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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 
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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 SDHAKO 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. Introduction 

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 outnumbered 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 I 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 
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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, I describe my journey through this maze, 

where I investigated the molecular consequences of variants in succinate 

dehydrogenase (SDH) and their associations with cancer. In the introduction, I 

present the doors that had been previously opened and guided my way. In the 

subsequent chapters, I unveil the doors opened by my research and the insights 

that were gained. Lastly, I 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). 
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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 

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. 
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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, 
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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. Sjöblom and 

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

transport chain (ETC), is an essential metabolic enzyme complex composed of 
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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 (OXPHOS), 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 III (Figure 2). Also, unlike the other ETC 

complexes, SDH is solely encoded by nuclear genes. 

SDH is part of the Complex II 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 

quinone: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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mitochondrial targeting sequence at Arg42 (52). SDHA also must be flavinylated 

at His99 through a covalent 8α-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). 

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 III. 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. 
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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 SdhE 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, SdhE 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 

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, SdhA, 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 SIRT5 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 FADH2 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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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 

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. 
 



 

16 

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, QD) 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. 

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 II 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 QP-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 II 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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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 II deficiency almost 

exclusively follows an autosomal recessive inheritance pattern, though there 

have been rare exceptions to this rule reported.  

a) Complex II 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).  

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. 
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There have also been 12 reported missense variants in SDHA, including 

c.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 c.409G>C 

(p.Asp137His), (p.Glu152Lys), c.565T>G (p.Cys189Gly) and c.1571C>T 

(p.Ala524Val) have been identified with the null variants c.1A>G (p.Met1Val), 

c.91C>T (p.Arg31Ter) (second two), and c.1A>C (p.Met1Leu), 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 c.1523C>T (p.Thr508Ile) and 

c.1526C>T (p.Ser509Leu) (94). Another patient carrying c.1535G>A 

(p.Arg512Gln) and c.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 II 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 II deficiency (100). Subsequent sequencing analysis 

revealed a c.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, c.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 11q23 

and chromosome 11q13 (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 PGL5, 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 c.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 



 

28 

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-1α 

(HIF-1α) 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-1α 

degradation is mediated by PHD and the Von Hippel-Lindau protein (pVHL). As 

an α-ketoglutarate (α-KG)-dependent dioxygenase, the PHD reaction requires 

the substrate α-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-1α 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 α-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 α-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-1α 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 

Figure 7. Pathobiology of SDH-deficient cancers. The loss of SDH activity results in the accumulation 
of succinate, leading to the inhibition of α-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 II trials (156,157). 

Another phase II 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 II 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 TKIs (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 GISTs, 

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 



 

33 

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 

Figure 8. Mechanism of TMZ-sensitivity. The alkylating agent TMZ induces DNA damage. This DNA 
damage can be repaired by MGMT, providing resistance to cell death. In SDH-deficient tumors, the 
MGMT promoter is often hypermethylated, resulting in decreased protein expression, thus sensitizing 
cancer cells to TMZ. Reprinted from J Cancer, Clinical strategies to manage adult glioblastoma patients 
without MGMT hypermethylation, Liu et al., 2022. Permission not required by copyright.  
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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 
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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 

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. 
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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 I 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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to transform the guidelines into a Bayesian classifier, which can yield a 

quantitative 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 

(VCEPs) are being formed to incorporate gene- and disease-specific expertise 

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. 
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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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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 

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. 
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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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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 

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). 
 



 

46 

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.Arg600Gln); 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 c.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 



 

48 

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.Arg600Qln, 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 
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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, I 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 fail 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 II 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 SDHAKO 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 II (NptII) expression 

cassette. Additionally, an expression cassette consisting of mCherry driven by 

the EF-1α 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 SDHAKO-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-1α 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 µg/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-Bxb1. 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, 

SDHAR600Q 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 

SDHAT508I, there is also a Pathogenic classification submission, corresponding to 

a case of PMD. Similarly, SDHAS456L 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 SDHAKO-landing pad cells with pCAG-NLS-Bxb1, as 

described above, and selected with 10 µg/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 SDHAKO-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 replicates for each SDHA variant cell line. All 

three biological replicates for a variant were assayed together, along with three 

biological replicates corresponding to SDHAWT and SDHAR31X. On analysis days, 

cell pellets were thawed on ice and lysed in 75 µL lysis buffer (150 mM NaCl, 20 

mM HEPES, pH 7.4, 2 mM EDTA, 15 mM MgCl2, 0.5% NP-40), supplemented 

with 1X Halt Protease Inhibitor Cocktail (ThermoFisher). After vortexing, lysed 

cells were left on ice for at least 10 minutes prior to spinning at 13,000 g at 4 °C. 

After determining protein concentrations using the Pierce 660 nm Protein Assay 

Kit (ThermoScientific), each sample is normalized to a concentration of 1 µg/uL in 

lysis buffer. SDH Activity was measured as the transfer of electrons from 

succinate to decylubiquinone, using reduction of the artificial electron acceptor, 

2,6-dichlorophenolindophenol (DCPIP) as a readout (224-226). Briefly, 5 µL (5 

µg) protein was added to 15 µL 1X assay buffer (10 mM KH2PO4, pH 7.4, 2 mM 
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EDTA, and 1 mg/mL BSA) containing succinate (100 mM succinate current 

concentration) to a clear-bottom 96-well plate. The pre-incubation with succinate 

is necessary to fully activate the SDH complex (227,228). Alternatively, 5 uL of 

the sample was added to 1X assay buffer without the addition of succinate to 

serve as an internal background control. Each condition was performed in 

technical duplication, for a total of four wells per each variant biological replicate. 

After a 15-minute incubation period at room temperature, the reaction was 

initiated by adding 80 uL of 1X assay buffer containing decylubiquinone (50 uM 

final concentration), DCPIP (80 uM), rotenone (4 uM), and antimycin A (2 uM). 

The final concentration of succinate, when present, was 20 mM. DCPIP 

absorbance at 600 nm was monitored every 45 seconds with shaking of the plate 

between each reading using a VersaMax microplate (Molecular Devises). The 

rates of DCPIP absorbance decrease over a linear range (5-30 minutes) for each 

technical duplicate were averaged. These data were analyzed by SoftMax Pro 

software (Molecular Devises). Finally, SDH activity for each biological replicate 

was calculated as the succinate-containing rate subtracted by the rate without 

succinate. Finally, to convert these measurements into Activity Scores, we first 

corrected for relative differences in expression levels according to the 

WT-normalized expression levels calculated above. Then, each score was 

normalized to the average of the SDHAWT replicates that were included in the 

corresponding assay.  
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SDHA and SDHB Abundance Scores 

SDHA and SDHB Abundance Scores were determined by immunoblot 

analysis. Briefly, 15 g of the cell lysates (1 ug/uL) obtained during activity 

assays were separated by SDS-PAGE using AnykD Criterion TGX Precast 

Protein Gels (Bio-Rad). A sample for each biological replicate corresponding to a 

variant was on the same gel, along with three replicate lysates corresponding to 

SDHAWT. After electrophoresis, polyacrylamide gels were transferred to 

nitrocellulose membranes using Bio-Rad’s Trans-Blot Turbo Transfer System 

and consumables. Following protein transfer, membranes were blocked in 5% 

nonfat dry milk in 20 mM Tris, 150 mM NaCl, and 0.1% Tween 20. SDHB and 

GFP both have observed band sizes around 28 kilodaltons. In order to detect 

each protein sequentially by chemiluminescent methods, we took advantage of 

the ability to inactivate horseradish peroxidase (HRP) by acetic acid (229). First, 

we probed for SDHB using an anti-SDHB mouse monoclonal antibody (ab14714, 

Abcam), followed by an appropriate HRP-conjugated secondary antibody. 

Membranes were incubated in SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Thermo Scientific) and the signal was detected using the Chemidoc 

MP system with Image Lab software (Bio-Rad). Membranes were then incubated 

in 10% acetic acid at 37 °C for 30 minutes to inactivate the HRP. After thorough 

rinsing, we repeated the standard process for detecting SDHA using a rabbit 

anti-SDHA antibody (Cell Signaling #5839). Upon addition of chemiluminescent 

substrate, subsequent imaging served two purposes: first, to detect signal 

corresponding to SDHA protein levels, and second, to confirm signal 
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corresponding to SDHB protein levels could no longer be detected. After this was 

confirmed, rabbit antibodies for GFP (Cell Signaling #2956) and β-tubulin (Cell 

Signaling #2146) were used for sequential detection of their respective proteins. 

For each protein, densitometry was performed using ImageLab software. SDHA 

Abundance Scores were calculated as the ratio of SDHA-to-GFP levels, relative 

to the mean of that for the three SDHAWT replicates included in the same blot. 

SDHB Abundance Scores were calculated in the same way, using the ratio of 

SDHB-to-GFP levels.  

In-gel SDHA Flavinylation analysis 

The same protein lysates obtained during activity assay preparation were used 

for the analysis of SDHA flavin levels. To obtain better signal-to-noise than we observed 

with Bio-Rad TGX Criterion Gels, we separated proteins (15 ug) using 4-12% Bolt 

Bis-Tris Plus Protein Gels with MES running buffer (Thermo Fisher). Following 

separation, gels were incubated in 10% acetic acid for 10 minutes, rinsed with water, 

and subsequently imaged using the Chemidoc MP system with the Blue LED Module Kit 

(Bio-Rad) to excite flavin in the blue spectrum while fluorescence emission was detected 

with a 530/28 nm filter (230). Total-protein images corresponding to these gels were 

acquired using One-Step Blue Protein Gel Stain (Biotium) following manufacturer 

protocols. 

Computational model predictions 

CADD, BayesDel (no allele frequency, AF), MetaRNN, MetaSVM, 

MutationAssessor, and REVEL scores for variants were obtained from dbNSFP 

v4.4 (231,232).   
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Statistical analysis 

All statistical analyses were performed as indicated using Prism 10 

software (GraphPad).  

OddsPath calculations 

To determine the strength of evidence corresponding to our functional 

data, we calculated OddsPath scores using the formula: 𝑂𝑑𝑑𝑠𝑃𝑎𝑡ℎ =
𝑃2 × (1−𝑃1)

(1−𝑃2) × 𝑃1
  

(194). For classifying cancer-like variants, P1 represents the proportion of all 

variants assayed that were known cancer variants and P2 represents the 

proportion of accurately classified cancer-like variants to the total number of 

known cancer variants assayed, plus one. For classifying benign-like variants, P1 

represents the proportion of all variants assayed that were known pathogenic 

variants and P2 represents the proportion of pathogenic variants that received a 

benign-like classification, plus one, to the total number of variants that received a 

benign-like classification, plus one.  

SDHA VUS reclassification 

For each SDHA VUS, the applicable ACMG/AMP criteria that could be 

applied and at which strength of evidence were obtained from VarSome. 

Following ClinGen SVI WG’s recommendations, VarSome converts each form of 

evidence into points, depending on the corresponding strength of evidence, and 

makes classifications according to the final pathogenicity score (233,234). In this 

system, supporting, moderate, strong, and very strong strengths of evidence are 

assigned 1, 2, 4, and 8 points, respectively. Further, variants are assigned as 

Benign, Likely Benign, VUS, Likely Pathogenic, or Pathogenic if the final 
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pathogenicity scores are less than or equal to -7, between -6 and -1, between 0 

and 5, between 6 and 9, or greater than 10, respectively. Thus, we updated the 

score corresponding to each SDHA VUS as allowed by our functional data and 

reclassified VUS accordingly.  

C. Results 

Development of a novel cell-line model for functional characterization of SDHA 

variants  

While several SDHA missense variants are classified as pathogenic, 

precisely how these variants impact SDHA function remains poorly understood. 

We previously used a yeast model to characterize orthologs of SDHA variants, 

but the utility of this model is hampered by the limited evolutionary conservation 

of SDHA and its interacting proteins (208). Thus, to obtain stronger evidence for 

variant interpretation, we developed a system for assessing the functional 

consequences of human SDHA variants using the human HAP1 cell line. We 

utilized CRISPR-Cas9 and serine-recombinase technologies to enable the 

generation of isogenic cell lines capable of expressing SDHA variants at 

comparable levels without the presence of endogenous SDHA. First, we obtained 

a clonal cell line that harbors a hemizygous 10-basepair frame-shift deletion in 

exon 3 of SDHA (Figure 13). We then introduced a landing-pad cassette 

containing a Bxb1 attP-recognition site, which allows for site-specific integration 

of donor constructs containing a compatible Bxb1 attB-recognition 

site (Figure 14). Subsequent single-cell plating resulted in the generation of the 

clonal cell line, HAP1 SDHAKO-LP.  
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We assessed the recombinase-mediated strategy for generating 

SDHA-variant cell lines by first transfecting a donor construct encoding WT 

SDHA (SDHAWT) co-transcriptionally linked to GFP, along with a plasmid for 

Bxb1 expression.  

Following transfection, a subset of HAP1 SDHAKO-LP cells displayed 

stable fluorescence, indicating integration of the donor plasmid, whereas 

GFP-positive cells were entirely depleted following transfection into 

non-landing-pad cells (Figure 15B and C). In addition to SDHA and GFP, the 

donor plasmids contained a promoter-less blasticidin-resistance gene, where 

drug resistance is dependent on recombination into the genome at the 

landing-pad site downstream of a promoter (Figure 14). Although transfection 

and recombination efficiencies were low, blasticidin selection resulted in highly 

Figure 13. A novel SDHAKO cell line.. Top: Plot of insertions/deletions detected upon aligning SDHA 
exon 3 to NGS sequencing results from the clonal HAP1 SDHAKO cell line. Bottom: alignment of the 
frame-shift mutation generated upon CRISPR-editing to the WT sequence, with the guide RNA 
sequences shown in blue and PAM in red. 
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pure populations of GFP-expressing cells (Figure 15A and D). Lastly, we 

transfected a mixture of donor constructs expressing GFP or cyOFP1 to ensure 

the HAP1 SDHAKO-LP cell line could only integrate a single copy of the donor 

construct. Indeed, while many transfected cells expressed both fluorescent 

proteins, the proportion of such cells was negligible following selection (Figure 

15E).  

 
 

Figure 14. Landing-pad strategy for SDHA variant cell-line generation. Top: simple schematic of 
recombinase reactants and product. An attP-landing pad site was introduced into the genome by 
lentiviral transduction. The donor construct contains the attB recombination site upstream of a promoter-
less blasticidin deaminase gene (BSD) and a SDHA-GFP expression cassette driven by the Ef1-a 
promoter (black arrow). Bxb1 mediates the recombination of attB and attP sites, resulting in the 
integration of the donor construct, allowing for BSD expression driven by the CMV promoter (brown 
arrow). Bottom: transfection of Bxb1 and donor-construct plasmids into landing-pad cells results in 
heterogenous expression of GFP. Upon blasticidin selection, only successfully recombined cells survive, 
resulting in a pure homogenously expressing population. Created with BioRender.com   
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Figure 15. Landing-pad mediated cell-line generation. A. The percentage of GFP-positive cells 
following transfection over multiple days, errors are SEM from three replicates. B. Normalized 
recombination efficiency, calculated as the percentage of GFP+-cells at Day 10, relative to that of Day 1, 
from panel A. C.  The percentage of GFP-positive cells on the first day of selection (four days 
post-transfection) and after 13 days of selection. Triplicates are shown except for parental SDHAKO cells 
after selection, as no cells survived for analysis (ND = not detected). D. Top: representative 
mode-normalized GFP MFI distributions for parental or landing-pad SDHAKO cells 24 hours after donor 
constructs were or were not transfected. Bottom: the same population of SDHAKO-LP +SDHAWT-GFP 
following 13 days of selection in blasticidin. E. Representative dot plots showing cyOFP1 MFI versus 
GFP MFI. SDHAKO-LP cells were transfected with SDHAWT-GFP (bottom right), cyOFP1 (top left), or 
both donor vectors (bottom left and top right). The bottom left are cells 24 hours after transfection. The 
top right is the same population as the bottom left after nine days of blasticidin selection. Both the top left 
and bottom right are stably selected populations used as controls for cyOFP1- and GFP-only 
expression, respectively. 
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Validating the rescue of SDHA function 

Upon establishing our method of cell-line generation, we evaluated our 

capacity to restore WT-SDHA function. First, we confirmed that the 

landing-pad-based expression of SDHAWT was similar to the endogenous levels 

of parental HAP1 cells (Figure 16A). Rescued SDHAWT was also covalently 

bound to FAD, demonstrating a proper post-translational modification. Finally, we 

quantified whole-complex SDH activity by spectrophotometrically tracking the 

transfer of electrons from succinate to decylubiquinone, an analog of ubiquinone, 

using DCPIP as an artificial electron acceptor. As expected, the knockout cells 

displayed a complete loss of succinate-dependent DCPIP-reduction; however, 

re-expression of SDHAWT successfully restored SDH activity to parental 

HAP1-like levels (Figure 16B and C). 

LOF SDHA variants associated with cancer are characterized by severe SDH 

dysfunction. 

After confirming the functional rescue of SDHAWT in our knockout model, 

we turned our attention to functionally profiling SDHA missense variants. Our 

ultimate goal is to utilize functional data as evidence for the clinical interpretation 

of SDHA variants, improving our ability to identify patients with increased cancer 

risk. However, what constitutes cancer-like dysfunction is not well-defined. 

Therefore, before functional data obtained from our model can have clinical 

utility, we must establish guidelines for how to interpret them.  

Toward this goal, we generated stable cell lines for 17 variants previously 

classified as benign and 21 variants classified as cancer-associated and  
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measured their corresponding SDH activities. In addition to these 

missense-variant cell lines, we generated a cell line expressing SDHAR31X, which 

was used as a benchmark for amorphic function. We normalized SDH activity 

measurements using SDHAWT replicates included in each assay to account for 

Figure 16. SDH function can be rescued in HAP1 SDHAKO cells. A. Upper: Representative analysis of 
SDHA, GFP, and B-tubulin detected by immunoblotting after transfer to nitrocellulose membranes. 
Lower: Representative analysis of covalently bound FAD by in-gel fluorescence of flavin with 
corresponding total-protein stain. B. SDH Activity measured by the relative change in absorbance at 600 
nm over time. Mean and SEM are calculated from three independent biological replicates, each with two 
technical replicates. C. SDH Activity corresponding to time-course data in B, calculated as the rate of 
succinate-dependent DCPIP reduction from 5 to 30 minutes, relative to the mean of HAP1 replicates. 
Each symbol represents an independent biological replicate (n=3). Welch’s ANOVA with Dunnett’s T3 
multiple-comparison correction applied, **p < 0.01; ***p < 0.001. 
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assay-to-assay variability. These normalized activities were further corrected to 

account for slight differences in observed expression levels, based on their GFP 

fluorescence intensities, resulting in a final Activity Score, where SDHAWT is 

equal to 1. 

As expected, benign variants were collectively WT-like, with a mean 

Activity Score of 0.917 (Figure 17A). However, there was substantial variability 

amongst individual variants, with SDHAY55H having the lowest score at 0.215 

(Figure 17B). Nonetheless, the extent of SDH dysfunction corresponding to 

cancer variants was remarkably distinct. Not only was the mean Activity Score of 

all cancer variants (0.007) significantly lower than that of benign variants, but 

almost all cancer variants could be described as functionally amorphic, as their 

Activity Scores were not significantly different from that of a control null variant, 

SDHAR31X, whose mean Activity Score was 0.004 (Figure 17A and B ). The lone 

exception, SDHAG274S, had an Activity Score of 0.068, which we consider to be 

severely dysfunctional.  

Importantly, these distinguishable functional outcomes cannot be 

attributed to differences in expression levels observed. Although cancer variants, 

on average, did display significantly lower expression than benign variants, the 

effect size was small (Figure 17C and D). Furthermore, the relationship between 

expression levels and Activity Scores across all variants was weak (Pearson r = 

0.27; p = 0.095) (Figure 17E). As such, our data indicate that SDHA variants 

involved in cancer are characterized by complete- or near-complete loss of SDH 

activity. 
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Distinguishing cancer- and PMD-related SDHA dysfunction 

While our analysis has demonstrated a clear distinction in function 

between benign and cancer variants, SDHA variant pathogenicity is not limited to 

cancer. Inheriting pathogenic SDHA variants is also the most common cause of 

Figure 17. SDH activity analysis of known benign and cancer-associated variants. A. Box and 
whiskers plot of benign (n=17) or cancer (n=21) SDHA variant Activity Scores. Means are represented 
by a ‘+’ symbol. Group means were compared using Welch’s t-test; ****p < 0.0001. B. Activity Scores 
corresponding to SDHAWT (n=54), SDHAR31X (n=54), and all clinically classified variants (n=3 replicates 
each). For benign and cancer control SDHA variants, mean and 95% confidence intervals (CI) are 
shown. Comparisons were made between SDHAR31X and all other groups using Welch’s ANOVA test 
with Dunnett’s T3 multiple-comparison correction applied; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, only shown for means significantly higher than SDHAR31X. C. SDHAWT-normalized expression 
levels for each variant (n=3), calculated from GFP MFI, displaying mean and SEM. D. Estimation plot 
depicting the difference in mean expression levels between benign and cancer variants. Left: Each 
symbol corresponds to a single variant. Means were compared using an unpaired t-test; *p < 0.05. Right: 
95% CI of the effect size of the difference between means. E. Pearson correlation analysis between 
normalized expression levels and Activity Scores; r=0.2746, p=0.095 (ns). 
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PMD cases with isolated complex II deficiency (93). However, it is not known if 

the degree of dysfunction corresponding to PMD-associated SDHA variants is 

the same as observed amongst cancer variants. PMD typically requires germline 

bi-allelic alteration of SDHA, though animal studies have shown homozygous 

knockout of SDHA or other SDH genes results in embryonic lethality. This 

suggests some minimum level of activity is required for survival until birth 

(206,235). Accordingly, we hypothesized that at least one allele in patients with 

PMD must be functionally distinct from the cancer variants with complete or 

nearly complete loss of activity.  

To investigate this hypothesis and shed light on the complex 

genotype-phenotype relationship, we examined the literature to identify all 

reported cases of PMD involving at least one SDHA missense variant and 

generated a stable cell line for each novel variant identified (Table 1). As with the 

benign- and cancer-variant cell lines generated, these PMD-variant cell lines 

displayed variable expression levels, indicated by GFP fluorescence, though 

these differences did not result in a significant correlation with subsequent 

Activity Scores (Figure 18A and B). According to our hypothesis, any missense 

variant that resulted in PMD whose accompanying allele is amorphic must 

necessarily retain some level of function. In agreement with this, the exclusively 

homozygous variants (SDHAG555E and SDHAR554W) and the variants reported in 

trans with a null variant (SDHAD137H, SDHAE152K, SDHAC189G, and SDHAA524V) 

displayed varying amounts of reduced activity, with Activity Scores ranging 

between 0.070 and 0.656 (Figure 18C). As these variants had reduced activity 
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yet were significantly different than that of SDHAR31X, we categorize them as 

hypomorphic PMD variants.  

While each of the previous variants was the only missense variant 

involved in their respective cases, PMD can also occur as the result of germline 

compound heterozygous missense variants. In one such case, the patient 

harbored SDHAR585W, a known cancer variant we characterized above, which 

had an Activity Score of 0.004 (Figure 17B). Therefore, we predicted the 

accompanying variant in this individual, SDHAR512Q, must also retain function. 

Indeed, the Activity score for this variant was 0.162 and is similarly considered 

hypomorphic (Figure 18C). 

The other reported case of missense-compound heterozygosity involved 

two novel variants. Subsequent analysis revealed a similar pattern, with one 

hypomorphic variant, SDHAT508I, having significantly more activity than SDHAR31X 

(Activity Score = 0.270) and the other, SDHAS509L, being marked by severe SDH 

FIRST ALLELE  SECOND ALLELE REPORTED CASES 

HOMOZYGOUS 

G555E  G555E 17 (95,236,237) 
R554W  R554W 2 (92) 

COMPOUND HETEROZYGOUS W/ NULL 

D137H  M1V 1 (96) 
E152K  R31X 2 (238,239) 

C189G  R31X 1 (97) 
A524V  M1L 1 (98) 

COMPOUND HETEROZYGOUS W/ MISSENSE 

T508I  S509L 1 (94) 
R512Q  R585W 1 (99) 

HETEROZYGOUS 

R451C  WT 5 (100-102) 
R662C  WT 1 (103) 

Table 1. PMD cases involving SDHA missense variants.  
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dysfunction (Activity Score = 0.010) that could not be distinguished from that of 

SDHAR31X (Figure 18C). We then compared the Activity Scores corresponding to 

the eight PMD variants identified as hypomorphic to the benign and cancer 

variants previously analyzed. This analysis revealed the Activity Scores 

corresponding to the hypomorphic PMD variants were, on average, significantly 

lower than those of benign variants but higher than those of cancer variants 

(Figure 18D).  

Although PMD typically occurs in the context of bi-allelic inheritance, there 

have also been reports involving two different heterozygous missense variants 

resulting in late-onset PMD, often presenting with optic atrophy and neurological 

impairment (93). One of these variants, SDHAR451C, was also a known cancer 

variant we characterized, which had an Activity Score of 0.003 (Figure 17B). 

Analysis revealed the other heterozygous variant, SDHAR662C, was also 

non-functional, with an Activity Score (0.013) that was not significantly different 

than that of SDHAR31X (Figure 18C). Although these two variants alone do not 

contribute activity, SDHA is haplosufficient, and a single non-functional allele is 

not expected to be pathogenic. For instance, roughly one in 5,000 individuals are 

heterozygous for SDHAR31X, yet PMD has never been reported in any of these 

individuals (185). Thus, we hypothesized that SDHAR451C and SDHAR662C have 

dominant negative functions. To test this, we measured SDH activity in a 

pseudo-heterozygous system by introducing SDHAWT or different variants into 

parental HAP1 cells that retained endogenous SDHA. Compared to endogenous 

SDHA expression alone, artificial overexpression of SDHAWT resulted in a slight 
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increase in activity, whereas activity was not significantly different upon the 

introduction of the cancer variant SDHAH99Y (Figure 18C). In contrast, the 

presence of either suspected dominant negative variant indeed interfered with 

endogenous SDHA function, resulting in significantly decreased levels of activity. 

These data align with the previous analysis indicating SDHA-related PMD is 

characterized by reduced, but not absent SDH function, unlike SDHA-related 

cancer.   

 Exploring the role of SDHA loss in variant dysfunction. 

While both diseases are characterized by a reduction in SDH activity, the 

severity and consistency of the functional impairment observed for cancer 

variants was striking in comparison to the partial loss of function associated with 

hypomorphic PMD variants. This prompted us to investigate whether unique 

mechanisms underlying dysfunction could explain the distinct functional 

outcomes observed amongst variants from these two classes of pathogenic 

SDHA missense variants. 

Immunohistochemical (IHC) analysis of SDHA has been reported to have 

clinical utility in the diagnosis of SDHA-mutant tumors, which often display 

markedly reduced or absent SDHA expression. In contrast, retained SDHA is 

often reported in PMD-patient samples. Whether due to intrinsic protein instability 

or altered post-translational processing, loss of SDHA protein would necessarily 

have a drastic effect on overall function. Therefore, we explored the role 

decreased SDHA abundance may play in underlying severe SDH dysfunction    
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Figure 18. SDHA-related PMD is associated with SDH insufficiency, rather than deficiency.  A. 
SDHAWT-normalized expression levels for each variant. Each symbol is an independent replicate (n=3), 
with mean and SEM shown. B. Pearson correlation analysis between normalized expression levels and 
Activity Scores; r=-0.3446, p=0.330 (ns). C. Activity Scores corresponding to SDHAWT (n=54), SDHAR31X 
(n=54), and uncharacterized PMD-associated missense SDHA variants (n=3 replicates each). For PMD 
variants, mean and 95% CI are depicted. Comparisons were made between SDHAR31X and all other 
novel groups using Welch’s ANOVA test with Dunnett’s T3 multiple-comparison correction applied; *p < 
0.05, **p < 0.01, ***p < 0.001, ns = p > 0.05. Patient-paired compound heterozygous missense variants 
are distinguished by color and shape. SDHAWT and SDHAR585W are shown for visual comparisons and 
were not included in this ANOVA analysis. SDHA variants are color-coded according to their 
classification: cancer (red), hypomorphic PMD (purple), and severely dysfunctional PMD (magenta). 
Variants with square or triangle symbols were paired with compound heterozygous variants. D. Box and 
whiskers plot of benign (n=17), hypomorphic-PMD- (n=8), or cancer- (n=21) SDHA variant Activity 
Scores. Means are depicted by a ‘+’ symbol. Group means were compared using Welch’s ANOVA test 
with Dunnett’s T3 multiple-comparison correction applied; *p < 0.05, ****p < 0.0001. E. Activity Scores 
for quasi-heterozygous expression of SDHAWT, SDHA variants, or an empty expression vector (EV) in 
parental HAP1 cells. Mean and SEM from 3 replicates are shown for each. Means were compared to the 
EV group using an ordinary one-way ANOVA test with Dunnett’s T3 multiple-comparison correction 
applied; *p < 0.05, ****p < 0.0001. 
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and the extent to which this characteristic could distinguish cancer variants from 

hypomorphic PMD and benign variants.For each variant, the ratio of SDHA to 

GFP protein, relative to that of SDHAWT, was converted into a SDHA Abundance 

Score. As with Activity Scores, the SDHA Abundance Scores did not significantly 

correlate with the normalized expression levels (Pearson r = 0.14, p = 0.35) 

(Figure 19A). As expected, benign variants collectively exhibited WT-like 

abundance levels (mean SDHA Abundance Score = 0.87), though with 

substantial variability amongst the variants. (Figure 19B). Although the mean 

SDHA Abundance Scores of hypomorphic PMD variants (0.65) was lower than 

that of benign variants, the difference was not significant. In contrast, cancer 

variants (SDHA Abundance Score = 0.19) collectively displayed significantly 

lower levels of SDHA protein than non-cancer variants. However, unlike their 

activities, the SDHA abundance levels of cancer variants were not uniformly low. 

Most cancer variants indeed displayed a prominent loss of SDHA (median SDHA 

Abundance Score = 0.07), but a few variants retained remarkably high levels of 

SDHA, resulting in considerable overlap with both hypomorphic PMD and benign 

variants (Figure 19C). In fact, one cancer variant, SDHAR451C, had an SDHA 

Abundance Score of 1.23, which was higher than nearly all other tested variants. 

SDHAS509L and SDHAR662C, the PMD variants with severe SDH dysfunction, also 

retained high levels of SDHA (SDHA Abundance Score = 0.83 and 0.78, 

respectively). Thus, while complete loss of SDH function can be attributed to 

prominent loss of SDHA protein for many cancer variants, it is clear this is not the 

only way in which a missense mutation could cause complete loss of activity. 
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Although the discordance between SDHA abundance and the 

corresponding functional output for select non-functional variants was 

exceedingly evident, simple linear regression analyses suggested a similar, yet 

weaker, discrepancy amongst the hypomorphic PMD variants (Figure 19D). The 

regression coefficient (β) for benign variants was 1.01, indicating their SDH 

activity levels increased proportionally with SDHA abundance. In contrast, the β 

coefficient corresponding to hypomorphic PMD variants was significantly lower at 

0.47 (Figure 19D). Although the effect was not as extreme as seen in some 

cancer variants (β <0.001), these data show hypomorphic PMD variants 

collectively have lesser functional outputs than would be expected given their 

SDHA abundance levels, suggesting effects on enzyme catalysis. 

Investigating the role of impaired flavinylation in SDHA dysfunction 

Our analysis revealed that SDHA abundance levels were insufficient to 

fully describe the various functional outcomes observed amongst variants. While 

the impact of prominent SDHA loss on whole-complex activity is clear, how 

stable SDHA variants affect enzyme activity can be more nuanced. SDHA 

function requires its import into mitochondria, its maturation into a holoprotein 

mediated by multiple assembly factors, its assembly into the SDH holocomplex, 

and the oxidation of succinate to fumarate, all of which involve several significant 

conformational changes. Different amino-acid substitutions in SDHA could affect 

one or more of these processes and in unique ways, allowing for the potential of  
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Figure 19. Decreased SDHA steady-state levels correlate with some, but not all, variant functional 
outcomes. A. Pearson correlation analysis between normalized expression levels and Activity Scores; 
r=0.1389, p=0.346 (ns). B. Box and whiskers plot of SDHA Abundance Scores for benign (n=17), 
hypomorphic PMD (n=8), and cancer SDHA variants (n=21). Mean is represented by the ‘+’ symbol. An 
ordinary one-way ANOVA followed by Tukey’s post hoc test was performed to compare all pairs of group 
means; ***p < 0.001, ****p < 0.0001. C. SDHA Abundance Scores corresponding to SDHAWT (n=54), as 
well as all benign, PMD, and cancer SDHA variants (n=3 replicates each). For SDHA variants, mean and 
95% CI are shown. D. Left: Plot of Activity Score versus SDHA Abundance Score for benign, 
hypomorphic PMD, and cancer SDHA variants. For each group, a simple linear regression was modeled 
(zero-intercept); the best-fit lines and their corresponding 95% CIs (shaded) are shown. Right: 
Comparison of regression coefficients using Welch’s ANOVA followed by Dunnett’s T3 post hoc test for 
multiple comparisons; *p < 0.05, **p < 0.01, ****p < 0.0001. 
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a wide range of functional outcomes amongst variants. As such, we 

hypothesized that the mechanisms by which these amorphic variants with 

retained SDHA affect catalytic activity must be distinct from those of hypomorphic 

variants. 

Interestingly, the cancer variants retaining the three highest levels of 

SDHA abundance involve residues known to play key roles in SDHA 

flavinylation, which is strictly required for its activity. Specifically, the His99 

residue of SDHA forms a covalent methyl-histidyl bond with FAD, while Arg451 

supports the formation of this bond by stabilizing a quinone-methide intermediate 

(56,61). As complete loss of this post-translational modification would result in 

the ablation of activity, we investigated whether loss of this post-translational 

modification could explain all cases of non-functional variants with severe 

dysfunction. To determine this, we examined the levels of covalently bound FAD 

by in-gel fluorescence detection following protein separation by SDS-PAGE. 

Although there were technical challenges with the quantification of these data, 

which precluded formal statistical analyses, qualitative observations could still be 

made. First, we established that representative benign variants (SDHAY629F and 

SDHAV657I) showed WT-like levels of FAD, whereas FAD could not be detected 

for the cancer variants affecting the residues involved in flavinylation (SDHAH99R, 

SDHAH99Y, SDHAR451C, and SDHAR451H) (Figure 20). In contrast, varying levels of 

FAD could indeed be detected from all hypomorphic PMD variants, supporting 

our conclusion that complete loss of flavinylation is a unique consequence of 

non-functional variants. However, FAD could also be detected in the remaining 
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variants with severe dysfunction, including SDHAT308M, despite low SDHA 

abundance (Figure 20). Thus, while loss of FAD-binding can indeed explain the 

functional outcome corresponding to some cancer variants, others affect 

downstream mechanics of SDHA function, in ways our current analyses have not 

identified.  

The dominant negative function of select SDHA variants is associated with 

retained SDHB levels. 

Our previous analyses revealed that amino-acid substitutions can impact 

SDHA function in multiple ways to result in the complete or nearly complete loss 

of SDH activity. However, two specific variants involved in heterozygous cases of 

PMD were not only non-functional, but they were also capable of interfering with 

SDHAWT function in a pseudo-heterozygous system. In order to display a 

dominant negative function, we reasoned that a variant must necessarily have 

abundant SDHA protein levels. Indeed, these two variants, SDHAR451C and 

Figure 20. Loss of SDHA flavinylation is a unique, but not required, consequence of 
non-functional SDHA variants. Upper: Representative analysis of covalently-bound FAD by in-gel 
fluorescence of flavin with corresponding total-protein stain. Lower: Representative analysis of SDHA 
and β-tubulin, detected by immunoblotting. The dashed vertical line separates distinct membranes and 
gels which were processed and imaged independently. SDHA variants are color-coded according to 
their classification: cancer (red), benign (blue), PMD with severe dysfunction (magenta), or hypomorphic 
PMD variants (purple).  
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SDHAR662C, had two of the three highest SDHA Abundance Scores among 

non-functional variants (SDHA Abundance Score = 1.23 and 0.78, respectively). 

We considered the possibility that these variants could compete with SDHAWT for 

available FAD, but SDHAR451C was not flavinylated. Although we cannot discount 

the possibility that this variant could nonetheless sequester available FAD in a 

non-covalent fashion, we incidentally identified an alternative mechanism to 

explain the interference with SDHAWT function. 

The iron-sulfur complex of SDH, SDHB, is considered a general sensor of 

SDH function, as it is markedly reduced in response to inactivation of any 

subunit. This allows SDHB IHC analysis to be used for the diagnosis of any 

SDH-related tumor, even prior to genetic sequencing. As such, we initially 

investigated the utility of decreased SDHB abundance as a readout for SDH 

dysfunction in our model. Linear regression analysis indicated Activity Scores 

were indeed a strong predictor of SDHB Abundance Scores, with a coefficient of 

0.79. However, the data corresponding to SDHAR451C and SDHAR662C were highly 

discordant, as both retained remarkably high levels of SDHB (SDHB Abundance 

Scores = 0.81 and 1.09, respectively) (Figure 21). A possible explanation for 

these findings is that these variants can each form a stable interaction with 

SDHB, protecting it from being degraded, despite the complex being 

non-functional. Thus, in the context of heterozygous expression, these variants 

may compete with SDHAWT for limited SDHB-binding without themselves 

contributing to succinate oxidation, resulting in a reduction of overall SDH activity 

levels.  
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Comparison of functional data to computational predictions 

In thoroughly profiling SDHA variants with previously established clinical 

interpretations, we gained several novel insights into SDHA dysfunction and how 

it relates to disease. Although SDHA amino-acid substitutions implicated in 

cancer can affect the protein by several distinct mechanisms, each variant results 

in a complete or near-complete loss of its function. In contrast, SDHA-related 

PMD is characterized by hypomorphic function. As a result, our functional model 

has a high capacity to distinguish distinct classes of SDHA according to their 

Activity Scores. To evaluate precisely how well our functional data could perform 

in various clinically relevant classification tasks, we performed receiver operating 

Figure 21. Rare non-functional variants retain high levels of SDHB. Plot of SDHB Abundance Score 
versus Activity score for SDHA variants. Each symbol represents the mean scores from three 
independent replicates for each metric (Benign = 17 variants, Cancer = 21 variants, PMD_severe = 2 
variants, PMD_hypomorph = 8 variants). A simple linear regression analysis was performed with all 
variants, and the corresponding best-fit line (with 95% CI, shaded) and equation are shown. Regression 
analysis demonstrates the Activity Score as a strong predictor of the SDHB Abundance Score. Some 
variants with extremely low Activity Scores appear to contradict this relationship, in particular the 
dominant negative variants, SDHAR662C and SDHAR451C, as shown. 
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characteristic (ROC) analyses. We then compared these performances to those 

of six frequently used computational models that attempt to predict a variant’s 

pathogenicity or effect on function: CADD, BayesDel (no AF), MetaRNN, 

MetaSVM, MutationAssessor, and REVEL (240-245). 

First, we assessed each model’s performance in distinguishing cancer 

from non-cancer variants. For this analysis, only benign and hypomorphic PMD 

variants were included as ‘non-cancer’ variants. SDHAS509L was excluded 

because it existed in trans with a hypomorphic variant SDHAT508I, which we 

considered to be the main contributor to PMD, rather than SDHAS509L. SDHAR662C 

was excluded because its involvement in PMD is as a dominant negative variant; 

thus, the functional data for this variant alone is not representative of PMD. For 

each computational model, we used the raw scores predicted for each variant; 

however, for the Activity Scores, we accounted for the uncertainty of the means 

by assigning a ‘positive’ cancer classification to a variant if the given threshold 

was within or above its 95% CI. According to the area under the ROC curves 

(AUCs), the discriminatory power of the computational models in identifying 

cancer variants was substantial, particularly MutationAssessor and MetaSVM 

(AUC = 0.983 and 0.947, respectively) (Figure 22A). Nevertheless, classification 

using Activity Scores from our model was even more impressive, with an 

exceptional AUC of 0.998. However, the AUC metric describes the performance 

of a classifier across the entire range of thresholds; the practical implementation 

of a classifier typically requires the selection of a single threshold. This often 

necessitates prioritizing the positive predictive value (PPV) or true positive rate 
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(TPR) at the cost of the other. When plotting each variant’s score corresponding 

to the different computational predictions, the trade-off between losing ‘true 

positive’ classifications and gaining ‘false positive’ classifications at different 

thresholds becomes abundantly clear (Figure 22B). When selecting a threshold 

to correctly identify all cancer variants (100% TPR), the PPVs for the 

computational models drop between 58 and 84% (Figure 22C). However, when 

considering evidence for cancer-risk assessment, we would prioritize PPV to 

minimize the probability of recommending life-long screening, resulting in undue 

expense and stress, for individuals who do not need it. When using a threshold to 

obtain 100% PPV, the best performing computational model, MutationAssessor, 

could correctly classify only 76% of the cancer variants, while the next best, 

MetaSVM, was only able to classify half the variants, and CADD is entirely 

unable to classify any (TPR = 52% and 0%, respectively) (Figure 22C).  

In contrast to the outputs of the computational models, there is only a 

single overlap of 95% CIs corresponding to cancer and non-cancer variant 

Activity Scores, resulting in virtually no trade-off required when choosing a 

threshold (Figure 22B). Specifically, when using a threshold to classify all cancer 

variants, our model still achieves an excellent PPV of 95%, while requiring a PPV 

of 100% still allows our model to classify 95% of all cancer variants (Figure 22C). 

Thus, the Activity Scores obtained from our functional model have a clear 

advantage over the selected computational models for identifying cancer 

variants. 
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For several of the computational models, the high cost of sensitivity when 

prioritizing PPV could be largely attributed to the cancer variants having similar 

scores to hypomorphic PMD variants (Figure 22B). This is not entirely surprising, 

as these PMD variants are indeed pathogenic and affect function, which the tools 

attempt to predict. Therefore, we next assessed how well each model could 

distinguish all pathogenic variants (cancer and hypomorphic PMD) from benign 

variants. When using Activity scores for this classification task, only 83% of 

pathogenic variants could be classified as such when using a threshold that 

excludes any false positives (Figure 22D). However, this performance was highly 

influenced by the excellent rate of cancer-variant detection, as only three of the 

eight hypomorphic PMD variants were correctly predicted as pathogenic at this 

threshold. In contrast, MetaSVM and MetaRNN performed better both in the rate 

of pathogenic variant detection and the rate of hypomorphic-PMD-variant 

detection.  

Although the capacity to distinguish hypomorphic PMD variants from 

benign variants according to their Activity Scores was comparatively low, the 

poor performance can be largely attributed to abnormally low-scoring benign 

variants, rather than abnormally high-scoring PMD variants (Figure 22B). 

Therefore, we investigated whether the functional data would have higher utility 

in distinguishing benign variants from pathogenic variants. For this analysis, a 

variant would obtain a ‘positive’ benign classification if the given threshold was 

within or below its 95% CI. As expected from the distribution of these CIs, there 

was a large difference between the optimal thresholds to obtain 100% TPR or 
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PPV (Figure 22E). However, this did not translate to a large effect on the 

classification performance, as only three benign variants would be affected by 

choosing between these thresholds. As a result, a TPR of 82% could be 

achieved at the threshold that excludes the highest-scoring hypomorphic PMD 

variant (Figure 22F). This performance was better than or equal to all 

computational models, apart from BayesDel, which achieved a TPR of 94% 

under the same criterion.  

Although our model could not clearly distinguish many hypomorphic PMD 

from benign variants, Activity Scores were the only metric that could identify over 

75% of the variants within each of the cancer and benign groups while using 

thresholds to maintain perfect PPV (Figure 22F). When using these thresholds 

together, an exceptional 89% of all benign and cancer variants could be 

accurately classified as such, whereas the best-performing computational model 

could only achieve a 71% detection rate, highlighting the superior performance of 

our functional model in making clinically relevant classifications. 

Establishing guidelines for the interpretation of SDHA VUS functional data 

We have demonstrated an impressive capacity to detect cancer and 

benign variants according to the Activity Scores derived from our functional 

model. As such, we established guidelines to convert these scores into functional 

classifications for the interpretation of SDHA VUS, which can subsequently be 

incorporated as evidence into the clinical variant interpretation framework 

outlined by ACMG/AMP (Table 2) (180). According to our ROC analysis, any 

threshold between the 95% CIs corresponding to the hypomorphic PMD variant  
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Figure 22. Activity Models derived from HAP1 SDHAKO model outperform computational models 
in predicting clinical classifications of known control variants. A. ROC analysis corresponding to 
cancer (positive) versus non-cancer (negative) classification task. B. The scores obtained from each 
model that was analyzed, for each variant. For Activity Scores, the lower boundaries of the 95% CIs are 
shown. A solid black line denotes the threshold required to achieve a PPV of 100%. Dashed denotes the 
threshold required to achieve 100% TPR. Variants falling between these thresholds for each model (grey 
shading) represent the trade-off required when prioritizing either PPV or TPR. C. For each model, the 
maximal TPR or PPV, when the other is required to be 100%. 
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SDHAG555E (95% CI = 0.045-0.094) and the cancer variant SDHAR589Q (95% CI 

= -0.026-0.029) would result in the same TPR (95%) and PPV (100%). We opted 

to take a conservative approach and set the threshold to receive a ‘cancer-like’ 

classification at the lower boundary, 0.029. To further increase the confidence 

associated with these classifications, we would require a variant’s 95% CI for the 

Activity Score to be entirely below the threshold to receive this classification. 

Following the same guidelines, a threshold of 0.740, corresponding to the benign 

variant SDHAI319L (95% CI = 0.740-1.12) was chosen as the threshold to receive 

a ‘benign-like’ classification. As with the ‘cancer-like’ classification, a variant 

would only receive this classification if its Activity Score CI was entirely above the 

threshold. Due to the poor performance in distinguishing hypomorphic PMD 

variants, if any part of the Activity Score CI for a variant fell between the two 

 D. Left: ROC corresponding to pathogenic (positive) versus benign (negative) classification task. Middle: 
Rate of pathogenic variant detection (TPR) for each model, at a threshold where PPV is required to be 
100%. Right: Same as middle, but for the rate of hypomorphic PMD variant detection. E. The upper 
boundaries of the 95% CIs for Activity Scores for denoted variants. As in B, the thresholds required to obtain 
100% PPV (solid black line) or 100% TPR (dashed line), but for the positive identification of benign variants. 
F. The maximal TPR for benign variant detection when PPV is equal to 100%. G. Summary of model 
performances in classifying clinical control variants. Vertical and horizontal dashed lines correspond to 
Cancer TPR and Benign TPR, respectively, when PPV is equal to 100% for both classification tasks. The 
size of each symbol corresponds to the rate of hypomorphic PMD variant detection when PPV = 100%. 
 
 

Activity 
Score 

Control 
Cancer 
Variants 

Control 
Benign 
Variants 

Control 
Hypomorphic 

PMD 
Variants 

Functional 
Classification 

ACMG/AMP 
Criteria 

(OddsPath) 

≥0.740 0 13 0 Benign-like 
BS3_strong 

(0.045) 

0.029-0.740 1 4 8 (Indeterminate) - 

≤0.029 20 0 0 Cancer-like 
PS3_strong 

(23.8) 

Table 2. Functional interpretation of Activity Scores and strength of evidence. 
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thresholds (0.029-0.740), we would not assign a functional classification and 

instead consider its consequence indeterminate.Following the recommendation 

of the ClinGen SVI WG, an OddsPath score can be calculated to determine what 

level of strength can be applied to the evidence obtained from a functional assay 

(194). With the threshold for cancer-like dysfunction, 20 of 21 cancer variants 

could be accurately classified as such. This corresponds to an OddsPath of 23.8, 

which enables us to utilize these classifications as strong functional evidence 

(PS3_strong) within the ACMG/AMP framework. With our threshold for 

benign-like function, 13 of 17 benign variants could be accurately classified, 

corresponding to an OddsPath of 0.045. As a result, functional data 

demonstrating benign-like activity for a SDHA VUS could be used as strong 

functional evidence against the variant’s pathogenicity (BS3_strong). For variants 

not receiving a functional classification (indeterminate), we would not use the 

data as evidence for variant interpretation. 

Functional characterization and reclassification of SDHA VUS for cancer 

pathogenicity 

After establishing guidelines for converting functional data into functional 

classifications that can be used as strong evidence for variant interpretation, we 

selected 24 missense SDHA VUS to functionally characterize as a pilot for the 

reclassification of cancer pathogenicity. For each variant, we generated a stable 

cell line and measured Activity Scores. As with all previous cell lines we 

characterized, there was moderate variability in expression levels, but these 
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levels did not significantly correlate with the corresponding Activity Scores (r = 

0.356, p = 0.088) (Figure 23A).   

The Activity Scores corresponding to the SDHA VUS were similar to those 

of the clinically classified control variants, allowing for a high rate of functional 

classification. Four variants, SDHAT96I, SDHAP372R, SDHAR232H, and SDHAV425G 

had Activity Score CIs above the threshold to receive benign-like classifications 

(Figure 23B). Sixteen variants had CIs below the cancer-like threshold and were 

classified accordingly. The remaining four SDHA VUS had Activity Score CIs that 

extended below the benign-like threshold (SDHAN118S), above the cancer-like 

threshold (SDHAC438F and SDHAT143M) or fell entirely between the two 

(SDHAR465W). As such, functional classifications for these variants could not be 

assigned (indeterminate). 

In addition to these VUS that were selected before performing 

experiments, our analyses of clinical control variants revealed two 

PMD-associated variants, SDHAS509L and SDHAR662C, which resulted in a 

complete loss of SDH activity. Although they have been described as pathogenic 

for PMD, their cancer pathogenicity has not been established; thus, we 

considered them as VUS for cancer. As the Activity-Score CI for both variants is 

below 0.029, each received a cancer-like functional classification (Figure 23A). 

After obtaining functional classifications, we investigated whether we could 

identify the mechanisms of dysfunction associated with the cancer-like SDHA 

VUS. As expected, many of these variants displayed a prominent loss of SDHA 

protein; however, just as we observed with several control cancer variants,  
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D. Upper: Representative analysis of covalently-bound FAD by in-gel fluorescence of flavin with 
corresponding total-protein stain. Lower: Representative analysis of SDHA, SDHB, GFP, and β-tubulin, 
detected by immunoblotting. SDHA VUS are color-coded according to their functional classification: 
benign-like (blue), cancer-like (red), or indeterminate (grey). 
 

Figure 23. Functional classification of missense SDHA VUS. A. Left: SDHAWT-normalized 
expression levels for each SDHA VUS, with independent replicates (n=3), mean, and SEM shown. 
Right: Pearson correlation analysis between normalized expression levels and Activity Scores; r=0.3559, 
p=0.088 (ns). B. Activity Scores corresponding to selected SDHA VUS (left) and the PMD-associated 
variants SDHAS509L and SDHAR662C (right) (n= 3 replicates each, mean and SEM shown). Four variants 
(blue symbols) met the criteria (threshold = 0.740, blue dotted line) for a benign-like classification. 
Eighteen variants (red symbols) met the criteria (threshold = 0.029, red dotted line) for a cancer-like 
classification. C. SDHA Abundance Scores for selected SDHA VUS, color-coded by their functional 
classifications (n = 3 replicates each, mean and SEM are shown). For visual comparisons, interquartile 
ranges of SDHA Abundance Scores correspond to control benign variants (grey shading) and control 
cancer variants (red shading) are shown. 
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several of these cancer-like SDHA VUS retained abundant SDHA protein (Figure 

23C). Furthermore, although we detected a wide range of FAD levels among 

these variants, none resulted in a complete loss of flavinylation (Figure 23D). 

SDHAR312C, and to a lesser extent, SDHAR312H, even appeared to have FAD 

levels comparable to those of SDHAWT and benign-like SDHA VUS. Interestingly, 

further analysis revealed remarkable levels of SDHB protein corresponding to 

SDHAR312C, suggesting similarly to SDHAR451C and SDHAR662C, this variant may 

have dominant negative capabilities. Thus, just as our analyses could not reveal 

the mechanism of dysfunction for all control cancer variants, several cancer-like 

SDHA VUS appear indistinguishable from highly active variants, apart from their 

SDH activity levels. 

Finally, we investigated the effect of incorporating our functional 

classifications as evidence for the interpretation of these SDHA VUS. We 

combined our functional evidence with existing evidence obtained from the 

human genomic variation search engine VarSome. VarSome performs its own 

germline variant classification and reports the classification that was made, along 

with the ACMG/AMP criteria that were met and with which strength of evidence. 

In this implementation, VarSome follows the recommendations of the ClinGen 

SVI WG by using a points-based system, in which evidence of different strengths 

is assigned different point values (233). The points corresponding to all available 

evidence are combined, resulting in a Pathogenicity Score, which has 

established thresholds required to reach Benign, Likely Benign, Likely 

Pathogenic, or Pathogenic classifications. This methodology allows us to easily 
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incorporate our functional evidence, recalculate Pathogenicity Scores, and 

reclassify variants as allowed.  

The evidence available for each of the SDHA VUS and the corresponding 

strength of evidence, as reported by VarSome, is listed in Table 3. Importantly, 

VarSome was not utilized when initially determining which variants are VUS for 

cancer pathogenicity. According to VarSome, four of the 26 variants had 

sufficient evidence for non-VUS classifications prior to the inclusion of our 

functional evidence. This was in large part due to computational evidence being 

considered as strong evidence (PP3_strong, BP4_strong) for scores that 

surpassed a highly calibrated threshold (246). In total, 14 variants met the criteria 

for strong computational evidence, but the total Pathogenicity Scores for 10 were 

still insufficient to reach a classification threshold. However, SDHAV425G and 

SDHAS456L were classified as Likely Benign, while SDHAR171H and SDHAH592R 

were classified as Likely Pathogenic. Nonetheless, we recalculated the 

Pathogenicity Scores after incorporating our functional evidence for these four 

variants, as well as the 22 that VarSome also considered VUS (Table 3). 

Of the 22 SDHA variants previously classified as VUS by VarSome, three 

were classified as benign-like by our functional model. The incorporation of 

BS3_strong evidence was sufficient for each of these variants to reach a Likely 

Benign classification (Table 3, Figure 24). Fifteen of the 22 VarSome-VUS had 

cancer-like dysfunction in our model. The incorporation of PS3_strong evidence 

allowed all but SDHAR600Q to reach a Likely Pathogenic classification. The 
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Table 3. Evidence for the classification of SDHA VUS within the ACMG/AMP framework 

ACMG/AMP Criteria 
Classifications 

(Pathogenicity Score) 

Variant 
Population 

data 
Computational 

predictions Hotspot 
Same Codon 

as P/LP 
Functional 

data 
VarSome 

Prior 
VarSome 
Revised 

T96I PM2_sup PP3_mod - - BP3_strong VUS (3) LB (-1) 
R97T PM2_sup PP3_mod - - PS3_strong VUS (3) LP (7) 

G106R PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
L111R PM2_sup PP3_mod - - PS3_strong VUS (3) LP (7) 
N118S PM2_sup BP4_sup - - - VUS (0) VUS (0) 
T143M PM2_sup PP3_mod - - - VUS (3) VUS (3) 
R171H PM2_sup PP3_strong - PM5_mod PS3_strong LP (7) P (11) 
R195W PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
R232H PM2_sup - - - BP3_strong VUS (1) LB (-3) 
G233V PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
H296Y PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
R312C PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
R312H PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
P372R PM2_sup PP3_mod - - BP3_strong VUS (3) LB (-1) 
G419R PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
V425G PM2_sup BP4_strong - - BP3_strong LB (-2) LB (-6) 
C438F PM2_sup PP3_mod - - - VUS (3) VUS (3) 
L452F PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
S456L PM2_sup BP4_strong - - PS3_strong LB (-3) VUS (1) 
R465W PM2_sup PP3_mod - - - VUS (3) VUS (3) 
S509L PM2_sup PP3_mod - - PS3_strong VUS (3) LP (7) 
E564K PM2_sup PP3_mod - - PS3_strong VUS (3) LP (7) 
H592R PM2_sup PP3_strong PM1_mod - PS3_strong LP (7) P (11) 
R600Q PM2_sup - - - PS3_strong VUS (1) VUS (5) 
H625Y PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 
R662C PM2_sup PP3_strong - - PS3_strong VUS (5) LP (9) 

Note: supporting, sup (+/- 1), moderate, mod (+/- 2), strong (+/- 4). Pathogenicity Score thresholds: Likely Benign (LB): between -6 and -1, VUS: between 0 and 
5, Likely Pathogenic (LP): between 6 and 9, Pathogenic (P): greater than 10, respectively. Existing data were obtained from VarSome (234).
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remaining four VarSome-VUS had indeterminate functional consequences after 

our analysis, and thus, could not be reclassified. Our cancer-like functional 

classifications for SDHAR171H and SDHAH592R agreed with the existing Likely 

Pathogenic classifications made by VarSome, which allowed them to be 

upgraded to a Pathogenic classification. Only one of the two variants previously 

classified as Likely Benign by VarSome, SDHAV425G, had a benign-like functional 

classification from our model, though it could not be upgraded to a Benign 

classification. In contrast, the other Likely Benign variant, SDHAS456L, received a 

cancer-like dysfunction classification in our model, with an Activity Score among 

the lowest measured across all variants, including the known cancer variants. 

Incorporating PS3_strong evidence for SDHAS456L resulted in its downgrade to a 

VUS classification. 

In total, the functional classifications derived from our functional model 

provided considerable value for the clinical interpretation of SDHA VUS (Figure 

24). Of the 26 total missense SDHA variants we considered as VUS for cancer 

pathogenicity, 22 (85%) received a high-confidence functional classification 

according to their Activity Scores. Although all of these variants were not 

originally considered VUS by VarSome, 20 total variants could be reclassified 

after incorporating our functional evidence into their variant interpretation 

framework, representing 77% of the VUS assayed and 91% of the VUS for which 

strong functional evidence was obtained. Importantly, this includes 14 missense 

SDHA variants that could now be classified as Likely Pathogenic, providing 
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germline carriers of these variants crucial opportunities for early and possibly 

life-saving interventions.  

D. Discussion 

SDHA is a key component of the SDH enzyme complex whose 

compromised function can result in tumor formation (105). Germline LOF variants 

of SDHA confer an increased lifetime risk for the development of cancer, but the 

identification of such variants through genomic sequence analyses can provide 

opportunities for early intervention (132,165). Although the rate of SDHA variant 

detection has increased along with increased sequencing availability, our ability 

to interpret clinical significance remains severely lacking. Incomplete cancer 

penetrance often reduces the availability and strength of clinical evidence to 

firmly establish pathogenicity (179). As such, the overwhelming majority of 

missense SDHA variants identified are VUS, which cannot be acted upon (186). 

In this study, we aimed to address this problem by providing supplemental 

functional evidence for or against a variant’s pathogenicity. 

Figure 24. Evidence derived from our functional model enables the reclassification of many 
missense SDHA VUS. Modified Sankey diagram showing the reclassification fate of SDHA variants 
upon incorporating functional evidence. Prior classifications were obtained from VarSome (234).  
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The VUS problem is not unique to SDHA (179). In recent years, many 

others have focused on developing functional assays to interrogate 

disease-relevant variants and demonstrated the utility of incorporating functional 

evidence for clinical variant interpretation (181,199). However, unlike most of 

these other genes, the relationship between the degree of SDHA dysfunction and 

cancer is not fully established. Furthermore, mutations affecting SDHA function 

can also result in PMD, and it is unclear whether a variant’s pathogenicity 

corresponding to each disease is equivalent (93). Therefore, to enable the 

inclusion of functional evidence for determining a SDHA variant’s pathogenicity 

for cancer, we first elucidated the extent and mechanisms of SDHA dysfunction 

underlying cancer. We subsequently demonstrated how these insights allow us 

to interpret the functional consequence of SDHA VUS and use this evidence to 

help identify variants likely to be associated with cancer.  

To achieve this, we developed a novel human SDHA-knockout cell line 

that enables the functional characterization of human SDHA variants. We 

identified variants with previously established and distinct clinical classifications 

and interrogated the functional consequences that distinguish them. In this 

analysis, we utilized an approach to generate stable, isogenic variant cell lines 

that allows for differences observed to be attributed to the intrinsic properties of 

the variants with high confidence.  

In our analysis, the known benign variants largely had WT-like activity, 

though some produced surprisingly low Activity Scores. However, nearly all 

cancer variants resulted in complete loss of SDH activity, and only SDHAG274S 
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produced an Activity Score (95% CI = 0.050-0.086) that was significantly higher 

than that of the control null variant, SDHAR31X (95% CI = 0.003-0.004) (Figure 

17B). In contrast, each case of SDHA-related PMD was associated with varying 

levels of reduced, but present, levels of SDH activity, and our analysis revealed a 

novel class of pathogenic SDHA variants that are characterized by hypomorphic 

function and are specifically associated with PMD (Figure 18). The only 

PMD-associated variants that resulted in a complete loss of SDH activity were 

either in trans with a hypomorphic SDHA variant or were dominant negative 

heterozygous variants. 

To investigate whether the distinct functional outcomes corresponding to 

cancer and hypomorphic PMD variants can be attributed to unique mechanisms, 

we investigated SDHA abundance and flavinylation status corresponding to each 

variant. As expected, the prominent loss of SDHA protein or its covalent 

flavinylation was strictly associated with a complete loss of SDH activity (Figure 

19 and Figure 20). However, several cancer variants appeared indistinguishable 

from benign or hypomorphic PMD variants by these analyses. In addition, these 

analyses could not reveal distinguishing factors between hypomorphic PMD 

variants and benign variants with low Activity Scores. Together, these data 

suggest that some SDHA variants likely result in alternative consequences, such 

as impaired binding with assembly factors or SDHB. Further investigation may 

lead to a better understanding of the dysfunction associated with cancer- and 

PMD-associated SDHA variants. 
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Although we cannot yet fully explain how each variant affects function, 

SDH activity data alone nevertheless have a remarkable capacity to distinguish 

distinct classes of SDHA variants. Several of the computational prediction 

models also performed well in identifying pathogenic variants from benign 

variants, but this broad level of discrimination is insufficient. As cancer and PMD 

are associated with distinct levels of SDH dysfunction, we suggest a variant’s 

pathogenicity for each disease should be interpreted independently. Using a 

threshold to maintain 100% PPV specifically for classifying cancer-associated 

variants, the best-performing computational model, MutationAssessor, could only 

achieve a TPR of 75% (Figure 22C). In contrast, our functional model could 

achieve a TPR of 95% while maintaining a 100% PPV (Figure 22C). 

Furthermore, as the majority of benign variants had distinctive WT-like activity, 

we could set a threshold for classifying benign variants with an 82% TPR and a 

100% PPV (Figure 22F). Although our data revealed a novel class of 

hypomorphic SDHA variants that are associated with PMD, the presence of 

low-scoring, outlier benign variants hampered our ability to establish criteria for 

their classification (Figure 22). Several factors may contribute to our inability to 

clearly distinguish between benign and hypomorphic PMD SDHA variants, which 

are discussed in further detail below. 

Nonetheless, the capacity and performance of our functional model for 

specifically classifying cancer and benign variants translated to high clinical utility 

for the interpretation of SDHA VUS. Following the recommendation of ClinGen, 

the OddsPath scores we calculated allow us to incorporate strong evidence in 
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favor of pathogenicity (PS3_strong) or strong evidence against pathogenicity 

(BS3_strong) for any SDHA VUS meeting the criteria to receive a cancer-like or 

benign-like functional classification, respectively (Table 2). As such, we 

determined Activity Scores and derived functional classifications for 26 SDHA 

variants we identified as having uncertain pathogenicity for cancer (Figure 23).  

As our initial criteria for selecting SDHA VUS was not based on 

VarSome’s germline variant classifier, four of the SDHA variants we considered 

to be VUS for cancer pathogenicity were already classified by VarSome as Likely 

Benign or Likely Pathogenic before the addition of our functional evidence. 

Nonetheless, after incorporating our functional data with the existing evidence, 

only six variants had Pathogenicity Scores that met the criteria for a VUS 

classification. In total, 14 and 3 VUS were reclassified to Likely Pathogenic and 

Likely Benign, respectively, while SDHAR171H and SDHAH592R were upgraded from 

Likely Pathogenic to Pathogenic, and SDHAV425G remained Likely Benign. 

Four SDHA variants remained VUS as their Activity Scores did not meet 

the thresholds for strong functional evidence. This is largely a consequence of 

our highly conservative criteria for functional classification. The Activity Score 

95% CI for SDHAN118S partially surpassed the threshold for a benign-like 

classification, while those of SDHAT143M and SDHAC438F partially fell below the 

threshold for a cancer-like classification (Figure 23). If we were less stringent in 

assigning strong evidence, none of these variants would remain VUS after 

recalculating Pathogenicity Scores. Alternatively, we could utilize these functional 

data as moderate evidence (BS3_moderate and PS3_moderate) to maintain the 
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confidence associated with strong evidence. In this approach, the total evidence 

against pathogenicity for SDHAN118S would still be sufficient for a Likely Benign 

classification. SDHAT143M and SDHAC438F would remain VUS, but with a 

Pathogenicity Score of 5, even just one additional piece of supporting evidence in 

favor of cancer pathogenicity would allow for a Likely Pathogenic classification. 

The last variant we could not derive a functional classification for was 

SDHAR465W. This was largely due to our inability to properly distinguish between 

benign and hypomorphic PMD variants, as the variant’s Activity Score was 0.400.  

Although its pathogenicity for PMD remains uncertain, SDHAR465W is unlikely to 

be pathogenic for cancer.  

 While the above four variants remained VUS because we could not obtain 

functional evidence, two variants were classified as VUS even after strong 

functional evidence was incorporated into their Pathogenicity Scores. The first 

variant, SDHAS456L, was previously classified as Likely Benign by VarSome but 

received a cancer-like functional classification from our model (Table 3). The 

initial classification was largely due to the inclusion of strong computational 

evidence against pathogenicity (BP4_strong) (Table 3). However, VarSome 

utilizes MetaRNN for computational predictions, which heavily weighs allele 

frequency data from databases such as ExAC and gnomAD (242). In ExAC, the 

allele corresponding to SDHAS456L has a reported frequency of 0.027, which 

would strongly support a lack of pathogenicity, but this sequencing data did not 

pass all quality filters (185,247). In the gnomAD v4.0.0 database, the SDHAS456L 

variant also failed the allele-specific filter for exomic sequencing but passed the 
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genomic sequencing filter, and the reported allele frequency is 1.3 × 10-5 (185). 

As such, the strong computational evidence against pathogenicity may be 

influenced by low-quality data. This variant also has two independent Likely 

Benign classifications submitted to ClinVar, which the same evidence may have 

also influenced. However, in support of our cancer-like functional classification, 

SDHAS456L was reported as a germline variant a SDHB-IHC negative GIST, 

which also harbored a somatic compound heterozygous null variant, 

SDHAR210X (133). Although the reclassification to VUS does not currently impact 

the course of action for individuals harboring a germline SDHAS456L variant, if 

additional evidence in favor of pathogenicity becomes available, the 

Pathogenicity Score may ultimately reach the threshold for a Likely Pathogenic 

classification.  

The last variant, SDHAR600Q, received a cancer-like functional 

classification but remained VUS, as the Pathogenicity Score still did not reach 

the threshold for Likely Pathogenic (Table 3). Interestingly, this variant was 

reported by Bausch et al. in two independent cases of paraganglioma, each of 

which demonstrated at least one clinical predictor that suggested 

heritability (204). SDHAR600Q would have met our criteria for a control cancer 

variant, as the authors assigned it a Likely Pathogenic classification following 

ACMG/AMP guidelines, but there was also a single submitter in ClinVar that 

interpreted the variant as Likely Benign (186). Due to these conflicting reports, 

we initially considered SDHAR600Q a VUS. As the ClinVar submitter did not 

specify what condition was associated with the variant or provide any rationale 



 

104 

for their Likely Benign interpretation (Accession: SCV000309994.1), it is difficult 

to address the discrepancy. However, the mutation encoding SDHAR600Q was 

recently reported as an example of a variant that was mistakenly attributed to 

SDHA by one method of sequencing, while another method revealed the variant 

was actually a SNP within one of the four highly conserved pseudogenes of 

SDHA (202). Thus, it is possible some historical evidence against cancer 

pathogenicity for SDHAR600Q should not be applied. Lastly, with a Pathogenicity 

Score of 5, any additional supporting evidence in favor of cancer pathogenicity, 

such as the patient-level data reported by Bausch et al., would allow SDHAR600Q 

to be classified as Likely Pathogenic in our framework. 

The discrepancies between existing clinical classifications made by 

independent groups highlight the challenges associated with interpreting variant 

pathogenicity, especially when evidence is limited. Although we demonstrated 

how functional evidence can greatly improve variant interpretation, some 

limitations of our functional analysis pipeline should be considered. We selected 

the nearly-haploid HAP1 cell line to increase the likelihood of obtaining a 

SDHA-knockout cell line (248). However, as the cell line was derived from a 

chronic myelogenous leukemia cell line and nearly all genes are hemizygous, our 

functional data may not fully represent the exact consequences of each variant in 

the context of SDHA-related disease.  

For example, it has been proposed that the PMD-associated SDHAG555E 

affects function by disrupting the binding between SDHA and SDHB (56,249). If 

the relative abundance of SDHB in HAP1 cells is substantially lower than in 
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normal diploid cells, the dysfunction of SDHAG555E may have been artificially 

exacerbated, resulting in an underestimated Activity Score. Conversely, the 

Activity Score of a variant that affects SDHA-intrinsic function, such as 

succinate-binding, may not have been as susceptible to the idiosyncrasies of the 

HAP1 cell line. As we could not elucidate the mechanism of dysfunction for many 

variants, it is difficult to determine how and which variant Activity Scores may 

have been affected. However, this issue is highly unlikely to concern variants that 

result in a complete loss of SDH activity, nor our interpretation of cancer and 

cancer-like variants. Nevertheless, our use of the HAP1 cell line may have 

contributed to our inability to properly distinguish hypomorphic PMD variants from 

benign variants.  

The difficulty in determining whether variants could be associated with 

PMD stems from unexpectedly low-scoring benign variants. While the low Activity 

Scores for these variants could indeed be artifacts of using the HAP1 cell line as 

a model, there are additional factors to consider. One possible explanation is that 

several low-scoring variants we used as benign controls are, in fact, not benign. 

We have already described instances where some interpreted a variant as Likely 

Benign while others provided evidence for its cancer pathogenicity. We 

considered such variants as VUS, but if the contradicting evidence had not been 

reported, these variants may have also been used as benign controls. Variants 

that are specifically pathogenic for PMD may have been more susceptible to 

being misclassified as benign. As it had not yet been established that a variant’s 

pathogenicity for PMD and cancer should be interpreted separately, a group may 
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have had sufficient evidence to demonstrate a lack of cancer pathogenicity and 

improperly equated that to the variant being benign. This issue can be observed 

for the PMD-associated variant SDHAT508I, which currently has one Pathogenic 

and seven Benign/Likely benign interpretations submitted to ClinVar (186). 

While other variants we selected as benign controls may also be 

non-cancer-causing but not truly benign, this is unlikely to apply to all low-scoring 

benign variants. It is important to emphasize that a benign variant can indeed 

affect function, so long as the consequence is not sufficient for disease. This 

raises the possibility that the pathogenicity for PMD is associated with more than 

just a decrease in SDH activity. We investigated whether hypomorphic PMD 

variants could be further distinguished from benign variants by SDHA abundance 

or flavinylation levels, but any differences observed were not significant (Figure 

19 and Figure 20).  

An alternative consequence of SDHA variants that may be required for 

PMD pathogenicity is the production of ROS. Similar to succinate accumulation, 

elevated levels of ROS have been proposed to contribute to the pathobiology of 

SDH-deficient diseases (76,147,250). The greatest source of ROS that SDH can 

produce involves the interaction between reduced FAD (FADH2) and molecular 

oxygen (251). Interestingly, the pharmacologic inhibition of SDH at the 

ubiquinone-binding site, which keeps FAD in the reduced state, increases the 

rate of ROS production (252,253). In contrast, preventing FAD reduction by 

inhibiting the succinate-binding site does not affect ROS production (253). Thus, 

variants with partial dysfunction may have differential effects on ROS production, 
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depending on whether function is impaired upstream or downstream of FAD 

reduction. Ultimately, further investigation into the specific consequences of 

SDHA variants, perhaps in additional cell line models, is required before we can 

assess the risk of PMD for carriers. 

Altogether, we functionally profiled 72 missense SDHA variants revealing 

novel insights into the SDHA dysfunction that underlies disease (Table 5, 

Appendix). Importantly, we identified SDHA-related cancer and PMD are 

associated with distinct levels of SDH dysfunction and require separate criteria 

for evaluating a variant’s risk. We identified extreme loss of SDH activity as a 

unique and extremely common functional outcome of known cancer variants, 

which provided us the necessary context to interpret 26 SDHA VUS, 22 (84%) of 

which we could obtain strong evidence in favor of or against their pathogenicity. 

Importantly, incorporating functional evidence with other forms of existing 

evidence allowed for most of these VUS to be reclassified, including 14 that can 

now be considered Likely Pathogenic, highlighting the significance of these 

analyses. Thus, by obtaining functional data for SDHA variants, we can begin to 

increase the actionability of clinical sequencing results, leading to improved 

outcomes for individuals with elevated risk for SDHA-related cancers. 
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3. Development of cell-based models for the functional 

characterization of SDHA variants   

A. Introduction 

A recent study reported that for a cohort of over one million cancer 

patients diagnosed between 2013 and 2019, less than 7% had received germline 

genetic testing (254). However, as sequencing technologies have improved and 

costs declined, the proportion of patients receiving genetic sequencing has 

rapidly increased (255). Additionally, the FDA has approved several multi-gene 

sequencing panels for clinical use, some covering hundreds of different genes. 

Most recently, in late 2023, Invitae’s Common Hereditary Cancers Panel, which 

includes SDHA, received FDA marketing authorization as a DNA test for the 

assessment of cancer predisposition. Although the efforts to increase the 

availability and rate of individuals receiving genetic testing have aided our ability 

to identify patients at risk for disease, we are currently facing a variant 

interpretation problem at a massive scale. Despite the establishment of 

recommendations for the interpretation of variants, such as those from 

ACMG/AMP and ClinGen, increased genetic sequencing reveals novel VUS at a 

higher rate than variants that can be interpreted (256-259). In fact, the VUS 

problem continues to grow exponentially, even amongst the most studied genes, 

such as BRCA1 and PTEN (220). The same is true for SDHA. In 2019, there 

were under 350 missense SDHA VUS reported in ClinVar (186). Today, there are 
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over one thousand. As the use of sequencing continues to grow, so will the 

identification of novel SDHA VUS. 

To begin to address the VUS problem in SDHA, we developed a novel in 

vitro model to investigate the functional consequences of missense variants in 

SDHA, which was introduced in Chapter 2. The comprehensive profiling of 

variants with previously established clinical interpretations revealed 

disease-specific levels of SDHA dysfunction, allowing cancer-associated variants 

to be detected at a high rate according to their activity levels. These findings 

were instrumental in providing the necessary context for interpreting SDHA VUS, 

and this functional data could be used as strong functional evidence for clinical 

variant interpretation. Notably, we could support the reclassification of 21 out of 

26 tested SDHA variants. While the clinical value of this model cannot be 

overstated, the methodology employed poses certain limitations relating to its 

scalability. As such, it alone cannot fully solve the SDHA VUS problem. 

To tackle the scale of the problem, we focused on developing an assay 

that is amenable to higher throughput analysis. Deep mutational scanning (DMS) 

is a method that allows for the functional analysis of a large variant library 

generated by saturation mutagenesis. In such an approach, the functional 

consequence of every possible amino-acid substitution for SDHA could 

theoretically be determined simultaneously. This high-throughput approach has 

previously been used to interrogate the functional consequences of several 

disease-relevant genes, including other tumor suppressor genes (179,181). 

Further, recommended guidelines for how multiplexed functional data could be 
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incorporated into existing clinical variant interpretation frameworks have been 

proposed (194,260). As such, the development of an assay to interrogate the 

function consequence of thousands of SDHA variants has great clinical potential. 

Herein, I describe two different cell-based assays we investigated as 

potential models to enable the functional characterization of a greater number of 

SDHA variants. The first utilizes yeast, a model we previously used to 

characterize the functional consequences of variants in the SDHA homolog, 

ySdh1 (208). The second utilizes the HAP1 cell line described in Chapter 2, and 

thus, is capable of interrogating human SDHA variants. This chapter will provide 

additional context for each system, the data obtained, and a discussion about the 

utility and limitations corresponding to each.   

B. Methods 

Yeast strains and plasmid library generation 

The haploid yeast sdh1-deletion strain (sdh1) was purchased from ATCC 

(catalog #4004998). WT Sdh1 coding sequence was cloned to the pRS416 

expression vector as previously described (208). The generation of Sdh1 variants 

was performed using a method inspired by the parallel single-amino-acid 

mutagenesis method described by Kitzman et al (261). First, we designed 

degenerate ‘NNK’ (N=A/G/C/T, K=G/T) primers for the first half of the target 

residues and anti-sense degenerate ‘MNN’ (M=A/C) primers, each of which 

corresponds to 32 possible codons and include all possible amino-acids 

substitutions and a nonsense variant (Eurofins Genomics) (262). 
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To convert primers into full-length variant plasmid libraries, we first 

performed individual PCRs containing one mutagenic primer and a universal 

primer binding to the plasmid. All NNK primers were used in combination with a 

downstream universal primer and MNN primers were used in combination with 

an upstream universal primer. Each universal primer was synthesized with six 

phosphorothioate linkages at the 5’ end to provide resistance to the T7 

exonuclease (263). PCRs were performed using Q5 High-Fidelity DNA 

Polymerase (NEB) and WT-Sdh1 plasmid as a template. Following PCR, all NNK 

amplicons were combined and all MNN amplicons were combined. Following 

column purification (Zymo Research DNA Clean & Concentrator) amplicons were 

converted into single-strand fragments while simultaneously removing plasmid 

background by combined DpnI and T7 exonuclease digest. The resulting 

NNK-derived fragments are in the anti-sense direction, spanning from the 

downstream universal primer site to what corresponded to the 5’ end of the 

original mutagenic primer. Conversely, the resulting MNN-derived fragments are 

in the sense direction, spanning from the upstream universal primer site to what 

corresponded to the 5’ end of the original mutagenic primer. As the NNK primers 

corresponded to residues in the first half of the targeted region and the MNN 

residues corresponded to residues in the second half of the targeted region, the 

3’ ends of these single-strand fragments now overlap. As such, we column 

purified each pool and used one another as a template to fill in the remaining 

portion of the gene by performing repeated cycles of denaturation, annealing, 

and extension, with Q5 polymerase. 
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Finally, full-length variant amplicons corresponding to the entire target 

length were amplified using primers specific to 5’ overhangs that were added to 

each universal plasmid primer. These fragments were then cloned into the 

pRS416 vector using standard restriction enzyme and ligation cloning 

procedures. DNA was again column purified and then electroporated into NEB 

10-beta Electrocompetent E. coli using a BioRad Gene Pulser II. Transformants 

were grown in LB-media containing ampicillin and DNA was harvested by 

ZymoPURE II Plasmid Maxiprep. Lastly, the Sdh1 variant plasmid pool was 

transformed into sdh1 yeast using the Frozen EZ Yeast Transformation II kit 

(Zymo Research). Transformants were grown in solid synthetic-complete media 

with glucose and lacking uracil (-URA) to maintain plasmid selection. 

Yeast variant selection and Effect Score calculations 

The yeast library was grown to early-log phase in media containing 2% 

glucose and then aliquots were seeded into media containing 3% glycerol or 

taken for genomic DNA extraction. After 48 hours of growth in glycerol, cells were 

harvested for genomic DNA extraction. Amplicons for Illumina sequencing were 

prepared by the two-step PCR approach described by Kowalsky et al, using 

NEBNext Multiplex Oligos for Illumina (NEB) (264). Sequencing was performed 

using an Illumina MiSeq using 600-cycle v3 reagent kits (2x300 paired-end 

reads) at the Molecular Technologies Core of the Oregon National Primate 

Research Center. Demultiplexed paired-end reads were first merged using 

BBmerge and then trimmed to the targeted region (residues 29-96) using 

Cutadapt (265,266). Finally, an alignment-free variant counting python script 
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adapted from one kindly provided by Dr. Taylor Mighell was used to count the 

abundance of each variant present from the input and 48-hour selected 

sequencing reads. These variant abundances were converted into Effect Scores 

by calculating the log2-fold change between input and selected variant 

frequencies, relative to that of the WT sequence. For this analysis, we excluded 

variants that contain less than 50 reads in the input sequencing. For variants 

absent in the selected sequencing, we added a value of 1 read to enable an 

Effect Score calculation.  

Cell culture 

Regular HAP1 media consisted of IMDM supplemented with 10% fetal 

bovine serum and 1% Penicillin-Streptomycin. The base metabolic depleted 

media consisted of DMEM (high glucose) with L-glutamine, without sodium 

pyruvate (ThermoFisher, #11965084) supplemented with dialyzed FBS (Sigma, 

F0392). As indicated, depleted media was supplemented with 1mM sodium 

pyruvate (ThermoFisher, # 11360070) or 1X non-essential amino acids 

(ThermoFisher, #11140050) All cells were maintained at 37 °C with 5% CO2.  

Generation of Cas9-expressing HAP1 clonal cell line 

The parental HAP1 cell line was transduced with viral particles derived 

from the LentiV-Cas9-puro vector (Addgene #108100) and selected with 1 g/mL 

puromycin (267). After selection, cells were single-cell plated and clones were 

screened for high expression of Cas9 by immunoblotting (Cell Signaling #14697). 
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Generation of SDHA-variant transduced cell lines  

Except for the HAP1 SDHAKO pilot mutational scanning experiment, all 

Cas9-resistant SDHA-variant plasmids were generated as described in Chapter 

2, with some modifications. Instead of the attB_BSD+SIG landing-pad vector, 

variants were subcloned into the pLENTI-myc-DDK-IRES Neo (pLiN) vector 

backbone (Origene). The coding sequences of SDHA variants were cloned in 

such a way that tags present in this vector were not expressed. Virus production 

and transduction of HAP1 SDHAKO or parental HAP1 cells were performed as 

previously described for the generation of a landing-pad cell line. Two to three 

days after transduction, transduced cells were selected and continuously 

maintained in G418 at a final concentration of 1.5 mg/mL. 

For the HAP1 SDHAKO pilot mutational scanning experiment, we first 

generated a lentiviral expression vector containing an eGFP reporter by 

swapping the neomycin resistance gene in the pLiN-SDHA vector with the coding 

sequence for eGFP, obtained from pIRES2-eGFP (TaKaRa), generating 

pLiG-SDHA. This was created by amplifying the two corresponding fragments 

with overlapping primers and joining them using the NEBuilder HiFi DNA 

Assembly Cloning Kit (NEB). Then, to generate a library of all possible 

single-nucleotide variants corresponding to SDHA residues 96-108, we ordered 

an IDT oPool, which consisted of four oligos for each residue. These 

corresponded to a single degenerate ‘N’ nucleotide for each position of the 

codon, as well as an oligo containing a ‘TGA’ codon to ensure there could be a 

nonsense variant for each residue. Each oligo was designed in the sense 

direction spanning from the region corresponding to residues 96-108, plus 25 
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flanking base-pairs on each side. Inverse-PCR primers corresponding to each 

25-flanking base-pairs were used to amplify pLiG-SDHA. The pool of oligos was 

then cloned into the amplified vector using the NEBuilder HiFi DNA Assembly 

Cloning Kit. After transformation into E. coli and subsequent plasmid preparation, 

virus production, and transduction of HAP1 SDHAKO cells were performed as 

previously described.  

Crystal violet staining 

To visualize cell growth in different media conditions, cells were seeded 

into 6-well plates and grown for the indicated time. Cells were then washed twice 

with 1X PBS, then fixed with ice-cold methanol for 10 minutes. After methanol 

was aspirated off, cells were incubated in 0.5% crystal violet solution in 20% 

methanol for 10 minutes. After rinsing in water, plates were dried and imaged 

using a Chemidoc MP system (Bio-Rad). 

Small-scale SDHA mutational scanning analysis 

We used the library of single-nucleotide SDHA variants expressed in 

HAP1 SDHAKO cells described above to perform a small-scale mutational 

scanning analysis based on cell fitness in depleted media. The cells were 

transduced at a low titer, such that the majority of cells likely integrated only a 

single variant. From our input population of cells, we harvested a representative 

cell pellet and extracted genomic DNA. To perform the selection, we plated 1 

million cells in a T-75 flask containing metabolic-depleted media. The cells were 

passaged, and the population of GFP-expressing cells was examined by flow 

cytometry. After two weeks, corresponding to when the GFP-negative cells were 
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essentially depleted, a cell pellet was harvested, and genomic DNA was 

obtained. For both input and selected samples, a 250-basepair region containing 

mutated residues was amplified with non-Illumina tagged primers. The resulting 

amplicons were sequenced by Genewiz using the Amplicon-EZ service. The 

abundances and Effect Scores for each intended variant were obtained as 

described above.  

CRISPR experiments 

For all CRISPR-based experiments within this chapter, the LRG2.1 vector 

backbone was used to introduce sgRNA to cells (267). The sgRNA sequences 

cloned into the vector are as follows: ROSA: GAAGATGGGCGGGAGTCTTC, 

SDHA (exon 3): TTGGCCTTTCTGAGGCA, SDHB (exon 3): 

TTAAAGCATCCAATACCATG, SDHC (exon 5): GCCAAAAAGAGAGACCCCTG, 

SDHD (exon 2): ATGGAGAGAACATACAATGG. Virus production was performed 

as previously described. Various Cas9-expressing HAP1 cells were transduced 

at an MOI to obtain roughly 50% GFP-positive cells. The percentage of 

GFP-expressing cells was determined at various time points by flow cytometry 

using a Guava easyCyte 5 and data were analyzed with Guava InCyte software.   

C. Results 

Massively parallel functional characterization of SDHA variant homologs in a 

yeast model 

Yeast are a powerful model system, especially for investigating the biology 

underlying mitochondrial dysfunction due to their ability to grow without functional 

mitochondria. They are easy to culture in vast numbers and genetically 
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manipulate, making them ideal for DMS analysis. SDHA and its yeast homolog, 

ySdh1, have moderately high sequence identity (67%), and highly conserved 

protein structures. As such, many human SDHA variants could be modeled in 

yeast. In our previous analysis, we characterized 22 SDHA variants identified in 

tumor sequencing (208). To achieve this, we obtained a strain of yeast with sdh1 

deleted (sdh1Δ) and created Sdh1-variant complemented strains by introducing 

mutant expression vectors (268). Transformed yeast strains were grown in 

synthetic complete medium with either 2% glucose or 3% glycerol as the carbon 

source. When the non-fermentable glycerol is the sole-carbon source, yeast 

require ATP generated by the mitochondria. SDH-deficient yeast are unable to 

grow under these conditions, whereas SDH-proficient yeast can. In our analysis 

of 22 Sdh1 variants, growth was assessed by dilution plating on agar plates. To 

confirm this model could be adapted to a multiplexed approach, we grew sdh1Δ 

or WT-rescued yeast in glucose- or glycerol-containing broth and measured their 

growth by optical density readings over time (Figure 25). As expected, only cells 

with functional SDH could grow in glycerol-containing media. Thus, this model 

represents an efficient and scalable method to functionally select between 

SDH-deficient and functionally normal cells.  

Next, we developed a strategy to functionally characterize all possible 

Sdh1 missense variants (Figure 26). In this approach, the sdh1 gene is divided 

into multiple regions and a variant-sub-library is generated for each. After 

subjecting libraries to glycerol selection, Effect Scores for each variant can be 

calculated according to their abundances before and after selection, as  
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Figure 26. Yeast metabolic pathway usage depends on the available carbon source. Yeast use 
different metabolic pathways depending on the nutrients available. When fed a fermentable carbon 
source, such as glucose (left), yeast grow independent of their SDH functional status. When fed a 
non-fermentable carbon source, such as glycerol (right), yeast must use their mitochondria for energy 

production, allowing for SDH-dependent growth selection. 

Figure 25. Yeast DMS approach. Left: sdh1 would be divided into 6 regions, with libraries generated for 
each. Right: Yeast libraries would be subjected to glycerol selection and Effect scores would be 
calculated. Effect-score distributions for nonsense variants (red) and synonymous variants (green) would 
be used to create classification thresholds (no-effect, LOF, or none, due to low confidence scores 
between thresholds. This functional evidence can be used to reclassify SDHA variants following ACMG 
guidelines.  
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determined by NGS analysis. From these scores, functional classifications could 

be made, using the distributions of missense and synonymous variants present 

within the library. As in Chapter 2, a strength of evidence can be determined for 

these functional data, which can be subsequently incorporated into the 

ACMG/AMP variant interpretation framework.  

To test this approach, we performed a pilot experiment with a library 

corresponding to the first 68 residues of the mature Sdh1 protein (cleaved 

mitochondrial-targeting signal (MTS), residues 29-96). We determined the 

abundance of each variant before and after glycerol selection by NGS. After 

filtering out low-read counts and reads containing more than one amino-acid 

mutation, 87% of the possible 1,292 missense were identified, though there was 

high variability corresponding to the proportion of each variant (Figure 27A). 

Missense, synonymous, and nonsense variants contributed to 84.0%, 4.8%, and 

2.5% percent of the reads, respectively. The remaining 8.7% of reads 

corresponded to the WT sequence (Figure 27B). After selection, WT- and 

synonymous-reads slightly increased, while missense-reads remained 

unchanged. As expected, the nonsense variants were largely depleted, falling to 

just 0.7% of all reads (Figure 27B). 

In general, each synonymous variant had the same relative change in 

abundance between input and selection, proportional to its input frequency 

(Figure 27A). Similarly, each nonsense variant generally had a similar decrease 

in abundance proportional to its input abundance. Surprisingly, the majority of 
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missense variants seemed to share a fate similar to either synonymous variants 

or nonsense variants. 

To formally evaluate how each variant compared to that of WT, we 

calculated Effect Scores, as described in the Methods section (Table 6, 

Appendix). As expected, synonymous Sdh1 variants had WT-like growth, with a 

mean Effect score of -0.10 (Figure 28A). Conversely, nonsense Sdh1 variants 

were strongly depleted and had a mean Effect score of -2.20. Impressively, there 

was no overlap between the two groups. To classify variants with ‘no effect’ on 

function, we used a threshold corresponding to the 5th percentile of synonymous 

Figure 27. Nonsense and some missense Sdh1 variants deplete after 48 hours of growth in 
glycerol. A: The fraction of sequencing reads before (left) and after (middle) selection in 
glycerol-containing media. For each plot, the variants are ordered by their input frequency rank. Right: 
Scatter plot of the fraction of reads from the selected sample versus the fraction of reads from the input 
sample. The dashed black line of identity indicates no change between input and selected, where 
samples below are depleted, and samples above are enriched. For each plot, variants are color-coded 
according to variant type, as indicated. Smaller symbols corresponding to missense variants are for 
representative purposes only. B. Fraction of all reads corresponding to synonymous, missense, or 
nonsense variants, as well as the WT sequence for input and selected samples.  
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Effect scores (-0.37) (Figure 28B). To consider variants as ‘LOF’, we used a 

threshold corresponding to the 95th percentile of nonsense Effect scores (-1.13). 

Any variant with an intermediate Effect Score between these two thresholds was 

not classified. The Effect Scores corresponding to missense Sdh1 variants in this 

library were largely similar to either the synonymous or nonsense controls, 

allowing for 990 (77%) of the 1,292 possible missense variants to be assigned a 

functional classification (Figure 28A and C). Notably, 327 of these variants were 

considered LOF. To ensure that the Effect Scores from this assay faithfully 

represented their actual functional consequences, we selected 30 clones and 

performed dilution-plating on glycerol agar media. Except for one variant whose 

Figure 28. Distribution of mutant Sdh1 Effect scores. A. Effect scores of synonymous (n=55), 
missense (n=1127), and nonsense (n=55) ySdh1 variants, with means represented as horizontal black 
lines. B. The Effect-Score distributions of synonymous (green) and nonsense (red) variants were used to 
determine thresholds for VUS classification (dashed lines). B. The majority of ySDH1 missense variants 
(grey) can be classified as ‘LOF’ or ‘no effect’ using the Effect-Score thresholds (black arrows). Effect 
scores of individually sampled and confirmed LOF (red) and no-effect (green) variants are indicated by 
vertical lines. 
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Activity Score was in the intermediate range, the functional classifications from 

the DMS analysis matched the results from the agar-plating assay (Figure 28C). 

The region for this pilot experiment was intentionally selected, as many of 

the residues surround the flavin-binding pocket and are expected to play 

important roles in activity. To investigate how each amino-acid substitution at 

every residue affects function, we generated heatmaps of Effect Scores and the 

corresponding functional classifications (Figure 29A and B). Interestingly, this 

analysis also revealed many of the variants not found in sequencing the input 

samples were concentrated around specific residues, indicating there may have 

been primer-specific issues during library construction.  

Every variant of the His90 residue, which is the homolog of SDHA His99, 

which is required for covalent flavinylation and activity, was classified as LOF 

(Figure 29B). Interestingly, His90 appears to be a part of one of two hotspot 

regions largely intolerable to any change, which are separated by a stretch of 

residues that affected by only specific variants. This is in stark contrast to the first 

third of the region for which nearly every variant had no effect on function. When 

looking at the average Effect Score per residue mapped onto the 3D structure of 

ySdh1, we see that the stretch of residues for which almost no mutation affects 

function is largely unstructured; thus, these data are not unsurprising (Figure 

29C). In contrast, the hotspot of residues intolerable to change are intricately 

associated with FAD. The region in between the two hotspots faces away from 

FAD and is partially surface-exposed. Based on these observations, the few   
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Figure 29. Effect scores and corresponding functional classifications of ySdh1 variants from 
DMS experiment. A.  Histogram of variant coverage in the library for each residue (Top). Heatmap of 
Effect scores for each variant measured. Variants with less than 50 “counts” from input were declared 
absent (grey boxes). B. Heatmap as above, with Effect scores converted into functional classifications 
according to thresholds, as described. His90 is denoted by a red arrow. C. Theoretical model of Sdh1 
crystal structure (PDB: 1ZOY) with each residue color-coded by the average effect scores for missense 
variants suggests intolerant regions are critical for FAD (aqua) co-factor interaction (60). Residues not 
analyzed in the pilot DMS experiment are colored grey. The image was created using UCSF Chimera 
software. 
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variants not directly interacting with FAD possibly affect protein function by 

disrupting the alpha helix surrounding it. 

Although these data were highly encouraging for a pilot, upon its 

completion, we also began to obtain functional data from human cell-line models. 

We compared the data reported in Chapter 2 with our previously published 

interpretations of yeast Sdh1 variants. Although the data were concordant for 

most variants, there were several exceptions. In particular, two variants that did 

not affect yeast protein function (human SDHAR171H and SDHAR195W) had 

cancer-like classifications in our analysis using the HAP1 SDHAKO model (Figure 

30). Furthermore, SDHAR465W, which fell between our benign-like and cancer-like 

classification thresholds was found to inactivate yeast protein function. Although 

the activity corresponding to SDHAR465W in our model was indeed decreased, we 

consider the yeast dilution agar-plating assay to be substantially more sensitive 

in detecting growth than would be possible by deep sequencing; thus, we believe 

DMS analysis of this variant would produce similar results.  

Leveraging the metabolic dependencies of SDH-deficient cells into a human 

cell-based assay 

While yeast are remarkable in their ability to grow in certain conditions 

without functional mitochondria, human cells deserve recognition for their own 

metabolic rewiring capabilities, as is often seen in cancer. Loss of SDH activity 

disrupts both OXPHOS and the tricarboxylic acid cycle, yet, somehow, the HAP1 

SDHAKO cells adapted to survive. Nonetheless, just as yeast require a 

fermentable carbon source for growth upon mitochondrial dysfunction, we  
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hypothesized our SDH-deficient cell line would have specific metabolic 

dependencies that could be leveraged into a cell-based assay for the functional 

characterization of SDHA variants.  

Previous work has shown that ethidium bromide treatment of cells results 

in the depletion of mitochondrial DNA, resulting in mitochondrial dysfunction. 

These cells were found to be completely dependent upon the supplementation of 

media with pyruvate and uridine due to the metabolic consequences of the loss 

of functional TCA cycle and respiration (269).  Likewise, more recent studies 

have shown that sdhb-/- murine cells are dependent upon pyruvate carboxylation 

to re-supply depleted aspartate pools (211,270). Our complete growth media is 

Figure 30. Discordance between yeast and human functional interpretations.  Activity scores from 
the HAP1 SDHAKO landing pad model described in Chapter 2 for yeast Sdh1 variants that were 
previously characterized as No-effect or LOF. The yeast homologs of R171H (teal), R195W (maroon), 
and R465W (pink) are highlighted. Highlighted regions represent the thresholds for a cancer-like (red) or 
benign-like classification. Only mean Activity Scores are shown (n=3). 
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supplemented with pyruvate and non-essential amino acids. Therefore, we tested 

whether the HAP1 SDHAKO cells had similar dependencies. Media supplemented 

only with dialyzed FBS (depleted media) had little to no effect on the growth of 

parental HAP1 cells. However, HAP1 SDHAKO cells failed to grow completely. 

Importantly, lentiviral-based expression of SDHAWT rescued the ability to grow in 

this depleted media (Figure 31A).  

Figure 31. Metabolic dependencies of HAP1 SDHAKO cells. A. The labeled cell lines were grown in 
seeded regular media for 24 hours and then replaced with the indicated media. Crystal stain proceeded 
after 72 hours of additional growth. B. Crystal violet staining of HAP1 SDHAKO after 5 days of growth in 
depleted media with or without the indicated supplements. The confluency of cells on the first day of 
depleted media is shown in the top left. Note, the seeding density of cells between panel A and B were 
not the same.  
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To investigate which metabolites are required for SDH-deficient growth, 

we cultured HAP1 SDHAKO cells in depleted media supplemented with pyruvate, 

uridine, or non-essential amino acids. The addition of pyruvate or non-essential 

amino acids was able to restore growth, whereas uridine could not (Figure 31B).   

Next, we investigated whether we could revert these phenotypes by 

expressing SDHAWT or functional SDHA variants by culturing rescued cells in 

depleted media. As expected, the functional variant SDHAV657I was fully capable 

of growing, whereas the LOF controls, SDHAR31X and SDHAH99Y were unable to 

(Figure 32A). Although these variants are known controls, it is important to note 

that the cell lines tested are not the same as those described in Chapter 2. 

Although the same SDHAKO cell line was used, the methodology of introducing 

the variants into the cell line was based on a previous system used in the lab, 

utilizing lentiviral transduction and neomycin resistance to obtain stable 

over-expressing cell lines. Nonetheless, we confirmed the activity of these cell 

lines as described previously. In fact, we developed a stable cell line in this 

system for 53 of the variants characterized in Chapter 2. Although the Activity 

Scores corresponding to the lentiviral transduction method could not be adjusted 

to differences in expression levels, the Activity Scores between the two systems 

were remarkably similar, regardless if the variant was a known control, or VUS 

that was functionally classified, corresponding to a Pearson’s correlation 

coefficient of 0.948 (p < 0.0001) (Figure 32B). According to these data, we made 

two conclusions: first, the lentiviral system for introducing SDHA variants 

performs similarly to the landing-pad method and can be used reliably, and 
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second, SDHA-variant activity can be investigated according to growth in 

metabolic-depleted media. 

In order to work for multiplexed variant analysis, it was crucial that 

SDH-deficient cells could not grow in depleted media when being co-cultured 

with SDH-proficient cells. To assess this, we proceeded to perform a small-scale 

mutational scanning experiment. In order to aid in determining appropriate time 

Figure 32. SDHA-variant-cell line growth in depleted media. A. Crystal violet staining after 5 days of 
growth in depleted media. Only cell lines with activity could grow. B. Scatter plot of Activity Scores from 
lentivirally-transduced HAP1 SDHAKO cells versus Activity Scores from landing-pad generated HAP1 
SDHAKO cells. The classes depicted are as described in Chapter 2, before VUS reclassification: Benign 
(n=15), Cancer (n=16), Cancer-like (n=12) PMD (n=7), and Indeterminate (n=3). 
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points for harvesting cells, we modified our lentiviral expression vector to include 

GFP transcriptionally linked to SDHA (Figure 33A). With this vector as a 

template, we generated a library of all possible single-nucleotide mutations 

spanning a 13-residue region (96-108). To ensure the presence of enough 

nonsense variants for comparative analysis, we additionally designed primers to 

generate a nonsense variant for each position, resulting in a total of 130 possible 

unique nucleotide variants. As we cannot control the integration number as in the 

landing-pad method, we transduced HAP1 SDHAKO cells with the variant virus 

library at a low MOI to decrease the likelihood that any single cell would receive 

two different variants. Rather than using a selection marker linked to the lentiviral 

construct to enrich transduced cells, we performed a bulk selection using the 

depleted media. As any untransduced, and therefore GFP-negative, cells would 

be SDH-deficient, their depletion from the population would be representative of 

the depletion of any non-functional SDHA. Indeed, after two weeks in depleted 

media, flow cytometric analysis revealed almost all cells remaining were 

GFP-positive (Figure 33B). 

After sequencing DNA from cells pre- and post-selection, we calculated 

Effect Scores (Table 7, Appendix). As with the yeast DMS strategy, there was 

perfect separation between the nonsense and synonymous variants (Figure 

33C). Further, the Effect Scores for missense variants also tended to group 

around those of either synonymous or nonsense controls, indicating the variants 

generally had either no large effect on function or a severe effect on function, as 

we saw when investigating variant consequences individually. Notably, all  



 

130 

amino-acid substitutions affecting the His99 residue resulted in Effect Scores 

below the 95th percentile of all nonsense variants, as expected (Figure 33C). 

Further, SDHAT96I, classified as benign-like as described in Chapter 2 (Activity 

Score = 1.072), demonstrated WT-like growth, with an Effect Score of 0.11. In 

contrast, SDHAR97T, SDHAA103V, and SDHAG106R, each of which obtained 

Figure 33. HAP1 SDHAKO DMS analysis.A. Schematic of workflow. SDHAKO cells are transduced with 
SDHA- and GFP-encoding virus and then subjected to selection by metabolite restriction. Only cells 
expressing functional SDHA variants can survive. B. Flow cytometry histograms of untransduced cells, 
cells 48 hours after transduction (trx), and transduced cells after two weeks in depleted media. 
Non-GFP-expressing cells are out-competed from the population when cultured in depleted media. C. 
Per-residue Effect Scores from depletion experiment. Nonsense mutations have large negative Effect 
Scores indicating their depletion from the population, while near-zero Effect Scores for synonymous 
variants demonstrate WT-like fitness. Missense mutations largely have nonsense-like or 
synonymous-like Effect Scores. Each symbol represents a unique nucleotide variant. D. Heatmap of 
Effect Scores for different amino-acid substitutions observed. A large number of grey cells (variant not 
present) are expected as the library only contained all-possible single-nucleotide variants. Average 
Effect Scores are shown for protein variants with more than one contributing nucleotide variant. Panel A 
created with BioRender.com. 
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cancer-like classifications in our previous analysis (Activity Scores = 0.019, 

0.002, and 0.003, respectively) corresponded to Effect Scores of -3.52, -2.48, 

and -2.18, respectively (Figure 33D). Thus, this demonstrated the potential of 

this assay to obtain functional data for many variants simultaneously, which is 

highly concordant with the individual analysis of variant function.  

Due to the promising results described above, we began to move forward 

with larger libraries of SDHA variants. However, this model had unanticipated 

limitations which precluded the ability to complete these analyses. Over time, the 

HAP1 SDHAKO cell line lost its capacity to be phenotypically rescued. This was 

not due to external conditions such as different batches of dialyzed serum, as 

parental HAP1 cells and SDHAWT-transduced knockout cells that had been used 

as controls for growth in depleted media could continue to grow. However, newly 

created SDHAWT-expressing cells as well as those expressing functional SDHA 

variants which were made by transducing late-passage HAP1 SDHAKO cells 

failed to grow in depleted media, despite high activity levels. Thus, although our 

data demonstrated that SDH activity was indeed necessary for growth in 

depleted media, these observations indicated that it was not sufficient. We 

suspect that the HAP1 SDHAKO cell line adapted over time, losing some factor 

that is required for growth in depleted media, which will require further 

investigation.  

Overcoming challenges for cell-based assessment of human SDHA variants  

The dynamic nature of the metabolic dependencies corresponding to the 

HAP1 SDHAKO cell line required us to investigate alternative approaches for the 
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functional analysis of SDHA variants in a cell-based assay. Initially, we 

considered whether we could overcome the limitation of the HAP1 SDHAKO cell 

line by creating a less stringent formulation of the depleted media. However, as 

we were uncertain of what led to the phenotypic drift in the first place, we were 

wary of the cell line further changing without being able to identify it, nor could we 

know how it might affect the interpretation of results. We also considered 

generating additional SDHAKO cell lines that we could use at early passages, 

though there were two significant issues with this. First, we had no way of 

identifying what passage would be sufficiently early to avoid the metabolic 

adaptation we observed. Secondly, obtaining a clonal SDHA-knockout cell line 

was profoundly difficult. In fact, the methodology we used to obtain a clone, 

utilizing an all-in-one vector that expresses both Cas9 protein and a sgRNA 

linked to puromycin selection, was our second attempt. Initially, we generated a 

clonal Cas9-expressing HAP1 cell line and then attempted to inactivate SDHA by 

transducing with viral particles encoding a sgRNA that targets SDHA as well as 

GFP reporter (LRG-sgSDHA). However, GFP-expressing cells were rapidly 

depleted from the population after targeting SDHA, but not when using a sgRNA 

targeting the mouse ROSA locus (Figure 34). Thus, it was clear that inactivation 

of SDHA resulted in decreased fitness. Accordingly, we concluded that an 

approach allowing for the selection of edited cells would provide a higher 

likelihood of obtaining a SDHA-knockout clone and switched methodologies, as 

described. However, upon reevaluating these data, we realized the decreased 
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fitness upon CRISPR-editing could be leveraged. Rather than overcoming the 

limitation of the HAP1 SDHAKO cell line, we can avoid it completely.  

Rather than expressing SDHA variants in the HAP1 SDHAKO cell line, we 

reasoned that variants could be introduced into the parental cell line and then 

subsequently inactivate the endogenous allele. Just as heterozygous expression 

of a non-functional SDHA variant is insufficient for tumor progression, due to the 

presence of a WT allele, we hypothesized that maintaining expression of 

endogenous SDHA in Cas9-expressing HAP1 cells would prevent phenotypic 

drift. Mimicking the LOH that results in tumor formation in people, subsequent 

CRISPR-mediated loss of endogenous SDHA would impose a selection 

dependent on the activity of the introduced variant (Figure 35). 

To investigate this approach, we generated stable-variant cell lines 

derived from a Cas9-expressing HAP1 clone with retained SDHA. We selected 

Figure 34. CRISPR-Cas9-mediated inactivation of SDHA results in decreased fitness. The 
percentage of GFP+ cells relative to 3 days after HAP1-Cas9 cells were transduced with guide-RNA 
targeting SDHA or non-human targeting (ROSA).  
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12 variants with various functional capacities as determined in Chapter 2. We 

also obtained cell lines with SDHAWT or SDHAR31X over-expression, as well as 

one containing an empty expression vector (EV) to use as controls. These were 

generated using the lentiviral expression cassette containing a 

neomycin-resistance gene, previously described (Figure 32B). We then 

transduced each cell line with LRG-sgSDHA virus at a titer to obtain 

approximately 50% GFP-positive cells and then cultured in depleted media.  

Subsequently, we tracked the change in the proportion of GFP-positive 

cells over time to determine the fitness associated with each variant. For each 

day and variant, we normalized this proportion to that of SDHAWT. Each of the 

benign and benign-like variants tested (SDHAG6D, SDHAG184R, SDHAY629F, and 

Figure 35. Schematic of novel CRISPR-Cas9 mediated cell-based assay for characterizing SDHA 
variants. The parental Cas9-expressing cell line is transduced with LOF SDHA variant (top) or a 
functional SDHA variant (bottom). Upon transduction with SDHA-targeting sgRNA at MOI ~0.5, the 
endogenous allele is inactivated, and the proportion of GFP cells remaining becomes dependent on the 
functional status of the variant introduced. Created with BioRender.com 
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SDHAE640G) maintained a proportion of GFP-positive similar to that of SDHAWT 

over a 13-day period following transduction (Figure 36). In contrast, the 

GFP-expressing populations rapidly depleted from cells expressing 

non-functional variants at the same rate as they did from the EV cell line. Thus, 

these data indicate that this approach can indeed distinguish between variants 

with normal function and complete loss of function. However, this set of variants 

also included the hypomorphic PMD variant SDHAG555E, which in Chapter 2, we 

reported a low Activity Score of 0.070. Unlike measuring SDH activity directly, in 

this assay, SDHAG555E appeared indistinguishable from non-functional variants. 

As we discussed at length in the previous chapter, the ability to 

differentiate between variants with low and no functional output is critical in 

identifying variants likely to be associated with cancer with high PPV. This assay 

was performed in depleted media as we thought it would lead to stronger and 

more rapid depletion of non-functional variants. It is possible that depleted media 

Figure 36. LOF SDHA variants fail to protect from decreased fitness upon CRISPR-Cas9 editing 
of endogenous SDHA. The percentage of GFP-positive cells for each variant population following 
transduction with sgRNA + GFP virus targeting SDHA, relative to 5 days after transduction, normalized 
to that of WT for each time point. For each plot, the variant indicated above is shown in black. The curve 
for the HAP1-Cas9 – EV control is shown in red. Cells were cultured in depleted media. Each curve 
represents a single biological replicate. 
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is too stringent to support variants with very low levels of partial function, such as 

SDHAG555E. As we saw when initially trying to obtain SDHA knockout clones, our 

regular media still resulted in a strong decrease in fitness after CRISPR editing. 

This prompted us to repeat this analysis using regular media with select variants. 

Remarkably, the decrease in fitness displayed by SDHAG555E in regular media 

was much less than that in depleted media (Figure 37). Further, this was the 

only variant in which media influenced fitness, relative to SDHAWT and a null 

control, SDHAR31X. Although the performance of SDHAG555E under these 

conditions does not necessarily represent its true functional capacity as directly 

Figure 37. Effect of metabolites in CRISPR-mediated analysis of SDHA variant function. Top: % of 
GFP-positive cells remaining after growth in regular media relative to Day 3 time-point. Bottom: % of 
GFP-positive cells remaining after growth in depleted media relative to Day 3 time-point. For both plots, 
bars indicate the mean from two biological replicates (except for Day 7, Depleted Media (n=1), with each 
replicate normalized to its corresponding Day-3 timepoint. Error represents SEM.  
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determined by activity measurements, these data are nonetheless extremely 

promising for the potential of detecting cancer-like function, as this creates a 

wide dynamic range in fitness between variants with low and no function. Even 

though we would likely lose the ability to distinguish benign variants with high 

confidence, the PPV for cancer-variant detection would likely be high. 

Furthermore, assays could potentially be performed in parallel using both media 

conditions to identify variants with intermediate activity. As with the previous 

iteration of the cell-based assay to interrogate SDHA-variant function, this could 

be adapted to a high-throughput multiplexed approach, in which the changes in 

variant abundances are determined by NGS. However, additional analysis to 

determine how variants with a spectrum of activities perform in this assay is 

required. 

Lastly, while these works have focused on SDHA variants, our lab also 

has an interest in investigating the functional consequences of variants in other 

SDH-related genes, which are also tumor suppressor genes. We have been 

having difficulty in generating knockout cell lines to assess function; however, 

among the major benefits of this new CRISPR-mediated cell-based assay is that 

it does not require the creation of a stable knockout cell line to interrogate variant 

function. To test whether this system could be applied to other SDH variants, we 

transduced Cas9-expressing HAP1 cells with LRG virus targeting SDHB, SDHC, 

or SDHD and cultured cells in depleted media. Supporting that general SDH 

impairment is associated with decreased HAP1 cell fitness, targeting each of 

these SDH genes resulted in the same depletion as observed when targeting 
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SDHA (Figure 38). Although work is still required to demonstrate the loss of 

fitness can be prevented when functional variants are present, these data are an 

early indication that this novel assay has the potential to investigate SDH 

variants.  

D. Discussion 

Our ability to determine the risk for cancer associated with SDHA variants 

identified from genetic sequencing analyses is severely lacking. To address this 

issue, we developed a novel SDHA-knockout cell line that produces strong 

functional evidence, which can be incorporated into clinical variant interpretation 

frameworks. While the functional data obtained from this model enable us to 

reclassify many SDHA VUS, the approach cannot feasibly address the scale of 

the problem. Over one thousand unique missense SDHA VUS have been 

submitted to ClinVar, and novel variants will continue to be identified as more 

Figure 38. CRISPR-targeting of SDH genes results in universal loss of fitness. Percentage of 

GFP-positive cells measured over time after sgRNA transduction, targeting mouse ROSA, human 

SDHA, SDHB, SDHC, or SDHD.   Cells were cultured in depleted media. 
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sequencing is performed (186,256-259). Thus, we sought to develop cell-based 

assays that would enable the functional analysis of thousands of SDHA variants 

simultaneously.  

Our first approach utilized yeast, a commonly used model for studying 

OXPHOS deficiencies (271). When culturing yeast in the non-fermentable 

glycerol, growth becomes dependent on SDH function (230). As such, 

expression of a Sdh1 variant in a strain lacking endogenous Sdh1 allows us to 

attribute growth in glycerol to the variant’s function. We previously used an 

agar-plate format of this approach to assess the function of individual variants 

(208). Here, we showed that the assay could be adapted to liquid culture, 

providing a framework for DMS analysis of thousands of Sdh1 variants (Figure 

25 and Figure 26). 

To test this approach, we performed a pilot experiment involving the first 

68 residues corresponding to a MTS-cleaved Sdh1. We found that the selection 

against SDH dysfunction was highly stringent, as the mean Effect Score for 

nonsense variants was -2.2 (Figure 27 and Figure 28). Further, the synonymous 

variants were largely WT-like, with a mean Effect Score of -0.1. Using the 

distributions of Effect Scores for these control variants, we established thresholds 

for classifying the missense Sdh1 variants as having no effect or being LOF 

(Figure 28B). Importantly, these classifications were highly concordant with the 

traditional analysis of variants by dilution plating on agar (Figure 28C). 

In total, we obtained a functional classification for 1,127 (77%) of the 

possible missense variants. While this is already impressive, it is possible that 
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further optimization of the methodology could move this number closer to all 

possible variants. For instance, the variants receiving intermediate Effect Scores 

may be able to be resolved upon a second round of selection, though some may 

truly have a partial effect on function, akin to the hypomorphic PMD variants. 

Furthermore, more than half of the variants could not be characterized because 

they did not appear in our input library at sufficient depth, which may be due to 

primer issues (Figure 29). As such, generating sub-libraries corresponding to the 

affected residues or re-designing primers can help fill the gaps in functional 

classifications. Alternatively, it has been shown that the data obtained for the 

other variants can be used to impute the scores of missing variants with high 

confidence (272,273). 

The preliminary data from this pilot experiment demonstrate the power of 

yeast as a model for characterizing Sdh1 variants. However, a considerable 

limitation of yeast is that Sdh1 and SDHA are only partially conserved, with just 

67% sequence identity. The use of humanized yeast, which has been used 

extensively to study human genes in a yeast system, is an attractive alternative; 

however, in our previous attempt to express SDHAWT in the sdh1 strain, growth 

in glycerol was not restored (data not shown) (274,275). A likely explanation for 

this is that the maturation and activity of SDHA require complex interactions with 

assembly factors and SDHB (54,56,77). A similar observation has been made 

concerning the inability of SDHB-dedicated assembly factor SDHAF1 to rescue 

the loss of its yeast ortholog (276). Although it may ultimately be possible to fully 

humanize all SDH-related proteins, it is difficult to determine how translatable the 
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current yeast data are to human variants. In fact, we have already seen evidence 

of discordant functional consequences obtained from the HAP1 SDHAKO and 

yeast sdh1 models (Figure 30). While functional data obtained from this yeast 

DMS approach can certainly improve our understanding of the structure-function 

relationship of SDHA, a model characterizing human variants would provide 

stronger evidence for the clinical interpretation of variants. 

Despite its limitations, growth-based analysis of Sdh1-variant function 

proved robust. Therefore, we investigated whether we could replicate this assay 

using the HAP1 SDHAKO cell line for high-throughput analysis of human SDHA 

variants. Just as SDH-deficient yeast are dependent on fermentable carbon 

sources, we found that SDH-deficient HAP1 cell growth is dependent on the 

presence of specific metabolites, including pyruvate and non-essential amino 

acids, resulting in SDH-dependent growth when these metabolites are depleted 

from the media (Figure 31 and Figure 32). As with the yeast DMS analysis, a 

pilot experiment including all possible single-nucleotide variants corresponding to 

13 residues was highly promising, with synonymous variants appearing WT-like 

and nonsense variants strongly depleting from the population (Figure 33). 

Unfortunately, however, it became apparent that the assay would not be suitable 

for obtaining functional evidence for SDHA VUS. 

In subsequent experiments, we found that the expression of active SDHA 

variants could no longer rescue the growth of HAP1 SDHAKO cells in 

metabolite-depleted media. Ultimately, we were unable to entirely identify the 

cause for this observation. However, a recent study by Hart et al., investigating 
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how cells adapt their mitochondrial metabolism upon genetic inactivation of 

SDHB, provides some insight into what may have occurred. Briefly, the authors 

demonstrated that SDH function plays a significant role in cell proliferation by 

supporting aspartate production, and for SDH-deficient cells to survive, they must 

utilize alternative pathways to enable aspartate synthesis (277). Several others 

have supported this, showing that a loss of SDHB function results in cellular 

growth dependent on reductive pyruvate carboxylation to support aspartate 

synthesis (211,270). Hart et al. extended upon these findings by identifying that 

increased levels of mitochondrial NADH are required to support this reductive 

anabolism, which SDH-deficient cells achieve by a concomitant loss of Complex I 

function. Surprisingly, however, the loss of Complex I in SDH-deficient cells was 

progressive. After several passages, a clonal SDHBKO cell line displayed a loss 

of Complex I function and corresponding protein levels and increased cellular 

aspartate levels. We hypothesize that the progressive loss of Complex I is a 

universal consequence of SDH deficiency, regardless of which subunit is 

inactivated. We further speculate that growth in metabolite-depleted media is 

dependent on the activities of both Complex I and SDH. Accordingly, HAP1 

SDHAKO cells rescued with functional SDHA protein at late passages may have 

been unable to grow in metabolite-depleted media due to loss of Complex I. 

The involvement of Complex I in modulating the growth dependencies of 

the HAP1 SDHAKO cell line can be investigated by comparing activity levels 

among SDH-proficient variant cell lines that can and cannot grow in 

metabolite-depleted media. If the inability to grow is indeed associated with the 
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loss of Complex I function, we may be able to modify the HAP1 SDHAKO 

growth-based assay to meet our needs. For instance, supplementing the 

metabolite-depleted media with aspartate may support the growth of Complex 

I-deficient cells. Alternatively, the expression of the yeast Complex I analog, 

NADH-ubiquinone reductase, can rescue Complex I dysfunction (278). However, 

it remains unclear if these conditions would impose a differential growth rate 

dependent on the extent of SDH activity. 

While further investigation is necessary before determining if the HAP1 

SDHAKO cell line could still be used for a cell-based assay of SDHA variant 

functional analysis, we developed an alternative assay that leverages the loss of 

fitness associated with CRISPR-editing of SDHA in the parental HAP1 cell 

line (Figure 34). In this framework, SDHA variants are first expressed, then 

endogenous SDHA is inactivated, resulting in SDH-dependent growth in depleted 

media (Figure 35). Although the data are only preliminary, the results are highly 

encouraging and generally match the functional consequences determined by 

Activity Scores from the HAP1 SDHAKO cell line (Figure 36). The only exception 

is SDHAG555E, the least-active hypomorphic PMD variant, which had the same 

consequence as complete-LOF variants in this assay. However, SDHAG555E 

could be easily distinguished from non-functional variants using complete media 

instead of metabolite-depleted media (Figure 37). As previously shown, a 

complete LOF is unique to and characteristic of cancer-associated variants; thus, 

these data provide confidence that the assay will have high PPV and TPR for 
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cancer-variant detection. Nonetheless, more analysis is required to understand 

how variants with distinct functional consequences perform in this assay.  

As this assay maintains endogenous SDHA expression until the analysis 

is initiated by CRISPR editing, it does not face the same risk of dynamic 

metabolic dependencies that affect the HAP1 SDHAKO cell line. The ability to 

study SDHA variants without needing a knockout cell line also presents other 

advantages of this assay. For instance, this assay is not limited to the HAP1 cell 

line but would work for any cell line in which loss of SDHA is associated with 

decreased fitness. Further, we show this approach may be suitable for analyzing 

variants within SDHB, SDHC, and SDHD, which are also tumor suppressors that 

contain numerous VUS (Figure 38) (105,186). 

Although our preliminary experiments with this assay only consisted of 

characterizing individual variants, it is highly compatible with massively parallel 

analysis. Fundamentally, the approach is similar to methods of saturation 

genome editing, which has been used to successfully classify thousands of 

variants for multiple disease-associated genes (279-284). While such methods 

allow for variants to be expressed in their native genomic context, achieving this 

for SDHA would be near-impossible due to its four pseudogenes (SDHAP1-4), 

which have over 90% coding-sequence identity (201). Nonetheless, the work 

presented here provides the crucial first steps for addressing the immense VUS 

problem surrounding SDHA and other SDH-related genes. Continuing to develop 

and optimize this assay will lead to enhanced clinical variant interpretation, 

leading to better identification of individuals at high lifetime risk for cancer. 
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4. Conclusions and Future Directions 

Understanding how different SDHA variants affect function is critically 

important, as SDH-deficiency is associated with cancer and PMD (93,285,286). 

However, prior to the work presented here, the functional consequences of 

disease-relevant, missense SDHA variants were largely unknown. Historically, 

functional studies were focused on elucidating different catalytic mechanisms of 

SDHA, such as flavinylation and succinate-to-fumarate 

interconversion (57,58,61,79,104,287). While these analyses enabled a better 

understanding of general SDHA function, they typically did not investigate 

variants associated with disease. For those that did, there is some uncertainty in 

the data due to the inherent limitations associated with using non-human 

models (92,208). 

The limited availability of human SDHA data is related to the challenges 

associated with generating suitable human models. Even structural analysis had 

traditionally been performed using E. coli or yeast orthologs of SDHA due to 

persistent technical challenges in obtaining crystal structures of the human 

complex (58,249,288,289). However, the human structures of the entire SDH 

complex and the SDHA-SDHAF2 sub-assembly complex, have recently been 

resolved (56,71). While these structures have enabled more thorough 

speculation into how known pathogenic variants affect function, it can be difficult 

to predict if or how a VUS affects function from structural analysis alone. Thus, to 

aid in SDHA-variant interpretation, the primary goal of my dissertation work was 
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to develop novel models and methods that enable the functional characterization 

of human SDHA variants.  

I developed a functional analysis pipeline that utilizes a novel HAP1 

SDHA-knockout cell line. Using this model, I functionally characterized 72 

missense SDHA variants, representing the largest study of SDHA variants to 

date. The data I obtained reveal key insights into SDHA dysfunction associated 

with disease. Notably, the data support a paradigm shift in how SDHA-variant 

pathogenicity is defined and assessed. Further, the activity data can be used as 

strung function evidence for clinical variant interpretation, which has substantial 

power to reclassify many SDHA VUS.  

Functional analysis also demonstrated the complexity surrounding the 

mechanisms of SDHA dysfunction, as the impact of some variants was readily 

apparent, whereas others remain to be determined. Unique functional 

consequences may be linked to specific cancer features, though this requires 

future analysis. Additionally, the HAP1 SDHAKO cell line presents a novel 

opportunity to study general SDHA-cancer biology. 

Despite the wealth of knowledge that was already gained and what can be 

obtained moving forward, the HAP1 SDHAKO cell line does have limitations. In 

particular, PMD-associated variants could not be readily distinguished from 

benign variants. Although the functional data reveal new insights into PMD 

dysfunction, they also highlight the complexity of PMD and the need for further 

functional analysis. 
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Another limitation of the model is its inability to address the scale of the 

VUS problem afflicting SDHA. As such, I investigated cell-based approaches that 

could be used to characterize thousands of SDHA variants simultaneously. 

Although assays utilizing yeast and the HAP1 SDHAKO cell line each yielded 

valuable data, both had limitations. To overcome these limitations, I developed 

another functional pipeline that leverages the loss of cell fitness after 

CRISPR-mediated inactivation of endogenous SDHA in parental HAP1 cells. 

Although this pipeline is in preliminary stages, the work provides the crucial first 

steps necessary to tackle the SDHA VUS problem and can ultimately lead to 

enhanced cancer-risk analysis for carriers of thousands of SDHA variants. 

As summarized above, my dissertation work has provided considerable 

insights into SDHA variant function and pathogenicity. Below, I expand on my 

findings and their significance in greater detail and address the questions raised 

that remain to be addressed.  

Redefining SDHA-variant pathogenicity 

The evaluation of SDHA pathogenicity has always been challenging. A 

little over 15 years ago, a study that has since been cited over 200 times was 

published, providing support for why genetic inactivation of SDHA does not result 

in tumorigenesis (147). No more than two years later, Burnichon et al. published 

an article in Human Molecular Genetics titled “SDHA is a tumor suppressor gene 

causing paraganglioma” (130). Now, it is well established that LOF mutations in 

SDHA are associated with both PMD and cancer. In 2015, Renkema et al. 

reported SDHAR31X as the first SDHA variant found to cause both PMD and 
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cancer (97). As such, the authors proposed that individuals who carry 

PMD-associated SDHA variants could be recommended for tumor screening. 

However, it is still unclear whether all pathogenic variants are equally implicated 

in both diseases. The above patient also carried a compound heterozygous 

variant, SDHAC189G. Although SDHAR31X is known to confer an increased cancer 

risk, the same has not been established for SDHAC189G. Understanding what 

consequences are characteristic of known cancer variants can help us better 

assess cancer risk for variants that have not yet been linked to cancer.  

To improve our understanding of SDHA variant pathogenicity, we 

functionally characterized SDHA variants with previously established clinical 

classifications in a novel human HAP1 SDHAKO cell line. Nearly all known cancer 

variants in this study could be described as amorphic. In contrast, almost all 

known PMD variants could be described as hypomorphic; the only non-functional 

variants present in cases of PMD were in trans with a variant that had at least 

partial function, such as the case with SDHAR31X and SDHAC189G. Based on these 

data, we concluded that while PMD and cancer are both characterized by a loss 

of SDH activity, the two diseases are distinct in the extent of this dysfunction. 

These data call for a shift in how we view SDHA variant pathogenicity, as 

a disease-agnostic approach is insufficient. The risk for each disease should be 

assessed independently based on the available evidence for a given variant. 

Accordingly, we agree with Renkema et al. that carriers of PMD-associated 

SDHA variants should be recommended for enhanced tumor surveillance, but 

only if the variant in question results in complete LOF. Although we cannot 
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definitively state that hypomorphic variants cannot cause cancer, no data 

currently supports it. Thus, while SDHAC189G and other hypomorphic variants are 

pathogenic for PMD, their pathogenicity for cancer remains uncertain, and 

carriers of these variants do not qualify for tumor screening recommendations. 

Conversely, complete LOF variants can play a role in both cancer and PMD. 

Thus, in addition to recommending genetic counseling to carriers of these 

variants to discuss the risks of malignancy, a discussion of the risks of PMD for 

family planning should be included.  

Providing additional evidence for the interpretation of SDHA VUS 

Since the discovery of SDHAR31X in paraganglioma, additional 

cancer-causing SDHA variants have continued to be identified. However, the 

identification of variants with uncertain clinical significance has increased at a far 

more rapid rate. Since the beginning of this dissertation work, the number of 

missense SDHA VUS reported in ClinVar has tripled, corresponding to over 95% 

of all missense SDHA variants listed (186). Functional evidence can support the 

reclassification of many VUS, even when other forms of evidence are 

sparse (193). However, this requires a robust functional assay, as well as a deep 

understanding of the degree of dysfunction that contributes to disease, to 

properly interpret different functional outcomes. As such, our work to identify the 

distinction between cancer and PMD levels of SDH dysfunction, described 

above, provided a tremendous opportunity to enhance the cancer-risk 

assessment of SDHA VUS carriers. 



 

150 

Following the recommendations of the ClinGen SVI WG, we evaluated our 

model’s capacity to distinguish cancer-associated variants according to their 

Activity Scores and found its performance met the criteria for the results obtained 

to be applied as strong functional evidence in support of a variant’s cancer 

pathogenicity within the ACMG/AMP variant interpretation framework (194). 

Further, we demonstrate our model can also provide strong evidence against a 

variant’s pathogenicity for cancer or PMD. To demonstrate the clinical utility of 

this model and the data it provides, we obtained strong functional evidence from 

18 of 22 SDHA variants analyzed previously considered as VUS by VarSome. 

After incorporating our evidence with what was previously available on VarSome, 

we could support the reclassification for 17 of these variants, including 14 that 

can now be considered Likely Pathogenic for cancer. With the addition of our 

functional evidence, we can now support the recommendation for enhanced 

tumor surveillance for carriers of these variants, which can lead to life-saving 

interventions. As more variants are characterized within our model, the more 

evidence we will obtain to properly interpret cancer risk amongst carriers of 

SDHA variants. 

Cancer variants can have unique mechanisms for dysfunction.  

In addition to elucidating the dysfunction associated with SDHA-related 

cancer, leading to an enhanced ability to interpret SDHA VUS, our analysis 

revealed distinct mechanisms underlying dysfunction. Notably, we identified 

multiple known cancer and cancer-like variants that maintain relatively high levels 

of SDHA and even flavinylation. This may seem discordant with the observation 
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that SDHA IHC analysis has strong utility for the identification of SDHA-mutant 

tumors (134,290,291). However, an important distinction is that our model 

compares the abundance of SDHA variant protein to that of WT protein in the 

context of a haploid cell line with hemizygous expression. In the context of 

tumors, each variant typically corresponds to only half of the maximal possible 

expression, and it is unclear how a 50% reduction of absolute SDHA protein 

would be interpreted by IHC analysis. The same holds true for the rare 

non-functional variants we observed displaying high levels of SDHB. 

Furthermore, immunoblot and IHC detection are not equivalent; thus, our data 

should not be interpreted as an indication that IHC analysis of SDHA and SDHB 

have low clinical utility. Nonetheless, it remains possible that some SDHA-mutant 

tumors are misdiagnosed as SDH-sufficient based on IHC results. We propose 

that SDH sequencing should be performed if no other driver of a given GIST or 

PGL could be identified, even if SDHA and SDHB tumor expression are retained. 

The identification of stable but functionally null SDHA variants may have 

great clinical significance. Although the complete LOF corresponds to an 

increased cancer risk, the retention of a non-functional SDHA protein could have 

additional consequences, such as the modification of risk or prognosis. A recent 

study identified that SDHA was maintained in a sub-assembly complex with its 

dedicated assembly factors in a SDHBKO breast cancer cell line (292). Through 

subsequent siRNA-mediated knockdown of SDHA, the authors discovered this 

alternative assembly complex played a crucial role in cell cycle progression and 

modulated metabolic pathways. Notably, the SDHBKO cell line was able to form 
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tumors when injected into mice, whereas when cells with a disrupted SDHA 

sub-assembly complex were injected, tumors were unable to form (292). 

Interestingly, SDHB-mutant tumors are often described as being more malignant 

than SDHA-mutant tumors (150). If this is explained by the presence of the 

SDHA sub-assembly complex, it may have implications for patients carrying 

tumors with retained SDHA. Although the precise role this sub-assembly complex 

played in promoting tumor formation in mice could not be fully elucidated, these 

data highlight the possibility that cancer variants with retained SDHA expression 

may have unique consequences. As further investigation provides more insights 

into the distinct consequences among cancer variants, we may be able to identify 

associations with specific clinical outcomes which can lead to more tailored 

patient care. 

A novel model to study SDHA cancer 

While my dissertation work was focused on enhancing SDHA variant 

interpretation, the novel HAP1 SDHAKO cell line generated has further utility for 

studying SDHA-deficient cancer biology. As mentioned, 15 years ago evidence 

was provided to support SDHA’s role in PMD while simultaneously supporting its 

lack of involvement in cancer (147). However, these conclusions were made from 

experiments utilizing shRNA-mediated knockdown of SDHA, in which the two 

clonal cell lines obtained maintained ~30-60% SDH activity. As such, it cannot be 

interpreted that SDHA inactivation is insufficient for tumorigenesis. Rather, the 

data only support that partial loss of SDHA function is not tumorigenic, which 

matches our data. Although it is now well established that SDHA is a tumor 
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suppressor gene, this highlights the need to carefully select the models and 

methods used to study disease biology. 

Much of what we know about SDH-deficient biology is actually based on 

the inactivation of SDHB, and without suitable models, the interpretations were 

extended to that of SDHA loss. Our preliminary observations regarding the 

metabolic dependencies of the HAP1 SDHAKO cell line seem to agree with those 

of SDHB-deficient cell lines, such as the requirement of pyruvate or aspartate, as 

well as the progressive rewiring of metabolic pathways (211,270,277). 

Nonetheless, there are likely distinct cellular consequences associated with the 

loss of SDHA and SDHB, as described above. Now, with a SDHAKO cell model, 

we can begin to investigate these differences, which may provide insight into 

long-standing questions, such as why SDHA-deficient tumors tend to have a 

more indolent nature compared to loss of the other subunits or why SDHA 

variants have a much stronger association with GIST than other types of cancers 

(105,108,293,294). Furthermore, the knockout cell line now enables us to assess 

the effectiveness of various therapeutic approaches that have shown promise in 

SDHB-deficient cells (295-298).  

The challenges in interpreting hypomorphic PMD variants  

While SDH activity data from the HAP1 SDHAKO cell line had an 

impressive capacity for distinguishing known cancer and benign variants, its 

ability to distinguish hypomorphic PMD variants was not as strong. At the center 

of the issue are unexpectedly-low-scoring benign variants that appear PMD-like. 
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Several factors may have contributed to these observations, some of which are 

due to limitations of the model, while others are related to external limitations.  

The Activity Scores of variants with partial activity may have been 

influenced by idiosyncrasies of the HAP1 cell line, such as having vastly different 

abundances of other SDH-related proteins. The extent of these differences likely 

depends on a variant’s specific consequence. For example, the cancer variant 

SDHAT308M affects the Thr308 residue, which crystal structures of E. coli SDHA 

homologs have shown is necessary to stabilize the succinate-to-fumarate 

transition intermediate (288,299). Thus, even though our data show this variant is 

flavinylated, increasing the abundance of SDHAF2 or SDHB will not affect its 

function. However, a variant that interferes with the process of 

SDHAF2-mediated flavinylation may have higher functionality if the expression of 

SDHAF2 is higher. As we were largely unable to identify the mechanisms 

resulting in partial dysfunction for hypomorphic PMD and low-scoring benign 

variants, it is difficult to determine how much this influences our data. 

Experiments modulating the abundance of other SDH-related proteins can be 

performed to determine precisely how variant activity may be affected. Further, 

structural analysis using the recently obtained human SDH and SDHA-SDHAF2 

structures can help elucidate precisely how each variant may affect function. 

In addition to the possibility that the Activity Scores from our model do not 

fully represent the exact function of SDHA variants in the context of human 

disease, another possibility is that partial SDH dysfunction alone is not sufficient 

for PMD. Rather, some benign variants may not be pathogenic despite having 
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low activity because they do not result in a specific consequence required for 

disease, such as the production of ROS (76,147,250). Reduced FAD is the 

largest source of ROS production from SDH; thus, variants may produce differing 

amounts of ROS, depending on whether function is affected before or after the 

FAD reduction step (251). It is somewhat difficult to explain the presence of 

PMD-associated dominant negative SDHA variants in this model, in particular, 

SDHAR451C, which is not flavinylated and cannot be a source of ROS. However, 

both dominant negative variants that we characterized maintained high levels of 

SDHB, which likely explains their ability to interfere with SDHAWT. The iron-sulfur 

clusters of SDHB may be a potential source of ROS (300). Future studies should 

investigate the levels of ROS produced in cells with varying levels of SDH 

activity. Even if this proposed model is ultimately not supported, it highlights the 

real possibility that the rate of SDH activity is not the sole determinant of PMD 

pathogenicity, and other consequences may be involved.    

Unfortunately, it may also be the case that we cannot properly distinguish 

hypomorphic PMD variants because some low-scoring benign variants are not 

truthfully benign. The uncertainty surrounding the variants we selected as 

controls is a product of the challenges the field has faced concerning the 

interpretation of SDHA variant pathogenicity as a whole. For many years, 

sequencing SDHA had difficult due to its multiple, highly homologous 

pseudogenes, which calls into question the validity of some historical data (201). 

In some cases, interpretations were made for variants identified in tumor 

sequencing, even though only three exons were analyzed (200). Alternatively, it 
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has been shown a variant may be inappropriately attributed to SDHA when, in 

actuality, it is a SNP of one of the pseudogenes (202). As evidence of the effect 

these issues can produce, we identified variants that have linked to 

SDH-deficient tumors but have also been classified as Benign/Likely Benign in 

ClinVar (133,204).  

Our incomplete understanding of PMD pathogenicity also adversely 

affects confidence in the accuracy of some benign classifications. For example, 

the least-active benign variant in our control set is SDHAY55H, with an Activity 

Score of 0.215. This variant has been reported as homozygous 12 times in 

gnomAD v4.00 (185). As such, the 11 Benign/Likely Benign submissions in 

ClinVar for SDHAY55H are indeed appropriate, but this can only be certain for 

cancer risk (186). As gnomAD excludes individuals with severe childhood-onset 

disease, SDHAY55H is also almost certainly not associated with PMD when 

homozygous (185). However, the same cannot be said if the variant was 

compound heterozygous with a null allele. This is evidenced by SDHAT508I, which 

was identified as a compound heterozygous variant (with SDHAS509L) in a boy 

with PMD, presenting as leukodystrophy and cardiomyopathy (94). In our assay, 

SDHAT508I was similar to SDHAY55H, with an Activity Score of 0.270, while 

SDHAS509L had no activity (Activity Score = 0.010). Also like SDHAY55H, 

SDHAT508I has been reported as homozygous eight times in gnomAD v4.00 and 

has seven Benign/Likely Benign submissions in ClinVar (as well as one 

Pathogenic and VUS submission) (185,186). This sets a precedent for 

low-scoring variants to be benign for PMD when homozygous but pathogenic 
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when compound heterozygous with an amorphic allele. If SDHAY55H were truly 

pathogenic for PMD, it may not be entirely surprising that a patient has yet to be 

identified and reported. The reported allele frequency of SDHAY55H (7.69 × 10-4) 

is only slightly higher than that of SDHAT508I (4.89 × 10-4), and further, compound 

inheritance of a rare amorphic allele would be required for disease (185). 

Ultimately, it is clear that the interpretation of SDHA-variant pathogenicity 

for PMD is complicated, even with the addition of functional data. There is a 

critical need for the creation of a SDHA expert panel to develop independent 

rules for applying evidence to determine PMD and cancer pathogenicity. 

Developing high-throughput assays for SDH variant functional characterization 

Although the ability to obtain strong functional evidence for cancer 

pathogenicity is not largely affected by the limitations described above, the HAP1 

SDHAKO model is nonetheless limited in its capacity. While variants with multiple 

or conflicting reports can be prioritized for future characterization, the number of 

SDHA VUS is simply too high to address one variant at a time. To address the 

scale of the problem, we strove to develop a cell-based assay that could be 

scaled to characterize hundreds or thousands of SDHA variants.  

Initially, I adapted a yeast-based model we previously used to characterize 

individual variants, in which growth in the non-fermentable sugar glycerol is 

dependent on SDH function (208). Due to the robustness of yeast as a model for 

studying mitochondrial dysfunction, the strategy was quite successful. All 

nonsense variants in a pilot library were strongly depleted from the population, as 

well as all variants affecting the essential histidine residue that binds FAD, 
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whereas the abundance of synonymous variants remained largely unchanged. 

However, there was concern regarding the ability to translate this functional data 

to human variants, as we observed discordance with data obtained from the 

HAP1 SDHAKO cell line. Nonetheless, the yeast functional pipeline still retains 

considerable value, especially considering the relative ease of performing 

experiments. For instance, we could use Effect Scores of all possible missense 

Sdh1 variants to prioritize the order clinically-relevant SDHA VUS are 

characterized within the HAP1 SDHAKO system. Furthermore, the data can help 

us better understand the structure-function relationship. This may ultimately help 

elucidate the mechanisms of dysfunction corresponding to variants with partial 

activity, which currently elude us. As such, these experiments should continue. 

Toward developing an assay capable of high-throughput analysis of 

human SDHA variants, I investigated whether we could leverage the metabolic 

dependencies of the HAP1 SDHAKO cells. As with the yeast model, preliminary 

data was promising but ultimately had limitations that prevented its further use. In 

particular, after an unidentified number of passages, cell growth of HAP1 

SDHAKO in metabolite-depleted media could no longer be rescued by the 

expression of functional SDHA variants or even SDHAWT. While further 

investigation is required to determine the cause of this, it may be related to the 

progressive loss of Complex I associated with SDH-deficiency (277). Although 

this renders the assay incompatible with high-throughput analysis of 

SDHA-variant function, we may be able to identify different culturing conditions 

that permit the growth of Complex I-deficient cells while maintaining dependence 
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on SDH function. Further, as loss of Complex I is a reported phenotype of 

SDH-deficient tumors, the HAP1 SDHAKO cell line may prove to be a useful 

model for investigating therapeutic strategies that exploit the metabolic 

dependencies (270,295-297,301).  

As an alternative approach, I developed a new assay utilizing 

CRISPR-Cas9 technology to mimic SDHA LOH that results in tumor formation in 

people. Using CRISPR to interrogate the function of different variants is not 

novel. In fact, these methods are often far more sophisticated than what we 

present in Chapter 3, including various approaches to incorporate variants into 

endogenous alleles (280,284,302,303). However, with SDHA, these approaches 

would be exceedingly difficult, considering the four pseudogenes (SDHAP1-4) 

that have over 90% coding-sequence identity (201). Nonetheless, our assay 

provides a simple system for assessing SDHA variant function, and the data 

largely match the activity data from the HAP1 SDHAKO model. Interestingly, a 

hypomorphic PMD variant with minimal activity, SDHAG555E (Activity Score = 

0.07) can either appear similar to cancer variants or benign variants, depending 

on the metabolic substrates present in the medium. Thus, utilizing both media 

conditions in tandem may enable us to better distinguish benign-like, 

hypomorphic, and cancer-like variants. Although the extent of the capacity to 

distinguish these variants will require the analysis of more variants covering a 

spectrum of Activity Scores, the observation that a variant with an Activity Score 

of 0.07 appears largely benign-like when utilizing our normal culture media 

indicates this assay has a very wide dynamic range corresponding to cancer and 



 

160 

non-cancer function. Thus, this assay is highly promising for obtaining cancer-like 

functional classifications with high positive predictive value.  

In addition to characterizing SDHA variants, we show this assay has 

strong potential for the characterization of other SDH genes, which are also 

tumor suppressors with high numbers of VUS. Further, the assay is not 

inherently limited to the HAP1 cell line but to any cell lines in which the SDH 

genes are essential or whose loss results in decreased fitness. However, a clear 

limitation of this assay is that activity cannot be directly interrogated to validate 

results. While data from our HAP1 SDHAKO cell line and previously established 

SDHB-deficient cell lines can be used for this purpose, efforts to generate similar 

models for SDHC and SDHD are required (74).  

Lastly, although the analyses performed with this assay investigated 

individual variants, this approach can be easily adapted to high-throughput 

deep-mutational scanning. The implementation of this would optimally include 

introducing sgRNA linked to antibiotic resistance, as any of the DNA from any 

untransduced cell in the current version of the assay can still be amplified. 

Without receiving a sgRNA, these cells would not become depleted even if the 

variant is amorphic, resulting in a decreased signal-to-noise. Further, the 

landing-pad approach described in Chapter 2 could be employed to better control 

variant copy number and expression when introduced into the Cas9-expressing 

HAP1 cell line. The continuation of this work will have a significant impact on our 

ability to assess cancer risk for carriers of thousands of SDH variants. 
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5. Appendix: Supplementary data 

Table 4. Data used for selecting control variants and VUS 

Variant ClinVar (186) LOVD (223) Notes 

Benign    

G6D 9 B/LB, 2 VUS 1 B/LB  
D38V 14 B/LB 4 B/LB  
A45T 8 B/LB, 8 VUS 2 B/LB, 3 VUS  
K46E 5 B/LB, 3 VUS VUS  
D49G 7 B/LB, 1 VUS 1 B/LB  
Y55H 11 B/LB 1 B/LB, 1 VUS  
G184R 10 B/LB 2 B/LB, 1 VUS  
I319L 1 B/LB, 6 VUS 1 B/LB  
R352Q 3 B/LB, 8 VUS 1 VUS  
A466T 5 B/LB, 1 VUS 2 B/LB  
E472K 1 B/LB, 3 VUS 1 B/LB, 1 VUS  
R554Q 4 B/LB, 6 VUS -  
Y629F 10 B/LB 3 B/LB  
V632I 1 B/LB, 1 VUS 1 B/LB  
E640G 2 B/LB, 5 VUS 1 B/LB  
V657I 11 B/LB 2 B/LB  
A660G 5 B/LB, 8 VUS 1 VUS VUS in literature(204) 

Cancer    

H99R 1 VUS - P/LP in literature(204) 
H99Y 1 P/LP 1 P/LP  
A103V 1 P/LP, 1 VUS -  
R171C 3 VUS 1 P/LP, 1 VUS VUS in literature(136) 
R188W 3 P/LP -  
S208P 1 VUS - P/LP in literature(204) 
G260R 7 P/LP 1 P/LP P/LP in literature(204) 
G274S - - P/LP in literature(204) 
T308M 3 P/LP, 2 VUS 1 VUS VUS in literature(136) 
H407R 1 P/LP, 1 VUS -  
G439E 2 VUS -  
H447R 1 P/LP, 1 VUS 1 VUS P/LP in literature(204) 

R451C 5 P/LP, 1 VUS 1 VUS 
VUS(136) and PMD(100-102) in 
literature 

R451H 3 P/LP, 1 VUS 1 P/LP  
A454E 2 VUS VUS P/LP in literature(204) 
G581R 3 P/LP, 1 VUS - P/LP in literature(136) 
R585W 10 P/LP, 2 VUS 4 P/LP  
R589W 6 P/LP 2 P/LP P/LP in literature(136) 
R589G 1 P/LP -  
R589Q 3 P/LP 1 P/LP, 1 VUS P/LP in literature(136,204) 
G590S 1 VUS 1 P/LP  
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Variant ClinVar (186) LOVD (223) Notes 

PMD    

D137H - - PMD in literature(96) 
E152K 4 VUS - PMD in literature(238,239) 
C189G - 1 P/LP PMD in literature(97) 
T508I 7 B/LB, 1 P/LP, 1 VUS 1 B/LB, 1 VUS PMD in literature(94) 
S509L 1 P/LP, 1 VUS 1 VUS PMD in literature(94) 
R512Q 5 VUS 1 P/LP PMD in literature(99) 
A524V 4 P/LP 1 VUS PMD in literature(98) 
R554W 5 P/LP, 3 VUS 1 P/LP, 2 VUS PMD in literature(92) 
G555E 3 P/LP 1 P/LP, 3 VUS PMD in literature(95,236,237) 
R662C 1 P/LP, 3 VUS - PMD in literature(103) 

VUS    

T96I 6 VUS -  
R97T 3 VUS -  
G106R 1 VUS -  
L111R - -  
N118S 2 VUS -  
T143M 3 VUS -  
R171H 7 VUS - VUS in literature(136) 
R195W 4 VUS -  
R232H 2 VUS 1 B/LB  
G233V 3 VUS - VUS in literature(136) 
H296Y 2 VUS -  
R312C 3 VUS -  
R312H 2 VUS 1 VUS  
P372R 6 VUS 1 B/LB, 1 VUS  
G419R 3 VUS 1 VUS  
V425G 2 VUS 1 B/LB  
C438F 2 VUS -  
L452F 3 VUS -  

S456L 2 B/LB, 2 VUS 1 B/LB 
Germline in SDHB-IHC neg. 
GIST w/ somatic R210X(133) 

R465W 2 VUS -  
E564K 1 VUS 1 VUS  
H592R 2 VUS -  
R600Q 1 B/LB, 6 VUS 3 VUS P/LP(204) and VUS(136) in literature 

H625Y 1 VUS 1 VUS  
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Table 5. Functional data from HAP1 SDHAKO model 

Variant 
Activity 

Score (SEM) 
SDHA Abundance 

Score (SEM) 
SDHB Abundance 

Score (SEM) 
WT-normalized 
GFP MFI (SEM) 

Control     
WT 1.000 (0.006) 1.000 (0.009) 1.000 (0.010) 1.000 (0.011) 

R31X 0.004 (0.000) 0.027 (0.007) 0.153 (0.047) 0.230 (0.009) 

Benign     
G6D 1.111 (0.010) 0.915 (0.061) 0.885 (0.010) 0.768 (0.017) 

D38V 0.848 (0.018) 0.735 (0.041) 0.660 (0.033) 1.045 (0.036) 

A45T 1.166 (0.015) 1.355 (0.011) 0.903 (0.023) 0.892 (0.034) 

K46E 1.278 (0.042) 1.239 (0.056) 1.082 (0.012) 0.755 (0.021) 

D49G 0.959 (0.005) 0.829 (0.084) 0.736 (0.036) 0.868 (0.011) 

Y55H 0.215 (0.007) 0.635 (0.039) 0.053 (0.004) 0.890 (0.017) 

G184R 0.683 (0.025) 0.495 (0.016) 0.595 (0.024) 0.933 (0.006) 

I319L 0.932 (0.045) 0.854 (0.062) 0.886 (0.037) 0.994 (0.015) 

R352Q 0.992 (0.014) 0.774 (0.078) 0.921 (0.031) 0.970 (0.011) 

A466T 0.509 (0.019) 0.570 (0.031) 0.820 (0.028) 0.878 (0.070) 

E472K 0.878 (0.007) 1.060 (0.055) 0.966 (0.036) 0.991 (0.006) 

R554Q 0.529 (0.025) 0.885 (0.033) 0.686 (0.029) 0.852 (0.053) 

Y629F 0.952 (0.019) 0.788 (0.051) 0.867 (0.048) 0.972 (0.031) 

V632I 1.052 (0.005) 0.812 (0.027) 1.045 (0.087) 0.973 (0.031) 

E640G 1.035 (0.032) 0.384 (0.020) 1.044 (0.036) 0.969 (0.023) 

V657I 1.235 (0.058) 1.328 (0.065) 1.303 (0.053) 0.850 (0.011) 

A660G 1.215 (0.057) 1.168 (0.032) 1.253 (0.045) 0.956 (0.011) 

Cancer     
H99R 0.002 (0.001) 0.111 (0.018) 0.001 (0.000) 0.761 (0.017) 

H99Y 0.006 (0.001) 0.624 (0.003) 0.032 (0.004) 0.856 (0.017) 

A103V 0.002 (0.006) 0.015 (0.001) 0.054 (0.009) 0.869 (0.015) 

R171C 0.003 (0.002) 0.202 (0.005) 0.006 (0.002) 0.862 (0.011) 

R188W 0.011 (0.001) 0.081 (0.004) 0.008 (0.002) 0.971 (0.010) 

S208P 0.011 (0.004) 0.160 (0.020) 0.067 (0.011) 0.766 (0.038) 

G260R 0.000 (0.000) 0.203 (0.011) 0.006 (0.001) 0.772 (0.010) 

G274S 0.068 (0.004) 0.142 (0.003) 0.088 (0.009) 0.862 (0.043) 

T308M 0.001 (0.005) 0.284 (0.021) 0.408 (0.049) 0.804 (0.024) 

H407R 0.002 (0.003) 0.023 (0.007) 0.013 (0.012) 0.950 (0.010) 

G439E 0.004 (0.003) 0.005 (0.000) 0.005 (0.000) 0.744 (0.029) 

H447R 0.005 (0.002) 0.015 (0.004) 0.042 (0.012) 0.928 (0.021) 

R451C 0.003 (0.001) 1.233 (0.033) 0.812 (0.027) 0.874 (0.031) 

R451H 0.001 (0.000) 0.677 (0.067) 0.354 (0.042) 0.981 (0.020) 

A454E 0.005 (0.002) 0.067 (0.006) 0.010 (0.002) 0.989 (0.051) 

G581R 0.003 (0.006) 0.030 (0.001) 0.057 (0.007) 0.858 (0.018) 

R585W 0.004 (0.000) 0.008 (0.003) 0.079 (0.007) 0.908 (0.009) 

R589W 0.002 (0.001) 0.001 (0.001) 0.021 (0.008) 0.844 (0.019) 

R589G 0.002 (0.001) 0.034 (0.004) 0.000 (0.000) 0.866 (0.027) 
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Variant 
Activity 

Score (SEM) 
SDHA Abundance 

Score (SEM) 
SDHB Abundance 

Score (SEM) 
WT-normalized 
GFP MFI (SEM) 

R589Q 0.001 (0.006) 0.033 (0.003) 0.002 (0.001) 0.789 (0.055) 

G590S 0.002 (0.001) 0.005 (0.002) 0.002 (0.001) 0.871 (0.006) 

PMD     
D137H 0.597 (0.027) 0.569 (0.019) 0.731 (0.019) 0.979 (0.037) 

E152K 0.657 (0.019) 0.979 (0.061) 1.059 (0.044) 0.867 (0.044) 

C189G 0.099 (0.001) 0.918 (0.017) 1.051 (0.034) 0.891 (0.017) 

T508I 0.270 (0.016) 0.543 (0.034) 0.163 (0.017) 0.886 (0.014) 

S509L 0.010 (0.002) 0.834 (0.024) 0.003 (0.000) 0.902 (0.014) 

R512Q 0.162 (0.009) 0.244 (0.033) 0.229 (0.011) 1.078 (0.035) 

A524V 0.476 (0.017) 0.810 (0.026) 1.274 (0.078) 0.852 (0.059) 

R554W 0.249 (0.014) 0.505 (0.023) 0.099 (0.015) 1.078 (0.014) 

G555E 0.070 (0.006) 0.663 (0.024) 0.157 (0.005) 0.919 (0.053) 

R662C 0.013 (0.001) 0.780 (0.050) 1.095 (0.130) 1.122 (0.030) 

VUS     
T96I 0.853 (0.026) 1.549 (0.031) 1.235 (0.054) 0.792 (0.039) 

R97T 0.015 (0.001) 0.816 (0.018) 0.140 (0.012) 0.759 (0.024) 

G106R 0.003 (0.001) 0.102 (0.004) 0.004 (0.000) 0.956 (0.037) 

L111R 0.005 (0.001) 0.068 (0.016) 0.029 (0.004) 0.907 (0.050) 

N118S 0.807 (0.038) 0.723 (0.053) 0.677 (0.093) 0.986 (0.037) 

T143M 0.049 (0.017) 0.128 (0.023) 0.014 (0.012) 0.767 (0.071) 

R171H 0.011 (0.002) 0.509 (0.040) 0.199 (0.017) 0.881 (0.021) 

R195W 0.015 (0.001) 0.165 (0.023) 0.089 (0.014) 0.821 (0.055) 

R232H 0.932 (0.015) 0.743 (0.036) 0.679 (0.066) 0.957 (0.015) 

G233V 0.002 (0.001) 0.001 (0.000) 0.022 (0.004) 0.980 (0.040) 

H296Y 0.004 (0.001) 0.496 (0.053) 0.316 (0.028) 0.799 (0.036) 

R312C 0.007 (0.001) 1.259 (0.037) 0.927 (0.105) 0.925 (0.003) 

R312H 0.002 (0.001) 0.670 (0.016) 0.425 (0.031) 0.844 (0.003) 

P372R 1.030 (0.031) 1.093 (0.057) 1.306 (0.103) 0.966 (0.019) 

G419R 0.001 (0.000) 0.002 (0.001) 0.006 (0.002) 0.934 (0.038) 

V425G 0.877 (0.026) 0.639 (0.016) 0.788 (0.018) 1.006 (0.030) 

C438F 0.025 (0.004) 0.040 (0.007) 0.033 (0.005) 0.806 (0.029) 

L452F 0.010 (0.001) 0.156 (0.012) 0.102 (0.003) 0.838 (0.026) 

S456L 0.002 (0.001) 0.004 (0.000) 0.045 (0.012) 0.948 (0.013) 

R465W 0.379 (0.042) 0.529 (0.052) 0.513 (0.084) 0.945 (0.025) 

E564K 0.011 (0.002) 1.048 (0.013) 0.003 (0.002) 0.919 (0.016) 

H592R 0.002 (0.001) 0.037 (0.003) 0.006 (0.002) 0.791 (0.020) 

R600Q 0.006 (0.002) 0.188 (0.011) 0.168 (0.018) 0.887 (0.015) 

H625Y 0.003 (0.001) 0.005 (0.001) 0.004 (0.003) 0.866 (0.024) 

Data are available via Figshare. 
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Table 6: Effect Scores from yeast Sdh1 DMS pilot 

 Amino Acid                    

Residue A C D E F G H I K L M N P Q R S T V W Y X 

Q29 -0.05 -0.03 -0.14 0.03 -0.06 0.01 -0.30 0.10 -0.17 0.08 -0.24 -0.08 0.04 -0.24 -0.07 -0.29 -0.06 0.06 0.10 -0.13 -2.60 

T30 0.00 -0.04 -0.13 -0.02 -0.01 -0.09 0.12 -0.10 -0.15 -0.13 -0.11 0.07 -0.05 -0.32 -0.01 -0.09 -0.03 -0.05 -0.03 -0.16 -1.85 

Q31 -0.09 0.03 0.13 -0.21 0.13 0.01 0.02 -0.11 -0.06 -0.05 0.02 0.03 0.10 - -0.03 0.12 -0.23 -0.04 0.02 -0.22 -1.60 

G32 -0.67 -0.02 0.09 0.33 -0.07 -0.12 0.18 0.05 -0.13 -0.20 -0.10 -0.20 0.01 -0.24 -0.06 -0.55 0.07 -0.10 -0.11 -0.12 -2.28 

S33 0.26 -0.11 0.04 -0.29 0.21 -0.31 0.15 0.19 0.07 -0.13 -0.07 -0.08 -0.14 0.06 0.09 0.02 0.00 0.13 -0.06 -0.44 -2.12 

V34 0.07 -1.43 -0.28 -0.19 -0.17 -0.12 -0.25 -0.13 0.05 0.10 -0.17 -0.23 -0.03 -0.18 -0.04 -0.11 -0.52 -0.02 -0.03 0.03 -1.15 

N35 -0.41 - - 0.08 -0.21 0.07 - - - 0.22 0.18 0.05 - - 0.40 0.05 - - - - -2.85 

G36 -0.41 -0.11 0.15 -0.15 -0.02 -0.07 -0.04 0.02 -0.35 -0.01 0.09 - 0.24 -0.52 -0.04 -0.40 -0.15 -0.09 0.07 - -2.23 

S37 -0.10 0.13 -0.01 - -0.52 0.08 -0.49 0.14 -1.14 -0.12 0.22 - 0.15 -0.23 -0.31 0.24 -0.22 -0.35 - -0.16 -1.69 

A38 0.04 0.13 -0.15 -0.09 -0.19 -0.47 0.06 -0.19 -0.04 -0.09 0.00 0.40 -0.10 -0.35 -0.30 -0.08 -0.09 -0.03 0.22 0.08 -3.27 

S39 0.07 0.23 -0.14 0.08 0.10 -0.30 -0.22 0.17 -0.65 0.02 -0.36 -0.13 0.16 0.06 0.04 -0.15 -0.19 -0.01 0.12 0.06 -1.90 

R40 -0.01 -0.02 -0.48 0.00 0.08 -0.15 0.05 -0.21 0.01 -0.13 -0.32 0.00 -0.03 -0.14 0.01 -0.06 -0.03 -0.06 0.00 -0.45 -2.77 

S41 -0.09 0.04 0.12 0.04 0.14 -0.36 -0.19 0.04 -0.01 0.01 -0.43 0.03 -0.05 -0.37 0.03 -0.09 -0.35 -0.08 0.03 -0.16 -2.04 

A42 0.03 -0.09 0.16 -0.45 -0.20 -0.04 -0.01 -0.41 -0.09 -0.21 -0.15 -0.41 -0.09 0.08 -0.16 0.07 -0.28 -0.10 0.04 -0.19 -3.02 

D43 0.21 0.00 -0.23 -0.42 -0.32 -0.11 0.11 - -0.09 -0.30 -0.62 -0.01 -0.34 -0.16 0.00 0.09 0.04 -0.21 0.06 - -1.13 

G44 -0.04 - - -0.17 0.19 0.07 -0.01 - - - - - -1.73 0.09 -0.77 - -0.14 -0.10 -0.26 -0.15 - 

K45 -0.43 - - -0.24 - -0.74 - - - -0.15 -0.09 -0.69 -0.06 -0.15 -0.03 0.52 -0.22 0.18 - - -1.21 

Y46 0.02 0.00 -0.08 -0.05 -0.13 -0.08 0.16 -0.16 -0.03 -0.08 -0.12 -0.56 -0.76 -0.03 -0.03 -0.10 0.00 -0.13 -0.01 -0.08 -2.33 

H47 -0.01 -0.13 0.02 0.06 -0.26 -0.23 -0.09 -0.03 0.05 -0.09 -0.11 -0.12 -0.09 0.12 -0.08 -0.13 -0.18 -0.22 -0.32 -0.07 -2.02 

I48 0.05 -0.08 -0.17 -0.10 -0.24 -0.02 -0.23 0.03 -0.22 -0.18 -0.02 -0.07 -0.17 -0.14 -0.08 -0.07 -0.02 -0.07 -0.06 -0.08 -2.17 

I49 0.04 -0.09 -0.67 -0.31 -0.13 -0.23 0.06 0.07 -0.91 -0.02 -0.21 -0.50 -2.49 0.04 -0.10 -0.11 -0.11 -0.30 -0.14 -0.01 -2.14 

D50 -0.08 0.01 - -0.24 -0.07 -0.06 -0.11 -0.33 -0.17 -0.16 -0.18 -0.08 -1.29 0.15 -0.10 0.09 -0.02 -0.16 -0.22 -0.20 -2.39 

H51 -0.16 -0.30 -0.31 -0.31 -0.05 -0.19 -0.16 -0.76 -0.21 -0.22 -0.26 0.18 -1.09 -0.04 -0.15 -0.23 -0.18 -0.32 -0.06 -0.20 -1.78 

E52 -0.23 -0.06 -0.16 - 0.08 -0.12 -0.33 0.02 -0.63 -0.25 0.05 -0.68 -0.16 -0.10 -0.83 -0.70 - -0.04 -0.72 - -2.13 
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 Amino Acid                    

Residue A C D E F G H I K L M N P Q R S T V W Y X 

Y53 0.06 0.00 -0.19 0.31 -0.23 -0.13 -0.25 0.06 -0.37 -0.55 -0.34 0.00 -1.13 -0.03 -0.18 -0.44 -0.31 0.05 -0.20 -0.12 -2.64 

D54 0.26 -0.76 -0.28 0.00 -2.23 -0.13 -0.19 -1.52 -2.21 -1.00 -0.23 -0.84 0.01 -0.15 -2.31 -1.02 -0.08 -0.47 -2.44 -1.66 -2.66 

C55 -0.04 - -0.08 -0.95 -0.34 -0.05 -0.97 0.06 -2.80 -0.07 0.13 -0.04 -2.70 0.05 -2.31 -0.05 -0.39 -0.60 -2.04 -1.67 -3.05 

V56 -0.08 -0.02 -0.54 -0.37 -0.11 -0.20 -0.54 -0.26 -2.51 -0.22 -0.25 - -2.48 -0.31 -2.76 -0.27 -0.30 0.09 -2.52 -0.85 -2.78 

V57 0.00 -0.05 -0.49 -0.11 -2.76 -0.22 -0.04 -0.26 - -0.27 -0.12 0.08 -2.96 -0.09 -2.80 0.18 -0.33 -0.18 -2.58 -2.70 -2.35 

I58 0.07 -0.17 -0.28 -0.21 -1.75 -0.18 -2.00 -0.05 -1.46 -0.13 -0.03 -0.46 -0.66 -0.04 -2.69 0.05 -0.36 -0.09 -3.13 -2.99 -2.77 

G59 -2.56 -1.60 -1.29 -3.05 -2.57 -0.03 -2.60 -2.68 -2.41 -2.47 -2.91 -3.38 - -1.53 -2.89 -2.44 -2.89 -2.45 -2.37 -2.02 -3.15 

A60 -0.11 -0.34 -2.54 -2.35 -2.12 -0.27 -2.87 -0.05 -2.82 0.13 -0.03 -0.32 -1.53 -0.39 -2.39 -0.02 -0.33 0.03 -2.75 -2.92 -1.95 

G61 -2.53 -2.35 -1.91 -2.71 -3.42 -0.40 -2.98 -2.71 -3.05 -2.97 -3.04 - -2.86 -2.51 -2.58 -2.15 -3.19 -2.42 -2.15 -2.34 -2.59 

G62 0.19 0.02 - - -3.77 -0.24 - -1.84 - - - -3.11 - - -2.75 -0.94 - -0.75 -3.52 - - 

A63 -0.08 -0.36 -2.85 -2.55 -2.58 -0.17 -2.56 -3.22 -2.75 -2.97 -2.81 -2.84 -2.76 -2.96 -2.54 -0.03 -0.56 -2.81 -2.78 -3.05 -1.76 

G64 -1.72 -2.69 -2.64 -2.79 -2.43 -0.08 -2.24 -2.70 -2.97 -2.76 -2.89 -2.43 -2.27 -2.62 -2.72 -2.85 -2.71 -2.55 -2.66 -2.33 -2.33 

L65 0.05 -0.16 -2.39 -0.10 -1.72 -0.06 -2.10 0.09 -2.71 0.06 -0.09 -0.14 -2.32 -1.07 -2.49 -0.13 -0.05 0.03 -2.61 -2.92 -2.53 

R66 -1.58 -1.04 -2.79 -1.22 -0.27 -2.44 -0.14 -2.09 -0.95 -1.07 -0.11 -1.11 -2.96 -1.22 0.03 -0.76 0.06 -2.59 -0.27 -0.22 -2.67 

A67 -0.36 -0.04 -1.43 -1.64 -2.51 -0.16 - - - -0.99 -1.11 - -0.73 -3.07 -2.89 -0.06 -0.55 -0.10 -1.89 - -1.33 

A68 -0.27 - - - - -1.41 -1.10 - - - -0.08 -0.31 -2.94 - -2.50 - - - - - -3.28 

F69 0.45 -0.51 -0.37 -0.13 - 0.04 0.04 -0.02 -1.15 -0.09 - - -0.18 -0.59 0.51 -0.20 -0.04 -0.07 0.23 -0.18 -1.95 

G70 0.01 -0.37 -1.54 -1.11 -2.56 0.01 - - - -2.77 -1.38 - -0.01 - -1.28 0.10 - -1.76 -1.53 -2.51 - 

L71 0.07 -0.30 -1.60 -1.69 0.12 0.12 -0.62 -0.19 -2.03 -0.08 0.04 0.16 -0.25 -0.36 -2.48 0.00 -0.28 0.08 -2.26 -0.64 -2.19 

A72 -0.17 0.09 - - - - - - - -2.27 - - -0.11 -0.37 -0.08 0.10 -1.08 -0.01 -2.00 -1.81 - 

E73 -0.33 -0.02 -0.16 - 0.18 -0.50 - - -0.18 -0.23 -0.38 -0.47 0.01 -0.25 -0.33 -0.22 0.15 -0.27 -0.37 -0.80 -2.02 

A74 0.09 -0.19 0.23 -0.05 - 0.02 -0.04 -0.09 0.04 -0.09 -0.05 0.10 -0.19 0.20 -0.28 -0.45 -0.10 -0.17 -0.33 - -2.27 

G75 -0.82 - -0.07 0.13 - -0.14 - -1.58 - - - - - - 0.23 0.26 -1.73 -0.81 - - - 

Y76 0.09 -0.26 -1.92 -0.58 -0.06 -1.51 -0.18 0.03 - -0.25 -0.25 0.16 -2.50 0.33 -0.73 -1.16 0.05 -0.45 -0.10 - -1.11 

K77 - -0.08 - -0.15 - 0.15 -0.76 - - 0.06 -0.31 -0.02 - -0.17 -0.07 0.00 -0.24 -0.31 -0.16 - -1.10 

T78 -1.58 - - - - -0.34 -0.07 -0.40 - 0.13 0.04 -0.14 -0.31 0.19 - -0.61 -0.17 -0.26 - - - 
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 Amino Acid                    

Residue A C D E F G H I K L M N P Q R S T V W Y X 

A79 - - -0.34 - - - - - - - - - - - - -0.36 -0.20 -0.01 - - - 

C80 0.04 - 0.02 -0.29 -1.88 -0.22 -2.72 -0.32 -1.49 -0.17 -0.23 -0.24 -2.35 -0.06 -2.36 -0.29 -0.10 -0.09 -2.03 -1.82 -1.96 

I81 -0.09 -0.24 -2.65 -1.78 -0.38 -0.41 -0.14 0.01 -2.54 -0.12 -0.31 -1.38 -1.03 -0.48 -2.74 -0.51 -0.24 -0.07 -2.05 -1.02 -2.23 

S82 -0.63 -0.42 -2.12 -2.61 -2.70 0.02 -2.29 -1.16 -3.15 -0.64 -0.16 -0.57 -2.44 -1.67 -2.77 -0.27 -0.39 -0.65 -2.41 -2.91 -2.18 

K83 -0.17 -0.44 -0.65 -0.16 -0.41 -1.19 -0.77 -0.40 - -0.25 -0.29 -0.42 -2.09 -0.33 -1.67 -0.23 -0.20 -0.28 -2.88 -0.23 -2.13 

L84 -0.26 0.05 -1.44 -1.22 -2.05 -0.17 -1.26 -0.45 -1.86 -0.07 -0.12 0.09 -2.07 0.02 -2.86 -0.18 -0.20 -0.42 -3.25 -3.20 -2.51 

F85 -0.28 -0.42 -2.29 - -0.14 - 0.20 -0.27 - -0.05 -0.14 - - 0.56 -2.57 -0.39 -0.04 -0.01 -0.14 - - 

P86 0.11 0.17 - -2.02 -3.23 0.08 - -0.58 -2.81 -0.07 -0.19 - -0.21 -1.68 -2.72 -0.75 -0.14 0.09 -2.60 -1.19 -1.29 

T87 -0.44 -0.70 -1.88 -0.97 -2.39 -0.82 - -0.99 -1.28 -0.22 -0.58 -0.38 0.12 -2.85 -1.94 -0.23 -0.01 0.15 -0.71 - - 

R88 -2.72 -2.22 -2.97 -3.39 - -2.31 - - -0.04 -2.62 -2.68 - -3.04 - -0.07 -2.09 - -2.96 -3.16 -2.84 - 

S89 -0.04 -0.48 -2.89 -2.15 -1.86 -0.19 -2.73 -2.96 - -3.45 - -2.36 -2.50 - -3.10 -0.24 -1.01 -2.08 -2.85 -0.64 - 

H90 -2.98 -2.99 -3.33 -2.76 -3.09 -3.12 -0.19 -3.58 -2.90 -2.92 -3.43 -2.98 -2.90 -3.01 -3.04 -2.86 -3.05 -2.96 -2.77 -2.90 -3.21 

T91 -1.84 - - - -3.53 - -0.48 -1.69 - -2.48 - -0.25 -0.22 - - -0.03 -0.11 -1.68 - -3.22 - 

V92 -0.18 -1.28 -2.41 -1.17 -1.19 -0.13 -2.38 -0.23 -2.02 -2.42 -0.93 -1.71 -1.96 -0.15 -2.39 -0.13 -0.18 -0.17 -2.71 -2.05 -2.29 

A93 -0.03 -0.78 -0.30 -2.74 -3.25 -0.04 -2.03 -2.75 - -2.98 -3.57 - -2.39 -3.03 -2.08 -0.25 -1.13 -1.12 -2.41 - -1.59 

A94 -0.05 -2.91 -0.71 -2.38 -3.03 -1.63 -2.75 -3.23 -2.92 -2.82 -3.18 -2.82 -2.66 -4.03 -2.25 -0.86 -1.58 -2.70 -2.71 -2.61 - 

Q95 -0.04 - - -0.54 -2.97 -3.11 -1.58 -3.52 -0.09 -0.75 -0.05 -3.29 -0.14 - -0.19 0.07 -0.46 -3.07 -2.11 - -1.71 

G96 -2.94 -2.15 -2.26 -2.98 -2.92 -0.59 -2.66 -4.05 -3.22 -3.54 -2.28 -2.80 -2.48 - -2.66 -2.92 -3.22 -2.45 -2.94 -2.75 -2.73 

Data are available via Figshare. 

  

https://doi.org/10.6084/m9.figshare.24768210
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Table 7: Effect Scores from SDHAKO DMS pilot 

 Amino Acid                    

Residue A C D E F G H I K L M N P Q R S T V W Y X 

T96 -0.91 - - - - - - 0.11 - - - -1.70 -0.48 - - -0.88 0.53 - - - -2.36 

R97 - - - - - -1.66 - - -1.98 - -3.03 - - - 0.12 -2.23 -3.53 - -2.74 - -2.51 

S98 0.31 - - - - - - - - -2.52 - - -2.92 - - 0.07 -2.39 - - - -2.45 

H99 - - -2.95 - - - 0.23 - - -3.05 - -4.04 -3.66 -3.26 -2.20 - - - - -3.07 -2.50 

T100 -0.71 - - - - - - -1.88 - - - -3.38 -2.87 - - 0.70 0.13 - - - -2.75 

V101 -0.42 - -3.07 - -2.36 -0.21 - 0.29 - -3.13 - - - - - - - -0.05 - - -2.48 

A102 -0.28 - - -2.76 - -0.93 - - - - - - -3.11 - - -0.06 -0.63 -1.08 - - -2.46 

A103 -0.01 - - -2.70 - -2.09 - - - - - - -2.24 - - -0.94 -2.33 -2.48 - - -2.85 

Q104 - - - -2.19 - - -2.61 - -1.86 -2.42 - - -2.24 0.06 -2.33 - - - - - -2.40 

G105 -2.67 - - -2.59 - 0.05 - - - - - - - - -3.40 - - -3.19 - - -2.29 

G106 -3.33 - - -2.03 - 0.04 - - - - - - - - -2.18 - - -3.00 - - -2.16 

I107 - - - - -0.05 - - 0.11 - -0.03 0.24 -2.24 - - - -2.76 -2.18 0.16 - - -2.50 

N108 - - -2.08 - - - -2.78 -1.01 -2.22 - - 0.64 - - - -0.43 -2.29 - - -3.53 -2.41 

Data are available at Figshare.

https://doi.org/10.6084/m9.figshare.24768210
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