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ii. Abstract

The inheritance of specific germline variants can be associated with a
significantly increased lifetime risk of developing cancer. With the advancements
in sequencing technology and lowered costs, individuals carrying variants known
to cause cancer can now be readily identified. After a recent FDA approval, one
can even now get a prescription for a genetic test covering 47 genes associated
with heritable cancer to identify risks. Among the genes included in this test is
SDHA. SDHA encodes the largest subunit of the succinate dehydrogenase
enzyme complex, which plays a vital role in cellular metabolism. When functional,
SDH converts succinate to fumarate and passes electrons to ubiquinone, thereby
linking the tricarboxylic acid cycle to the electron transport chain. However, upon
SDH dysfunction, the accumulation of succinate can result in metabolic and
epigenetic dysregulation, leading to tumor formation. As such, individuals who
inherit a loss-of-function mutation in one of the SDH genes, including SDHA, are
at risk for cancer.

The more individuals that receive genetic testing, the more individuals that
carry a known cancer-causing SDHA variant will be detected. This provides
tremendous opportunities for improved patient outcomes, such as early tumor
detection. However, at the same time, the more sequencing is performed, the
more we will identify variants for which we cannot properly assess pathogenicity
due to insufficient evidence. More than 1,000 missense SDHA variants are listed
in ClinVar and over 95% have been interpreted as variants of uncertain

significance (VUS). As the detection of these VUS cannot be used to guide

Vi



clinical decisions, we must improve our ability to interpret the significance of
SDHA variants before genetic sequencing can be utilized to its fullest potential
for assessing cancer risk.

To address the VUS problem in SDHA, we turned to functional data, which
can provide strong evidence for variant classification. However, there is not a
clear understanding as to what constitutes cancer-like SDHA dysfunction, making
it challenging to interpret results. Therefore, we investigated what distinguishes
cancer from non-cancer variants using a novel HAP1 SDHA-knockout cell line.
This analysis revealed that cancer-causing variants are uniquely characterized
by complete loss of activity. With this, we were able to establish a threshold for
classifying cancer variants which corresponded to a true positive rate and
positive predictive value over 95%. Based on the performance of this model, we
could obtain strong functional evidence to support the reclassification of SDHA
VUS with cancer-like dysfunction as likely pathogenic, following the guidelines
and recommendations provided by ACMG and ClinGen.

To supplement this model, we also developed a cell-based assay that
interrogates SDHA-variant function. Although it requires further development, it
has shown promising potential and has the capacity for high-throughput analysis,
which can enable us to characterize a greater number of SDHA VUS. When
paired with our exceptional HAP1 SDHAKX® functional model to validate results,
this represents a framework to determine the functional consequences of SDHA
variants, which can be used as evidence to enhance our ability to assess

SDHA-variant pathogenicity and greatly benefit those at risk for cancer.
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1.

ntroduction

A. Cancer

To understand human cancer would require one to understand all of
human biology. The multitude of genetic and environmental factors underlying
tumor formation are outhnumbered only by the endless biological pathways that
cancers exploit, modify, or seemingly create, to promote aberrant cell
proliferation. In 2000, Hanahan and Weinberg attempted to reduce cancer
biology’s vast complexities and intricacies into six “hallmarks” (1). They further
described a mechanism by which pre-malignant cells could obtain these
hallmarks and termed it an “enabling characteristic”. In 2011, the pair updated
their list to include two emerging hallmarks and an additional enabling
characteristic (2). After the most recent 2022 update, aptly titled “Hallmarks of
Cancer: New Dimensions” the list now stands at eight bona fide hallmarks, two
emerging hallmarks, and four enabling characteristics (3). Perhaps it is ironic that
the list that attempts to simplify the complexity of cancer biology continues to
grow, dare | say, uncontrollably.

The evolution of the hallmarks of cancer is well justified, not because the
diseases themselves are changing but because our understanding is constantly
advancing. While much progress has been made toward unraveling the
complexities of cancer biology, every advancement reveals how far we still must
go. Together, we are traversing a maze with no exit. Each discovery we make

opens a new door leading to multiple paths. Sometimes, these paths are entirely



unexplored, whereas other times, we find they lead to familiar paths that were
previously thought to be unconnected. While the maze has no exit, the more we
explore, the less we feel lost. Herein, | describe my journey through this maze,
where | investigated the molecular consequences of variants in succinate
dehydrogenase (SDH) and their associations with cancer. In the introduction, |
present the doors that had been previously opened and guided my way. In the
subsequent chapters, | unveil the doors opened by my research and the insights
that were gained. Lastly, | speculate on the unopened doors that lie ahead.
1. Tumor suppressor genes

In 1969, Harris and colleagues demonstrated that fusing mouse cancer
cells with normal cells suppressed malignancy (4). Chromosome segregation
analysis revealed this phenomenon was dependent on the presence of specific
fragments of DNA. At the time, it was accepted that certain “oncogenes” could
initiate tumor formation in a dominant fashion, but the existence of genes that
could seemingly keep tumors in check was controversial (5). However, around
the same time, Knudson was investigating the curious differences among
patients with retinoblastoma, namely the number of tumors present, the age of
the patient, and distinct inheritance patterns. Through observation and statistical
analysis, Knudson concluded that in contrast to the dominant nature of
oncogenes, the genetics of retinoblastoma must act in a recessive manner. Thus,
he developed the theory stating two distinct mutational events were necessary
for retinoblastoma development, a concept now widely known as Knudson’s

“two-hit” hypothesis (Figure 1) (6).



Somatic
mutat|0n
Hereditary
Somatic Somatic
mutatlon mutatlon
Non-hereditary

Figure 1. Knudson's "two-hit" hypothesis. For classical TSGs, two hits are required to achieve complete
genetic inactivation, leading to tumor development. In hereditary cancers, carriers of pathogenic variants
already carry the first hit as a germline mutation and only need a single somatic hit. Non-hereditary cancers
require two somatic hits in the same cell. Reprinted from The Lancet Oncology, Possible mechanisms of
disease development in tuberous sclerosis, Jozwiak et al., 2014, with permission from Elsevier.

Despite the significance of his work, Knudson’s hypothesis alone could not
fully explain the finding of Harris and others. One possible explanation for the
development of retinoblastoma could be the activation of two independent
oncogenes, each individually insufficient for oncogenic transformation. However,
over several years, the locus responsible for retinoblastoma was narrowed down,
and ultimately, RB transcriptional corepressor 1 (RB1) was discovered (7,8).
Thus, it was determined that biallelic inactivation of a single gene could lead to
cancer. The corollary to this finding was that the presence of just a single
functional allele acted to suppress tumor initiation, finally providing the
mechanism explaining Harris’ observations.

It is now well established that RB1 and its role in preventing tumor

formation is not unique. To date, over 1,000 such genes have been described
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and are collectively referred to as tumor suppressor genes (TSGs) (9). The role
of TSGs in cancer has been the subject of extensive research, which has
revealed a variety of different mechanisms by which their dysfunction leads to
cancer, such as regulating cellular division or promoting cell death (5). The most
well-studied gene is inarguably p53, a TSG mutated in ~50-60% of all human
cancers (10,11). The overwhelming majority of cases involve somatic mutations
(12). However, what of germline mutations?
2. Inherited cancer susceptibility

In 1969, the hereditary cancer predisposition syndrome Li-Fraumeni
Syndrome was described (13). In 1990, it was discovered that the increased
susceptibility to this cancer syndrome was due to inherited mutations of p53. Just
as Knudson described with RB1 and retinoblastoma, when every cell harbors an
inactivating p53 mutation, only a single somatic event is required for tumor
formation. This is far more likely to occur than the same cell developing two
somatic alterations and is true of all TSGs. Thus, the inheritance of a
loss-of-function (LOF) mutation in a TSG significantly increases one’s lifetime risk
of developing one or more cancers. The extent of predisposition varies among
TSGs but is often substantial. A notable example is carriers of BRCA1/2
mutations, who have an approximate 60-80% and 20-45% risk for the
development of breast or ovarian cancer by the age of 80, respectively (14). In
addition to overall increased lifetime risk, needing only a single somatic event
often results in an earlier age of tumor onset for carriers of germline LOF

mutations in TSGs. This is again exemplified by carriers of BRCA1 mutations,



who have a greater than 30-fold increased risk of breast cancer before the age of
40 compared to non-carriers (15). Due to these significant risks, the identification
of patients harboring such mutations has become a critical focus in clinical
practice. This has been enabled by the advancements in genetic sequencing
technologies.

3. Genomic sequencing in cancer

Following the invention of Sanger sequencing in 1977, genetic sequencing
has led to a countless number of breakthroughs in the field of oncology. The
wealth of information that can be gleaned from these analyses and their potential
to advance our understanding of cancer and improve patient care has long been
known (16). In 2004, a census of cancer genes revealed nearly 300 implicated
genes. Since then, several consortiums have been developed in attempts to
catalog and characterize various aspects of the genetic landscape of cancer
(17,18). However, the extensive knowledge we have today can largely be
attributed to the advent of next-generation sequencing (NGS).

In 1990, the Human Genome Project was launched. Fifteen years and 3
billion dollars later, the final sequence was reported (19,20). By 2008, the
sequencing of an entire genome took just five months and cost less than 2 million
dollars (21). Since then, further advancements in sequencing technology have
resulted in even lower costs and higher throughput. To put the accomplishments
enabled by NGS in perspective, we can look at seminal work from 2006, which
described the diverse genetic landscape underlying malignancy. Sjoblom and

colleagues sequenced over 13,000 genes from a total of 22 breast and colorectal



cancers. Even from the small number of samples, this impressive analysis
revealed nearly 200 genes that were frequently mutated in just these two cancer
types (22). However, with the tools we have now, a single study performed
whole-genome sequencing on over 12,000 tumors across 19 types of cancer
(23). In less than 20 years, we have gone from sequencing thousands of genes
for a few samples to obtaining whole-genome mutational signatures for
thousands of samples. While a marvelous feat, one might wonder how we can
keep up with the immense quantity of data obtained from such sequencing.

Nonetheless, the more genetic testing becomes utilized, the more we
learn, and this knowledge has played a vital role in nearly every aspect of
oncology. As described previously, specific mutations have clear associations
with cancer, and those who inherit them have a considerable lifetime risk of
tumor development. While only 5-10% of cancers are estimated to have a
hereditary component, this nonetheless represents a significant number of at-risk
patients (24,25). The identification of these at-risk individuals provides significant
opportunities to improve clinical outcomes, such as enabling early tumor
detection (26,27). Moreover, the development of multi-gene panels (MGPs) has
further improved cancer diagnosis, as any gene associated with the disease,
even rare ones, could be tested (28).

The underlying genetic heterogeneity of many cancers was also exploited
to improve clinical management. For instance, it was identified that prognosis can
often differ according to the presence or absence of specific mutations across

multiple genes (29-31). Searching for gene-agnostic mutations also led to the



elucidation of several mechanisms of drug resistance (32). The realization that
cancers can have distinct molecular pathways also came with the understanding
that these different subsets could contain distinct vulnerabilities, which can be
leveraged into targeted therapies. These differ from traditional chemotherapy and
radiation, as their efficacies are dependent on the presence or absence of
specific mutations. Examples include EGFR mutations in lung cancer, IDH1/2
mutations in acute myeloid leukemia, and many others (33-35). This approach, in
which clinical decisions are made based on sequencing results from patients’
tumors rather than from the general characteristics of a given cancer type, is
referred to as precision medicine. Now, many commercial and institutional MGPs
specific for solid tumors or hematological malignancies have been developed.
Popular examples include FoundationOne CDx and MSK-IMPACT, which are
U.S. Food and Drug Administration-approved genetic tests that cover an
impressive 324 and 468 genes, respectively. These tests boast that any solid
tumor, regardless of site, can be sequenced and provide a comprehensive
genomic profile that can be used for diagnosis, prognosis, or identifying
therapeutic targets (36,37).

Perhaps the best example of precision medicine enhancing clinical care is
the case of gastrointestinal stromal tumors (GISTs). Before 2000, there were no
effective medical therapies for advanced-stage GISTs (38). However, a potential
therapeutic option emerged from tumor sequencing that identified activating
mutations in the receptor tyrosine kinase (RTK) KIT (39). The tyrosine kinase

inhibitor (TKI) imatinib, a successful cancer therapy for chronic myeloid leukemia



patients carrying a BCR-ABL fusion gene, was also found to effectively inhibit
KIT in vitro (40,41). The effectiveness of imatinib in treating GIST patients was
striking, and it obtained accelerated FDA approval (42). However, some GISTs
were refractory to imatinib treatment. While unknown at the time, these findings
could be explained almost entirely by retroactive molecular testing. Specific
mutations in KIT or another homologous RTK gene, platelet-derived growth
factor receptor alpha (PDGFRA), are unaffected by imatinib inhibition (43,44).
Additionally, numerous intra-allelic secondary mutations were found to confer
imatinib resistance (45). Subsequently, multiple lines of TKIs have been
designed to effectively target most primary and secondary mutations that are
insensitive to imatinib. However, the optimal treatment strategy is unique to each
individual and highly dependent on the specific mutations identified by tumor
sequencing (46,47).

Despite its wide success, not all GISTs respond to TKIs. Sequencing
these tumors typically revealed the absence of activating mutations in KIT and
PDGFRA (48). This emphasizes the targeted aspect of these therapies and
further reinforces the significance of knowing the tumor mutational profile.
Instead of containing oncogenic mutations, the majority of RTK-wild-type (WT)
tumors contain inactivating mutations in the genes encoding succinate

dehydrogenase (SDH) and are now referred to as SDH-deficient GISTs (49).

B. Succinate Dehydrogenase (SDH)
Succinate dehydrogenase (SDH), also called Complex Il of the electron

transport chain (ETC), is an essential metabolic enzyme complex composed of



the subunits SDHA, SDHB, SDHC, and SDHD. SDH is unique in that it
participates in both the tricarboxylic acid (TCA) cycle as well as oxidative
phosphorylation (OXPHQOS), though it does not directly pump protons across the
inner mitochondrial membrane (IMM). Instead, SDH facilitates the stepwise
transferring of electrons from succinate to ubiquinone, enabling reduced
ubiquinol to pass elections to Complex Il (Figure 2). Also, unlike the other ETC
complexes, SDH is solely encoded by nuclear genes.

SDH is part of the Complex Il superfamily of enzymes, which consists of
two highly similar yet distinct types of enzymes. Both groups are capable of the
oxidoreduction of succinate/fumarate and ubiquinone/ubiquinol but differ in the
preferred direction of electron transfer (50). As SDH primarily reduces succinate
and oxidizes ubiquinone, it is considered a succinate:quinone oxidoreductase
(SQR), whereas enzymes that favor the reverse direction are called
qguinone:fumarate reductases (QFR) (51). The similarity of SQRs and QFRs
across multiple species, including Escherichia coli, Saccharomyces cerevisiae,
and Sus scrofa have made these species valuable models for studying the
structure, function, and assembly of the different SDH subunits.

1. SDHA structure, function, and assembly

a)  SDHA

The largest subunit of SDH is the flavoprotein SDHA, with a molecular
weight of 73 kilodaltons (kDa). Analysis of the crystal structure of the mature
porcine SDHA revealed a Rossmann-type fold and four domains: a FAD-binding,
capping, helical, and C-terminal domain (Figure 3). The complete maturation of

SDHA first requires its import into the mitochondria matrix and cleavage of its
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Succinate Fumarate

Figure 2. The structure and function of SDH. The catalytic subunits SDHA and SDHB are tethered to
the inner mitochondrial membrane (IMM) by SDHC and SDHD. The complex links the TCA cycle to
oxidative phosphorylation through the reduction of succinate and oxidation of ubiquinone (Q), producing
fumarate and ubiquinol (QH2). Electrons flow from succinate to FAD of SDHA, then through three Fe-S
clusters of SDHB, and finally to ubiquinone before being transferred to Complex Ill. Reproduced from
Cell. Mol. Life Sci., The assembly of succinate dehydrogenase: a key enzyme in bioenergetics, Moosavi
et al., 2019, with permission from Springer Nature.

mitochondrial targeting sequence at Arg42 (52). SDHA also must be flavinylated
at His99 through a covalent 8a-N(3)-histidyl-FAD bond (53). This covalent
linkage significantly raises the redox potential of FAD, which is thought to be a
key factor in promoting SDH activity over QFR activity (54). Indeed, in 1994,
Robinson and others mutated the equivalent residue in yeast (His90) to serine
and discovered that although the complex was able to fully assemble and bind
FAD non-covalently, SDH activity was fully disrupted, whereas fumarate

reductase activity remained intact (55).
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In 2009, a Sdh1- (yeast SDHA) binding protein called Sdh5 was found to
be required for Sdh1 flavinylation in yeast. Subsequent crystallization studies of
this protein complex in E. coli (SdhA-SdhE) found that SAhE performs two critical
functions. First, the binding of SdhE orients the structure of SdhA into an “open”
conformation, which enables covalent FAD attachment. Second, upon
flavinylation, SAhE keeps SdhA locked in this inactive confirmation, presumably
to prevent electron leakage due to succinate oxidation in the absence of SdhB.
Subsequent experiments using purified proteins revealed that SdhE does not
directly participate in the catalysis of FAD attachment, but rather, the
conformational change induced in SdhA upon its binding enhances SdhA’s
autocatalytic flavinylation (54). In fact, flavinylation was observed when SdhA,
FAD, and fumarate were the only components present, albeit at a substantially
reduced rate.

Recently, the crystallization of the human SDHA-SDHAF2 sub-assembly
complex has enabled a more precise understanding of the flavinylation and
function of human SDHA (56). When bound to SDHAF2, SDHA exists in an open

and non-catalytic conformation, corresponding to a 25° rotation of its capping

MTS Capping C-terminal
FAD-binding FAD | Helical

1 4252 268 354 439 537 548 616 664

Figure 3. The different domains of the SDHA protein.The mitochondrial targeting signal (purple)
ranges from the first amino acid to the 42nd. The FAD-binding domain (beige) extends from residues 52
to 267 and 355 to 439. The capping domain (green) extends from residues 268 to 354. The helical
domain (blue) extends from residues 440 to 537. The C-terminal domain (red) extends from residues
548 to 616.
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domain relative to the SDHA-SDHB sub-complex. Sharma and colleagues also
identified a small dicarboxylate acts as an essential cofactor in SDHA
flavinylation, which works in conjunction with SDHAF2 to stabilize this open
confirmation. Specifically, oxaloacetate, the dicarboxylate present in the crystal
structure obtained, interacted with four SDHA active-site residues, His296,
Arg340, His407, and Arg451, as well as a non-active-site residue, Glu309. The
role of Arg451 is particularly critical, as its protonation is necessary to stabilize
the quinone-methide intermediate formed within the isoalloxazine ring of FAD
during covalent attachment (56). The open confirmation enabled by oxaloacetate
and SDHAF2 is believed to adjust the pKa of Arg451 to promote its protonation.
This likely explains the significantly reduced rate of SDHAF2-independent
flavination described above, as Arg451 is buried when SDHA is in a closed state,
resulting in significantly lower pKA (56). Mutagenesis of the analogous residues
mentioned above in E. coli, SAhA, or FrdA (SDHA equivalent in the E. coli QFR
complex) resulted in a significant reduction of covalent FAD-binding, further
demonstrating the importance of the dicarboxylate interaction as well as these
individual residues (57,58). While SDHAF2 enhances the flavinylation of SDHA,
a second assembly factor dedicated to SDHA, SDHAF4, has been reported to
facilitate the binding of SDHA and SDHB. The complete role of SDHAF4 is not
fully understood but seems to protect SDHA from auto-oxidation by oxygen and
subsequent production of superoxide (59).

The mechanism of succinate oxidation involves hydride transfer from

succinate to FAD to generate FADH2. Several of the residues involved in this
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process are the same as those that play a key role in flavinylation (56,60).
However, at least one residue, Thr308, is only involved in succinate-fumarate
interconversion. When the equivalent residue was mutated to alanine in E. coli,
flavinylation was not impacted, whereas succinate oxidation was defective (61).
One of the steps involved in the succinate-fumarate interconversion is the
physical twisting of the substrate, which induces a strain and concomitant
polarization (62). Thr308 forms a hydrogen bond with the substrate and is
thought to stabilize this transition state (61).

In addition to covalent flavinylation, several post-translation modifications
(PTM) of SDHA have been described, with varying consequences on function.
Phosphorylation of SDHA Tyr604 mediated by FGR kinase has been described
to increase SDH activity, whereas dephosphorylation by PTPMT1 suppresses it
(63,64). Several other tyrosine and serine residues can be phosphorylated, but
the significance of these PTMs is not understood (65).

Several lysine modifications have also been observed within SDHA,
including lysine-acetylation. Thirteen acetylated residues have been identified,
and their deacetylation mediated by sirtuin 3 (SIRT3) has been shown to
increase SDH activity (66,67). Mutagenesis of several candidate lysines to the
acetyl-mimetic glutamine or the non-acetylatable arginine revealed that
acetylation of Lys335, specifically, may be responsible for the decreased activity
observed (68). The mechanism by which acetylation affects function is still

unknown.
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SDHA Lys547 has also been reported to be a target of succinylation.
Desuccinylation mediated by SIRTS was found to disrupt binding to SDHAF2,
thus inhibiting SDH activity (69). Recently, SUMOylation, another lysine PTM,
was found to regulate SDH activity under different metabolic conditions. Under
glutamine deprivation, SDHA Lys598 is deSUMOylated by SENP2, which affects
the assembly of the SDH complex (70). The mechanism for this is not fully
known, though it may be similar to that of succinylated Lys547.

b)  SDHB

The iron-sulfur protein SDHB is the second catalytic subunit of SDH and
has a molecular weight of 32 kDa. SDHB facilitates the sequential transfer of
electrons from FADH: to ubiquinone through three iron-sulfur clusters, 2Fe-2S,
4Fe-4S, and 3Fe-4S (71). Several cochaperones and the SDHB-dedicated
assembly factors, SDHAF1 and SDHAF3, are involved in the maturation of
SDHB. The iron-sulfur clusters are preassembled in a complex consisting of
ISCU, HSC20, and HSPA9. SDHB contains multiple Leucine-Tyrosine-Arginine
(LYR) motifs, which directly bind HSC20, thus priming SDHB for insertion of the
iron-sulfur clusters (72,73). SDHAF1 further facilitates the interaction between
SDHB and the HSC20 complex, as it binds directly to HSC20 through its own
LYR motif, as well as to the C-terminal domain of SDHB (Figure 4)(73).

The significance of the LYR motifs in SDHB was highlighted by functional
analysis following mutagenesis of the LYR-motif residues. These studies showed

that the loss of either motif failed to incorporate iron-sulfur clusters or form a
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Figure 4. Maturation of SDHB. SDHB binds a complex consisting of ISCU, HSPA9, and HSC20,

pre-loaded with iron-sulfur clusters through LYR motif-mediated binding. Assembly of this complex is

mediated by SDHAF1. Reprinted from Cell Metab., Cochaperone binding to LYR motifs confers

specificity of iron sulfur cluster delivery, Maio et al., 2014.
functional complex with the other SDH subunits (74). Just as important are the
eleven cysteine residues that act as ligands for the three iron-sulfur clusters.
Mutating an individual cysteine resulted in a complete loss of complex formation
or activity. Further, the environment surrounding the iron-sulfur clusters seems to
dictate their precise redox potentials, which is crucial in permitting electron flow.
Forcefully adjusting the redox potentials by replacing hydrophobic residues
surrounding the clusters with charged residues resulted in decreased enzyme
activity (75).

Upon the maturation of both SDHA and SDHB, the catalytic dimer can

then bind with SDHC and SDHD, forming a fully functional complex (76,77)
(Figure 5). This process may be mediated by an additional SDHB-dedicated
assembly factor, SDHAF3. The exact role of this protein is not fully understood,

but it seems to shield the iron-sulfur groups from superoxide-mediated

inactivation (78). The protection of SDHB until assembly is akin to that of SDHA
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and SDHAF4 and highlights the importance of regulating unassembled activity
from both catalytic subunits to protect the cell from reactive oxygen species
(ROS).
c) SDHC and SDHD

SDHC and SDHD are small hydrophobic subunits (19 and 17 kDa,
respectively) that anchor the SDHA-SDHB dimer to the IMM. The mechanism for
their recruitment to the IMM is still unknown. The interface of SDHB, SDHC, and
SDHD generates the first of two ubiquinone binding sites (proximal, Qp), while
the second (distal, Qp) is located solely within SDHD (60,79). A recent analysis of
the crystal structure of the human SDH complex confirmed the existence of a
heme b group and a phosphatidylethanolamine phospholipid situated between
SDHC and SDHD, which has been reported in other species (71). Both groups
are believed to play a key role in maintaining the structural confirmation and

integrity of the two anchor proteins.
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Figure 5. Assembly of the functional SDH complex. The maturation of SDHA and SDHB is

dependent on multiple cofactors and occurs before complex assembly. An SDHA-SDHB catalytic dimer
can form independently of SDHC and SDHD. Reprinted from Redox Rep., Mitochondrial complex Il and
reactive oxygen species in disease therapy, Hadrava Vanova et al., 2020. Permission was not required.
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Aside from maintaining stability, a possible catalytic function of the heme b
group has long been questioned. As electrons pass through the iron-sulfur
clusters, they can ultimately be delivered to ubiquinone via heme b or to
ubiquinone directly. However, electrons are most likely transferred directly to
ubiquinone at the Qp site due to closer proximity as well as a higher redox
potential (60). In support of this, variants of the E. coli and yeast SDH complexes,
which cannot bind heme, were found to maintain activity (80,81).

Despite these studies showing heme b may not be strictly required for
activity, it has been suggested that heme b might play a protective role by
dispersing electron density. This was proposed after a study investigated the
distribution of electrons throughout E. coli SDH in the absence of ubiquinone
(82). When heme b was present, electrons were effectively removed from FAD
and moved through iron-sulfur clusters to heme b. However, without heme b, a
significant proportion of electron density was measured within FAD, which could
be damaging to the mitochondria via the production of ROS. Additionally, the
reduction of ubiquinone occurs in two sequential steps, thus forming an
intermediate semiquinone radical, which can also generate ROS. However,
heme b has been found to stabilize this intermediate through electron
equilibration (83).

While electrons can proceed through the iron-sulfur clusters to heme b in
the absence of ubiquinone, this occurs at a significantly reduced rate (75). This
supported the finding that individual mutations of key Qep-site residues of yeast

Sdh3 and Sdh4 impaired ubiquinone binding and complex activity to various
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extents (84). Similar to that of the experiments performed above in E. coli, this
inefficient or complete lack of ubiquinone reduction was associated with the
production of ROS.

From converting succinate to fumarate and contributing to oxidative
phosphorylation, SDH is critically involved in essential processes in cell biology.
Given its importance, it is not surprising that complex mechanisms have evolved
to mediate the maturation, assembly, and function of SDH. The fact that these
mechanisms are highly conserved between prokaryotes and eukaryotes
highlights the importance of regulating SDH function. The consequence of
various defects for each subunit has been investigated by structural and
functional analyses, which often reveal succinate accumulation, decreased
OXPHOS, and ROS production. Given these findings and the importance of
these processes in human biology, it is entirely unsurprising that defects in SDH
function are associated with human disease.

2. SDH in human disease

Loss of SDH activity is associated with a wide spectrum of human
diseases, including primary mitochondrial disease (PMD) and cancer. As
mentioned in Chapter 1, disruption of any individual subunit often results in loss
of activity for the whole complex. As such, genetic inactivation of each SDH
gene, as well as several SDH assembly factors, have been identified as causing
disease. While there is substantial overlap, each subunit seemingly has its own

unique set of disease associations (85) (Figure 6). The genetics underlying
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these SDH-deficient diseases, as well as their pathobiology, will be discussed in
detail below.
3. Primary mitochondrial disease: Complex Il deficiency

If there is a single concept that nearly everyone remembers from biology
classes, it’s that mitochondria are the powerhouse of the cell. The ubiquity of this
adage is a testament to the role mitochondria play in providing energy to the cell.
Disruption of this energy production can lead to the development of Mitochondrial
disease, which consists of a heterogeneous group of disorders (86). A subset of
Mitochondrial disease, PMD, is when this dysfunction is specifically caused by
inherited mutations of the machinery directly involved in OXPHOS (87). As
OXPHOS can contribute to as much as 90% of cellular adenosine triphosphate
(ATP) production, tissues with high energy demand, such as brain and heart,
muscles are particularly affected (88). As a result, the spectrum of PMD
disorders associated with these pathogenic variants often manifests with
encephalopathy and cardiomyopathy (87,89).

In 1988, the first genetic alterations in mitochondrial DNA (mtDNA) were
discovered as a cause of mitochondrial myopathy (90). In subsequent years, only
mtDNA mutations had been discovered in patients with PMD (91). It was not until
1995 that a homozygous mutation in a nuclear-encoded gene was identified in
two sisters with the PMD Leigh syndrome (infantile sub-acute necrotizing
encephalomyelopathy), a progressive neurodegenerative disorder characterized
by focal bilateral lesions in the brain (92). This gene was SDHA. Since then,

there have been multiple reports of PMD arising due to mutations in SDHB,
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Figure 6. SDH-related human disease. Overview of the various cancer and non-cancer disorders
associated with defects of each SDH subunit and assembly factor. Reprinted from Cancers (Basel).,
Succinate Dehydrogenase and Ribonucleic Acid Networks in Cancer and Other Diseases, Moreno et al.,
2020. Permission not required by copyright.

SDHD, and SDHAF1; however, the majority of cases involve SDHA (93). While
patients display a spectrum of disease and severity, SDH-related PMD is
typically associated with Leigh syndrome, leukodystrophy, and/or
cardiomyopathy in early childhood (92-94). Complex Il deficiency almost
exclusively follows an autosomal recessive inheritance pattern, though there
have been rare exceptions to this rule reported.

a) Complex Il Deficiency: Germline biallelic inactivation

To date, a total of 24 pathogenic SDHA recessive variants associated with
PMD have been reported in the literature. Twelve of these variants can be
considered “null” variants that result in start-loss, early termination, or a
frameshift. Typically, these variants exist as compound heterozygous mutations
with a missense mutation, though there have been two reported cases of

compound heterozygous frameshift mutations in SDHA (93).
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There have also been 12 reported missense variants in SDHA, including
€.1660C>T (p.Arg554Trp), the first Mendelian form of PMD reported. Two sisters
who were homozygous for this variant presented with Leigh syndrome (92).
Another variant observed exclusively as homozygous in patients is c.1664G>A
(p.Gly555Glu). Reported in 17 individuals, this variant accounts for the majority of
SDHA-related PMD, though 15 of these cases stem from two consanguineous
families (95). Four additional missense variants, c.454G>A ¢.409G>C
(p.-Aspl37His), (p.Glul52Lys), ¢.565T>G (p.Cys189Gly) and ¢.1571C>T
(p.-Ala524Val) have been identified with the null variants c.1A>G (p.Metl1Val),
C.91C>T (p.Arg31Ter) (second two), and c.1A>C (p.MetlLeu), respectively (96-
98). In addition, there have been two reported cases which involved compound
heterozygous missense mutations. One patient who presented with
leukoencephalopathy harbored the mutations ¢.1523C>T (p.Thr508lle) and
€.1526C>T (p.Ser509Leu) (94). Another patient carrying ¢.1535G>A
(p-Arg512GlIn) and ¢.1753C>T (p.Arg585Trp) was reported without a clinical
diagnosis but demonstrated motor disability and epilepsy starting at six months of
age (99).

b) Complex Il Deficiency: Germline heterozygous variants

Each variant described thus far was associated with an early age of onset,
with most presenting symptoms before the age of one (93). Curiously, two sisters
presenting with late-onset (mid-40s) bilateral optic atrophy and ataxia were
reported to have Complex Il deficiency (100). Subsequent sequencing analysis
revealed a ¢.1351C>T (p.Arg451Cys) mutation for both sisters. Unlike all other
cases described, these patients were heterozygous carriers (101). Twenty years
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after this initial report, another affected family with the same heterozygous
mutation was reported. The index patient presented with neurological symptoms
and cardiomyopathy and, interestingly, was later diagnosed with bilateral optic
atrophy in his mid-40s (102). The index patient’s son, who was also
heterozygous for p.Arg451Cys, had developed cardiomyopathy early in life as
well as progressive bilateral optic atrophy by the age of 30.

More recently, a novel SDHA mutation, ¢.1984 (p.Arg662Cys), was
identified in a patient who began to present with bilateral optic atrophy at 10
years of age (103). As with the previous cases of SDH-related optic atrophy, this
mutation was also heterozygous. Biochemical analysis of patient-derived
fibroblasts harboring heterozygous p.Arg451Cys or p.Arg662Cys variants
confirmed a significant defect in SDH activity (40-60%), without a corresponding
decrease in SDHA protein levels (101-103). As mentioned above, structural
analysis and functional studies have shown the importance of the Arg451 residue
of SDHA in flavinylation. A similar analysis of Arg662, located in the
flavin-binding domain, revealed it may also play a key role in flavinylation, as it
bonds with residues in the capping domain, likely aiding the stabilization of the
open confirmation (56,103). Indeed, mutating the equivalent residue in yeast to
alanine revealed diminished flavinylation, although Sdh1 remained stable (104).
Together, these findings strongly suggest a possible, yet rare, dominant negative
mechanism for stable SDHA variants with disrupted flavinylation, resulting in
autosomal dominant inheritance of PMD with delayed onset, presenting primarily

as optic atrophy.
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c) SDH-deficient cancer

It is well established that loss of SDH function is associated with the
development of multiple types of cancers. In fact, SDHA, SDHB, SDHC, SDHD,
SDHAF2, and SDHAF3 are considered classical tumor suppressors, with
inactivating mutations in each having been linked to multiple cancer types (105-
107). Most commonly, these include pheochromocytomas (PCs) and
paragangliomas (PGLs), GIST, and renal cell carcinoma (RCC), but rare
instances of others have also been reported (108,109).

(1) Genetics underlying SDH-deficient cancer

Following Knudson’s “two-hit” hypothesis, bi-allelic inactivation of an SDH
gene is required for tumor initiation. The majority of SDH-related cancers are
hereditary and are associated with the inheritance of a germline pathogenic
mutation (110). The second mutation is often loss-of-heterozygosity (LOH) of the
WT allele, though a somatic mutation resulting in compound heterozygosity is not
uncommon (108). Interestingly, an alternative mechanism for SDH-genetic
inactivation was recently discovered. Killian et al. reported that hypermethylation
of the SDHC promoter can result in loss of SDHC expression and concomitant
loss of SDH activity (111). As this mechanism does not involve the inheritance of
a germline mutation, it is not associated with hereditary cancer syndromes.
Rather, SDHC-promoter hypermethylation is typically associated with Carney
triad (CT) and, more rarely, sporadic PGL (112).

(a) Hereditary pheochromocytomas and paragangliomas

PC/PGLs are neuroendocrine tumors arising from neural crest cells. In

1933, the first case of familial carotid body tumors, a form of PGL, was reported
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(113). In 1989, it was discovered that similar tumors were inherited almost
exclusively via the paternal line, which is consistent with genomic imprinting
(114). Over the next decade and several linkage analysis studies, two distinct
genetic loci responsible for these tumors, termed PGL1 and PGL2, were
narrowed down to multi-megabase (Mb)-spanning regions of chromosome 11923
and chromosome 11913 (115-118). Finally, in 2000, the identity of PGL1 had
been determined: SDHD (119). Thus, the first link between SDH and cancer had
been discovered.

PC/PGL is now recognized as one of the cancer syndromes with the
highest rate of heritability (~40%) (120). As with PGL1 and PGL2, several other
distinct hereditary PGL syndromes were identified before their molecular driver
had been known. These syndromes were given the nomenclature PGL1-5. After
PGL1 was discovered to be SDHD, other SDH-related genes were investigated,
ultimately revealing mutations in SDHAF2, SDHC, SDHB, and SDHA were
associated with PGL2, PGL3, PGL4, and PGLS5, respectively (121). Collectively,
SDH-mutant PC/PGL accounts for nearly half of all hereditary cases (105). As
discussed, PGL1 and PLG2 demonstrate genomic-imprinting patterns, while the
others follow classical autosomal dominant inheritance. While mutations in SDHB
and SDHD are the most common, mutations in SDHA may contribute to as much
as 3% of hereditary PC/PGL (108).

(b) Carney Triad and Carney-Statakis Syndrome (CSS)

First reported in 1977, CT was described as the sporadic co-occurrence of
PGL, GIST, and pulmonary chondroma within the same individual, with unknown
genetic etiology (122). Over 20 years later, a similar but distinct syndrome, CSS,
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was described, of which only PGL and GIST were present. However, a key
difference between the two syndromes was that CSS was inherited in an
autosomal-dominant pattern, whereas CT was not heritable (123). By the late
2000s, the SDH genes and KIT/PDGFRA were known drivers of PGL and GIST,
respectively. Thus, mutational analysis of these genes was performed to
investigate their role in CT and CSS. Curiously, no mutations were found in any
CT patients (124). It was later discovered that SDHC-promoter silencing is likely
the cause of these CT cases. Conversely, molecular investigation of patients with
CSS revealed germline mutations in SDHB, SDHC, and SDHD (125,126). This
represented the first discovery of genetic inactivation of SDH associated with a
hereditary form of GIST.

(c) Hereditary Gastrointestinal stromal tumors

The history of hereditary SDH-mutant GIST not associated with PGL
(CSS) is somewhat convoluted. As mentioned above, a small subset of GISTS
have no known RTK mutations, termed WT-GIST. Interestingly, when
distinguishing patients by age group, the proportion of these WT tumors shifts;
15% of adult GISTs are RTK-WT, whereas it is 85% of pediatric cases (49). In
2010, Gill et al. noted that even though pediatric GISTs did not co-occur with
PGL, they resembled the clinical features of CT and CSS-related GISTs more so
than sporadic RTK-driven GISTs (127). At the time, germline mutations in SDH
genes were a known cause of CSS, whereas several studies searched but failed
to find SDH mutations in CT patients. Pediatric GISTs appeared to be sporadic;

thus, the authors speculated that they may be the same types of tumors that
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appear in CT. As such, they presumed an SDH-WT status and instead turned
their focus to a different diagnostic marker: SDHB.

Immunohistochemical (IHC) analysis of SDHB protein was identified as a
strong predictor of a mutation in SDHB, SDHC, or SDHD in PGL (128). However,
one study identified several PGL tumors displaying loss of SDHB protein in the
absence of SDH mutations (129). Based on these findings, Gill et al. proposed
that these PGL could actually be cases of CT, with only one triad presenting.
They further speculated that, like CSS, CT is characterized by loss of SDH
function, but unlike CSS, this is caused by factors other than mutations in the
SDH genes. Therefore, they hypothesized that pediatric GISTs had a
dysfunctional SDH complex and that these tumors could be identified using
SDHB IHC analysis. Indeed, in their investigation of pediatric GISTs, IHC
analysis revealed loss of SDHB, leading to their conclusion that pediatric GISTs
are the same tumors that arise in CT (127). While this was the first study to
demonstrate a distinct subset of GISTs could be identified via SDHB-IHC, they
critically did not perform a genetic sequencing analysis of their cohort.

Less than a year later, a seminal study by Janeway and colleagues
supported the findings of Gill et al. but provided additional genomic context. In
this work, the authors show WT-GISTs, both pediatric and adult, display
markedly decreased levels of SDH activity and SDHB protein (49). Of their cohort
consisting of 34 WT cases, four (12%) were found to carry germline mutations in
SDHB and SDHC, representing the first reported cases of SDH-mutant GIST not

associated with CSS. Nonetheless, no SDH mutations were identified in the
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remaining SDH-deficient WT-GISTs. Up to this point in time, only a single report
of an SDHA-mutant PGL had been reported; thus, its involvement in cancer was
not well established (130). As such, the authors noted that SDHA sequencing
was performed for only four samples, and further investigation into SDHA was
warranted.

This further investigation came quickly, as again, less than one year later,
massively parallel, whole-transcriptome sequencing was used to search for
mutations in two young adult patients with WT-GIST. This analysis revealed
three mutations in SDHA: a homozygous nonsense variant ¢.1151C>G
(p.Ser384Ter) in one patient, and heterozygous variants c.91C>T (p.Arg31Ter)
and c.1765C>T (p.Arg589Trp) in the other (131). While this was a small sample,
the authors speculated that inactivation of SDHA could be a common oncogenic
event in WT-GIST.

Over 10 years later, this turned out to be very much the truth. It is now
recognized that SDH-deficient GISTs account for roughly 9% of all GISTs (38).
As Gill and others speculated, 25-50% of these tumors are indeed sporadic and
are driven by the same mechanism as CT: SDHC promoter epimutation
(132,133). However, 30-40% are caused by mutations in SDHA, with the rest
attributed to mutations in other SDH-related genes or remain unknown
(108,133,134). The majority of SDH-mutant GISTs occur in the context of a
germline mutation, and it has since been appreciated that there is a hereditary
component, though with variable penetrance (135). It remains unclear whether

stand-alone GISTs represent cases of CT and CSS for only the single triad had
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developed at the time of diagnosis. However, a recent analysis indicates
mutations in SDHA mainly predispose carriers to GIST, and the authors suggest
SDHA-mutant GIST may be distinct from CSS (136).

(2) Pathobiology of SDH-deficient cancer

The genetic inactivation of SDH-related genes results in tumors
characterized by pseudohypoxic signaling (137). Historically, the mechanism by
which SDH deficiency promotes this phenotype has been controversial. Early
studies identified loss of SDH activity initiates hypoxia-inducible factor-1a
(HIF-1a) signaling in tumors (138-140). Two models attempting to explain this
aberrant signaling were proposed, both implicating the inhibition of HIF prolyl
hydroxylases (PHDs) but by different mechanisms (140). In normoxia, HIF-1a
degradation is mediated by PHD and the Von Hippel-Lindau protein (pVHL). As
an a-ketoglutarate (a-KG)-dependent dioxygenase, the PHD reaction requires
the substrate a-KG as well as the cofactors ascorbate and ferrous iron. As
ascorbate and iron can be oxidized by hydrogen peroxide, which had been
shown to inhibit PHD, the first model proposed that pseudohypoxia was a result
of ROS produced upon SDH deficiency (141,142). The possibility of this was
supported by functional studies in E. coli, Caenorhabditis elegans, and mouse
fibroblasts demonstrating defects of SDH results in oxidative stress (82,143).
However, despite the findings in these model systems, they had not been
supported by several studies of SDH-deficient tumors (138-140,144).

An alternative explanation for HIF-1a stabilization was linked to succinate,

which is both the substrate of SDH as well as a product of PHD. Interestingly, it
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had been shown that at high concentrations, succinate could inhibit PHDs
through competitive product inhibition, and the treatment of SDH-deficient cells
with a cell-permeable analog of a-KG could overcome this inhibition and
successfully revert pseudohypoxia (145,146). Seminal works by Selak and
Pollard demonstrated that succinate accumulates upon SDH dysfunction and that
this is sufficient to activate pseudohypoxic signaling in an ROS-independent
manner (139). Nonetheless, Guzy et al. opposed this mechanism, stating that the
inactivation of all SDH subunits would equally result in succinate accumulation,
and at the time, mutations in SDHA had only been linked to PMD (147). The
authors conducted experiments that showed that a loss of SDHB, but not SDHA,
resulted in the accumulation of ROS. As such, they concluded that ROS
production was the specific trigger of tumorigenesis. However, less than three
years after this study, the first case of SDHA mutant cancer was reported, further
supporting the succinate model (130). With that said, the contribution to
pathogenesis by ROS cannot be discredited and may explain the gene-specific
cancer associations described above.

Since then, the contribution of succinate to cancer has been further
established, leading to its classification as an oncometabolite, a relatively new
term to describe metabolites whose accumulation drives oncogenic pathways
(148). In addition to PHD, the accumulation of succinate has been found to inhibit
other a-KG-dependent dioxygenases, including ten-eleven translocation
(TET)-family methylcytosine dioxygenases and Jumonji-C family of histone lysine

demethylases (KDMs). As such, SDH-deficient cancers are also characterized by
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epigenetic dysregulation due to global DNA and histone hypermethylation
(Figure 7) (149,150).

The consequences of aberrant HIF-1a signaling and epigenetic
reprogramming that occur in response to loss of SDH activity can explain how
SDH-related genes are tumor suppressors. Pseudohypoxic signaling promotes
angiogenesis and growth signaling through the upregulation of vascular

endothelial growth factor (VEGF) and insulin-like growth factor-1 (IGF1) (151). In
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Figure 7. Pathobiology of SDH-deficient cancers. The loss of SDH activity results in the accumulation
of succinate, leading to the inhibition of a-KG-dependent dioxygenases, such as TET-, KDM-, and
PHD-family enzymes. This inhibition results in epigenetic reprogramming and pseudohypoxia,
characteristic features of SDH-deficient tumors. Reprinted from Nat. Rev. Clin. Oncol., New treatment
strategies for advanced-stage gastrointestinal stromal tumours, Klug et al., 2022. Copyright jointly held.
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SDH-deficient PGL, the altered epigenetic landscape was linked to
neuroendocrine dedifferentiation and epithelial-to-mesenchymal transition
activation (150). In SDH-deficient GIST, CpG island hypermethylation was found
to alter CTCF-insulator topology, leading to upregulation of the FGF4 oncogene
(152). Additionally, TET-family proteins have been described as tumor
suppressors; thus, their inhibition activates oncogenic pathways (153,154).

(3) Current management of SDH-deficient cancer

(a) Treatment strategies

Historically, there have been no effective medical therapies for the
treatment of unresectable or metastatic SDH-deficient cancer. In SDH-deficient
GIST, the objective response rate of imatinib treatment is <5%. The second-line
TKI, sunitinib, has had moderately better results, with a partial response rate of
~15% (155). This increased efficacy may relate to the fact that sunitinib also
inhibits VEGFR, a tumorigenic pathway activated upon SDH deficiency.
Interestingly, regorafenib and pazopanib, which also inhibit VEGFR, had shown
moderate success in stabilizing SDH-deficient tumors in phase Il trials (156,157).
Another phase Il trial investigated the use of linsitinib. This TKI targets IGF-1R,
which is also upregulated in SDH-deficient GIST, though no objective responses
were seen (158).

More recently, the potential use of the alkylating agent temozolomide
(TMZ) has become promising and warranted a phase Il clinical trial for its
treatment of advanced-stage SDH-deficient GIST. Traditional cytotoxic
therapeutic agents, including TMZ, have had limited success in GIST patients,
which necessitated the development of TKls (159). However, just as imatinib was
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found to be highly effective only for a specific subset of patients, the efficacy of
TMZ for SDH-deficient tumors may have been underestimated, as these distinct
molecular drivers had not been identified at the time of clinical trials (132).
Indeed, a study found the treatment of SDHB-mutant PGL with TMZ resulted in a
33% partial response rate and 47% of patients having stable disease (160).

The mechanism of TMZ-sensitivity is believed to be linked to the
suppression of the DNA dealkylating enzyme O-6-methylguanine-DNA
methyltransferase (MGMT) by promoter hypermethylation (161) (Figure 8).
Analysis revealed that SDH-deficient GISTs are specifically associated with
MGMT promoter methylation, suggesting that it may be a non-random and
common occurrence resulting from SDH-deficient-global-hypermethylation (162).
Patient-derived models of SDH-deficient GISTs supported the sensitivity of these
tumors to TMZ (163). Lastly, in a study investigating five SDH-deficient GISTSs,
two partial responses and three stable diseases were reported, while another
study reported a partial response for the sole patient (164).

Despite the promising outlook of TMZ for the treatment of SDH-deficient
cancers, surgical resection may offer the best therapeutic outcome. If detected
before metastasis, surgical resection of PC/PGL tumors can often be considered
curative, with a 1-5% rate of recurrence per year (165). However, it is worth
noting that SDHB-mutant PC/PGL is strongly associated with an increased risk of
metastasis and recurrence (166).

The surgical management of GIST is generally similar, with a reported

15-year recurrence-free survival of 60% (roughly equating to a 3% rate of
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recurrence per year), though several studies have indicated surgery is less
frequently curative for SDH-deficient GIST compared with RTK-mutant
GIST (167). For instance, a retrospective analysis of 76 RTK-WT GISTs reported
a 2.5-year median event-free survival, with 71% of patients experiencing tumor
recurrence or disease progression (168). Another study by Mason and Hornick
reported that 26% of SDH-deficient GISTs developed a gastric recurrence, with a
mean of 6.6 years post-resection (169). Another study by Tirumani et al. reported
that 35% of patients had a recurrent tumor with a median occurrence of 4
years (170).

In addition to primary recurrence, SDH-deficient GISTs are associated
with significantly higher rates of metastasis than non-SDH-deficient GISTs, which

frequently develop after surgical resection of the primary tumor (132). In the
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same study by Mason and Hornick, 40% of patients had developed lymph node
metastases, while 74% had developed distant metastases, primarily to the liver.
Nonetheless, due to its indolent nature, SDH-deficient GISTs are associated with
relatively good overall survival, even in the face of metastatic disease. In the
study by Tirumani and colleagues, six metastatic patients died with a median
survival of 9.1 years following the diagnosis of metastasis. An additional 22
patients with metastatic disease were still alive, with a median follow-up of 7.3
years.

Due to the high rate of recurrence and metastasis, close follow-up is
essential for these positive outcomes (132,171). However, genetic testing is
crucial in influencing the quality and rate of follow-up. As SDH-deficient tumors
have distinct clinical features and outcomes than non-SDH-deficient tumors,
knowing the SDH mutational status can inform clinical decisions. In a multi-center
retrospective study of 221 SDH-mutant PC/PGL subjects, those who received
genetic testing (‘Genetic’ group) within a year of cancer diagnosis had a
significantly higher rate of follow-up than those whose mutational status was
unknown (‘Historic’ group). Notably, the mean number of complete follow-ups per
year for the Genetic group was 0.89 compared to 0.13 for the Historic group.
Upon receiving genetic testing, those in the Historic group received more
follow-ups, comparable to that of the Genetic group (mean follow-ups per
year = 0.9). Due to this enhanced follow-up, new tumors and metastases were

detected earlier and were significantly smaller for the Genetic
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group (Figure 9, top) (172). This also corresponded to a better survival rate
following metastasis (Figure 9, bottom).

(b) Tumor Surveillance

The early detection of recurrent, secondary, or metastatic tumors
enhanced by genetic testing also applies to the initial diagnosis of a primary
tumor. As described above, inheriting a germline pathogenic mutation in a SDH
gene increases the lifetime risk of developing a SDH-deficient tumor. Patients
can often harbor asymptomatic tumors; thus, regular tumor screening is
recommended once a germline pathogenic SDH mutation is identified through
genetic testing (173,174). An international consensus on the initial screening and
follow-up of asymptomatic SDH-mutant carriers with a focus on PC/PGL was
recently developed. As patients have been found to develop tumors at very
young ages, screening is recommended starting at 5-10 years old, depending on
the SDH gene mutated (174,175). Patients under 18 years of age are
recommended to receive clinical follow-up every year, with biochemical
assessments every other year. Additionally, they should be assessed by
MRI-imaging every 2-3 years. Similar follow-ups are recommended for adult
patients, except with biochemical assessment every year.

(c) Genetic testing

As mentioned, knowing the SDH mutation status has significant
implications for the clinical care of both affected and asymptomatic carriers.
Thus, genetic testing has become an important component of routine care. In
patients presenting with PC/PGL, germline testing for all associated genes is
recommended, regardless of age or family history (176). As SDH deficiency is

35



80 —I—
E ® £
e * E 604
S 2 £
8 8 a0 .
w «
0 . 0 v
0& ai)‘* \0& °\§'
é&oé & \gv“ &
& &
100 . L 5 5
— - Genetic
— 80+ -+ Historic
m L
=
S 60-
w
é 404
8
20+
p=0.0127
0 T T 1
0 2 4 6
Times (years)

Figure 9. Improved outcomes associated with genetic testing. The size of new tumors (upper left)
and metastases (upper right). The survival of patients following the first diagnosis of metastasis
(bottom). ‘Genetic’ describes patients who received genetic testing within one year of initial diagnosis.
‘Historic before’ and ‘Historic’ both describe patients before receiving genetic testing. Reproduced from
J. Clin. Endocrinol. Metab., Positive Impact of Genetic Test on the Management and Outcome of
Patients With Paraganglioma and/or Pheochromocytoma, Buffet et al., 2019, with permission from
Oxford University Press.

less common in GIST, it is not immediately investigated. Instead, sequencing for
SDH genes is performed if there is an absence of mutations in KIT and
PDGFRA, and subsequent SDHB IHC analysis is negative (132).

As pathogenic mutations can be inherited, family members of affected
patients should also be recommended for genetic counseling and genetic testing
(109,177). SDH mutations can also be found as a secondary or incidental finding
from a genetic test given for another purpose. As described above, the
advancements in sequencing technology have enabled the widespread use of

MGPs to maximize actionable findings. These MGPs can contain hundreds of
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genes and often include SDH-related genes. In fact, each SDH gene appears in
over 200 different NIH-registered genetic tests, which can lead to the
identification of at-risk patients. As | have previously emphasized, the
identification of germline SDH mutations is critical to the clinical management of
patients. While some therapeutic options are promising, surgical resection
remains the only chance for a cure. Asymptomatic carriers are at high risk for
cancer throughout their lifetime. To improve the likelihood of detecting tumors at
early stages, at-risk patients need enhanced tumor surveillance, starting from a
young age. However, there is a crucial caveat to the above statements: carriers
of germline mutations in SDH genes are only clinically considered at-risk if the
mutation is known to be pathogenic. While genetic sequencing is crucial for the
clinical management of SDH-deficient cancer, its utility is limited by our ability to

interpret the results.

C. Clinical variant interpretation

The English language is simply complex, often requiring you to read and
re-read what you just read. Even with all your might, it might take you a whole
minute to see you missed a minute detail in the sea of words, which changes the
meaning. It is important to write words the right way, as there are a lot of rules. It
is hard to remember what is allowed, but it helps if you say it aloud. Language is
an intricate knot that is difficult to unravel, but the effort is not for naught, for
knowing how to interpret the meanings of words in the context of their sentences

is essential for effective communication.
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Having a deep understanding of the language also allows us to identify
typographical errors and determine if and how they may affect the meaning of a
sentence. “The cat is fit” is a simple sentence that conveys a clear meaning. If an
error resulted in a change to “The kat is fit,” we would instantly recognize the
mistake, but the original meaning could still be inferred. “The cat is fat” would be
harder to identify at first, but if we had a larger context or a reference for
comparison, we would know it was incorrect. Even though it is just a single letter,
we understand that this error drastically changes the meaning of the sentence,
which has significant implications for the health of the animal. However, without
fully understanding the language, it is exceedingly difficult to interpret mistakes.

Just as individual letters create words that, when combined, form
sentences that convey meaning, nucleotides are the building blocks of genes,
which encode proteins that perform functions. In recent decades, the advances in
genomic sequencing technology have enabled us to identify the vast number of
“typos” in our genomes. However, we do not fully understand the genetic
language and struggle to determine how mutations could affect the function of
proteins.

We are not entirely uninformed. Genome-wide association studies can be
used to identify associations between specific single-nucleotide polymorphisms
(SNPs) and phenotypes (178). These have enhanced our ability to find
associations between diseases and genes but do not inform us about individually
rare variants within those genes. As genetic testing has become increasingly

accessible, the rate of novel variant identification has skyrocketed, and we simply
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cannot keep up (179). Recommendations for how to utilize available evidence to
determine the clinical significance of variants have been issued, and several
databases have been developed to encourage the sharing of variant-level
evidence and classifications. Despite these efforts, there is often insufficient
evidence to make clear determinations, and as a result, genetic testing is often
uninformative.
1. Guidelines for clinical variant interpretation

Even before the rapid rise of NGS use in clinical settings, the importance
of variant interpretation was recognized. In 2000, the American College of
Medical Genetics and Genomics (ACMG) released a set of recommendations for
the clinical interpretation of variants. These recommendations have since been
updated twice and now exist as joint standards and guidelines issued in
conjunction with the Association for Molecular Pathology (AMP). ACMG/AMP
provided a framework for combining types of evidence to classify a variant as
‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely benign’, or
‘benign’ (180). The evidence that can be used to make these assertions include
population and segregation data, computational predictions, and functional
analysis, among others, where each is given a different level of strength
(‘supporting’, ‘moderate’, ‘strong’, or ‘very strong’ (Figure 10) (180,181). The final
classification is then made according to the combination of all evidence.

More recently, the Clinical Genome Resource (ClinGen) Sequence Variant
Interpretation Working Group (ClinGen SVI WG) suggested the ACMG/AMP

guidelines were insufficient due to their qualitative nature. Instead, they proposed
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Figure 10. Guidelines for clinical variant interpretation. Multiple types of evidence are combined to
reach classifications regarding the pathogenicity of a variant. Each type of evidence can be assigned
varying degrees of evidence strength. Reproduced from Front. Cardiovasc. Med., How Functional
Genomics Can Keep Pace With VUS Identification, Anderson et al., 2022. Permission not required by
copyright.

to transform the guidelines into a Bayesian classifier, which can yield a
guantitative estimate of pathogenicity for any combination of evidence (182).
Several commercial companies that offer clinical genetic testing services have
also developed their own framework for variant interpretation, though they are
often based on the ACMG/AMP guidelines (183).

It has also been recently appreciated that many genotype-phenotype
relationships have idiosyncrasies, and a general approach to variant
interpretation may not be optimal. As such, Variant Curation Expert Panels

(VCEPSs) are being formed to incorporate gene- and disease-specific expertise
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for variant interpretation (184). When variant interpretations are made, they are
often deposited to databases such as ClinVar, providing a resource for clinicians
and researchers to learn from the evidence obtained by others.
2. Variants of uncertain significance

Regardless of the specific variant interpretation framework used, they all
generally incorporate the same types of evidence listed above. However, many
of those types of evidence necessarily require more carriers than are typically
found for rare variants, and thus, the evidence cannot be applied (179).
Population data can also be uninformative with incomplete penetrance. When
there is insufficient evidence to reach a ‘likely benign’ or ‘likely pathogenic’
classification, the variant becomes a variant of uncertain significance (VUS).

Our lack of ability to properly assess the clinical significance of rare
variants is problematic because the rate of rare variant identification is
ever-increasing. To put the scale of this problem into perspective, the Genome
Aggregation Database (gnomAD), which currently includes less than 200,000
exomes and genomes, contains nearly five million missense variants (185). To
date, over 400,000 single-nucleotide missense variants have been reported in
Clinvar, and a staggering 78% have conflicting reports or are considered VUS
(186). As these variants cannot be used to guide clinical decisions, we must first
improve our ability to interpret VUS before most patients can benefit from genetic

testing (180).
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3. The utility of functional evidence

Functional evidence perhaps has the highest potential for improving
clinical variant interpretation because it does not require the identification of
carriers or affected patients. Importantly, it can be considered as ‘strong’
evidence following ACMG/AMP guidelines. Computational predictions can also
be made, but these tools also often require choosing between a high false
positive rate and a low sensitivity (187-192).

The potential of functional evidence is highlighted by its remarkable
capability to reclassify VUS when added to existing data, particularly in the
identification of likely pathogenic variants. In the Bayesian classification scheme
mentioned above, there are almost 80,000 unique combinations of evidence that
would result in a VUS classification in the absence of functional data. If functional
evidence were available to demonstrate the variant as a damaging effect, 76% of
these combinations would now have sufficient evidence to reach a ‘likely
pathogenic threshold (Figure 11) (193).

The impact of some genetic alterations can be obvious, such as in the
case of large genomic rearrangements or deletions of exons. Similarly, the effect
of several types of small nucleotide variants (SNVs) can be easily inferred, such
as the “null variants”, which include nonsense, frameshift, and mutations (180).
Conversely, the consequences of missense mutations, which alter proteins at a
single amino-acid residue, are much more difficult to predict. This is in large part
due to the plethora of ways a missense variant could affect a protein, but also in

the uncertainty in how any changes relate to disease. In these cases, functional
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Figure 11. The potential of functional data for VUS reclassification. When functional evidence is
added to existing combinations of evidence that reached a VUS classification in the Bayesian
framework, the majority of combinations can be reclassified as ‘likely pathogenic’ (LP) or ‘likely benign’
(LB). Reproduced from Hum. Mutat., Quantifying the potential of functional evidence to reclassify
variants of uncertain significance in the categorical and Bayesian interpretation frameworks, Brnich et
al., 2018, with permission from John Wiley and Sons.

assays allow us to directly interrogate the consequence of variants on function
and evaluate the corresponding significance in a disease-relevant context.

Several groups have developed recommendations for the design of
functional assays to ensure the data is being utilized appropriately (194). An
essential component is that the assay readout captures the mechanism
associated with disease. For instance, assays that specifically determine protein
abundance have been used when protein instability is associated with
pathogenicity (195). Alternatively, the assays that probe the consequence of
specific catalytic functions may be more informative for informing disease risk,
such as for DNA repair by BRCA1/2 (196). Functional assays can also reveal
multiple molecular mechanisms underlying dysfunction, which could result in
distinct disease associations, as evidenced by studies investigating both PTEN
variant stability and phosphatase activity (197,198).

Functional assays can exist in several different formats, from in vitro to

cell-based, using model organisms or human-based (199). Assays can also be
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designed to interrogate individual variants in a piecemeal approach, or more
recently, thousands of variants can be assayed simultaneously via deep
mutational scanning (DMS) of saturation mutagenesis libraries (179,194).

With the ever-increasing number of variants identified, we fall
proportionally behind in our ability to confidently interpret their clinical
significance. Developing functional models for genes with clear disease
associations will provide meaningful and actionable insights for the direct benefit

of patients, including those harboring SDH VUS.

D. Succinate dehydrogenase variants of uncertain significance

To date, over 2,300 missense SDHA, SDHB, SDHC, and SDHD variants
have been reported in ClinVar. As many of these variants are rare and the
penetrance of SDH-associated cancer is incomplete, there is often insufficient
evidence to reach a Benign/Likely Benign (B/LB) or Pathogenic/Likely
Pathogenic (P/LP) classification. In fact, over 90% of the SDH variants reported
in ClinVar are classified as VUS (Figure 12). Our lack of ability to interpret
variants is even more apparent when looking specifically at SDHA. The SDHA
coding sequence is larger than the other three combined, and correspondingly,
just over half of the SDH variants reported in ClinVar belong to SDHA. However,
the number of SDHA variants classified as B/LB or P/LP is much less than the
other genes, with a frightening 97.8% containing VUS classifications.
1. The uncertainty surrounding SDHA clinical variant interpretation

Several factors have likely contributed to the dire state of SDHA variant

interpretation. The first and most obvious factor is that its association with cancer
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Figure 12. ClinVar classifications of SDH missense variants. The proportion of likely benign/benign
(LB/B), likely pathogenic/pathogenic (LP/P), or VUS classifications for the SDHA/B/C/D missense
variants reported in ClinVar as of August 1, 2023 (186). Variants with conflicting classifications were
considered VUS. All sections were made proportional by adjusting the total count for each gene equal to
that of SDHA (n=1141).
was discovered much more recently than that of the other SDH subunits. In the
early days of uncovering SDH-deficient tumors, SDHA sequencing was not
included. As expected, this led to the discovery of several patients harboring
SDH-deficient tumors but were declared SDH-WT (124,129). We now know a
likely cause of these tumors was pathogenic SDHA mutations or SDHC promoter
hypermethylation.

Once genetic inactivation of SDHA was identified as a cause of cancer,
the reporting of these variants should have increased. Since this discovery, there
have been numerous studies investigating various features of SDHA-mutant
cancer, including further establishing its association with different cancers,
characterizing the pseudohypoxic or hypermethylation phenotypes, and
investigating the role of SDHA/SDHB IHC analysis for diagnosis. Altogether,

there are low-hundreds of tumors that were reported to contain mutations in

SDHA. Yet, the specific mutations identified across all these studies were seldom
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reported. Thus, variants repeatedly appearing in multiple tumors could not be
readily identified.

While reporting mutations identified during sequencing analysis should be
the minimum standard, it is not informative if the analysis is incomplete. In 2012,
soon after it was first associated with GIST, a group performed SDHA
sequencing analysis on a cohort of RTK-WT GISTs. One of their findings was a
somatic SDHA mutation, c.113A>T (p.Asp38Val) (200). Their analysis showed
loss of SDHB by IHC, consistent with SDH-deficient tumors. Loss of SDHA
protein by immunoblotting was also shown, which the authors speculated could
be due to instability caused by the mutation. A major limitation of this study was
that only 3 of the 15 SDHA exons were sequenced for this sample. To the
authors’ credit, this limitation was acknowledged; however, the variant should not
be interpreted with such limited information. This particular variant is the
third-most frequently observed SDHA missense mutation in the gnomAD
database, with a reported allele frequency of 3.45%, and is highly unlikely to be
pathogenic.

The unfortunate existence of four highly homologous pseudogenes has
also complicated sequencing analysis, thus interfering with our ability to interpret
the clinical significance of SDHA variants. These pseudogenes generated from
chromosome duplicates have 92-98% sequence identity with SDHA exons and
flanking intron sequences (201). While they are not expressed and have no
impact on SDH function, the pseudogenes have been found to harbor their own

mutations, which may have led to misinterpretations. For example, a group of
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researchers reported on a novel method for analyzing SDHA mutations via
long-range NGS. For one of their samples, standard Sanger and capture-based
NGS analysis revealed the variant c.1799G>A (p.Arg600GIn); however, the
long-range NGS analysis revealed it was actually a SNP in one of the
pseudogenes (202). Interestingly, this variant contains one B/LB submission in
ClinVar, though no explanations or evidence for the interpretation were provided.
Nonetheless, one could envision a scenario in which the lack of pathogenicity
determined by the submitters was, in fact, because the variant was actually
within a non-functional pseudogene. This would be highly problematic if the
variant were actually pathogenic. As it happens, this variant has been identified
in several patients with SDH-deficient PGL and GIST (133,136,203-205). It is
unclear to what extent the presence of pseudogenes may have confounded
previous reports, as they were not all discovered at the same time. For instance,
in the seminal paper reporting the very first existence of an SDHA mutation
associated with cancer, Sanger sequencing primers were specifically designed to
avoid amplifying the pseudogenes, but only two were known at the time (130).
Another example of a possibly misclassified SDHA variant due to
sequencing issues is ¢.1367C>T (p.Ser456Leu), which contains two B/LB
submissions in ClinVar (186). Again, contradicting the entire point of having
databases for the sharing of variant-level evidence, one of these submissions
provides no information. The other submission, by Ambry Genetics, cites
population frequency as evidence for its benign call. However, in gnomAD, this

failed their random-forest quality control filter (185). It is unclear if this is due to
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the pseudogenes or the specific context surrounding this nucleotide;
nonetheless, one must wonder about the quality of Ambry Genetics’ population
data for this variant. As with SDHA p.Arg600QIn, p.Ser456Leu has also been
reported in SDH-related cancer, calling into question the accuracy of the B/LB
calls (133).

2. How deficient is sufficient?

The loss of SDH activity results in the accumulation of succinate,
promoting several different oncogenic pathways. But what level of dysfunction is
necessary to result in this accumulation? The key to answering this question
might be revealed by investigating the distinction between SDHA-mutant PMD
and cancer. Although both are rare diseases, there is a curious lack of overlap in
SDHA missense variants between the two. These disease-specific associations
may be explained by distinct functional consequences.

Due to its essential role in cell biology, it may not be surprising that studies
in rats indicated homozygous knockout of Sdha is embryonic lethal (206). As
PMD typically involves germline bi-allelic inactivation, one could then surmise
that at least one allele must be hypomorphic. Indeed, in all cases in which
biochemical analysis of patient fibroblasts was performed, residual activity
remained. Interestingly, this also included a case in which cells derived from a
patient harboring two early (exon 2 and exon 3) frameshift mutations maintained
46% of the activity of controls (207). These mutations were reported as

compound heterozygous, but no evidence showing they existed in trans was

48



provided. Importantly, four additional missense mutations were identified during
sequencing, and their possible contributions to PMD should not be discounted.
In contrast, complete genetic inactivation of SDHA is a common
occurrence in cancer. In 2014, Evenepoel and colleagues sought to improve our
understanding of the genetic landscape underlying SDH-deficient cancer. As part
of this study, the authors investigated the common mechanisms of the second
hit. In the 23 cases of SDHA-mutant tumors in which both hits were reported,
40% were the result of bi-allelic null events (i.e., any two combinations of
nonsense, frameshift, and LOH) (108). The observations above do not
necessarily mean that cancer-associated missense variants must be amorphic,
though it does suggest complete-LOF is specifically associated with cancer.
Identifying such variants could, therefore, enhance our ability to identify patients
with increased risk for cancer.
3. Improving SDHA variant interpretation through functional studies
Above, | described the remarkable utility of functional analysis for the
reclassification of VUS. Several models that exist could be used, but they each
have limitations. For instance, we have previously used a yeast model to
characterize 22 ySdh1 variants, but ySdh1 only has 67% sequence identity with
SDHA (208). Furthermore, as the maturation and assembly of SDHA is quite
complex, requiring the assembly factors SDHAF2 and SDHAF4, as well as
binding with SDHB to coordinate the passing of electrons. The sequence
identities between species for these proteins are 46%, 34%, and 71%,

respectively. Thus, while yeast can be useful for obtaining a better understanding
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of SDH structure and function, it can be very difficult to determine which residues
can be accurately modeled in yeast. For example, one variant not affecting SDH
function in the yeast model, p.Arg171His (human nomenclature), was discovered
in a SDH-deficient GIST with LOH (136,208). While the singular finding is not
enough to determine pathogenicity, the utilization of a human functional model

would eliminate a source of uncertainty.

E. Hypothesis

The identification of pathogenic variants in SDHA has significant
implications for patients and their family members, allowing for enhanced tumor
surveillance and early tumor detection. Unfortunately, few people actually receive
these benefits because we do not properly understand the genotype-phenotype
relationship, and the majority of SDHA variants identified are VUS. As a result,
we are failing to properly assess cancer risk in a large number of patients, which

may be preventing life-saving interventions.

Hypothesis: Developing functional models for the functional characterization
of human SDHA variants can improve our understanding of the
genotype-phenotype relationship and enhance our ability to detect patients at risk

for cancer.
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2.A novel human SDHA-knockout cell line model for the

functional analysis of clinically-relevant SDHA variants

A. Introduction

Succinate dehydrogenase (SDH) is a critical metabolic enzyme complex
comprised of subunits SDHA, SDHB, SDHC, and SDHD. SDH links the
tricarboxylic acid cycle to the electron transport chain by coupling the oxidation of
succinate to the reduction of ubiquinone (130,209). Genetic inactivation of any
subunit results in SDH deficiency and accumulation of the oncometabolite
succinate (210-213). This triggers metabolic and epigenetic reprogramming that
ultimately results in tumorigenesis (149,212,214). Consequently, individuals that
inherit a heterozygous germline loss-of-function (LOF) mutation in a SDH gene
face a significantly increased lifetime risk of developing one or more cancers,
including GIST, PC/PGL, and RCC (215-219). At present, there is no highly
effective medical therapy for unresectable or metastatic SDH-deficient cancer.
However, if tumors are detected at an early stage, surgical resection can be
curative (165).

The emergence of genetic testing has enhanced our ability to identify
carriers of pathogenic SDH variants, offering opportunities for enhanced tumor
surveillance and genetic counseling of at-risk individuals. However, increased
sequencing has also led to a drastic increase in the identification of variants with

insufficient evidence to determine pathogenicity (179,220). The presence of
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these variants of uncertain significance (VUS) cannot be used to guide clinical
decisions, including cancer screening procedures (180). Therefore, we falil to
identify individuals who could be at risk of developing SDH-deficient cancers and
miss opportunities for early intervention.

SDHA missense variants have been particularly challenging to interpret.
More than 1,000 such variants are listed in ClinVar, and nearly 98% of these are
classified as VUS or have conflicting interpretations (186). The majority of these
variants are very rare, and the penetrance of SDHA-related cancer is incomplete,
rendering population and segregation data insufficient to determine their clinical
significance. Nonetheless, even when these forms of clinical evidence are
limited, the addition of functional data can often result in the reclassification of
VUS (193). Therefore, the functional analysis of SDHA variants can enhance our
ability to determine pathogenicity and identify patients at risk for SDH-deficient
cancer.

For functional data to be applied as strong evidence for clinical variant
classification, the criteria underlying pathogenicity must first be well understood
(194). However, while it is well established that SDHA deficiency can result in
cancer, the precise nature of this dysfunction is confounded by several factors.
Tumor development requires the acquisition of an independent inactivating
mutation in the remaining WT allele or LOH, even in individuals that inherit a
heterozygous null SDHA allele (108). This observation raises two possibilities:
50% SDH activity corresponding to the presence of only a single functional allele

is still sufficient for tumor suppression, or the normal expression of two functional
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alleles has redundancy, such that when one allele is inactivated, the remaining
functional allele can still output near-maximal levels of SDH activity. In either
case, the risk of cancer for carriers of null SDHA variants is clear, as a second
somatic hit would lead to a complete loss of function. In contrast, functional data
demonstrating varying levels of reduced activity corresponding to missense
SDHA variants cannot be properly interpreted until we have a better
understanding of what extent of SDH dysfunction contributes to cancer
pathogenicity.

Further hindering our ability to utilize functional data to inform cancer risk
for SDHA variants is the fact that SDHA dysfunction has pleiotropic effects. In
addition to cancer, germline LOF SDHA variants are known to cause primary
mitochondrial disease (PMD) with isolated complex Il deficiency, typically
presenting as Leigh syndrome, leukodystrophy, and/or cardiomyopathy (93). In
contrast to SDHA-related cancer, these forms of PMD are typically congenital,
involving bi-allelic germline LOF SDHA variants. However, it is unclear if the
mode of inheritance is the only distinguishing factor or if distinct SDHA
consequences also distinguish each disease. As such, although they are
considered pathogenic, it is uncertain if individuals inheriting a heterozygous
PMD-associated SDHA variant should be recommended for enhanced tumor
surveillance and genetic counseling.

Currently, simply demonstrating a SDHA variant results in “loss of
function” is insufficient to support its role in elevating cancer risk. However, by

comprehensively profiling the functional consequences of SDHA variants with
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previously determined clinical significances, we can reveal the nature of SDHA
dysfunction associated with cancer, enhancing our ability to utilize functional data
for clinical variant interpretation. Herein, we describe the development of a model
for the functional characterization of SDHA variants utilizing a novel human
SDHA-knockout cell line. We profiled a total of 48 SDHA missense variants
previously identified as being benign, cancer-associated, or PMD-associated, to
investigate what distinguishes cancer from non-cancer variants. We then
demonstrated how these analyses allow for more robust variant interpretation by
subsequently profiling 24 SDHA VUS. This novel functional model delivers
crucial insights into SDHA-cancer dysfunction, increases the impact of genetic
counseling, and paves the way for more effective surveillance and timely

interventions in SDH-deficient cancers.

B. Materials and Methods

Cell culture

HAP1 cells (Horizon Discovery) were cultured in IMDM supplemented with
10% fetal bovine serum and 1% Penicillin-Streptomycin and maintained at 37 °C

with 5% CO2.

Generation of SDHA-knockout cell line

A clonal HAP1 SDHAKP cell line was generated by lentiviral transduction
of Cas9 and guide RNA (gRNA), followed by selection and single-cell plating.
Briefly, the guide RNA sequence TTGGCCTTTCTGAGGCA, which targets
SDHA exon 3, was cloned into the lentiCRISPR v2 plasmid (Addgene #52961).

Viral particles were made in HEK293TA cells (Genecopia) using the ViraPower
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Lentiviral Expression System following manufacturer protocols (ThermoFisher).
HAP1 cells were transduced with viral particles in complete media containing 8
mg/mL polybrene. The following day, transduced cells were plated into 96-well
plates at <1 cell/well in media containing 1 mg/mL puromycin. After outgrowth,
clonal cell lines were screened for SDH deficiency by SDHA and SDHB
immunoblotting. Candidate clones were then sequenced to confirm genetic

knockout.

Generation SDHA-knockout landing pad cell line

A landing-pad cassette was integrated into the genome of a
SDHA-knockout-verified clone by lentiviral transduction. The landing pad design
was adapted from those reported by Matreyek et al (221). Briefly, a Bxb1 attP
recombination sequence was placed downstream of a CMV promoter and
upstream of a Bxb1-IRES-neomycin phosphotransferase Il (Nptll) expression
cassette. Additionally, an expression cassette consisting of mCherry driven by
the EF-1a core promoter was included. Viral particles were produced as
described above. HAP1 SDHAKO cells were transduced at a low MOI as
determined by fluorescence imaging of mCherry using a BioRad ZOE
Fluorescent Cell Imager, followed by selection with G418 at a final concentration
of 1.5 mg/mL. Selected cells were single-cell plated to obtain candidate clones

for screening.

Screening of SDHA-knockout landing pad cell lines

HAP1 SDHAKXC-landing pad cell lines were screened for recombination

capabilities by transfecting a plasmid donor containing a promoterless Blasticidin
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S Deaminase (BSD) gene downstream of a Bxb1 attB recombination sequence,
followed by a SDHA-IRES-EGFP expression cassette driven by the EF-1a core
promoter (attB_BSD+SIG). The coding sequence of SDHA was obtained from
pCMV6-AC-SDHA (Origene, SC319054). Prior to cloning into the attB_ BSD+SiG
vector, silent mutations (c.237 A>C, c¢.252 G>C) were introduced to disrupt the
SgRNA sequence using the Q5 Site-Directed Mutagenesis Kit (NEB), following
manufacturer protocols. Although the genomic landing-pad cassette expressed
the Bxb1 recombinase, attB_BSD+SIG was co-transfected with pCAG-NLS-Bxb1
(Addgene #51271) plasmid at equal ratios based on molecular weight (222).
Transfections were performed using jetOPTIMUS transfection reagent (Polyplus)
following manufacturer protocols. Candidate landing-pad cells were screened for
highly pure populations of cells with homogenous expression of GFP following
transfection and selection. To obtain stable cell lines, cells were cultured in
blasticidin 2-4 days post-transfection, at a final concentration of 10 pg/mL. At
time points indicated, GFP expression was assessed by flow cytometric analysis
using a Guava easyCyte 5 (EMD Millipore). GFP was excited with a 488 nm laser
and emission was detected using a 525/30 nm bandpass filter. To assess the
landing-pad copy number, a donor plasmid encoding cyOFP1
(attb_cyOFP-IRES-BSD) was co-transfected with attB_ BSD+SIG and
pCAG-NLS-Bxbl. Detection of GFP was performed as described, while cyOFP1
emission upon excitation by the 488 nm laser was detected through a 583/26 nm
bandpass filter. Flow cytometry data were analyzed with Guava InCyte software

(EMD Millipore) with figures generated using FlowJo software.
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Selection of SDHA variants

We utilized information available from ClinVar and the SDH mutation
database, hosted on the Leiden Open Variation Database (LOVD), and the
literature to identify variants with previously established clinical interpretations to
use as controls (186,223). The data we used and our classification for each
variant is listed in Table 4 (Appendix).

We considered any variant with at least one P/LP interpretation as a
control cancer variant. Variants identified during literature searches met this
criterion only if the authors specifically stated the classifications were made
following ACMG/AMP joint guidelines (136,204). However, we excluded a P/LP
variant it also received a B/LB submission in ClinVar or LOVD. For instance,
SDHAR®0Q was classified as Likely Pathogenic by Bausch et. al., while a single
submitter to ClinVar considered the variant Likely Benign (204). In total, we
selected 21 variants that met our criteria for a known cancer variant, though this
does not represent the total number of variants that met our criteria.

Due to some uncertainty in benign classifications, we required a variant to
contain at least two independent Benign/Likely Benign (B/LB) classifications to
be considered a control benign variant. As with control cancer variants, we
excluded a variant as a benign control if there was contradicting evidence
available. For instance, although ClinVar contains eight B/LB submissions for
SDHAT8 there is also a Pathogenic classification submission, corresponding to
a case of PMD. Similarly, SDHAS4%6- was excluded despite two B/LB
submissions in ClinVar as it has been previously reported in a case of

SDH-deficient GIST (133). In total, we identified 17 variants meeting our criteria
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for a benign SDHA variant. All PMD-associated variants were identified through
literature searches. SDHA variants that met the exclusion criteria described
above were considered VUS. Further, we included variants identified by the
OHSU Knight Diagnostics Laboratory or by other collaborators as VUS. In total,

we selected 24 variants we considered SDHA VUS.

Generation of stable SDHA-variant cell lines

For each of the selected SDHA variants, we generated a mutant
attB_ BSD+SIG (PAM-mutated) plasmid. This was either performed following the
protocols of NEB’s Q5 Site-Directed Mutagenesis Kit or their NEBuilder HiFi DNA
Assembly Cloning Kit. For each plasmid, the entire coding sequence of SDHA
was confirmed by in-house Sanger sequencing. Variant plasmids were then
co-transfected into HAP1 SDHAKC-landing pad cells with pCAG-NLS-Bxb1, as
described above, and selected with 10 pg/mL blasticidin 2-4 days
post-transfection. Following selection, GFP fluorescence was analyzed by flow
cytometry. For a given variant cell line, if the percentage of GFP-negative cells

was greater than 3%, the cells were discarded, and transfection was repeated.

WT-normalized expression levels

Expression levels of the integrated landing-pad cassettes were determined by
GFP fluorescence intensities. Each cell line was maintained in T25 or T75 culture flasks
under blasticidin selection. On days of harvest, cells were rinsed in PBS, detached by
trypsin, and neutralized with an equal volume of complete media. Cells were diluted 1/10
in 1X FACS buffer (PBS, pH 7.2 with 0.5% bovine serum albumin (BSA) and 2mM

EDTA) and GFP fluorescence intensity was measured by flow cytometric analysis. For
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each cell line, the median fluorescence intensity (MFI) was determined in three biological
replicates, defined as a population of cells assayed on separate days, after a period of
growth between replicates. To convert these measurements to normalized expression
scores, the mean MFI corresponding to untransfected HAP1 SDHAK®-landing-pad cells
(background fluorescence) was subtracted from each variant- and WT-replicate MFI.
The resulting values for each variant were then normalized to the average of that for

SDHAWT replicates.

SDH activity assays and Activity Score calculations

Cells were harvested by trypsin and counted by a TC20 Automated Cell
Counter. Two million cells were spun down, rinsed in PBS, and the resulting cell
pellets were frozen at -80 °C until assayed. This process was repeated on
different days for three biological 