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Abstract 

Huntington diseases (HD) is a hereditary neurodegenerative disorder characterized by the 

presence of the aggregation prone mutated version of protein huntingtin (HTT). Mutation in 

huntingtin (mHTT) results in an aberrant expansion of the polyglutamine tract, thereby gaining 

toxic properties, which causes progressive loss of striatal medium spiny neurons. Neurons 

heavily rely on a healthy mitochondrial pool. Thereby, it is crucial to preserve biological 

mechanisms maintaining its turnover and quality control, such as mitophagy. However, mHTT 

impairs mitophagy, therefore preventing autophagosomes from engulfing mitochondria and 

resulting in an accumulation of dysfunctional mitochondria.  

Our recent results showed that mHTT-caused mitochondrial impairments can be observed in 

more easily accessible extraneuronal cells such as skin fibroblasts. While mitophagy is 

considered a fundamental cellular process, there is a lack of compounds selectively modulating 

mitophagy. Thereby, the aim of this diploma thesis was to introduce a small-molecule 

compound, MIND4-17, which showed neuroprotective effects in HD, and to study its selective 

effect on mitophagy in cultivated fibroblasts from HD patients and controls.  

Here we report that MIND4-17 increased the expression of specific autophagy markers in 

fibroblasts from HD patients, thereby allowing to bypass the perturbation of mitophagy caused 

by mHTT. MIND4-17 represents a pharmacological tool that could contribute to the 

investigation of mitophagy in HD. 
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Abstrakt 

Huntingtonova choroba (HD) je dědičné neurodegenerativní onemocnění charakterizované 

přítomností špatně se skládajícího mutovaného proteinu huntingtinu (HTT), který je náchylný 

k agregaci. Mutace v proteinu huntingtinu (mHTT) vede k nadměrnému prodloužení 

polyglutaminového řetězce, což způsobuje jeho toxicitu. Přítomnost mHTT následně vede 

k postupné ztrátě striatálních „medium spiny“ neuronů. Správná funkce neuronů mj. závisí na 

stavu jejich mitochondrií. Je proto důležité, aby zůstaly zachovány biologické procesy, které 

zajišťují obrat a kontrolu kvality mitochondrií. Takovým procesem je především mitofagie. 

Mutovaný HTT má negativní dopad na mitofagii, což znemožňuje autofagozómům pohlcování 

mitochondrií a vede tak k akumulaci poškozených mitochondrií u HD. I když je mitofagie 

považována za základní buněčný proces, nejsou zatím známy téměř žádné látky, které by 

mitofagii specificky ovlivňovaly. Naše předchozí studie ukázaly, že mitochondriální defekty 

spojené s HD můžeme sledovat i ve snáze dostupných extraneuronálních tkáních, jakými jsou 

kožní fibroblasty. 

Cílem předkládané práce bylo studovat mitofagii na modelu kultivovaných kožních fibroblastů 

od pacientů s HD a kontrol a testovat použití neuroprotektivní látky MIND4-17 pro selektivní 

ovlivnění mitofagie.  

Výsledky práce ukázaly, že látka MIND4-17 mění expresi vybraných proteinů účastnících se 

dílčích kroků mitofagie a tím zvyšuje její míru, přičemž nedochází k negativnímu ovlivnění 

funkce mitochondrií. MIND4-17 představuje vhodný farmakologický nástroj ke studiu 

mitofagie s potencionálním využitím při hledání nových terapií u HD. 
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Introduction 
 

1 Huntington Disease 
Huntington disease (HD) is an autosomal dominant disease, which is clinically characterized 

by motor dysfunction accompanied by behavioral and cognitive decline. The disease is caused 

by an aberrant expansion of the cytosine-adenine-guanosine (CAG) trinucleotide repeat 

encoding a polyglutamine (polyQ) tract in the N-terminal part of the huntingtin (HTT) protein 

(MacDonald et al., 1993). Such elongated polyQ tract confers toxic gains of function and 

predisposes the protein to fragmentation and aggregation, leading to preferential atrophy and 

progressive loss of GABAergic medium spiny neurons in the striatum, and to a lesser extent, it 

also affects other regions, such as the cerebral cortex, which is affected mainly in later stages 

(Albin et al., 1990; Kowall et al., 1987). 

There is a clear relationship between the CAG repeat length and the clinical phenotype. 

Huntingtin gene, which carries 36-39 repeats may lead to disease development, as the gene 

generates an aggregation prone misfolded HTT (mutant HTT, mHTT). However, if the gene 

carries more than 39 repeats, the mutation gets highly penetrant, thereby increasing the 

probability of disease manifestation (Rubinsztein et al., 1993).  

Ultimately, HD results in death approximately 15 years after the onset of the first diagnosable 

symptoms, which usually get manifested at the age of 35-40 years. However, as the 

concentration threshold required for the aggregation of huntingtin protein decreases with the 

length of polyQ tract increasing, juvenile form of HD can be observed in individuals carrying 

longer CAG expansions (≥56 CAG) (Craufurd and Dodge, 1993; Tabrizi et al., 2022). 

1.1 Huntingtin Protein  
The HD locus is situated in chromosome 4p16.3 region and encodes a large protein of about 

350 kDa. HTT is ubiquitously expressed throughout the whole body. However, its expression 

levels vary across different tissues depending on cell type. The protein can be found either in 

the nucleus and cytoplasm and can shuttle between these two compartments, depending on its 

form. While several physiological functions of HTT have been implied, the whole function of 

the protein has not yet been fully elucidated, as such a large protein comprises numerous points 

of interaction with other proteins. Having so many interactions results in many physiological 

functions being affected by the presence of mHTT. However, it is not the loss of physiological 
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functions, but the gain of toxicity represented by the polyQ stretch, which is generally believed 

to be the determining factor in the disease progression (Ikeda et al., 1996; Mangiarini et al., 

1996; Ordway et al., 1997). 

Although the physiological functions of HTT are still being uncovered, some of them have 

already been well defined, such as its determining role in the development of nervous system 

caused by the influence of HTT on the production and transport of brain-derived neurotrophic 

factor (BDNF) (Zuccato et al., 2001). 

1.2 Impaired Mitochondria Play a Key Role in the HD Pathogenesis 
Mitochondria have been described as a key regulator in a broad spectrum of pathways included 

in cellular homeostasis and aging ranging from cellular senescence to telomere maintenance 

and apoptosis (Sun et al., 2016). However, decline in mitochondrial function is well recognized 

as a contributing aspect in many neurodegenerative diseases, including Alzheimer’s disease, 

Parkinson’s disease, and HD. 

Neurons have exceptionally high demand for energy in form of generated ATP, which is 

required to maintain mitochondrial membrane potential (ΔΨm) and ion gradients, to generate 

synaptic vesicles, and for axonal transport. These features make neurons particularly vulnerable 

to mitochondrial damage.  

In the past, various lines of evidence indicated that mitochondrial dysfunction plays a crucial 

role in the HD pathogenesis (Lin and Beal, 2006). While wild-type HTT even exhibits anti-

apoptotic behavior, mHTT affects mitochondria on various levels (Fig. 1) (Rigamonti et al., 

2000).  
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Fig. 1. A graphic summary showing negative impact of mutated huntingtin (mHTT) at 

various levels resulting in mitochondrial impairment. In Huntington disease, mHTT affects: 

oxidative phosphorylation, calcium handling, cristae morphology, dynamic processes fusion 

and fission, transport of mitochondria, import of proteins into mitochondria, and cell death. 

DRP1 – dynamin-related protein 1, ER – endoplasmic reticulum, HAP1 – huntingtin-associated 

protein 1, HSF - heat shock transcription factor 1, mHTT – mutant huntingtin, MPTP – 

mitochondrial permeability transition pore, p53 – cellular tumor antigen p53, PGC1α – 

peroxisome proliferator-activated receptor gamma, coactivator 1 alpha. Image taken from 

Sonsky et al., 2021 (Šonský et al., 2021). 

1.2.1 Respiratory Chain 

Magnetic resonance spectroscopy of brain showed marked decrease in glucose metabolism, 

whilst the corresponding production of lactate was increased in basal ganglia and the cerebral 

cortex of HD patients and HD mice model, pointing towards a bioenergetic defect (Jenkins et 

al., 2005; Koroshetz et al., 1997). Indeed, measurements in human post mortem brain tissue 

samples exhibited lower functionality of mitochondrial respiratory complexes II, III, and IV 



4 
 

(Gu et al., 1996). In addition, cases of selective loss of complex II/III activity in the brains of 

patients who died from HD have been described. Moreover, there is evidence suggesting that 

oxidative phosphorylation deficit occurs even in asymptomatic mutation carriers (Saft et al., 

2005). Additional information supportive for the concept that respiratory-chain inhibition plays 

a crucial role in the pathogenesis of HD stems from studies that administered complex II 

inhibitors either locally, or systematically. Such application accurately replicated the pathology 

of HD (Beal et al., 1993; Brouillet et al., July 18; Tabrizi et al., 1999). Besides, an 

overexpression of Ip or Fp subunit restored complex II activity and acted protectively against 

Htt171-82Q-induced cell death in striatal neurons (Benchoua et al., 2006).  

1.2.2 Calcium Handling 

Another important role of mitochondria is Ca2+ buffering and thereby controlling concentration 

of cytoplasmic Ca2+ concentrations after neurotransmission (Budd and Nicholls, 1996). 

Lymphoblast mitochondria from HD patients had a lower membrane potential and required 

lower calcium loads for depolarization than control cells, possibly due to the interaction of 

mHTT and mitochondria. Similar results were observed in mitochondria from YAC72 mouse 

brain, where the defect preceded pathological and behavioral anomalies by a margin of several 

months (Panov et al., 2002). 

1.2.3 Trafficking 

Another major contribution to the pathology of HD arises from insufficient distribution of 

mitochondria in neurons, which is, in general, caused by impaired mitochondrial trafficking 

along axons and dendrites. Medium spiny neurons are polarized cells with long projections and 

might therefore be more susceptible to trafficking defects. In healthy neurons, mitochondria 

arrange into filamentous structures varying in length (⁓2–25 μm), which move along 

microtubules, either anterogradely – in the direction from cell body – or retrogradely – in the 

direction towards the cell body. Such trafficking is secured by ATP-dependent motor proteins. 

Anterograde movement is regulated by kinesins, and retrograde movement is regulated by 

dynein-dynactin complex (Hollenbeck and Saxton, 2005).  

HTT interacts with several proteins involved in axonal transport, secretion, and endocytosis, 

such as adaptin, HTT-interacting protein (HIP), HTT-associated proteins (HAP), endophilin 3, 

dynamin, and clathrin (Borrell-Pagès et al., 2006; Kaltenbach et al., 2007; Li et al., 1995; Pal 

et al., 2006; Sittler et al., 1998; Wanker, 2002). A rescue experiment performed on human HD 

fibroblasts and STHdhQ111 mouse striatal cells showed that mHTT causes alterations in early 

endosome motility due to upregulation of HAP40. HTT-HAP40 complex is a direct 
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downstream effector of a key regulator of endocytosis, Rab5. HAP40 upregulation leads to the 

displacement of early endosomes from microtubules and their preferential association with 

actin filaments, thereby causing reduced motility (Pal et al., 2006). Furthermore, HTT was 

shown to induce axonal transport in neurons by linking vesicles with p150Glued dynactin subunit 

via HAP1. However, the polyQ within mHTT induces transport deficits by disrupting the 

dynein motor complex, which results in the reduced transport of BDNF and increased 

vulnerability of striatal neurons to death (Gauthier et al., 2004). In the presence of mHTT, 

HAP1 interacts with p150Glued with increased strength, leading to a displacement of molecular 

motors from microtubules and halting of transport (Gunawardena et al., 2003). Importantly, 

HTT together with HAP1 were identified as regulators of autophagosome transport. However, 

mHTT has stronger association with HAP1 than HTT, affecting fusion of autophagosome and 

lysosome (Li et al., 1995; Wong and Holzbaur, 2014). Furthermore, fragments of HTT N-

terminus form aggregates. These aggregates accumulate and physically block the transport of 

organelles, such as mitochondria (Borrell-Pagès et al., 2006).  

1.2.4 Dynamics 

Another key aspect underlying efficient distribution of mitochondria is the fact that 

mitochondria are exceptionally dynamic organelles. In neurons, as well as in many other cell 

types, mitochondria can be observed as short tubular structures, which move, divide, and fuse, 

thus forming an interconnected network (Kageyama et al., 2011). This dynamic remodeling of 

mitochondria is achieved by balancing two opposing forces – fusion and fission. The primary 

intention behind these two processes is to regulate organelle size, shape, number, as well as the 

beforementioned distribution (Itoh et al., 2013; Knott and Bossy-Wetzel, 2008).  

Fusion and fission are regulated by evolutionary conserved, large GTPases of the dynamin 

family of proteins. Fission is mainly regulated by the dynamin-related protein 1 (DRP1), which 

is mostly localized in the cytoplasm, but a small part shuttles to the outer mitochondrial 

membrane (OMM), thus facilitating mitochondrial division. Like dynamin, Dynamin 1 

(Dnm1), yeast DRP1 ortholog, assembles into ring and spiral-shaped multimeric complexes, 

which enables lipid membrane constriction. This postulated model also applies to DRP1, 

suggesting that DRP1 forms rings or spirals, which surround the OMM with the help of 

mitochondrial fission 1 protein (FIS1) and other cofactors (Ingerman et al., 2005). While Fis1 

is essential for mitochondrial fission in yeast, knockdown of FIS1 in HeLa cells did not interfere 

with the localization of DRP1 to mitochondria (Lee et al., 2004). However, some data suggest 
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that FIS1 directly interacts with DRP1 and plays a role in the regulation of excessive fission 

induced by oxidative stress (Qi et al., 2013). 

In contrast to fission, mitochondrial fusion requires machinery for both the fusion of inner and 

outer membrane. This machinery consists of three major participators – also from the family of 

GTPase proteins – two OMM-localized proteins Mitofusin 1 and 2 (MFN1 and 2) and one inner 

mitochondrial membrane (IMM) localized protein optic atrophy 1 (OPA1) (Chen et al., 2003; 

Olichon et al., 2002). Another role of OPA1 is the maintenance of cristae microarchitecture 

(Pernas and Scorrano, 2016). OPA1 exists in two major isoforms, long and short. The long form 

OPA1 (L-OPA1) contains a transmembrane domain, which anchors it in the IMM. The short 

form (S-OPA1) is produced by proteolytic processing of L-OPA1, where the transmembrane 

domain is detached.  

Cardiolipin (CL) is a mitochondria-specific phospholipid, which acts as a specific binding site 

for L-OPA1. Moreover, CL has been shown to be involved in mitochondrial fission, where it 

stimulates the oligomerization of DRP1 and oligomerization induced GTP hydrolysis (Ban et 

al., 2018, 2017; Kameoka et al., 2018). Moreover, both HTT and mHTT bind directly to CL. 

Mutant huntingtin binds with increased affinity, which may contribute to the HD pathogenesis 

(Kegel et al., 2009).  

HTT was described to have interactions with many components of the fusion and fission 

machinery. Expression levels of several of these proteins were altered in post mortem brain 

tissue of HD patients, possibly due to interaction with mHTT. While the expression of OPA1, 

TOMM40, MFN1, and MFN2 was decreased, the expression of DRP1 and FIS1 was increased 

(Shirendeb et al., 2011). Furthermore, Shirendeb et al. also described the direct interaction of 

mHTT (but not HTT) and DRP1 in BACHD mouse model  

(Shirendeb et al., 2012). These interactions may explain the impairment of mitochondrial 

fusion/fission machinery often observed as the fragmentation of mitochondrial networks in HD 

cell lines.   

1.2.5 Protein Import 

Human mitochondria contain about 1500 different proteins. While majority of these proteins is 

expressed on the cytosolic ribosomes, about 1% of the proteins is still expressed on ribosomes 

in the matrix. Mitochondrial proteins synthesized in the matrix were most probably derived 

from the prokaryotic ancestor of mitochondria and are essential for the function of 

mitochondria, as these proteins represent components of the oxidative phosphorylation 
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machinery (Pagliarini et al., 2008). Thereby, the rest, which is expressed in cytosol, remains to 

be translocated into mitochondria. This protein import relies on a system of mitochondrial 

complexes, which consist of translocases of the outer membrane (TOM) and translocases of the 

inner membrane (TIM) (Chacinska et al., 2009). 

Cells from presymptomatic R6/2 HD mice and grade 2 HD patients exhibited protein import 

defect, which was caused by the interaction of mHTT and TIM23. In addition, inhibition of 

mitochondrial protein import in primary neurons triggered neuronal death, and the 

augmentation of mitochondrial import rescued neurons from mHTT-induced death (Yano et al., 

2014).  

1.2.6 Transcriptional dysregulation 

In the past, mHTT was reported to cause dysregulation of transcription through interference 

with transcription factors, occupation of promoters, and by direct binding to DNA (Benn et al., 

2008; Steffan et al., 2000). In contrast to HTT, mHTT in addition to being found in the cytosol 

can also be found in the nucleus (Cha, 2000). Mutant HTT was shown to repress the 

transcription of the PGC-1α gene by interfering with the CREB/TAF4-dependent 

transcriptional pathway, which is important for the modulation of PGC-1α gene expression (Cui 

et al., 2006).  The PGC1-α co-activator is a key player in the transcriptional control of 

mitochondrial biogenesis and respiratory function, as it targets several transcriptional factors, 

such as NRF-1 and NRF-2 among others (Scarpulla, 2011).  

HTT is also involved in cell survival and apoptotic signaling. HTT prevents cell death by 

desensitizing cells to a variety of pro-apoptotic stimuli, such as serum withdrawal, death 

receptors, and pro-apoptotic Bcl-2 homologs (Rigamonti et al., 2000). However, mHTT makes 

neuronal cells more susceptible to cell death by increasing transcriptional activity and nuclear 

levels of p53 (Bae et al., 2005). Furthermore, mHTT mitigates p53 binding to DRP1, which 

induces DRP1-mediated mitochondrial and neuronal damage (Guo et al., 2013). Evidence also 

suggests that p53 can regulate autophagic activity and specifically mitophagy (Wang et al., 

2014). 

So far, the dysregulation of these two previously mentioned transcription factors has been 

thoroughly studied in HD, mainly for their participation in mitochondrial impairment, 

apoptosis, and neurodegeneration (Oliveira, 2010).  Recently, a novel role for Heat Shock 

transcription Factor 1 (HSF1) as a converging mechanism that integrates responses mediated 

by both PGC1-α and p53 has been proposed. However, levels of HSF1 and its activity are 
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heavily reduced in cell and mouse models of HD, as well as in the striatum of patients with HD 

(Chafekar and Duennwald, 2012; Gomez-Pastor et al., 2017; Hay et al., 2004; Labbadia et al., 

2011; Maheshwari et al., 2014; Riva et al., 2012). HSF1 has been previously linked to 

mitochondrial dysfunctions and PGC-1α expression. It is thereby possible that the depletion of 

HSF1 could be a contributing factor to impairment of PGC-1a expression in HD (Intihar et al., 

2019).  

1.3 Related Diseases 
The deposition of misfolded aggregated proteins is a common denominator for most of the late-

onset, progressive neurodegenerative disorders, such as Parkinson, Alzheimer’s, HD, as well 

as transmissible spongiform encephalopathies (Brundin et al., 2010). The disease-causing 

proteins are characteristic for the disease and are thereby diverse in their primary sequence, as 

well as in their native state. Whether it is huntingtin in HD, β amyloid and tau in AD, α synuclein 

in PD and prion protein (PrP) in transmissible spongiform encephalopathies, all these proteins 

share a common feature – they remain soluble for a long time and then start to assemble in 

amyloid-like fibrils in aged neurons (Münch and Bertolotti, 2012). 

Hydrophobic amino acid side chains, which are buried inside of a protein under native 

conditions, get exposed on the exterior surface of a protein. Exposition to this new environment 

makes them prone to self-aggregation, which promotes further association with soluble protein 

monomers. Once formed, such aggregates can become transmissible and are called prions 

(Prusiner, 1998). The ability of recruiting and incorporating soluble protein into aggregates in 

a process called “seeding” and is shared amongst mentioned proteins. However, the exact 

mechanism of PrP propagation and transmission probably differs from α-synuclein, tau, and 

huntingtin, most likely due to their distinctive localization (Brundin et al., 2010).  

There are mechanisms that will help cells cope with the continuous synthesis of mutant, 

aggregation-prone proteins for decades. During this latent period, these mechanisms, such as 

ubiquitin-proteasome system (UPS) and autophagy, will slow down the formation of 

aggregation-inducing nuclei (Dimcheff et al., 2003; Heiseke et al., 2010). However, the 

aggregation-prone proteins will eventually leave the lag phase, escape the governing quality 

control mechanisms, and cells will start to exhibit signs of neuropathology. 
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2 Mutant Huntingtin and Mitochondria Quality Control 

2.1 Autophagy 
Autophagy was described in mammalian cells almost 60 years ago as a means of delivering 

cytoplasmic components and organelles to the lysosome for degradation (Deter et al., 1967; 

Klionsky, 2007; Mizushima, 2007). Autophagy can be divided into three general types – 

macroautophagy, microautophagy, and chaperone-mediated autophagy. However, the term 

autophagy usually refers to the process of macroautophagy, if not specified otherwise. Despite 

autophagy being further classified into more subtypes, including selective types of autophagy, 

it is generally considered as a nonselective degradation system, when speaking of nutrient-

deprivation-induced autophagy. This event is characterized mainly by the formation of a cup-

shaped membrane called isolation membrane (or phagophore), which engulfs a random portion 

of cytoplasm. Interestingly, the origin of the membrane is questionable, as one theory presumes 

regions of the rough endoplasmic reticulum (ER) devoid of ribosomes as the place of origin, 

and the other states that isolation membrane is a structure free of Golgi and ER markers that 

origins de novo. The isolation membrane grows and its both ends fuse together, forming a 

double membrane vesicle called autophagosome (Martinez-Vicente, 2017).  The content of 

such vesicle is later degraded, as the outer membrane of the autophagosome fuses with the 

lysosomal membrane. This feature puts autophagy in contrast to the ubiquitin-proteasome 

degradation system, which degrades only specifically marked proteins. 

Basal autophagy needs to be maintained at steady levels to preserve cellular homeostasis. 

Neither low nor high levels represent a benefit. On the contrary, upregulated autophagy may be 

linked to senescence or shortened lifespan (Benedetto and Gems, 2019; Bjedov et al., 2020). 

However, autophagy is drastically upregulated when cells are facing stress conditions, such as 

nutrient deprivation, oxidative stress, hypoxia etc., and removes damaging cytoplasmic 

components and pathogens, while providing missing nutrients (Martinez-Vicente, 2017). 

As mentioned above, autophagy can be further categorized based on its selectivity. Selective 

autophagy might be induced by a different set of signals and requires specific adaptor proteins 

to target the substrate (Martinez-Vicente, 2017). There is plethora of substrates recognized by 

selective autophagy, and the specific type of selective autophagy is named after its targeted 

substrate, e.g. ribosomes and ribophagy, peroxisomes and pexophagy, or mitochondria and 

mitophagy (Dunn et al., 2005; Kim et al., 2007; Kraft et al., 2008). 
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2.1.1 Core Autophagy Machinery 

The autophagic machinery consists of evolutionary conserved autophagy related (Atg) proteins 

that were first identified in yeast (Tsukada and Ohsumi, 1993). So far, more than 30 of these 

proteins have been identified, of which 18 have been described as fundamental for 

autophagosome formation (Kabeya et al., 2007; Suzuki et al., 2007). Based on their function, 

these proteins were assorted into five respective groups: 1) The Atg1 protein kinase complex 

(Atg1, Atg13, Atg17, Atg29, and Atg31), 2) The Vps34 phosphatidylinositol 3-kinase complex 

(PI3K) (Atg6/Vps30 (Beclin 1 in mammals), Atg14, Vps15, and Vps34), 3) Atg9 and the Atg2-

Atg18 complex, 4) The Atg8 conjugation system (Atg3, Atg4, Atg7, and Atg8), 5) The Atg12 

conjugation system (Atg5, Atg7, Atg10, Atg12, and Atg16) (Noda et al., 2009).  

In Saccharomyces cerevisiae, most of these fundamental proteins sequester to a perivacuolar 

site called the autophagosome assembly site, or pre-autophagosomal structure (PAS) (Kabeya 

et al., 2007; Kawamata et al., 2008; Suzuki et al., 2007, 2001). 

Atg1 protein kinase complex is essential for the initiation of starvation-induced autophagy. In 

budding yeast, Atg1 forms a pentameric complex consisting of Atg1, Atg13, Atg17, Atg29, and 

Atg31, whereas its mammalian homolog Unc-51-like kinase (ULK1) forms a tetrameric 

complex consisting of ULK1, ATG13, ATG101, and FIP200. The kinase activity of the Atg1 

complex is regulated by several kinases that sense nutrient status, such as target of rapamycin 

(TOR) kinase complex 1 and AMP-activated protein kinase (Noda and Fujioka, 2015). Under 

growing conditions, Atg13 is hyperphosphorylated. However, it gets promptly 

dephosphorylated due to Tor kinase inactivation caused by nitrogen starvation or rapamycin 

treatment. In response to the dephosphorylation, Atg13 binds to Atg1 and activates its kinase 

activity. Atg17 constitutively assembles into a complex with Atg29 and Atg31 (Kabeya et al., 

2005; Kamada et al., 2000; Kawamata et al., 2008).  

The recruitment of the PI3K complex I to the PAS is determined by Atg14, Atg9, and Atg13 

(Obara et al., 2006; Suzuki et al., 2007). Subsequent production of phosphatidylinositol 3-

phosphate at the PAS results in the recruitment of Atg2 and Atg18 (Obara et al., 2008). As 

Atg9, Atg2, and Atg18 relocate to the growing edge of the phagophore, ATG2 tethers the edge 

of IM to ER, especially at the place of COPII vesicle formation (ER exit site; ERES) (Graef et 

al., 2013; Suzuki et al., 2013). Furthermore, recent research presented evidence that Atg2 

possesses a hydrophobic cavity in its conserved N-terminal region that can accommodate 

phospholipid acyl chains, suggesting that Atg2 allows phospholipids to be transferred from the 

ER membrane to the cytoplasmic leaflet of IM (Osawa et al., 2020, 2019; Valverde et al., 2019). 
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Nonetheless, some of these phospholipids need to be further transferred to the luminal leaflet 

of IM to allow its growth. Atg9 is the only transmembrane protein in the core autophagy 

machinery and colocalizes with Atg2 at the edge of IM, where it mediates bidirectional 

transport of phospholipids between the IM inner and outer leaflet (Matoba et al., 2020). 

Among the 18 Atg proteins of the core autophagy machinery, 8 establish two ubiquitin-like 

conjugation systems: the Atg8 and Atg12 systems (Ohsumi, 2001). The Atg12 system 

comprises five Atg proteins: Atg5, Atg7, Atg10, Atg12, and Atg16 (Mizushima et al., 1999, 

1998; Shintani et al., 1999). Atg7 acts as an E1-like enzyme that activates Atg12 (Mizushima 

et al., 1998). Atg12 is afterwards transferred to an E2-like enzyme - Atg10 (Shintani et al., 

1999). Glycine at the C-terminal of Atg12 is then conjugated to the side chain of Lys149 of 

Atg5 (Mizushima et al., 1998). Interestingly, there have not been reported any E3-like enzymes 

for this conjugation reaction. Also, there are no processing or deconjugating enzymes for Atg12, 

and the Atg12-Atg5 conjugate forms constitutively in vivo. This conjugate further groups into 

a complex with a dimeric protein, Atg16 (Atg16L in plants and mammals), through noncovalent 

bonding of Atg5 and Atg16 (Fujioka et al., 2010; Mizushima et al., 2003, 1999). 

The Atg8 conjugation system composes of four Atg proteins: Atg3, Atg4, Atg7, and Atg8 

(microtubule-associated protein light chain 3; LC3 in mammals) (Ichimura et al., 2000; Kabeya 

et al., 2000). First, the C-terminus of a newly synthesized Atg8 is processed by Atg4, a cysteine 

protease, exposing new C-terminus conforming of glycine at its end (Kirisako et al., 2000). 

Such protein is then activated by Atg7, an E1-like enzyme  used by both conjugating systems, 

and passed on to Atg3, an E2-like enzyme. The glycine at the C-terminus of Atg8 can then be 

conjugated to the amine moiety of phosphatidylethanolamine (PE) (Ichimura et al., 2000). Here, 

the Atg12-Atg5-Atg16 complex, the product of the Atg12 system formed in the last step, steps 

into the light. It acts as an E3-like enzyme and promotes the conjugation of Atg8 to PE (Hanada 

et al., 2007). Conjugation of Atg8 and PE is reversible, and the deconjugation can be carried 

out by Atg4 again (Kirisako et al., 2000). 

2.2 Mitophagy 
Autophagy does not only serve to compensate for nutrient deprivation. On the contrary, cargo-

specific autophagy operates under conditions rich in nutrients and ensures the elimination of 

superfluous or dysfunctional organelles to maintain their size, number, and quality control, as 

well as the elimination of protein aggregates that could otherwise have toxic effect. 
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The term mitophagy was coined by Lemasters and colleagues and refers to the engulfment of 

mitochondria by a vesicular structure containing the autophagosome marker, LC3 (Atg8 in 

yeast). First evidence of mitophagy were provided by early electron microscopy (EM) studies 

performed on mammalian hepatocytes, where increased mitochondrial sequestration into 

lysosomes was observed (Kim et al., 2007; Lemasters, 2005). 

Mitophagy in both yeast and mammalian cells follows mitochondrial fission, which separates 

elongated mitochondrial networks into individual mitochondria of feasible size for their 

encapsulation (Nowikovsky et al., 2007; Twig et al., 2008; Westermann, 2010). Mitochondrial 

fission also provides selective partition of damaged mitochondrial material targeted for removal 

by mitophagy. Apart from quality control, mitophagy secures a steady-state turnover of 

mitochondria to meet altering metabolic demands and to maintain the number of mitochondria 

during specific developmental stages of mammalian cells, such as red blood cell differentiation 

(Schweers et al., 2007). Based on the proteins that are utilized, mitophagy is classified as 

receptor-mediated and ubiquitin-mediated mitophagy. 

2.2.1 Receptor Mediated Mitophagy 

In yeast, mitophagy is induced during nitrogen deprivation or when grown to stationary phase 

(Kanki and Klionsky, 2008; Okamoto et al., 2009; Tal et al., 2007). The main mediator of 

mitophagy in this organism is Atg32, a protein anchored to OMM via its single transmembrane 

domain (Kanki et al., 2009; Okamoto et al., 2009). While Atg32 is dispensable for most 

autophagy-related mechanisms, such as bulk autophagy, ER-phagy, pexophagy, and cytoplasm-

to-vacuole targeting pathway, it is specifically important for mitophagy. Once mitophagy is 

induced, transcriptional levels of Atg32 increase, and as the protein accumulates on the OMM, 

it forms a complex with Atg8 and Atg11. Whereas no homologs of Atg32 were found in 

mammalian cells, BCL2L13/Bcl-rambo acts as a functional counterpart of the yeast receptor 

(Murakawa et al., 2015). 

In mammals, mitophagy is induced by different stimuli. Probably the most potent trigger of 

mitophagy in mammals is mitochondrial membrane potential disruption (Elmore et al., 2001). 

As well as Atg32 in yeast, mitophagy receptors are expected to sequester on the OMM. Indeed, 

treatment with ionophores depolarizing mitochondrial membrane, such as Carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) and antimycin A, promotes accumulation of mitophagy 

receptors on the OMM. These receptors are integral membrane proteins that comprise a 

conserved LC3-interacting region (LIR) motif in its cytosolic domain, which promotes binding 

to LC3. There are two main types of mitophagy receptors – first group containing BNIP3 
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(BCL2/adenovirus E1B 19 kDa protein-interacting protein 3) and NIX/BNIP3L (BCL2 

Interacting Protein 3 Like), and second group containing FUNDC1 (FUN14 Domain 

Containing 1) (Liu et al., 2012; Murakawa et al., 2015; Sandoval et al., 2008; Schweers et al., 

2007).  

BNIP3 functions as a mitophagy receptor under hypoxic conditions (Tracy et al., 2007). 

Usually, BNIP3 is expressed as an inactive monomer in the cytosol. However, under stress 

conditions, BNIP3 forms a homodimer and gets integrated into the OMM (Chen et al., 1999). 

Mutations, which hinder the ability to form homodimers but have no effect on mitochondrial 

localization, disrupt mitophagy, implying that homodimerization of BNIP3 is essential for 

efficient elimination of mitochondria by mitophagy (Hanna et al., 2012).  NIX shows great 

amount of homology to BNIP3, as they share 53-56% of the amino acid sequence (Chen et al., 

1999). NIX deficient mice suffer from anemia with reduced mature erythrocytes that showed 

mitochondrial retention and decreased lifespan (Sandoval et al., 2008). Cell nucleus, 

mitochondria, and other intracellular organelles get degraded during late phase of erythrocyte 

maturation to allow free space for hemoglobin to deliver as much oxygen as possible. NIX 

expression levels are highly increased during this phase, which ensures mitochondrial clearance 

(Novak et al., 2010). 

FUNDC1 is an integral protein of the OMM that plays a key role as a receptor for hypoxia-

induced mitophagy. FUNDC1 uses LIR motif to interact with LC3 as well. Mutations in this 

motif disrupts its ability to interact with LC3, thereby causing mitophagy impairment. 

Phosphorylation by Src kinase at Tyr18 and casein kinase-2 at Ser13 in the LIR motif also 

prevent FUNDC1 induced mitophagic activity (Chen et al., 2014). However, Src kinase is 

inactivated under hypoxic conditions and FUNDC1 gets dephosphorylated, thereby 

upregulating mitophagy. Bcl-xL, an anti-apoptotic protein of the Bcl-2 family, also inhibits 

mitophagy through its interaction with PGAM5, a mitochondrial phosphatase that 

dephosphorylates FUNDC1 at Ser13 (Wu et al., 2014). PGAM5 knock-out mice develop 

Parkinson’s disease-like symptoms, as PGAM5 aids Parkin recruitment due to stabilization of 

serine-threonine kinase important for the induction of mitophagy, phosphatase and tensin 

homolog induced putative protein kinase 1 (PINK1), on mitochondria (Lu et al., 2014). This 

report may suggest a closer cooperative mechanism between FUNDC1 and PINK1/Parkin 

mitophagy that needs to be further elucidated.  
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2.2.2 Ubiquitin-mediated Mitophagy 

Receptor-mediated mitophagy often operates in a very specific manner, e.g. the function of NIX 

in the maturation of reticulocytes. In contrast, PINK1/Parkin pathway is considered to be the 

major player in the maintenance of mitochondrial quality and elimination of damaged 

mitochondria. 

Under physiological conditions, PINK1 is imported into IMM via its N-terminal mitochondria 

targeting sequence (MTS), which is subsequently cleaved by the matrix processing peptidase 

(MPP) (Greene et al., 2012). The transmembrane domain is then cleaved between Ala103 and 

Phe104 by the presenilin-associated rhomboid like (PARL) protease (Jin et al., 2010; Meissner 

et al., 2011). The rest of the protein is then promptly degraded according to the N-rule (Yamano 

and Youle, 2013). However, upon the dissipation of the mitochondrial membrane potential, 

PINK1 cannot be transported completely and accumulates on the OMM (Lazarou et al., 2012). 

Accumulated PINK1 forms dimers and undergoes autophosphorylation at Ser228 and Ser402, 

activating itself and leading to downstream phosphorylation events that include the recruitment 

of an E3-ligase Parkin to mitochondria (Okatsu et al., 2012). However, this signal itself is not 

sufficient to induce mitophagy. Thereby PINK1 also phosphorylates free ubiquitin as well as 

ubiquitin chains at Ser65, which serves as a major signal promoting mitophagy (Okatsu et al., 

2012). After Parkin’s full activation, it polyubiquitinates several proteins of the OMM mainly 

via K48- and K63-linkages. The K48-linkage is generally considered to the activating agent for 

degradation by the UPS system. K48-chains ensure the isolation of mitochondria through 

inhibiting fusion and promoting fission. K63-linkage is thought to function in the recruitment 

of adaptor proteins like sequestosome1 (SQSTM1, also known as p62) (Narendra et al., 2010). 

Adaptor proteins interconnect polyubiquitinated mitochondria and Atg8-like proteins such as 

LC3 and gamma-aminobutyric acid receptor-associated proteins (GABARAPs) (Stolz et al., 

2014). Originally, SQSTM1 was identified as the main PINK1/Parkin-mediated mitophagy 

adaptor. However, later studies reported SQSTM1/p62 to be dispensable for mitophagy yet 

necessary for clustering of impaired mitochondria (Narendra et al., 2010). A more recent study 

by Lazarou et al., showed that out of five adaptors identified in mitophagy only two (optineurin, 

OPTN; nuclear dot protein 52 kDa, NDP52) were primary adaptors essential for mitophagy. 

These two primary adaptor proteins were recruited to mitochondria in the absence of Parkin. 

As mentioned above, Parkin-mediated mitophagy is induced by the PINK1-mediated 

phosphorylation of Ser65 in the ubiquitin-like (UBL) domain of Parkin, but also Ser65 of 

ubiquitin. Therefore, PINK1-dependent generation of phospho-ubiquitin results in the 



15 
 

recruitment of OPTN and NDP52 via their ubiquitin binding domains. While adaptor proteins 

are generally associated with the attaching of LC3 to ubiquitinated cargo, both OPTN and 

NDP52 were indicated in autophagy machinery recruitment upstream of LC3 (Lazarou et al., 

2015). However, SQSTM1/p62 is still being implied to have a key role as a mitophagy adaptor 

protein due to its increased expression via the Nrf2 and TFEB pathways during PINK1/Parkin 

mitophagy (Ivankovic et al., 2016). Furthermore, both HTT and mHTT were indicated to 

interact with SQSTM/p62, depicting them as conserved binding partners, thereby increasing its 

significance to HD-related PINK/Parkin mitophagy (Martinez-Vicente et al., 2010). 

Differences in expression levels of adaptor proteins suggest varying importance in different 

human tissues. Particularly interesting are the expression levels of OPTN, which are highest in 

brain and testis (Lazarou et al., 2015). OPTN is a primary adaptor protein, and its abnormal 

interaction with mHTT would result in low levels of free OPTN and therefore defective 

mitophagy. Low rates of mitophagy caused by decreased levels of free OPTN could possibly 

explain why mainly brain and testis are affected in HD.  

2.2.3 mHTT Impairs Mitophagy 

HTT is engaged in several steps of mitophagy, acting as a scaffold protein that promotes 

physical proximity of protein complexes involved in the initiation of mitophagy and recruiting 

adaptor proteins to promote sequestration of damaged mitochondria by nascent 

autophagosomes. However, these functions are affected when the extended polyQ tract in HTT 

is present, resulting in unsuccessful loading of autophagosomes and therefore accumulation of 

dysfunctional mitochondria and increased oxidative stress (Khalil et al., 2015; Martinez-

Vicente et al., 2010).  

2.2.3.1 mHTT and ULK1 

The C-terminal domain of HTT is similar to the structure of yeast Atg11, an autophagic protein 

that acts as a scaffold, allowing HTT to interact with human homologs of Atg11 interaction 

partners, such as the ULK1 kinase complex, adaptor proteins, and the Atg8 family of proteins 

(Ochaba et al., 2014). In mammalian cells, mitophagy is initiated through events including the 

formation of the ULK1-Atg13-FIP200 complex, which’s activity is inhibited by the mammalian 

TOR complex 1 (mTORC1). Starvation or rapamycin treatment results in mTORC1 inhibition 

and thus the activation of ULK1. Furthermore, both mTORC1 and HTT comprise several 

HEAT repeats and HTT is thereby able to compete with mTORC1 for ULK binding. The 

ULK1-HTT complex is exclusive to the mTORC1 complex and the displacement of mTORC1 

allows total activation of selective autophagy (Rui et al., 2015).  However, mHTT exhibits 
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reduced affinity to ULK1 compared to HTT, which interferes with the shift of ULK1 from 

MTORC1 to the HTT scaffolding complex (Franco-Iborra et al., 2021).  

2.2.3.2 mHTT and p62 

Second major problem uprises when successfully formed autophagosomes are expected to 

uptake their cargo (Martinez-Vicente et al., 2010). Indeed, autophagosomes fail to load with 

lipid droplets and mitochondria in HD (Fig. 2). Colocalization assay performed on HdhQ111 

cells showed significantly reduced translocation of mitochondria to LC3-positive 

autophagosomes (Khalil et al., 2015). The Atg11-like C-terminal HTT fragment also allows it 

to interact with SQSTM1/p62. As Ochaba et al. described, this fragment copurified with 

SQSTM1/p62, as this adaptor protein is an ortholog of yeast Atg19, a protein known to interact 

with Atg11 (Ochaba et al., 2014). Thereby, an abnormal interaction of SQSTM1/p62 and 

mHTT may cause such hinderance in the process of mitophagy. 

 

Fig. 2. mHTT impairs PINK1-Parkin mitophagy at the cargo sequestration step. When 

exposed to stress conditions, PINK1 gets stabilized on the OMM, which results in the 

recruitment of E3 ubiquitin ligase Parkin. After its accumulation on mitochondria, Parkin 

ubiquitinates several components of the OMM. At the same moment, PINK1 further 

phosphorylates both Parkin and ubiquitin, which generates a positive feedback loop. Under 

physiological conditions, adaptor proteins, such as SQSTM1/p62, OPTN, and NDP52 

recognize phosphoubiquitin marks on OMM proteins, leading to subsequent translocation of 

mitochondria onto autophagosome through the binding of the adaptor protein and 

autophagosome marker LC3. However, this step is hindered in HD due to an abnormal 

interaction of mHTT and adaptor proteins. Besides Parkin, PINK1 also phosphorylates other 

proteins, as for example the motor-adaptor protein MIRO and Mitofusin 1 and 2. As these 
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proteins are a substrate for parkin as well, they get modified and undergo proteasomal 

degradation, which modulates certain aspects of mitochondrial dynamics and motility. LC3 - 

microtubule-associated protein light chain 3, MFN – mitofusin, MIRO - mitochondrial Rho 

GTPase, mHTT – mutated huntingtin, NDP52 – nuclear dot protein 52, OPTN – optineurin, 

PINK1 - PTEN-induced putative kinase 1, SQSTM1/p62 - sequestosome 1. Image taken from 

Sonsky et al., 2021 (Šonský et al., 2021) 

2.2.4 Targeting Mitophagy In Vitro 

The fact that impaired mitophagy, which results in the accumulation of dysfunctional 

mitochondria in neurons, markedly increases the pathogenesis of several neurodegenerative 

diseases, unveils the truth that modulating mitophagy may have implications for therapeutical 

use. Although mitophagy has attracted substantial research interest in the recent past, we still 

lack understanding of the molecular mechanisms due to the limited availability of suitable 

chemical substances that induce mitophagy. 

Current conventional approaches utilize mitochondrial uncouplers (for example, Carbonyl 

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) or CCCP) that cause collapse of 

mitochondrial membrane potential (ΔΨm) or antimycin A and oligomycin that impair 

respiration to induce mitophagy. While both approaches certainly do induce mitophagy, they 

do so in a physiologically noncompliant manner that limits our insight into the delicate 

regulatory mechanisms.  

2.2.4.1 Nrf2 Inducing Drugs 

Nuclear transcription factor E2-related factor 2 (Nrf2) is a transcription factor that has attracted 

interest for improving mitochondrial function and health. Genetically or pharmacologically 

increased Nrf2 activity results in numerous positive effects on mitochondria (Dinkova-Kostova 

and Abramov, 2015). Nrf2 supervises the expression of several cytoprotective genes that 

contain antioxidant response elements (AREs) in their promoter regions. Two of them with 

notable relevance to both general and selective autophagy are SQSTM1/p62 and NDP52 (Jain 

et al., 2010; Jo et al., 2014). Hence, the recently increasing effort to induce mitophagy via the 

Nrf2 pathway. 

2.2.4.1.1 Sulforaphane 

Sulforaphane (1-isothiocyanoate-4-[methylsulfinyl]-butane, SFN) is an isothiocyanate 

compound selectively inducing phase II detoxication enzymes and is naturally produced by 

certain cruciferous vegetable, such as SAGA broccoli (Brassica oleracea italica) (Fahey and 
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Talalay, 1999; Zhang et al., 1992).  SFN induces Nrf2 activity by disabling the interaction with 

its negative regulator Kelch-like ECH-associated protein 1 (Keap1), a redox-sensitive protein 

serving as an adaptor for the cullin 3–Rbx1 ubiquitin ligase complex, which promotes 

ubiquitination and degradation of Nrf2 by the proteasome (McMahon et al., 2003). Due to the 

electrophilic nature of SFN, it can interact with protein thiols, generating thionoacyl adducts. 

This allows SFN to covalently modify sensor Cys residues in Keap1, affecting the Nrf2/Keap1 

complex and thereby stabilizing Nrf2 by preventing its degradation in proteasome (Hong et al., 

2005; McMahon et al., 2003). Despite the Nrf2-mediated upregulation of SQSTM1/p62 and 

NDP52, SFN interferes with mitochondria targeted ubiquitination, which has negative impact 

on recruitment of the aforementioned adaptor proteins. SFN is overall a very reactive compound 

and is capable of irreversibly altering plethora of redox sensitive proteins, which may jeopardize 

the Nrf2-mediated effects on mitochondrial biogenesis and quality control (Georgakopoulos et 

al., 2017).  

2.2.4.1.2 HB299/PMI 

Relatively recently identified activator of mitophagy is a small molecule compound called the 

p62/SQSTM1-mediated mitophagy inducer (PMI). PMI activates mitophagy independently of 

ΔΨm collapse or without recruiting Parkin to mitochondria (East et al., 2014). In contrast to the 

routinely used compounds, PMI represents a more suitable tool to selectively induce mitophagy 

without compromising the bio-energetic state of the cell. PMI activates Nrf2 by disrupting the 

protein-protein interaction (PPI) between Nrf2 and Keap1 (Wells, 2015). This interaction is 

based on the ‘hinge and latch’ principle, where a high affinity 79ETGE82 motif and a lower 

affinity 26QDIDLG31 ‘latch’ motif in the N-terminal Neh2 domain of Nrf2 interact with two 

spots in KEAP1. In order to proceed with the ubiquitination of Lys residues in the Neh2 domain, 

KEAP1 first interacts with the high affinity ‘hinge’ motif and forms an open conformation, and 

then it interacts with the ‘latch’ motif, forming a closed conformation of the Keap1-Nrf2 

complex (Baird et al., 2013). After forming the closed conformation, the Cullin 3 complex can 

promote the proteasomal degradation of Nrf2 (Furukawa and Xiong, 2005). PMI binds to the 

low affinity DLG motif, thereby preventing Keap1 from binding and forming the closed 

conformation (Bertrand et al., 2015).  

2.2.4.1.3 MIND4-17 

Nonetheless, PMI is not commercially available for purchase, and more mitophagy inducing 

compounds need to be identified. After reviewing several compounds, one of them appeared as 

highly convenient for this cause. MIND4-17 is a thiazole-containing compound that was able 



19 
 

to induce Nrf2 activation response in neuronal and non-neuronal cells. Furthermore, application 

of this compound reduced production of reactive oxygen species (ROS) and nitrogen 

intermediates and exhibited neuroprotectivity in ex vivo HD rat corticostriatal brain slices and 

Drosophila models of HD (Quinti et al., 2016). Yet, its effect on mitophagy has not been 

studied. MIND4-17 comprises an electron-withdrawing group containing a sulfur atom and 

electron-deficient aromatic system, through which it can covalently modify an important stress-

sensor cysteine (Cys151) in the Broad complex, Tramtrack, and Bric-à-Brac (BTB) domain of 

KEAP1. Substituting the S atom with an O or C atom resulted in a completely inactive analog, 

showing the essentiality of the S atom for inducer activity. Furthermore, during the quantitative 

cysteine reactivity profiling, only four from a subset of >300 reactive cysteine-containing 

peptides exhibited increased change in reactivity after treatment with MIND4-17, implicating 

its high specificity (Quinti et al., 2017). Such specific and non-toxic upregulation of Nrf2 

activity could compensate for the defective mitophagy (Fig. 3) (Šonský et al., 2021).  
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Fig. 3. Proposed working model of MIND4-17. Image taken from Sonsky et al., 2021 (Šonský 

et al., 2021) 
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3 Aims of the Thesis 
The first aim of the thesis was to assess, whether the small molecule compound MIND4-17 

would be able to increase the flux of autophagy using immunoblotting techniques, and 

whether it would be possible to study autophagy and specifically mitophagy in fibroblasts 

from HD patients.  

The second aim was to identify effect of the MIND4-17 treatment on mitochondria. Using 

spectrophotometry and Seahorse analyzer, we set to determine the rate of mitochondrial 

respiration. Next, we examined effect of the treatment on mitochondrial morphology using 

electron and fluorescent microscopy.  

 Third aim was to observe specific improvement in mitophagy. For that purpose, the goal was 

to prepare cells expressing recombinant EGFP-LC3 protein, pCLBW cox8 EGFP mCherry 

protein, and pTRE-Tight-MitoTimer protein. 
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4 Materials and Methods 

4.1 Material 

4.1.1 Cell Lines 

Cultivated cell lines consisted of a set of human skin fibroblasts (HSF) from 3 patients (P1-P3) 

diagnosed with HD obtained via skin biopsy after their informed consent. Group of control 

fibroblast cell lines resided of HSF from 3 healthy donors (C1-C3). All of the control cell lines 

expressed less than 35 CAG in the IT15 gene and were devoid of any HD associated symptoms. 

4.1.2 Chemicals 

• Acetic acid (Penta, CZ) 

• Acetyl CoA (Sigma-Aldrich, USA) 

• Amino persulfate (APS) 

• Antibiotic-antimycotic (Biosera, Fr) 

• ATP (Sigma-Aldrich, USA) 

• bromophenol blue (Sigma-Aldrich, 

USA) 

• BSA (Sigma-Aldrich, USA) 

• CCCP (Sigma-Aldrich, USA) 

• Chloroquine (Sigma-Aldrich, USA) 

• Coomassie brilliant Blue R-250 

(Sigma-Aldrich, USA) 

• DCPIP (Sigma-Aldrich, USA) 

• decyl ubiquinone (Sigma-Aldrich, 

USA) 

• DMEM (PAN-Biotech, GE) 

• DMSO (Sigma-Aldrich, USA) 

• Doxycycline (Sigma-Aldrich, USA) 

• DTNB (Sigma-Aldrich, USA) 

• EDTA (Sigma-Aldrich, USA) 

• Ethanol (Penta, CZ) 

• FBS (Sigma-Aldrich, USA) 

• Glycerol (Penta, CZ) 

• Glycine (Sigma-Aldrich, USA) 

• HCl (Penta, CZ) 

• Isopropanol (Penta, CZ) 

• KCN (Sigma-Aldrich, USA) 

• KMnO4 (Sigma-Aldrich, USA) 

• Methanol (Penta, CZ) 

• MIND4-17 (Sigma-Aldrich, USA) 

• N’N’-methylene-bis-acrylamide 

(Sigma-Aldrich, USA) 

• NaCl (Penta, CZ) 

• NADH (Sigma-Aldrich, USA) 

• PIC (Sigma-Aldrich, USA) 

• PMSF (Sigma-Aldrich, USA) 

• Precision Plus Protein™ Dual Color 

Standards (Bio-Rad, USA) 

• Rotenone (Sigma-Aldrich, USA) 

• SDS (Sigma-Aldrich, USA) 

• Skimmed milk powder (Laktino, 

CZ) 

• Sodium succinate (Sigma-Aldrich, 

USA) 

• SuperSignal™ West Femto 

Maximum Sensitivity Substrate 

(Thermo Fisher, USA) 

• TEMED (Sigma-Aldrich, USA) 
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• Tet system approved FBS (Sigma-

Aldrich, USA) 

• Tricine (Sigma-Aldrich, USA) 

• Tris-HCl (Sigma-Aldrich, USA) 

• Trisma base (Sigma-Aldrich, USA) 

• Cytochrome c (Sigma-Aldrich, 

USA) 

• Oxalacetate (Sigma-Aldrich, USA) 

• DBH2 (Sigma-Aldrich, USA) 

• Malonate (Sigma-Aldrich, USA) 

• Triton X-100 (Sigma-Aldrich, 

USA) 

• Trypsin (Sigma-Aldrich, USA) 

• Tween-20 (Sigma-Aldrich, USA) 

• Oligomycin (Sigma-Aldrich, USA) 

• 2-deoxy-D-glucose (Sigma-

Aldrich, USA) 

• Glucose (Sigma-Aldrich, USA) 

• FCCP (Sigma-Aldrich, USA) 

• Ampicilin (Sigma-Aldrich, USA) 

• D5030 medium (Sigma-Aldrich, 

USA) 

• RNAse-free water (Top-Bio, CZ) 

• L-glutamine (Sigma-Aldrich, USA) 

• MitotrackerTM Red CMXRos 

(Thermo Fisher, USA) 

• Kanamycin (Sigma-Aldrich, USA) 

• β-mercaptoethanol (Sigma-Aldrich, 

USA)

4.1.3 Antibodies 

Table 1: Primary and secondary antibodies and their concentration used in immunoblotting. 

Primary antibodies and their concentration Secondary antibodies and their concentration 
Anti-LC3B (ab192890, Abcam) – 1/2000 anti-mouse IgG peroxidase conjugate (A8924, 

Sigma Aldrich) – 1/5000 
Anti-SQSTM1/p62 antibody (ab109012, 
Abcam) – 1/10000 

anti-rabbit IgG peroxidase conjugate (A0545, 
Sigma Aldrich) – 1/5000 

Anti-NDP52 antibody (ab68588, Abcam) – 1 
µg/ml 

 

Anti-Optineurin antibody (ab213556, Abcam) – 
1/1000 

 

Anti-GAPDH (ab8245) – 1/10000  
 

4.1.4 Prepared Solutions 

• 10x Running buffer – 250 mM Tris Base; 1.92 mM glycine; 1% (v/v) SDS 

• 2x Separating buffer – 0.75 M HCl, pH 8.8; 0.2% (v/v) SDS 

• 2x Stacking buffer – 0.25 M Tris-HCl, pH 6.8; 0.2% (v/v) SDS  

• Anode buffer (SDS-PAGE) – 100mM Tris-HCl, pH 8,9 

• Bleaching solution for gels - 25% (v/v) methanol; 10% (v/v) acetic acid; dH2O 

• Cathode buffer (SDS-PAGE) - 100 mM Tris-Cl, pH 8.9; 100 mM tricine; 0,1 % SDS 
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• Dyeing solution – 0.25% (w/v) Coomassie brilliant Blue R-250; 45% (v/v), methanol; 

10% (v/v) acetic acid 

• Gel buffer (SDS-PAGE) stock - 3x concentrated – 3 M Tris-HCl, pH 8.45; 0.3 % SDS 

glycerol; 4 % (v/v) SDS; 2 % (v/v) β-mercaptoethanol; 0.01 % (v/v) bromophenol blue 

• KPi – 119 mM KH2PO4, pH 7.8; 119 mM K2HPO4, pH 7.8 

• PBS [10x concentrated: 56mM Na2HPO4, Lonza (SWI) 1.54M NaCl, 10mM KH2PO4, 

pH 7.4] 

• RIPA buffer – 50 mM Tris-Cl, pH 7.4; 150 mM NaCl; 1 mM PMSF; 1 mM 

• Sample buffer (SDS-PAGE) 4x concentrated – 50 mM Tris-HCl, pH 6.8; 12 % (v/v) 

• T + E (Trypsin + EDTA solution) Biosera (Francie) - [10x concentrated; 0.5% (w/v) 

trypsin, 0.2% (w/v) EDTA in PBS solution] 

• TBS buffer (stock - 10x concentrated) – 20mM Tris-Cl; 130mM NaCl; pH 7.6 

• TBST buffer – 1x TBS, pH 7.5; 0,1% Tween20 

• Transfer buffer – 25mM Tris-Cl; 1.92mM glycine; 10% (v/v) methanol; 0,02% SDS 

4.1.5 Commercial Kits 

• EndoFree Plasmid Maxi Kit (Qiagen) 

• Seahorse XF Cell Mito Stress Test Kit (Agilent) 

• Seahorse XF Glycolysis Stress Test Kit (Agilent) 

• Neon Transfection System (Thermo Fisher) 

4.1.6 Instruments 
• Analytical balance  AND HA-120M 
• Automatic pipettes (1-5000 μL) Nichipet, Nichiryo  
• Centrifuge   Hettich Rotofix 32R 
• Confocal microscope  LSXM Leica SP8X, Leica 
• Electron microscope  Jeol JEM 1400+ 
• Electrophoresis power supply Bio-Rad Basic power supply 
• Gel documentation system Syngene G:BOX 
• Incubator   SANYO CO2 
• Magnetic stirrer   MM2A, Laboratory instruments Prague 
• Phase contrast microscope Nikon Eclipse Ti2-U 
• Seahorse instrument  Seahorse XFe24 Analyzer 
• Spectrophotometer  Shimadzu UV-2401 PC, UV-2600 PC 
• Thermoblock   LABNet 
• Transfer system   Trans-blot Turbo 
• Vortex    Velp Scientifica 
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4.2 Methods 
4.2.1 Fibroblasts Cultivation 

Fibroblasts were cultivated in 25 cm2 and 75 cm2 cell culture flasks respectively. In 25 cm2 

flasks, cells were cultivated in 5 mL (10 mL in 75 cm2 flasks) of DMEM growth medium with 

1% (w/v) ATB (Biosera), 10% iFBS, 25 mM glucose (4.5 g/l) and 2mM L-glutamine (0.580 

g/l). At 90-100% confluency, cells were passaged using following procedure: the entire medium 

was aspirated with a Pasteur pipette and the cultivating surface was rinsed with 3-5 mL of PBS. 

Then, 0.5 mL of 1% (w/v) T + E solution (1.5 mL for 75 cm2 flask) was added to the cells, 

covering the whole surface, and the flask was placed into an incubator (37°C; 5% CO2; 

SanyoCO2 incubator, Sanyo). After approximately 5 mins, the flask was inspected under a 

phase contrast microscope (Nikon Eclipse Ti2-U) to confirm that the cells had started to round 

up and detach. If not, the cells were returned to the incubator for a shorter period. After the cells 

had started to detach, 10 mL (20 mL for 75 cm2 flask) of fresh, 37°C preheated DMEM growth 

medium with 1% (w/v) ATB, 10% iFBS was added. The content was then thoroughly 

resuspended and evenly split into two 25 cm2 (75 cm2) flasks, which were transferred to an 

incubator (37°C; 5% CO2; SanyoCO2 incubator, Sanyo).  

4.2.2 Cryopreservation of Fibroblasts 

Cell culture medium from fibroblasts grown to 70-80% confluency was removed, and the 

cultivation surface of the flask was gently washed with 3-5 mL PBS. To initiate cell detachment, 

0.5 mL of 1% (w/v) T + E dissociation reagent was added to 25 cm2 flask (1.5 mL to 75 cm2 

flask). Cells were then placed into an incubator (37°C; 5% CO2; SanyoCO2 incubator, Sanyo) 

for approximately 5 mins and were checked under a phase contrast microscope (Nikon Eclipse 

Ti2-U) on whether they had started to dissociate from flask surface. Afterwards, 5 mL of 

DMEM medium (10 mL to 75 cm2 flask) with 1% (w/v) ATB and 10% iFBS was added to 

neutralize the effect of the dissociation reagent. Small aliquot of cells was removed to perform 

a cell count. The rest of the cell suspension was transferred to a 15 mL centrifuge tube and was 

centrifuged (300g, 23°C, 5 min, Universal 32R centrifuge, Hettich). The supernatant was 

discarded, and the cell pellet was then resuspended in freeze DMEM medium with 1% (w/v) 

ATB, 10% iFBS, 10% DMSO. Cells were pipetted into 2 mL cryotubes at 1-4x106 cells per 

each. Cryotubes were then placed inside a freezing container (Corning® CoolCell™) and left 

at -80°C for 24 h/ overnight. Frozen tubes were transferred into a liquid nitrogen storage vessel 

and preserved at -196°C. 
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4.2.3 Cell Storing and Thawing 

Human skin fibroblasts were stored at -196°C in cryotubes containing 1.8 mL of DMEM 

medium with 1% (w/v) ATB, 10% (w/v) iFBS and 10% (w/v) DMSO. First, content of the 

cryotube was thawed in 37°C (Heratherm™ IMC 18, Thermo Fisher Scientific) and then 

transferred into a 75 cm2 cell culture flask. Afterwards, 10 mL of DMEM medium with 1% 

(w/v) ATB and 10% (w/v) iFBS was added to the flask, which was then placed into an incubator 

(37°C; 5% CO2; SanyoCO2 incubator, Sanyo). After several hours, the DMSO containing cell 

culture medium was replaced with 10 mL of fresh DMEM medium with 1% (w/v) ATB, 10% 

iFBS and cells were placed back into an incubator (37°C; 5% CO2; SanyoCO2 incubator, 

Sanyo).  

4.2.4 Cell Harvesting for SDS Page 

First, the cell culture medium was aspirated, and cells were then gently washed twice with 3-5 

mL of ice-cold PBS. Cells were then treated with 1.5 mL of 1% (w/v) T + E solution. After 

approximately 5 min, 5 mL of cold DMEM medium with 1% (w/v) ATB, 10% iFBS was added 

into the flask, cells were scraped with a cold plastic cell scraper and the cell suspension from 

two 75 cm2 flasks was gently transferred into a pre-cooled centrifuge tube. Cells were then 

centrifuged (600g, 4°C, 10 min; Universal 32R centrifuge, Hettich), supernatant was discarded, 

and cells were resuspended in 1 mL of PBS. This suspension was gently transferred into a 

cooled Eppendorf tube, centrifuged (600g, 4°C, 10 min; Universal 32R centrifuge, Hettich) and 

supernatant was again discarded. Sample pellet was stored at -80°C for later use. 

4.2.5 Preparation of Cell Lysate 

Harvested cell pellet was resuspended in RIPA buffer (RIPA + 1% (w/v) PIC), stored on ice 

for 20 min and once in every 5 min mixed on vortex. Sample was then centrifuged (4°C, 

51 000g, 20 min, Thermo Scientific Heraeus Biofuge Stratos Centrifuge, Thermo Fisher 

Scientific) and supernatant was collected in fresh Eppendorf tube. 2 µL were used for the 

determination of protein concentration using the bicinchoninic acid (BCA) assay. 

4.2.6 Determination of Protein Concentration 

First, 10 µL of each standard and samples was pipetted into a microplate well in doublets. Then, 

200 µl of working reagent was added to each well, and the microplate well was mixed 

thoroughly on a plate shaker for 30 s. Afterwards, the plate was incubated at 37°C for 30 min 

and then cooled down to RT. After it reached RT, absorbance was measured at 562 nm on a 

plate reader (BioTek PowerWave, BioTek). 
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4.2.7 SDS Page 

First, glass plates and spacers were assembled into gel casting apparatus. Then, components for 

the preparation of 12% separating gel (Table 3) were mixed on ice. The mixture was poured in 

between the glass plates to a level approximately 2 cm below the top and covered with ddH2O. 

After one hour, the ddH2O on the top of the polymerized gel was replaced with 4% stacking gel 

(Table 3), and a comb was inserted to the top. The gel was then left to polymerize for at least 

30 min. Afterwards, the comb was removed, and the gel was placed into an assembled 

electrophoretic apparatus. Both chambers of the apparatus were then filled with running buffers. 

Prepared samples and 4 µL of marker (Precision Plus Protein™ Dual Color Standards; Biorad) 

were loaded into the wells of the gel. The electrophoresis was performed at 40V for 30 min and 

then at 90V for approximately 1.5 h. 

Table 2: Mix of Agents and Their Concentrations Used for 12% Separating and 4% Stacking 

Polyacrylamide Gel 

 

For the separation of LC3B-I and LC3B-II, different gel mixture was used (Table 4). After the 

gel polymerized and was placed into an electrophoretic apparatus, both chambers were filled 

with 1x running buffer. The electrophoresis was performed at constant 120V for approximately 

1 h. 

Table 3: Mix of Agents and Their Concentrations Used for 12% Separating and 4% 

Stacking Polyacrylamide Gel for Glycine SDS Page.  

Component Separating gel 12% Stacking gel 4% 

ddH2O ddH2O 2.3 mL 1.6 mL 

48% Acrylamide 2.5 mL 0.3 mL 

2x Separating buffer 5 mL X 

2x Stacking buffer X 2 mL 

Component Separating gel 12% Stacking gel 4% 

ddH2O 4.2 mL 5.8 mL 

3xGB 3.3 mL 3.3 mL 

48% Acrylamide 2.4 mL 0.8 mL 

APS 50 µL 120 µL 

TEMED 5 µL 12 µL 
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10% APS 0.1 mL 0.04 mL 

TEMED 0.01 mL 0.004 mL 

 

4.2.8 Semi-dry Western Blot 

After running an SDS Page gel, the gel was immediately equilibrated in transfer buffer for 30 

min on a 3D shaker at 20 rpm. Meanwhile, a PVDF membrane of approximately same size as 

the gel was activated for 15 s in 100% methanol, incubated in ddH2O for 5 min, and then in 

transfer buffer for 15 min. Three pieces of blotting paper were completely saturated by soaking 

in transfer buffer, placed on anode, and rolled over with a roller to remove air bubbles. On top 

of the papers was placed the PVDF membrane, on top of which was stacked the gel. Another 

three soaked blotting papers were placed on the whole aligned stack and gently rolled over to 

exclude air bubbles. The whole stack was gently sealed with the cathode plate, and the transfer 

ran at 1.3 A for 7 min (Trans Turbo Blot; BioRad,USA). After the end of the transfer, the PVDF 

membrane was dried out and then immunodetected with specific antibodies (see below). 

4.2.9 Gel Staining and Drying 

After the protein transfer, the gel was stained overnight on a 3D shaker at 20 rpm. Next day, 

the gel was bathed in destaining solution, till only the protein bands were visible. Afterwards, 

the gel was washed with ddH2O, placed on a Whatman paper, and dried at 80°C for 1 h (Scie-

Plas gel dryer, UK). 

4.2.10 Immunodetection  

Dried out PVDF membrane was activated in methanol, washed in ddH2O for 10 min, and placed 

in blocking solution with agitation for 2 h. Then, the membrane was rinsed three times with 

1xTBS for 10 min, incubated with primary antibody (Table 2) for 2 h, and washed three times 

with TBST for 10 min. Afterwards, the membrane was incubated with secondary antibody 

(Table 2) for 1 h, washed three times with TBST for 10 min, and then with 1xTBS for 10 min. 

Proteins were detected using SuperSignal™ West Femto Maximum Sensitivity Substrate 

(Thermo Scientific) and photographed using the G:Box system with GeneSys software 

(Syngene). 

4.2.11 Analysis of Respiratory Chain Enzymes Activity 

Enzymatic activity of respiratory chain enzymes was measured according to slightly modified 

protocol by Rustin (Rustin et al., 1994) in cuvettes (optical path of 1cm, 37°C) using a split 
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beam spectrophotometer Shimadzu UV-2401PC. The final volume of each sample was 1 mL, 

and each sample was measured twice. For one assay approximately 100 µg of protein was used. 

4.2.11.1 Complex I 

The rotenone-sensitive NADH:ubiquinone oxidoreductase (Complex I, NQR) activity can be 

estimated by measuring the rotenone-sensitive NADH oxidation at 340 nm in the presence of 

an electron recipient – decylubiquinone. To perform this assay, mitochondria need to be 

exposed to distilled water for 3 min leading to hypotonic lysis. Activity was measured in the 

presence of 50 mM TRIS/HCl (pH 8.1), 2.5 mg/ml BSA, 0.3 mM KCN, 50 µM decyl 

ubiquinone (Q10). The reaction was initiated by adding 0,1 mM NADH.  Obtained activity 

values were adjusted by reducing the values of activity measured in the presence of 3µM 

rotenone. 

Final activity (SA – Specific Activity) was measured according to the formula: 

SA = dA * 106 / ε * v * c 

dA arithmetic average of both measured values after the reduction of activity in the presence 

of rotenone  

ε molar absorption coefficient 6.22 * 103 dm3/cm/mol 

v sample volume in µl 

c sample protein concentration in mg/ml 

SA was expressed as nmol/min/mg of protein. 

4.2.11.2 Complex II 

The estimation of succinate:ubiquinone reductase (Complex II, SQR) activity was obtained by 

measuring the rate of succinate-dependent reduction of dichlorophenol indophenol in the 

presence of decylubiquinone. Activity was measured in the presence of 10 mM KPi (pH 7.8), 

2 mM EDTA, 1 mg/ml BSA, 3 µM rotenone, 10 mM sodium succinate, 0.2 mM ATP, 0.3 mM 

KCN, 80 µM DCPIP (2,6-dichlorophenol indophenol), 1 µM antimycin A. The reaction was 

initiated by adding 50 µM decyl ubiquinone. Decrease of absorbance at 600 nm in the 

consequence of DCPIP reduction was observed over the period of 3 min. The reaction was 

stopped by adding complex II specific inhibitor – 10 mM malonate. 

Final activity (SA – Specific Activity) was measured according to the formula: 
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SA = dA * 106 / ε * v * c 

dA arithmetic average of both measured values after the reduction of activity in the presence 

of malonate.  

ε molar absorption coefficient 21.6 * 103 dm3/cm/mol 

v sample volume in µl 

c sample protein concentration in mg/ml 

SA was expressed as nmol/min/mg of protein. 

4.2.11.3 Complex III 

Activity of the ubiquinol: cytochrome c oxidoreductase complex (complex III, QCCR) was 

measured in a reaction mixture containing 50 mM KPi (pH 7.8), 2 mM EDTA, 1 mg/ml BSA, 

0.03 mM KCN, 40 µM cytochrome c and sample. Reaction was initiated by addition of 50 µM 

ubiquinol (DBH2). An increase of absorbance values at 550 nm caused by the reduction of 

cytochrome c was documented for 3 min. Afterwards, 1µM antimycin A was added to the 

cuvette and activity was measured for 1 min. 

Final activity (SA – Specific Activity) was measured according to the formula: 

SA = dA * 106 / ε * v * c 

dA arithmetic average of both measured values after the reduction of activity in the presence 

of antimycin 

ε molar absorption coefficient 6.22 * 103 dm3/cm/mol 

v sample volume in µl 

c sample protein concentration in mg/ml 

SA was expressed as nmol/min/mg of protein 

4.2.11.4 Complex IV 

100 µl of fibroblasts suspension was solubilized by incubation with 10 µl of 15% 

laurylmaltoside (15min, 4°C), then centrifuged at 10 000g, 10 min, 4°C and supernatant was 

used for enzyme activity measurement. 
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Activity of the cytochrome c oxidase (complex IV, COX) was observed in a reaction mixture 

containing 40 mM KPi (pH 7.0), 1 mg/ml BSA, 25 µM reduced cytochrome c and sample and 

was pronounced as a decrease in absorbance at 550 nm. 

Final activity (SA – Specific Activity) was measured according to the formula: 

SA = dA * 106 / ε * v * c 

dA arithmetic average of measured values  

ε molar absorption coefficient 19.6 * 103 dm3/cm/mol 

v sample volume in µl 

c sample protein concentration in mg/ml 

SA was expressed as nmol/min/mg of protein. 

4.2.11.5 Citrate synthase 

100 µl of fibroblasts suspension was solubilized by incubation with 10 µl of 15% 

laurylmaltoside (15min, 4°C), then centrifuged at 10 000g, 10 min, 4°C and supernatant was 

used for enzyme activity measurement. 

Activity of citrate synthase (CS) was measured in the presence of 100 mM TRIS/HCl (pH8.1), 

0.1 mM DTNB (5,5-dithio-bis-(2-nitrobenzoic acid)), sample, and 0.5 mM acetyl coenzyme A. 

Reaction was initiated by the addition of 0.5 mM oxalacetate after a 2 min background 

measurement at 412 nm. The activity was calculated after the reduction of background values. 

Final activity (SA – Specific Activity) was measured according to the formula: 

SA = dA * 106 / ε * v * c 

dA arithmetic average of both measured values after the deduction of the background 

ε molar absorption coefficient 13.6 * 103 dm3/cm/mol 

v sample volume in µl 

c sample protein concentration in mg/ml 

SA was expressed as nmol/min/mg of protein. 
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4.2.12 Seahorse XFe24 Extracellular Flux Analyzer 
 

The Agilent Seahorse XFe24 Analyzer is an instrument that calculates rate of change of 

dissolved oxygen and pH in the media covering living cells cultured in a special 24-well plate 

format microplate in real time. These changes are measured as the oxygen consumption rate 

(OCR) and the extracellular acidification rate (ECAR) of live cells in a non-invasive manner. 

OCR data are reported as pmol/min, and ECAR data are reported as mpH/min. A sterile 

disposable cartridge comprising 24 fluorescent biosensors (one for each well) is used to perform 

the measurement. During a measurement cycle, up to 4 different reagents can be injected into 

each well – commonly used are compounds such as oligomycin, rotenone, antimycin A, FCCP, 

glucose, and 2-deoxy-D-glucose (Table 5), which evoke certain reactions of cells in the culture. 

Between the measurement of every analyte level, the media is gently mixed. The assay kit 

includes a designated 24-well cell culture microplate and a fluorescent sensor-containing 

cartridge. 

Table 4: Reagents Commonly Used in XFe24 Assay, Their Concentration, and Their 

Effects 

Agent Concentration Function 

Oligomycine 1.5 µM FOF1-ATPase inhibitor 

Rotenone 2 µM Complex I of ETC inhibitor 

Antimycin A 1 µM Complex III of ETC inhibitor 

FCCP 0.7 µM Oxidative phosphorylation 

uncoupler (allows H+ 

transport trough IMM) 

2-D-deoxyglucose 100 mM Inhibitor of glucose 

metabolism 
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Two main protocols can be followed in order to perform the assay on XFe24 analyzer, the 

Seahorse XF Mito Stress Test (Fig. 4) and the Glycolysis Stress Test (Fig. 5). Based on 

oxygen consumption and/or changes of pH in used media, the Seahorse XFe24 analyzer can 

quantify metabolic profile of an examined cell line. 

 

Fig. 4. Seahorse XF Mito Stress Test  

Image taken from: Seahorse XF Cell Mito Stress Test Kit User Guide 

(https://hpst.cz/metabolicka-analyza-seahorse-xf/spotrebni-material-pro-seahorse-xfe/seahorse-xf-cell-

mito-stress) 

During the first part of the measurement, cells consume oxygen to meet the ATP demand of 

cells resulting from generating mitochondrial membrane potential. However, after injecting the 

ATP synthase inhibitor oligomycin, the electron flow through electron transport chain (ETC) 

decreases, leading to a decrease in mitochondrial respiration, and thereby OCR. Next follows 

the injection of FCCP, an uncoupling agent disrupting the proton gradient and thereby the 

mitochondrial membrane potential. As a result, oxygen consumption by complex IV reaches 

maximal values. Such FCCP-generated OCR can then be used to subtract spare respiratory 

capacity, which is defined as the difference between maximal and basal respiration and showing 

the ability of the cell to react to elevated energy demand or stress. The last injection is a 

https://hpst.cz/metabolicka-analyza-seahorse-xf/spotrebni-material-pro-seahorse-xfe/seahorse-xf-cell-mito-stress
https://hpst.cz/metabolicka-analyza-seahorse-xf/spotrebni-material-pro-seahorse-xfe/seahorse-xf-cell-mito-stress
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combination of rotenone, a complex I inhibitor, and antimycin A, a complex III inhibitor. This 

injection completely ceases mitochondrial respiration and enables measurement of 

nonmitochondrial respiration driven by processes mitochondrial surroundings.  

 

 

Fig. 5. Seahorse XF Glycolysis Stress Test 

Image taken from: Image taken from: Seahorse XF Cell Mito Stress Test Kit User Guide 

(https://www.agilent.com/cs/library/usermanuals/public/XF_Glycolysis_Stress_Test_Kit_User_Guide.

pdf) 

First, ECAR is measured in a medium without glucose or pyruvate, so that cells cannot use the 

glycolytic pathway. Following the first injection, which is a saturating concentration of glucose, 

cells start to catabolize it and produce pyruvate, ATP, NADH, water, and protons. The 

production of protons into the medium results in an increase of ECAR, displaying the rate of 

glycolysis under basal conditions. Next, oligomycin is injected, inhibiting mitochondrial ATP 

production. This results in a shift in energy production to glycolysis, increasing ECAR and 

displaying maximum capacity of cellular glycolysis. The final injection of 2-DG results in an 

inhibition of glycolysis due to competitive binding to hexokinase, the first glycolytic pathway 

enzyme. The decrease in ECAR after this injection confirms that the measured ECAR was a 

result of glycolysis.  

https://www.agilent.com/cs/library/usermanuals/public/XF_Glycolysis_Stress_Test_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/XF_Glycolysis_Stress_Test_Kit_User_Guide.pdf
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4.2.12.1 Analysis of mitochondrial respiration and glycolytic function 

A day prior to the measurement by the XFe24 analyzer (420109, Agilent Seahorse), cells were 

seeded into 24-well cell culture microplate. Before the actual seeding, wells were coated with 

100 µl of 1x poly-L-lysine for 10 min and then washed twice with miliQ water. Number of cells 

per well was 30 000 contained in 100 µl of cultivation media, and each cell line was seeded in 

pentaplicates. Four wells were filled only with 100 µl cultivation media and no cells for 

background measurements. Right after the cells were seeded, they were left to sit for 1h at RT 

and then moved into an incubator (37°C; 5% CO2; SanyoCO2 incubator, Sanyo). After the cells 

fully adhered, another 150 µl of cultivation media (optionally containing 1 µM MIND4-17) 

were added into the wells, and the microplate was then moved back into the incubator for 

another 23 h (37°C; 5% CO2; SanyoCO2 incubator, Sanyo). After the seeding was done, the 

sensor-containing cartridge was hydrated with Seahorse XF24 Calibrant pH 7.4 overnight in an 

incubator without CO2. Next day, the microplate was checked under a microscope (Nikon 

Eclipse Ti2-U) for potential contamination of empty wells with cells. Then, fresh assay medium 

(D5030 medium (Sigma-Aldrich); 2mM L-Glutamine, pH 7.4) and agents (Table 5) were 

prepared. Before measurement, the cultivation media was removed from the cultivation 

microplate, and cells were twice washed with 1 mL of pre-warmed assay media. Next, wells 

were filled with 450 µl of pre-warmed assay, and the microplate was incubated at 37 °C, without 

CO2, for at least 60 minutes prior to loading microplate in XFe24 analyzer. In the meanwhile, 

ports in the sensor cartridge were loaded with appropriate reagents in specified volume: port A 

was filled with 50 µl of 10 mM glucose, port B was filled with 55 µl of 1.5 µM oligomycin, 

port C was filled with 61 µl of 0.7 µM FCCP, and port D was filled with 67 µl of 2 µM rotenone 

and 1 µM antimycin A diluted in 100 mM 2-DG (pH7,4). Then the assay continued in the XFe24 

analyzer following manufacturer’s instructions. OCR chart showed oxygen consumption in 

pmols per minute. ECAR chart displayed the pH changes in mpH (milli pH units) per minute.  

4.2.13 Electron Microscopy 

First, cells grown to 70% confluence were fixed in cell culture flasks with 2% solution of 

KMnO4 in PBS for 15 min at RT and washed twice with PBS. Afterwards, cells were incubated 

for 15 minutes at RT – first in 50% ethanol and then in 70% ethanol. Majority of the ethanol 

was discarded, and cells were transferred into a clean labeled Eppendorf tube and were 

centrifuged in the residual ethanol (500g, 5min, RT). Next steps were carried out in the 

cooperation with our colleagues at the Laboratory of electron microscopy at Institute of 

Pathology of the First Faculty of Medicine and General University Hospital in Prague, where 
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the cells were further dehydrated, twice incubated with propylene oxide for 15 min, embedded 

in durcupan epoxy and cut into thin slices ranging from 600-900 A. Cells were then analyzed 

with a transmission electron microscope (Jeol JEM 1400+; Jeol Ltd.). 

4.2.14 Immunocytochemistry 

Cells grown on special glass coverslips (Ibidi) were fixed in 4% paraformaldehyde solution at 

RT for 20 min and mixed gently every 5 minutes. Cells were washed twice with PBS and 

permeabilized using 0.1% Triton X-100 for 20 min at RT. Next, cells were washed twice with 

PBS and incubated in blocking solution (10% donkey serum in PBS) for 1 h. Afterwards, cells 

were incubated overnight at 4°C with primary antibodies (Table 6) in 10% donkey serum in 

PBS containing 0.1% Triton X-100. Next morning, cells were washed with PBS three times 

followed by an incubation with secondary antibodies (Table 6) in 10% donkey serum in PBS 

containing 0.1% Triton X-100 for two hours at RT. Following the incubation, cells were washed 

with PBS three times, coverslips were mounted with ProLongTM Gold antifade Mountant with 

DAPI (Invitrogen) and sealed around edges with transparent nail polish to prevent drying and 

movement. For analysis, a confocal microscope (LSXM Leica SP8X, Leica) equipped with 

Arg/HeNe laser was used. 

Table 5: List of Antibodies Used in Immunocytochemistry 

Primary antibodies and their concentration Secondary antibodies and their concentration 

Anti-LC3B (ab192890, Abcam) – 1 µg/mL Alexa Fluor 488 (A-21121, Thermo Fisher – 1 

µg/mL 

Anti-TOMM20 (ab56783, Abcam) – 5% Alexa Fluor 555 (A-31572, Thermo Fisher) – 4 

µg/mL 

 

4.2.15 Plasmid Preparation 

Plasmid containing (Table 7) bacterial culture from glycerol stock were plated on a LB agar (15 

g/l) containing ampicillin (100 µg/ml) or kanamycin (50 µg/ml) using the quadrant streaking 

method to separate single colonies. Plates were incubated overnight at 37°C. Next day, colonies 

grown on plates were examined. Single distinctive colonies were picked and inoculated into 5 

ml of LB media containing ampicillin (100 µg/ml) or kanamycin (50 µg/ml) and incubated at 

37°C and 250 rpm for 8h. Plasmids were isolated using EndoFree Plasmid Maxi Kit (Qiagen) 

and the next steps were carried out according to the manufacturer’s instructions. 
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Table 6: List of plasmids used in this thesis. 

Plasmid name Plasmid number (Addgene) 
pEGFP-LC3 (human) 24920 
pCLBW cox8 EGFP mCherry 78520 
pTRE-Tight-MitoTimer 50547 
pCAG-rtTA 163601 

 

4.2.16 Electroporation 

A mixture of plasmid (15 µg) and 2-4x105 cells in 100 µl of resuspension buffer (Thermo 

Fisher) were aspirated into the NeonTM Tip (Thermo Fisher). In the case of pTRE-Tight-

MitoTimer, cells were co-transfected with 7.5 µg of pTRE-Tight-MitoTimer and 7.5 µg of  

pCAG-rtTA. The tip was then securely inserted into the NeonTM tube (Thermo Fisher) 

containing 3 mL of Electrolytic Buffer (Thermo Fisher) and already placed in the NeonTM 

Pipette Station (Thermo Fisher). The content was electroporated (pulse: 12.5 kV/cm, time 

constant: 4.4 – 5.0 msec). Electroporated cells were transferred onto special glass coverslips 

(Ibidi) with chambers filled with cell culture media without antibiotics and left to sit for 24 h. 

Cell culture media purposed for cells co-transfected with pTRE-Tight-MitoTimer and pCAG-

rtTA contained Tet system-approved FBS instead of typical iFBS. Expression of these two 

plasmids had to be induced by doxycycline (4 µg/ml; at least 4h). Cells were then stained with 

200 nM MitotrackerTM Red CMXRos (Thermo Fisher) for 20 min and further processed 

(Fixation, permeabilization and mounting (See 4.2.15)). For analysis, a confocal microscope 

(LSXM Leica SP8X, Leica) equipped with Arg/HeNe laser was used. 

4.2.17 Data Handling 

Captured immunoblot data were analyzed using the ImageJ software (LOCI, University of 

Wisconsin), where the luminescence intensity of separate bands was quantified. The values of 

intensity were then processed in Microsoft Excel. Confocal microscopy images were 

deconvoluted and Costes maps were produced using Huygens Software (Scientific Volume 

Imaging). Colocalization was analyzed using ImageJ software (LOCI, University of 

Wisconsin). Data from spectrophotometry and Seahorse XFe24 Analyzer were processed in 

Microsoft Excel. Statistical analysis was performed in Microsoft Excel and RStudio (RStudio, 

Inc). 
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5 Results 

5.1 MIND4-17 Impacts Autophagic Flux and Levels of Adaptor Proteins 
To determine the potential of MIND4-17 to induce mitophagy, we examined levels of the 

autophagosome marker LC3B and some of the autophagy adaptor proteins involved in the step 

of cargo sequestration – SQSTM1/p62, OPTN, and NDP52. Cells were treated with 10 μM 

MIND4-17 for 24 hours. After 24 hours, cells were harvested, and protein expression was 

analyzed by western blot. 

Expression of the autophagosome marker LC3B was significantly increased in cells treated with 

MIND4-17 compared to vehicle treated control cells (Fig. 6 A and F; Data in Table S1). Yet, 

to verify, whether this increase in expression is related to an increase in the autophagy flow, we 

needed to prevent the fusion of autophagosome and lysosome and observe specifically the 

cleaved and lipidated LC3B-II form. To achieve such goal, we treated the cells with 10 μM 

chloroquine (CQ) for additional 2 hours. Instead of using tricine-SDS-PAGE, we had to use the 

glycine-SDS-page and a PVDF membrane with pores of smaller diameter to successfully 

separate the two forms of LC3B. 

Indeed, we observed higher LC3B-II levels in cells treated with MIND4-17 and CQ, even 

compared to cells exposed to CQ alone, indicating that MIND4-17 treatment enhances 

autophagic flux (Fig. 6 B). 

Furthermore, an increase in expression of SQSTM1/p62 in response to MIND4-17 treatment 

was observed (Fig. 6 C and F; Data in Table S1). Also, the expression of primary adaptor 

proteins was altered after the treatment with MIND4-17. While NDP52 expression levels 

increased after the treatment (Fig. 6 D and F; Data in Table S1), OPTN expression was slightly 

repressed in MIND4-17 treated patients’ cells (Fig. 6 E and F; Data in Table S1).  
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Fig. 6. Western blot analysis of autophagic flux in cultivated fibroblasts from HD patients and controls.  

(A) Levels of LC3B before and after MIND4-17 treatment. (B) Levels of LC3B-I and LC3B-II before and after 

MIND4-17 and chloroquine treatment. (C) Levels of SQSTM1/p62 before and after MIND4-17 treatment. (D) 

Levels of NDP52 before and after MIND4-17 treatment. (E) Levels of OPTN before and after MIND4-17 



40 
 

treatment. (F) Chart showing expression of proteins. LC3B marks total LC3B expression. Quantitative analysis 

was performed using ImageJ software (LOCI, University of Wisconsin). Statistical analysis was accomplished 

using a Student's t-test (*P<0.01 versus cells treated with vehicle (dimethylsulfoxide, DMSO); **P<0.01 versus 

cells treated with vehicle; ***P<0.001 versus cells treated with vehicle). Data from at least 3 independent 

experiments were averaged and were presented as mean ± S.D. C – control cells treated with vehicle, CM – control 

cells treated with 10 μM MIND4-17 for 24 h, CCh – control cells treated with 10 μM chloroquine for 2 h, CM+Ch – 

Control cells treated with 10 μM MIND4-17 for 24 h and 10 μM chloroquine for 24 h, P – patient cells treated 

with vehicle, PM – patient cells treated with 10 μM MIND4-17 for 24h, PCh – patient cells treated with 10 μM 

chloroquine for 2 h, PM+Ch – patient cells treated with c MIND4-17 for 24h and 10 μM chloroquine for 2 h.  

5.2 MIND4-17 Does Not Negatively Affect Mitochondrial Morphology 
To determine whether MIND4-17 treatment alters mitochondrial morphology, we performed 

transmission electron microscopy analysis in fibroblasts. We found regularly shaped 

mitochondria (Fig. 7 A (C1 and C1M)), where the shape could have been subjected to the plane 

of cut. Mitochondria contained in cells from HD patients were typically more swollen and had 

slightly altered cristae microarchitecture (Fig. 7 A (P1-P2M)). While MIND4-17 treatment did 

not seem to have any major effect (Fig. 7 A (C1M, P1M, and P2M)) on the ultrastructure of 

mitochondria, we found ring-shaped structures that engulfed cytoplasmic components in one 

MIND4-17 treated patient line (Fig. 7 B). Such structures were highly reminiscent to 

autophagosomes.  
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Fig. 7. (A) Mitochondrial ultrastructure in cultivated fibroblasts of HD patients and controls analyzed by 

transmission electron microscopy (TEM). Arrowheads show altered cristae in swollen mitochondria. Asterisk 

marks swollen mitochondrion. Scale bar: 0.5 μM and in last two images 0.2 μM.  (B) TEM images of HD patient 

cell line treated with MIND4-17 exhibiting the presence of autophagosome reminiscent structures. Scale bar: 0.1 

μM in the first two images and 0.2 μM in the third. C – control cell line; CM – control cell line treated with 10 μM 

MIND4-17 for 24 h; P – patient cell line; PM – patient cell line treated with 10 μM MIND4-17 for 24 h. 
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5.3 Mitochondrial Network is Compromised in MIND4-17 Treated Cells  
 Mitochondria are dynamic organelles and form interconnected networks. In order to analyze the effect 

of MIND4-17 treatment on the forming of mitochondrial networks, we stained mitochondria with the 

MitoTrackerTM Red CMXRos fluorescent marker. First, we observed fragmented networks in HD 

patient’s cells opposed to long tubular mitochondria in control cells. Indeed, mitochondrial 

fragmentation is common to many pathologies including HD. Furthermore, we observed that 

mitochondria in both control and patient cell lines tended to accumulate around nucleus and get more 

fragmented upon MIND4-17 treatment. 
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5.4 The Effect of MIND4-17 on Mitochondrial Function 
Next, to evaluate whether MIND4-17 treatment had any impact on mitochondrial respiration, we first 

measured the activity of respiratory chain enzymes spectrophotometrically. Then, we measured 

mitochondrial respiration using the Seahorse XFe24 Extracellular Flux Analyzer. 

Spectrophotometric analysis did not show any statistically significant changes between treated and 

untreated cells except for the change of Complex I activity in patients (Fig. 9; Data in table S2). The 

activity of Complex I in patients’ cells increased after MIND4-17 treatment. Although control cells 

followed similar trend, the change was not as significant due to increased variances.  

 

Fig. 9. Spectrophotometric analysis of respiratory chain complexes in fibroblasts from HD patients and 

controls after treatment with MIND4-17. Enzyme activities were normalized to the activity of citrate synthase. 

Data from three independent experiments were averaged and were presented as mean ± SD. Activity of Complex 

I in patients significantly increases upon MIND4-17 treatment (Student’s t-test, *P<0.05 versus untreated patients). 

C – control cells, P – patients’ cells, UN – cells treated with vehicle (DMSO), T – cells treated with 10 µM MIND4-

17 for 24h. 

Analysis of mitochondrial respiration revealed that MIND4-17 treatment had visible effect on 

respiration, which is mainly noticeable after FCCP treatment (Fig. 10 A). Quantification of 

obtained data (Fig. 10 B; data in Table S3) showed that MIND4-17 treatment in patients’ cells 

significantly decreased routine respiration and maximal capacity. Routine respiration, ATP 

production, maximal capacity, and spare capacity of patients’ cells was significantly increased 
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compared to control cells. These differences were evened out to some extent after MIND4-17 

treatment.  

 

Fig. 10. Seahorse XFe24 Extracellular Flux Analysis of mitochondrial respiration in fibroblasts from HD 

patients and controls. (A) A representative chart showing Oxygen consumption ratio (OCR) of control and 

patients’ cell lines. Error bars represent mean ± SD. n = 5. C – control cells treated with vehicle (DMSO), CM – 

control cells treated with 10 µM MIND4-17 for 24 h, P – patients’s cells treated with vehicle (DMSO), PM – 

patients’ cells treated with 10 µM MIND4-17 for 24 h. (B) Comparison of routine (basal) respiration, proton leak, 

ATP production, maximal capacity, and spare capacity. Statistical analysis was performed using ANOVA test with 

Tukey post-hoc test (n≥15). Routine respiration in patients’ cells decreased significantly upon MIND4-17 

treatment (**P<0.01). ATP production in patients’ cells decreased significantly upon MIND4-17 (**P<0.01). 

Maximal capacity in patients’ cells decreased significantly upon MIND4-17 treatment (*P<0.05). Routine 

respiration increased significantly in patients’ cells not treated with MIND4-17 (***P<0.001 versus control). ATP 

production increased significantly in patients’ cells not treated with MIND4-17 (***P<0.001 versus control). ATP 

Routine 
respiration 

Proton 
leak 

ATP 
production 

Max. 
capacity 

Spare 
capacity 
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production increased significantly in patients’ cells treated with MIND4-17 (*P<0.05 versus MIND4-17 treated 

control). Maximal capacity increased significantly in patients’ cells not treated with MIND4-17 (***P<0.001 versus 

control).  Maximal capacity increased significantly in patients’ cells treated with MIND4-17 (*P<0.05 versus 

MIND4-17 treated control). Spare capacity increased significantly in patients’ cells not treated with MIND4-17 

(***P<0.001 versus control). Spare capacity increased significantly in patients’ cells treated with MIND4-17 

(*P<0.05 versus MIND4-17 treated control). C – control, P – patient, V – treated with vehicle (DMSO), T – treated 

with 10 μM MIND4-17 for 24h. 

Glycolytic rates were obtained from ECAR measurements, which were measured 

simultaneously with OCR. Glycolysis and glycolytic capacity were calculated by subtracting 

the non-glycolytic acidification from respective values. Glycolytic reserves were calculated as 

the difference between glycolysis and glycolytic capacity. While there were many significant 

changes in mitochondrial respiration, we did not observe any significant changes in glycolytic 

rates (Fig. 11; data in Table S4). 

 

 

Fig. 11. Seahorse XFe24 Extracellular Flux Analysis of Glycolytic Rates in Fibroblasts from HD patients 

and Controls. C – control cells, P – patients’ cells, V – vehicle, T – treatment with 10 μM MIND4-17 for 24h 
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5.5 The Targeting of Mitochondria to Autophagosomes is Increased by MIND4-17 
Next, we investigated whether MIND4-17 treatment can compensate for the compromised step 

of mitophagy, which is loading of autophagosomes with mitochondria. First, we tried to use 

immunolabeling to visualize the colocalization of autophagosomes and mitochondria. 

However, the labeling of LC3B was quite unspecific (Fig. S1). Next, we decided to transfect 

cells either with pEGFP-LC3 or pCLBW cox8 EGFP mCherry or co-transfect them with pTRE-

Tight-MitoTimer and pCAG-rtTA. However, the signal generated by the pCLBW cox8 EGFP 

mCherry plasmid expression was mostly diffuse throughout the cells. While some of the cells 

had properly labeled mitochondria, as all cells should have, the results were inconsistent (Fig. 

S2). The co-transfection with pTRE-Tight-MitoTimer and pCAG-rtTA was successful, 

producing clear signal on mitochondria. However, the confocal microscope was not able to 

maintain saved focus plane and positions, as it was supposed to. Thereby, we do not have any 

images except for the first captured frames (data not shown). Besides, it would be more suitable 

to analyze the intensities with flow cytometry, which we plan to do in the future. Therefore, we 

leaned towards the transfection with the pEGFP-LC3 plasmid, which generated successful 

results (Fig. 12 A). Our observations confirmed data from previous studies, as HD patients’ 

cells exhibited decreased colocalization of mitochondria and autophagosomes compared to 

control cells (Fig. 12 B), implying insufficient targeting of defective mitochondria to 

autophagosomes.  However, treatment with MIND4-17 significantly increased colocalization 

of LC3-positive autophagic membranes and mitochondria in both control and patients’ cells 

(Fig. 12 B; Data in table S5). This suggests that MIND4-17 treatment helps to bypass the 

mHTT-caused perturbation of cargo sequestration. 
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Fig. 12. Colocalization of autophagosomes and mitochondria is altered in cells from patients suffering 

from HD but is increased by MIND4-17 treatment. (A) Representative confocal microscopy images showing 

the effect of MIND4-17 on colocalization of mitochondria and autophagosomes. Cells were transfected by 

electroporation with EGFP-LC3 and treated by dimethyl sulfoxide (DMSO) or 10 μM MIND4-17 for 24h. 

Mitochondria were immunostained by an anti-TOMM20 antibody and nuclei were stained with DAPI. Fourth 

column shows Costes maps, which translate the level of colocalization into colors shown in the look up table 

below. Blacks mean the lowest values, white the highest values. Scale bar: 10μM. (B) Quantitative analyses 

displaying the Manders’ overlap coefficient between EGFP-LC3 and mitochondria. Statistical analysis was 

performed using the Student’s t-test (n<15, ***P<0.001 versus untreated cells, *P<0.05 versus untreated control 

cells) 
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6 Discussion 
The unique morphology and bioenergetic demands of post-mitotic neurons make maintenance 

of neuronal homeostasis a difficult task. Mitochondrial impairments represent an early hallmark 

of neuronal dysfunction implied in many neurodegenerative diseases, including HD. Thereby, 

accumulation of damaged mitochondria poses a major threat to neurons. Many previous studies 

have shown that deregulation of mitophagy is also fundamental to the process of 

neurodegeneration. It needs to be acknowledged that while mitophagy eliminates damaged 

mitochondria and therefore mediates neuroprotection, neither low rates nor high rates of 

mitophagy will benefit the cell. On the contrary, uncontrolled mitophagy may even trigger 

neuronal cell death (Doxaki and Palikaras, 2021; Sharma et al., 2019; Subramaniam, 2020).  

Despite the recent progress in understanding the mechanisms underlying the process of 

mitophagy, efforts to modulate mitophagy are still very obscured, as the vast majority of 

available mitophagy inducers are mito-toxins causing ΔΨm dissipation (Hirose et al., 1974; 

Tsiper et al., 2012). 

Here we report that MIND4-17, a highly selective small-molecule activator of NRF2, was able 

to alter expression of autophagosome marker LC3B-II and autophagy adaptor proteins 

SQSTM1/p62, NDP52, and OPTN. SQSTM1/p62 contains ARE in the promoter of its gene. 

This element is responsible for induction of SQSTM1/p62 expression, which is caused by 

MIND4-17-mediated increase in the levels of NRF2. Moreover, the induction of SQSTM1/p62 

creates a positive feedback loop, in which SQSTM1/p62 further inhibits the interaction between 

KEAP1 and NRF2, leading to an additional increase in ARE-driven gene expression (Jain et 

al., 2010). The first primary adaptor protein, NDP52 contains three AREs in its promoter region 

that can react to increased activation of Nrf2 (Jo et al., 2014). While the trend was not as strong 

as the one we observed with the analysis of SQSTM1/p62, we still identified a significant 

increase in the expression of NDP52. In contrast, the second primary adaptor protein we tested, 

OPTN, exhibited slightly reduced expression levels in patient cells after MIND4-17 treatment. 

OPTN shows strong homology in primary sequence and on domain organization levels with 

NFκB essential modulator (NEMO) and is therefore also known as the  NEMO-related protein 

(NRP) (Schwamborn et al., 2000). OPTN may thereby respond to levels of tumor necrosis 

factor α (TNFα), which are decreased due to the anti-inflammatory effects of the NRF2 

activation (Quinti et al., 2017; Sudhakar et al., 2009). While LC3 does not seem to contain an 

ARE (based on available literature), increased activation of NRF2 led to a fundamental increase 

in LC3II expression in patients’ cells. Similar effect was also observed in other studies implying 
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that LC3 expression levels change based on levels of NRF2 (Lastres-Becker et al., 2016; Li et 

al., 2014). Moreover, we observed further accumulation of LC3B-II after a treatment with CQ, 

implying increased autophagic flux. CQ is a compound, which raises the lysosomal pH and 

therefore inhibits the fusion between autophagosomes and lysosomes (Mauthe et al., 2018). 

Next, we decided to assess the effect of MIND4-17 on mitochondrial morphology. Electron 

microscopy did not reveal any detrimental results. However, we were able to spot 

autophagosomes in patients’ cells treated with MIND4-17. Intriguingly, MitotrackerTM Red 

CMXRos staining revealed that mitochondrial networks get more fragmented and accumulate 

around nucleus after 24 h long incubation with MIND4-17. In fact, the upregulation of 

SQSTM1/p62 may be related to the clustering. SQSTM1/p62 was previously described as 

responsible for aggregation of dysfunctional mitochondria into tight clusters to minimize the 

surface area, which is exposed to other cellular components (Narendra et al., 2010). Such 

sequestration of ubiquitinated mitochondria by SQSTM1/p62 seems to be analogous to the 

SQSTM1/p62-mediated clustering of ubiquitinated proteins. Several studies have presented 

evidence that SQSTM1/p62 binds ubiquitin through its UBA domain and polymerizes via its 

PB1 domain, thereby enabling the aggregation of misfolded proteins (Bjørkøy et al., 2005; 

Komatsu et al., 2007; Nezis et al., 2008). While the implications for mitochondrial aggregation 

in pathophysiology remain to be further unveiled, the reduction of surface area of dysfunctional 

mitochondria may lower their uptake of substrates and decrease the transmission of 

mitochondrial ROS across the cell. Moreover, clustering of dysfunctional mitochondria could 

avoid having them transported to cell compartments with high bioenergetic demands, such as 

synapses. Another theory depicts SQSTM1/p62 as sensory protein, which detects defective 

mitophagy, as SQSTM1/p62 clustering of ubiquitinated cargo has been described to be 

responsible for cell death in certain cell types where its degradation by autophagy was absent 

(Komatsu et al., 2007; Narendra et al., 2010).  

To further determine the impact of MIND4-17 treatment on mitochondrial functions, we 

measured activity of respiratory chain complexes. MIND4-17 treatment caused a significant 

increase in the activity of Complex I in patients’ cells. First underlying reason might be that 

NRF2 increases ΔΨm, which directly affects respiratory chain. Second and more probable 

underlying reason might be the ability of NRF2 to increase substrate availability for complex I 

(NADH). NRF2-deficient mice exhibited almost two-fold decrease in the pool of mitochondrial 

NADH, which could be caused by decreased efficiency of the tricarboxylic acid (TCA) cycle 

(Holmström et al., 2013). Moreover, the so-called “master regulation of mitochondrial 
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biogenesis”, PGC-1α, interacts with both nuclear respiratory factors NRF1 and NRF2, 

stimulating their powerful induction (Wu et al., 1999). NRF1 also binds to promoter regions of 

mitochondrial respiratory chain subunits, therefore regulating their expression (Evans and 

Scarpulla, 1990). Given that NRF1 contains four ARE in its promoter region, this is an indirect 

effect of NRF2 as well (Piantadosi et al., 2008). Furthermore, DJ-1/PARK7, a mitochondrial 

protein maintaining the activity of complex I, has been shown to stabilize  NRF2 by preventing 

association with its negative regulator, KEAP1, thereby promoting cytoprotection (Clements et 

al., 2006). Although the neuroprotectivity mediated by either pharmacological or genetic 

activation of NRF2 is independent of DJ-1, consequences of the relationship between NRF2 

and DJ-1 for mitochondria remains to be investigated (Gan et al., 2010).  

Surprising results were observed when we evaluated oxygen consumption in untreated cells. 

Patients’ cells repeatedly exhibited increased respiration, which is contradictory to previous 

studies of respiration in HD cells. Other studies in different cell types with HD pathology 

describe a decrease in respiration. However, there is a study which showed that oxygen 

consumption in juvenile HD fibroblasts was not significantly changed (Aladdin et al., 2019). 

At this point, we cannot tell, what the cause of this phenomenon is. It could be caused by some 

pathological behavior, changes in ΔΨm, or cells could be simply trying to overcompensate some 

deficiencies. Nonetheless, this phenomenon needs to be further studied. On the other hand, 

MIND4-17 treatment significantly decreased oxygen consumption in HD patients’ cells, 

restoring the values closer to original oxygen consumption levels of control cells. These data 

are in agreement with observations made by Holmström et. al, where genetically constitutively 

upregulated NRF2 (caused by Keap1-KO) decreased basal oxygen consumption by  ̴35% as 

well as minimized the effect of FCCP on maximal respiration compared to their WT 

counterparts (Holmström et al., 2013).  

While changes in expression of autophagy markers suggested increased autophagic flux, we 

still needed to study the effect of MIND4-17 on mitophagy specifically. In order to achieve 

that, we transfected cells with pEGFP-LC3 plasmid. Then we studied the colocalization of 

TOMM20 stained mitochondria and LC3-positive autophagosomes. First interesting results 

were delivered, when quantitative analysis of colocalization revealed that untreated patients’ 

cells have decreased Manders’ overlap coefficient by   ̴27% compared to untreated control cells. 

This is consistent with previous studies, which demonstrated that mHTT impairs cargo 

recognition by autophagosomes through the sequestration of proautophagic proteins, such as 

SQSTM1/p62, which results in disrupted loading of autophagosomes with mitochondria (Khalil 
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et al., 2015; Martinez-Vicente et al., 2010). Excitingly, MIND4-17 treatment resulted in a 1.85-

fold increase of Manders’ overlap coefficient in control cells and a 2.2-fold increase of 

Manders’ overlap coefficient in patients’ cells. These differences in colocalization suggest that 

the formation of mitochondria-containing autophagosomes is upregulated after NRF2 

activation mediated by MIND4-17 treatment. Regarding the immunoblot data, we believe that 

the enormous increase of SQSTM1/p62 expression allows an escape from sequestration by 

mHTT. Hence, the increased amount of free SQSTM1/p62 accompanied by the increased 

amount of NDP52 could then together sufficiently serve to target ubiquitinated mitochondria 

into autophagosomes. 

Based on these in vitro observations, it seems that the small-molecule compound MIND4-17 

could serve as a potent mitophagy inducer. Being already well known for its neuroprotective 

effects, we can add modulation of mitochondrial quality control to the already wide scope of 

positive outcomes MIND4-17 can provide. Therefore, we highlight the therapeutic potential of 

NRF2 inducing drugs not only in the study of neurodegenerative diseases. Furthermore, we 

report that HD HSF can be used to study mitophagy. This proves useful especially since human 

HD striatal tissue is hardly accessible and postmortem HD brain tissue is not feasible for the 

study of cellular pathogenesis. It would also be interesting to study mitophagy in neural stem 

cells differentiated from HD induced pluripotent stem cells. However, one should bear in mind 

that there is no easy way to extrapolate results obtained from cell cultures to complex 

organisms. Even data obtained from the currently very advanced animal HD models need to 

meet the relational, qualitative, quantitative, and modal elements before one can assume any 

resemblance to the actual occurrence in the HD human brain. 
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7 Conclusion 
Aims of this thesis were fullfilled. We proved that the small molecule compound, MIND4-17, 

could be used as a mitophagy inducer. We showed that fibroblasts from HD patients could serve 

as a suitable and “easily” accessible model to study mitophagy in the context of HD. Conlusions 

of this thesis are supported by these main results: 

• Immunobloting techniques have shown increased autophagic flux in fibroblasts from 

HD patients after MIND4-17 treatment. 

• Fluorescence microscopy revealed clustering of mitochondria around nucleus after 

MIND4-17 treatment in fibroblasts from HD patients and control cells. 

• Electron microscopy did not show any significant changes on the level of mitochondrial 

ultrastructure. 

• Spectrophotometric analysis of respiratory chain enzymes activities displayed increased 

activity of complex I in MIND4-17 treated fibroblasts from HD patients. 

• Analysis on the Seahorse XFe24 Extracellular Flux Analysis revealed decrease in 

oxygen consumption after MIND4-17 treatment in both control fibroblasts and 

fibroblasts from HD patients. No significant changes in glycolytic rates were observed. 

• MIND4-17 treatment increased colocalization of mitochondria and autophagosomes in 

both control fibroblasts and with higher rate in fibroblasts from HD patients.  
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9 Supplementary Data 
 

Table S1: Data from chart showing analysis of immunoblot data normalized for GAPDH (Fig. 6) 

Protein Cell Type Treatment Average of Values ±SD 
LC3B controls Vehicle 0,08 0,01 
LC3B controls MIND4-17 0,08 0,02 
LC3B patients Vehicle 0,50 0,42 
LC3B patients MIND4-17 1,19 0,24 
SQSTM1/p62 controls Vehicle 0,11 0,03 
SQSTM1/p62 controls MIND4-17 0,33 0,05 
SQSTM1/p62 patients Vehicle 0,24 0,13 
SQSTM1/p62 patients MIND4-17 1,47 0,34 
NDP52 controls Vehicle 0,35 0,06 
NDP52 controls MIND4-17 0,42 0,04 
NDP52 patients Vehicle 0,28 0,08 
NDP52 patients MIND4-17 0,48 0,17 
OPTN controls Vehicle 0,64 0,28 
OPTN controls MIND4-17 0,77 0,26 
OPTN patients Vehicle 1,05 0,09 
OPTN patients MIND4-17 0,64 0,19 

 

Table S2: Data from chart showing analysis of respiratory chain activities normalized for citrate 

synthase (Fig. 9) 

Complex Cell Type Treatment Average of Values ±SD 
Complex I controls Vehicle 1,07 0,33 
Complex I controls MIND4-17 1,49 0,51 
Complex I patients Vehicle 0,75 0,07 
Complex I patients MIND4-17 1,20 0,14 
Complex II controls Vehicle 0,54 0,16 
Complex II controls MIND4-17 0,47 0,11 
Complex II patients Vehicle 0,62 0,16 
Complex II patients MIND4-17 0,48 0,06 
Complex III controls Vehicle 1,55 0,78 
Complex III controls MIND4-17 1,60 1,04 
Complex III patients Vehicle 1,58 0,47 
Complex III patients MIND4-17 1,41 0,35 
Complex IV controls Vehicle 0,47 0,13 
Complex IV controls MIND4-17 0,48 0,16 
Complex IV patients Vehicle 0,41 0,05 
Complex IV patients MIND4-17 0,53 0,03 
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Table S3: Data from chart showing analysis of oxygen consumption measured by Seahorse XFe24 

analyzer (Fig. 10) 

Measurement Cell Type Treatment 
Average of Values 
(pmol/min/35000 cells) ±SD 

Routine respiration controls vehicle 110,79 11,11 
Routine respiration controls MIND4-17 102,76 16,90 
Routine respiration patients vehicle 147,40 8,97 
Routine respiration patients MIND4-17 122,55 18,85 
Proton leak controls vehicle 16,93 4,58 
Proton leak controls MIND4-17 28,88 18,20 
Proton leak patients vehicle 19,93 4,01 
Proton leak patients MIND4-17 16,68 3,92 
ATP production controls vehicle 93,86 10,99 
ATP production controls MIND4-17 86,13 16,73 
ATP production patients vehicle 127,48 8,50 
ATP production patients MIND4-17 105,87 15,86 
Maximal capacity controls vehicle 143,19 27,60 
Maximal capacity controls MIND4-17 123,48 36,53 
Maximal capacity patients vehicle 221,59 23,70 
Maximal capacity patients MIND4-17 171,97 38,10 
Spare capacity controls vehicle 32,40 18,37 
Spare capacity controls MIND4-17 20,72 20,84 
Spare capacity patients vehicle 74,19 19,06 
Spare capacity patients MIND4-17 49,43 23,35 

 

Table S4: Data from chart showing analysis of extracellular acidification ratio measured by 

Seahorse XFe24 analyzer (Fig. 11) 

Measurement Cell Type Treatment 
Average of Values 
(mpH/min/35000 cells) ±SD 

Glycolysis controls vehicle 35,18 17,86 
Glycolysis controls MIND4-17 29,45 19,17 
Glycolysis patients vehicle 35,53 17,35 
Glycolysis patients MIND4-17 41,87 23,62 
Glycolytic capacity controls vehicle 63,20 37,13 
Glycolytic capacity controls MIND4-17 50,80 33,71 
Glycolytic capacity patients vehicle 74,03 38,57 
Glycolytic capacity patients MIND4-17 69,53 34,14 
Glycolytic reserve controls vehicle 28,02 19,74 
Glycolytic reserve controls MIND4-17 21,36 15,29 
Glycolytic reserve patients vehicle 38,49 28,55 
Glycolytic reserve patients MIND4-17 27,66 12,13 
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Table S5: Data from chart showing analysis of Manders’ overlap coefficient (Fig. 12) 

Measurment Cell Type Treatment Average of Values ±SD 
Manders' overlap coefficient controls vehicle 0,23 0,07 
Manders' overlap coefficient controls MIND4-17 0,42 0,12 
Manders' overlap coefficient patients vehicle 0,17 0,08 
Manders' overlap coefficient patients MIND4-17 0,37 0,11 

  

 

    

Fig. S1. Unspecific labeling of LC3 antibody. Cells were stained with anti-TOMM20 and anti-LC3 antibodies. Arrowheads 

show unspecific signal of anti-LC3 antibody outside cells. Scale bar: 100 µM. C – control fibroblasts, P – fibroblasts from HD 

patients 
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Fig. S2. Analysis of pCLBW cox8 EGFP mCherry expression. Majority of cells exhibited diffuse signal in both emission 

spectra (First two rows). In some cells, the protein successfully marked only mitochondria (Third row). However, the signal 

was often significantly weaker compared to the diffuse signal in most cells (First row of images). Scale bar: 100 µM. C – 

control fibroblasts, P – fibroblasts from HD patients 
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