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Abstract

Mitochondria are found in nearly all eukaryotic cells, serving as energy producers and key
regulators of metabolic pathways, such as the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation (OXPHOS). Their role goes beyond energy metabolism, as they are important
for cell signalling, redox homeostasis, and apoptosis, i.e. processes vital for cellular growth,
adaptation, and survival. Central to mitochondrial function is complex II (CII), also referred to
as succinate dehydrogenase (SDH), which uniquely connects the TCA cycle with the electron
transport chain (ETC) by facilitating electron transfer while regulating succinate and fumarate,
metabolites with important signalling effects. Alterations in CII, both in its structure, function

and assembly, have been increasingly implicated in various cancers.

Renal cell carcinoma (RCC) and pheochromocytoma/paraganglioma (PPGL) are two types of
cancer where mitochondrial dysfunction, particularly involving CII, has emerged as a distinctive
hallmark. RCC, notably in its clear cell subtype (ccRCC), exhibits unique metabolic
reprogramming that contributes to its aggressive phenotype and resistance to conventional
treatments. PPGLs, while less common, present distinct metabolic challenges in the clinical
setting due to frequent genetic mutations impacting mitochondrial function. These types of
cancer share similarities in their dependence on mitochondrial metabolism, but they also show

unique mitochondrial alterations that may inform subtype-specific therapies.

In this study, we explore the role of CII in the metabolic changes of RCC subtypes. Using patient
tumour samples, this work reveals that ccRCC tumours display significantly reduced
mitochondrial DNA (mtDNA), protein content, and CII activity, all of which support a shift to
glycolysis, a hallmark adaptation in ccRCC that fuels its proliferation under hypoxic conditions.
In contrast, papillary (pRCC) and chromophobe (chRCC) RCC subtypes retain mitochondrial
features similar to healthy kidney tissue. This subtype-specific mitochondrial profile emphasizes
the potential of CII as both a biomarker and a therapeutic target in RCC, as its impaired function

is linked to the aggressive behaviour of ccRCC.

Moreover, our further investigation complements these findings by providing deeper insights

into the details of CII assembly. Using a PPGL cell line, this research has identified the critical



roles of SDHAF2 and SDHAF4 assembly factors in SDHA subunit maturation. In knockout
models, loss of SDHAF4 leads to abnormal CII assembly, reduced succinate dehydrogenase
activity, and excessive succinate accumulation. This mechanistic insight into CII assembly is
crucial for understanding how defects in assembly factor function could drive mitochondrial

and metabolic abnormalities in tumours with CII dysfunction.

Together, these studies enhance our understanding of the diverse roles of CII in cancer
metabolism and assembly, revealing CII as a key metabolic regulator. By linking structural and
functional aberrations in CII to specific cancer subtypes, this research will support the
development and deeper understanding of mitochondrial-targeted therapies, such as the
mitochondria-specific agent MitoTam. As mitochondrial dysfunction and metabolic
reprogramming remain central points in cancer biology, the findings of these studies contribute
valuable insights into therapeutic strategies for targeting mitochondrial integrity and

metabolism in renal and adrenal cancers.

Key words

Complex II, succinate dehydrogenase, renal cancer, pheochromocytoma and paraganglioma,

mitochondria, Clljow
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Abstrakt

Mitochondrie se nachazeji témér ve vSech eukaryotickych buiikach, kde produkuji energii a
reguluji dulezité metabolické procesy, jako je Krebstv cyklus (TCA) a oxidativni fosforylace
(OXPHOS). Mitochondrie hraji také roli v bunééné signalizaci, redoxni rovnovaze a apoptoze,
coz jsou procesy dulezité pro rust, adaptaci a preziti bunék. Komplex II (CII), neboli
sukcinatdehydrogendza (SDH), propojuje TCA cyklus s ETC fetézcem, a tak participuje na
pfenosu elektrond a regulaci metabolitl, jakymi jsou sukcinat a fumarat, které maji dalezité
signalni ucinky. Zmény v CII, at’ uz v jeho struktuie, funkci nebo asemblaci, jsou stale Castéji

spojovany s riznymi typy rakoviny.

Rendlni karcinom (RCC) a feochromocytom/paragangliom (PPGL) jsou nadorové patologie, u
nichz je vyznamnym znakem mitochondrialni dysfunkce, zejména spojena s CII. RCC,
predevsim podtyp svétlobunécnému karcinomu (ccRCC), vykazuje vyrazné metabolické zmény,
které ptispivaji k jeho agresivnimu chovani a rezistenci vic¢i béZznym lécbam. PPGL, byt
vzacnéj$i, predstavuje specifické metabolické vyzvy kvili ¢astym genetickym mutacim, které
ovliviuji mitochondridlni funkci. Ob¢ tyto nadorové patologie jsou zavislé na mitochondridlnim
metabolismu, a také vykazuji unikatni mitochondridlni zmény, které mohou byt vyuzité k vyvoji

cilenych terapii zamétenych na specifické podtypy nadort.

V této studii zkouméame roli CII v metabolickych zménach podtypli RCC. Vyzkum na vzorcich
nadort od pacientl ukazuje, ze nddory ccRCC maji vyrazné snizeny obsah mitochondridlni DNA
(mtDNA) a proteinli a snizenou aktivitu CII. Tyto nadory vyuzivaji glykolyzu na rast v
hypoxickych podminkach. Naproti tomu podtypy papilarniho (pRCC) a chromofobniho
(chRCC) RCC si zachovavaji mitochondrialni vlastnosti podobné zdravé ledvinové tkani. Tento
specificky mitochondrialni profil jednotlivych RCC podtypti poukazuje na potencial CII jako
biomarkeru a terapeutického cile v RCC, protoze jeho naruSena funkce je spojena s agresivnim

chovanim tohoto nddorového onemocnéni.

Nas dalsi vyzkum rozSifuje tato zjiSténi tim, Ze poskytuje hlubsi pohled na mechanismus
asemblace CII. Studie za pouziti bunécné linii PPGL ukazuji dilezitou roli asemblac¢nich faktort
SDHAF2 a SDHAF4 pii maturaci podjednotky SDHA. V modelech, kde doslo k vyfazeni

SDHAF4, byla pozorovana tvorba alternativnich forem CII, snizena aktivita enzyme SDH a
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nadmérné hromadéni sukcinatu. Tento mechanisticky pohled na asemblaci CII je klicovy pro
pochopeni toho, jak poruchy ve funkcich téchto asemblacnich faktori mohou zpisobit

mitochondrialni a metabolické abnormality u naddort s dysfunkei CII.

Tento vyzkum pfispiva k lepSimu pochopeni riznych roli CII v metabolizmu nadorovych
onemocnéni, ukazujici CII nejen jako dilezity metabolicky regulator, ale také jako strukturu
nachylnou na dysfunkci v nddorovych onemocnénich. Spojenim strukturdlnich a funk¢nich
abnormalit CII s konkrétnimi typy rakoviny tento vyzkum mitize pfispét k rozvoji a lepsSimu
pochopeni terapii zaméfenych na mitochondrie, naptiklad u mitochondridlné cileného 1éku
MitoTam. Vzhledem k tomu, ze mitochondrialni dysfunkce a metabolické zmény zlistavaji
klicovymi znaky v biologii rakoviny, vysledky této studie poskytuji cenné informace pro rozvoj

terapeutickych strategii zamétenych na mitochondridlni integritu a metabolismus u rakoviny.

Klicova slova

Komplex II, sukcinidtdehydrogenaza, renalni karcinom, feochromocytom a paragangliom,

mitochondrie, Clliow
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VEGF - vascular endothelial growth factor
VHL - von-Hippel Lindau



1. Introduction

1.1. Mitochondria

Mitochondria are highly specialized organelles that act as main energy producers within the cell,
generating the majority of ATP through oxidative phosphorylation (OXPHOS). This process is
essential for cellular function, particularly in tissues with high energy demands like the brain,
heart, and kidneys. However, mitochondria have a range of functions beyond ATP synthesis;
they are central to cellular homeostasis, supporting key metabolic pathways such as fatty acid
oxidation, amino acid metabolism and the tricarboxylic acid (TCA) cycle. These metabolic
activities help regulate nutrient processing and adapt energy production to meet the dynamic
needs of the cell [1]. In addition to their metabolic role, mitochondria influence cell signalling
and its regulation. They are significant sources of reactive oxygen species (ROS), which serve
as signalling molecules in pathways that control cellular processes such as proliferation,
differentiation, and response to stress [2]. Moreover, mitochondria are critical in regulating
apoptosis, a process that removes damaged or dysfunctional cells and helps prevent cancer

development [3].

1.1.1. Mitochondrial genome organization

A defining feature that sets mitochondria apart from other organelles is their unique
mitochondrial genome. Mitochondrial DNA (mtDNA) encodes 13 essential polypeptides, which
are core components of the respiratory chain complexes that drive OXPHOS. These proteins are
integrated into three complexes of the electron transport chain (ETC) and ATP synthase: 7 for
complex I (CI), 1 for complex III (CIII), 3 for complex IV (CIV), and 2 for complex V (CV).
The remaining approximately 80 subunits of the OXPHOS system are encoded by the nuclear

genome [4].

1.1.2. Mitochondrial structure

Mitochondria are double-membraned, containing the outer membrane (OMM) and the inner

membrane (IMM). The OMM contains porins that allow the passage of peptides, metabolites,
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and ions. The most abundant protein within the OMM is voltage-dependent anion channel
(VDAC). In contrast, the IMM is one of the most protein-dense membranes in the cell,
organizing enzymes to optimize the efficiency of metabolic process by positioning then close
to each other. It is structurally divided into the inner boundary membrane (IBM), which lies
parallel to the OMM, and the cristac membranes, which extend inward and form invaginations
known as cristae [5]. These cristae structures maximize the surface area of the IMM for the
proper organization and function of OXPHOS complexes. Cristae are connected to the IBM
through narrow tubular or slit-like cristae junctions, increasing the surface area of the IMM.
The IMM’s structure is highly dynamic and can change in response to cellular needs, redox
status, or apoptotic signals, adjusting the organization and density of cristae accordingly. This
flexible architecture is vital for maintaining energy production and signalling [6]. Even though
the intermembrane space (IMS) is the smallest sub-compartment of mitochondria, it is involved
in protein transport, lipid homeostasis and apoptosis. The matrix contains the mitochondrial
genome and regulates calcium signalling. Importantly, matrix is a platform for numerous

metabolic processes, such as the TCA cycle [7].

1.1.3. Tricarboxylic acid (TCA) cycle

The TCA cycle, also known as the Krebs cycle or citric acid cycle is a series of metabolic
reactions that generate energy by means of oxidation of acetyl-CoA, derived from
carbohydrates, fatty acids, and proteins. The TCA cycle begins when acetyl-CoA combines
with oxaloacetate (OAA) to form citrate, a reaction catalyzed by citrate synthase (CS). Citrate
is then converted to isocitrate by aconitase 2. Isocitrate undergoes decarboxylation, catalyzed
by isocitrate dehydrogenase 3 or isocitrate dehydrogenase 2, resulting in the formation of a-
ketoglutarate (0K G) and the release of CO». aKG is further decarboxylated to succinyl-CoA by
the oxoglutarate dehydrogenase complex, producing NADH and releasing another molecule of
COas. Succinyl-CoA is converted to succinate by succinyl-CoA synthetase, coupled with the
generation of GTP or ATP, depending on the energy needs of the tissue. Succinate is then
oxidized to fumarate by succinate dehydrogenase (SDH), followed by conversion of fumarate
to malate by fumarate hydratase. Finally, malate is converted back to OAA by malate
dehydrogenase 2, completing the cycle. Each turn of the TCA cycle produces three NADH and

one FADH> molecules, which are crucial for transferring electrons to the ETC, supporting the
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production of ATP [8].

In certain cellular contexts, such as in cancer cells with defective mitochondria, or those exposed
to hypoxia, the TCA cycle can function in reverse. In this case, aKG is reductively carboxylated
to form citrate, supporting the synthesis of acetyl-CoA necessary for lipid biosynthesis and cell
viability under conditions of limited oxygen or metabolic stress [9,10]. A schematic of the

forward and reverse TCA cycle is illustrated in Figure 1.

(a) (b)

Acetyl-CoA Acetyl-CoA

»Citrate A Citrate \

Oxaloacetate Oxaloacetate

Isocitrate Isocitrate
Malate Malate
I a-Ketoglutarate o-Ketoglutarate
Fumarate / Fumarate /
Succinate fmes Succinyl-CoA Succinate (e Succinyl-CoA

Figure 1: Overview of the forward and reverse TCA cycle (reductive carboxylation).

Adapted from [11].

1.1.4. Electron transport chain and oxidative phosphorylation

The OXPHOS system generates ATP through a series of protein complexes known as the ETC,
which is embedded in the IMM. The ETC comprises four protein complexes (I-IV) and two
electron carriers, cytochrome c¢ and coenzyme Q (CoQ), which facilitate the transfer of electrons
from NADH and FADH: to oxygen, the final electron acceptor, producing water as a byproduct.
As electrons pass through these complexes, they drive the pumping of protons across the IMM,
creating a proton gradient. This gradient powers ATP synthase (CV), which uses the energy from
the proton flow to synthesize ATP [12].

CI (NADH-ubiquinone oxidoreductase) is the largest enzyme complex in the ETC, composed of

14 core subunits arranged into two functional domains: the membrane arm, responsible for
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proton translocation, and the peripheral arm, involved in electron transfer [13,14]. In humans,
Cl is composed of 45 polypeptides, reflecting its intricate structure and central role in cellular
respiration. The enzyme catalyzes the transfer of electrons from NADH, produced in the TCA
cycle, to ubiquinone (CoQ), facilitated by iron-sulfur (Fe-S) clusters and flavin mononucleotide
(FMN) in the matrix arm. This electron transfer triggers conformational changes within CI that
promote the translocation of protons across the IMM, contributing to the proton gradient

required for ATP synthesis [15,16].

CII (succinate dehydrogenase; SDH), is distinct among ETC components due to its dual role in
cellular metabolism: it functions both within the TCA cycle and in electron transfer to the ETC.
CII catalyzes the oxidation of succinate to fumarate while transferring electrons to CoQ. Unlike
other ETC complexes, it does not directly contribute to the proton gradient across the IMM

[17].

CIII (CoQ-cytochrome c oxidoreductase), is a key component of the ETC, transferring electrons
from reduced ubiquinone (ubiquinol; CoQH>) to cytochrome c, a soluble electron carrier in the
IMS. This process occurs via the Q-cycle, enabling both electron transfer and proton pumping.
Protons translocated into the IMS contribute to the proton motive force that drives ATP
synthesis by ATP synthase. CIII functions as a dimer, with 11 subunits in each monomer. While
it does not directly accept electrons from CI or CII, it is fed by CoQ reduced by these complexes

and other dehydrogenases from various metabolic pathways [18,19].

CIV (cytochrome ¢ oxidase), serves as the final enzyme in the ETC, catalyzing electron transfer
from cytochrome c to molecular oxygen, which is reduced to water. This complex is composed
of 13 subunits. The electron transfer process is coupled with proton translocation across the
IMM: four protons are used to form water, while additional four protons are pumped into the

IMS, reinforcing the proton gradient essential for ATP synthesis [20].
CV (ATP synthase), uses the proton gradient created by the ETC to produce ATP. It comprises

two main domains: the Fi domain, situated in the matrix, and the Fo domain, embedded in the

IMM. The enzyme operates by coupling proton flow through the Fo domain to the rotational
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motion, triggering conformational changes in the F catalytic core. These structural shifts
enable the phosphorylation of ADP into ATP, finalizing the process of mitochondrial
energy generation [21]. A schematic of the OXPHOS and TCA cycle, with CII being at
the crossroads, is illustrated in Figure 2.

Acetyl-CoA

Oxaloacetate @ Citrate

NADH
NAD Isocitrate

NAD*

aKG
(FH) NAD*
NADH
0co,

Fumarate Succinyl-CoA
Succinate GDP
FADH, ETF
ATP) “ FAD NAD* @

Mitochondrial

, %2 HO g NADH

\ \ \ matrix
D o

" \O ' Forecce o0t ' |

r ¥ ';*_

Inner
TS Cyt.C H* mitochondrial

- membrane
OXPHOS Electron transport chain

Figure 2: Overview of OXPHOS and TCA cycle. The figure shows CII as a central element
bridging the OXPHOS and TCA cycle. Adapted from [22].

The organization of the ETC complexes has long been debated, with early models proposing
either a fixed "solid-state" arrangement [23] or a more dynamic "fluid-state" model where
complexes diffuse across the IMM [24]. Recent advances show that ETC complexes assemble
into larger structures known as supercomplexes (SCs). According to the most recent “plasticity”
model, free ETC complexes coexist with SCs, allowing a flexible assembly that allows dynamic

adaptation according to cellular needs [25].

Supercomplex assembly provides a kinetic advantage, boosts ATP production and influences the
IMM morphology in forming cristae. Respirasomes are structural SCs involved in complete
respiration from NADH to oxygen. They consist of the minimal functional unit comprising CI-
CII-CIVy,. These SCs thought to improve electron transfer between ETC complexes and
optimize the proton motive force needed for ATP synthesis [26-28].
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Variants of this structure include more copies of CIV, although they represent a minor fraction
of Cl-containing SCs. Other notable configurations include a CI + CIII> complex, while a Cl»
+ CIII; + CIV2 "megacomplex" has been observed previously [29]. Although CII has not been
definitively linked to human SC assembly [30], findings in ciliates suggest the possibility of CI
+ CII + CIIIz + CIV2 SCs, potentially contributing to the IMM bending [31].

1.2. Complex II biology

1.2.1. Structure and assembly

CII stands out among mitochondrial complexes for its relatively simple composition. It
comprises four subunits: the hydrophilic SDHA and SDHB, and the membrane-bound
hydrophobic SDHC and SDHD, all of which are encoded by nuclear DNA. Exceptions to this
nuclear encoding are found in certain red algae and heterotrophic zooflagellates, where the
SDHB, SDHC, and SDHD subunits are encoded by mtDNA [32]. Following synthesis on
cytosolic ribosomes, the subunits are imported into the mitochondrial matrix via the TIM/TOM
protein import system. Inside the matrix, the subunits undergo folding, insertion of cofactors,
and stepwise assembly into the functional SDH holoenzyme [33]. The assembly process
involves three key stages: maturation of SDHA, maturation of SDHB, coordination of heme
between SDHC and SDHD, and finally integration of all subunits into the complete CII

complex. The structure of CII is illustrated in Figure 3.
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Figure 3: Structure of CII. Adapted from [34].

1.2.1.1. SDHA maturation

SDHA, the largest subunit of CII, is a flavoprotein composed of four distinct domains: the flavin
adenine dinucleotide (FAD)-binding domain, the capping domain, the helical domain, and the
C-terminal domain [35]. Under aerobic conditions, SDHA facilitates the oxidation of succinate,
during which the FAD cofactor is reduced to FADH,. Electrons from FADH> are subsequently
transferred via Fe-S clusters in the SDHB subunit, ultimately reducing CoQ in the ETC [36].

While many flavoproteins incorporate FAD through an autocatalytic process without the need
for additional factors [37], the integration of FAD into SDHA in humans requires the SDHAF2
assembly factor. This process, known as flavinylation, involves the covalent binding of FAD to
SDHA. The role of SDHAF2 in this mechanism remains a subject of debate. Some studies
suggest that SDHAF2 acts as a chaperone, restructuring SDHA to facilitate FAD binding.
However, when SDHAF2 levels are low, SDHA can bind FAD autocatalytically, although the
kinetics of this reaction is slow and inefficient [38,39]. In contrast, others propose that SDHAF2
directly binds to FAD and functions as a transporter, delivering FAD to SDHA [37,40].

Interestingly, some thermophilic archaea [41] and mammalian breast cancer cells [42] do not
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require SDHAF?2 for flavinylation. This raises questions about the evolutionary advantage of
developing an assembly factor like SDHAF?2 if it is not essential for forming a functional CII.
However, SDHAF?2 plays a crucial role in enhancing the stability of the SDHA-FAD complex

and accelerating the flavinylation process [43].

Recent studies have revealed additional roles for SDHAF2 beyond its involvement in CII
assembly. It has been shown to contribute to mitochondrial respiration by stabilizing both CII
and CIV assemblies. Notably, in HeLa cells, SDHAF?2 is essential for COX assembly, as its
removal leads to reduced COX activity without affecting the expression of SDH subunits,
suggesting that SDHAF2 may influence COX assembly either through direct interaction with
subunits or by modifying the mitochondrial ultrastructure [44]. Furthermore, SDHAF2
overexpression has been linked to enhanced mitochondrial function and lipid oxidation, while
knockdown of the fission protein Drpl in muscle cells results in reduced CII assembly and
activity. Restoration of SDHAF2 in Drpl-deficient cells restored CII activity and improved
lipid oxidation and insulin response. This highlights the role of Drpl as a chaperone for

SDHAF2, facilitating its proper localization in mitochondria for CII assembly [45].

Another important assembly factor in SDHA maturation is SDHAF4, which primarily protects
the SDHA subunit when it is not bound to SDHB. During the earlier step of SDHA in succinate
oxidation and the reduction of FAD to FADH,, excess electrons can result in superoxide
production if they are not efficiently transferred to SDHB. SDHAF4 binds directly to the
SDHA-FAD complex as a chaperone, which prevents oxidative stress triggered by FAD and
subsequent ROS production [36,40]. While other functions of SDHAF4 remain unexplored, its
absence has been shown to trigger mitophagy, cause dilated cardiomyopathy, and

neurodegeneration, indicating its involvement in diverse pathological conditions [46,47].

1.2.1.2. SDHB maturation

SDHB is located between SDHA and the SDHC-SDHD dimer within CII and contains two
domains with three [Fe—S] clusters. These clusters, comprising a [2Fe—2S] cluster at the N-

terminal, and [3Fe—4S] and [4Fe—4S] clusters at the C-terminal, are essential for transferring
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electrons from succinate oxidation to CoQ. The synthesis of these Fe-S clusters involves the
scaffold protein ISCU, through a complex composed of a cysteine desulfurase, NFSI, its
binding partner, ISD11, and an iron donor, frataxin [48]. The [2Fe-2S] cluster is formed through
the Grx5 complex [49]. Once synthesized, the Fe-S clusters are transferred to a scaffold
complex consisting of HSC20, HSPA9 and ISCU before being incorporated into SDHB.
Together, SDHA and SDHB form the catalytic heterodimer of CII, stabilized by FAD and the
[Fe—S] clusters [50].

Two assembly factors, SDHAF1 and SDHAF3, are involved in SDHB maturation. SDHAF1
appears to facilitate Fe—S cluster insertion by binding SDHB at non-LYR-binding sites and by
guiding the HSPA9-HSC20-ISCU complex towards the LYR-binding sites on SDHB [51,52].
These Fe—S clusters are then transferred to SDHB, and due to their susceptibility to oxidative
damage, SDHAF1 and SDHAF3 protect them during this process [49]. SDHAF3 is proposed to
facilitate the binding of SDHAF1 to SDHB, enhancing the transfer and incorporation of Fe—S
clusters into SDHB [53,54].

1.2.1.3.  Assembly of CII

The ubiquinone-binding domain is located at the interface of the SDHC and SDHD
transmembrane helices and the C-terminal region of SDHB. Electrons generated from succinate
oxidation are sequentially transferred through a series of redox centers, including FAD, [2Fe-
28], [3Fe-4S], and [4Fe-4S] clusters. CoQ is the primary electron acceptor, although electrons
from the [3Fe-4S] cluster can be passed to either heme b or CoQ [55]. While heme b is not
essential for quinone reduction, it may function as an electron reservoir in the transfer pathway.
The electron transfer process begins with the reduction of CoQ by the first electron from the
[3Fe-4S] cluster to form semiquinone radical (CoQH), which is then stabilized by electron
equilibration between heme b and CoQ, before accepting a second electron to complete the

reduction [56].

Following the dissociation of SDHAF1 and SDHAF3, the hydrophilic portion of the SDHA-
SDHB intermediate interacts with the SDHC-SDHD dimer [12]. This SDHC-SDHD dimer,

containing both heme b and two CoQ binding sites, functions as the terminal electron transfer
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point from CII to CoQ [55]. Additionally, a phosphatidylethanolamine (PE) molecule within
the dimer stabilizes the protein structure. Assembly factors such as Coal, Coa2, and Shy1 play

arole in incorporating heme b into the membrane anchor [43]. A schematic of the CII assembly

is illustrated in Figure 4.
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Figure 4: Overview of CII assembly. Adapted from [57].

1.2.1.4. Chaperones

HSP60 is a chaperone protein essential for ETC chain complex assembly, including proper
folding of SDHA [58]. In addition, TRAP1, which has been shown to regulate mitochondrial
metabolism [59], has been identified as an SDHB chaperone [60,61]. While one study
demonstrated that TRAP1 inhibits CII, thereby contributing to tumorigenesis, another study
found that TRAP1 maintains CII, preserving mitochondrial homeostasis [62,63].

1.2.2. Regulation of CII activity

The catalytic activity of CII is regulated by various post-translational modifications, including
phosphorylation, deacetylation, and succinylation. While the impact of phosphorylation on
SDH activity is still unclear, studies have shown that deacetylation of SDHA enhances CII
activity [64]. Succinylation, which can occur both enzymatically and nonenzymatically, has

also been identified as a regulatory mechanism. Six succinylation sites on SDHA and one on
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SDHB have been found to enhance CII activity and mitochondrial respiration [65].

1.2.3. Reverse electron transfer

Reverse electron transfer (RET) in CII has been observed in recent studies [66,67]. In this
reversed activity, CII reduces fumarate to succinate, making fumarate an alternative electron
acceptor to oxygen within the ETC. Fumarate reduction helps maintain the flow of electrons into
the ETC through CI and dihydroorotate dehydrogenase (DHODH), supporting NADH oxidation
and promoting de novo pyrimidine biosynthesis during hypoxia [67]. Additionally, reverse CII

activity may contribute to the anaerobic production of hydrogen in mitochondria [68].

1.2.4. Generation of reactive oxygen species

While CI and CIII are typically considered the primary sources of ROS, such as superoxide, CII
has not been explicitly associated with significant ROS production. However, recent studies have
identified pathways through which CII contributes to ROS generation. The first is indirectly via
RET. When succinate is high in cells, CII overproduces QH> and electrons from QH> are
redirected to the FMN site of CI. A reaction between Oz and reduced FMN leads to the production
of superoxide [69]. Furthermore, ROS production at the Q site of CII has also been reported,
though this mechanism is considered to be rare in mammals [70]. Superoxide produced through
these pathways is subsequently converted to hydrogen peroxide (H202) and hydroxyl radical
(OH). This can lead to oxidative stress and contribute to cellular damage. Prolonged exposure to
ROS can result in the oxidative modification of mitochondrial and cellular components,
including proteins, lipids, and nucleic acids, ultimately leading to genomic instability and cellular

dysfunction [71-73].

1.2.5.  Succinate signalling

Succinate, an intermediate in the TCA cycle, becomes a potent oncometabolite when it
accumulates, particularly under conditions of CII deficiency. While it normally resides within
the mitochondrial matrix, succinate can translocate to the cytoplasm and extracellular space

during pathological states such as cancer. This translocation is facilitated by mitochondrial
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membrane transporters, including the solute carrier family 25 member 10 (SLC25A10) and

porins, which enable its movement across the IMM and OMM membranes, respectively [74].

Extracellular succinate activates the succinate receptor-1 (SUCNRI1), initiating downstream
signalling pathways like STAT3 and ERK1/2. This results in the stimulation of vascular
endothelial growth factor (VEGF), triggering angiogenesis [75]. Moreover, SUCNRI
activation stabilizes hypoxia-inducible factors (HIFs), which induces interleukin-1p (IL-1p)
overexpression, driving the M1 polarization of macrophages and enhancing tumour
angiogenesis [76,77]. Additionally, the uptake of succinate in T-cells can suppress their effector

function [78].

Intracellular succinate, structurally similar to a-KG, acts as a competitive inhibitor of a-KG-
dependent enzymes, including prolyl hydroxylase (PHD), which are critical for protein
hydroxylation, DNA and histone demethylation [79]. By inhibiting PHD, succinate stabilizes
HIF-1a, leading to transcriptional activation of genes involved in glycolysis and angiogenesis
[80,81]. Moreover, succinate inhibits the TET family of 5'-methylcytosine hydroxylases and
Jumonji domain-containing histone demethylases (JMHD), causing global histone
hypermethylation and altering gene expression regulation [82]. A schematic of the succinate
signalling is illustrated in Figure 5.
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Figure 5: Overview of succinate signalling. Adapted from [34].
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Interestingly, succinate accumulation in models of CII inhibition has been shown to impair
homologous recombination (HR)-mediated DNA repair. These HR defects make tumour cells
more susceptible to synthetic lethality when targeted with poly(ADP)-ribose polymerase (PARP)
inhibitors [83,84]. This highlights the complex role of succinate in both promoting

tumourigenesis and offering potential therapeutic opportunities in cancer treatment.

1.3. Complex II in disease

Mutations in the genes encoding components of CII can cause mitochondrial dysfunction, which
can manifest as a primary mitochondrial disease due to inherited germline mutations, or as an

increased risk of tumour development arising from somatic mutations.

1.3.1. Non-cancerous diseases

Mitochondrial CII deficiency accounts for approximately 2% of all diagnosed mitochondrial
diseases, making it a rare inherited metabolic disorder [85]. Clinical presentation of CII
deficiency varies depending on which subunit carries the mutation. Since SDHA is the primary
catalytic subunit of CII and is the most stable of the CII subunits, mutations in SDHA are rare
and their clinical manifestation depends on the degree of CII activity loss in specific tissues
[86,87]. Mutations in the SDHA gene most frequently lead to Leigh syndrome, a
neurodegenerative disorder characterized by progressive loss of mental and movement abilities
and respiratory failure [88]. The frequency and clinical outcome of individual mutations vary.
Certain mutations may only result in cardiomyopathy, while others may present with both
neurological and cardiac manifestations. In some cases, dilated cardiomyopathy may occur

without any neurological involvement [§9].

There is also increasing evidence suggesting that dysfunction of CII contributes to age-related
diseases [90,91]. Specifically, reduced CII activity has been observed in several
neurodegenerative conditions, namely Alzheimer’s disease [92] and Parkinson’s disease [93].
Surprisingly, SDH deficiency has been associated with unusual phenotypes, including obesity

[94] and premature aging of hematopoietic stem cells [95].
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1.3.2. Cancer

CIl  deficiency has been most commonly linked to cancers such as
pheochromocytoma/paraganglioma (PCC/PPGL), renal cell carcinoma (RCC), and
gastrointestinal stromal tumours (GIST). Epigenetic changes in the SDHC gene are associated
with the Carney triad, a rare, non-hereditary syndrome that includes SDH-deficient GIST, SDH-

deficient paraganglioma, and pulmonary chondroma [96].

Although less common, SDHB mutations have been implicated in other malignancies,
including multiple hamartomas, gastric cancer [97], T-cell acute leukemia [98], and

neuroblastoma [99].

Gastrointestinal stromal tumours (GIST) are the most prevalent mesenchymal tumours of the
gastrointestinal tract. Approximately half of wild-type GIST cases, which lack mutations in the
KIT or PDGFRA genes, are SDH-deficient [100—-102] and are often associated with global
DNA hypermethylation [103].

1.3.2.1. Pheochromocytoma/paraganglioma

Pheochromocytomas (PCCs) and paragangliomas (PPGLs) are catecholamine-secreting
neuroendocrine tumours originating from chromaffin cells, which are derived from the neural
crest. Traditionally, PCCs were distinguished as adrenal medulla tumours, while PPGLs were
classified as extra-adrenal tumours arising in the sympathetic nervous system (typically in the
pelvis and abdomen) or the parasympathetic nervous system (commonly in the head, neck and
rarely in the thorax and pelvis). However, a recent WHO classification of endocrine and
neuroendocrine tumours re-defined PCC as an intra-adrenal form of PPGL originating from

chromaffin cells of the adrenal medulla [104].

Although adrenal PCCs are mostly benign, they cause excessive catecholamine production and
release, potentially leading to a hypertensive crisis. Remarkably, approximately 40% of PPGLs
develop due to germline mutations in various genes, making them the most heritable of all

human tumours [105]. More than 20 gene mutations associated with PPGL have been identified.
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They are categorized into three major clusters with distinct biochemical profile, clinical
presentation and prognosis: pseudohypoxia (Cluster 1A and 1B), kinase signalling (Cluster 2),
and Wnt signalling (Cluster 3) [106]. Cluster 1 tumours exhibit a pseudohypoxic transcriptional
profile and hypermethylation. They include mutations in TCA cycle genes (SDHx, IDH1/2,
FH, and MDH?2), as well as mutations in VHL, EPAS1, and EGLN1/2. Cluster 2 tumours are
characterized by enriched kinase-signalling transcripts and a lower degree of DNA methylation.
Key mutations include NF1, RET, and HRAS [107]. Cluster 3 tumours have increased
expression of Wnt pathway genes, including CSDE1 mutations and MAML3 fusions. These
alterations drive angiogenesis, cell proliferation, survival, invasion, metastasis, and metabolic

deregulation [108]. A schematic of the PPGL clusters is illustrated in Figure 6.
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Figure 6: Overview of PPGL clusters. Adapted from [109].

The primary treatment for PPGL is surgical resection. For advanced or metastatic cases,
chemotherapy, particularly the CVD regimen (cyclophosphamide, vincristine, and dacarbazine),
or temozolomide is a well-established approach, especially for patients with SDHB mutations
[106,110]. Additionally, tyrosine kinase inhibitors (TKIs) targeting angiogenesis have shown
efficacy, particularly in metastatic SDHB-mutant tumours [111]. However, their use is often

associated with significant cumulative side effects, and the development of tumour resistance
[112].
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Mutations in SDHB are the most common among CII subunits within Cluster 1 tumours. This
is due to the inherent susceptibility of the SDHB subunit, where random missense mutations
are more likely to disrupt its function. The vulnerability of SDHB is due to the dense network
of amino acid interactions with other subunits and essential components of CII, such as FAD,

heme, ubiquinone, and [Fe-S] clusters [113].

Other possible explanations include the idea that SDH subcomplexes remaining after the loss
of SDHB may acquire tumourigenic properties, such as the presence of Clljow, an alternative
subassembly of CII with a molecular weight lower than that of SDHA [114]. Additionally,
SDHB may possess other, yet undiscovered, tumour-suppressor functions. Studies in yeast
models of SDHB deficiency have demonstrated that residual SDHA can persist and may
negatively impact cellular function [115]. Moreover, because of reduced catecholamine
production in PPGL with pathogenic SDHB variants, these tumours grow without symptoms
for a long time [116]. Additionally, PPGL patients with SDHB variants tend to present with a
more aggressive clinical phenotype, including a higher risk of metastasis. These tumours have
some of the highest rates of disease-specific morbidity and mortality among all hereditary

PPGL types [117].

Recent studies suggest that the loss of CII alone does not trigger tumour formation. SDHB-
deficient chromaffin cells accumulate succinate, experience mitochondrial swelling, and
histone hypermethylation. However, this does not result in increased proliferation, HIF1/2a
accumulation, or significant changes in catecholamine levels. Instead, mice with SDHB-
deficient chromaffin cells develop obesity [118]. A similar non-diabetic obese phenotype was

observed in SDHC-deficient mice, linked to hypothalamic neuron loss [94].

In the mouse adrenal medulla, loss of SDHB is compatible with cell survival, likely due to the
high levels of ascorbate in the adrenal gland. Interestingly, an additional genetic alteration may
be required for tumourigenesis in SDHB-deficient cells. For instance, loss of NF1, commonly
deregulated in Cluster 2 PPGL, can induce tumours resembling those in Cluster 1 PPGL
(SDHB-deficient) [119]. Furthermore, a recent study demonstrated that conditional knockout

of SDHC in neuroendocrine cells caused developmental defects but did not result in tumour
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formation [120]. These findings suggest that the loss of another gene, likely located near the

SDH gene on the 1p arm, may be necessary for tumour formation [118].

1.3.2.2. Renal cell carcinoma

Each year, more than 400,000 patients are diagnosed with renal cancer, making it one of the most
common cancers worldwide [121]. Patients with localized RCC have a favourable 5-year
survival rate of 73%. However, up to 30% of patients develop metastatic disease [122]. Despite
advances in targeted and immune therapies, patients with metastatic RCC continue to have poor

outcomes, with a median progression-free survival of just 15 months [123].

The WHO classification defines over 14 types of renal cell carcinomas (RCC) [124], with clear
cell (ccRCC), papillary (pRCC), and chromophobe RCC (chRCC) being the most common. RCC
grading has been an essential clinical tool for nearly a century. The Fuhrman grading system was
the first to establish a correlation between nuclear size, cell shape, and patient prognosis [125].
In 2016, the Fuhrman system was replaced by the WHO/International Society of Urological
Pathology (WHO/ISUP) grading system, which classifies RCC from Grade 1 to Grade 4 across
all subtypes. The WHO/ISUP grade is primarily based on nucleolar features, with Grade 4
including additional characteristics such as nuclear pleomorphism, and rhabdoid or sarcomatoid
differentiation. Grades 3—4 are associated with approximately a twofold increase in the risk of
metastatic RCC [126] and are strong predictors of recurrence, indicating their impact on overall
survival [127]. However, pRCC and chRCC show lower variation in nuclear features and

architectural complexity compared to ccRCC, thus, grading is less predictive of prognosis [128].

1.3.2.2.1. Clear cell renal carcinoma (¢ccRCC)

ccRCC accounts for approximately 75% of all RCC cases, making it the most common subtype
[129]. About 95% of ccRCC cases are sporadic, while the remaining 5% are associated with the
hereditary Von Hippel-Lindau (VHL) syndrome. VHL syndrome is caused by germline
mutations in the VHL gene, predisposing individuals to ccRCC, hemangioblastomas, pancreatic
neuroendocrine tumours, and pheochromocytoma/paraganglioma (PCC/PPGL). The syndrome

is classified into two main subtypes based on the mutation type and clinical presentation [130].
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Type 1 VHL disease, typically resulting from truncating or missense VHL mutations, is
characterized by a high risk of ccRCC and HB but a low risk of developing PPGL. In contrast,
type 2 VHL disease results from VHL missense mutations and is associated with PPGL.
Interestingly, individuals from the Chuvash region who are homozygous for the VHL R200W
mutation, present with congenital erythrocytosis. This condition, known as Chuvash
polycythemia, is characterized by excessive erythrocyte production due to HIF pathway defects,

which lead to increased production of erythropoietin [131].

The VHL protein (pVHL) plays a central role in oxygen sensing by regulating the stability of
HIFs. In an environment with normal oxygen levels, pVHL functions as part of the E3 ubiquitin
ligase complex, recognizing and binding to proline residues in the oxygen-dependent
degradation domains of hydroxylated HIF-a subunits. This interaction targets HIF-a for
ubiquitination and subsequent degradation by the proteasome. Hydroxylation of HIF-a by
prolyl hydroxylase domain (PHD) proteins is oxygen-dependent, linking the degradation of
HIFs to oxygen availability [132].

In hypoxic conditions or the absence of functional pVHL, HIF-a subunits escape degradation,
accumulate, and activate transcription of their target genes. HIFs are heterodimeric transcription
factors, consisting of an oxygen-sensitive HIF-a subunit and a stable HIF-1f subunit. Among
them, HIF-1 (HIF-10/HIF-1B) and HIF-2 (HIF-2a/HIF-1p) are particularly significant in the
development of clear cell renal carcinoma (ccRCC), as they regulate the expression of
thousands of genes [133]. These transcription factors share overlapping functions but also
regulate distinct sets of genes [134]. Notably, recent research suggests that HIF-1o may act as

a tumour suppressor, while HIF-2a predominantly promotes ccRCC progression [135].

When HIF-2a accumulates, it dimerizes with HIF-1p, translocates to the nucleus, and binds
hypoxia response elements in gene promoters, activating transcription of genes such as VEGF,
PDGF, and carbonic anhydrase IX (CAIX). CAIX is essential for hypoxic adaptation,
regulating pH by converting carbon dioxide into bicarbonate and protons[136]. Transcription
of these genes enhances tumour angiogenesis, proliferation, and metastasis [137]. Beyond

angiogenesis, HIFs also drive glycolytic rate by upregulating genes encoding glycolytic
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enzymes, further supporting tumour growth under low-oxygen conditions [138]. A schematic

of the VHL-HIF pathway is illustrated in Figure 7.
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Figure 7: Overview of the VHL-HIF pathway. Adapted from [132].

The VHL gene is universally expressed, but mutations in this tumour suppressor gene are
associated with a limited range of tumour types. Interestingly, VHL is categorized as a "common
essential gene", meaning that its inactivation in most cancer cell types leads to a significant loss
of cellular fitness [139]. However, ccRCC stands out as an exception. This cancer type, which
frequently harbors VHL mutations, represents the primary cause of mortality in the VHL
syndrome, with affected individuals facing a 50-70% lifetime risk of developing ccRCC.
Moreover, sporadic ccRCC also heavily relies on VHL loss, as mutations or inactivation of this

gene are found in 90-95% of such tumours [140].

Among VHL disease cases that manifest as PPGL, most carry missense VHL mutations.
Conversely, patients with null VHL alleles typically develop RCC and HBs without increased
risk of PPGL. This is unexpected given that pVHL suppresses the transcription factor HIF2,
whose gain-of-function mutations are also linked to PPGL. Complete loss of pVHL disrupts
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neuroblastoma cell line fitness in a HIF2-dependent manner. However, this fitness impairment
can be rescued by pVHL variants associated with PPGL, but not by variants tied to a lower risk
of the disease. These findings indicate that excessive HIF2 activity beyond a specific threshold
prevents PPGL development [141].

Studies have shown that the most frequent genomic alterations in ccRCC involve the loss of
chromosome 3p, as seen in 91% of ccRCC samples. This deletion includes the loss of the VHL
gene and nearby tumour suppressor genes, such as PBRM1, BAP1, and SETD2, all of which
are chromatin modifiers [142]. These genes become targets for inactivating mutations in the
second copy of the chromosome. The accumulation of driver mutations correlates with tumour
stage, grade, and necrosis [143,144]. While over 90% of ccRCC cases exhibit second-hit
mutations in VHL, complete loss of VHL expression alone is not enough to initiate ccRCC in

humans or mice [145,146].

Treatment and management of ccRCC depend on the disease stage. For localized tumours,
complete surgical resection through nephron-sparing partial nephrectomy or radical
nephrectomy is recommended. First-line treatment for metastatic ccRCC includes tyrosine
kinase inhibitors targeting VEGF, such as sunitinib, sorafenib, pazopanib, and axitinib, as well
as rapamycin inhibitors like temsirolimus and everolimus [147]. Given the reliance of ccRCC
on HIF activation, particularly HIF2, HIF2 inhibitors like belzutifan have been developed [148].
The prognosis for advanced RCC remains poor due to its low response to radiotherapy and

chemotherapy and resistance to treatment [149].

1.3.2.2.2. Papillary RCC

The second most common type of RCC is pRCC, representing approximately 15% of all cases.
pRCC is further divided into two histologic subtypes: type I and type II. Type I is more
common, grows slowly with a 5-year cancer-specific survival of 95%, and includes tumours
with MET mutations and chromosome-7 amplification [150]. Type II is more aggressive, with
a 5-year cancer-specific survival of 76%, and includes tumours with TCA enzyme mutations,

such as that of FH, leading to a highly aerobic glycolytic phenotype and upregulation of the
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Nrf2-antioxidant response pathway [151].

1.3.2.2.3. Chromophobe RCC

Chromophobe RCC (chRCC) is the third most common type of RCC, accounting for about 5%
of cases. It is a slow-growing tumour that originates in the distal nephron, with a 5-year survival
rate of 93% [152]. Most chRCC cases exhibit loss of heterozygosity in chromosomes 1, 2, 6, 10,
13, 17, and 21 [153]. The somatic mutation rate in chRCC is relatively low compared to ccRCC
and pRCC and approximately 40% of cases do not present any identifiable driver mutations.
Among the few genes consistently mutated across chRCC cohorts, TP53 is altered in 32%, and

PTEN in 9% of cases [154].

1.3.2.2.4. SDH-deficient RCC

In addition to PPGL and GIST, there is growing evidence that patients with germline mutations
in SDH subunit genes are also at risk of developing RCC, accounting for 0.05-0.5% of all RCC
cases [155]. This subtype was introduced in the 2016 WHO classification of renal tumours [124].
These tumours are most commonly characterized by mutations in SDHB, with fewer cases
involving mutations in SDHC and SDHA [156]. Similar to PPGL and GIST in these patients,
SDH-deficient RCC tumours often lack immunohistochemical labeling for SDHB in the

neoplastic cells [155].

To sustain growth, cells deficient in CII need to reprogram their metabolism. In normal cells,
NADH and FADH: produced in the TCA cycle are utilized to synthesize aspartate, which is
essential for the production of purines and pyrimidines necessary for cell proliferation. Wild-
type cells typically obtain aspartate from glutamine via the oxidative TCA cycle [9]. However,
in SDH-deficient cells, the TCA cycle is dysfunctional, requiring alternative metabolic

pathways. Specifically, these cells rely on pyruvate carboxylation and a reductive TCA cycle.

Pyruvate carboxylation in SDH-deficient cells involves the use of pyruvate carboxylase instead

of PDH to convert glucose into acetyl-CoA via glycolysis. This enzyme, found to be
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upregulated in SDHB KO cells, produces OAA, which is then converted into aspartate through
glutamate-oxaloacetate transaminase 2 (GOT2) [157,158]. The pyruvate carboxylation

pathway is illustrated in Figure 8.
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Figure 8: Pyruvate carboxylation pathway in cancer. Adapted from [159].

In the reductive TCA cycle (see Chapter 1.1.3.), glutamine plays a major role in biomass
synthesis via reductive carboxylation [160—162]. Reversible transamination between glutamate
and pyruvate generates aKG and alanine. aKG can be reduced through reductive carboxylation
to form citrate [163,164]. Citrate is then converted to OAA and aspartate by glutamate-

oxaloacetate transaminase 1 (GOT1) [160].
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2. Research aims

This dissertation investigates the role of CII in cancer, drawing on patient-derived samples and
cell line models. Through detailed analysis of CII status and assembly, this research aims to
explore the link between mitochondrial alterations and tumour progression in the context of

CIL

Aim 1: Investigate mitochondrial content and metabolic profiles in RCC subtypes
Assess mtDNA levels, protein content, and metabolic activity in different subtypes of RCC,
focusing on ccRCC, pRCC, and chRCC.
Determine the relationship between mitochondrial content and the metabolic adaptations

unique to ccRCC, especially the shift towards glycolysis observed in ccRCC.

Aim 2: Characterize CII function across RCC subtypes

Evaluate the functional status of CII in RCC tumours, with a specific focus on its assembly,
and activity.

Correlate these findings with clinical characteristics, including tumour grade, subtype, and

VHL status, to identify ClI-specific metabolic vulnerabilities.

Aim 3: Explore the role of CII assembly factors in SDHA maturation

Investigate the role of CII assembly factors, SDHAF2 and SDHAF4 in the maturation of SDHA
in a PPGL cell line.

Explore how disruptions in assembly processes contribute to metabolic changes, succinate
accumulation, and the formation of CII subassemblies, linking these mechanisms to cancer

progression and therapeutic opportunities.
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3. List of methods

Outlined below are the methods used throughout the research conducted for this thesis, with
further details provided in the referenced publications. Each method is associated with the
relevant research articles, denoted as research article 1 (see Chapter 4.1) and/or research article

2 (see Chapter 4.2).

Patient tissue specimen handling (1)

Cell culture
- Primary cell culture (1)
- Patient-derived organoid formation (1)
- hPheol cell line (2)
Histology and immunohistochemistry (1)

Immunofluorescence (1)

Genetic manipulation and cloning techniques
- Generation of hPheol SDHAF2 and/or SDHAF4 KO and reconstituted cells using the
CRISPR/Cpfl gene editing technology (2)

Isolation of mitochondria (1, 2)

Electrophoretic methods and western blotting
- SDS-PAGE (1, 2)
- BN-PAGE (1, 2)

In-gel SDH activity (1, 2)

Succinate-quinone reductase (SQR) activity (1, 2)

Gas chromatography-mass spectrometry (GC-MS)

- Succinate-to-fumarate ratio determination (2)
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Isolation of nucleic acids
DNA isolation (1)
RNA isolation (1, 2)

Quantitative polymerase chain reaction (QPCR)
Determination of mtDNA level (qPCR) (1)
Gene expression level determination (QRT-PCR) (1, 2)

Next-generation sequencing of the VHL gene (1)

High-resolution respirometry (1, 2)

Citrate synthase activity (1)

Statistical analysis (1, 2)
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4. Results

This dissertation thesis is based on two original research articles, one first-author and one co-
author publication. The relevance of these publications in the dissertation as well as the

contribution of the author is described below.

4.1. Miklovicova, S., Volpini, L., Sanovec, O., Monaco, F., Hadrava Vanova, K., Novak, J.,
Boukalova, S., Zobalova, R., Klezl, P., Tomasetti, M., Bobek, V., Fiala, V., Vcelak, J.,
Santarelli, L., Bielcikova, Z., Komrskova, K., Kolostova, K., Pacak, K., Dvorakova, S.,
Neuzil, J., 2025. Mitochondrial respiratory complex II is altered in renal carcinoma.
Biochimica Biophysica Acta — Molecular Basis of Disease, 1871(1):167556.
https://doi.org/10.1016/].bbadis.2024.167556

CII plays a dual role in mitochondrial energy metabolism and redox balance, making its function
and assembly critical to cellular homeostasis. In RCC, metabolic reprogramming, including
alterations in the TCA, is a hallmark feature. Investigating CII function and assembly in these

tumours is vital, as its dysregulation could drive tumour progression.

We analyzed both tumour and adjacent healthy kidney tissues from 78 RCC patients undergoing
nephrectomy, encompassing the three most common histotypes, namely ccRCC, the predominant
RCC subtype, followed by pRCC and chRCC. Patients were stratified into low- and high-grade
groups according to the WHO/ISUP grading system, correlating with prognostic outcomes. Our
evaluation included the identification of VHL mutations and CAIX expression in ccRCC. We
assessed mitochondrial CII respiration, CIV activity and CS activity in fresh tissues. Utilizing
SDS-PAGE/WB, we identified selected renal carcinoma-associated proteins and CII subunits.
We analyzed gene expression of key CII genes and mtDNA content. Furthermore, NBGE/WB
on isolated mitochondria revealed details on CII assembly, complemented by in-gel assays for

CII activity. Additionally, we characterized organoids derived from tumour tissue of 7 patients.

Our results revealed high mitochondria content and CII activity in normal kidney tissue of RCC

patients, indicating high energy demands of this tissue. Interestingly, all assessed mitochondrial
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parameters in pRCC and chRCC tissues were comparable to normal kidney tissue. On the
contrary, we observed a marked reduction in these parameters, namely mtDNA,
mitochondrial protein content and function, alongside diminished CII activity in ccRCC
tissues compared to normal kidney tissue. These tumours, characterized by variants in the
VHL gene and CAIX expression, exhibited increased mitochondrial content in high-grade
cases. However, CII function remained compromised in these tumours, indicating
metabolic changes linked to tumour aggressiveness. Disrupted CII assembly in ccRCC was
accompanied by the emergence of a Clliow subassembly, recently described by our group
to consist of the catalytic subunit SDHA and potentially one or two CII assembly factors
(see Chapter 4.2.) Tumor organoids derived from ccRCC closely resembled the original

tumor tissue in terms of structure, genome, and molecular characteristics.

These findings demonstrate that the integrity of complex II, as indicated by its assembly
and SDHB levels, diminishes with the advancing severity of ccRCC. Such insights could
be important for patient stratification and the development of targeted therapeutic

strategies.

Contribution to the publication: I participated in the study design and contributed to

the majority of the experimental work, data analysis and writing of the original draft as well

as revision.

Beyond the scope of this article, we found that decreased mitochondrial content and
OXPHOS utilization in ccRCC were accompanied by increased glycolytic capacity, based
on the expression of key glycolytic enzymes and metabolic regulators. Notably, we found
elevated levels of hexokinase-2 (HK-2), phosphofructokinase (PFKP) and pyruvate kinase
M2 (PKM2) in ccRCC compared to healthy kidney tissue, while the levels of pyruvate
dehydrogenase (PDH) were decreased, which would otherwise feed acetyl-CoA into the
TCA cycle, contributing to our findings of suppressed TCA cycle enzyme, CS. The results,
shown in Figure 9, highlight the addiction of ccRCC to glycolysis in energy generation and

macromolecule synthesis.
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Figure 9: Expression of selected glycolytic enzymes and metabolic regulators in ccRCC

tumours. H: healthy kidney; T: tumour.

4.2. Sharma, P., Maklashina, E., Voehler, M., Balintova, S., Dvorakova, S., Kraus, M.,
Hadrava Vanova, K., Nahacka, Z., Zobalova, R., Boukalova, S., Cunatova, K.,
Mracek, T., Ghayee, H. K., Pacak, K., Rohlena, J., Neuzil, J., Cecchini, G., Iverson, T.
M., 2024. Disordered-to-ordered transitions in assembly factors allow the complex II

catalytic subunit to switch binding partners. Nature Communications, 15:473.

https://doi.org/10.1038/s41467-023-44563-7

Our findings regarding the identification of Clliow in high-grade renal tumours (see Chapter
4.1.) were complemented by our detailed investigation of this assembly species. The assembly
of CII depends on precise interactions between the catalytic subunit SDHA, FAD, and the
assembly factors SDHAF2 and SDHAF4. Despite its importance, the sequence of these
interactions, the specific roles of SDHAF2 and SDHAF4 in SDHA maturation, and the

structural features of intermediate complexes remain poorly understood.

To explore this, we utilized the human adrenal pheochromocytoma cell line hPheol. We
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generated two SDHAF4 KO clones, an SDHAF2 KO clone, and an SDHAF2/SDHAF4 double
KO clone, and re-expressed SDHAF4 in all these lines. These cell lines were characterized by
assessing protein levels, respiration, SDH activity, SQR activity, and the succinate-to-fumarate

ratio.

Our results show that the loss of SDHAF4 did not affect SDHA levels but led to decreased
SDHB levels and an increase in SDHAF2, which highlights the critical role of SDHAF4 in
SDHA maturation. SDHAF4 KO resulted in impaired CII function, as reflected by reduced CII-
dependent respiration, and SDH and SQR activity, accompanied by an elevated succinate-to-
fumarate ratio. Re-expression of SDHAF4 restored these parameters to levels comparable to

parental cells.

Using blue native- (BN-)PAGE, we demonstrated that in parental cells, SDHA assembled into
mature CII as expected. However, in SDHAF4 KO cells, SDHA predominantly formed a ~100
kDa complex with SDHAF2, and re-expressing SDHAF4 restored proper CII assembly.
Immunoprecipitation revealed strong SDHAF4-SDHA interactions, but only in the presence of
SDHAF2, suggesting that SDHAF2 binding to SDHA precedes SDHAF4 association. SDHAF2
KO in SDHAF4 KO cells resulted in SDHA at ~100 kDa, without forming an SDHA-SDHAF4
complex. We also captured the SDHA-SDHAF2-SDHAF4 intermediate, but only under

specific in vitro conditions, indicating a rapid transition between these species.

The crystal structures highlighted the importance of intrinsically disordered regions in SDHAF2
and SDHAF4, which facilitate the transition from SDHA-SDHAF2 to SDHA-SDHAF4. These
regions in SDHAF4 were particularly critical for binding to the SDHA-SDHAF2 complex and
for subsequent SDHAF?2 displacement.

Based on these findings, we propose a stepwise model for SDHA maturation: SDHAF?2 first
binds to SDHA, followed by SDHAF4 binding. The intrinsically disordered regions of these
assembly factors play essential roles in this process, providing structural and functional insights

into the dynamics of CII assembly and its regulation.
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Contribution to the publication: I contributed to this publication with experimental work related

to the characterization of cell lines. I also participated in manuscript writing and revision.
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5. Discussion

Among the most energy-demanding organs in the body, the kidney has a metabolic rate that
exceeds many others at rest [165]. It has very high mitochondrial density and oxygen
consumption, which are crucial for its various cellular functions, including waste excretion,
nutrient reabsorption, fluid homeostasis, and blood pressure regulation. Most of the filtrate from
the glomerulus is reabsorbed by the proximal tubules, which contain more mitochondria than
any other part of the kidney [166]. Interestingly, nephron progenitors, self-renewing cells that
form nephrons, rely on glycolysis for energy in early development but transition to OXPHOS
as they differentiate. VHL, a key regulator of this metabolic shift, is essential for progenitor

differentiation and proper kidney development [167].

There is conflicting evidence regarding the metabolic changes that occur in kidney cells when
they become cancerous. Some studies suggest global metabolic reprogramming in kidney
tumours [168—170]. Others argue that kidney tumours retain the metabolic characteristics of
their tissue of origin, as they derive nutrients from the same source, although this particular

study was unselected with regard to tumour histology [171].

There are three main histological subtypes of kidney cancer: ccRCC, pRCC, and chRCC. A
distinct subtype of RCC, characterized by germline mutations in CII, has also been identified,
representing about 0.5% of all kidney cancers [124]. However, other evidence suggests that CII
dysfunction per se may be more widespread in kidney tumours [172]. With these considerations
in mind, the primary goal of this project was to explore mitochondrial characteristics and the

CII status across different subtypes of RCC.

We found that pRCC and chRCC exhibit mitochondrial content and function similar to that of
adjacent healthy kidney tissue. In contrast to ccRCC, the metabolic characteristics of pRCC and
chRCC remain less well understood, largely due to their lower prevalence. Our study
contributes to a better understanding by showing that both pRCC and chRCC retain
mitochondrial content and function, including CII activity. These findings contradict previous

reports suggesting a reduction in ETC activity in chRCC [173,174], emphasizing the
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importance of deeper investigation into the metabolic diversity across different RCC subtypes.

Our results are consistent with prior studies showing that while chromophobe RCC may harbor
mutations in CI, other ETC complexes (CIII, CIV, and CV) are upregulated in these tumours.
Similarly, higher levels of mitochondrial RNA (mtRNA) have been observed in chRCC and
oncocytomas compared to normal kidney tissue [175]. However, this study proposed that
somatic mutations in mtDNA that impair OXPHOS lead to dysfunctional mitochondria that are
not cleared due to defective mitophagy. Under this scenario, chRCC cells are thought to enter
an energy crisis, compensated by upregulating the biogenesis of dysfunctional mitochondria.
Thus, elevated mtRNA levels in chRCC tumours may be expected to reflect a decline in
mitochondrial respiration [176]. Importantly, our respirometry data show mitochondrial
respiration levels comparable to normal kidney tissue. This discrepancy suggests that the
previously proposed model may need further exploration to fully understand the metabolic

adaptations in RCC subtypes.

In contrast to chRCC and pRCC, we found decreased mitochondria content and activity
specifically in ccRCC tumours compared to healthy kidney tissue. These alterations in
mitochondrial function may result from suppressed mtDNA content, as we claim by a lower
mtDNA/nDNA ratio in ccRCC, which could be associated with reduced expression of mtDNA-
encoded genes. Previous studies have shown that decreased mtDNA content can lead to
downregulation of ETC complex subunits, suggesting a direct connection between reduction in
mtDNA and downregulation of ETC proteins [174]. Thus, low mtDNA content may contribute
to impaired OXPHOS in ccRCC.

In ccRCC, reduced expression of mitochondrial transcription factor A (TFAM) leads to
impaired replication and transcription of mtDNA [177]. As a result, reduced TFAM-mediated
regulation of mtDNA likely affects the observed decrease in mtDNA content in ccRCC tumors.
Additionally, TFAM expression has been shown to be downregulated in ccRCC due to reduced
levels of the co-activator protein PGCla. [178]. Moreover, wild-type VHL plays a role in
protecting TFAM from degradation by the LON protease in kidney tissue. However, when VHL

is mutated, TFAM is no longer protected, leading to its degradation and impaired mitochondrial
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biogenesis in ccRCC tumors [179]. This suggests that mitochondrial metabolism is overall
suppressed in ccRCC tumors compared to adjacent healthy kidney tissue, which may account

for the differences observed between ccRCC and other RCC subtypes.

Although mitochondrial dysfunction is evident in ccRCC, the cells can compensate by relying
on glycolysis and alternative metabolic pathways to maintain energy production and support
biosynthetic processes, thereby promoting tumor growth [169]. Our analysis indicates that
glycolysis is extensively utilized in ccRCC tumours, as reflected by the upregulation of key
glycolytic enzymes and a reduction in PDH expression compared to adjacent healthy kidney
tissue. Since our analysis focused solely on ccRCC tumours, we can only speculate about
glycolytic capacities in other subtypes of RCC. Interestingly, previous studies using
immunohistochemistry and transcriptomic profiling have shown elevated expression of G6PD,
GLS, ACSS2, and ATP5B in pRCC compared to ccRCC, all of which are involved, directly or
indirectly (in the case of G6PD), in OXPHOS and ETC. In contrast, genes encoding the key
glycolytic enzymes, such as SLC2A1 (which encodes GLUT1), HK-2, and PFKP, were
significantly lower in pRCC compared to ccRCC, suggesting reduced glycolytic capacity in this
RCC subtype. Furthermore, pRCC tumours did not exhibit increased GLUT1 expression, and
glycolytic enzymes such as HK-2 and PFKP showed low expression. On the other hand,
increased ATP5B expression in pRCCs, coupled with higher expression of COX IV and
TOM?20, points to enhanced mitochondrial oxidative capacity in this subtype [180].

Additionally, we observe decreased ClI-dependent respiration in ccRCC tissue, which is
indicative of compromised CII function. Furthermore, compared to nearby healthy kidney
tissue, ccRCC showed a marked decrease in SQR activity. High expression of NDUFA4L2, a
HIF-targeted protein that inhibits OXPHOS by interfering with both CI- and CII-dependent
respiration in skeletal muscle and, more crucially, in ccRCC, may be linked to suppressed CII
activity in ccRCC tumors [181-183]. In light of these results, NDUFA4L2 has been associated
with poor survival outcomes and may be a useful marker for ccRCC [182]. Our findings provide
additional evidence to the growing theory that ccRCC is a unique subtype of RCC characterized
by dysregulated mitochondrial activity, particularly in relation to CII activity. Notably, CII

47



dysfunction was exclusive to ccRCC and was not observed in pRCC, chRCC, or oncocytoma,

suggesting that these RCC subtypes exhibit different metabolic profiles.

In several cancers, reduced mtDNA copy number, lower mtRNA levels, and decreased
expression of nuclear-encoded respiratory proteins indicate a decline in mitochondrial
respiratory activity [175]. In our study, we found a decrease in mitochondrial content in ccRCC,
likely linked to reduced mtDNA copy number (e.g., mt-COI1 levels, as discussed above). This
decrease in mitochondrial content was accompanied by a reduction in the expression of nuclear-
encoded OXPHOS genes, such as those coding for CII subunits. These findings align with
previous studies reporting consistent differential expression patterns between mitochondria and
nuclear-encoded OXPHOS subunits [175]. The interdependence of ETC complexes also plays
a role as disruption of any single complex can lead to the downregulation of other complexes.
More specifically, suppression of CI level in such cases has been linked to decreased
mitochondrial ribosome function and impaired mitochondrial protein translation, even though

CII is encoded by nuclear DNA [184].

Within the context of SDH-deficient RCC, previous studies showed that tumours with SDHC
and SDHD mutations primarily resemble ccRCC microscopically. In contrast, SDHB-mutated
RCCs, which are the most common, show more diverse histological features that overlap with
several RCC subtypes, including chRCC, ccRCC, pRCC, sarcomatoid RCC, unclassified RCC,
and renal oncocytoma [185]. Notably, SDHB-mutated RCCs are negative for CAIX, which
distinguishes them from ccRCC and suggests that the effects of SDHB mutations may not be
dependent on the VHL/HIF/CAIX axis, as is often seen in ccRCC [185]. Ultrastructural studies
of SDHB-deficient RCCs showed abundant mitochondria in the cytoplasm, with cytoplasmic
inclusions corresponding to abnormal mitochondria exhibiting degenerated cristae and matrix
[186,187]. Importantly, these SDHB-deficient tumours retain SDHA immunostaining [185].
Based on our findings, we propose that SDH dysfunction in germline SDH-mutant RCC,
representing only 0.5% of all kidney cancers [172,188], is distinct from the mitochondrial
dysfunction seen in ccRCC, with the underlying molecular mechanisms differing. In ccRCC, CII
downregulation is likely VHL/HIF/CAIX axis-dependent, whereas in SDH-mutant RCC, it is
rather genetically determined by mutations in the SDH complex. This distinction highlights how

48



metabolic alterations in RCC can be driven by different genetic mechanisms: either via adaptive
responses to hypoxia in ccRCC or by means of inherited mutations in CII in SDH-deficient

tumours.

Findings from this work and by others are in line with recent studies that identify CII
dysfunction asa negative prognostic factor in RCC, with a distinct subset of SDH-deficient
tumours harbouring mutations in CII [168,189-191]. The reduced CII activity in ccRCC is
particularly noteworthy, as CII subunits, unlike other ETC complexes, CII subunits are

exclusively encoded by nuclear DNA.

Transcriptional regulation of ETC proteins involves both nuclear- and mitochondrial-encoded
genes, which are coordinately controlled by several key nuclear factors (e.g., NRF-1, NRF-2,
and ERRa) and co-activators from the PGC-1 family (e.g., PGC-1a and PRC). When PGC-1
activity is reduced, it acts as a coactivator or direct activator of several transcription factors,
including NRF-1 and NRF-2, which are key regulators of mitochondrial function. In aerobic
cardiomyocytes, NRF-1 has been shown to regulate SDH expression, with suppression of NRF-
1 specifically leading to decreased SDHA subunit expression. This mechanism could explain
the observed link between reduced mitochondrial content and decreased CII activity in ccRCC

tumours [192].

Other studies have suggested that the downregulation of CII in ccRCC may involve SDHB
promoter methylation [193,194], deletions of SDHB and inhibition of SDHD by miRNAs [172].
Notably, SDHD inhibition is regulated by HIF—dependent upregulation of miR-210, which is
induced by loss of VHL and directly inhibits the SDHD transcript. Interestingly, the extent of
VHL loss correlates with the level of miR-210 upregulation and subsequent SDHD loss. This
aligns with the well-established notion that a single functional allele of VHL is sufficient to
prevent RCC carcinogenesis and that a second mutation in the preserved allele is necessary to
initiate tumourigenesis [172]. These findings suggest that low CII levels in ccRCC are not
simply a consequence of reduced mitochondrial content, but rather reflect a distinct pathological
phenomenon driven by specific mechanisms. This mechanism differs from the CII dysfunction

observed in ccRCC tumours with germline mutations in CII.
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After observing a suppression of mitochondrial metabolism and CII content in ¢ccRCC, we
aimed to investigate their potential impact on disease progression. Tumor histological grade is
a key prognostic factor in cancer, with higher-grade tumors frequently associated with greater
metastatic potential and more aggressive disease. High-grade RCC tumours also tend to exhibit

immunosuppressive traits, which are generally unfavourable for patient prognosis [195].

To investigate the relationship between metabolic changes and tumour grade, we compared
high- and low-grade RCC tumours. We found that mitochondrial content and activity increased
with tumour grade. Notably, high-grade tumors exhibited higher mtDNA content and CS
activity compared to low-grade tumors [196] and high OXPHOS levels were linked to lower

survival in metastatic patients [197].

Our findings align with a recent study that demonstrated the reactivation of OXPHOS in
metastatic tumours [188]. Importantly, the same results were observed in high-grade tumours,
where elevated OXPHOS scores in high-risk, high-grade tumours from the TCGA cohort were
predictive of poor patient outcomes. Additionally, another study using the TCGA cohort
showed that higher mtDNA content correlated with poor survival, despite most OXPHOS genes
being encoded by nuclear DNA. Together, these findings suggest that both mtDNA abundance
and the expression of nuclear-encoded OXPHOS genes are elevated in aggressive primary
ccRCCs with unfavourable prognosis [175]. This points to mitochondrial adaptations in

primary ccRCC tumours that may facilitate their metastatic potential.

Mitochondrial biogenesis, driven by PGC-1a, has been shown to promote cancer cell motility
and metastatic dissemination, as observed in breast cancer [198]. Invading cancer cells rely on
mitochondrial biogenesis and increased respiration for their migratory properties. Importantly,
enhanced mitochondrial respiration did not affect glycolytic rates in circulating tumour cells
and did not affect cancer cell proliferation or growth of primary tumours, suggesting that
invasive and migratory traits are more closely linked to mitochondrial respiration than to the

proliferative capacity of the primary tumour [198].

Significant genetic changes are now widely recognized as essential for the progression of
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advanced-stage RCCs [199]. Evidence suggests that loss of the SETD2 gene, which encodes a
histone methyltransferase, is critical apart from VHL for tumour progression, invasion and
metastasis in RCC [200]. Loss of SETD2 has also been linked to increased OXPHOS via
upregulation of PGC-1a expression [201].

To our surprise, the amounts of the CII subunits SDHA and SDHB, the assembly factor
SDHAF2, CII-dependent respiration, and SQR activity did not significantly differ between

high-grade and low-grade tumors.

Interestingly, our analysis of CII assembly revealed a decrease in SDHB levels and a lower
proportion of fully assembled CII in high-grade tumours. Interestingly, positive reactivity for
SDHB in areas with low-grade morphology, transitioning to a high-grade sarcomatoid
component with the absence of reactivity were previously found in ccRCC, suggesting that
SDHB protein loss might have been the result of additional genetic alterations that developed
during tumour progression [202]. In contrast, we observed increased levels of SDHA and
SDHAF2 within a sub-assembly of CII, which we previously termed Clliow. Additionally, SDH
activity was decreased in high-grade tumour mitochondria. These results imply that CII
assembly may be more defective, potentially due to a shortage of SDHB and the accumulation
of Clliow, where SDHA likely associates with SDHAF2 and/or SDHAF4 [114]. The persistence
of this dysfunctional Clliow sub-assembly may indicate its involvement in tumour progression

and metastasis via mechanisms that remain unclear.

The exact cause of the concurrent increase in mitochondrial activity and the disruption in CII
assembly in high-grade ccRCC tumors has yet to be identified. Our findings suggest that Clliow
may serve as a negative prognostic marker in ccRCC, possibly facilitating mechanisms that
drive tumour progression and metastasis. The functional significance of Clliow remains an open
question, although our previous work showed that cells lacking Clliow failed to form tumours in
a mouse model. These cells were proposed to be less efficient at sensing and adapting to energy
demands. While cells with and without Clliow grew well in glucose-rich media, those lacking
Clliow showed poor growth in galactose-rich media and exhibited increased sensitivity to cell

death, resembling nutrient deprivation conditions. This suggests that Clliow may be important
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for sustaining cell growth under nutrient-permissive conditions, which could be particularly
relevant in high-grade tumours, where Clliow may help the cells survive nutrient scarcity and

promote metastasis [114].

Furthermore, the poor growth of Cllow-deficient cells in galactose-rich media indicates the
reliance of cells with Cllio,w on OXPHOS [114]. Our findings suggest that high-grade tumours
are more dependent on OXPHOS, and Clli,w may play a role in helping these cells cope with
the increased oxidative stress associated with higher OXPHOS activity. By having Clliow, these
cells may better withstand the demands of elevated OXPHOS, enabling them to survive and
proliferate even under conditions of low oxygen or nutrient competition, as hypoxia is known
to be more pronounced in high-grade tumours. A schematic of the main findings of this study

is illustrated in Figure 10.
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Figure 10: Mitochondrial function and CII activity across RCC subtypes and grades. This
graphical abstract illustrates the differences in mitochondrial function and CII activity between
normal kidney tissue and various subtypes of RCC, including pRCC, chRCC, and oncocytoma

(herein as non-ccRCC) and ccRCC, as well as across tumour grades. Adapted from [203].
Clliow has been recognized as a distinct subassembly of CII during the maturation of SDHA. In

the second part of this study, we investigated the role of two assembly factors, SDHAF2 and
SDHAF4, in SDHA maturation using hPheol cells derived from human pheochromocytoma.
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Our results show that, although multiple pathways could contribute to SDHA maturation, a
preferred pathway exists in which SDHA progresses via at least three metastable intermediates:
SDHA-AF2, SDHA-AF2-AF4, and SDHA-AF4. Both SDHA and SDHA-AF2 migrate as a
~100 kDa species on BN-PAGE. Previous studies have noted a specific increase in this ~100
kDa band under various physiological conditions. For instance, earlier work found that SDHA
migrated as a ~100 kDa species in hypoxia or acidified environment induced by anticancer
drugs. It was concluded that the species was an SDHA-SDHB heterodimer, but SDHB was not
directly determined [204].

More recently, a study linked macrophage activation to CII disassembly and the appearance of
an SDHA-containing species, although no more information about the presence of assembly

factors or any other components was provided [205].

In subsequent research, similar SDHA-containing species were observed in cells where CII
assembly was disrupted, and these species were referred to as Clliow. Although the identity of
the species was not fully resolved at the time, one possibility was that the 100 kDa species was
a complex between SDHA and assembly factor(s). There was evidence for SDHA, SDHAF2,
and SDHAF4, but it was not clear whether they existed as monomers or formed homo- or

heterodimers [114].

Our findings reveal that the previously proposed ~100 kDa Cllow species predominantly
consists of SDHA and SDHAF2. Importantly, SDHA-AF?2 is highly stable, the protein complex
remains intact and dissociates only upon denaturation. Based on these observations, we propose
that the species that most significantly accumulates as the ~100 kDa is likely the SDHA-AF2

assembly intermediate.

Additionally, we found that SDHAF4 facilitates the release of SDHAF2 from the SDHA-AF2
complex and that structural changes are key for this transition. Mechanistically, these changes
appear to involve alterations in intrinsic disorder, i.e. regions lacking secondary structure, that
induce allosteric shifts in SDHA. As a consequence, the binding surface of SDHA is modified
to interact with SDHAF2, SDHAF2 and SDHB. In SDHAF2, the changes in intrinsic disorder
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occur in regions critical for SDHA maturation. Isolated SDHAF4 is fully disordered, and
binding to SDHA still preserves a large portion of the protein disordered. This intrinsic disorder

is important in protein assembly, expanding known functions of intrinsic disorders. A schematic

of the main findings of this study is illustrated in Figure 11.
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Figure 11: Model of SDHA maturation pathway. This model illustrates the preferred
maturation pathway of SDHA during CII biogenesis. Assembly intermediates: SDHA-AF2,
SDHA-AF2-AF4, and SDHA-AF4, as well as FAD and dicarboxylate (succinate) molecules,

are shown to depict the maturation process. Adapted from [206].

Importantly, a previous study proposed the lack of enzymatic activity of the Clliow species [207].
This is consistent with our findings, where SDH activity was only detected in fully assembled
CII with intact catalytic activity. The Clliow species may be therefore used to store SDHA,

which could then be used for CII assembly, ensuring efficient CII assembly when needed.

In summary, our research defines the function of SDHAF2 and SDHFA4 in CII assembly. We
demonstrate that SDHAF?2 is essential for the flavinylation of SDHA, which is crucial for
transferring electrons and reducing FAD to FADH». Additionally, we show that the role of
SDHAF4 is to bind to the SDHA-SDHAF2 complex and to displace SDHAF2 to allow for
further maturation of SDHA and the subsequent binding of SDHB.
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In summary, we demonstrate the important role of CII in cancer, using patient samples and cell
lines from two of the most common ClI-associated cancers: RCC and PPGL. This work also
has a translational context, particularly in light of our recent clinical trial using mitochondria-

targeting anti-cancer drug MitoTam.

Although mitochondria present a promising target for therapeutic intervention, so far, only one
drug targeting mitochondria, the BH3 mimetic Venetoclax, has been approved for clinical use,
specifically for treating acute myeloid leukemia (AML) [208]. Our team has synthesized and
evaluated various triphenylphosphonium (TPP+)-conjugated mitochondrial-targeted
compounds, known as mitocans [209]. Mitotam, a modified form of tamoxifen, is conjugated
with TPP+, a compound with lipophilic and positively charged properties, enabling it to easily
pass through cellular membranes, including the plasma membrane and the IMM. Due to the
higher membrane potential often found in cancer cells, TPP+ serves as a molecular anchor,
concentrating these compounds at the IMM-matrix interface. MitoTam acts by disrupting

mitochondrial CI [210].

Encouragingly, a Phase 1/1b clinical trial involving 75 patients across various cancer types
(EudraCT 2017-004441-25) revealed that RCC patients experienced the greatest therapeutic
benefit, with 5 out of 6 patients showing long-term stabilization or remission [211]. Notably,
all five patients with benefit were diagnosed with ccRCC [212], which supports the potential
relevance of MitoTam in treating ccRCC via CI destabilization. However, it also creates a
concern that alterations in CII, which, as we have shown in this study, are common in ccRCC,
could affect CI function. Previous studies have shown that mutations in SDH, including those
in SDHA, SDHB, and SDHD, disrupt the Krebs cycle and NADH production, which are
essential for CI activity [19,157,213,214]. On the other hand, CII dysfunction was found not to
affect CIII or CV levels. Instead, the dual loss of SDH and CI has been identified as a key driver
of the metabolic phenotype observed in SDH-mutant tumours [215]. Importantly, the loss of CI
in SDH-deficient RCC has been shown to sustain the production of aspartate, critical for cell
proliferation during metabolic reprogramming [213]. Understanding CII and CI dependence

may therefore help guide future patient recruitment for Phase II of the clinical trial.
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This research also raises important questions regarding the status of CI in different tissues
affected by specific SDH mutations. For example, in Leigh syndrome and ataxia associated
with SDHA mutations, CI activity remains intact [215-218]. Interestingly, studies suggest that
chromaffin-derived cells, such as those in PCC/PPGL, depend on CI activity, in contrast to
epithelial cell models of SDH loss, like RCC and GIST [219]. Thus, the ability to retain CI
function may be a key factor in determining tissue-specific outcomes of SDH loss in cancer and

neurodegenerative disorders.

Moreover, since SDHA accumulates in all CII KO states as part of the Clliow species, and SDHA
levels remain stable under these conditions, SDHA may act as a master regulator. Our
preliminary data (not shown), along with existing literature, suggests that when CII subunit genes
are knocked out, except for SDHA, all other subunits are depleted, whereas SDHA itself remains
highly stable. Disruption of the CII assembly machinery leads to its collapse, but SDHA is only
significantly affected when its expression is aberrant. This phenomenon is particularly evident
in SDH-deficient RCCs, where tumours with mutations in SDHB, SDHC, or SDHD are negative
for SDHB but positive for SDHA, while SDHA-deficient RCCs are negative for both SDHA and
SDHB [220]. These findings suggest that SDHA plays a pivotal role in CII assembly and stability

and may serve as a critical biomarker for assessing tumourigenesis in SDH-deficient RCC.

Despite the progress made in understanding the biology of CII as discussed in this work, several
unresolved questions from our study require further exploration. Key areas of study include the
impact of CII changes on tumour sensitivity to MitoTam treatment, how CII, CI, and overall
mitochondrial content change during metastasis and whether MitoTam treatment exerts distinct
effects on primary vs. metastatic tumours. Additionally, the role of Clljow in circulating tumour

cells and metastatic tissue requires further clarification.

57



6. Conclusion

CII plays a key role in mitochondrial function by connecting the TCA cycle and ETC, while
also regulating metabolites involved in cellular signalling. Its important role in maintaining
cellular metabolism makes it crucial for both health and disease. Disruptions to CII have been
linked to the development of various cancers. This research highlights the importance of

understanding the role of CII in cancer biology.

A detailed analysis of CII in RCC, particularly ccRCC, highlights the role of CII in the
metabolic reprogramming seen in ccRCC. The findings reveal that ccRCC uniquely displays
compromised mitochondrial content, function, and CII activity compared to healthy kidney
tissue. This loss in CII and mitochondrial integrity is not as pronounced in other RCC subtypes,
such as pRCC and chRCC, which retain mitochondrial characteristics more similar to normal
kidney tissue. High-grade tumour cells accumulate mitochondria and show increased levels of
Clllow subassembly. This differential mitochondrial profile, alongside specific genetic and
proteomic alterations, points to a distinct pathway of metabolic adaptation in ccRCC, which

supports its aggressiveness and may have implications for therapy selection.

Additionally, we show that CII assembly is crucial for the function of the protein, and SDHA
maturation proceeds selectively via distinct steps of different SDHA-containing species.
Through the analysis of cell lines, this research highlights the critical nature of SDHAF2 and
SDHAF4 in the sequential assembly of CIIL.

In translational terms, the study suggests potential biomarkers, such as Clljow, that could serve
as diagnostic indicators or therapeutic targets in RCC. Notably, the appearance of this
subassembly, in high-grade ccRCC points to CII’s potential role as a prognostic marker in
aggressive tumour phenotypes. Additionally, the study discusses the relevance of mitochondria-
targeting therapeutics, such as MitoTam, and the implications of CII deficiencies on the efficacy
of these therapies in ccRCC patients, supporting the idea of a patient-specific approach based

on mitochondrial profiles.
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