transient attenuation of protein synthesis. Specifically, 

phosphorylation of eukaryotic translation initiation factor 2 subunit-α (eIF2α) by PERK precludes 

the influx of freshly synthesized proteins into the ER (Ron and Walter, 2007). Subsequently, phos-

phorylated eIF2α induces the translation of specific mRNAs, which contain at least one upstream 

open reading frame in their 5’ untranslated regions (Lu et al., 2004; Vattem and Wek, 2004). For in-

stance, a stress-inducible ATF4 initiates the expression of genes implicated in redox homeostasis, 

amino acid metabolism and protein synthesis, apoptosis, as well as autophagy. Importantly, ATF4 is 

a part of a feedback loop that restores protein synthesis by dephosphorylation of eIF2α (Harding et 

al., 2003; Jousse et al., 2003; Novoa et al., 2001).  

Another adaptive response to ER stress is an enhancement of RNase activity of IRE1α by its oligomer-

ization and autophosphorylation (Zhou et al., 2006; Credle et al., 2005). IRE1α deletes small intron to 
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shift the translational open reading frame in the transcription factor X-box-binding protein 1 (XBP1). 

Resultant active XBP1 upregulates the expression of genes implicated in ER proteostasis and cell 

pathophysiology (Kaufman, 2002). Moreover, regulated IRE1-dependent decay (RIDD) enables 

the reduction of mRNA abundance and protein folding load in the ER as a result. RIDD also adjusts 

metabolism and inflammation. In this process, IRE1α cleaves a small group of mRNAs or precursor 

microRNAs, leading to their degradation (Figure 11). Importantly, IRE1α association with adapter 

proteins enables crosstalk with other stress response pathways, such as macroautophagy and 

the MAPK pathway (Hetz and Papa, 2018).  

 

Figure 11. Schematic representation of adaptive unfolded protein response signalling initiated from the ER. It consists of 

three pathways downstream of ER transmembrane protein sensors: PERK, IRE1α and ATF6. PERK phosphorylates eIF2α 

to reduce overall protein synthesis and induce selective translation of particular mRNAs, such as ATF4. ATF4 triggers 

the transcription of UPR target genes, which encode factors implicated in amino acid metabolism, antioxidant defence, 

autophagy and apoptosis. In parallel, IRE1α splices XBP1 mRNA, which in active form upregulates the expression of 

genes implicated in ER proteostasis. The IRE1α can recruit adaptor proteins, such as tumour necrosis factor receptor-

associated factor (TRAF) family members, to induce inflammatory responses. Moreover, RIDD reduces mRNA abundance 

and protein folding load in the ER in consequence. Additionally, ATF6 translocates from the ER to the Golgi apparatus, 

where it is cleaved by S1P and S2P. The resultant active cytosolic ATF6 fragment transits to the nucleus to stimulate 

transcription of the UPR target genes, which participate in ER proteostasis and cell physiology. Both, IRE1α and ATF6 

signalling pathways enhance ER and Golgi biogenesis, as well as ERAD (Hetz et al., 2020). 

Furthermore, due to ER stress, full-length ATF6 translocates from the ER to Golgi apparatus, where 

it is cleaved by site-1 protease (S1P) and site-2 protease (S2P) to release a fragment including a basic 

leucine zipper transcription factor. The fragment (ATF6p50) subsequently transits to the nucleus to 

regulate expression of genes encoding ER chaperones and enzymes implicated in ER protein translo-

cation, folding and secretion, but also removal of misfolded proteins through ER-associated protein 

degradation (ERAD) (Hassler et al., 2015; Shoulders et al., 2013; Wu et al., 2007). The coordinated 
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action of ATF6p50 and XBP1 also stimulates ER and Golgi biogenesis to improve the secretory ca-

pacity of the cell (Bommiasamy et al., 2009; Shaffer et al., 2004). The aforementioned responses to 

ER stress are considered collectively as adaptive UPR and are illustrated in Figure 11. 

Similarly to ATF6, hepatic-specific cAMP-responsive element-binding protein (CREBH) transits from 

the ER to the Golgi apparatus due to ER stress or inflammatory challenges. It is activated there 

through regulated intramembrane proteolysis. The resultant CREB transcription factor modulates 

the expression of key genes encoding metabolic regulators and enzymes (Kim et al., 2019; Kim et al., 

2017; Zheng et al., 2016). 

1.1.5.1.2 Proapoptotic unfolded protein response 

If ER stress overpowers the UPR capacity to maintain proteostasis, the cell enters apoptotic pro-

grammes (Ron and Walter, 2007). Predictably, the consequences of ER stress can be different 

depending on its toxicity and duration (Pedraza and van Oudenaarden, 2005). Irreversible ER damage 

results in activation of the canonical apoptosis pathway, including activation of proapoptotic Bcl-2 

family members at the mitochondria, namely apoptosis regulator (BAX) and Bcl-2 homologous antag-

onist/killer (BAK), subsequent assembly of apoptosome and activation of caspase 3 (Hetz et al., 2006; 

Wei et al., 2001). Downstream of PERK, ATF4 and proapoptotic factor CCAAT/enhancer-binding 

protein homologous protein (CHOP) activate genes encoding translational components to amplify 

protein synthesis, ROS generation and proteotoxicity, leading to cell death (Han et al., 2013; 

Marciniak et al., 2004). For instance, CHOP activates the protein phosphatase 1 (PP1) regulatory sub-

unit (GADD34). Subsequently, GADD34 and constitutive repressor of eIF2α phosphorylation (CReP) 

form complexes with PP1 to dephosphorylate eIF2α and thus restore protein synthesis. Besides 

GADD34, CHOP modulates Bcl-2-like protein 11 (BIM), phorbol-12-myristate-13-acetate-induced 

protein 1 (NOXA) and Bcl-2-binding component 3 (PUMA). 

Furthermore, continuous RIDD causes a reduction of miRNAs that negatively regulate caspase 2 and 

thioredoxin-interacting protein (TXNIP). Prolonged IRE1α activity leads therefore to sterile inflam-

mation triggered by interleukin-1β (IL-1β) or NACHT, LRR and pyrin domain-containing 3 (NLRP3) 

inflammasome activation and consequent cell death (Bronner et al., 2015; Lerner et al., 2012; Upton 

et al., 2012). Additionally, tumour necrosis factor receptor-associated factor 2 (TRAF2) –JUN N-ter-

minal kinase (JNK) signalling activated by IRE1α, as well as RIDD contribute to caspase 2-dependent, 

caspase 8-dependent or BAX/BAK-dependent apoptosis (Zhu et al., 2014; Han et al., 2009). 

Under sustained ER stress, a key UPR prosurvival mechanism is lacking due to alleviation of XBP1 

mRNA splicing, while PERK-CHOP signalling is still present (Lin et al., 2007). Downstream of CHOP 

and IRE1α, ER stress-induced apoptosis is controlled by death receptor 5 (DR5) and its effector 

caspase 8 (Lam et al., 2018; Munoz-Pinedo and Lopez-Rivas, 2018). Finally, yet importantly, calcium 

release from ER contributes to a switch to a proapoptotic response. ER releases calcium via inositol 

1,4,5-trisphosphate receptor (IP3R), which interacts with the BAX inhibitor 1 (BI-1) and protein life-

guard 1 (GRINA). Mitochondrial calcium uptake leads to a cytochrome c release and consequent 
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apoptosome formation (Rojas-Rivera et al., 2012; Chae et al., 2004). The abovementioned responses 

to ER stress are considered collectively as proapoptotic UPR and are illustrated in Figure 12. 

 

Figure 12. Schematic representation of proapoptotic unfolded protein response signalling initiated from the ER. Due to 

ER stress, PERK phosphorylates eIF2α to induce selective translation of particular mRNAs, such as ATF4. ATF4, in turn, 

activates the expression of CHOP and GADD34. GADD34 and CReP form complexes with PP1 to dephosphorylate 

eIF2α and consequently reinstate mRNA translation. Overall, CHOP regulates GADD34, DR5, as well as NOXA, BIM and 

PUMA, to promote protein synthesis and worsen protein folding deficiency. In parallel, RIDD and IRE1α-mediated acti-

vation of TRAF2–JNK signalling contribute to caspase 2-dependent, caspase 8-dependent or BAX/BAK-dependent 

apoptosis. Moreover, RIDD modulates TXNIP to activate sterile inflammation, resulting in apoptosis. ER releases calcium 

via IP3R, which interacts with the BI-1 and GRINA. Mitochondrial calcium uptake leads to reactive oxygen species re-

lease and the activation of the BAX/BAK-dependent apoptosome (Hetz et al., 2020). 

1.1.5.2 Integrated stress response 

As reviewed in Costa-Mattioli and Walter (2020), integrated stress response (ISR) responds to a va-

riety of environmental and pathological changes, such as proteostasis defects, nutrient deprivation, 

viral infection and oxidative stress, by reprogramming translation to restore homeostasis. The di-

verse stresses are detected by specialised kinases: protein kinase R (PKR), heme-regulated inhibitor 

(HRI), general control nonderepressible 2 (GCN2) and already introduced PERK. All the four kinases 

converge on phosphorylation of eIF2α at serine 51, which effects were described above (1.1.5.1.1). 

Similarly to UPR, ISR can induce apoptosis if the stress cannot be alleviated. Noteworthy, mutations 

in essential components of the ISR are associated with intellectual disability (Gregory et al., 2019; 

Skopkova et al., 2017; Abdulkarim et al., 2015; Borck et al., 2012). Additionally, the ISR is activated in 

a variety of disorders of the brain (Moon et al., 2018; Smith and Mallucci, 2016; Buffington et al., 

2014). 
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All ISR sensors have conserved kinase domains and different regulatory domains, which allow them 

to sense disparate signals. Stress stimuli recognized by the regulatory domains induce kinase activa-

tion by dimerization and transautophosphorylation (Lavoie et al., 2014). For instance, GCN2 detects, 

inter alia, amino acid deprivation, oxidative stress and viral infection (Harding et al., 2000). HRI is ac-

tivated in response to low heme concentrations, cytosolic protein aggregation, oxidative and 

mitochondrial stress (Guo et al., 2020; Chen, 2014), while PKR activation results from of binding of 

double-stranded RNA of viral origin (García et al., 2007). As illustrated in Figure 13, PERK is a com-

mon sensor of UPR and ISR, which activates due to the accumulation of mis- or unfolded proteins 

(Wang et al., 2018), as well as alterations in lipid bilayer fluidity (Volmer et al., 2013).  

 

Figure 13. Integrated stress response sensor kinases, PERK, PKR, HRI and GCN2, phosphorylate eIF2α in response to 

a variety of cellular stresses. PERK is a common kinase of ISR and UPR. Adapted from Costa-Mattioli and Walter (2020). 

1.2. Batten disease 

Neuronal ceroid lipofuscinoses (NCL) is a group of lysosomal storage diseases that taken together are 

the most prevalent cause of dementia in children. The incidence of NCL varies from 1:12,500 to 

1:100,000 depending on the country (Mole and Haltia, 2015; Augestad and Diderichsen, 2006; Car-

dona and Rosati, 1995; Claussen et al., 1992). Heretofore, 13 autosomal recessive and one autosomal 

dominant NCL have been reported (Johnson et al., 2019; Mole et al., 2019; Donsante and Boulis, 

2018), while the genetic cause of CLN9 disease remains unknown. Almost 500 mutations in 13 dis-

tinct genes were recorded thus far in the NCL mutation database (Mole and Cotman, 2015).  

NCL have been grouped because of common clinical and pathological characteristics, such as accu-

mulation of autofluorescent storage material, progressive neuron loss and activation of the innate 

immune system (Cooper et al., 2015). However, the NCL vary considerably in aetiology, age of onset 

and symptoms. Overall, children with NCL initially present normal development and later regress in 

motor and language skills. Moreover, many patients exhibit cognitive decline, balance impairments, 

visual deterioration and epileptic seizures (Mink et al., 2013; Jalanko and Braulke, 2009). The conse-

quences of disease-causing mutations are devastating mainly upon the brain, but can also extend to 

https://www.ucl.ac.uk/ncl/
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peripheral and autonomic nervous systems, as well as somatic tissues (Rietdorf et al., 2020; Katz et 

al., 2017; Ostergaard et al., 2011; Galvin et al., 2008). 

The juvenile NCL, later called Batten disease or CLN3 disease, was first described more than 100 

years ago (Stengel, 1826), while the underlying genetic defect was determined over 2 decades ago 

(International Batten Disease Consortium, 1995). Heretofore, around 80 different mutations in the 

CLN3 gene were detected in over 420 patients and described in the NCL mutation database. The most 

frequent genetic defect is a genomic deletion of 996bp corresponding to two coding exons 7 and 8, 

commonly referred to as 1kb deletion or CLN3∆ex7/8 in the case of animal models (International Bat-

ten Disease Consortium, 1995). First disease symptoms are usually observed in children aged 4 to 10 

years, including visual impairment due to retinal degeneration, as well as cognitive and motor decline 

(Kuper et al., 2019; Kuper et al., 2018; Marshall et al., 2005). Seizures and behavioural problems arise 

along with the disease progression, eventually, patients become wheelchair-bound, bedridden and 

die prematurely, in their 20s (Ostergaard, 2016; Mole et al., 2011). Besides brain abnormalities, 

nearly half of patients have alterations in other organs and tissues, including cardio defects (Rietdorf 

et al., 2020) and skeletal muscle atrophy (Radke et al., 2018). Detailed medical history, high-resolu-

tion retinal imaging, microscopy and genetic testing allow for early diagnosis of Batten disease 

(Wright et al., 2020; Preising et al., 2017). Quantification of lymphocyte vacuolization provides infor-

mation about CLN3 disease severity (Kuper et al., 2020).  

1.2.1. CLN3 gene 

Ceroid lipofuscinosis, the neuronal 3 (CLN3) gene, less often referred to as Battenin, is located on 

the short arm of chromosome 16 at position 12.1 (Järvelä et al., 1995; Mitchison et al., 1995, 1993). 

The experimental history of a CLN3 gene and protein is reviewed in detail in Mirza et al. (2019). 

Briefly, the CLN3 gene is highly evolutionary conserved (Mitchell et al., 2001; Katz et al., 1999; Mitch-

ell et al., 1997), ubiquitously expressed (Ding et al., 2011; Eliason et al., 2007) and has 6 transcript 

variants documented in the NCBI Reference Sequence database (Pruitt et al., 2014; Kent et al., 2002). 

Regrettably, evidence demonstrating which transcripts are expressed under different conditions is 

lacking (Zerbino et al., 2018). Interestingly, the human CLN3 gene has 2 different transcription start 

points with perhaps disparate regulation. The identical full-length human CLN3 protein can be syn-

thesized from two distinct mRNAs transcribed from the same gene using differently regulated 

promoters. Furthermore, one of the transcripts is probably generated by a particular form of RNA 

polymerase II containing a minor isoform of the subunit hRPB11 (POLR2J) encoded by the POLR2J2 

gene, which was defined as a biomarker for Batten disease (Shematorova and Shpakovski, 2020; 

Lebrun et al., 2011). 

Although the CLN3 gene contains multiple potential transcription regulatory elements (Mitchison et 

al., 1997), an endogenous promoter of CLN3 has not been exactly defined yet. Several transcription 

factors were suggested to regulate CLN3 expression pattern by physical binding to the putative pro-

moter region or by indirect interaction through protein partners (Ramirez et al., 2012; Pandey et al., 

2011; Bolotin et al., 2010; Abdelmohsen et al., 2009; Boyd et al., 2009; Hollenhorst et al., 2009; Bieda 

https://www.ucl.ac.uk/ncl/
https://www.ncbi.nlm.nih.gov/variation/view/
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et al., 2006; Jin et al., 2006). Besides transcription factors, diverse molecules were reported to indi-

rectly regulate the expression of CLN3 (Kim et al., 2013; Bertolotto et al., 2011; Pandey et al., 2011; 

Nishiyama et al., 2009; Chen et al., 2008). TFEB was demonstrated to bind to the CLEAR motif on 

the proximal promoter of CLN3, which increases CLN3 transcription (Palmieri et al., 2011; Sardiello 

et al., 2009). 

1.2.2. CLN3 protein 

The CLN3 gene encodes a very hydrophobic protein of 438 amino acids. A 3D structure of CLN3 can 

be only revealed using high-resolution methods, which require a significant amount of properly 

folded pure CLN3 protein. Since proper biochemical tools are lacking, production or isolation of a suf-

ficient amount of CLN3 is not feasible. The widely accepted secondary structure model is based on 

experimental data and in silico predictions. It depicts CLN3 as a multi-membrane spanning protein 

with six transmembrane domains and N- and C-termini facing the cytosol (Ratajczak et al., 2014).  

Mapping the mutations causative of Batten disease on the CLN3 topological model demonstrated 

that most of these mutations, including the most common 1kb deletion, face the luminal side of the in-

tracellular compartments; therefore, luminal regions of CLN3 might be critical for its interaction and 

function (Cotman and Staropoli, 2012; Gachet et al., 2005; Muzaffar and Pearce, 2008; Kousi et al., 

2012; Nugent et al., 2008). The CLN3 protein sequence does not resemble any protein of known func-

tion (Muzaffar and Pearce, 2008). Noteworthy, the domain structure of CLN3 is consistent with 

members of the major facilitator superfamily (MFS), which is a large group of membrane transporters. 

Interestingly, mutations in MFS domain-containing protein 8 (MFSD8) result in CLN7 disease.  

Furthermore, CLN3 has multiple potential post-translational modification motifs, including four 

N-glycosylation sites, two O‑glycosylation sites, as well as consensus sequences for phosphorylation, 

myristoylation, and farnesylation (Sigrist et al., 2013; Nugent et al., 2008; Storch et al., 2007; Mao et 

al., 2003; Haskell et al., 2000; Golabek et al., 1999; Kaczmarski et al., 1999; Kida et al., 1999; Järvelä 

et al., 1998; Michalewski et al., 1999, 1998; Pullarkat and Morris, 1997; Taschner 1997). Indeed, 

the presence of N-glycosylated forms of CLN3 was confirmed in human cell lines (Järvelä et al., 1998). 

Noteworthy, CLN3 exhibits tissue‑dependent glycosylation patterns (Ezaki et al., 2003). Conse-

quently, the apparent molecular weight of glycosylated CLN3 protein may vary depending on cell 

type and species (Golabek et al., 1999). Moreover, CLN3 is phosphorylated by cAMP-dependent pro-

tein kinases PKA, PKG and casein kinase II, and dephosphorylated by protein phosphatase 1 or 

protein phosphatase 2A (Michalewski et al., 1999, 1998). Additionally, CLN3 contains a farnesylation 

site, which is not necessary for its lysosomal localization (Haskell et al., 2000; Pullarkat and Morris, 

1997). Nevertheless, the roles of CLN3 phosphorylation and farnesylation require clarification.  

1.2.2.1 Localization of CLN3 protein 

Data concerning biosynthesis, intracellular localization and trafficking remain discrepant for either 

wild type, mutant or variant forms of CLN3 protein because of low expression and hydrophobic na-

ture of CLN3, as well as lack of reliable antibody. Analysis of CLN3 protein sequence implies several 
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putative trafficking and sorting signals; therefore, CLN3 might localize to various organelles, includ-

ing mitochondria (Janes et al., 1996). CLN3 contains several lysosomal targeting signals and all are 

necessary for optimal transport efficiency (Kyttälä et al., 2005, 2004; Storch et al., 2004; Kida et al., 

1999; Järvelä et al., 1998). Overexpression studies suggest that wild type CLN3 colocalizes mostly 

with lysosomes, yet signal occasionally overlaps with ER and endosomes (Kyttälä et al., 2004; Luiro 

et al., 2004; Järvelä et al., 1999, 1998; Girotti and Banting, 1996; Reaves and Banting, 1994). Lysoso-

mal localization of endogenous CLN3 was reported in placental lysosomes, mouse and rat livers 

(Schröder et al., 2007; Ezaki et al., 2003).  

On the other hand, truncated CLN3 protein resulting from 1kb deletion lacks three or four transmem-

brane domains, the cytosolic loop and C-terminal domain containing the lysosomal sorting motif and 

farnesylation site (Storch et al., 2007; Kyttälä et al., 2004). It remains unclear if patients with Batten 

disease can produce a biologically active mutant protein due to contradictory evidence.  When some 

studies imply that partial or complete loss of CLN3 leads to nonsense-mediated decay (Miller et al., 

2013; Chan et al., 2008), results of other investigations suggest that at least certain mutations in 

CLN3 cause retention of the protein in ER, while other mutations do not prevent lysosomal localiza-

tion (Kyttälä et al., 2004; Haskell et al., 2000; Järvelä et al., 1999, Kida et al., 1999). Another study 

shows that wildtype CLN3 protein transfers from Golgi to lipid rafts at the plasma membrane via 

Rab4‑ and Rab11‑positive endosomes, while mutant is mostly retained within the Golgi (Persaud‑

Sawin et al., 2004). 

Although the effects of disease-causing mutations are devastating primarily upon the brain, CLN3 

protein is widely expressed in various human tissues. CLN3 gene and protein expression was re-

ported in the nervous and secretory systems, skeletal muscle, gastrointestinal tract, as well as cancer 

tissues (Persaud‑Sawin et al., 2004; Rylova et al., 2002; Chattopadhyay and Pearce, 2000; Margraf et 

al., 1999). Interestingly, the highest CLN3 expression is attributed to the placenta and leukocyte-as-

sociated tissues (Mirza et al., 2019). Focusing on the brain, CLN3 was found in astrocytes and 

neurons, especially in the grey matter. Generally, the intensity and distribution of the signal are simi-

lar in all of the areas of the brain analysed. Noteworthy, peripheral nerves and capillary endothelium 

also express CLN3 (Persaud‑Sawin et al., 2004; Chattopadhyay and Pearce, 2000; Margraf et al., 

1999). 

1.2.2.2 The function of CLN3 protein and its potential effects on disease mechanism 

As thoroughly discussed in Shematorova and Shpakovski (2020), the molecular mechanism of Batten 

disease is not yet fully understood and many aspects of CLN3 function necessitate elucidation. Vari-

ous physiological changes are considered to contribute to Batten disease progression, while deficient 

endosomal-lysosomal system and defective autophagy appear to play a key role.  

1.2.2.2.1 Endosomal and lysosomal function 

Lysosomes and endosomes are important sites of CLN3 activity. CLN5, which was proven to interact 

with CLN3 (Lyly et al., 2009; Vesa et al., 2002), controls retromer function by modulating interactions 



Introduction 

28 

 

between CLN3, Ras-related protein Rab-7a (Rab7a), retromer and sortilin. CLN3 serves as a platform 

for the Rab7a–retromer and retromer–sortilin interactions. CLN3 and CLN5 function as an endoso-

mal complex essential for the efficient endosome-to-TGN trafficking of sortilin. Impaired recycling 

leads to defective lysosomal function; therefore, these recent findings bring us closer to understand-

ing potential disease mechanism (Yasa et al., 2021; Yasa et al., 2020).  

Available literature indicates that endocytosis (Fossale et al., 2004), amino acid transport (Kim et al., 

2003), autophagosomal maturation and fusion of endosomes with lysosomes are impaired in CLN3 

disease patients cells (Cao et al., 2006). Study of lysosomal proteomes of murine Cln3∆ex7/8 cerebellar 

cells demonstrates that common 1kb deletion in CLN3 gene negatively affects abundance and activ-

ity of numerous lysosomal proteins, degradation of lipid droplets and composition of membrane 

lipids, as well as transport efficiency of endocytic cargo receptors (Schmidtke et al., 2019; Sleat et al., 

2019).  

Moreover, CLN3 was implicated in the regulation of cytoskeletal dynamics due to its interactions 

with microtubule‑binding protein Hook1 and myosin IIB (Getty et al., 2011; Luiro et al., 2004). CLN3 

interacts also with the cytoskeletal protein β-fodrin and its interaction partner sodium/potassium-

transporting ATPase subunit α1 (ATP1A1). Expectedly, CLN3 defects result in alterations in the fo-

drin cytoskeleton and subcellular distribution of ATP1A1 (Scifo et al., 2013; Uusi‑Rauva et al., 2008). 

ATP1A1 in turn interacts with Src and regulates its activity in a conformation-dependent manner 

(Tian et al., 2006). CLN3 mutations lead to impaired endocytosis, which can alter neurotransmitter 

release, as well as the surface expression of receptors (Luiro et al., 2001) and ion channels in neurons 

(Chang et al., 2007), resulting in compromised neurotransmission and neuronal cell death.  

1.2.2.2.2 The role of microglia and astrocytes 

Another key aspect of the Batten disease mechanism is the hyperactivation of glial cells and astro-

cytes. Microglia are the immune cells within the parenchyma of the central nervous system. They are 

responsible for the phagocytosis of dead cells and the release of pro-inflammatory mediators. Anom-

alous neuron-microglia interactions play a part in the pathogenesis of several neurodegenerative 

diseases, such as Parkinson’s and Alzheimer’s diseases (Tejera and Heneka, 2019). Activated micro-

glia were also observed in the brains of Batten disease patients, as well as CLN3 KO and CLN3∆ex7/8 

mice (Pontikis et al., 2004, 2005). CLN3∆ex7/8 microglia are in a pro-inflammatory state and upon stim-

ulation release significantly more mediators, including tumour necrosis factor α, interleukins 1, 1α, 9, 

and 15. On the other hand, CLN3∆ex7/8 astrocytes display reduced secretion of various neuroprotec-

tive factors, mitogens, chemokines and cytokines, as well as impaired calcium signalling and 

glutamate clearance. Co-culture with CLN3∆ex7/8 astrocytes and microglia negatively affected sur-

vival and morphology of both wild type and CLN3∆ex7/8 neurons. Overall, astrocytes and microglia are 

functionally compromised and may play an active role in neuron loss in Batten disease (Xiong and 

Kielian, 2013; Lange et al., 2018). 
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1.2.2.2.3 The endoplasmic reticulum stress response 

Based on the similarity of clinical characteristics, NCL proteins are hypothesised to be a part of 

the same signalling pathway or network, which implies a certain degree of interaction. Besides CLN5, 

CLN3 interacts with tripeptidyl peptidase I (TPP‑1 or CLN2) (Scifo et al., 2013; Persaud‑Sawin et al., 

2007). Available literature suggests that CLN3 interacts also with transmembrane proteins CLN6 

and CLN8, whereas it remains unknown whether the interaction is direct (Scifo et al., 2013; Persaud‑

Sawin et al., 2007). Interestingly, most CLN5 interactors also interact with CLN3 (Scifo et al., 2013).  

Eight NCL proteins can be linked in a single protein network centred on epidermal growth factor re-

ceptor (EGFR), which is activated by Src (Shematorova et al., 2018). Their interactions are possible 

only in ER; therefore these proteins can have also certain ER-associated functions. As previously 

mentioned, the accumulation of misfolded proteins causes ER stress and perturbs neuronal homeo-

stasis, which is a shared characteristic of many neurodegenerative diseases (Hetz et al., 2020; 

Marotta et al., 2017). A study of ER stress in SH-SY5Y cells treated with tunicamycin revealed that 

loss of CLN3 function leads to alterations in the ER stress response and consequent apoptosis. On 

the contrary, increased CLN3 gene expression resulted in a higher level of ER chaperone BiP and a re-

duced level of CHOP (Wu et al., 2014). CLN3 was therefore suggested to function as an ER chaperone 

involved in the folding of glycoproteins and ER stress might significantly contribute to the develop-

ment of Batten disease. 

1.2.2.2.4 Calcium homeostasis 

Furthermore, CLN3 can suppress apoptosis through modulating endogenous ceramide synthesis (Pu-

ranam et al., 1999), while C2‑ceramide promotes the expression of CLN3 (Decraene et al., 2002). 

Interestingly, a calcium-binding protein, calsenilin interacts with CLN3 ortholog in yeast in a calcium-

dependent manner. Although the CLN3-calsenilin interaction was not confirmed in human cells (Sei-

fert et al., 2020; Scifo et al., 2013), CLN3-deficient cells are more sensitive to thapsigargin treatment, 

which increases cytosolic calcium and induces calcium-mediated apoptosis (Chang et al., 2007). Re-

cent data indicate that CLN3 is involved in Kv4.2/calsenilin somatodendritic A-type channel 

formation, trafficking, and function in human cells (Seifert et al., 2020). Additionally, autophagosome 

accumulation in CLN3∆ex7/8 cells could be reversed by cytosolic calcium chelation. ER, mitochondrial, 

and lysosomal calcium pools, as well as instore‑operated calcium uptake, are altered in CLN3 mutant 

cells (Chandrachud et al., 2015). Importantly, murine CLN3∆ex7/8 astrocytes have lower spontaneous 

calcium oscillations under resting conditions and following exposure to glutamate, pro-inflammatory 

cytokines or ATP (Bosch and Kielian, 2019; Parviainen et al., 2017). Overall, CLN3-loss-of-function 

negatively affects calcium homeostasis.  

1.2.2.2.5 Mitochondrial function 

Consistently with deregulated calcium homeostasis and findings in other LSD, mitochondrial dys-

function and excess ROS are considered to play an important role in Batten disease progression. 

Several NCL, including CLN3 disease, are characterized by selective loss of inhibitory GABAergic in-

terneurons rich in mitochondria, which are particularly vulnerable to compromised energy 
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production (Luiro et al., 2006). Moreover, neuron loss is predominantly observed in these brain areas, 

which are the most metabolically active and rich in mitochondria (cortical layers IV-V) (Braak and 

Goebel, 1978). Morphological abnormalities of mitochondria, such as elongation and enlargement, 

were the first mitochondrial defects described in patients cells (Zeman and Donahue, 1963). A lower 

rate of mitochondrial fatty acid synthesis results in mitochondrial membrane defect reported in in-

tact skin fibroblasts from CLN2 and CLN3 patients (Dawson et al., 1996). Importantly, basal activity 

of ATP synthase, as well as concentrations of AMP, ADP and ATP are reduced in skin fibroblasts from 

patients with Batten disease (Das et al., 1999, 2001). Activities of the mitochondrial respiratory chain 

complexes and mitochondrial oxygen consumption were slightly decreased in mitochondria isolated 

from murine CLN3 KO brains. Increased expression of glycolytic genes observed in embryonic pri-

mary culture of the murine CLN3 KO neurons suggests that glycolysis upregulation serves as 

a compensatory mechanism for inefficient energy production (Luiro et al., 2006). 

As previously mentioned, excess cellular ROS causes damage to proteins, nucleic acids, lipids and or-

ganelles, leading to activation of apoptosis if oxidative stress cannot be alleviated. Significantly 

elevated ROS levels were observed in Batten disease patients fibroblasts (Vidal-Donet et al., 2013). 

Interestingly, CLN3 in Drosophila melanogaster interacts genetically with critical components of 

stress signalling pathways, such as JNK, and constituents of stress granules. CLN3 loss of function led 

to hypersensitivity to oxidative stress, yet not to other physiological stresses. CLN3 mutant flies can 

recognize oxidative stress correctly, but their ability to react and detoxify ROS is compromised (Tux-

worth et al., 2011). Notably, increased generation of intracellular ROS and deregulated redox 

homeostasis affect several signalling pathways, including PI3K-Akt and MAPK signalling, as well as 

ubiquitination/proteasome systems (Zhang et al., 2016). Interestingly, screen for genetic interactions 

with CLN3 ortholog in yeast indicated signalling hub including two major MAPK cascades, which cen-

tres on the Tor kinase complexes (Bond et al., 2015). Under starvation, social amoeba Dictyostelium 

discoideum CLN3 KO cells presented delayed migration and aggregation, as well as upregulation of 

genes encoding MAPK signalling cascade proteins (Huber and Mathavarajah, 2019; Huber, 2017). 

1.2.2.2.6 Osmoregulation and pH homeostasis 

Moreover, CLN3 was implicated to play a role in pH homeostasis and osmoregulation. Yeast strains 

lacking CLN3 ortholog display an increased activity of the plasma membrane hydrogen ATPase be-

cause of an aberrantly high vacuolar acidity during the early phase of growth (Padilla-López and 

Pearce, 2006). In Dictyostelium discoideum, the CLN3 protein is found mainly in the contractile vac-

uole system, which is a network of tubules that deliver water to the bladders. CLN3 KO cells are 

susceptible to both hypotonic and hypertensive stress, which eventually negatively impacts their vi-

ability and multicellular development (Mathavarajah et al., 2018). Additionally, hypertensive stress 

resulted in CLN3 gene upregulation in the kidney cells of young hamsters and affected the localiza-

tion of the protein (Getty et al., 2013). A study in mice indicated a role for CLN3 in renal regulation of 
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water and/or ionic homeostasis (Stein et al., 2010). Importantly, regulatory volume depletion is im-

paired in brain endothelial cells derived from CLN3-deficient mice (Tecedor et al., 2013). Hence, 

defective osmoregulation fails to displace excess water and cell destruction in consequence. 

1.2.2.2.7 Storage material in neuronal ceroid lipofuscinoses 

As discussed in Palmer (2015), a defining characteristic of NCL is the accumulation of fluorescent, 

electron-dense, lysosome derived storage material in cells throughout the body. Direct sequencing 

of storage body proteins determined specific storage of complete and normal subunit c of mitochon-

drial ATP synthase in CLN2, CLN3, CLN5, CLN6, CLN7 and CLN8 disease models (Haltia, 2006; 

Tammen et al., 2006; Ezaki et al., 2000; Faust et al., 1994; Fearnley et al., 1990; Palmer et al., 1989, 

1992), while sphingolipid activator proteins A and D are main components of storage material in 

CLN1 and CLN10 disease models (Nosková et al., 2011; Nijssen et al., 2003; Palmer et al., 1997; 

Tyynelä et al., 1993). Noteworthy, the fluorescence of storage bodies is an aggregate property of non-

fluorescent compounds (Palmer et al., 1986, 1993, 2002).  

Importantly, the presence of storage material does not correlate with disease-related changes. Stor-

age bodies containing subunit c of mitochondrial ATP synthase accumulate in the majority of cells in 

most tissues and do not cause organ malfunction or impairment of cellular functions (Palmer et al., 

2013; Kay et al., 2011; Oswald et al., 2005). Detected trimethylation of lysine-43 and cleavage of 

the lead sequence of stored protein implies that the protein has been processed through mitochon-

dria before accumulation in lysosomes, yet has not been subjected to degradation. These 

observations raised a hypothesis that some CLN proteins may be critical for de-methylation of lysine-

43, and therefore turnover of subunit c of mitochondrial ATP synthase. However, evidence for direct 

interaction between CLN3 and subunit c is lacking (Mirza et al., 2019; Leung et al., 2001). On the other 

hand, TPP-1 was demonstrated to degrade the stable subunit c in the mitochondrial-lysosomal frac-

tions from cells of a patient with late infantile NCL (Ezaki et al., 2000). 

1.2.3. Therapeutic targets for Batten disease studied thus far 

As comprehensively reviewed in Specchio et al. (2021), despite decades of committed research and 

significant developments toward potential treatments for NCL, the only treatment available in 

the market is enzyme replacement therapy (ERT) for CLN2 disease (Trivisano and Specchio, 2020; 

Schulz et al., 2018; Markham, 2017). Overall, potential treatments include ERT, gene and stem-cell 

therapies, as well as pharmacological drugs (Johnson et al., 2019; Sima et al., 2018; Sondhi et al., 2016; 

Kruer et al., 2013; Selden et al., 2013; Tamaki et al., 2009). These interventions have mostly disease-

modifying potential, i.e., they might slow or arrest disease progression. While few of them might par-

tially reverse the disease, complete reversal is doubtful. Even damage-limiting therapies would 

improve patient’s quality of life and reduce the burden on families.  

Due to variability in aetiology, age of onset and symptoms, each NCL requires individual clinical man-

agement, i.e., many treatments are effective for specific gene defects or enzyme deficit. In general, 

any therapy would have to be introduced as rapidly as possible, preferably in a presymptomatic 
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phase, to result in long-term clinical benefits (Trivisano and Specchio, 2020; Fietz et al., 2016). Suc-

cessful treatment requires therefore an early diagnosis, which could be provided by neonatal 

screening programs. Recent advancements include optimalisation of mutation-detection methods 

and enzyme diagnostics, development of animal models and initiation of several novel clinical trials 

(Rosenberg et al., 2019; Shacka, 2012). Insufficient understanding of natural history and associated 

biomarkers poses a challenge for the development of adequate medical care besides current pallia-

tive treatment (Sleat et al., 2017).  

In respect of Batten disease, gene therapy and pharmacological treatments are investigated. Pre-clin-

ical studies of gene therapy have shown at least partial efficacy in cellular and animal models 

(Burnight et al., 2018; Bosch et al., 2016; Wiley et al., 2016; Sondhi et al., 2014). Moreover, there is an 

ongoing phase 1/2 clinical trial with patients diagnosed with Batten disease, aged 3 to 10 years. 

An adeno-associated virus serotype 9 (AAV9) vector carrying a CLN3 gene is delivered intrathecally 

into the lumbar spinal cord region of children (ClinicalTrials.gov identifier: NCT03770572). The pres-

ence of naturally occurring antibodies against AAV and unstable transgene expression still pose 

a challenge for the gene therapy method.  

On the other hand, examined pharmacological treatments use antiapoptotic drugs, TFEB modulators 

and immunosuppressive agents, as well as medications known for their neuroprotective and anti-in-

flammatory effects (Hong et al., 2016). For instance, three phosphodiesterase-4 inhibitors 

significantly ameliorated phenotype in CLN3-KO mice, including improved motor and lysosomal 

function, reduced neuronal apoptosis and neuroinflammation (Aldrich et al., 2016). The anticonvul-

sant retigabine saved patient-derived lymphoblasts from accelerated apoptosis and had 

a neuroprotective impact in CLN3-defective cultured cells (Makoukji et al., 2018). Moreover, oral ad-

ministration of the Akt inhibitor, trehalose successfully extended lifespan, improved lysosomal 

storage clearance along with reduction of neuroinflammation and neurodegeneration in a CLN3 

mouse model (Palmieri et al., 2017). Treatment involving the immunosuppressant mycophenolate 

mofetil reduced disease severity and improved motor skills in CLN3-deficient mice (Seehafer et al., 

2011); therefore, it was tested in patients with Batten disease to prove good tolerability (Adams et 

al., 2019; Augustine et al., 2019). Additionally, administration of mycophenolate mofetil in combina-

tion with other immunosuppressive medications over 2 years prevented ambulatory vision loss in one 

of the patients (Drack et al., 2015). 

1.3. Aims 

Batten disease is the most common neurodegenerative, metabolic disorder of childhood character-

ized by accumulation of autofluorescent storage material in lysosomes. The malady results from 

mutations in the CLN3 gene, while its exact mechanism remains unknown (Shematorova and Shpa-

kovski, 2020). The health and proper function of a eukaryotic cell require coordinated function and 

biogenesis of its organelles. Predictably, the deficiency of a single organelle has an impact on the con-

dition of other compartments because of their strong interdependence (Deus et al., 2019; Sargsyan 



Introduction 

33 

 

and Thoms, 2019). Mitochondrial dysfunction was observed in most of the lysosomal storage dis-

eases and defective mitochondria-lysosome crosstalk was reported in several neurodegenerative 

disorders (Deus et al., 2019; Raimundo and Krisko, 2019). Hence, we concentrated our efforts on 

the evaluation of organelle biogenesis and function in a cellular model lacking CLN3 to improve our 

understanding of the role of organelle crosstalk in Batten disease pathogenesis.  

Moreover, we applied an unbiased, multi-dimensional genomics approach to discern signaling path-

ways and transcriptional regulators that are particularly affected by CLN3-loss-of-function and may 

play an important role in Batten disease progression. These results were complemented by western 

blot experiments to determine if CLN3-loss-of-function had an impact on identified signalling path-

ways also at the protein level. A deeper comprehension of the signaling pathways and transcription 

factors strongly influenced by CLN3-loss-of-function can aid in finding therapeutic targets that are 

closer to the origin of the problem. 

To achieve above-mentioned the objectives, we generated a cellular model modifying the human em-

bryonic kidney 293 (HEK) cell line with CRISPR/Cas9 technology. Choice of the cell line was inspired 

by its popularity in the fields of cellular signalling related to lysosomal function and NCL, which ena-

bles comparison and perhaps a combination of our data with published and confidentially shared 

results. 

1.3.1. Genome editing with Clustered Regularly Interspaced Short Palindromic Repeats-Cas 
CRISPR-associated protein 9  

Clustered Regularly Interspaced Short Palindromic Repeats-Cas CRISPR-associated protein 9 

(CRISPR–Cas9) is a technology that in this project serves as a framework to knockout (KO) CLN3 in 

HEK cells. Overall, it has a great potential in genome editing and gene therapy for various diseases, 

not only genetic disorders but also some conditions associated with cancer and infections (Doudna 

and Charpentier, 2014; Hsu et al., 2014). The inspiration was drawn from adaptive immunity in ar-

chaeal and bacterial genomes, which results from the existence of CRISPR–Cas structure that targets 

foreign mobile genetic elements to eliminate them eventually (Barrangou et al., 2007; Van Der Oost 

et al., 2014). The Cas9 endonuclease comes from the bacterium Streptococcus pyogenes and is 

widely used for genome modifications where the guide RNA directs the Cas9 toward the target sites 

for cleaving based on DNA-RNA hybridization (Sander and Joung, 2014; Barman et al., 2020).  
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2. Materials and methods 

2.1. Materials 

2.1.1. Reagents 

A variety of chemicals was used throughout this project. They are listed below with their correspond-

ent suppliers and codes (Table 1). 

Table 1. List of reagents, their suppliers and catalogue numbers. 

Product Supplier Code 

1 kb DNA Ladder New England BioLabs N3232S 

100 bp DNA Ladder New England BioLabs N3231S 

2-deoxy-D-Glucose Sigma-Aldrich D8375 

2-Mercapthoethanol Carl Roth 4227.3 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) 

Carl Roth HN77.2 

Acetic acid Carl Roth 7332.3 

Acrylamide solution 40% AppliChem A0385 

Ammonium Persulfate (APS) AMRESCO 0486 

Antimycin A Sigma Aldrich A8674 

Biozym LE Agarose Biozym 840004 

Bovine serum albumin (BSA) Sigma Aldrich A7906 

Bromophenol blue Carl Roth T116.1 

Carbonyl cyanide-p-trifluoromethoxyphenylhydra-

zone (FCCP) 

Sigma Aldrich C2920 

Coomassie Brilliant Blue G Carl Roth 9598.2 

D-Glucose Carl Roth 275227941 

Dialyzed Fetal Bovine Serum Gibco A3382001 

Digitonin Merck 11024-24-1 

Dimethyl sulfoxide (DMSO) Sigma Aldrich D8418 

Dithiothreitol (DTT) AppliChem A2948 

DMEM - no glucose Gibco 11966-025 
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Product Supplier Code 

DMEM Base 8.3g/L Sigma Aldrich D5030-1L 

Dulbecco's Modified Eagle Medium (DMEM) - high 

glucose 

Gibco 41965-039 

Ethanol 70% VWR 84858.440 

Ethanol Absolut BD Bioscience 354052 

Ethidium bromide VWR E406 

Ethylenediaminetetraacetic acid (EDTA)  Carl Roth 8043.2 

Fetal Bovine Serum Heat Inactivated (FBS) Gibco 10500-064 

Glutamax (100x) Gibco 35050-061 

Glycerol Carl Roth 7530.1 

Glycine VWR 0167 

H2O Nuclease-free  VWR E476 

HaltTM Protease & Phosphatase single use Inhibitor 

Cocktail 

Thermo Scientific 78442 

Methanol VWR 20903.368 

N-dodecylmaltoside Carl Roth CN26.2 

Oligomycin  Sigma Aldrich O4876 

Opti-MEM I Reduced Serum Medium Gibco 11058021 

PageRuler Plus Prestained Protein Ladder Thermo Scientific 26619 

Penicillin/Streptomycin (P/S)  Gibco 15140-062 

phenylmethylsulphonyl fluoride (PMSF) Sigma P7626 

Phosphate buffered saline (PBS) tablets Sigma P44177-

100TAB 

Potassium chloride (KCl) Volu-Sol 83608.26 

Precision Plus Protein™ standard All Blue Bio-Rad 1610393 

Proteinase K Amresco 0706 

Puromycin 100mg Fisher Scientific BP2956-100 

Skim Milk Powder Fluka 70166 
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Product Supplier Code 

Sodium azide (NaN3) Sigma Aldrich 52002-1006 

Sodium chloride (NaCl) AppliChem A1430,0010 

Sodium dodecyl sulphate (SDS) Sigma Aldrich L4509-500G 

Sodium Pyruvate Sigma S8636 

TE Buffer Macherey-Nagel 740797.1 

Tetramethyl ethylenediamine (TEMED) Sigma Aldrich T7024 

Trehalose Carl Roth 5151.3 

Tris Base Sigma Aldrich T1503 

Tris-HCl Carl Roth 9090.2 

Triton X 100 Carl Roth 3051.3 

TrypLE Express (1X) Gibco 12605-010 

Tween 20  AMRESCO 0777-1L 

ε-Amino n-caproic acid Merck CAS6032-2 

 

2.1.2. Kits and consumables 

The table below presents a list of kits and consumables used to perform experiments described in this 

thesis, with their correspondent suppliers and codes (Table 2). 

Table 2. Kits and consumables. 

Product Supplier Code 

Amersham Hybond PO45 PVDF GE Healthcare 10600023 

BbsI-HF® New England Biolabs R3539S 

CellTiter-Glo® Luminescent Cell Viability Assay Promega G7572 

Centrifuge tubes 15ml Corning CentriStar Corning 430791 

Centrifuge tubes 50ml Corning CentriStar Corning  430829 

CRYSTAL RNA Mini Kit New England Biolabs 31-010-404 

Cuvettes PMMA VWR-International 634-0678 

Deoxynucleotide (dNTP) Solution Mix New England Biolabs N0447S 

DQ™ Red BSA Life Technologies D12051 
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Product Supplier Code 

FACS Tubes Polystyrene Round-Bottom 5ml Corning 352052 

GoTaq® G2 Flexi DNA Polymerase Promega M7801 

High-Performance chemiluminescence film GE Healthcare 28906837 

Hoechst 33342 Fluorescent Stain Thermo Fisher Scientific 62249 

iScript cDNA Synthesis Kit Bio-Rad 170-8891 

Lipofectamin 3000 Reagent Invitrogen 11668-019 

Luminata™ Classico Western HRP Substrate Millipore WBLUC0500 

Luna® Universal qPCR Master Mix  New England Biolabs M3003 

Medical X-Ray Film Foma ----- 

Microseal B seal Bio-Rad MSB1001 

MitoSOX™ Red Mitochondrial Superoxide Indicator Thermo Fisher Scientific M36008 

Molecular Probes™ MitoProbe™ JC-1 Assay Kit Thermo Fisher Scientific M34152 

NucleoSpin Gel and PCR Clean‑up Macherey-Nagel 740609.50 

PCR plate 384-well skirted ABI-Type (Universal) StartLab E1042-3840 

Protein Assay Dye Reagent Concentrate Bio-Rad 500-0006 

Serological Pipette 10ml StartLab E4860-1011 

Serological Pipette 25ml StartLab E4860-2511 

Serological Pipette 5ml StartLab E4860-0511 

T4 DNA Ligase (5U/µl) Thermo Fisher Scientific EL0011 

Test Tube Soda Glass VWR International 212-003 

Tips 10µl TipOne StartLab S1111-3210 

Tips 1000µl TipOne StartLab S1111-6810 

Tips 200µl TipOne StartLab S1111-1810 

Filter Tips 10µl TipOne StartLab S1120-3810 

Filter Tips 1000µl TipOne StartLab S1126-7710 

Filter Tips 200µl TipOne StartLab S1120-8710 

0.5ml Microcentrifuge Tube StartLab E1405-0010 
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Product Supplier Code 

1.5ml Crystal Clear Microcentrifuge Tube StartLab E1415-1500 

2.0ml TubeOne® Microcentrifuge Tubes, Natural StartLab S1620-2700 

Tubes 15ml opaque sterile Greiner Bio-One Kisker Biotech 188280 

Tubes 8 Twin Strip Start PCR  StartLab 11402-3700 

Western Blot Paper Th. Geyer 4-01-60-0041 

XL10-Gold® Ultracompetent Cells Agilent  200314 

XFe 96 extracellular flux assay kit Seahorse Agilent  102416-100 

 

2.1.3. Cell culture consumables 

Besides media, diverse products dedicated to cell culture were needed throughout this project. 

The list of products with their supplier and code can be found below, in Table 3. 

Table 3. Cell culture consumables. 

Product Supplier Code 

100 x 20mm TC dish CytoOne CC7682-3394 

12-well TC plate CytoOne CC7682-7512 

150 x 20mm TC dish CytoOne CC7682-3617 

60 x 20mm TC dish CytoOne CC7682-3354 

6-well TC plate CytoOne CC7682-7506 

96-well TC plate CytoOne CC7682-7596 

96-well TC plate black Thermo Scientific 137104 

Cell scrapper StartLab CC7600-0202 

Countess cell counting chamber slides Invitrogen C10283 

Coverslips Marienfeld 017580 

Cryogenic vial 2ml Fisher Brand 1050026 

Trypan Blue 0.4% Life Technologies T10282 
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2.1.4. Buffers and solutions 

The table below presents a composition of buffers and solutions used to perform experiments de-

scribed in this thesis (Table 4). 

Table 4. Buffers and solutions. 

Buffer / solution Composition 

Anode buffer 10x 500mM Tris-HCl pH 7.0. 

Blocking buffer 5% (w/v) Skimmed milk or BSA in TBS-T. 

BN-gel buffer 3x 200mM E-Amino n-caproic acid, 150mM Tris-HCl pH 7.0. 

BN-loading dye 10x 5% Coomassie blue G, 500mM E-Amino n-caproic acid in 100mM Tris 

pH 7.0. 

Cathode buffer 10x 500mM Tricine pH 7.0, 150mM Tris, 0.2% Coomassie G. 

DNA extraction 

buffer 

50mM Tris-HCl pH 8.5, 0.25% SDS, 1mM EDTA and 5mM DTT. 

NaN3 10% NaN3. 

PBS 5 PBS tablets dissolved in 1l of double-distilled water (ddH2O) and auto-

claved. 

Resolving gel 12% 375mM Tris, pH 8.8, 0.1% SDS, 12% Polyacrylamide, 0.1% APS, 0.04% 

TEMED. 

Running buffer 5x 125mM Tris Base, 0.96M Glycine, 0.5% SDS. 

SDS loading buffer 62.5mM Tris, pH 6.8, 50% (v/v) Glycerol, 12% (w/v) SDS, 0.06% (w/v) Bro-

mophenol blue. 5% 2-Mercaptoetanol added freshly prior to use. 

Solubilization buffer 1% Digitonin, 20mM Tris-HCl pH 7.4, 0.1mM EDTA pH 8.0, 50mM NaCl, 

10% glycerol, 1mM PMSF freshly added. 

Stacking gel 5% 62.5mM Tris pH 6.8, 0.1% SDS, 5% Polyacrylamide, 0.1% APS, 0.1% 

TEMED. 

TAE buffer 50x 2mM Tris, 50mM EDTA, 1M Glacial acetic acid pH 8.0. 

TBS-T 10x 200mM Tris, 1.5M NaCl, 1% Tween 20, pH 7.4. 

TH-buffer 300mM Trehalose, 10mM KCl, 10mM HEPES pH 7.4; 0.2% BSA and 1x 

protease/phosphatase inhibitor cocktail freshly added before use. 

Transfer buffer 10x 250mM Tris, 1.92M Glycine. 1x dilution contains 20% (v/v) Methanol. 



Materials and methods 

40 

 

Buffer / solution Composition 

Whole cell extraction 

buffer 

1.5% N-dodecylmaltoside in PBS supplemented with fresh 1x prote-

ase/phosphatase inhibitor. 

XF Seahorse assay 

media for Cell Mito 

Stress Test 

8.3g DMEM base, 2mM L-Glutamine (Glutamax), 1mM Sodium pyruvate, 

1.85g NaCl made up to 1l with ddH2O; filtered sterile; 20mM D-Glucose 

freshly added and pH adjusted to 7.4 before use. 

XF Seahorse assay 

media for Glycolysis 

Stress Test 

8.3g DMEM base, 2mM L-Glutamine (Glutamax), 1.85g NaCl made up to 

1l with ddH2O; filtered sterile; pH adjusted to 7.4 before use. 

 

2.1.5. Primers 

Sequences of the primers applied in a quantitative polymerase chain reaction (qPCR) in the context 

of this thesis were obtained with the use of Primer Bank (Harvard Medical School) and ordered from 

Integrated DNA Technologies. They were diluted to attain a concentration of 100µM according to 

the supplier’s instruction and stored at -20°C. The primers are listed below, in Table 5. 

Table 5. List of primers. 

Gene Forward sequence (5’→3’) Reverse sequence (5’→3’) 

mtDNA CGAAAGGACAAGAGAAATAAGG CTGTAAAGTTTTAAGTTTTATGCG 

β-globin CAACTTCATCCACGTTCACC GAAGAGCCAAGGACAGGTAC 

TFEB ACCTGTCCGAGACCTATGGG CGTCCAGACGCATAATGTTGTC 

LAMP1 CAGATGTGTTAGTGGCACCCA TTGGAAAGGTACGCCTGGATG 

NRF1 AGGAACACGGAGTGACCCAA TATGCTCGGTGTAAGTAGCCA 

NDUFS3 TGTGGCTGAAATCTTGCCCAA AGTTGAAGCGCAGAGACAACA 

COX5a ATCCAGTCAGTTCGCTGCTAT CCAGGCATCTATATCTGGCTTG 

TFAM ATGGCGTTTCTCCGAAGCAT TCCGCCCTATAAGCATCTTGA 

CTSC CGATGTCAACTGCTCGGTTAT AAGGCAAACCACTTGTAGTCATT 

CTSD ATTCAGGGCGAGTACATGATCC CGACACCTTGAGCGTGTAG 

ATP6V0E1 GTCCTAACCGGGGAGTTATCA AAAGAGAGGGTTGAGTTGGGC 

ATP6V1H GCTGCTGTCCCCACCAATAT GCTTCTCTTCAGGGCTTCGT 

ATP6V1A GGGTGCAGCCATGTATGAG TGCGAAGTACAGGATCTCCAA 
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Gene Forward sequence (5’→3’) Reverse sequence (5’→3’) 

CTSA TCCCAGCATGAACCTTCAGG AGTAGGCAAAGTAGACCAGGG 

CTSF AGAGAGGCCCAATCTCCGT GCATGGTCAATGAGCCAAGG 

UQCRC1 GGGGCACAAGTGCTATTGC GTTGTCCAGCAGGCTAACC 

PEX5 AGCAGATTGAGCAGTCAAACTT TTGGGACCAGTCAGTCTCATT 

SDHA CAGCATGTGTTACCAAGCTGT GGTGTCGTAGAAATGCCACCT 

MITF GCCTCCAAGCCTCCGATAAG GCACTCTCTGTTGCATGAACT 

12S GGCGGTGCTTCATATCCCTCT ACGTGGGTACTTGCGCTTACT 

ND1 CAAAGGCCCCAACGTTGTAGG AGGGTGATGGTAGATGTGGCG 

PGC1A TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAGTTCA 

CTSB ACAACGTGGACATGAGCTACT TCGGTAAACATAACTCTCTGGGG 

ATF4 CCCTTCACCTTCTTACAACCTC TGCCCAGCTCTAAACTAAAGGA 

CHOP GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC 

CAT TGGAGCTGGTAACCCAGTAGG CCTTTGCCTTGGAGTATTTGGTA 

SOD2 GCTCCGGTTTTGGGGTATCTG GCGTTGATGTGAGGTTCCAG 

NRF2 TTAAACCTGCGGACACTGTTG GTATCCCAAGGCGTTCTTGTT 

HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG 

EDEM1 CGGACGAGTACGAGAAGCG CGTAGCCAAAGACGAACATGC 

XBP1 TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG 

KLF2 TTCGGTCTCTTCGACGACG TGCGAACTCTTGGTGTAGGTC 

ETV1 TGGCAGTTTTTGGTAGCTCTTC CGGAGTGAACGGCTAAGTTTATC 

CLN1 TGTTTTTGGACTCCCTCGATG CATGCCAGTATTCGGCTTGC 

CLN2 CCTCCACACGGTGCAAAAATG CTCTGCTTGTCGGATGCTCAG 

CLN3 CGCCCACGACATCCTTAGC AGCAGCCGTAGAGACAGAGTT 

CLN4 CTCACGGACGCCACAAAAAG GTTCACGTTCTCTTCCCCAAA 

CLN5 CTGATGGCGCAGGAGGTAG TTTTGGACGGAAGTCAAAGCG 

CLN6 TGCCATGCTGGTATTCCCTC TGATGACGTTGTAGGCCATGT 

CLN7 GCTGGTTGCTCGTGGATTG ACCTAATGCTTGACACATGCTTA 
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Gene Forward sequence (5’→3’) Reverse sequence (5’→3’) 

CLN8 AATGCCACTTACCGTTCTTTGG CTGTCGTGATGTGAAACCAGC 

CLN11 ATCTTTACCGTCTCAGGGACTT CCATCGACCATAACACAGCAC 

CLN12 AGGGACATCAATAGATCCCCTC CACGACGTGATAGCCGATGA 

CLN14 GAGGGCCGGTACTTCATCG CATGAGTCCCAGAAACGCTTG 

CYCC AGCAAGTTTCATCGTGTCATCA TGGAAATGTCTCACCATAGATGC 

PEX1 CATGCCGTAGTCAGGATAACTC TGGTGGTAGTAGACTGCTGTAG 

PEX11A AGCCTTGTCAGGGATCTGTAT CCACGCTGAACCAAAGAGGA 

PEX14 GCCACGGCAGTGAAGTTTCTA GCTGGAAGGCCATATCAATCTC 

PEX12 TTCCTGGCAGCCTACCCAT TGCTCCAGAGCTTGTATATCCT 

PEX10 TCTGCTGGGAGTGCATCAC CGAAGGTAGATGAGCTTCTGGG 

GSTA1 CTGCCCGTATGTCCACCTG AGCTCCTCGACGTAGTAGAGA 

GNPAT GAGGAGGCATGTCGATGACTT ACAAAACCGAATGGCTCCAAG 

AGPS TGAGTACCAATGAGTGCAAAGC GGTAAACCCATGCCACTAAGAG 

 

2.1.6. Antibodies 

Several primary and secondary antibodies were used for immunoblotting throughout this project, 

they are presented in Table 6. Antibodies used after blue native polyacrylamide gel electrophoresis 

(BN-PAGE) were a kind gift from Prof. Dr Peter Rehling. 

Table 6. Primary and secondary antibodies for western blot. 

Antibody Supplier Catalogue number Dilution 

Goat anti-mouse IgG Dianova 115-035-146 1:4000 

Goat anti-rabbit IgG Dianova 115-035-144 1:4000 

Akt (pan) CS 4691 1:1000 

Akt (Ser473)-P CS 4060 1:1000 

Akt (Thr308)-P CS 2965 1:1000 

CREB CS 9197 1:1000 

CREB (Ser133)-P CS 9198 1:1000 

Drp1 BD Biosciences 611113 1:1000 
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Drp1 (Ser616)-P CS 3455 1:1000 

Drp1 (Ser637)-P CS 4867 1:1000 

eIF2α SC sc-11386 1:1000 

eIF2α (Ser51)-P CS 119A11 1:1000 

MFF (Ser146)-P CS 49281S 1:1000 

MFF Proteintech 17090-1-AP 1:1000 

MFN2 Abcam ab56889 1:1000 

NRF1 Abcam ab175932 1:1000 

OXPHOS Cocktail Abcam ab110413 1:1000 

p70 S6 Kinase  CS 2708 1:1000 

p70 S6 Kinase (Thr389)-P CS 9234 1:1000 

PERK CS 3192 1:1000 

PERK (Thr981)-P SC SC-32577 1:1000 

PEX11B ab -onli. (assaybi.) ABIN 485770 1:1000 

PEX5 Sigma-Ald. HPA039259 1:1000 

PGC1α Proteintech 66369 1:1000 

S6 Ribosomal Protein (Ser235)-P CS 4858S 1:2000 

S6 Ribosomal Protein CS 2217 1:2000 

TFAM biomol (ABGENT) AP10271b 1:1000 

Tuberin/TSC2 CS 4308 1:1000 

Tuberin/TSC2 (Ser939)-P CS 3615 1:1000 

Tubulin-α CS 2125 1:5000 

YAP CS 4912 1:500 

YAP (Ser127)-P CS 4911 1:500 
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2.1.7. Equipment 

A variety of devices was needed to perform experiments described in this thesis, their names and 

manufacturers are listed in Table 7. 

Table 7. Equipment. 

Device Manufacturer 

Ace Block Digital Dry Bath Labnet 

Amersham ImageQuant 800 Cytiva 

Avanti J-20 XPI Centrifuge Beckman Coulter 

CAWOMAT 2000 CAWO 

Centrifuge 5415R Eppendorf 

Centrifuge 5424R Eppendorf 

Centrifuge 5810R Eppendorf 

Centrifuge Allegra X-15R Beckman Coulter 

Countess C10281 Invitrogen 

Epson Perfection V850 Pro Scanner Epson 

FACS Canto™ II BD Biosciences 

Gene Quant 1300 GE Healthcare 

Hood Herasafe Thermo Scientific 

Incubator Heracell 150i Thermo Scientific 

Incubator INE600 Memmert 

Innova™ 42 Incubator Shaker New Brunswick Scientific 

Mastercycler Epgradient Thermal Cycler Eppendorf 

Microscope Zeiss Axio Vert A1 Zeiss 

MINIPULS 3 Peristaltic Pump Gilson 

Multichannel pipette Eppendorf Research 

NanoDrop™ OneC Microvolume UV-Vis Spectrophotometer Thermo Scientific 

Semi-Dry-Elektroblotter Owl™ HEP-1 PEQLAB Biotechnologie 

pH meter pH7110 WTW Inolab 

Pipette gun accu-jet pro BRAND 



Materials and methods 

45 

 

Device Manufacturer 

Pipettes Eppendorf Research 

Potter S (Dounce homogenizer) Sartorius 

Power Pack HC Mini-Protean Tetra System Bio-Rad 

PowerPac Basic Power Supply Bio-Rad 

Precision balance Explorer OHAUS 

Quant Studio 6 Flex Life Technologies 

Revolver wheel Labnet 

SE600 Ruby system GE Healthcare 

Seahorse XFe96 Analyzer Agilent 

Sorvall™ RC 6 Centrifuge Thermo Scientific 

SYNERGYM1 microplate reader BioTek 

Thermocycler UNO II Biometra 

Thermomixer comfort Eppendorf 

Vortex RS-VA10 Phoenix Instrument 

 

2.1.8. Software 

The table below presents software that was used for the collection and analysis of the data obtained 

throughout this project (Table 8). 

Table 8. Software. 

Software Company City/State Country 

Adobe Illustrator Adobe Systems Inc. San Jose, CA USA 

CLC Workbench 7 Qiagen Redwood City, 

CA 

USA 

FACS DIVATM software BD Biosciences Heidelberg Ger-

many 

FlowJo FlowJo LLC Ashland, OR USA 

GraphPad Prism GraphPad Software Inc. La Jolla. CA USA 

ImageJ National Institutes of Bethesda, MD USA 
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Software Company City/State Country 

Health 

IPA Ingenuity Qiagen Redwood City, 

CA 

USA 

Microsoft Office Microsoft Corporation Redmond, WA USA 

QuantStudio™ Real-Time PCR Soft-

ware 

Thermo Fisher Scientific 

Inc. 

Waltham, MA USA 

Seahorse Wave Desktop Software Agilent Santa Clara, CA USA 
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2.2. Methods 

2.2.1. Cell culture 

2.2.1.1 Cell lines and culture growth conditions 

In the present work, HeLa and human embryonic kidney 293 (HEK) cells were used as experimental 

models. The HeLa cell line lacking CLN3 and respective WT control was a kind gift from Dr PD Guido 

Hermey from The Center for Molecular Neurobiology Hamburg (ZMNH) at the University Medical 

Center Hamburg-Eppendorf (UKE). The HEK cell line was purchased from ATCC (LGC Standards, 

Middlesex, UK) and modified using CRISPR/Cas9 technology as described later (see 2.2.1.2). The HEK 

cell line lacking CLN3 and respective WT control were used as a principal experimental model.  

All the cell lines were deposited frozen in the liquid nitrogen vapour phase and grown in sterile 

DMEM high glucose medium complemented with 10% FBS and 1% P/S at 37°C and 5% CO2. For seed-

ing, cells were washed with sterile 1x PBS (see Table 4) and then incubated with 1 volume of TrypLE 

Express 1x for 5 minutes at 37°C. Thereafter, 2 volumes of complete growth medium were added to 

neutralize enzyme activity. A suitable aliquot of the cell suspension was added to new culture flasks 

or plates. This protocol was followed each time cultures reached 80-90% confluence. 

For the purpose of experiments, DMEM high- and no glucose media (see Table 1) were supplemented 

exactly like a growth medium. Importantly, DMEM high glucose medium contains 4.500g/ml of 

D-Glucose and 0.580g/ml of L-Glutamine, whereas DMEM no glucose medium comprises 0.584g/ml 

of L-Glutamine and neither of them is supplemented with sodium pyruvate. Media were changed to 

high- and no glucose medium the next day after seeding and cells were harvested after another 24 

hours at a maximal 80-90% confluence or used for functional assays respectively.  

2.2.1.1.1 Cryogenic storage and thawing 

With the intention of freezing cells, they were collected by trypsinization as described in the previous 

section and centrifuged at 1,300xg for 5 minutes. The cell pellet was resuspended in a freezing me-

dium, which was a growth medium complemented with 10% DMSO. Labelled cryotubes containing 

1ml aliquots of the cell suspension were placed in Mr Frosty freezing containers previously filled with 

isopropanol, which were then transferred to a -80°C freezer. On the next day, cryotubes were relo-

cated to a liquid nitrogen tank. The cells were later defrosted in a water bath at 37°C and cultured as 

described before. Additionally, a quick wash with warm PBS and a change of medium were performed 

on the following day. 

2.2.1.2 CLN3 KO using CRISPR-Cas9 

To knock out CLN3 in HEK cells, we used Clustered Regularly Interspaced Short Palindromic Re-

peats-Cas CRISPR-associated protein 9 (CRISPR–Cas9) technology, which is a popular genome 

editing tool. Our proceeding is described in detail in the following paragraphs. 
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2.2.1.2.1 Agarose gel electrophoresis  

Suitable mass of agarose was dissolved in 100ml of TAE buffer 1x by boiling in a microwave, then 

cooled to about 60°C and mixed with 3µl of 10mg/ml ethidium bromide. The solution was immedi-

ately poured into a horizontal chamber and allowed to cool to room temperature, to form an agarose 

gel. Samples were electrophoresed along with a standard DNA marker in the previously made aga-

rose gel submerged in TAE buffer 1x at a steady voltage of 100V. Subsequently, the gel was imaged 

with a UV documentation system allowing for the determination of the size of visible DNA fragments. 

2.2.1.2.2  Restriction digestion of plasmid pSpCas9(BB)-2A-Puro 

Plasmid pSpCas9(BB)-2A-Puro (PX459) was a kind gift from Prof. Dr Tiago F. Outeiro. The restriction 

digestion mixture was composed of 2µl of 10x Cut Smart buffer, 1µl of Enzyme BbsI, 2µg of DNA and 

ddH2O added to reach a final volume of 20µl. It was incubated at 37°C for 3 hours, mixed with Gel 

Loading Dye and loaded onto 0.8% agarose gel as described in the previous section (2.2.1.2.1). 

The band at 9kb, corresponding to the total size of the plasmid (9175 bp), was cut out from the gel 

and purified utilising NucleoSpin Gel and PCR Clean-up kit. Briefly, the gel slice was dissolved in 

Buffer NTI (200µl/100mg of agarose gel) by incubation in Thermomixer at 50°C for a few minutes 

and vortexing. The sample was then loaded onto PCR Clean-up Column in a 2ml Collection Tube and 

spun at 11,000xg for 30 seconds to enable DNA binding. The membrane was washed twice with 700µl 

of Buffer NT3 by centrifugation at 11,000xg for 30 seconds and dried by another centrifugation at 

11,000xg for 1 minute. To elute DNA, the Column was placed into a new 1.5ml tube and 20µl of Buffer 

NE were added. It was then incubated at room temperature for 1 minute and spun at 11,000xg for 

another minute. DNA concentration was quantified using NanoDrop as described in section 2.2.6.3. 

 A guide RNA (gRNA) corresponding to the first exon of CLN3 protein was designed in CLC Work-

bench 7 based on its genomic DNA sequence available on the Ensembl (Yates et al., 2020). Suitable 

primers, listed in Table 9, were ordered from Integrated DNA Technologies. Annealing mixture was 

made of 5µl of 10x 3.1 NEB buffer, 2µl of each 10pM Primer and ddH2O added to reach a final volume 

of 50µl. It was then incubated in a thermal cycler using the following protocol: initial denaturation at 

95°C for 5 minutes and annealing at 95°C gradually decreasing to 25°C at 1°C/min. 

Table 9. CLN3 guide RNA primers. 

Primer Sequence 5’→3’ 

Forward CACCTGCGATGGGAGGCTGTGCAGGCTCG 

Reverse AAACCGAGCCTGCACAGCCTCCCATCGCA 

 

2.2.1.2.3 Ligation of PX459 with gRNA and bacterial transformation 

The ligation mixture was composed of 2µl of 10X T4 DNA Ligase buffer, 1µl of T4 DNA Ligase, 50µg 

of backbone DNA, 1µl of annealed gRNA reaction mixture and ddH2O added to reach a final volume 

of 20µl. It was incubated at room temperature for 2 hours and added to 50µl of E.coli strain, XL10-
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Gold ultracompetent cells. Then, it was further incubated on ice for 30 minutes. Next, the mixture 

was heat-shocked at 42°C for 1 minute and incubated on ice for another 2 minutes. Subsequently, 

200µl of S.O.C. medium was added and the mixture was incubated in Thermomixer at 37°C with con-

tinuous shaking at 400rpm for 1 hour. The culture was centrifuged at 21,000xg and supernatant was 

discarded. Then, the pellet was resuspended in the remaining media and 200µl of the culture cells was 

plated onto LB plates containing ampicillin. The plates were incubated overnight at 37°C. 

2.2.1.2.4 Plasmid purification 

On the next day, single colonies were picked with a small pipet tip and transferred into a culture tube 

containing 4ml of prewarmed to room temperature LB Medium with ampicillin. Then, they were in-

cubated overnight in an Incubator Shaker at 250rpm and 37°C. Day after, 250ml of LB medium and 

1ml of mini culture were added to each 500ml flask and incubated overnight in an Incubator Shaker 

at 250rpm and 37°C. Subsequently, plasmids were purified with NucleoBond Xtra Midi EF Kit accord-

ing to the supplier’s instructions. More specifically, the midi culture was spun in a big centrifuge tube 

at 5,500xg, 4°C for 15 minutes. The pellet was then resuspended in 8ml of RES-EF and transferred 

into a fresh centrifuge tube, where 8ml of Lys-EF were added to initiate cell lysis. The sample was 

mixed and incubated at room temperature for 5 minutes. Thereafter, 8ml of NEU-EF was added to 

each sample, which was mixed until it turned colourless and incubated on ice for 5 minutes. The tubes 

were centrifuged at 14,500xg, 4°C for 20 minutes. Following equilibration of the column and filter 

with 15ml of EQU-EF, the supernatant was passed through them and they were washed with 5ml of 

FIL-EF. The filters were later discarded and each column was washed with 35ml of Endo-EF and 15ml 

of WASH-EF, consecutively. The plasmid DNA was eluted in 5ml of prewarmed to 50°C ELU-EF and 

collected in a 50ml centrifuge tube. Then, 3.5ml of isopropanol was added to each elution tube, which 

was vortexed and spun at 3,500xg, 4°C for 30 minutes. Afterwards, the supernatant was discarded 

with caution and the pellet was washed with 2ml of 70% endotoxin-free ethanol by centrifugation at 

3,500xg, 4°C for 20 minutes. Following removal of the supernatant (ethanol), the pellet was dried in 

the incubator at 37.5°C for 1 hour. Finally, the DNA was reconstituted in 300µl of pre-warmed H2O-

EF by shaking and 15 minutes long incubation, then transferred to an Eppendorf tube. DNA concen-

tration was quantified using NanoDrop as described later (see 2.2.6.3). Plasmids were stored in 

a freezer at -20°C. 

2.2.1.2.5 Transfection and selection of clonal populations 

For the purpose of CLN3 KO in HEK cells, alongside a 10cm cell culture plate needed for transfection, 

natural puromycin resistance control and wild type (WT) control plates were grown. Transfection 

was performed using Lipofectamine 3000 according to the supplier’s instructions. Briefly, mastermix 

A made of 500μl of Opti-MEM and 30μl of Lipofectamine 3000 Reagent was combined with mas-

termix B composed of 500µl of Opti-MEM, 15μg of DNA (plasmid) and 22.5µl of P3000 Reagent and 

incubated at room temperature for 15 minutes. Then the mixture was added to the plate and well 

mixed with the medium by shaking. After 48 hours the media in transfected and natural puromycin 

resistance control plates were changed to a growth medium with 2µg/ml of puromycin added to start 
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antibiotic selection. Selection media were changed every 2-3 days until all WT cells in the control 

plate were dead as determined by observation under the microscope. Single-cell colonies were ob-

tained by flow cytometry at the Core Facility Cell-Sorting of the University Medical Center 

Göttingen. More specifically, single alive cells present in cell suspension were arranged in a 96-well 

plate with fresh DMEM high glucose enriched in additional FBS (20%). The resulting colonies were 

subsequently cultured in plates with a bigger surface area until collection of sufficient material for 

storage in the liquid nitrogen vapour phase and DNA isolation was possible. 

2.2.1.2.6 DNA Sequencing 

With the aim of DNA isolation, the cell pellet of each clone was resuspended in 100µl of TE buffer 

with 0.1% of Triton x100 and boiled at 100°C for 5 minutes. Then, it was centrifuged at 13,000xg for 

10 minutes. The containing DNA supernatant was placed in a new tube, either used immediately or 

stored at -20°C. DNA concentration was quantified using NanoDrop as described in section 2.2.6.3. 

Following DNA isolation, DNA was amplified using the GoTaq Flexi DNA polymerase kit according to 

the manufacturer’s protocol. Briefly, each 25μl reaction was made of 5μl of 5X reaction buffer, 2µl of 

25mM MgCl2, 0.5µl of 10mM dNTPs, 1µl of each 10µM primer (Table 10), 0.25µl of 5U/µl Taq poly-

merase, 12µl of nuclease-free water and 2-3µl of DNA template (ca. 500ng). Nested reverse primers 

were utilized to obtain higher specificity through subsequent rounds of PCR. The following thermal 

cycling protocol was used for DNA amplification: initial denaturation at 95°C for 5 minutes, 35 cycles 

of denaturation at 95°C for 30 seconds, annealing at 69°C for 40 seconds and extension at 72°C for 

1 minute, followed by 10 minutes of final extension at 72°C. The reaction was then held at 4°C indef-

initely.  

Table 10. Sequencing primers. 

Reaction  Primer Sequence 5’→3’ 

1st  Forward  GCT GTC ACG TGA TCC GAC AAA CGG C 

1st Reverse 1 CCA GGC TGC AGG GAG CTG TGA TTG C 

2nd  Reverse 2 TCG CTG AAG TCT CAG GCC ACT CAC C 

3rd  Reverse 3 CTA CTC TCA GGT GCA CGA CCG CTC C 

  

25µl of final amplicon were electrophoresed in the 1.2% agarose gel as described in section 2.2.1.2.1. 

The corresponding bands (around 500bp) were cut out and DNA was extracted with NucleoSpin Gel 

and PCR Clean-up kit like before (see 2.2.1.2.2). DNA concentration was quantified using Nanodrop 

as described in section 2.2.6.3. Finally, 12µl of diluted DNA (ca. 80ng/µl) were mixed with 3µl of for-

ward Primer and sent to Microsynth SEQLAB for single-tube sequencing. Obtained results were 

interpreted in CLC Workbench 7 to confirm deletion in CLN3 DNA sequence consistent with design 



Materials and methods 

51 

 

(Figure 14) and presence of STOP codons in all 3 potential forward translations (Figure 15). Clone 

C1.6 was selected for further experiments along with other clones with confirmed deletion.  

 

Figure 14. Deletion in CLN3 DNA sequence in of the clone C1.6. 

 

 

Figure 15. Multiple STOP codons are present in all possible forward translations. 

2.2.2. Material harvesting 

2.2.2.1 Cells harvesting  

To extract RNA, DNA or protein, adherent cells were harvested on ice by aspirating the medium and 

rinsed with ice-cold PBS 1x. Then, cells were scraped on ice with ice-cold PBS 1x, and the cell suspen-

sion was collected and pelleted at 1,300xg, 4°C for 5 minutes. The cell pellet was usually immediately 

used for the required technique or frozen in liquid nitrogen and stored at -80°C for later use. Material 

for flow cytometry was collected differently to minimize debris content. Cells were trypsinised as de-

scribed before (2.2.1.1) and enzyme activity was inhibited by adding twice the volume of prewarmed 

to 37°C PBS 1x. Then, the cell suspension was collected and centrifuged at 1,300xg for 5 minutes. 

The supernatant was discarded, and the cell pellet was resuspended in ice-cold PBS 1x. 

2.2.3. Biochemical procedures 

2.2.3.1 Preparation of whole cell lysates  

With the aim of cell lysis, the aforementioned cell pellets were resuspended on ice in about 200-500μl 

of the whole cell extraction buffer (prepared as described in Table 4), depending on pellet size. Sub-

sequently, the cell suspension was lysed by rotation at 4°C for 30 minutes and centrifuged for 20 

minutes at 16,000xg. The supernatant, which is whole cell lysate, was collected and placed in a new 

tube. The protein concentration was quantified using Bradford Assay as described later (see 2.2.3.3). 

The lysates were either used for experiments or stored frozen at -20°C. 
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2.2.3.2 Mitochondria isolation 

With the objective to isolate mitochondria, cells were collected as described before (2.2.2.1). Each 

cell pellet was resuspended in 4ml of TH-buffer with 0.1% BSA and 1x protease/phosphatase inhibi-

tor freshly added and transferred into a pre-chilled 5ml Dounce homogenizer on ice. The sample was 

then potted on ice for 30 strokes and transferred into 2ml Eppendorf tubes to spin it down at 400xg, 

4°C for 10 minutes. The supernatant was placed in fresh 1.5ml Eppendorf tubes and the pellet was 

handled exactly like a cell pellet before. Afterwards, the freshly obtained supernatant was also trans-

ferred into 1.5ml Eppendorf tubes and the pellet was discarded. The tubes were spun down at 800xg, 

4°C for 5 minutes to remove the debris. The supernatant was placed into a fresh 1.5ml Eppendorf 

tube and spun at 10,000xg, 4°C for 10 minutes. Subsequently, the supernatant was discarded, and 

the pellets (isolated mitochondria) were combined in 300µl of TH-buffer without BSA. The tubes 

were washed with an additional 300µl of TH-buffer to remove BSA from the sample and spun down 

at 10,000xg, 4°C for 5 minutes. One more time, the supernatant was discarded, and the pellet was 

resuspended in 200-500µl of TH-buffer without BSA, depending on pellet size. The mitochondrial 

protein concentration was determined using the Bradford assay as described below. Purified mito-

chondria were used immediately for sample preparation and aliquoted, snap-frozen in liquid nitrogen 

and stored at -80°C. 

2.2.3.3 Protein concentration determination using Bradford assay 

Protein Assay Dye Reagent Concentrate was applied accordingly manufacturer’s protocol to verify 

protein concentration. Specifically, 800µl of ddH2O, 1μl of sample or standard and 200µl of mentioned 

dye were mixed in a glass tube and vortexed briefly. Then, the tubes were incubated in the dark, at 

room temperature for 5 minutes and transferred into plastic cuvettes. The binding of the dye to pro-

tein triggers a shift in its absorption maximum from 465 to 595nm (Bradford, 1976), the latter was 

measured by GeneQuant 1300 spectrophotometer. The protein concentration of the cell lysates was 

estimated based on the standard calibration curve.  

2.2.3.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was completed to separate 

complex mixtures of proteins, which is the first step in immunoblotting (Gallagher, 2012). Proteins 

migrate within a gel in response to an electrical field with a rate dependent on gel pore size and pro-

tein charge, size, and shape. Polyacrylamide gels were formed by copolymerization between 

acrylamide and bis-acrylamide initiated by the addition of APS and catalysed by TEMED. One can find 

a more detailed description in Table 4. Gels were stored in Running Buffer 1x at 4°C for later use, not 

longer than few days. Following protein quantification, the same amount of protein from cell lysates 

was diluted in the proper volume of ddH2O and mixed with a 6x SDS loading buffer to reach equal final 

volume and protein concentration. Samples were usually boiled at 95°C for 5 minutes and loaded on 

a discontinuous vertical polyacrylamide gel electrophoresis system (Bio-Rad).  
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The Mini Protean Tetra System (Bio-Rad) was filled with 1x running buffer and connected to a Pow-

erPac Basic Power Supply (Bio-Rad) outputting an initial constant voltage of 90V and increased to 

160V when samples were in the resolving gel. Electrophoresis was complete when the front of 

the run reached the bottom end of the gel. A molecular weight standard, PageRuler plus Prestained 

ladder, was loaded in every gel to enable molecular weight estimation. 

2.2.3.4.1 SDS-PAGE: Immunoblotting 

Subsequently, proteins were transferred onto a membrane by electroblotting following the widely 

accepted protocol described in detail by Gallagher et al., (2008). Briefly, polyvinylidene fluoride 

(PVDF) membranes were pre-activated by submersion in methanol for 1 minute, wash with ddH2O for 

another minute and equilibration in transfer buffer 1x for at least 5 minutes. Then, the gel was shortly 

washed in previously cooled transfer buffer and laid on a membrane in the so-called 'immunoblot 

sandwich'. In other words, a membrane with gel was covered by filter paper and wet sponges on both 

sides and pressed together by a gel holder cassette. Each cassette was then inserted into the transfer 

apparatus in a tank filled with still cold transfer buffer, in the correct orientation towards electrodes. 

Moreover, a cooling unit was placed in the tank to further reduce the heating of the transfer buffer. 

Protein transfer was completed at a constant voltage of 100V for 90 minutes.  

Afterwards, to prevent non-specific binding, the membranes were submerged in blocking buffer and 

gently shaken at room temperature for 1 hour. The membranes were washed three times with TBS-T 

1x for 10 minutes, cut and incubated in primary antibodies, diluted in blocking buffer, at 4°C over-

night. On the following day, membranes were washed with TBS-T 1x three times for 10 minutes and 

incubated with corresponding HRP-conjugated secondary antibody, also diluted in blocking buffer, 

at room temperature for 1 hour and washed again exactly like before. The membranes were then 

drained to remove excess TBS-T and incubated in Luminata Western HRP substrate for 3 minutes. 

Chemiluminescent signals were captured on medical X-ray films, which were in turn developed in the 

AGFA Curix 60 processor. The films were later digitalized with the Epson Perfection V850 Pro Scan-

ner for image processing. Band density was quantified using ImageJ after subtraction of background 

and normalized against loading controls (α-Tubulin). 

2.2.3.5 Blue native polyacrylamide gel electrophoresis  

With the intention to examine mitochondrial complex assembly in cells lacking CLN3, blue native pol-

yacrylamide gel electrophoresis (BN-PAGE) was performed. Contrary to SDS-PAGE, it resolves non-

denatured mitochondrial proteins, hence, their physiological interactions with other proteins are 

preserved (Schägger, 2001).  

2.2.3.5.1 BN-PAGE: sample preparation 

To prepare samples for BN-PAGE, 300μg of previously isolated mitochondria were centrifuged at 

10,000xg, 4°C for 5 minutes. The supernatant was then discarded and each pellet was resuspended 

in 500µl of Solubilization buffer, prepared as described in Table 4. The samples were pipetted up and 
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down several times to ensure thorough solubilization, incubated on ice for 20 minutes while vortex-

ing every 5 minutes. Subsequently, they were spun at 20,000xg for 10 minutes and 50µl of BN-

loading dye was added to each. Finally, they were incubated on ice for 5 minutes and spun at 

20,000xg, 4°C for 5 minutes. 

2.2.3.5.2 BN-PAGE: casting gels and electrophoresis 

Mitochondrial protein complexes were separated by BN-PAGE following the protocol described in 

Dekker et al., (1997). More specifically, the gels were cast the day before and stored at 4°C overnight. 

Resolving gels were made from equal volumes of 4% and 14% acrylamide in 1x BN-gel buffer (see 

Table 4) supplemented with 0.44% APS and TEMED, employing a gradient gel maker with pump. 

The stacking gel was composed of 4% acrylamide solution in 1x BN-gel buffer, 0.08% APS and 0.133% 

TEMED.  

Previously prepared samples were loaded in the gels and overlaid with the cathode buffer with cau-

tion along with a molecular weight standard, Precision Plus Protein™ standard All Blue, to enable 

molecular weight estimation. Then, the gel was run in a cooled gel chamber at 600V, 15mA for 1 hour 

and later at 90V, 15mA overnight at 4°C using the SE600 Ruby system. The cathode buffer was re-

placed with the anode buffer after an initial 1-hour run. Electrophoresis was completed when 

the front of the run reached the bottom end of the gel.  

2.2.3.5.3 BN-PAGE: immunoblotting 

Thereafter, proteins were transferred onto a PVDF membrane by semi-dry electroblotting as de-

scribed by Gravel (2009). Initially, the gel was incubated in a Running buffer (see Table 4) for 30 

minutes. In contrast to wet blotting, the gel and membrane were placed between buffer-wetted filter 

papers, which were in direct contact with two closely spaced horizontal solid-plate electrodes of 

Semi-Dry-Elektroblotter Owl™ HEP-1. The gel was blotted at 25V, 400mA for 3 hours. Later pro-

ceeding was identical with SDS-PAGE described previously (2.2.3.4.1). Chemiluminescent signals 

were detected and documented by Amersham ImageQuant 800 system. 

2.2.4. Microplate reader assays 

2.2.4.1 Proteolytic activity 

Lysosomal proteolytic capacity was determined by the Molecular Probes’ DQ Red BSA assay accord-

ing to the manufacturer’s recommendation. More specifically, 1mg of dye was resuspended in 1ml of 

sterile PBS 1x, aliquoted and stored frozen at -20°C, protected from light for later use. The interme-

diate stock was diluted in a warm experimental medium to a working concentration of 10μg/ml. 

Medium in an opaque-walled, clear bottom 96 well-plate with cultured cells was changed to 100µl of 

the dye-containing medium per well and incubated at 37°C for 1 hour. Then, they were washed twice 

with warm sterile PBS 1x and supplied with 100µl of warm EBSS medium per well. DQ Red BSA is 

a derivative of bovine serum albumin (BSA) labelled with BODIPY TR-X dye to an extent, that the dye 

is strongly selfquenched. Proteolysis of the BSA results in dequenching and brightly fluorescent pro-

tein fragments. The kinetics of DQ Red BSA digestion was measured at excitation and emission 
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maxima of 590nm and 620nm respectively in a microplate reader every 5 minutes for 4 hours. Con-

trol wells containing medium without cells were used to obtain a value for background fluorescence. 

The results were exported as a Microsoft Excel file for the analysis. 

2.2.4.2 Real-Time Cell Metabolic Analysis  

In order to evaluate the impact of CLN3 KO on cell metabolism, the XFe 96 extracellular flux assay 

kit was used following the manufacturer’s protocols. Briefly, cells were seeded in the XF96 cell cul-

ture plate in 100µl of growth medium. Wells in the corner of the plate were left empty to later obtain 

a value for the background signal. On the same day, the XFe 96 sensor cartridge plate was filled with 

200µl of XF calibrant per well and hydrated in a non-CO2 incubator at 37°C overnight. On the follow-

ing day, the cultured cells were washed with PBS 1x and 160µl of warm XF Seahorse assay media, 

prepared as described in Table 4, were added to each well. The plate was incubated at 37°C for 1 hour 

without CO2. Meanwhile, the sensor cartridge was loaded in the indicated ports with the compounds 

diluted in warm XF Seahorse assay media. Following modulators were applied in XF Cell Mito Stress 

Test: 10µM Oligomycin (20µl per well injected from Port A), 20µM FCCP (22µl per well injected from 

Port B) and 10µM each of Rotenone and Antimycin (25µl per well injected from Port C). Correspond-

ingly, 90mM D-Glucose, 10µM Oligomycin and 550mM 2-deoxy-D-Glucose were used in XF 

Glycolysis Stress Test. Afterwards, the sensor cartridge plate was calibrated in the Seahorse XFe96 

Analyzer. Once the calibration was completed, the XF96 cell culture plate was placed into the instru-

ment at 37°C and the corresponding test was run using XFe96 Analyzer software. Concentrations of 

dissolved oxygen and free protons were measured every few seconds for few minutes to calculate 

the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), respectively. This 

step was repeated 4 times for each modulator. The results were exported as an XFD file for the anal-

ysis in Seahorse Wave Desktop Software. 

2.2.4.3 Cell viability 

With the objective to assess cell viability, CellTiter-Glo® Luminescent Cell Viability Assay was applied 

following the manufacturer’s protocol. The assay system uses mono-oxygenation of luciferin cata-

lysed by luciferase to generate a luminescent signal proportional to the amount of ATP present, which 

is, in turn, proportional to the number of metabolically active cells (Crouch et al., 1993). The CellTiter-

Glo® Buffer and Substrate were both equilibrated to room temperature. Then, the CellTiter-Glo® 

Substrate was reconstituted in the CellTiter-Glo® Buffer in its amber bottle and mixed by vortexing 

to obtain a homogeneous solution. The CellTiter-Glo® Reagent was aliquoted, stored frozen at -20°C 

and protected from light for later use. An opaque-walled, clear bottom 96 well-plate containing cells 

cultured for the experiment was equilibrated at room temperature for approximately 30 minutes. 

Subsequently, 50µl of CellTiter-Glo® Reagent were added to 50µl of medium present in each well. 

The plate was immediately placed in a microplate reader and shaken orbitally for 2 minutes to induce 

cell lysis, followed by incubation at room temperature for 10 minutes and recording. Control wells 

containing medium without cells were utilized to register a value for background luminescence. 

The results were exported as a Microsoft Excel file for the analysis. 
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2.2.4.4 DNA staining 

For normalization, DNA concentration per well was quantified using Hoechst 33342 following 

the manufacturer’s suggestion in each microplate reader experiment. Hoechst dyes are bisbenzimide 

dyes excited by UV light and emitting blue fluorescence, which increases greatly upon DNA binding 

(Bucevičius et al., 2018). Briefly, the initial stock was diluted in sterile PBS 1x to a concentration of 

1mg/ml and stored at -20°C for later use. The intermediate stock solution was diluted in assay media 

to a working concentration of 1μg/ml. Cells cultured for the experiment were loaded with a suitable 

volume of the dye-containing medium and incubated at 37°C for 10 minutes. Then, the blue fluores-

cence of Hoechst 33342 was recorded at respective excitation and emission maxima of 361nm and 

486nm in a microplate reader, followed by the desired experiment. The results were exported as 

a Microsoft Excel file. Importantly, in each microplate reader experiment control wells containing 

medium without cells were used to obtain a value for background signal. 

2.2.5. Flow cytometry 

2.2.5.1 Measurement of mitochondrial superoxide levels 

To further characterize mitochondrial function, mitochondrial superoxide levels were determined by 

flow cytometry using the MitoSOX™ Red Mitochondrial Superoxide Indicator according to the man-

ufacturer’s recommendation. In principle, oxidation of MitoSOX™ by superoxide in mitochondria 

results in red fluorescence (Puleston, 2015). Each required 50μg MitoSOX vial was resuspended in 

13μl of DMSO to obtain fresh 5mM stock concentration. Then, the dye was diluted to the working 

concentration of 5μM in prewarmed to 37°C experimental medium. The cells, cultured as described 

before (2.2.1.1), were washed with PBS 1x and incubated in the corresponding MitoSOX working so-

lution at 37°C for 15 minutes.  

Following staining, cells were washed with warm PBS 1x and harvested by trypsinization as described 

earlier (2.2.2.1), including unstained native fluorescence control. The cell pellet was resuspended in 

500-1000µl of PBS 1x supplemented with 0.5µM of glucose, depending on pellet size. Subsequently, 

the cell suspension was transferred to FACS tubes and mitochondrial superoxide levels were as-

sessed by flow cytometry. Cells incubated with 100μM Antimycin A at 37°C for 20 minutes were used 

as a positive control. The results were analysed using Microsoft Excel and FlowJo software. 

2.2.5.2 Mitochondrial membrane potential 

Similarly, mitochondrial membrane potential was evaluated by flow cytometry using Mito-Probe™ 

JC-1 Assay Kit according to the manufacturer’s instructions. The assay uses a potential-dependent 

accumulation of JC-1 dye in mitochondria to monitor membrane potential. The monomeric form of 

the probe emits green fluorescence, which shifts to red due to the concentration-dependent for-

mation of red fluorescent aggregates (Chazotte, 2011). Specifically, 5mM JC-1 stock was prepared in 

DMSO and diluted to a working concentration of 20µM in prewarmed to 37°C experimental medium. 

The cultured cells were washed with warm PBS 1x and incubated in JC-1 working solution at 37°C 

for 20 minutes. Unstained cells and cells treated with 75µM of FCCP for 3 hours a prior were used as 
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controls. Then, the cells were washed twice with warm PBS 1x to eliminate excess dye and collected 

by trypsinization as previously described. The pellets were resuspended in 500-1000µl of cold PBS 

1x and transferred to FACS tubes. Mitochondrial membrane potential was measured by flow cytom-

etry and the results were analysed using Microsoft Excel and FlowJo software. 

2.2.6. Molecular biology 

2.2.6.1 RNA extraction 

Ribonucleic acid (RNA) was extracted from cells harvested as described before (see 2.2.2.1) using 

the CRYSTAL RNA Mini Kit according to the manufacturer’s protocol. Briefly, cells were lysed by 

the addition of 400μl of Lysis Solution RL complemented with 1% 2-Mercaptoethanol, incubation at 

room temperature for 2 minutes, resuspension and incubation at room temperature for another 3 

minutes. Then, samples were transferred to Spin Filter D columns arranged in Receiver Tubes 2ml 

and centrifuged at 10,000xg for 2 minutes. Afterwards, the columns were removed and 400μl of 70% 

ethanol was added to each Receiver Tube. The content was mixed and pipetted to Spin Filter R col-

umn placed in fresh Receiver Tube and centrifuged at 10,000xg for 2 minutes. Subsequently, flow-

through was discarded and 500μl of Washing Solution HS was added to each column. Samples were 

centrifuged at 10,000xg for 1 minute. For another wash, 700μl of Washing Solution LS was added and 

samples were centrifuged again at 10,000xg for 1 minute. The columns were dried in Receiver Tubes 

by centrifugation at 10,000xg for 2 minutes. Then, 20–50μl of nuclease-free water were added to 

elute the RNA into RNAse-free 1.5ml Collection Tubes. Samples were incubated at room tempera-

ture for 1 minute and centrifuged at 6,000xg for another minute. The RNA was quantified as 

described in section 2.2.6.3, used immediately for complementary DNA (cDNA) synthesis and later 

stored at -80°C. 

2.2.6.2 Total DNA isolation  

With a view to measure mtDNA copy number, total DNA was isolated from cells as shown in Cotney 

et al., (2007). More specifically, cell pellets were resuspended in 500μl of DNA extraction buffer and 

boiled at 95°C for 10 minutes. Lysates were cooled to room temperature and 100μg of RNAse A was 

added to each of them, followed by incubation at 37°C for 3 hours. Afterwards, 100μg of Proteinase 

K was added to each sample and they were incubated at 55°C overnight. On the next day, samples 

were boiled at 95°C for 5 minutes and cooled to room temperature. Similarly to RNA, the DNA was 

quantified, diluted to 2.0ng/µl in ddH2O for qPCR and later stored at -20°C. 

2.2.6.3 Quantification of nucleic acid 

For quantification of isolated RNA and DNA, the NanoDrop OneC was utilized according to the man-

ufacturer’s instructions. Besides concentration, absorbances at 260nm and 280nm were measured 

to verify the quality. Shortly, 1.5µl of suitable blank or sample was pipetted onto the freshly cleaned 

pedestal and concentration and absorbances were measured in duplicates after the arm was lowered. 

The results were then saved as Microsoft Excel files.  
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2.2.6.4 Complementary DNA synthesis 

With the objective to assess gene expression, the iScript cDNA Synthesis Kit was used for reverse 

transcription of isolated RNA into cDNA according to the manufacturer’s instructions. More specifi-

cally, each reaction in PCR strip was composed of 1µg of total RNA diluted in 15µl of nuclease-free 

water, 4µl of 5x iScript Reaction Mix and 1µl of iScript Reverse Transcriptase. After quick spin down, 

the samples were incubated in a thermal cycler using the following protocol: priming at 25°C for 5 

minutes, reverse transcription at 46°C for 20 minutes, reverse transcriptase inactivation at 95°C for 

1 minute and held at 4°C indefinitely. The synthesized cDNA was diluted 50-fold in ddH2O, used for 

qPCR and stored at -20°C for subsequent experiments. 

2.2.6.5 Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (qPCR) was applied to obtain preliminary data on 

gene expression, reproduce Next Generation Sequencing results (see 2.2.7.1) and conduct further 

experiments. Measurements were performed with at least biological triplicates and technical dupli-

cates using the Luna Universal qPCR Master Mix in 384-well plates. Every well was loaded with 

a reaction composed of 3.6µl of Luna Universal qPCR Master Mix, 0.2µl of each forward and reverse 

primer for every gene, and 4µl of cDNA template mentioned before.  

Afterwards, the plate was secured with an adhesive seal, centrifuged at 1,000xg for 1 minute to elim-

inate potential air bubbles and incubated in the QuantStudio 6 Flex using the following fast thermal 

cycling protocol: polymerase activation at 95°C for 30 seconds, amplification for 40 cycles with steps 

of denaturation at 95°C for 3 seconds, annealing at 56°C for 30 seconds and extension at 60°C for 30 

seconds. Melt-curve analyses were conducted at steps of 85°C for 15 seconds, 52°C for 30 seconds 

and 95°C for 15 seconds. Afterwards, data were collected and processed in the QuantStudio™ Real-

Time PCR Software to export them later as a Microsoft Excel file for analysis employing the ΔΔCT 

method. 

2.2.6.6 Relative mtDNA copy number assessment 

Relative mtDNA copy numbers were determined using the protocol described in Cotney et al., (2007). 

The qPCR for mtDNA was performed similarly to the qPCR described earlier, however, some modifi-

cations were necessary. More specifically, every well contained 4.5µl of Luna Universal qPCR Master 

Mix, 0.25µl each of forward and reverse primer for every gene and 5.0µl of diluted total DNA tem-

plate. Moreover, a different fast thermal cycling protocol was applied: hold stage and polymerase 

activation at 95°C for 10 minutes, amplification for 40 cycles with steps of denaturation at 95°C for 

15 seconds, annealing/extension at 60°C for 1 minute. Melt-curve analyses were conducted with 

a temperature gradient rising at 0.5°C per step from 55 to 80°C. Measurements were taken at each 

step after 10 seconds of incubation.  

2.2.7. Statistical analyses  

The results were analysed using Microsoft Excel. Graphs present data from a representative experi-

ment, mean values normalized to experimental controls and their corresponding error bars equal to 
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standard deviation (SD) or standard error of the mean (SEM) for at least three biological replicates. 

Use of SEM or SD arises from a type of experiment and statistical analysis performed, since standard 

deviation describes the variability of observations, whereas the standard error of the mean estimates 

the variability of the mean estimates of values of means of samples (Barde and Barde, 2012). Means 

were interpreted as significantly different based on p-value calculated using Student’s t-test for two-

parameter comparisons and indicated as follows p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***), as routinely 

used in biological sciences. 

2.2.7.1 Next-generation sequencing data analysis 

With a view to applying an unbiased, multi-dimensional genomics approach, RNA from HEK cells 

grown in high glucose and starved in no glucose medium was isolated as described in section 2.2.6.1, 

in triplicates for each condition. Following quality assessment, RNA-sequencing was performed at 

the NGS Core Facility for Integrative Genomics of the University Medical Center Göttingen. The ob-

tained data were analysed by Nicolás Lemus-Diaz, MD PhD as described in Cruz-Barrera et al. (2020).  

Briefly, raw reads underwent quality control with FastQC and then were mapped against the Human 

Reference Genome GRCh38 (Ensembl 92 version) using STAR (v2.6.0) (Dobin et al., 2012; Dobin and 

Gingeras, 2015). Following alignment files manipulation with Samtools (Li et al., 2009), gene expres-

sion was quantified using RSEM (Li and Dewey, 2011) and differential expression was determined 

with EBSeq (Leng et al., 2013). More specifically, EBseq recognised several possible expression pat-

terns and computed a posteriori probability (MAP) to discern the expression pattern that fits best for 

each gene, and a posteriori probability of equal expression in all conditions. Differentially expressed 

genes (DEG) were identified depending on a false discovery rate (FDR) with a significance threshold 

of p < 0.05. Functional annotation of DEG, GO enrichment and clustering analyses were completed in 

R (R Core Team, 2018) with org.Hs.eg.db (Carlson, 2019), clusterProfiler (Yu et al., 2012), and facto-

extra (Kassambara and Mundt, 2019) packages, respectively. 

2.2.7.1.1 Identification of signaling pathways and transcriptional regulators 

Subsequently, the DEG were examined by Nuno Raimundo, PhD, using Ingenuity Pathway Analysis 

(IPA) to identify signaling pathways affected by CLN3 KO and relevant for Batten disease pathogen-

esis. IPA indicates statistically enriched transcriptional regulators and signalling pathways applying 

the Fisher’s exact test with the threshold at p < 0.05. 

2.2.7.1.2 Organelle biogenesis  

It was demonstrated before that average expression of organelle-specific genes is a good indicator of 

the biogenesis of that organelle (Yambire et al., 2019; Fernández-Mosquera et al., 2017). Lysosomal, 

mitochondrial (including respiratory chain subunits), peroxisomal, endoplasmic reticulum and Golgi 

proteomes were obtained from verified publications listed in Table 11 and the protein IDs were con-

verted to Ensembl Stable IDs. The average expression was determined as the mean fold change of all 
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detected organelle-specific genes and interpreted as significantly different from corresponding con-

trol based on p-value calculated with Student’s t-test with Bonferroni post hoc correction with 

thresholds set as described later, in section 2.2.7. 

Table 11. Source of organelle-specific proteome subset. 

Subset Number of genes Source 

Mitochondria 1158 Calvo et al., 2016  

Respiratory chain subunits 71 Calvo et al., 2016 

Lysosomes 435 Schröder et al., 2010 

Peroxisomes 87  Yifrach et al., 2018 

Endoplasmic reticulum 268 Gilchrist et al., 2006 

Golgi (COP I) vesicles 77 Gilchrist et al., 2006 
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3. Results 

Batten disease is the most common neurodegenerative disorder of childhood characterized by 

the accumulation of autofluorescent storage material in lysosomes. The malady is caused by muta-

tions in the CLN3 gene, while the exact disease mechanism remains obscure (Shematorova and 

Shpakovski, 2020). Mitochondrial dysfunction was reported in most of the lysosomal storage dis-

eases and anomalous mitochondria-lysosome crosstalk was observed in several neurodegenerative 

disorders (Deus et al., 2019; Raimundo and Krisko, 2019). Therefore, we decided to study the role of 

organelle crosstalk in the Batten disease course and determine signalling pathways pertinent to 

the pathology using HEK cell line lacking CLN3, which we generated using CRISPR-Cas9. The cellular 

model was modulated to respond to distinct metabolic conditions, such as starvation, to evaluate 

the effect of CLN3-loss-of-function on metabolism. Media used in the experiments were described 

before (see 2.2.1.1) and are later referred to as high- and no glucose medium.  

3.1. The lysosomal function is defective in CLN3 KO cells 

Lysosomes are responsible for the degradation of major molecules, which requires the activity of spe-

cialized hydrolases and acidic environment (Lamming and Bar-Peled et al., 2019). Breakdown of 

proteins into smaller polypeptides or amino acids is referred to as proteolysis. Following confirmation 

of the deletion in the CLN3 gene by DNA sequencing (see 2.2.1.2.6), we verified if the genetic defect 

had an impact on lysosomal function using microplate reader DQ Red BSA assay. We observed signif-

icantly impaired proteolytic activity in both, CLN3 KO HeLa and HEK cells, whereas preceding 

starvation further worsened the proteolytic capacity of CLN3 KO HEK cells (Figure 16).  

 

Figure 16. Lysosomal proteolytic capacity is impaired in CLN3 KO cells. A. Normalized DQ Red BSA fluorescence meas-

ured in CLN3 HeLa cells grown in high glucose medium (N=3). B. Normalized DQ Red BSA fluorescence measured in 

CLN3 HEK cells grown in high glucose medium (N=10). C. Normalized DQ Red BSA fluorescence measured in CLN3 HEK 

cells starved in no glucose medium (N=12). Proteolytic activity was measured with a DQ Red BSA assay by plate reader. 

Graphs represent mean ± SD of indicated number (N) of experimental replicates and differences were significant based 

on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation.  
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3.2. Organelle crosstalk may play an important role in Batten disease progression 

3.2.1. Mitochondrial and ER biogenesis is transcriptionally repressed in starved CLN3 KO HEK 
cells 

The organization of a eukaryotic cell into organelles allows for spatial and temporal separation of in-

compatible biochemical processes, which must be synchronized to guarantee appropriate cellular 

function (Cohen et al., 2018). Mitochondria and lysosomes play an essential role in cellular metabo-

lism and signalling, including autophagy, proliferation and cell death. Interdependence of 

mitochondria and lysosomes was observed in multiple disorders, including most lysosomal storage 

diseases and mitochondrial diseases (Deus et al., 2019). 

Although several publications report aberrant mitochondrial and ER function in NCL models (Ma-

rotta et al., 2017; Luiro et al., 2006; Fosalle et al., 2004; Jolly et al., 2002), lack of comprehensive 

characterization of organelle biogenesis, morphology and function impedes determination of the role 

of organelle crosstalk in Batten disease progression. We present below a general overview of orga-

nelle biogenesis with the use of our transcriptome data analysed as described in Methods section 

2.2.7.1.2. CLN3 KO in HEK cells did not globally affect biogenesis of any of the organelles in cells 

grown in high glucose medium (Figure 17A), however, more than 10% of genes specific to given orga-

nelle are differentially expressed (Figure 17B). On contrary, mitochondrial and ER biogenesis is 

transcriptionally repressed in CLN3 KO HEK cells starved in no glucose medium compared to corre-

sponding WT (Figure 18A). Moreover, around half of mitochondrial and ER genes are differentially 

expressed (Figure 18B). Overall, we observe a substantial impact of CLN3 KO on organelle biogenesis 

in starved cells considering the number of differentially expressed genes.  

 

Figure 17. CLN3 KO has no statistically significant impact on organelle biogenesis in HEK cells grown in a high glucose 

medium. A. Mean ± SEM of the logarithm of base 2 of fold change in expression of all detected genes specific to a given 

organelle in CLN3 KO/WT high glucose NGS dataset; SEM: standard error of the mean. B. Ratio of differentially expressed 

genes to all detected genes specific to a given organelle in CLN3 KO/WT high glucose NGS dataset, in percentage. Differ-

ences between groups were considered statistically significant based on Student’s t-test with post hoc Dunn–Bonferroni 

correction at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).  



Results 

63 

 

 

Figure 18. CLN3 KO has a substantial impact on mitochondrial and ER biogenesis in HEK cells starved in no glucose 

medium. A. Mean ± SEM of logarithms of base 2 of fold change in expression of all detected genes specific to a given 

organelle in CLN3 KO/WT no glucose NGS dataset. B. Ratio of differentially expressed genes to all detected genes specific 

to a given organelle in CLN3 KO/WT no glucose NGS dataset, in percentage. Differences between groups were considered 

statistically significant based on Student’s t-test with post hoc Dunn–Bonferroni correction at p < 0.05 (*), p < 0.01 (**) 

or p < 0.001 (***); SEM: standard error of the mean. 

We successfully replicated the above-mentioned transcriptome data by qPCR with another set of 

freshly extracted RNA samples. The goodness of fit of fold changes in expression of 50 genes, de-

tected in CLN3 KO HEK cells grown in high glucose medium and normalized to corresponding WT 

control, is described by R squared equal to 0.58 (Figure 19). One should consider that observed dis-

parity between transcriptome and qPCR data may result from significant differences between 

applied methods and imperfection of loading control. 

 

 

Figure 19. Transcriptome data were successfully reproduced by qPCR with another set of freshly extracted RNA samples. 

Fold change in expression of 50 genes detected by qPCR in CLN3 KO HEK cells grown in high glucose medium is plotted 

against corresponding fold change in NGS dataset. Data points represent mean ± SEM of experimental triplicates with 

each experimental replicate being the average of technical duplicates; SEM: standard error of the mean.  
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Since our transcriptome data analysis indicated repression of mitochondrial biogenesis in starved 

CLN3 KO HEK cells, we next assessed protein levels of mitochondrial biogenesis regulators. Intri-

guingly, we did not detect any statistically significant difference in protein levels of Pgc1α, Nrf1 and 

Tfam in CLN3 KO HEK cells grown in high glucose medium (Figure 20), nor starved in no glucose me-

dium (Figure 21).  

 

Figure 20. The protein level of mitochondrial biogenesis regulators is not affected in CLN3 KO HEK cells grown in a high 

glucose medium. A. Immunoblot of Pgc1α, Nrf1 and Tfam with α-Tubulin as a loading control in whole cell lysates of 

CLN3 HEK cells grown in high glucose medium. B. Band density quantifications from the western blot represented in A. 

Graph represents mean ± SD of experimental triplicates and differences were significant based on the Student’s t-test, 

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

 

Figure 21. The protein level of mitochondrial biogenesis regulators is not statistically significantly changed in CLN3 KO 

HEK cells starved in no glucose medium. A. Immunoblot of Pgc1α, Nrf1 and Tfam with α-Tubulin as a loading control in 

whole cell lysates of CLN3 HEK cells starved in no glucose medium. B. Band density quantifications from the western blot 

represented in A. Graph represents mean ± SD of experimental triplicates and differences were significant based on 

the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

3.2.2. Levels of OxPhos proteins and mtDNA copy number are reduced in HEK cells lacking CLN3 

Considering the importance of OxPhos complexes, we decided to examine gene expression of their 

proteins separately to assess the impact of CLN3-loss-of-function on mitochondrial OxPhos biogen-

esis and verify if the trend is consistent with our previous observations. Interestingly, CLN3 KO 
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significantly affects the expression of genes encoding OxPhos proteins, upregulating them under high 

glucose conditions (p < 0.05) and downregulating in starved cells (p < 0.001), according to the afore-

mentioned statistical analysis. Notably, 60% of these genes are differentially expressed in CLN3 KO 

HEK cells starved in no glucose medium consistently with overall mitochondrial biogenesis repres-

sion at the transcriptional level (Figure 22). 

 

Figure 22. CLN3 KO has a substantial impact on the expression of genes encoding respiratory chain proteins in both, 

high glucose and no glucose condition. Heatmap represents the logarithm of base 2 of fold change in expression of a given 

gene in the CLN3 KO/WT NGS dataset. Differences between groups were considered statistically significant based on 

Student’s t-test with post hoc Dunn–Bonferroni correction, p < 0.05. 
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Subsequently, we tested if the aforementioned changes in expression of mitochondrial genes corre-

spond to any alterations in protein levels detected by immunoblotting and mtDNA copy number 

measured by qPCR. For mtDNA copy number assessment, the cells were grown in high glucose me-

dium or starved in no glucose medium with or without pyruvate (1mM). In Figure 23 one can 

appreciate that mtDNA copy number is significantly reduced in CLN3 KO HEK cells in comparison to 

WT in every tested condition. 

 

Figure 23. Mitochondrial DNA copy number level is reduced in CLN3 KO HEK cells. mtDNA copy number measured by 

qPCR using DNA extracted from CLN3 HEK cells grown high glucose, no glucose with or without pyruvate (1mM) media 

and β-Globin as a loading control. The graph represents mean ± SEM of 4 experimental replicates with each experimental 

replicate being the average of technical triplicates and differences were significant based on the Student’s t-test, p < 0.05 

(*), p < 0.01 (**), p < 0.001 (***); SEM: standard error of the mean. 

Moreover, we also observed a substantial decrease in levels of proteins that belong to respiratory 

chain subunits in CLN3 KO HEK cells grown in normal medium, specifically NADH:ubiquinone oxi-

doreductase subunit B8 (NDUFB8) – complex I, succinate dehydrogenase complex iron-sulfur 

subunit B (SDHB) – complex II, ubiquinol-cytochrome c reductase core protein 2 (UQCRC2) – com-

plex III and mitochondrially encoded cytochrome c oxidase I (MtCO1) – complex IV. On the other 

hand, ATP synthase subunit α (ATP5A), which is a part of complex V, remains unchanged (Figure 24). 

Similarly, levels of said proteins are substantially lower in CLN3 KO HEK cells starved in no glucose 

medium in comparison to the corresponding wild type, whereas ATP5A persists the same (Figure 25).  

To investigate if CLN3-loss-of-function also affects the assembly of mitochondrial OxPhos com-

plexes, we assessed the level of native complexes in mitochondria isolated from CLN3 HEK cells 

grown in high glucose medium and did not detect any substantial difference (Figure 26). Following 

proteins were used as OxPhos complexes markers: NDUFB8 – complex I, succinate dehydrogenase 

complex flavoprotein subunit A (SDHA) – complex II, cytochrome b-c1 complex subunit Rieske 

(Rieske) – complex III, MtCO1 – complex IV and ATP synthase F1 subunit β (ATP5B) – complex V. 
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Voltage-dependent anion-selective channel protein 1 (VDAC1) was immunoblotted as a loading con-

trol. 

 

Figure 24. Level of OxPhos proteins NDUFB8, SDHB, UQCRC2 and MtCO1 is significantly reduced in CLN3 KO HEK 

cells grown in a high glucose medium. Immunoblot of NDUFB8, SDHB, UQCRC2, MtCO1 and ATP5A with α-Tubulin as 

a loading control in whole cell lysates of CLN3 HEK cells grown in high glucose medium. B. Band density quantifications 

from the western blot represented in A. Graph represents mean ± SD of experimental triplicates and differences were 

significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

 

 

Figure 25. Level of OxPhos proteins NDUFB8, SDHB, UQCRC2 and MtCO1 is considerably decreased in CLN3 KO HEK 

cells starved in no glucose medium. A. Immunoblot of NDUFB8, SDHB, UQCRC2, MtCO1 and ATP5A with α-Tubulin as 

a loading control in whole cell lysates of CLN3 HEK cells starved in no glucose medium. B. Band density quantifications 

from the western blot represented in A. Graph represents mean ± SD of experimental triplicates and differences were 

significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 
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Figure 26. The level of native OxPhos complexes in isolated mitochondria is not changed in CLN3 KO HEK cells grown in 

a high glucose medium. Immunoblot of NDUFB8, SDHA, Rieske, MtCO1 and ATP5B with VDAC1 as a loading control in 

mitochondria isolated from CLN3 HEK cells grown in high glucose medium resolved by BN-PAGE.  

3.2.3. Mitochondria are dysfunctional in CLN3 KO cells 

The vast majority of oxygen inhaled by a human is consumed by mitochondria in the respiratory chain 

to synthesize ATP through oxidative phosphorylation for different cellular activities, while ROS are 

generated as a by-product (Kausar et al., 2018). Glycolysis and oxidative phosphorylation are the key 

energy-producing processes in the cell. We subsequently verified whether the previously described 

decrease in the level of OxPhos proteins in whole cell extracts and reduction in mtDNA copy number 

coincide with altered mitochondrial function. Indeed, we observed a decline in oxygen consumption 

rate (OCR) in CLN3 KO HEK cells, while starvation resulted in a further decrease of OCR (Figure 

27A). Impaired basal mitochondrial respiration is not compensated by an increase in glycolysis, which 

would be reflected in the extracellular acidification rate (ECAR). Saturation of glucose concentration 

and inhibition of ATP synthase by oligomycin did not reveal a significant difference in glycolytic flux 

and maximum glycolytic capacity, respectively, between CLN3 WT and KO HEK cells (Figure 27B). 

These results suggest compromised energy production in CLN3 KO HEK cells, which should be later 

confirmed by assessment of ATP levels.  

Despite lower oxygen consumption, we observed increased intensity of MitoSox Red fluorescence 

detected by flow cytometry in CLN3 KO HEK cells (Figure 28), which implies elevated mitochondrial 

superoxide level and therefore higher mitochondrial ROS abundance. Moreover, the JC-1 dye red to 

green fluorescence intensity ratio measured by flow cytometry is decreased in CLN3 KO HEK cells, 

implicating reduced mitochondrial membrane potential (Figure 29). We also observed lower cell via-

bility of CLN3 KO HEK cells indicated by a decline in the intensity of the luminescent signal (Figure 

30), which is proportional to the number of metabolically active cells. All studied aspects were con-

sistent for high- and no glucose conditions and are characteristic for mitochondrial dysfunction.  
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Figure 27. Basal mitochondrial respiration is impaired in CLN3 KO HEK cells in both, high glucose (HG) and no glucose 

(NOG) conditions. A. Quantification of basal oxygen consumption rate measured in CLN3 HEK cells by Seahorse XF An-

alyzer. The graph represents mean ± SEM of 11 experimental replicates; SEM: standard error of the mean. 

B. Extracellular acidification rate over time measured in CLN3 HEK cells by Seahorse XF Analyzer. The graph represents 

the mean ± SD of 24 experimental replicates. In both, differences were considered significant based on the Student’s 

t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation.  

 

Figure 28. Mitochondrial superoxide level is increased in CLN3 KO HEK cells in both, high glucose (HG) and no glucose 

(NOG) conditions. A. Quantification of MitoSox Red fluorescence measured in CLN3 HEK cells by flow cytometry. 

The graph represents mean ± SEM of experimental triplicates and differences were significant based on the Student’s 

t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SEM: standard error of the mean. B. Representative histogram of MitoSox 

Red fluorescence detected in CLN3 HEK cells grown in high glucose medium. C. Representative histogram of MitoSox 

Red fluorescence detected in CLN3 HEK cells starved in no glucose medium. CLN3 WT HEK cells grown in high glucose 

medium and incubated with antimycin A were used as a positive control. 
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Figure 29. Mitochondrial membrane potential is reduced in CLN3 KO HEK cells in both, high glucose (HG) and no glucose 

(NOG) conditions. A. Quantification of JC-1 dye red/green fluorescence ratio measured in CLN3 HEK cells by flow cy-

tometry. The graph represents mean ± SEM of experimental triplicates and differences were significant based on 

the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SEM: standard error of the mean. B. JC-1 aggregates vs. 

monomers dot plot for CLN3 WT HEK cells grown in high glucose medium. C. JC-1 aggregates vs. monomers dot plot for 

CLN3 KO HEK cells grown in high glucose medium. D. JC-1 aggregates vs. monomers dot plot for CLN3 WT HEK cells 

grown in high glucose medium and incubated with FCCP, as a positive control. E. JC-1 aggregates vs. monomers dot plot 

for CLN3 WT HEK cells starved in no glucose medium. F. JC-1 aggregates vs. monomers dot plot for CLN3 KO HEK cells 

starved in no glucose medium.  
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Figure 30. Cell viability is declined in CLN3 KO HEK cells in both, high glucose (HG) and no glucose (NOG) conditions. 

Cell viability was measured in CLN3 HEK cells with CellTiter-Glo assay by plate reader. The graph represents the mean 

± SD of 12 experimental replicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 

(**), p < 0.001 (***); SD: standard deviation. 

We observed a similar phenotype in CLN3 KO HeLa cells grown in a high glucose medium. Specifi-

cally, we detected a decrease in basal respiration in CLN3 KO HeLa cells implicated by lower OCR 

measured before inhibition of ATP synthase by oligomycin, as well as reduced maximal respiration 

indicated by lower OCR measured following disruption of the mitochondrial membrane potential by 

FCCP (Figure 31). Similarly, the intensity of MitoSox Red fluorescence measured by flow cytometry 

is increased in CLN3 KO HeLa cells, indicating higher mitochondrial superoxide levels (Figure 32).  

 

Figure 31. Mitochondrial respiration is defective in CLN3 KO HeLa cells. A. Oxygen consumption rate measured over 

time in CLN3 HeLa cells grown in high glucose medium by Seahorse XF Analyzer. The graph represents the mean ± SD of 

12 experimental replicates; SD: standard deviation. B. Quantification of basal and maximal respiration represented in A. 

Graph represents mean ± SEM of 12 experimental replicates and differences were considered significant based on 

the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SEM: standard error of the mean. 
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Figure 32. Mitochondrial superoxide level is elevated in CLN3 KO HeLa cells. A. Quantification of MitoSox Red fluores-

cence measured in CLN3 HeLa cells grown in high glucose medium by flow cytometry. The graph represents mean ± SEM 

of 5 experimental replicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), 

p < 0.001 (***); SEM: standard error of the mean. B. Representative histogram of MitoSox Red fluorescence detected in 

CLN3 HeLa cells grown in high glucose medium by flow cytometry. CLN3 WT HeLa cells grown in high glucose medium 

and incubated with antimycin A were used as a positive control.  

3.2.4. Protein levels of mitochondrial and peroxisomal morphology regulators are not significantly 
altered in HEK cells lacking CLN3 

Mitochondrial dynamics allows for control over morphology and mitochondria inheritance, content 

exchange, maintenance of mtDNA and OxPhos activity (Chan, 2019). Balancing fission and fusion is 

critical for normal mitochondrial and peroxisomal function. Thus, we tested if observed mitochon-

drial dysfunction corresponds to changes in mitochondrial morphology. The effect of CLN3 KO on 

organelle morphology can be revealed by fluorescence imaging experiments and implied by protein 

levels of regulators, which in the case of mitochondria and peroxisomes are fission and fusion factors.  

Drp1 belongs to the dynamin superfamily of GTPases and is essential for mitochondrial and peroxi-

somal division. The mitochondrial fission is partially controlled by the phosphorylation of Drp1 at 

serine 616 (Ser616) by Cdk1 and at serine 637 (Ser637) by protein kinase A. Drp1 stimulates mito-

chondrial division when phosphorylated at Ser616. On the contrary, phosphorylation of Drp1 at 

Ser637 inhibits fission. MFF is also involved in both, mitochondrial and peroxisomal division, and 

serves as one of many receptors for Drp1. AMPK phosphorylates MFF at serine 146 (Ser146) to fa-

vour the enhanced recruitment of Drp1 to the mitochondria. MFN2 participates in mitochondrial 

fusion (Pernas and Scorrano, 2016; Oettinghaus et al., 2011). We did not detect statistically signifi-

cant differences in levels of the aforementioned proteins in cells grown in high glucose medium 

(Figure 33). Interestingly, the ratio of phosphorylated to total MFF is higher in CLN3 KO HEK cells 

starved in no glucose medium in comparison to corresponding WT, when phosphorylation of Drp1 

remains unaffected (Figure 34). Importantly, mitochondrial and peroxisomal morphology should be 

evaluated in depth by imaging experiments. 
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Figure 33. The level of mitochondrial and peroxisomal morphology regulators is not affected in CLN3 KO HEK cells grown 

in a high glucose medium. A. Immunoblot of Drp1, MFF and MFN2 with α-Tubulin as a loading control in whole cell 

lysates of CLN3 HEK cells grown in high glucose medium. B. Band density quantifications from the western blot repre-

sented in A. Graph represents mean ± SD of experimental triplicates and differences were significant based on 

the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

 

Figure 34. The ratio of phosphorylated to total peroxisomal and mitochondrial fission factor MFF is increased in CLN3 

KO HEK cells starved in no glucose medium. A. Immunoblot of Drp1, MFF and MFN2 with α-Tubulin as a loading control 

in whole cell lysates of CLN3 HEK cells starved in no glucose medium. B. Band density quantifications from the western 

blot represented in A. Graph represents mean ± SD of experimental triplicates and differences were significant based on 

the Student’s t-test, p < 0.05 (*), p <0.01 (**), p <0.001 (***); SD: standard deviation. 
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3.2.5. Peroxisomal mass is not affected by CLN3 KO in HEK cells 

Notably, peroxisomes are essential for lipid and ROS/RNS metabolism, and often interact with other 

organelles, especially with ER and mitochondria. Therefore, we decided to verify if observed changes 

in mitochondrial mass and function coincide with alterations in peroxisomal mass. We did not detect 

any difference in protein levels of peroxins 5 and 11B in CLN3 HEK cells in both, high glucose (Figure 

35) and no glucose conditions (Figure 36). Noteworthy, unaltered peroxisomal mass does not ensure 

proper peroxisomal function or morphology, which should be assessed in future. 

  

Figure 35. The level of peroxisomal proteins is not altered in CLN3 KO HEK cells grown in a high glucose medium.  

A. Immunoblot of Pex5 and Pex11B with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells grown in 

high glucose medium. B. Band density quantifications from the western blot represented in A. Graph represents mean 

± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), 

p < 0.001 (***); SD: standard deviation. 

 

Figure 36. The level of peroxisomal proteins is not changed in CLN3 KO HEK cells starved in no glucose medium.  

A. Immunoblot of Pex5 and Pex11B with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells starved 

in no glucose medium. B. Band density quantifications from the western blot represented in A. Graph represents mean 

± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), 

p < 0.001 (***); SD: standard deviation. 
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3.3. Proliferation signalling and stress response mechanisms are significantly enriched in 
CLN3 KO HEK cells 

Transcriptome data allow us not only to assess organelle biogenesis but also to find signaling path-

ways significantly affected by CLN3 KO, whose identification may help in finding therapeutic targets 

that are closer to the root of the pathogenesis (Deus et al., 2019; Raimundo, 2014). Results presented 

below were obtained with Ingenuity Pathway Analysis, as described in section 2.2.7.1.1. Figure 37 

and Figure 38 display 20 signalling pathways, sorted by -log(p-value), which are the most enriched by 

CLN3 KO in HEK cells grown in high- and no glucose medium, respectively. Otherwise stated, these 

pathways are indicative of the processes that are impacted by the absence of CLN3. We focused on 

proliferative pathways like mTOR, S6K1 signaling and stress response mechanisms because these 

pathways scored high in the pathway analysis and can be potentially involved in Batten disease pa-

thology.  

Importantly, the enrichment analysis was accompanied by an unbiased assessment of the transcrip-

tion factor activities, which determines which are the key regulators of the transcriptional changes 

observed. The transcription factor analysis revealed that YAP seems to be a major regulator of 

the cellular response to the absence of CLN3. The results obtained from the transcriptome data anal-

ysis were later complemented by western blot experiments. 

 

 

Figure 37. CLN3 KO has a significant impact on stress response mechanisms and proliferative pathways at the transcrip-

tional level in HEK cells grown in a high glucose medium. The twenty most enriched pathways in the differentially 

expressed gene list of the CLN3 KO/WT high glucose NGS dataset. The graph represents -log(p-value) obtained with 

the use of Ingenuity Pathway Analysis. A thick dashed line indicates a p-value equal to 0.05. 
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Figure 38. CLN3 KO strongly affects stress response mechanisms and proliferative pathways at the transcriptional level 

in HEK cells starved in no glucose medium. The twenty the most enriched pathways in the differentially expressed gene 

list of the CLN3 KO/WT no glucose dataset. The graph represents -log(p-value) obtained with the use of Ingenuity Path-

way Analysis. A thick dashed line indicates a p-value equal to 0.05. 

3.3.1. Hippo-YAP signalling is significantly altered in HEK cells lacking CLN3 

The Hippo-YAP signalling pathway is an integrator of signals that regulate cellular proliferation and 

differentiation. It is responsive to a variety of environmental cues, e.g., cell density and polarity, en-

ergy and ER stress, as well as growth factors like Wnts (Ibar and Irvine, 2020). The Wnt signalling 

pathway plays a role in the control of different biological processes, such as cell proliferation, differ-

entiation and ageing. There is evidence that Hippo signalling inhibits Wnt-β-catenin signalling. 

Furthermore, the Hippo signaling transcription factors YAP and TAZ are likely integral components 

of the β-catenin destruction complex, orchestrating the Wnt responses (Kim and Jho, 2014).  

As mentioned before, YAP seems to be activated and play a crucial role as a transcription regulator in 

HEK cells lacking CLN3. Furthermore, the Hippo signaling pathway is significantly affected at 

the transcriptional level in CLN3 KO HEK cells in both, high glucose and no glucose condition as indi-

cated by aforesaid pathway analysis. Wnt-β-catenin signaling is also significantly altered at 

the transcriptional level in CLN3 KO HEK cells starved in no glucose medium. Heatmaps below show 

the impact of CLN3 KO cells on the expression of genes involved in Hippo and Wnt-β-catenin signal-

ling (Figure 39A and B, respectively). Shades of blue denote reduced gene expression in CLN3 KO 

HEK cells, indicated by negative values of the logarithm of base 2 of fold change, while shades of red, 

contrarily, increased gene expression in CLN3 KO HEK cells corresponding to positive values of 

the logarithm of base 2 of fold change.  
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Figure 39. CLN3 KO has a significant impact on Hippo signaling at the transcriptional level in HEK cells starved in no 

glucose medium as revealed by Ingenuity Pathway Analysis. A. Heatmap represents the logarithm of base 2 of fold 

change in expression of a given gene involved in Hippo signalling in the CLN3 KO/WT NGS dataset. Genes are listed 

alphabetically. B. Heatmap represents the logarithm of base 2 of fold change in expression of a given gene involved in 

Wnt-β-catenin signalling in the CLN3 KO/WT NGS dataset. Genes are listed alphabetically. 

Phosphorylation of YAP proteins at serine 127 (Ser127) by LATS1/2 or NDR1/2 promotes their cy-

toplasmic localization and degradation (Ibar and Irvine, 2020). Therefore, a lower ratio of 

phosphorylated to total YAP suggests that YAP is more active in CLN3 KO HEK cells under both, nor-

mal conditions (Figure 40) and starvation (Figure 41).  

 

Figure 40. The activity of YAP is elevated in CLN3 KO HEK cells grown in a high glucose medium. A. Immunoblot of YAP 

with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells grown in high glucose medium. B. Band density 

quantifications from the western blot represented in A. Graph represents mean ± SD of experimental triplicates and dif-

ferences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 
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Figure 41. The activity of YAP is increased in CLN3 KO HEK cells starved in no glucose medium. A. Immunoblot of YAP 

with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells starved in no glucose medium. B. Band density 

quantifications from the western blot represented in A. Graph represents mean ± SD of experimental triplicates and dif-

ferences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

3.3.2. mTOR-S6K1 signaling is substantially affected by CLN3 KO in HEK cells 

Protein kinase mTOR integrates diverse environmental signals, including growth factors, availability 

of nutrients and energy, to tailor material accumulation and metabolism by controlling critical cellular 

processes, such as autophagy, lipid and protein synthesis. Interestingly, the aforementioned Hippo-

YAP pathway is controlled by the mTOR signalling, which provides input concerning the insulin path-

way and nutrients availability (Ibar and Irvine, 2020). mTOR plays an essential role in maintaining 

cellular and physiological homeostasis (Liu and Sabatini, 2020). 

Pathway analysis performed on our transcriptome data demonstrated that CLN3 KO has a significant 

impact on mTOR and S6K1 signaling in both, high- and no glucose conditions. The following heatmap 

presents the effect of CLN3 KO on the expression of genes implicated in mTOR signalling (Figure 42). 

As stated before, shades of blue indicate decreased gene expression, while shades of red, in contrast, 

higher gene expression in CLN3 KO HEK cells inferred from the logarithm of base 2 of fold change 

value.  

Noteworthy, the mTOR-S6K1 axis is an essential part of the metabolic pathways network, since it 

combines intracellular and extracellular signals to control nutrient driven metabolic pathways. Under 

favourable conditions for growth, S6K1 is activated by phosphorylation at threonine 389 (Thr389) 

mediated by mTORC1. Subsequently, phosphorylation of canonical S6K1 targets, such as RPS6 at 

serine 235 (Ser235), leads to global initiation of translation (Arif et al., 2019).  
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Figure 42. mTOR and p70 S6 Kinase signaling is significantly affected by CLN3 KO at the transcriptional level in both, 

high- and no glucose conditions as revealed by Ingenuity Pathway Analysis. Heatmap represents the logarithm of base 2 

of fold change in expression of a given gene in the CLN3 KO/WT NGS dataset. Genes are listed alphabetically. 

Intriguingly, only the ratio of phosphorylated RPS6 to total protein is substantially higher in CLN3 KO 

HEK cells grown in high glucose medium, while phosphorylation of S6K1 is not significantly changed 

(Figure 43). We observed an increased ratio of phosphorylated S6K1 and RPS6 to total protein in 

CLN3 KO HEK cells under starvation (Figure 44), which suggests the higher activity of S6K1 and 

mTORC1. One should also consider that tested residue of RPS6 can be phosphorylated by multiple 

protein kinases besides S6K1, including protein kinases A and C (Biever et al., 2015).  

After activation, mTORC2 phosphorylates numerous AGC kinases, such as Akt, typically to reinforce 

their activity and stability. Diverse residues of TSC1 and TSC2 are phosphorylated by different ki-

nases, such as Akt, to adjust mTORC1 activity (Lamming and Bar-Peled, 2019). The activity of 

mTORC2 is not changed in CLN3 KO HEK cells grown in a normal medium based on the unaltered 

ratio of Akt phosphorylated at serine 473 (Ser473) to total protein. The activity of Akt, which phos-

phorylates TSC2 at threonine 1462 (Thr1462), also remains unaffected (Figure 45). The pathway 

should be further studied to determine the role of their downstream effectors in Batten disease path-

ogenesis. 
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Figure 43. The ratio of phosphorylated RPS6 to total protein is significantly increased in CLN3 KO HEK cells grown in 

a high glucose medium. A. Immunoblot of S6K1 and RPS6 with α-Tubulin as a loading control in whole cell lysates of 

CLN3 HEK cells grown in high glucose medium. B. Band density quantifications from the western blot represented in A. 

Graph represents mean ± SD of experimental triplicates and differences were significant based on the Student’s t-test, 

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

 

 

Figure 44. The ratio of phosphorylated S6K1 and S6 to total protein is substantially higher in CLN3 KO HEK cells starved 

in no glucose medium. A. Immunoblot of S6K1 and RPS6 with α-Tubulin as a loading control in whole cell lysates of CLN3 

HEK cells starved in no glucose medium. B. Band density quantifications from the western blot represented in A. Graph 

represents mean ± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 

(*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 
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Figure 45. The activity of Akt is not significantly altered in CLN3 KO HEK cells grown in a high glucose medium.  

A. Immunoblot of Akt and TSC2 with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells grown in high 

glucose medium. B. Band density quantifications from the western blot represented in A. Graph represents mean ± SD of 

experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p <0.01 (**), p <0.001 

(***); SD: standard deviation. 

3.3.3. Integrated stress response and unfolded protein response are upregulated in CLN3 KO HEK 
cells starved in no glucose medium 

The integrated stress response (ISR) is a signalling network that reprograms gene expression due to 

diverse environmental and pathological conditions such as proteostasis defects, nutrient deprivation 

and oxidative stress. These stresses are recognised by specialized kinases: PKR, HRI, GCN2 and 

PERK. All four ISR sensors phosphorylate the eIF2α at serine 51 (Ser51) to inhibit protein synthesis 

and initiate selective translation. PERK is a transmembrane protein kinase of the ER that activates 

itself by oligomerization and autophosphorylation at threonine 981 (Thr981) due to ER stress (Costa-

Mattioli and Walter, 2020; Parmar et al., 2012). Likewise, the unfolded protein response (UPR) is 

a network of signalling pathways responsible for reprograming gene transcription, mRNA translation 

and protein modifications to maintain proteostasis and ER functions. Noteworthy, PERK is a common 

sensor of ISR and UPR; therefore, eIF2 signalling is involved in both networks (Costa-Mattioli and 

Walter, 2020). 

Mentioned eIF2 signaling is significantly affected by CLN3 KO in HEK cells in both, high glucose and 

no glucose condition as shown by pathway analysis. Moreover, CLN3 KO had a significant impact on 

UPR signalling at the transcriptional level in HEK cells starved in no glucose medium. The heatmap 

below demonstrates the influence of CLN3 KO on the expression of genes associated with eIF2 sig-

nalling (Figure 46). As described previously, shades of blue imply decreased gene expression in CLN3 

KO HEK cells and shades of red, on contrary, increased gene expression in CLN3 KO HEK cells, in-

ferred from values of the logarithm of base 2 of fold change.  
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Figure 46. CLN3 KO has a substantial impact on eIF2 alpha signalling at the transcriptional level in HEK cells starved in 

no glucose medium as revealed by Ingenuity Pathway Analysis. Heatmap represents the logarithm of base 2 of fold 

change in expression of a given gene in the CLN3 KO/WT NGS dataset. Genes are listed alphabetically. 

Moreover, CREB is activated by phosphorylation at serine 133 (Ser133) by several signalling path-

ways such as calcium and stress signalling. It is involved in various processes of the developing and 

mature nervous system by controlling the expression of crucial target genes, while its function is 

modulated by ATF4 (Belgacem and Borodinsky, 2017). We did not observe any statistically significant 

differences in levels of ER stress and ISR markers in cells grown in a normal medium (Figure 47). Con-

sistently with our transcriptome data, unfolded protein response and integrated stress response are 

upregulated in CLN3 KO HEK cells starved in no glucose medium what can be inferred from a higher 

ratio of phosphorylated PERK, eIF2α and CREB to total protein (Figure 48).  

Furthermore, activator protein 1 (AP-1) is a transcription factor constituted of one protein of the Jun 

family and one protein of the Fos family, also implicated in vital regulatory cell functions, such as dif-

ferentiation, proliferation and apoptosis. Noteworthy, AP-1 and β-catenin cooperate physically and 

functionally to control TCF-dependent genes (Toualbi et al., 2007). Under ER stress, IRE1α activates 

chaperone genes and JNK (Urano et al., 2000), which in turn increases transcription activity of AP-1 

by phosphorylation of c-JUN on the serine 73 (Ser73). Besides ER stress, JNK is activated due to in-

flammatory signals, fluctuations in levels of reactive oxygen species and other stress stimuli (Yarza et 

al., 2016). Thereby, a lower ratio of phosphorylated to total c-JUN suggests that JNK and c-JUN are 

less active in CLN3 KO HEK cells grown in high glucose medium (Figure 49).  
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Figure 47. The activity of ER stress markers is not significantly changed in CLN3 KO HEK cells grown in a high glucose 

medium. A. Immunoblot of PERK, eIF2 alpha and CREB, with α-Tubulin as a loading control in whole cell lysates of CLN3 

HEK cells grown in high glucose medium. B. Band density quantifications from the western blot represented in A. Graph 

represents mean ± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 

(*), p < 0.01 (**), p < 0.001 (***); SD: standard deviation. 

 

 

Figure 48. The activity of ER stress markers is significantly increased in CLN3 KO HEK cells starved in no glucose medium.  

A. Immunoblot of PERK, eIF2α and CREB with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells 

starved in no glucose medium. B. Band density quantifications from the western blot represented in A. Graph represents 

mean ± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 

(**), p < 0.001 (***); SD: standard deviation. 
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Figure 49. The activity of JNK is significantly decreased in CLN3 KO HEK cells grown in a high glucose medium.  

A. Immunoblot of c-JUN and c-FOS with α-Tubulin as a loading control in whole cell lysates of CLN3 HEK cells grown in 

high glucose medium. B. Band density quantifications from the western blot represented in A. Graph represents mean 

± SD of experimental triplicates and differences were significant based on the Student’s t-test, p < 0.05 (*), p < 0.01 (**), 

p < 0.001 (***); SD: standard deviation. 
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4. Discussion 

We aimed to study metabolic effects of CLN3 deficiency, reveal the role of organelle crosstalk in Bat-

ten disease course and identify signaling pathways relevant for the pathology in HEK cells lacking 

CLN3. The cellular model was modulated to respond to different metabolic environments like star-

vation for the purpose of investigating the impact of CLN3 deficiency on metabolism. Provided data 

should be considered proof of concept and further reproduced in cellular and animal models of Batten 

disease, including patients cells, to conclusively link presented observations to the disorder. 

Our initial experimental model was a HeLa cell line lacking CLN3 and respective WT control, a kind 

gift from Dr PD Guido Hermey. CLN3 KO HeLa cells have significantly impaired proteolytic activity 

and mild mitochondrial dysfunction. Informed of modified metabolism (Warburg et al., 1927; re-

viewed by Vander Heiden et al., 2009), extensive genomic rearrangements and significantly different 

expression patterns in HeLa cells (Landry et al., 2013), we decided to generate another cellular model 

modifying HEK cell line with CRISPR/Cas9 technology. Choice of the cell line was motivated by its 

popularity in the field of cellular signalling related to lysosomal function and NCL, which allows us to 

compare and possibly combine our data with published and confidentially shared results. 

The model, CLN3 KO HEK cells used throughout this project was genotyped by sequencing like other 

experimental models in the field of NCL (Yasa et al., 2020) due to lack of reliable, specific primary 

antibody (Mirza et al., 2019; Nelson et al., 2017). The situation will hopefully change in the immediate 

future and a suitable primary antibody for CLN3 will allow for confirmation of the genotype of exper-

imental models in use. Since cellular systems seem to respond to stress differently depending on its 

acute or chronic character, we decided to perform 24 hours treatment to simulate the protracted 

nature of the disease better. Our lab demonstrated before that acute and chronic disturbance of 

the mitochondrial respiratory chain function impacts lysosomal biogenesis disparately: acute stress 

activates AMPK- and TFEB/MITF-dependent lysosomal biogenesis, whereas chronic dysfunction re-

presses TFEB/MITF transcriptional activity and lysosomal biogenesis. Change in response was 

observed after 12-24 hours of treatment (Fernández-Mosquera et al., 2017). 

4.1. CLN3 KO results in mitochondrial dysfunction in HEK and HeLa cells 

The arrangement of a eukaryotic cell into organelles enables spatial and temporal isolation of incom-

patible biochemical processes, which must be coordinated to ensure proper cellular function (Cohen 

et al., 2018). Mitochondria and lysosomes play a key role in cellular metabolism and signalling, includ-

ing autophagy, proliferation and cell death. Mitochondrial dysfunction was reported in most of 

the lysosomal storage diseases, and reciprocally, an impaired lysosomal function is observed in mul-

tiple mitochondrial diseases. Moreover, defective mitochondria-lysosome crosstalk was described in 

several neurodegenerative diseases (Deus et al., 2019; Raimundo and Krisko, 2019). 

Although the implication of potential involvement of mitochondria in the pathogenesis of Batten dis-

ease was for the first time expressed decades ago (Zeman and Donahue,1963) and later well 

supported by evidence pointing at energy-linked excitotoxicity (Jolly et al., 2002), we are the first to 
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offer a complex characterization of mitochondrial biogenesis and function in CLN3 deficient HEK 

grown in normal conditions and exposed to stress through starvation. Several publications present 

perturbed mitochondria in NCL models (Luiro et al., 2006; Fosalle et al., 2004; Das et al., 2001, 1999; 

March et al., 1995) and emphasise the role of ER stress in CLN3 pathology (Shematorova and Shpa-

kovski, 2020; Marotta et al., 2017; Wu et al., 2014; Yoon et al., 2011).  

Batten disease and other NCL are characterized by selective loss of inhibitory GABAergic interneu-

rons, which are rich in mitochondria, and therefore particularly sensitive to compromised energy 

production (Luiro et al., 2001). Moreover, neuron loss is observed mainly in the most metabolically 

active and rich in mitochondria brain areas (Braak and Goebel, 1978). Thereby, mitochondria are con-

sidered to contribute to Batten disease pathogenesis (Shematorova and Shpakovski, 2020). 

Impairment of mitochondrial function correlated with disease progression was reported in several 

CLN5 KO cell models (Doccini et al., 2020), while CLN5 is known to interact with CLN3 (Scifo et al., 

2013; Yasa et al., 2021). Hence, our data are consistent with available literature and give a more de-

tailed insight into the impact of CLN3 defect on mitochondrial function.  

4.1.1. Mitochondrial and ER biogenesis is transcriptionally repressed in starved CLN3 KO HEK 
cells  

Considering existing literature, one could expect repressed mitochondrial biogenesis like in some li-

pid storage diseases (Yambire et al., 2019), it can be surprising that CLN3 KO did not globally affect 

the biogenesis of any of the organelles in cells grown in a high glucose medium. However, we observe 

transcriptionally repressed mitochondrial and ER biogenesis in CLN3 KO HEK cells starved in no glu-

cose medium. Moreover, around half of mitochondrial and ER genes are differentially expressed. 

CLN3-loss-of-function in HEK cells substantially impacts the expression of genes encoding OxPhos 

proteins, upregulating them under normal conditions and downregulating under starvation. Particu-

larly, 60% of these genes are differentially expressed in CLN3 KO HEK cells starved in no glucose 

medium consistently with global mitochondrial biogenesis repression at the transcriptional level. 

 Intriguingly, transcriptional repression of mitochondrial biogenesis was reported only in sympto-

matic NPC1 KO mice brains, while pre-symptomatic presented the opposite trend (Yambire et al., 

2019). A study of organelle biogenesis in pre-symptomatic and symptomatic Batten disease models 

would allow determining how mitochondrial and ER genes expression is affected in different tissues 

and phases of the disease. Additionally, evaluation of organelle biogenesis in cells collected from pa-

tients throughout the disease would offer a valuable insight into the role of organelle crosstalk in 

Batten disease pathogenesis.  

Since we detected a substantially decreased level of OxPhos proteins in whole cell extracts coming 

from CLN3 KO HEK cells, we also evaluated the level of native OxPhos complexes in mitochondria 

isolated from cells grown in high glucose medium and did not discern any significant disparity. Our 

result can be plausibly explained by reduced mitochondrial mass per cell correspondent with consid-

erably reduced mtDNA copy number and observations in other lysosomal defects (Yambire et al., 
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2019). Consequently, the mitochondrial network should be comprehensively assessed in Batten dis-

ease models by imaging experiments to determine the impact of CLN3 loss of function on 

mitochondrial morphology and mass. Similarly, ER and peroxisomal morphology are worth further 

evaluation. 

4.1.2. Mitochondrial function is compromised due to CLN3 KO in HEK and HeLa cells 

The said reduction in the level of OxPhos proteins in whole cell extracts is consistent with impaired 

mitochondrial respiration concluded from a decline in oxygen consumption rate in CLN3 KO HEK 

cells. Importantly, it is not compensated by an increase in glycolysis which would be reflected in 

the extracellular acidification rate. Predictably, we also observed lowered mitochondrial membrane 

potential and increased mitochondrial ROS level indicated by higher mitochondrial superoxide levels 

in CLN3 KO HEK cells. Similarly, we noticed a mild deficiency in mitochondrial respiration and a slight 

increase in mitochondrial superoxide levels in CLN3 KO HeLa cells.  

Mitochondria utilize oxygen in the respiratory chain to produce ATP and ROS as a by-product. In-

creased ROS levels can induce intracellular cascades of oxidative stress through DNA and protein 

oxidation, and induction of lipids peroxidation in the plasma membrane (Kausar et al., 2018). Oxida-

tive stress negatively affects diverse molecules, cellular structures and functions contributing to 

pathological changes observed in inflammation, ageing, neurodegeneration and cancer (Kudrya-

vtseva et al., 2019; Rimessi et al., 2016; Newsholme et al., 2007; van der Vliet et al., 2018). 

Mitochondrial superoxide production is strongly dependent on mitochondrial membrane potential. 

Expectedly, mitochondrial uncoupling, i.e., decrease in the electrochemical proton gradient in mito-

chondria, is recognized as a cytoprotective strategy under oxidative stress in diabetes, injury or 

ageing (Cadenas, 2018). Hence, the observed reduction in mitochondrial membrane potential can be 

caused by respiratory chain defects but also it can be a part of cellular response to oxidative stress. 

In many neurodegenerative diseases, mitochondrial dynamics and function are compromised, result-

ing in reduced ATP generation, excess reactive oxygen species and apoptosis (Jodeiri Farshbaf and 

Ghaedi, 2017). Additionally, the failure of antioxidant defence is an important factor in neurodegen-

eration (Sayre et al., 2008).  

Additionally, CLN3 KO HEK cells have lower viability, which might be a direct consequence of mito-

chondrial malfunction, therefore insufficient ATP synthesis. On the other hand, only a major 

reduction in OxPhos activity leads to a significant decline in ATP production. Considerably impaired 

mitochondrial ATP synthesis can be compensated as long as glucose is available, hence, overall ATP 

level may remain unchanged (Area-Gomez et al., 2019). Assessment of mitochondrial and overall ATP 

production would allay the doubts. Noteworthy, mitochondrial pathological signalling can result in 

disease regardless of ATP production (Raimundo, 2014). Reduced cell viability of CLN3 KO HEK cells 

upon both, normal and starvation conditions probably results from multiple aberrations, e.g., in cal-

cium signalling and redox homeostasis, and further study on apoptotic signalling may help elucidate 

the reason.  



Discussion 

88 

 

All examined aspects were consistent for high- and no glucose conditions and may play a role in dis-

ease progression; therefore, it is important to determine their exact cause in future. Observed 

mitochondrial malfunction may potentially originate from impaired calcium and lipid homeostasis. 

Common 1kb deletion in CLN3 gene adversely impacts abundance and activity of numerous lysoso-

mal proteins, degradation of lipid droplets and composition of membrane lipids (Schmidtke et al., 

2019; Sleat et al., 2019). CLN3-deficient cells are more sensitive to thapsigargin, which increases cy-

tosolic calcium and induces calcium-mediated apoptosis (Chang et al., 2007). Additionally, calcium 

was implied to play a role in neuronal cell death in CLN3 knock-down SH-SY5Y cells (Warnock et al., 

2013; an Haack et al., 2011). Another study indicated significant differences in ER, mitochondrial and 

lysosomal calcium pools, and in store-operated calcium uptake in murine CLN3∆ex7/8 neuronal precur-

sor cells (Chandrachud et al., 2015). Aberrant metabolic and calcium signalling was also reported in 

murine CLN3∆ex7/8 astrocytes and suggested to contribute to neuronal dysfunction and death (Bosch 

and Kielian, 2018).  

Organelle crosstalk plays an important role in calcium homeostasis. Lysosomal calcium release by 

transient receptor potential mucolipin 1  promotes calcium transfer to mitochondria, which is medi-

ated by the tethering of mitochondria-lysosome contact sites (Peng et al., 2020). Abnormal ER-

mitochondria crosstalk can also affect calcium uptake by mitochondria and, as a result, impact overall 

calcium signalling and mitochondrial bioenergetics. Moreover, a substantial increase in mitochon-

drial calcium can reduce membrane potential, induce mitochondrial malfunction and cell death. 

Interestingly, several proteins linked to neurodegenerative disorders, including α-synuclein, regulate 

mitochondria-associated ER membranes (Area-Gomez et al., 2019).  

Noteworthy, peroxisomes play a key role in lipid and ROS/RNS metabolism and constantly interact 

functionally and physically with other organelles, in particular with mitochondria and ER. Peroxi-

somes contribute to several pathological processes of non-peroxisomal origin, including cancer, 

ageing and Amyotrophic Lateral Sclerosis (Sargsyan and Thoms, 2019; Islinger et al., 2018). Moreo-

ver, peroxisomes are involved in intracellular calcium dynamics (Sargsyan et al., 2021), which can play 

a very important part in Batten disease progression. We did not observe any difference in levels of 

peroxisomal proteins, which does not implicate proper peroxisomal function and morphology. Hence, 

an in-depth assessment of peroxisomal function and morphology would provide valuable insight into 

the role of organelle crosstalk in the pathology of Batten disease.  

There is a growing body of evidence of the effectiveness of calcium channel modulators in ameliorat-

ing phenotype in LSD (Yu et al., 2020; Scotto Rosato et al., 2019), including calcium channel blocker, 

verapamil tested in CLN3 disease neuronal cells (Petcherski et al., 2019). Hence, it would be very in-

teresting to verify if these compounds have also a positive impact on mitochondrial function in NCL 

experimental models. Weaken neurons may benefit from improved mitochondrial respiration even 

though OxPhos deficiency is not a primary cause of the disease (Area-Gomez et al., 2019).   
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4.2. CLN3 KO in HEK cells has a substantial impact on proliferation signalling and stress 
response mechanisms  

Improved understanding of the pathways involved in the crosstalk of organelles and affected by their 

dysfunction may help in finding therapeutic targets that are closer to the source of the problem. Ma-

nipulation of the pathological signalling can potentially alleviate symptoms and decelerate disease 

progression (Deus et al., 2019; Raimundo, 2014). CLN3 and CLN5 form an endosomal complex, which 

is critical for the efficient endosome-to-TGN trafficking of sortilin. Defective recycling results in im-

paired lysosomal function (Yasa et al., 2021, 2020). CLN3 plays an important role in cellular and 

lysosomal homeostasis. The reduced level of multiple lysosomal enzymes in murine Cln3∆ex7/8 cere-

bellar cells impacts the lysosomal proteome, the associated degradation of substrates and secondary 

cellular protein trafficking processes. Hence, CLN3 is functionally related to many other proteins and 

signaling pathways in neuronal cells (Schmidtke et al., 2019). 

4.2.1. Hippo-YAP signaling is significantly affected by CLN3-loss-of-function in HEK cells 

The Hippo-YAP signalling pathway integrates signals that modulate cellular proliferation and differ-

entiation. It responds to multiple environmental cues like energy and ER stress. Pathway analysis 

revealed that YAP is probably activated and plays an important role as a transcription factor in HEK 

cells lacking CLN3. Furthermore, the Hippo signaling pathway is significantly affected at the tran-

scriptional level in CLN3 KO HEK cells in both, high glucose and no glucose condition. 

Phosphorylation of YAP proteins at Ser127 by LATS1/2 promotes their cytoplasmic localization and 

degradation. The NDR1/2 can phosphorylate YAP at the same sites as LATS1/2 to negatively regulate 

its activity. We detected a lower ratio of phosphorylated to total YAP, which suggests that YAP is 

more active in CLN3 KO HEK cells. Notably, the activity of YAP proteins is also regulated by Src fam-

ily kinases and AMPK through phosphorylation at other sites (Ibar and Irvine, 2020). Therefore, 

phosphorylation of other residues of YAP protein should be examined to describe its activity in detail. 

A study of the activity of its upstream regulators, like AMPK, and potential changes in corresponding 

signaling pathways would be very informative to understand the role of pathological signaling in Bat-

ten disease progression. 

 It was recently reported that YAP promotes autophagosome formation through physical interaction 

with TFEB. Importantly, activation of autophagy in the presence of lysosome inhibition leads to ex-

cessive autophagosome accumulation and as a result, cellular dysfunction. Disruption of YAP 

function as a cofactor of TFEB can potentially ameliorate the phenotype observed in several LSD 

through prevention of autophagosome accumulation, and consequent inhibition of apoptosis (Ikeda 

et al., 2021). It would merit consideration if the enhanced activity of YAP proteins was identified in 

Batten disease models. Unfortunately, there are no clinically viable drugs that directly target Hippo-

YAP signalling (Nguyen and Yi, 2019).  
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4.2.2. mTOR-S6K1 signalling is considerably altered due to CLN3 KO in starved HEK cells 

Protein kinase mTOR combines a variety of environmental signals, such as growth factors, availability 

of nutrients and energy, to adapt material accumulation and metabolism by adjusting vital cellular 

processes, such as autophagy, lipid and protein synthesis. Therefore, mTOR plays a crucial role in 

maintaining cellular and physiological homeostasis (Liu and Sabatini, 2020). The hippo-YAP signalling 

pathway is modulated by the mTOR signalling providing input from the insulin pathway and nutrients. 

Furthermore, mTORC1 inhibits autophagy, which can impact and be affected by YAP (Ibar and Irvine, 

2020). The activity of the Akt-mTOR pathway was reported to be increased in CLN3 patients fibro-

blasts (Vidal-Donet et al., 2013).  

Pathway analysis completed on our RNA-seq dataset revealed that CLN3 KO had a significant impact 

on mTOR and S6K1 signaling at the transcriptional level in both, high- and no glucose conditions. We 

also observed an increased ratio of phosphorylated S6K1 (Thr389) and RPS6 (Ser235) to total pro-

tein in CLN3 KO HEK cells starved in no glucose medium, which implies the higher activity of S6K1 

and mTORC1. On the other hand, the activity of mTORC1 and S6K1, as well as mTORC2 and Akt 

seems to remain unaltered due to CLN3 KO under normal conditions. Noteworthy, multisite phos-

phorylation of S6K1 controls substrate selection and thereby downstream effects (Arif et al., 2019). 

Similarly, the tested residue of RPS6 can be phosphorylated by multiple kinases besides S6K1 (Biever 

et al., 2015).  

Upstream regulators and downstream effectors of mTOR and S6K1 should therefore be studied to 

determine the cause and consequences of its higher activity and its role in Batten disease. Since mi-

tochondria and lysosomes play essential roles in metabolism, they are tightly integrated with key 

hubs of cellular signalling, namely AMPK and mTOR, to preserve the balance between catabolism and 

anabolism (Deus et al., 2019). It is thus a further reason to study AMPK signalling in CLN3-deficient 

models to fully explore the effects of CLN3-loss-of-function on metabolism. 

4.2.3. Integrated stress response and unfolded protein response are upregulated in starved CLN3 
KO HEK cells 

The ISR is a central signalling network that aids the cell in restoring homeostasis by reprogramming 

gene expression. It can be induced by various conditions, such as proteostasis defects, nutrient dep-

rivation, viral infection and oxidative stress. Interestingly, ISR activation is linked to age-related 

cognitive disorders and mutations in its crucial components are associated with intellectual disability 

(Costa-Mattioli and Walter, 2020). Similarly, the UPR is a network of signalling pathways responsible 

for reprograming gene transcription, mRNA translation and protein modifications to restore proteo-

stasis and maintain ER functions (Hetz, 2020). If the just outlined mechanisms fail to restore 

homeostasis, apoptosis can be activated through the intrinsic pathway to prevent further damage at 

the level of tissue or organism. Noteworthy, PERK is a common sensor of ISR and UPR; therefore, 

eIF2 signalling is involved in both networks (Costa-Mattioli and Walter, 2020).  

The potential role of oxidative and ER stress in Batten disease was discussed in detail in Marotta et 

al. (2017), as well as in Shematorova and Shpakovski (2020). Excess of cellular ROS causes damage to 
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proteins, nucleic acids, lipids, membranes and organelles, which can result in activation of apoptosis. 

CLN3 in Drosophila melanogaster interacts genetically with key elements of stress signalling path-

ways, such as JNK, and components of stress granules. CLN3 loss of function resulted in 

hypersensitivity to oxidative stress but not to other physiological stresses. Although CLN3 mutant 

flies can sense oxidative stress properly, their ability to react and detoxify ROS is compromised (Tux-

worth et al., 2011). Importantly, an accumulation of ROS was observed in CLN3 patients fibroblasts 

(Vidal-Donet et al., 2013). Interestingly, resveratrol was reported to resolve oxidative and ER stress, 

as well as protect against apoptosis in Batten disease lymphoblast cells (Yoon et al., 2011). Moreover, 

a study of ER stress in SH-SY5Y cells indicates that lack of CLN3 function results in deregulation of 

the ER stress response and as a result, in apoptosis. On the contrary, increased CLN3 gene expression 

led to a higher level of ER chaperone BiP and a reduced level of CHOP (Wu et al., 2014). Therefore, 

ER and oxidative stress are considered potential key factors in Batten disease progression (Shemato-

rova and Shpakovski, 2020). 

Our pathway analysis demonstrated that eIF2 signaling is significantly affected in CLN3 KO HEK cells 

in both, high glucose and no glucose condition. Furthermore, UPR signalling is significantly altered in 

CLN3 KO HEK cells starved in no glucose medium. Consistently with our transcriptome data, ISR and 

UPR are upregulated in CLN3 KO HEK cells starved in no glucose medium what can be inferred from 

a higher ratio of phosphorylated PERK, eIF2α and CREB to total protein. A study on downstream ef-

fectors of eIF2α, such as ATF4 and proapoptotic CHOP, would provide us with more information 

about the potential involvement of ISR in Batten disease pathogenesis.  

Under ER stress, IRE1α activates chaperone genes and JNK (Urano et al., 2000), which in turn pro-

motes transcription activity of AP-1 by phosphorylation of c-JUN. Besides ER stress, JNK is activated 

in response to inflammatory signals, fluctuations in levels of reactive oxygen species and other stress 

stimuli (Yarza et al., 2016). Hence, a lower ratio of phosphorylated to total c-JUN implicates that JNK 

and c-JUN are less active in CLN3 KO HEK cells grown in a high glucose medium. On the other hand, 

c-JUN can be also phosphorylated at the same site by vaccinia-related kinase 1 to induce c-JUN sta-

bilization and accumulation (Sevilla et al., 2004), as well as by Cdk5, which regulates the JNK pathway 

both directly and indirectly (Sun et al., 2009). Importantly, JNK and Cdk5 have been implicated in 

neuronal-cell death mechanisms in neurodegenerative disorders (de Los Reyes Corrales et al., 2021; 

Gupta and Singh, 2019). Hence, further investigation of other pathways involved in UPR, such as 

IRE1α and ATF6, but also JNK and Cdk5 signaling would offer us a deeper insight into the exact role 

of that network in Batten disease progression. 

ISR can be inhibited by ISRIB, a drug-like small molecule, which activates eIF2β and does not impair 

ISR’s cytoprotective function (Costa-Mattioli and Walter, 2020). If induction of ISR was detected in 

Batten disease models, it would be worth considering the use of ISRIB in rescue trials. Overall, further 

research contingent on signalling pathways modulation would provide us essential elucidation of 

their utility as potential therapeutic targets. 
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4.3. Future perspective 

Despite decades of dedicated research, a growing number of clinical trials (Specchio et al., 2021), 

the availability of multiple cellular (Minnis et al., 2020) and novel animal models (Johnson et al., 2019), 

the Batten disease mechanism remains elusive. Complete elucidation of CLN3 characteristics would 

allow determining the best combination therapy and deepening our understanding of other NCL and 

LSD. In the context of our data, they should be further reproduced in other cellular and animal models 

of Batten disease, including patients cells, to associate presented observations with the disorder.  

Particularly, assessment of organelle biogenesis, morphology and function in patients fibroblasts har-

bouring different CLN3 mutations would deepen our understanding of the role of organelle crosstalk 

to the disease progression. Similarly, signaling pathways indicated to be significantly enriched by our 

transcriptome data analysis should be further studied in patients cells to elucidate the causes and 

consequences of their deregulation. Additionally, similar experiments performed on cellular models 

harbouring mutations in CLN3 post-translational modification motifs would facilitate the determina-

tion of their role in the CLN3 protein localization and function.  

Besides mutation-specific effects, a study of tissue-specific phenotype would offer a valuable insight 

into grounds for the variable impact of CLN3 mutations in different organs. Just outlined research 

would help in the determination of disease mechanism and functional role for CLN3 in cellular home-

ostasis. Importantly, signalling pathways and organelle function can be experimentally manipulated 

to identify means to ameliorate phenotype and indicate potential therapeutic targets. Noteworthy, 

NCL proteins are considered to be a part of the same signalling pathway or network, while NCL have 

common clinical and pathological characteristics. Similar studies in other NCL models would there-

fore offer a useful insight into the role of NCL proteins and their interdependence.   



Summary and conclusions 

93 

 

5. Summary and conclusions 

A eukaryotic cell is organized into organelles, whose coordinated function is critical for the health and 

proper function of a cell. Unsurprisingly, the dysfunction of a single organelle affects the condition of 

other organelles as a consequence of their strong interdependence (Deus et al., 2019; Sargsyan and 

Thoms, 2019). Unsurprisingly, impaired mitochondrial function was detected in most of the lysoso-

mal storage diseases and aberrant mitochondria-lysosome crosstalk was observed in several 

neurodegenerative disorders (Deus et al., 2019; Raimundo and Krisko, 2019). Batten disease is a ly-

sosomal storage disorder and the dominant cause of dementia in children, while its exact mechanism 

remains to be elucidated (Shematorova and Shpakovski, 2020). Therefore, we intended to improve 

understanding of the role of organelle crosstalk in the disease progression and deepen knowledge of 

signaling pathways that might be considered potential therapeutic targets in Batten disease. 

Throughout the project presented in this thesis, we evaluated organelle biogenesis and function in 

CLN3 KO HEK cells and presented comprehensive evidence of mitochondrial dysfunction. Although 

we do not observe a significant global impact of CLN3 KO on organelle biogenesis at the transcrip-

tional level in HEK cells grown in high glucose medium, we detected transcriptionally repressed 

mitochondrial and ER biogenesis in CLN3 KO HEK cells starved in no glucose medium. Interestingly, 

we noticed a substantial decrease in levels of proteins that belong to respiratory chain subunits, ex-

cept for complex V, in whole cell extracts from CLN3 KO HEK cells under both, normal conditions and 

starvation. On the other hand, the level of native OxPhos complexes in mitochondria isolated from 

HEK cells grown in high glucose medium is not altered. Moreover, we report impaired mitochondrial 

respiration, elevated mitochondrial superoxide levels, reduced mitochondrial membrane potential 

and decline in cell viability in CLN3 KO HEK cells in both, high glucose and no glucose condition.  

Additionally, pathway analysis performed on transcriptome data identified several signaling path-

ways that are significantly affected by CLN3-loss-of-function and may be relevant for Batten disease 

progression. Specifically, CLN3 KO in HEK cells had a significant impact on cell proliferation signal-

ling, namely Hippo, mTOR, p70 S6K1, Wnt-β catenin signalling pathways, as well as stress response 

mechanisms, such as unfolded protein response and eIF2α signalling. Intriguingly, preliminary tran-

scription factor analysis indicated that YAP, associated with Hippo signalling, seems to be a key 

regulator of the cellular response to the absence of CLN3. These findings were complemented by 

western blot experiments. We observe increased YAP activity in CLN3 KO HEK cells, implied by a re-

duced ratio of phosphorylated to total YAP, in both, high glucose and no glucose conditions. Likewise, 

the detected increased ratio of phosphorylated S6K1 to total protein in CLN3 KO HEK cells starved 

in no glucose medium implies the higher activity of said kinase and mTORC1. Moreover, integrated 

stress response and unfolded protein response are upregulated in CLN3 KO HEK cells starved in no 

glucose medium what can be inferred from a higher ratio of phosphorylated PERK, eIF2α and CREB 

to total protein. 
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These pathways can be modulated to potentially ameliorate phenotype, e.g., by calcium channel 

blockers or integrated stress response inhibitors. Altogether, our findings are consistent with availa-

ble literature and reveal several prospective therapeutic targets that require further verification. 

Presented data should be considered proof of concept and replicated in cellular and animal models of 

Batten disease, including patients cells, to decisively connect provided observations to the disorder. 

To conclude, we characterized organelle biogenesis and function and indicated signaling pathways 

that may play an important role in Batten disease. We are the first to provide an exhaustive demon-

stration of mitochondrial dysfunction in CLN3 KO cells. 
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