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LAY ABSTRACT

Current stroke medications work by targeting circulating molecules. Our aim was to
discover new drug candidates by combining genetic and circulating biomarker data using
a technique called “Mendelian Randomization”. In Study 1, we screened 653 circulating
proteins and found evidence supporting causal roles for two novel candidates, SCARAS
and TNFSF12. Prior experimental studies suggest an important role for mitochondria in
stroke recovery. Accordingly, in Study 2, we characterized the genetic basis of an emerging
biomarker, mitochondrial DNA copy number (mtDNA-CN). Analyses of 395,781
participants revealed 71 associated genetic regions, representing a 40% increase in our
knowledge. In Study 3, we measured mtDNA-CN in 3,498 acute patients and observed that
lower levels predicted elevated risk of worse post-stroke functional outcomes. Furthermore,
Mendelian Randomization analysis suggested a likely causal relationship. Overall, this
work uncovered several novel therapeutic leads for preventing stroke onset and progression

that warrant further investigation to verify therapeutic utility.



ABSTRACT

Many current drugs for stroke act by targeting circulating molecules, yet these have not
been exhaustively evaluated for therapeutic potential. A central challenge is that while
many molecules correlate with stroke risk, only a subset cause stroke. To disentangle
causality from association, a statistical genetics framework called “Mendelian
Randomization” can be used by integrating genetic, biomarker, and phenotypic
information. In Study 1, we screened 653 circulating proteins using this technique and
found evidence supporting causal roles for seven proteins, two of which (SCARAS5 and
TNFSF12) were not previously implicated in stroke pathogenesis. We also characterized
potential side-effects of targeting these molecules for stroke prevention and did not identify
any adverse effects for SCARADS. The remaining two studies focused on investigating the
role of an emerging marker of mitochondrial activity, leukocyte mitochondrial DNA copy
number (MtDNA-CN). Mitochondria have long been known to play a protective role in
stroke recovery; however, a mitochondrial basis for stroke protection has not been
extensively studied in humans. In Study 2, we first sought to better understand the genetic
basis of mtDNA-CN in a series of genetic association studies involving 395,781 UK
residents. We identified 71 loci which represents a 40% increase in our knowledge. In
Study 3, epidemiological analyses of 3,498 acute stroke demonstrated that low mtDNA-
CN was associated with higher risk of subsequent mortality and worse functional outcome
1-month after stroke. Furthermore, Mendelian Randomization analyses corroborated a
causative relationship for the first time, implying that interventions that increase mtDNA-
CN levels in stroke patients may represent a novel strategy for mitigating post-stroke
complications. Ultimately, this work uncovered several novel therapeutic leads for
preventing stroke onset and ameliorating its progression. Future investigations are
necessary to better understand the underlying biological mechanisms connecting these
molecules to stroke and to further interrogate their validity as potential drug targets.
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CHAPTER 1: INTRODUCTION

1.1 STROKE OVERVIEW
1.1.1 STROKE AND ITS IMPACT ON SOCIETY

Stroke, an acute neurological deficit caused by decreased blood supply to the brain,
represents the second leading cause of death (11.8% of all deaths) and the third most
common cause of disability (4.5% of all life years lost to disability) worldwide!. In addition
to the tremendous toll on quality-of-life, stroke carries a substantial economic burden with
reported costs of $74,353 (CAD) per patient and totals of nearly $2.8 billion annually in
Canada alone?. Management and treatment are resource intensive as stroke patients carry a
significantly higher life-time risk of recurrent stroke and other cardiovascular disease,
infection, disability, and dementia®®. A deeper understanding of the molecular risk factors
mediating stroke may lead to better risk stratification, prevention, and treatment.
1.1.2 STROKE SUBTYPES

Acute neurological deficits may arise from several mechanisms that cause reduced
cerebral perfusion. Approximately 70% of all strokes involve vessel blockage and are
classified as “ischemic” strokes, and the remaining 30% of strokes are caused by the rupture
of cerebral blood vessels leading to intracranial bleeding, also known as “hemorrhagic”
stroke”®. The diagnostic workup for determining stroke subtypes is extensive and
encompasses a combination of neurological assessment, vascular imaging, neuroimaging
(CT or MRI), structural and electrophysiological cardiac testing, and laboratory testing®.
Most analyses performed in this thesis will focus on ischemic stroke, which will be the

focus of the following sections.



Primary stroke types can be further subtyped based on etiology and location.
Subtypes of ischemic stroke entail small artery occlusion, large artery atherosclerosis,
cardioembolic stroke, stroke of other determined etiology, and strokes of undetermined
sources'®. Small artery occlusion arises from lipohyalinosis or microatheromas within the
small penetrating cerebral arteries that directly perfuse brain parenchymat!. Lipohyalinosis
is a consequence of chronic hypertension and is defined by endothelial dysfunction, local
inflammation, and vessel wall thickening which culminate in vascular narrowing®!. Large
artery atherosclerosis refers to the presence of atherosclerotic plaques occluding larger
intracranial and/or extracranial arteries or serving as a proximal atherothrombotic embolic
source'?. Cardioembolic stroke is characterized by blood clots originating from cardiac
chambers or valves (e.g. left atrium) that subsequently migrate (embolize) to occlude
cerebral arteries. Strokes of other determined etiology consist of identifiable albeit rare
causes of stroke (e.g. vascular dissection)°. Strokes of undetermined source are an active
area of investigation but are suspected to be caused by various mechanisms including but
not limited to embolism from overlooked cardiac sources (e.g. left ventricular thrombi),
paradoxical embolism, and non-occlusive atherosclerosis'®. In contrast to ischemic stroke
subtypes, hemorrhagic stroke subtypes are defined based on whether bleeding occurs in the
brain parenchyma (intracerebral hemorrhage) or the space surrounding the brain tissue

(subarachnoid hemorrhage).



1.1.3 TREATMENT
1.1.3.1 IMPORTANCE OF STROKE SUBTYPING

Accurate diagnosis of subtypes is important because it informs both acute and
secondary treatments. In the acute setting for example, recombinant tissue plasminogen
activator (rt-PA) is used to degrade clots present in ischemic stroke patients; however, rt-
PA also increases the risk of bleeding, and thus is strongly contraindicated for hemorrhagic
strokes®®. For stroke prevention, antithrombotic agents are mainstay therapies since they
target a common etiological pathway in thrombosis; however, considerations for the
specific class of drug prescribed, timing, and dosage, are made in context of ischemic
subtype'®Y’. For example, oral anticoagulation is recommended over antiplatelet therapy in
atrial fibrillation patients at high risk of thromboembolism?é,
1.1.3.2 ACUTE STROKE TREATMENT

The adage, “time is brain”, is often used to stress the urgency with which stroke
patients should be treated to avoid substantial neuronal loss. It has been estimated that
patients with large artery occlusion lose approximately 120 million neurons for every hour
that passes by without treatment, which is equivalent to 3.6 years of “brain aging” °. As
such, the acute phase of ischemic stroke is extremely important to salvage neurons and is
centered around timely restoration of blood supply through the disintegration or removal
of the blood clot. Thrombolytic therapy entails administration of rt-PA intravenously within
4.5 hours of stroke onset®. rt-PA catalyzes the conversion of plasminogen to plasmin, which
degrades the fibrin mesh that stabilizes the blood clot?. Beyond the 4.5-hour therapeutic

window, rt-PA is not effective. However, a subset of strokes with proximal large artery
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occlusions affecting the anterior circulation are eligible for mechanical thrombectomy
within 24 hours of stroke onset?’. Mechanical thrombectomy consists of the physical
removal of the blood clot from circulation using a stent-retriever device??. Major challenges
associated with both thrombolysis and thrombectomy include a greater risk for intracranial
bleeding and restrictive therapeutic windows?34,
1.1.3.3 PRIMARY AND SECONDARY STROKE PREVENTION

In patients with vascular risk factors or who have already suffered a stroke,
prevention of future strokes consists of risk factor management and antithrombotic therapy.
The importance of controlling stroke risk factors was delineated by the “Importance of
Conventional and Emerging Risk Factors of Stroke in Different Regions and Ethnic Groups
of the World (INTERSTROKE)”?>%, INTERSTROKE found that 10 established risk
factors account for approximately 90% of stroke risk globally. These 10 risk factors include
hypertension, diabetes mellitus, smoking, alcohol consumption, physical inactivity,
dyslipidemia, a diet low in fruits and vegetables, obesity, psychosocial factors, and heart
conditions (atrial fibrillation or flutter, myocardial infarction, rheumatic valve disease or
prosthetic heart valve). Hypertension is one of the strongest risk factors for stroke overall,
and its presence is associated with three and four-fold increased odds of ischemic stroke
and intracerebral hemorrhage, respectively?®.

While some risk factors are shared across stroke types, others are more strongly
associated with specific subtypes. For example, atrial fibrillation is a common arrhythmia
defined by irregular and intermittently stagnant blood flow within the left atria of the

heart?’. Atrial fibrillation potentiates cardiac thrombus formation thereby increasing risk of
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cardioembolic stroke by approximately 16-fold?. Treatment of atrial fibrillation consists
of medical interventions to sustain proper sinus rhythm and use of anticoagulation to
prevent future embolic events?. Similarly, dyslipidemia is an important risk factor for
atherosclerosis, and cholesterol-lowering medication in the form of statins (HMG-COA
reductase inhibitors) are employed to treat large artery atherosclerosis®.

Antithrombotic therapies block the formation of new blood clots, which are
composed of (i) an aggregate of platelets known as the “platelet plug” and (i1) a fibrin mesh
that stabilizes the platelet plug®. The most common antiplatelet therapy is acetylsalicylic
acid (aspirin) acts by inhibiting platelet cyclooxygenase (COX1) to impede platelet
activation and aggregation®. In contrast, anticoagulants block components of the
coagulation cascade which constitutes a series of enzymatic cleavages involving protein
coagulation factors that ultimately lead to the production of fibrin'®. For example, a reduced
form of vitamin K acts as a cofactor for multiple coagulation factors, and some
anticoagulation strategies (e.g. warfarin) work by blocking hepatic vitamin K epoxidase
reductase complex3. However, inhibition of vitamin K blocks several coagulation factors
(11, V11, 1X, and X) resulting in impaired hemostasis and greater risk for bleeds®*. Newer
anticoagulants (direct oral anticoagulants) directly target specific coagulation factors, such
as factors Il (dabigatran) and X (rivaroxaban, apixaban, edoxaban)®®. Additionally,
combined antiplatelet and anticoagulant therapy has recently shown efficacy for stroke
prevention in patients with stable atherosclerotic disease®®>. As compared to aspirin

monotherapy, the Cardiovascular Outcomes for People using Anticoagulation Strategies



(COMPASS) trial observed superiority for the combination of low-dose rivaroxaban and

aspirin for a reduced risk of recurrent ischemic stroke by 67%3°.

1.2 STROKE BIOMARKERS

1.2.1 RATIONALE FOR STUDY OF STROKE BIOMARKERS

Despite current antithrombotic therapies and risk factor management, the residual
risk for recurrent stroke is high (1 to 15% annually)®~#°. As such, there is a need to uncover
novel therapeutic targets. Biological markers (biomarkers) are objective, measurable
parameters that can be used for disease prediction, diagnosis, and prognosis*. Notably,
biomarkers also represent therapeutic targets; for example, many current stroke
medications target circulating molecules such as rt-PA (plasmin), aspirin (platelet COX1),
and oral anticoagulants (coagulation factors) 8203242 |n the hours and days following
stroke, there are quantifiable changes in thousands of circulating proteins including pro-
inflammatory cytokines, chemokines, adhesion molecules, and brain injury markers®,
Among these circulating biomarkers, there may be a subset that causally mediate stroke
pathogenesis and recovery which represent strong candidates for therapeutic targeting.
Therefore, elucidating the biomarkers that causally mediate stroke recurrence is likely to
reveal novel therapeutic targets for stroke management. In the following sections, we will
summarize relevant literature regarding stroke biomarker research.
1.2.2 BIOMARKERS FOR STROKE RISK PREDICTION

Stroke risk stratification informs clinical decision making, and biomarkers may help

to refine an individual’s risk assessment. Circulating C-reactive protein detected through a
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high sensitivity assay (hsCRP) is a well-established marker of systemic inflammation and
is associated with greater incidence of both ischemic and hemorrhagic stroke*4®,
Similarly, higher circulating levels of the pro-inflammatory cytokine, Interleukin-6 (IL6),
predict greater incidence of ischemic stroke though this increased risk is entirely mediated
by differences in risk factor profiles*®#’. LP(a) is a highly atherogenic, pro-inflammatory,
and pro-thrombotic circulating lipoprotein. A large cohort study including more than
60,000 Danish individuals showed a strong association between elevated LP(a) and stroke
incidence (HR=1.60; 95% ClI, 1.24-2.05) after adjustment for known risk factors including
LDL cholesterol*®. An even larger study of 283,540 British individuals confirmed this
relationship and showed modest improvement in discrimination of atherosclerotic
cardiovascular disease events by incorporating Lp(a) (c-index 0.640 vs. 0.642)%.

A novel set of risk scores that integrate circulating biomarkers has shown promise
for stroke and bleeding risk prediction in atrial fibrillation patients, known as the “age,
biomarker and clinical history” (ABC) scores®*°!, The ABC-stroke score incorporates two
circulating cardiac biomarkers associated with incident ischemic stroke: N-terminal
fragment B-type natriuretic peptide (NT-proBNP) and cardiac troponin T°%. NT-proBNP is
secreted by cardiomyocytes in response to myocyte stretch and is a marker of heart failure
and an independent predictor of cardioembolic stroke®2. Cardiac troponin T is released into
circulation acutely after myocardial injury and elevated levels are used to diagnose
myocardial infarction®®, The ABC-stroke risk score better discriminates stroke risk when
compared to the established CHA2DS,-VASc risk score which does not incorporate

biomarkers (c-index 0.66 vs. 0.58) and performs well in both anticoagulated and non-
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coagulated patients with atrial fibrillation >°4 Complementary to the ABC-stroke score is
the ABC-bleeding score for the prediction of major bleeding, a key adverse side-effect of
anticoagulation therapy®®®. The biomarkers incorporated into the ABC-bleeding score are
growth differentiation factor 15 (GDF15), cardiac troponin T, and hemoglobin. Circulating
GDF15 is often upregulated in response to stressors, and levels are prognostic for major
bleeding and death®®°¢, The ABC-bleeding score outperforms the conventional HAS-
BLED score for risk discrimination of major bleeds (c-index 0.68 vs. 0.61)°.
1.2.3 BIOMARKERS FOR STROKE PROGNOSTICATION

Several circulating proteins have been reported to be associated with stroke
prognosis including those implicated in inflammation (IL6, hsCRP, S100A8/A9), vascular
remodelling (matrix metallopeptidase 9 [MMP9]), and brain injury (neurofilament light
chain [NFI]). The modified Rankin Scale (mRS) is an ordinal metric used to capture post-
stroke functional outcome and ranges from “no symptoms at all” (mRS 0) to “death” (mRS
6) (Table 1.1)*". Circulating IL6 is predictive of both stroke incidence and prognosis, and
higher levels at hospital admission portends worse functional outcome (MRS 3-6 vs. 0-2)
at 3-months in both ischemic and hemorrhagic stroke patients®®. Serum levels of another
inflammatory mediator, complement C3, correlate with poor functional outcome 3-months
post-ischemic stroke and improve reclassification of individuals with poor (MRS 3-6) vs.
good (MRS 0-2) functional outcomes (NRI=0.09)%°. The prognostic utility of a multi-
biomarker risk score was investigated in 3,575 participants from the China
Antihypertensive Trial in Acute Ischemic Stroke (CATIS) trial®. Specifically, the addition

of hsCRP, GDF15, MMP9, and S100A8/A9 to conventional risk factors (age, sex, fasting
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plasma glucose, lipids, systolic blood pressure, time from onset to hospitalisation, cigarette
smoking status, alcohol drinking status, baseline stroke severity [NIHSS], ischemic stroke
subtype, and antihypertensive medication post-admission) significantly improved
reclassification of poor functional outcome at 3-months post-stroke (MRS 3-6 vs. 0-2;
NRI1=0.33). MMP9 plays an important role in remodelling of the extracellular matrix
following stroke, and S100A8/A9 is abundantly present in neutrophils and monocytes
which are the first responders of the immune defence to inflammation®-®2, Finally, NFI is
exclusively expressed in the axonal cytoskeleton of neurons and is only released into
circulation after brain injury, and thus has been dubbed as the “neurologist’s troponin”®3,
NFI shows prognostic utility for multiple neurodegenerative disorders and stroke®®.
Elevated plasma NFI predicts poor functional outcome (mRS 3-6) at 3-months for patients
with cardioembolic stroke, strokes of undetermined source, subarachnoid hemorrhage, and

intracerebral hemorrhage®.

Table 1.1. The modified Rankin Scale (mRS) as a measure of disability and

dependence®’.
Score Definition

0 No symptoms at all

1 No significant disability: despite symptoms, able to carry out all usual duties and activities

2 Slight disability: unable to perform all previous activities but able to look after own affairs
without assistance

3 Moderate disability: requiring some help but able to walk without assistance

4 Moderately severe disability: unable to walk without assistance and unable to attend to own
bodily needs without assistance

5 Severe disability: bedridden, incontinent and requiring constant nursing care and attention

6 Death
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1.2.4 NEW HORIZONS FOR STROKE BIOMARKER RESEARCH
1.2.4.1 MITOCHONDRIAL DNA COPY NUMBER (MTDNA-CN)

Mitochondria are semi-autonomous organelles that have important roles in stroke
pathogenesis and recovery®®>, In the presence of ischemia, hypoxic neurons transition
from oxidative to anaerobic phosphorylation, which eventually fails to meet the energy
demands of the cell. As a result, ATP-dependent ion channels which normally maintain the
electrochemical gradient between intracellular and extracellular compartments lose their
function. An influx of sodium and calcium ions ensues, triggering mitochondrial swelling
and the release of pro-apoptotic factors from the mitochondrial membrane (cytochrome C)
which then induces neuronal cell death.

A seminal proteomics study by Garcia-Berrrocoso et al (2018) further highlights
the critical role of mitochondrial pathways in the response to cerebral ischemia®’. Laser
microdissection was used to isolate the neurovasculature of deceased ischemic stroke
patients, and proteomic changes in infarcted brain tissue were compared to contralateral
tissue. Mitochondrial dysfunction and oxidative phosphorylation constituted the top
pathways that were differently expressed between infarcted and non-infarcted neurons.
Additionally, a novel neuroprotective mechanism involving the intercellular transfer of
mitochondria has been described in a rodent stroke model®®. During stroke, astrocytes
transfer their mitochondria to oxygen-deprived neurons, eliciting pro-survival signals. As
a result, this is accompanied by several beneficial effects including smaller infarcts (less
severe strokes) and better functional outcomes. A separate protective mechanism has also

been described in endothelial progenitor cells, which release functionally viable
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mitochondria into circulation®®. These extracellular mitochondria are then taken up by
damaged brain endothelium which partially restores the integrity of the blood brain barrier.

Despite evidence supporting a strong role for mitochondria in stroke pathogenesis
and recovery, mitochondrial biomarkers are seldom studied in human stroke patients. An
emerging and inexpensive marker of mitochondrial activity is mitochondrial DNA copy
number (MtDNA-CN)"®"%, In the blood, most mitochondria are located in white blood cells,
platelets, and various extracellular sources. Hitherto, investigations have measured
mtDNA-CN predominantly from buffy coat samples, in which case, mtDNA-CN denotes
the ratio between mitochondrial and autosomal DNA copies within white blood cells (and
platelets if platelet-depletion is not performed). Sometimes viewed as a simple marker of
mitochondrial abundance, lower white blood cell mtDNA-CN levels are thought to
represent states of general mitochondrial dysfunction, oxidative stress, and inflammation??.

While all three phenomena are relevant to stroke, evidence from genetic,
experimental, and epidemiological studies also support a direct role of mtDNA-CN in
stroke. First, patients with rare genetic disorders characterized by very low mtDNA-CN,
known as “mtDNA depletion syndromes”, experience leukoencephalopathy and stroke-like
episodes’>". mtDNA depletion syndromes are caused by genetic defects in enzymes
involved in nucleotide metabolism, mtDNA replication, and mtDNA repair™. Second,
experimental studies suggest that mtDNA-CN is a mediator of ischemia reperfusion injury
and stroke recovery’®78, Indeed, rats with experimentally induced ischemic stroke (middle
cerebral artery occlusion) experience a precipitous drop in mtDNA-CN levels, and pre-

stroke mtDNA-CN levels can be recovered by injection of a cleavage-resistant form of a
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key mtDNA regulator, Optic Atrophy 1 (OPA1)"". The recovery in mtDNA-CN levels via
OPAL also attenuated stroke severity and improved functional outcomes in rats. Third,
epidemiological analyses demonstrate that low leukocyte mtDNA-CN is associated with
stroke risk in humans. A retrospective case-control study found that stroke cases have lower
leukocyte mtDNA-CN than controls and that this coincides with higher levels of oxidative
stress markers’®. A large meta-analysis of four prospective cohorts totalling 20,163
participants including 1,583 incident stroke events (mean follow-up of 13.5 years) showed
that low mtDNA-CN levels at baseline predicted higher risk for incident stroke®. In other
disease settings (heart disease, peripheral artery disease, chronic kidney disease, and
sudden cardiac death), low leukocyte mtDNA-CN is associated with incident risks of
secondary hospitalization, infection, and mortality®-#3, Hitherto, mtDNA-CN has not been
extensively studied as a prognostic marker nor as therapeutic target for stroke in humans®.
1242 ADVANCES IN MULTIPLEX PROTEIN DETECTION ENABLE
PROTEOME-WIDE DISCOVERY

Most biomarker studies have evaluated only a select subset of proteins with prior
evidence of (i) mediating stroke pathogenesis in animal models (e.g. MMP9), (ii) being
associated with related neurological diseases in epidemiological studies (e.g. NFI), or (iii)
capturing established risk factor pathways (e.g. hsCRP). However, this “candidate”
biomarker approach is inherently limited in discovery potential and overlooks thousands of
unique circulating proteins with less well-characterized functions. Surveying the entire
circulating proteome is met by several challenges including (i) a wide dynamic range of

concentration spanning 12 orders of magnitude (femtomolar to milligram), (ii) the vastness
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of the circulating proteome encompassing ~10,000 unique proteins, and (iii) the non-
specificity of traditional immunoassays due to antibody cross-reactivity. Innovative
technological breakthroughs have increased the number of measurable proteins from up to
hundreds of proteins using traditional multiplex immunoassays to thousands. For large-
scale epidemiological investigations, two high-throughput proteomics technologies have
been widely adopted, SOMAlogic’s Slow Off-rate Modified Aptamers (SOMAmers)
technology and OLINK’s Proximity Extension Assay (PEA) technology®®®®.

SOMAmer technology currently offers the broadest coverage of the proteome
enabling detection of 7,000 unique circulating proteins (https://somalogic.com/somascan-
discovery/). Aptamers are short oligonucleotides with high affinity towards a specific
protein epitope that are generated through an iterative amplification process: a pool of
random oligonucleotides encounters a target protein, and the aptamer with the highest
affinity to a specific protein epitope is amplified®®. After multiple rounds of aptamer
selection and amplification, chemical modifications to stabilize the aptamer are added in
the form of chemical modifications that behave like amino acid side chains®. The resulting
molecule is a SOMAmer. SOMAmers are conjugated to fluorophores, which renders them
amenable to multiplex protein quantification on a fluorescent microarray. Key limitations
of SOMAmer technology include non-specificity (cross-reactive binding to non-target
human proteins or even non-human proteins given that SOMAmers are not “natural”

human antibodies) and variable detection depending on SNP variation (35% of SOMAmers

display altered binding affinity in the presence of SNPs)?’.
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The OLINK PEA technology transduces protein quantification into a DNA
quantification problem (Figure 1.1)%. Each protein is targeted by a pair of antibodies, and
each antibody is labelled by a single-stranded DNA probe whose sequence is
complementary to the cognate antibody’s single-stranded DNA probe. When antibody pairs
bind the target protein, their complementary single-stranded DNA labels come into close
proximity, forming a double-stranded DNA complex that primes an extension reaction. The
resulting full-length DNA barcode is amplified by PCR and can then be quantified via
quantitative PCR or next-generation sequencing (Figure 1.1). While more limited in
proteomic coverage (up to ~1500 proteins) as compared to the SOMAmer detection
method, the main advantage of PEA technology is its specificity
(https://www.olink.com/products/olink-explore/). High specificity is maintained in the
presence of cross-reactive antibody binding since the DNA labels of mismatching
antibodies do not form double-stranded DNA complexes and thus cross-reactive events do

not contribute to quantifiable signal.

Figure 1.1. OLINK PEA technology overview. (Screenshot from

https://www.olink.com/data-you-can-trust/technology/)

15


https://www.olink.com/products/olink-explore/
https://www.olink.com/data-you-can-trust/technology/

1.3 INTEGRATING GENETICS & BIOMARKERS FOR TARGET DISCOVERY

1.3.1 ENHANCING TARGET PRIORITIZATION WITH GENETICS

Recent advances in multiplex protein assay technology have equipped researchers
with the ability to interrogate thousands of plasma proteins in large epidemiological studies,
and while this greatly expands the scope for therapeutic discovery, a central challenge
remains in being able to pinpoint true drug targets among disease-associated biomarkers.
The steep cost of developing new medications ($1.2 billion CAD per drug) and high
attrition rates (> 50% drug candidates fail for lack of efficacy in RCTs) emphasize the
utility of effective drug prioritization strategies since not all disease-associated biomarkers
cause disease®8°. For example, hsCRP is an acute phase reactant protein whose circulating
levels increase in response to activation of the NLRP3 inflammasome-IL1-IL6 axis*®.
Essentially, CRP is a downstream product of this inflammation pathway, thus serving as a
clinically useful surrogate for inflammation levels. However, interventions reducing
hsCRP levels per se are not expected to mitigate inflammation. Genetic studies provide
evidence against a causal role for hsCRP in vascular inflammation, and conversely, support
for a causal role for an upstream regulator of CRP, 1L6%%. A single nucleotide
polymorphism (SNP; rs7553007) proximal to the CRP gene is associated with serum CRP
concentration (i.e. cis pQTL) but not risk of heart disease or stroke®. In contrast, SNPs
within the IL6 pathway are associated with increased inflammation as well as increased
risk of heart disease and stroke®%2. Indeed, a seminal randomized controlled trial showed
that canakinumab, a monoclonal antibody that blocks the upstream activator of IL6, IL1p,

reduces recurrent risk of cardiovascular events and death in myocardial infarction patients
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with elevated hsCRP®*. RCTs are currently planned to test pharmacologic agents (Anakinra
and colchicine) to target the NRLP3-1L1 inflammasome axis for secondary cardiovascular
disease prevention in ischemic stroke (Preventing cArdiovascular Complications aFter
Ischemic STroke [PACIFIST]; Colchicine for prevention of Vascular Inflammation in
Non-CardioEmbolic Stroke [CONVINCE]) and intracerebral hemorrhage (Colchicine for
the prevention of vascular events after an acute IntraCerebral Hemorrhage [CoVasc-ICH])
patients (private communication with Dr. Askhan Shoamanesh). In summary, genetic
associations can be used to clarify causality between disease-biomarker associations,
thereby providing a means to prioritize causal mediators as potential therapeutic targets.

Therapeutic potential is hinted at in contexts where the genetic determinants of
biomarkers and stroke risk overlap®®. The intuition is that if a biomarker causally affects
stroke risk, then genetic variants that influence biomarker levels should also have a
corresponding and proportional effect on stroke risk. By using genetic evidence to infer
causality of biomarker-stroke relationships, the subset of associated biomarkers causally
mediating risk of stroke likely represents stronger drug candidates. Indeed, a review by
Nelson et al. (2015) showed that pharmacological compounds with support from genetic
association studies are more than twice as likely to reach market approval as compared to
those without genetic support®.
1.3.2 MENDELIAN RANDOMIZATION (MR) ANALYSIS

Mendelian Randomization (MR) analysis is a statistical genetics framework for
causal inference that uses genetic variants as “instruments” to approximate the

unconfounded effect of an exposure (e.g. biomarker) on an outcome (e.g. stroke) 9798,
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Similar to how RCTs randomize interventions, MR leverages the natural randomization of
genetic alleles that occurs during meiosis (i.e. Mendel’s second law of independent
assortment)'® (Figure 1.2). While epidemiological associations may be susceptible to
confounders and reverse causation, the randomization of exposure-associated alleles
ensures that confounders are balanced between allele carriers and non-carriers.
Furthermore, because genetic variants are inherited, the flow of cause-and-effect is
unidirectional from genetic variant to change in biomarker level to disease consequence
thus conferring some protection against reverse causation. In relation to stroke, MR has
been mainly used to clarify whether a causal relationship exists between well-established
clinical risk factors and risk of stroke. Such studies demonstrate causal roles for blood
pressure and total stroke, adiposity and ischemic stroke, atrial fibrillation and ischemic
stroke, type 2 diabetes and small artery occlusion, and LDL cholesterol and large artery
atherosclerosis'®*1%, Candidate blood biomarkers have also been assessed through the MR
framework with positive findings for lipoprotein(a) and matrix-metalloproteinase-12

(MMP12) but not hsCRP, cystatin C, or Y KL-40%09%104-107,
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Causal effect of biomar .

Figure 1.2 A comparison of randomized controlled trials with the Mendelian

Randomization study design.

Causality is supported when the effects of multiple, independent genetic variants on
biomarker levels are directionally consistent and proportional to their effects on stroke risk
(Figure 1.3). The inputs necessary to conduct MR analysis are two sets of genetic effects:
(A) the effect of genetic variants on biomarker levels and (B) the effect of genetic variants
on stroke risk. Understanding the relationship between these effects permits triangulation
of the causal effect of biomarker levels on stroke risk (C). Genetics effects can be derived
through a genetic study design known as a genome-wide association study (GWAS)
allowing for comprehensive interrogation of common variants dispersed across the

genome. Notably, only summary-level data, in the form of effect estimates and their
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standard errors, is required to perform MR analysis®®'%, This statistical methodological

advance in the MR field has led to an explosion in the number of studies of this kind

(B) SNP-Outcome Effect

(A) SNP-Biomarker Effect
conducted in the past 5 years.

Figure 1.3. Visualization of the underlying premise for MR as a causal inference method.
Each point represents an independent genetic variant.
1.3.3 GENOME-WIDE ASSOCIATION STUDIES (GWAS)

GWAS are systematic and agnostic surveys of common variant associations that
allows for the identification of specific genetic determinants of traits and more specifically,
an approximation of the effect of each genetic variant on the trait in question®®. Following
a similar trajectory as biomarker investigations, genetic studies began with “candidate”
gene approaches but were supplanted by GWAS once multiplex SNP detection technology
was developed, namely, the SNP microarray!'°. Microarrays contain millions of microwells
that each harbour an individual assay for a unique SNP site, and as such, genotypes for
hundreds of thousands to several millions of SNPs can be measured simultaneously in
multiple samples*. Statistical genetics advances in the form of imputation techniques
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leverage the correlation structure (linkage disequilibrium) between variants in large
aggregates of sequencing data (imputation referenc) to boost the number of detectable
genetic variants (genomic coverage) to approximately 10 million common SNPst-113,
1.3.3.1 GWAS FOR CIRCULATING BIOMARKERS

Recent large-scale studies combining multiplex genomics and proteomics
technologies highlight a major role for genetics in the regulation of circulating protein
levels. A seminal study by Sun et al. (2018) investigated genetic determinants for 3,622
plasma proteins using SOMAmer technology in 3,301 healthy blood donors from the
INTERVAL study'®. This study identified 1,927 associations for 1,104 unique proteins
which represented a four-fold increase in the number of protein quantitative trait loci
(pQTL) known at that time. Approximately 30% of pQTLs were located within or nearby
the genes encoding for the circulating protein, also known as cis-pQTLs. Considering the
vastness of the genome, this reinforces a strong role for proximal genetic regulation. Since
the publication of this study, international research collaborations have been convened to
exhaustively characterize the genetic determinants of circulating proteins. Most notably,
the Systematic and Combined AnaLysis of Olink Proteins (SCALLOP) consortium has
recently published GWAS of PEA-detected proteins associated with cardiovascular
diseases including up to 30,000 study participants'“.
1.3.3.2 GWAS FOR STROKE

Finding robust genetic associations for stroke through GWAS was initially
challenging. The very first GWAS for ischemic stroke was conducted in 2009 by Ikram et

al. in 19,602 participants (1164 ischemic strokes) and revealed NINJ2 as a putative stroke
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locus, but this association has never been replicated''®. This failure was attributed to
overlooking the vast phenotypic heterogeneity of stroke and relatively small sample sizes.
As Hacke et al. expressed in a GWAS commentary, many studies have fallen victim to the
fact that stroke represents an umbrella term for etiologically distinct stroke subtypes'e.
Essentially, stroke is a syndrome encompassing many distinct clinical entities with a shared
predisposition for thromboembolism.

Since the first stroke GWAS in 2009, several collaborative initiatives have been
convened to conduct large GWAS meta-analyses including METASTROKE (N=90,648)
and the NINDS Stroke Genetics Network (SiGN) (N=435,001) for ischemic stroke
subtypes'8. A seminal GWAS of stroke (N=521,612) was published in March 2018 by
the MEGASTROKE consortium**®. This study represented a major leap forward in our
understanding of the genetic architecture of ischemic stroke subtypes. Prior to this study,
only 10 reliable stroke loci were known. MEGASTROKE not only replicated these loci but
also uncovered 22 new loci for a total of 32 loci. Of the 32 loci, 13 (41%) demonstrated
subtype specificity and the remaining loci were either associated with multiple ischemic
subtypes independently or broader stroke types (ischemic stroke or any stroke). A follow-
up analysis by Traylor et al. (2019) further investigated subtype specificity for a subset of
16 MEGASTROKE loci and concluded that the pattern of subtype association for loci was
highly heterogeneous, though seven (44%) of the 16 loci were found to influence both
hemorrhagic and ischemic stroke risk suggesting a shared etiology between the major
stroke types'?°. Furthermore, many MEGASTROKE loci were also associated with well-

established vascular risk factors including venous thromboembolism, lipids, coronary
22



artery disease, blood pressure, carotid plaque, and atrial fibrillation (Figure 1.4).
Intriguingly, 11 loci were not known to influence classic risk factors suggesting novel
mechanisms for stroke pathophysiology and are now being investigated more closely. For
example, Traylor et al. (2020) further investigated the PDE3A variant in an independent
study and observed that mutation carriers had impaired flow-mediated dilatation, a marker

of endothelial reactivity?.
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Figure 1.4. A pictorial representation of the 32 stroke loci identified by the
MEGASTROKE study and the overlap with vascular risk factors and traits*'®,
Post-MEGASTROKE, GWAS have focused on underrepresented stroke subtypes
(e.g. small vessel disease), radiological markers (e.g. perivascular dilated spaces), and
stroke outcomes (e.g. 3-month mRS)*??1%, Indeed, stroke outcome genetics is one of the
major research priorities for future stroke genetics research according to the International
Stroke Genetics Consortium (ISGC)*?®. To this end, the Genetics of Ischaemic Stroke

Functional Outcome (GISCOME) performed the first international GWAS of 3-month
23



mRS and identified the first GWAS locus for ischemic stroke outcome, an intronic variant
in the LOC105372028 locus (rs1842681)'2°. A second phase GWAS meta-analysis is under
way to uncover additional genetic determinants of post-stroke outcome and therapeutic
response (private communications).
1.3.4 EMERGING STROKE THERAPIES WITH MR SUPPORT

GWAS is the backbone of MR analysis as they are used to identify genetic variants
associated with human traits, which can then be used as genetic instruments to evaluate
causality with outcomes. Advances in GWAS for both circulating biomarkers and stroke
provide an exciting opportunity for drug target discovery at an unprecedented
scalel0>114119.127-130 Indeed, several new stroke therapies targeting coagulation and
dyslipidemia have been recently supported by MR evidence*?. For example, antisense
oligonucleotide molecules blocking coagulation factor XI have been developed and are
undergoing testing in RCTs for secondary stroke prevention and safety profiling in atrial
fibrillation patients (NCT04304508, NCT03582462, NCT04218266). Complementary to
these ongoing RCTs is a MR analysis by Georgi et al. (2020) showing that genetically
lower FXI levels is associated with reduced risk of venous thrombosis and cardioembolic
stroke®3L. Proprotein convertase subtilin/kexin type 9 (PCSK9) is an enzyme that facilitates
the endocytosis and degradation of membrane-bound low-density lipoprotein receptor
(LDLR) which clears LDL cholesterol from circulation'®?1%. Several monoclonal
antibodies have been developed to inhibit PCSK9 production as a novel means of
cholesterol lowering, and two RCTs have demonstrated that when PCSK9 inhibition is

added to statin therapy, risk of recurrent stroke risk is further reduced by 25%%13° MR
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also supports a causal role for genetically reduced PCSK9 in ischemic stroke risk
reduction®. Intriguingly, RCTs also observe that PCSK9 inhibition is associated with a
reduction in another independent atherogenic mediator, Lipoprotein(a) (Lp(a)), suggesting
potentially pleiotropic effects of PCSK9 inhibition beyond cholesterol-lowering4%14t, A
hepatocyte-directed antisense oligonucleotide therapy for Lp(a) (AKCEA-APO(a)-Lrx)
reduces circulating Lp(a) by approximately 80% as shown in a recent phase Il trial, but
whether this translates to clinical benefit remains to be determined in ongoing phase Il
trials. One of the earliest stroke MR studies evaluated LP(a) due to its high heritability and
the fact that a single cis-pQTL (rs10455872) accounted for a significant proportion (~30%)
of the variance in plasma concentrations*®%4, MR analyses substantiate a strong role for
genetically lower Lp(a) in protecting against atherosclerotic disease including heart disease,
aortic valve stenosis, and large artery atherosclerosis*?. Altogether, the fact that MR
supports a causal role for several emerging therapeutic targets is both reassuring for

ongoing phase 11 trials and corroborates the utility of MR as a drug prioritization tool.
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CHAPTER 2: HYPOTHESIS, OBJECTIVE, RATIONALE, & APPROACH

2.1 GENERAL HYPOTHESIS
We hypothesize that a subset of blood biomarkers causally mediate stroke risk and
prognosis.
2.2 GENERAL OBJECTIVE
The overall objective of this PhD thesis is to identify molecular determinants of stroke
risk and post-stroke outcomes to generate novel therapeutic targets.
2.3 RATIONALE AND APPROACH

A decade ago, neuroprotective agents were heralded as the incumbent class of
stroke medications following antithrombotic therapies; however, compelling animal model
findings failed to translate to clinical benefit in human patients®. This cautionary tale
emphasizes the importance of effective drug target prioritization tools that combine
evidence from multiple modalities not reliant on a single source. One such promising
framework that integrates multiple ‘Omics modalities is Mendelian Randomization (MR)
analysis®. MR analysis has been successfully applied to drug target discovery and validation
for numerous diseases via the triangulation of genomic, biomarker, and outcome
information®. Accordingly, we will apply MR analysis to identify putative targets for stroke
treatment in two ways: (i) systematic identification of novel targets (a priori discovery) and
(i) assessment of a single targeted hypothesis (priori evaluation).

No study has used MR agnostically to identify novel drug targets for ischemic
stroke. The recent emergence of large-scale GWAS for thousands of circulating proteins in

combination with GWAS of thousands of stroke patients enables such an investigation for
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the first time. Accordingly, we will (i) systematically screen the circulating proteome for
novel drug targets, (ii) forecast effects of target manipulation on key safety phenotypes (i.e.
intracranial bleeding), and (iii) comprehensively elucidate side-effect profiles (Chapter 3).

Mitochondrial dysfunction has long been known to be a sequala and mediator of
post-stroke brain injury*. However, only recently has an accessible blood marker of
mitochondrial activity (leukocyte mtDNA-CN) emerged for study in human participants®.
Findings from animal models indicate that circulating mtDNA-CN levels acutely drop
following stroke, and that rescuing mtDNA-CN levels attenuates stroke severity and
improves post-stroke functional outcomes®. In contrast, the role of mtDNA-CN in human
stroke patients as both a marker and causal determinant of stroke prognosis has not been
extensively investigated. The latter query has not yet been addressed mainly because the
genetic determinants of mtDNA-CN remain elusive. To this end, we will (i) develop a novel
method for array-based mtDNA-CN estimation to enable convenient estimation of
mtDNA-CN from biobank-scale genomic datasets and (ii) apply this method to conduct a
large GWAS in the UKBiobank study to find genetic variants associated with mtDNA-CN
levels (Chapter 4). Finally, we will (i) characterize the epidemiological association between
leukocyte mtDNA-CN measured within one week of stroke onset and post-stroke outcomes
in patients from the INTERSTROKE study, and (ii) perform MR analysis using
independent datasets (UKBiobank from Chapter 4 and GISCOME) to assess whether there

is evidence supporting a causal effect of mMtDNA-CN on post-stroke outcomes (Chapter 5).
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Editorial, see p 831

BACKGROUND: Novel, effective, and safe drugs are warranted for treatment
of ischemic stroke. Circulating protein biomarkers with causal genetic evidence
represent promising drug targets, but no systematic screen of the proteome has
been performed.

METHODS: First, using Mendelian randomization (MR) analyses, we assessed
653 circulating proteins as possible causal mediators for 3 different subtypes
of ischemic stroke: large artery atherosclerosis, cardioembolic stroke, and

small artery occlusion. Second, we used MR to assess whether identified
biomarkers also affect risk for intracranial bleeding, specifically intracerebral
and subarachnoid hemarrhages. Third, we expanded this analysis to 679
diseases to test a broad spectrum of side effects associated with hypothetical
therapeutic agents for ischemic stroke that target the identified biomarkers.
For all MR analyses, summary-level data from genome-wide association studies
(GWAS) were used to ascertain genetic effects on circulating biomarker levels
versus disease risk. Biomarker effects were derived by meta-analysis of 5 GWAS
(N<20 509). Disease effects were derived from large GWAS analyses, including
MEGASTROKE (N<322 150) and UK Biobank (N<408 961) studies.

RESULTS: Several biomarkers emerged as causal mediators for ischemic stroke.
Causal mediators for cardioembolic stroke included histo-blood group ABO system
transferase, coagulation factor XI, scavenger receptor class A5 (SCARAS), and tumor
necrosis factor—like weak inducer of apoptosis (TNFSF12). Causal mediators for large
artery atherosclerosis included ABO, cluster of differentiation 40, apolipoprotein(a),
and matrix metalloproteinase-12. SCARAS (odds ratio [OR]=0.78; 95% Cl, 0.70—
0.88; P=1.46x10"°) and TNFSF12 (OR=0.86; 95% Cl, 0.81-0.91; P=7.69x1077)
represent novel protective mediators of cardioembolic stroke. TNFSF12 also
increased the risk of subarachnoid (OR=1.53; 95% Cl, 1.31-1.78; P=3.32x10°%) and
intracerebral (OR=1.34; 95% Cl, 1.14-1.58; P=4.05x10-*) hemorrhages, whereas
SCARAGS decreased the risk of subarachnoid hemorrhage (OR=0.61; 95% Cl,
0.47-0.81; P=5.20x107%). Multiple side effects beyond stroke were identified for 6
of 7 biomarkers, most (75%) of which were beneficial. No adverse side effects were
found for coagulation factor XI, apolipoprotein(a), and SCARAS.

CONCLUSIONS: Through a systematic MR screen of the circulating proteome,
causal roles for 5 established and 2 novel biomarkers for ischemic stroke were
identified. Side-effect profiles were characterized to help inform drug target
prioritization. In particular, SCARAS represents a promising target for treatment
of cardioembolic stroke, with no predicted adverse side effects.

Circulation. 2019;140:819-830. DOI: 10.1161/CIRCULATIONAHA.119.040180
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Clinical Perspective
What Is New?

* Among 653 proteins, 7 were causal mediators of
ischemic stroke including 2 established targets,
apolipoprotein(a) and coagulation factor XI, and 2
novel mediators of cardioembolic stroke: scaven-
ger receptor class A5 (SCARAS) and tumor necrosis
factor weak inducer of apoptosis.

Targeting SCARAS was predicted to also protect
against subarachnoid hemorrhage with no evi-
dence of adverse side effects.

Some biomarkers mediated risk of multiple non-
stroke disorders.

What Are the Clinical Implications?

Findings provide confirmatory evidence for pur-
suing clinical trials of coagulation factor X and
apolipoprotein(a).

SCARAS represents a new therapeutic target.
Integrating genomic, proteomic, and phenomic
data through Mendelian randomization facilitates
discovery of drug targets and their side effects.

wide, and its global burden continues to grow." Ran-

domized controlled trials (RCTs) reveal high stroke
recurrence rates among ischemic stroke patients ranging
from 1.0% to 14.9% per year, depending on the under-
lying subtype (ie, large artery atherosclerosis, cardioem-
bolic stroke, or small artery occlusion).”* As such, novel
therapies for treatment of ischemic stroke are warranted.
Epidemiclogical studies have identified several circulating
proteins that correlate with stroke risk,>’ thus represent-
ing potential therapeutic targets. However, high attrition
rates associated with drug development prompt the need
for further investigation of stroke-associated biomarkers
before clinical testing.® Nelson et al® demonstrated that a
protein drug target whose link with disease is supported
by genetic association is twice as likely to reach market
approval # Furthermore, recent technological advances
in high-throughput protein quantification have enabled
genome-wide association studies (GWAS) to uncover
genetic determinants for thousands of blood proteins si-
multaneously.®"* Accordingly, we sought to discover new
and effective drug targets for ischemic stroke by integrat-
ing genetic and proteomic data through Mendelian ran-
domization (MR) analysis.

MR is a statistical genetics framework used to as-
sess causality between an exposure (ie, biomarker) and
an outcome (e, ischemic stroke).'* Similar to how RCTs
randomly allocate an intervention to test its causal ef-
fect on an outcome, MR represents a “natural” RCT
that leverages the random allocation of exposure-in-
fluencing genetic alleles.' Previously, MR has been ap-

Stroke is a leading cause of death and disability world-
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plied in a hypothesis-driven manner to assess causality
of select biomarkers on stroke risk including C-C motif
chemokine ligand 2 (CCL2), Chitinase-3-like protein 1
(CHI3L1), C-reactive protein (CRP), cystatin C (CST3),
apo lipoprotein(a) (LPA), matrix metalloproteinase-12
(MMP12), and proprotein convertase subtilisin/kexin
type 9 (PCSK9).>71211% However, there has been no
systematic scan of the human proteome for novel caus-
al mediators of stroke. Beyond drug target prioritiza-
tion, MR can also be applied to predict target-mediated
side effects to reveal unanticipated adverse effects and
opportunities for drug repurposing.'>"?

In this study, we used MR to (1) systematically screen
653 circulating proteins to identify novel mediators of
ischemic stroke subtypes (large artery atherosclerosis,
cardioembolic stroke, and small artery occlusion); (2)
examine the relationship between identified biomark-
ers and risk of intracranial bleeding; and (3) predict
target-mediated side effects through phenome-wide
analysis of 679 disease traits.

METHODS

Data Disclosure Statement

The authors declare that supporting data are available within
the article, its online supplementary files, and referenced pub-
lic data sets.

Deriving Genetic Determinants of

Circulating Biomarker Levels

The premise underlying MR is that causality is supported if
genetic variants that influence exposure levels (ie, biomarker)
also influence the outcome (ie, ischemic stroke) in a propor-
tional and directionally concordant manner. Accordingly, we
first identified a subset of genetic variants that were associ-
ated with circulating biomarker levels. To accomplish this, we
combined 5 different biomarker GWAS analyses for which
genome-wide summary statistics were publicly available (YFS/
FINRISK [Cardiovascular Risk in Young Finns Study/FINRISK];
IMPROVE [The Multicentre, Longitudinal Carotid Intima-
Media Thickness and IMT-Progression as Predictors of Vascular
Events in a High-Risk European Population]; KORA F4/QMDiab
[Cooperative Health Research in the Region of Augsburg F4/
Qatar Metabolomics Study on Diabetes]; and INTERVAL) or
that we had access to in-house (ORIGIN [Outcome Reduction
with Initial Glargine Intervention]).*'* The 5 study samples
consisted of predominantly European individuals in whom
biomarker testing was conducted in blood samples using vari-
ous high-multiplex protein assays. Circulating proteins were
measured through bead-based immunoassays in YFS/FINRISK
and ORIGIN, modified antibodies conjugated to oligonucle-
otides in IMPROVE, and slow off-rate modified aptamers in
KORA F4/QMDiab and INTERVAL. Specifically, YFS/FINRISK
analyzed 41 cytokines detected via the Bio-Rad Bio-Plex Pro
human cytokine assay; ORIGIN analyzed 227 biomarkers via
the Myriad RBM human Explorer multianalyte profile assay;
IMPROVE analyzed 83 cardiovascular disease—related proteins
via the O-link ProSeek cardiovascular disease array I; KORA

Circulation. 2019;140:819-830. DOI: 10.1161/CIRCULATIONAHA.119.040180
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FR/QMDiab analyzed 1124 proteins via the SOMAScan assay
(version 3.2); and INTERVAL analyzed 2994 proteins via the
SOMAScan assay (extended panel).*"* For further details, see
Table I in the online-only Data Supplement. To maintain the
validity of genetic variants for MR analyses, blood biomarkers
possessing any of the following attributes were excluded:
1. Biomarker is encoded by a gene that produces multiple
proteins
2. Biomarker is encoded by multiple genes
3. Biomarker is encoded by a nonautosomal gene (eg,
X-chromosome encoded)
4. Biomarker is not encoded by a gene (eg, biomarker is a
steroid hormone)
5. Biomarker is known to exhibit substantial structural vari-
ation (eg, immunoglobulins).
After these exclusions, 3090 unique protein biomarkers
remained, of which 899 (29.1%) were assayed by multiple stud-
ies. Meta-analysis was subsequently performed using a fixed-
effect inverse-variance weighted model in METAL.?® For each
biomarker, common single-nucleotide polymorphisms (SNPs;
minor allele frequency > 0.01 in 1000Genomes Europeans) with
a combined P value below 0.01 were retained. Furthermore,
SNPs located beyond 200 kilobases of the encoding gene tran-
script of the protein biomarker were removed to maximize
the likelihood that SNP-biomarker associations were directly
mediated through the biomarker itself, thereby mitigating the
potential for pleiotropy. This resultant set of biomarker-asso-
ciated SNPs were used as “genetic instruments” to estimate
genetically determined biomarker levels in all subsequent MR
analyses. Genetic instruments for all identified biomarkers are
available in Table Il in the online-only Data Supplement.

Systematic MR Screening for Causal
Mediators of Ischemic Stroke Subtypes

The relationship between biomarker-associated SNPs (iden-
tified in the previous GWAS meta-analysis) and ischemic
stroke subtypes was assessed using summary-level data
from the MEGASTROKE study.?' Specifically, effect size and
standard error estimates were extracted from European-
only MEGASTROKE analyses for large artery atheroscle-
rosis (N =4373; N_ = 200 618), cardioembolic stroke
(N_...=7193; N__ =314 957), and small artery occlusion
(N_...= 5386; N, =249 172). Because genetic instruments
for circulating biomarker levels were derived from Europeans
(because of the lack of available non-European biomarker
GWAS), European-only MEGASTROKE analyses were used in
lieu of transethnic analyses. Essentially, ethnic composition of
exposure and outcome data sets was harmonized to satisfy
the presumption that genetic instruments approximated simi-
lar biomarker effects in both exposure and outcome data sets.
Ischemic stroke subtyping was based on the TOAST (Trial of
Org 10172 in Acute Stroke Treatment) criteria.* Biomarker-
associated SNPs that were not present in MEGASTROKE were
excluded. For the remaining SNPs with available effect size
estimates for both biomarker levels and risk of stroke, linkage
disequilibrium-pruning (r’<0.10 in 1000Genomes Europeans)
was performed to generate an independent set of genetic
variants.?? Analyses in which genetic variants collectively
explained less than 0.5% of variance in biomarker levels were
excluded to ensure that only robust associations would with-
stand multiple hypothesis testing.

Circulation. 2019;140:819-830. DOI: 10.1161/CIRCULATIONAHA.119.040180
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Statistical Analysis

The MR-robust adjusted profile scoring method was chosen
for MR testing because of its resilience to violations of key MR
assumptions, such as horizontal pleiotropy.2* Furthermore,
MR-robust adjusted profile scoring enables inclusion of
many weak instruments by accounting for the precision
of SNP-exposure associations in addition to SNP-outcome
associations. Odds ratios were expressed per SD increase
in genetically determined circulating biomarker levels. A
Bonferroni-corrected P value threshold accounting for both
the number of biomarkers and outcomes analyzed was imple-
mented (Figure 1; P=0.05/(653x3)=2.55x10°).

Standard sensitivity analyses were employed to assess the
validity of MR findings, including verification with orthogo-
nal MR methods (inverse variance weighted, MR-Egger, and
median weighted MR), as well as diagnostic tests for plei-
otropy (MR-Egger intercept), directionality (Steiger), and
SNP outliers (leave-one-out analysis). All MR analyses were
completed using the “"MRBase for TwoSample MR" package
(version 0.4.09).% The plots were generated using various
R (version 3.4.1) packages including ggplot2, MRBase, and
PheWAS. It should be noted that the same statistical analysis
framework, incorporating MR-robust adjusted profile scoring
and the aforementioned sensitivity analyses, was employed in
all subsequent MR analyses as well.

Targeted MR Analysis of Hemorrhagic
Stroke Subtypes

Next, given that ischemic and hemorrhagic stroke subtypes
share common clinical and genetic risk factors with evidence
for both concordant and antagonistic effects,’?* using MR,
we sought to characterize the causal effects of ischemic
stroke biomarkers on 2 hemorrhagic subtypes: subarach-
noid and intracerebral hemorrhage (Figure 1). SNP-biomarker
effects were derived from the same GWAS meta-analysis as in
the primary analysis for ischemic stroke subtypes (N=20 509).
SNP-outcome effects were derived by performing association
testing of genetic instruments within British participants from
the large, prospective UK Biobank study who consented for
genetic analysis (application 15255). Quality control of the
genetic data set was performed as previously mentioned by
Sjaarda et al,’® except that related individuals were retained
in the present analysis. Association testing was conducted
using the SAIGE (Scalable and Accurate Implementation of
GEneralized mixed model; version 0.29) method developed
by Zhou et al*® to account for unbalanced case-control ratios.
Subarachnoid hemorrhage (N=1064) and intracerebral hem-
orrhage (N=845) cases were classified using algorithmic
definitions based on a combination of hospital admission,
self-reported, and death register data (UK Biobank Field IDs:
42010 and 42012).# Controls (N=398 736) for this analy-
sis consisted of stroke-free individuals (UK Biobank Field 1D:
42006). Covariates and model parameters followed those in
Zhou et al.?® The results were expressed as odds ratios per
SD increase in genetically determined circulating biomarker
levels. As a secondary analysis, intracerebral hemorrhage sub-
types (lobar and nonlobar) were also investigated using GWAS
summary statistics from Woo et al?® (N _=664; N =881;
N__=1481).

nonlobar

control
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ischemic stroke subtypes

(2) Targeted MR analysis to

Stage Exposures Outcomes
(1 ) Systematic VIR screen to Blood Protain Causal Effects Ischemic Stroke
identify causal mediators of Biomarkers subtypes
(N=653) [N=a)

Causal Effects

Hemorrhagic Stroke

elucidate effects on
hemarrhagic stroke subtypes

Significant
Biomarkers

(3) Extended phenome-wide
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effects associated with
biomarker intervention
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Mental Disorders.
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Figure 1. Overview of Mendelian randomization (MR) analyses.

The study consists of a 3-stage design that employs MR at all stages. First, we evaluated causal roles for 653 circulating biomarkers in mediating risk of 3 ischemic
stroke subtypes (large artery atherosclerosis, cardioembolic stroke, and small artery occlusion). Second, for the 7 identified biomarkers found to be significantly
associated with risk of at least 1 ischemic subtype, we examined causal roles in mediating risk for hemorrhagic stroke subtypes (subarachnoid and intracerebral
hemorrhages). Third, we explored a broad spectrum of side effects associated with targeting identified biomarkers for ischemic stroke treatment by expanding the
previous analysis to 679 disease traits, belonging to 1 of 16 different International Classification of Disease-9 chapters. At each stage, a Bonferroni-corrected P
value threshold was applied, accounting for both the number of biomarkers and the outcomes analyzed.

Phenome-Wide MR Analysis of 679

Disease Traits

Lastly, we expanded the previous exploration of side effects
to include nonstroke phenotypes by performing an agnostic
phenome-wide MR (Phe-MR) analysis of 679 disease traits
(Figure 1; Table Il in the online-only Data Supplement). The
primary purpose of the Phe-MR analysis was to elucidate
potential on-target side effects (beneficial or adverse) asso-
ciated with hypothetical interventions that reduced ischemic
stroke risk by targeting identified biomarkers. SNP-biomarker
effects were derived from the same GWAS meta-analysis
as in the primary ischemic stroke analysis (N<20 508). SNP-
outcome effects were derived from the same UK Biobank
cohort (N<408 961) as used in the previous analysis but using
a set of publicly available summary statistics provided by Zhou
et al.?® Disease outcomes were defined based on “PheCodes,”
a system developed to organize International Classification of
Diseases and Related Health Problems codes into phenotypic
outcomes suitable for systematic genetic analysis of numerous
disease traits.?®2° Sex-specific outcomes and outcomes with
fewer than 500 cases were excluded because of the lack of
data availability and statistical power, respectively. In contrast
to previous results, Phe-MR findings were standardized to a
change in biomarker level corresponding to a 10% reduction
in ischemic stroke subtype risk (derived based on stage 1 asso-
ciations). The results were standardized in this manner to (1)
frame results in a clinical context (ie, what side effects might
occur if identified biomarkers are therapeutically targeted for
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ischemic stroke?); (2) harmonize directionality among identi-
fied biomarkers that could either increase or decrease stroke
risk; and (3) enable direct comparison of side effects (mag-
nitude and directionality) between biomarkers. Also, given
the inherent redundancy between PheCodes, we strived to
improve interpretability of results by systematically selecting
representative phenotypes. Parent disease categories were
prioritized over individual disease entities when appropriate.
For example, in the scenario that pulmonary heart disease and
its constituents (primary pulmonary hypertension and chronic
pulmonary heart disease) all surpassed Bonferroni significance,
only pulmonary heart disease would be reported.

Research Ethics Board Approval

The ORIGIN study received approvals from the local eth-
ics committees at all participating sites, and all participants
provided written informed consent. The UK Biobank study
received approval from the National Health Service National
Research Ethics Service North West.

RESULTS

Screening the Proteome for Causal
Mediators of Ischemic Stroke Subtypes

Overall, 653 unique circulating biomarkers were test-
ed for causal associations with 3 ischemic stroke sub-

Circulation. 2019;140:819-830. DOI: 10.1161/CIRCULATIONAHA.119.040180
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types, representing 1959 distinct analyses (Bonfer-
roni P=0.05/1959=2.55x107°). For a complete list of
specific proteins analyzed, see Table IV in the online-
only Data Supplement. At Bonferroni significance,
MR analyses revealed causal relationships between
8 biomarker-stroke subtype pairs, encompassing 7
unique biomarkers (Table 1). Genetically determined
levels of histo-blood group ABO system transferase,
coagulation factor Xl (F11), and LPA were associated
with greater risk of ischemic stroke, whereas cluster
of differentiation 40 (CD40), tumor necrosis factor—
like weak inducer of apoptosis (TNFSF12), MMP12,
and scavenger receptor class A5 (SCARAS) were as-
sociated with lower risk of ischemic stroke. Specifi-
cally, LPA increased the risk of large artery athero-
sclerosis (odds ratio [OR]=1.22; 95% Cl, 1.14-1.30;
P=3.19x10"9), whereas CD40 (OR=0.73; 95% Cl,
0.66-0.80; P=1.90x10'9) and MMP12 (OR=0.83;
95% Cl, 0.77-0.90; P=7.69x107") decreased the risk
of large artery atherosclerosis. ABO increased the
risks of both large artery atherosclerosis (OR=1.08;
95% Cl, 1.05-1.12; P=2.43x10-7) and cardioembolic
stroke (OR=1.06; 95% Cl, 1.04-1.09; P=4.54x107").
F11 increased risk of cardioembolic stroke (OR=1.25;
95% Cl, 1.16-1.36; P=1.34x10-%), whereas TNFSF12
(OR=0.86; 95% Cl, 0.81-0.91; P=7.69x1077) and
SCARAS (OR=0.78; 95% Cl, 0.70-0.88; P=1.46x107%)
were associated with decreased risk of cardioembolic
stroke. No significant biomarker associations were
found for small artery occlusion. MR sensitivity analy-
ses were consistent with primary analyses, without
evidence of directional pleiotropy or outliers driving
associations (see Table V and Figures -l in the on-
line-only Data Supplement).

Although ABO was the only biomarker associated
with multiple ischemic subtypes at Bonferroni signifi-
cance, CD40, MMP12, and SCARAS5 exhibited nominal
associations (P<0.05) with other ischemic subtypes. All

Table 1.

nominal associations with secondary subtypes exhib-
ited the same direction-of-effect as the primary sub-
type (Figure 2) including CD40 with decreased risk of
small artery occlusion (OR=0.91; 95% Cl, 0.83-0.99;
P=0.03); MMP12 with decreased risks of cardioem-
bolic stroke (OR=0.94; 95% Cl, 0.90-0.99; P=0.01)
and small artery occlusion (OR=0.93; 95% Cl, 0.89-
0.99; P=0.01); and SCARA5 with decreased risk of
small artery occlusion (OR=0.86; 95% Cl, 0.76-0.87;
P=0.02). Associations between identified biomarkers
and aggregate phenotypes (all ischemic stroke and any
stroke) are also present in Table VI in the online-only
Data Supplement.

Characterizing the Effects of Ischemic
Stroke Biomarkers on Intracranial
Bleeding

Next, we sought to investigate whether identified
biomarkers mediated risk of hemorrhagic stroke
subtypes (Figure 3). After multiple hypotheses test-
ing correction, significant associations were found
for MMP12, SCARAS5, and TNFSF12. Genetically
determined levels of MMP12 increased risk of in-
tracerebral hemorrhage (OR=1.22; 95% CI, 1.09-
1.36; P=4.84x10%), and TNFSF12 increased risks of
both subarachnoid hemorrhage (OR=1.37; 95% C|,
1.20-1.56; P=3.12x10%) and intracerebral hemor-
rhage (OR=1.37; 95% Cl, 1.18-1.59; P=2.84x107°).
In contrast, SCARAS decreased the risk of subarach-
noid hemorrhage (OR=0.67; 95% Cl, 0.52-0.85;
P=0.001). For these associations, there was no evi-
dence of imbalanced pleiotropy, and other MR meth-
ods yielded consistent effect estimates (Table VIl in
the online-only Data Supplement). Significant associ-
ations were not observed for either lobar or nonlobar
intracerebral hemorrhage subtypes (Table VIII in the
online-only Data Supplement).

Summary of Significant Biomarkers Representing Causal Mediators for Ischemic Stroke Subtypes

CD40 LAA 23 0.06 0.73 0.66-0.80 1.90x107"
LPA LAA 31 0.12 1.22 1.14-1.30 3.19x10-°
F11 CES 6 0.01 1.25 1.16-1.36 1.34x10-8
ABO LAA 39 0.30 1.08 1.05-1.12 2.43x1077
ABO CES 39 0.30 1.06 1.04-1.09 4.54%1077
TNFSF12 CES 17 0.05 0.86 0.81-0.91 7.69x1077
MMP12 LAA 33 0.14 0.83 0.77-0.90 6.56%10°¢
SCARAS CES 14 0.02 0.78 0.70-0.88 1.46x10-3

All displayed results surpassed correction for multiple hypotheses testing (P<2.55x 10-%). Odds ratios are expressed in terms of risk per 1-standard
deviation increase in biomarker levels. ABO indicates histo-blood group ABO system transferase; CD40, cluster of differentiation 40; CES,
cardioembolic stroke; F11, coagulation factor XI; LAA, large artery atherosclerosis; LPA, apolipoprotein(a); MMP12, matrix metalloproteinase-12;
SCARAS, scavenger receptor class A5; SNP, single-nucleotide polymorphism; and TNFSF12, tumor necrosis factor-like weak inducer of apoptosis.
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expected to arise if each biomarker is targeted thera-
peutically. Overall, 71 significant associations were iden-
tified (Table 2; Figure 4; Figure IV in the online-only Data
Supplement), of which 53 (75%) exhibited beneficial
side effects. This enrichment in beneficial vs. deleterious
side effects was statistically significant (P=6.26x107).

Examining individual biomarkers, 6 of the 7 biomark-
ers were associated with multiple diseases except for
SCARAS5, which was associated with none (Figure 4).
ABO was associated with the most disease traits (28), fol-
lowed by LPA (21), TNFSF12 (11), CD40 (5), F11 (3), and
MMP12 (3). All disease associations with F11, LPA, and
MMP12 were protective, followed by a lower propor-
tion for CD40 (80%), ABO (71%), and TNFSF12 (18%).
Grouping individual phenotypes based on disease cat-
egory, the circulatory system was most commonly impli-
cated for ABO, F11, LPA, and TNSF12 (Table 2). The most
significant disease association for each biomarker was
phlebitis or thrombophlebitis for ABO (OR=0.67; 95%
Cl, 0.62-0.71; P=1.36x10~*%), umbilical hernia for CD40
(OR=0.93; 95% Cl, 0.90-0.96; P=1.07x10"), pulmo-
nary heart disease for F11 (OR=0.82; 95% Cl, 0.78-0.86;
P=2.90x107"%), ischemic heart disease for LPA (OR=0.89;
95% Cl, 0.88-0.90; P=9.18x10""9), cardiac shunt/heart
septal defect for MMP12 (OR=0.82; 95% Cl, 0.76-0.88;
P=1.02x1077), and hypertension for TNFSF12 (OR=1.06;
95% Cl, 1.04-1.07; P=1.39x107"). Sensitivity analyses
expressed in terms of SD biomarker increase are present-
ed in Table IX in the online-only Data Supplement.

DISCUSSION

In this report, we used MR to systematically screen 653
circulating proteins and identified causal mediators
for large artery atherosclerosis (ABO, CD40, LPA, and
MMP12) and cardioembolic stroke (ABO, F11, SCARAS,

and TNFSF12). MR was further applied to predict on-
target side effects associated with potential ischemic
stroke treatment via intervention of identified biomark-
ers. In addition to ischemic stroke, MMP12, SCARAS,
and TNFSF12 were found to influence risk of hemor-
rhagic stroke subtypes. Beyond stroke, all identified
biomarkers except for SCARAS were found to mediate
the risk of multiple nonstroke disorders.

The primary MR analysis revealed 7 causal mediators
for ischemic stroke, and 5 of these have been previously
implicated by genetic studies.'®183-32 F11 is a coagula-
tion factor whose inhibition has been hypothesized to re-
duce thrombosis without increasing bleeding tendency.
In our study, genetically determined F11 levels increased
the risk of cardioembolic stroke without affecting risk of
subarachnoid or intracerebral hemorrhage (P>0.10; Table
VIl in the online-only Data Supplement). This is consistent
with initial RCT findings demonstrating less bleeding in
150 patients assigned to F11 inhibition vs. enoxaparin.*
A phase Il RCT for secondary ischemic stroke prevention
is currently planned (NCT03766581). LPA is a well es-
tablished causal risk factor for cardiovascular disease.’®
Phe-MR analysis predicted LPA inhibition to be safe with
few adverse side effects and to be particularly effec-
tive for large artery atherosclerosis prevention. Indeed,
a potent LPA inhibitor elicited no safety concerns in a
phase Il trial and will be tested for secondary prevention
(NCT03070782). ABO is a glycosyltransferase enzyme
whose activity determines ABO blood type. Consistent
with our findings, epidemiclogical studies suggest that
individuals with O blood type, devoid of any enzymat-
ic activity, are protected from thrombosis.”> However,
therapies targeting ABO may be complicated given their
uncertain effect on blood type and numerous side ef-
fects predicted by Phe-MR. CD40 is a member of the
tumor necrosis factor receptor superfamily, and MMP12

Table 2. Descriptive Summary of Significant Phenome-Wide Mendelian Randomization Findings Representing On-Target Side Effects of Biomarker

Intervention

ABO 28 20/8 (71) Circulatory system (32); digestive (29) Phlebitis and thrombophlebitis (B)

CD40 5 4/1 (80) Respiratory (40) Umbilical hernia (B)

F11 3 3/0 (100) Circulatory system (100) Pulmonary heart disease (B)

LPA 21 21/0 (100) Circulatory system (67) Ischemic heart disease (B)

MMP12 3 3/0(100) Sense organs (33); congenital anomalies Cardiac shunt/heart septal
(33); injuries and poisonings (33) defect (B)

SCARAS 0 — — —

TNFSF12 11 2/9(18) Circulatory system (55); digestive (27) Hypertension (D)

Total 71 53/18 (75) Circulatory system (45) —

Reported in this table are the number of significant disease associations (P<1.07x10-%), the number of beneficial and deleterious side effects, the ICD-9 disease
chapters comprising greater than 20% of significant associations, and the most significant disease association for each biomarker. ABO indicates histo-blood group
ABO system transferase; B, beneficial; CD40, cluster of differentiation 40; D, deleterious; F11, coagulation factor XI; ICD, International Classification of Disease; LPA,
apolipoprotein(a); MMP12, matrix metalloprateinase-12; SCARAS, scavenger receptor class A5; and TNFSF12, tumor necrosis factor-like weak inducer of apaptosis.
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Figure 4. Potential on-target side effects associated with biomarker intervention led by Phe-Mendeli domizati |

ysis.
Only Bonferroni-significant disease associations are illustrated (P<0.05/(7x697)=1.07x10-%). Simply, the results can be perceived as on-target side effects for a
hypothetical drug that reduces risk of a given ischemic stroke subtype by 10% through intervention of circulating biomarker levels. Specifically, risk of disease is
expressed per 10% reduction in risk for the specific ischemic subtype that each biomarker was associated with in the primary Mendelian randomization analysis.
For ABO, which was associated with 2 ischemic stroke subtypes (large artery atherosclerosis and cardioembolic stroke), the results were standardized to a 10%
reduction in risk of large artery atherosclerosis. Associations above the horizontal black midline represent deleterious side effects. Conversely, associations below
this line represent beneficial side effects. The horizontal red line (odds ratio=1.10) represents the point at which decreased ischemic stroke risk is counterbalanced
by an equal increase in disease risk. ABO indicates histo-blood group ABO system transferase; CD40, cluster of differentiation 40; F11, coagulation factor XI; LPA,
apolipoprotein(a); MMP12, matrix metalloproteinase-12; and TNFSF12, tumor necrosis factor-like weak inducer of apoptosis.
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is a member of the matrix metalloproteinase family that
contributes to vascular remodeling. For both biomark-
ers, the relationship between circulating biomarker levels
and cardiovascular disease risk remains uncertain be-
cause studies report conflicting direction-of-effects. 18323
In our study, genetically determined circulating levels of
CD40 and MMP12 were protective for large artery ath-
erosclerosis. Future studies are warranted to clarify the
directionality of these associations.

SCARAS5 and TNFSF12 represent novel, protective
mediators for cardioembolic stroke. SCARAS is a scav-
enger receptor that exports ferritin-bound iron from
circulation to parenchymal tissues, including the heart
and brain.*” Along with a recent MR analysis suggest-
ing that genetically lower serum iron decreases cardio-
embolic stroke risk, our findings indicate a broader role
for iron homeostasis in cardioembolic stroke pathogen-
esis.?® SCARAS significantly reduced risk for subarach-
noid hemarrhage, and a consistent albeit nonsignificant
effect was observed for intracerebral hemorrhage. No-
tably, acute administration of iron chelators is currently
being tested in hemorrhagic stroke patients to improve
recovery (NCT02175225 and NCT02875262). The util-
ity of iron chelation for secondary prevention of hem-
orrhagic stroke is currently unknown, although iron
restriction has been shown to attenuate aneurysm for-
mation in mice.* Additionally, Phe-MR analysis did not
reveal any deleterious side effects for SCARAS, and the
current literature supports its safety, because SCARAS
has been reported to be protective for multiple can-
cers and retinopathy.*>* Overall, SCARAS represents a
promising therapeutic target for cardioembolic stroke
and subarachnoid hemorrhage, and further research is
warranted to decipher the mechanisms through which it
protects against both ischemic and hemorrhagic strokes.

TNFSF12 encodes for tumor necrosis factor-like weak
inducer of apoptosis, a pleiotropic cytokine that regu-
lates numerous biclogical processes through binding of
its receptor, tumor necrosis factor receptor superfamily
member 12A (TNFRSF12A).** We found TNFSF12 to be
protective against cardioembolic stroke, and Phe-MR
results suggested that this may be mediated by lower
risk for atrial fibrillation. Indeed, TNFSF12 is a well es-
tablished marker of atrial fibrillation as corroborated by
genetic, epidemiological, and animal investigations.#44
Beyond atrial fibrillation, there are also indications that
TNFSF12 plays a distinct role in the brain's response
to stroke. Serum TNFSF12 concentrations have been
shown to be higher in stroke patients than stroke-free
individuals.”® Additionally, in mice, poststroke adminis-
tration of a decoy receptor for TNFSF12 reduces infarct
sizes, prevents blood-brain barrier leakage, and im-
proves functional outcomes.***” Consistent with these
results, we found that genetically determined levels of
TNFSF12 significantly increased risk for intracerebral and
subarachnoid hemorrhages. As such, potential adverse

Circulation. 2019;140:819-830. DOI: 10.1161/CIRCULATIONAHA.119.040180
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side effects on intracranial bleeding should be consid-
ered in gauging the therapeutic utility of TNFSF12 for
cardioembolic stroke treatment. Notably, TNFSF12 has
been reported to interact with cluster of differentia-
tion 163 (CD163), a scavenger receptor for circulating
hemoglobin.*® In an intracerebral hemorrhage mouse
model, CD163 mitigated hematoma expansion by re-
ducing free circulating hemoglobin.*® This protective
effect may be partially mediated by reduced TNFSF12
signaling because CD163 is known to act as a decoy re-
ceptor for circulating TNFSF12. Together, SCARAS and
TNFSF12 implicate iron and hemoglobin sequestration
as potential therapeutic pathways for cardioembolic
stroke and hemorrhagic stroke treatment.

Study findings have several implications. First, many
additional drug targets may be uncovered as biomarker
testing becomes more comprehensive. Although we
evaluated causal roles for 653 proteins, the most by any
stroke MR study to date, these only represent ~3% of
all known proteins. Second, a subtype-specific approach
was found to be effective for identifying novel drug
targets because most identified biomarkers generally
exhibited strong specificity for a single subtype. In fact,
had all-cause ischemic stroke been used as the primary
outcome, 3 biomarkers would not have been identified
at Bonferroni significance. Consequently, more detailed
phenotyping within ischemic subtypes (eg, lipohyalino-
sis vs. branch atheromatous small artery occlusion) may
also enhance drug target discovery. Third, Phe-MR results
suggest that biomarkers affecting stroke may also medi-
ate the risk of many nonstroke diseases including circu-
latory and noncirculatory disorders. Auspiciously, most
(75%) predicted side effects were beneficial and not
deleterious, suggesting that if drugs were developed to
treat ischemic stroke through the identified biomarkers,
most side effects would be beneficial. Fourth, Phe-MR
analysis serves as a powerful preclinical tool for drug tar-
get prioritization and to help anticipate target-mediated
side effects. Further investigation of identified biomark-
ers is necessary, and study of associated proteins may aid
in the identification of more direct mediators that are
better targets in terms of both effectiveness and safety.

The interpretation and generalizability of study find-
ings are limited by several factors. The following consid-
erations relate to the derivation of genetic instruments
and thus generally apply to all analyses conducted. First,
specificity of protein quantification may be reduced in
the presence of genetic variation and qualitative protein
changes (eg, amino acid substitutions, post-translational
modifications, splice variations). Qualitative changes may
unpredictably affect binding affinity between detection
molecules (eg, aptamers or antibodies) and protein tar-
gets leading to misinterpretation of qualitative effects as
quantitative.”® Granted, the inclusion of studies incorpo-
rating different protein quantification technologies and
the use of multiple independent genetic instruments
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for each biomarker reduce the likelihood that reported
associations are driven by technology-specific artefacts.
Second, most study participants included in the current
analyses were of European ancestry because of limita-
tions in data availability. Future biomarker GWAS in
non-Europeans are necessary to enable transethnic MR
analyses, which are expected to lead to more generaliz-
able findings.?' Third, to mitigate the possibility that ge-
netic instruments acted through alternative pathways (ie,
horizontal pleiotropy), we excluded variants distal to the
encoding gene, but this approach may also exclude valid
genetic instruments as in the work of Georgakis et al.'’
Conversely, stroke-associated biomarkers lacking causal
support from previous MR studies (ie, CHI3L1, CRP, and
CST3) were also nonsignificant (P>0.05) in our analyses,
which supports the specificity of this approach (Table X
in the online-only Data Supplement). A limitation of the
primary analysis of ischemic stroke subtypes was the in-
ability to replicate results in the UK Biobank study be-
cause of incompatibility of subtype classification systems
(ie, TOAST vs. International Classification of Diseases and
Related Health Problems) and sparse subtyping. For simi-
lar reasons, subtypes of intracerebral hemorrhage were
not investigated in the second stage analysis within UK
Biobank, despite evidence for distinct genetic architec-
tures between lobar and nonlobar hemorrhages by Woo
et al.?8 Accordingly, future studies should address wheth-
er the observed TNFSF12 and MMP12 associations with
intracerebral hemorrhage are subtype-specific. Lastly,
although the PheCode system enables systematic assess-
ment of a many disease traits, there are several short-
comings. Because PheCodes rely on hospital diagnoses,
diseases less likely to result in hospital admission may
be poorly represented. Moreover, validity of PheCode-
defined diagnoses as compared with the gold standard
is unknown for many traits.

Conclusions

Systematic MR analysis of the circulating proteome re-
vealed 7 causal mediators for ischemic stroke. SCARAS
and TNFSF12 represent 2 novel protective biomarkers,
which also affect risk for intracranial bleeding. Phe-MR
analysis suggests important roles for stroke biomarkers
in many other disorders, involving both cardiovascular
and noncardiovascular systems. LPA, F11, and SCARAS
are particularly attractive drug targets with no adverse
side effects predicted. Further research is warranted to
assess the viability of these protein biomarkers as drug
targets for stroke treatment.
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Abstract

Background: Mitochondrial DNA copy number (mtDNA-CN) is an accessible blood-
based measurement believed to capture underlying mitochondrial function. The specific
biological processes underpinning its regulation, and whether those processes are causative
for disease, is an area of active investigation.

Methods: We developed a novel method for array-based mtDNA-CN estimation suitable
for biobank-scale studies, called “AutoMitoC”. We applied AutoMitoC to 395,781
UKBiobank study participants and performed genome and exome-wide association studies,
identifying novel common and rare genetic determinants. Finally, we performed two-
sample Mendelian Randomization to assess whether genetically low mtDNA-
CN influenced select mitochondrial phenotypes.

Results: Overall, genetic analyses identified 71 loci for mtDNA-CN, which implicated
several genes involved in rare mtDNA depletion disorders, dNTP metabolism, and the

mitochondrial central dogma. Rare variant analysis identified SAMHD1 mutation carriers
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as having higher mtDNA-CN (beta=0.23 SDs; 95% CI, 0.18- 0.29; P=2.6x10-19), a
potential therapeutic target for patients with mtDNA depletion disorders, but at increased
risk of breast cancer (OR=1.91; 95% CI, 1.52-2.40; P=2.7x10- 8). Finally, Mendelian
randomization analyses suggest a causal effect of low mtDNA-CN on dementia risk
(OR=1.94 per 1 SD decrease in mtDNA-CN; 95% CI, 1.55-2.32; P=7.5x10-4).
Conclusions: Altogether, our genetic findings indicate that mtDNA-CN is a complex
biomarker reflecting specific mitochondrial processes related to mtDNA regulation, and
that these processes are causally related to human diseases.
Funding: No funds supported this specific investigation. Awards and positions supporting
authors include: Canadian Institutes of Health Research (CIHR) Frederick Banting and
Charles Best Canada Graduate Scholarships Doctoral Award (MC, PM); CIHR Post-
Doctoral Fellowship Award (RM); Wellcome Trust Grant number: 099313/B/12/A;
Crasnow Travel Scholarship; Bongani Mayosi UCT-PHRI Scholarship 2019/2020 (TM);
Wellcome Trust Health Research Board Irish Clinical Academic Training (ICAT)
Programme Grant Number: 203930/B/16/Z (CJ); European Research Council COSIP Grant
Number: 640580 (MO); E.J. Moran Campbell Internal Career Research Award (MP);
CISCO Professorship in Integrated Health Systems and Canada Research Chair in Genetic
and Molecular Epidemiology (GP)
Introduction

Mitochondria are semi-autonomous organelles present in nearly every human cell
that execute fundamental cellular processes including oxidative phosphorylation, calcium

storage, and apoptotic signalling. Mitochondrial dysfunction has been implicated as the
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underlying cause for many human disorders based on mechanistic in vitro and in vivo
studies (Burbullaet al., 2017; Desdin-micé et al., 2020; Sliter et al., 2020). Complementary
evidence comes from recent epidemiological studies that measure mitochondrial DNA
Copy Number (mtDNA-CN), a marker of mitochondrial activity that can be conveniently
measured from peripheral blood. Since mitochondria contain their own unique set of
genomes that are distinct from the nuclear genome, the ratio of mtDNA to nuclear DNA
molecules (MtDNA-CN) in a sample serves as an accessible marker of mitochondrial
quantity (Longchamps et al., 2020). Indeed, observational studies suggest that individuals
with lower mtDNA-CN are at higher risk of age-related complex diseases, such as coronary
artery disease, sudden cardiac death, cardiomegaly, stroke, portal hypertension, and chronic
kidney disease (Tin et al., 2016; Ashar et al., 2017; Zhang et al., 2017; Hégg et al., 2020).
Conversely, higher mtDNA-CN levels have been associated with increased cancer
incidence (Kim et al., 2015; Hu, Yao and Shen, 2016).

While previous studies demonstrate that mtDNA-CN is a biomarker of
mitochondrial activity associated with various diseases, evidence suggests that it may also
play a direct and causative role in human health and disease. For example, in cases of
MtDNA depletion syndrome, wherein rare defects in nuclear genes responsible for
replicating and/or maintaining mtDNA lead to deficient mtDNA-CN (Gorman et al., 2016),
patients manifest with severe dysfunction of energy-dependent tissues (heart, brain, liver,
and cardiac and skeletal muscles). So far, 19 genes have been reported to cause mtDNA
depletion (Oyston, 1998). In addition to these rare monogenic syndromes, the importance

of common genetic variation in regulating mtDNA-CN is an active area of research with
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approximately 50 common loci identified so far (Cai et al., 2015; Guyatt et al., 2019;
Longchamps, 2019; Hégg et al., 2020).

To interrogate mtDNA-CN as a potential determinant of human diseases, we
performed extensive genetic investigations in up to 395,781 participants from the
UKBiobank study (Sudlow et al., 2015). We first developed and validated a novel method
for biobank-scale mtDNA-CN investigations that leverages SNP array intensities, called
“AutoMitoC”. Leveraging AutoMitoC-based mtDNA-CN estimates, we performed large-
scale GWAS and EXWAS to identify common and rare genetic variants contributing to
population-level variation in mtDNA-CN. Various analyses were then conducted to build
on previous publications regarding the specific genes and pathways underlying mtDNA-
CN regulation (Cai et al., 2015; Guyatt et al., 2019; Longchamps, 2019; Hagg et al., 2020).
Finally, we applied Mendelian randomization analyses to assess potential causal
relationships between mtDNA-CN and disease susceptibility.

Materials and Methods

The UKBiobank study

The UKBIobank is a prospective cohort study including approximately 500,000 UK
residents (ages 40-69 years) recruited from 2006-2010 in whom extensive genetic and
phenotypic investigations have been and continue to be done (Sudlow et al., 2015). All
UKBiobank data reported in this manuscript were accessed through the UKBiobank data
showcase under application #15525. All analyses involve the use of genetic and/or
phenotypic data from consenting UKBiobank participants.

Genetic Analysis of Common Variants
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Data acquisition and guality control

Imputed genotypes (version 3) for 488,264 UKBiobank participants were downloaded
through the European Genome Archive (Category 100319). Detailed sample and variant
quality control are described in the supplementary methods. In special consideration of
mtDNA-CN as the GWAS phenotype, we also removed variants within “NUMTs”, which
refer to regions of the nuclear genome that exhibit homology to the mitochondrial genome
due to past transposition of mitochondrial sequences (Simone et al., 2011). After quality
control, 359,689 British, 10,598 Irish, 13,189 Other White, 6,172 South Asian, and 6,133
African samples had suitable array-based mtDNA-CN estimates for subsequent GWAS
testing.

Association testing

GWAS were initially conducted in an ethnicity-stratified manner for common variants
(MAF > 0.005). To allow for genetic relatedness between participants, GWAS were
conducted using the REGENIE framework (Mbatchou et al., 2020). GWAS covariates
included age, age?, sex, chip type, 20 genetic principal components, and blood cell counts
(white blood cell, platelet, and neutrophil counts). After ethnicity-specific GWAS were
performed, results were combined through meta-analysis using METAL (Willer, Li and
Abecasis, 2010). European (N=383,476) and trans-ethnic (N=395,718) GWAS meta-
analyses were performed. Sensitivity analyses testing for cryptic NUMT interference was
conducted as per Nandakumar et al. (2021) (Nandakumar et al., 2021). See supplementary
methods for further details.

Fine-mapping of GWAS signals

65



We followed a similar protocol to Vuckovic et al. (2020) for fine-mapping mtDNA-CN
loci (Vuckovic et al., 2020). Genome-wide significant variants were consolidated into
genomic blocks by grouping variants within 250kb of each other. LDstore was used to
compute a pairwise LD correlation matrix for all variants within each block and across all
samples included in the European GWAS meta-analysis (Benner et al., 2017). For each
genomic block, FINEMAP was used to perform stepwise conditional regression (Benner et
al., 2016). The number of conditionally independent genetic signals per genomic block was
used to inform the subsequent fine-mapping search parameters. Finally, the FINEMAP
random stochastic search algorithm was applied to derive 95% credible sets constituting
candidate causal variants that jointly contributed to 95% (or higher) of the posterior
inclusion probabilities (Benner et al., 2016).

Mitochondrial expression quantitative trait loci (mt-eQTL) and heteroplasmy look-ups

Among GWAS hits, we searched for mt-eQTLs using information from Ali et al. (2019),
“Nuclear genetic regulation of the human mitochondrial transcriptome”(Ali et al., 2019).
All variants in both Tables 1 and 2 were queried in the mtDNA-CN summary statistics.
When mt-eQTLs also had reported effect estimates, the consistency in direction-of-effects
between mt-eQTL and mtDNA-CN associations was reported (S2. Table 3). GWS variants
associated with mean heteroplasmy levels were extracted from Nandakumar et al.
(Nandakumar et al., 2021).

Gene prioritization & pathway analyses

The Data-driven Expression-prioritized Integration for Complex Traits (DEPICT) v.1.1

tool was used to map mtDNA-CN loci to genes based on shared co-regulation of gene
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expression using default settings (Pers et al., 2015). DEPICT-prioritized genes were
uploaded to the GeneMANIA web platform (https://genemania.org/). Based on the
combined list of DEPICT and GeneMANIA identified genes, a network was formed in
GeneMANIA using default settings. Functional enrichment analysis was then performed to
identify overrepresented Gene Ontology (GO) terms among all network genes (Gene and
Consortium, 2000).

Mitochondrial annotation-based analyses

To complement the previous pathway analyses, we labelled prioritized genes with
MitoCarta3 annotations and performed subsequent statistical enrichment analyses (Rath et
al., 2021). MitoCarta3 is an exquisite database of mitochondrial protein annotations, which
draws from mass spectrophotometry and GFP colocalization experiments of isolated
mitochondria from 14 different tissues to assign all human genes statuses indicating
whether the corresponding proteins are expressed in the mitochondria or not. We tested
whether prioritized genes were enriched for the mitochondrial proteome by using a
binomial test in R. Furthermore, a t-test was used to compare mean PGC-1A induced fold
change for the subset of GWAS-prioritized genes expressed in the mitochondrial proteome
as compared to the mean PGC-1A induced fold change for all 1120 nuclear MitoCarta3-
annotated genes. Also, genes were categorized based on MitoCarta3 “MitoPathway”
annotations.

Genetic Analysis of Rare Variants

Data acquisition and quality control

67


https://genemania.org/

Population-level whole-exome sequencing (WES) variant genotypes (UKB data field:
23155) for 200,643 UKBiobank participants corresponding to 17,975,236 variants were
downloaded using the gfetch utility. Detailed quality control of WES data is described in
the supplementary methods. After quality control, 173,688 unrelated Caucasian samples
remained.

Exome-wide association study (EXWAS) to identify rare mtDNA-CN loci

Of the 173,688 individuals, suitable AutoMitoC mtDNA-CN estimates were available for
147,740 samples. Rare variant inclusion criteria consisted of variants which were
infrequent (MAF < 0.001), non-synonymous, and predicted to be clinically deleterious by
Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.4 scores (or were highly
disruptive variant types including frameshift indel, stopgain, stoploss, or splicing)
(Jagadeesh et al., 2016). Herein, such variants are referred to as “rare variants” for
simplicity. For each gene, rare allele counts were added per sample. A minor allele count
of 10 was applied leading to a total of 18,890 genes analyzed (exome-wide significance P
< 0.05/18,890 = 2.65 x10®). Linear regression was conducted using mtDNA-CN as the
dependent variable and the rare alleles counts per gene as the independent variable. The
same set of covariates used in the primary GWAS analysis was used in the EXWAS
analysis.

Phenome-wide association testing for rare SAMHD1 mutation carrier status

To identify disease phenotypes associated with carrying a rare SAMHD1 mutation, we
maximized sample size for phenome-wide association testing by analyzing the larger set of

173,688 WES samples (with or without suitable mtDNA-CN estimates). Disease outcomes
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were defined using the previously published “PheCode” classification scheme to aggregate
ICD-10 codes from hospital episodes (field ID 41270), death registry (field ID 40001 and
40002), and cancer registry (field ID 40006) records (Denny et al., 2013; Wu et al., 2019).
Logistic regression was applied to test the association of SAMHD1 mutation carrier status
versus 771 PheCodes (phenome-wide significance P < 0.05/771 = 6.49x107°) with a
minimal case sample size of 300 (Wei et al., 2017). The same set of covariates used in the
primary GWAS were also employed in this analysis.

Mendelian Randomization Analysis

Disease Outcomes

We cross-referenced a list of 36 clinical manifestations of mitochondrial disease to
FinnGen consortium GWAS (release 4; November 30 2020) traits (Gorman et al., 2016;
Feng et al., 2020). Among 2,444 FinnGen traits, 10 overlapped with mitochondrial disease
and had a case prevalence greater than 1% and were chosen for two-sample Mendelian
Randomization analyses. These 10 traits included type 2 diabetes (N=23,364), mood
disorder (N=20,288), sensorineural hearing loss (N=12,550), cerebrovascular disease
(N=10,367), migraine (N=6,687), dementia (5,675), epilepsy (N=4,558), paralytic ileus and
intestinal obstruction (N=2,999), and cardiomyopathy (N=2,342). FinnGen effect estimates
and standard errors were used in subsequent Mendelian randomization analyses to define
the effect of selected genetic instruments on disease risk.

Genetic Instrument Selection

First, genome-wide significant variants from the present European GWAS meta-analysis

of mtDNA-CN were chosen (N=383,476). Second, we matched these variants to the
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FinnGen v4 GWAS datasets (Feng et al., 2020). Third, to enrich for variants that directly
act through mitochondrial processes, we only retained those within 100kb of genes
encoding for proteins that are expressed in mitochondria based on MitoCarta3 annotations
(Rath et al., 2021). Fourth, we performed LD-pruning in PLINK with 1000Genomes
Europeans as the reference panel to ascertain an independent set of genetic variants (LD r2
< 0.01) (Purcell et al., 2007; Abecasis et al., 2012). Lastly, to mitigate potential for
horizontal pleiotropy, we further removed variants with strong evidence of acting through
alternative pathways by performing a phenome-wide search across published GWAS with
Phenoscanner V2 (Kamat et al., 2019). Variants strongly associated with other phenotypes
(P<5x1072%) were removed unless the variant was a coding mutation located within a gene
encoding for the mitochondrial proteome (MitoCarta3) or had an established mitochondrial
role based on manual literature review (Rath et al., 2021). A total of 27 genetic variants
were used to approximate genetically determined mtDNA-CN levels.

Mendelian Randomization & Sensitivity Analyses

Two sample Mendelian Randomization analyses were performed using the
“TwoSampleMR” and “MRPRESSO” R packages (Hemani et al., 2018; Verbanck et al.,
2018). Effect estimates and standard errors corresponding to the 27 genetic variants on
MtDNA-CN (exposure) and mitochondrial disease phenotypes (outcome) were derived
from the European GWAS meta-analysis and FinnGen v4 GWAS summary statistics,
respectively (S2. Table 9). Three MR methodologies were employed including Inverse
Variance Weighted (primary method), Weighted Median, and MR-EGGER methods. MR-

PRESSO was used to detect global heterogeneity and P-values were derived based on 1000
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simulations. If significant global heterogeneity was detected (P<0.05), a local outlier test
was conducted to detect outlying SNPs. After removal of outlying SNPs, MR analyses were
repeated. In the absence of heterogeneity (Egger-intercept P > 0.05; MR-PRESSO global
heterogeneity P > 0.05), we reported the inverse-variance weighted result. In the presence
of balanced pleiotropy (MR-PRESSO global heterogeneity P < 0.05) and absence of
directional pleiotropy (Egger-intercept P > 0.05), we reported the weighted median result.
In the presence of directional pleiotropy (Egger-intercept P < 0.05), we reported the MR-
EGGER result.
Results
AutoMitoC: A streamlined method for array-based mtDNA-CN estimation

We built on an existing framework for processing normalized SNP probe intensities
(L2R values) from genetic arrays into mtDNA-CN estimates known as the “Mitopipeline”
(Lane, 2014). The MitoPipeline yields mtDNA-CN estimates that correlate with direct
gPCR measurements and has been successfully implemented in several epidemiological
investigations(Ashar et al., 2017; Zhang et al., 2017). We developed a novel method,
“AutoMitoC”, which incorporates three amendments to facilitate large-scale investigations
of mMtDNA-CN. Firstly, AutoMitoC replaces autosomal signal normalization of common
variants with globally rare variants which negates the need for linkage disequilibrium
pruning. As a result, this simplifies derivation of mtDNA-CN estimates in ethnically
diverse cohorts by allowing for use of a single, universal variant set for normalization.
Secondly, to detect potentially cross-hybridizing probes, we empirically assess the

association of corrected probe signal intensities with off-target genome intensities, rather
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than relying on sequence homology of probe sequences, which is not always available.
Lastly, the primary estimate of MT signal is ascertained using principal component analysis
(as opposed to using the median signal intensity of MT probes as per the Mitopipeline)
which improves concordance of array-based mtDNA-CN estimates with those derived from
alternative methods. A detailed description of the AutoMitoC pipeline is provided in
Supplementary Results 1.

To benchmark performance of AutoMitoC, array-based mtDNA-CN estimates were
compared to complementary measures of mtDNA-CN in two independent studies. Firstly,
array-based mtDNA-CN estimates were derived in a subset of 34,436 UKBiobank
participants with available whole exome sequencing (WES) data. Reference mtDNA-CN
estimates were derived from the proportion of WES reads aligned to the mitochondrial
genome relative to the autosome (Longchamps, 2019). AutoMitoC estimates were
significantly correlated with WES estimates (r=0.45; P<2.23x10%%), Since WES data
involves enrichment for nuclear coding genes and therefore could result in biased reference
estimates for mtDNA-CN, we also performed an independent validation in an ethnically
diverse study of 5,791 participants where mtDNA-CN was measured using quantitative
PCR, the current gold standard assay (Fazzini et al., 2018). Indeed, we observed stronger
correlation between AutoMitoC and gPCR-based estimates (r=0.64; P<2.23x1073%).
Furthermore, AutoMitoC demonstrated robust performance (r > 0.53) across all ethnic
strata in the secondary validation cohort including Europeans (N=2,431), Latin Americans
(N=1,704), Africans (N=542), South East Asians (N=471), South Asians (N=186), and

others (N=360; S1. Figure 4).
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Genome-wide association study (GWAS) identifies 72 common loci for mtDNA-CN

A GWAS was performed testing the association between 11,453,766 common
genetic variants (MAF>0.005) with mtDNA-CN in 383,476 UKBiobank participants of
European ancestry. In total, 9,602 variants were associated with mtDNA-CN at genome-
wide significance (Figure 1A; S2. Figure 1), encompassing 82 independent signals in 72
loci (S2. Table 1; S2. Figure 2). The genomic inflation factor was 1.16 and the LD-score
intercept was 1.036, indicating that most inflation in test statistics was attributable to
polygenicity. Sensitivity analyses revealed that NUMT interference may have played a role
in 2 independent signals (2 loci), which were subsequently discarded, leading to a total of
80 independent signals in 70 loci.

Fine-mapping via the FINEMAP algorithm (Benner et al., 2016) yielded 95%
credible sets containing 2,363 genome-wide significant variants. Of the 80 independent
genetic associations, 17 (22%) mapped to a single candidate causal variant; 32 (39%)
mapped to 5 or fewer variants, and 42 (51%) mapped to 10 or fewer variants (Figure 1B;
S2. Table 2). Credible sets for 11 genetic signals overlapped with genes responsible for rare
MtDNA depletion disorders including DGUOK (3), MGMEL1 (2), TFAM (2), TWNK (2),
POLG2 (1), and TYMP (1) (S2. Tables 3 & 4). Several associations mapped to coding
variants with high posterior probability. DGUOK associations mapped to a synonymous
variant (rs62641680; Posterior Probability=1) and a non-synonymous variant (rs74874677;
PP=1). TFAM associations mapped to a S’UTR variant (rs12247015; PP=1) falling within
an ENCODE candidate cis-regulatory element with a promotor-like signature and an

intronic variant (rs4397793; PP=1) with a proximal enhancer-like signature. Lastly,
73



POLG2 associations mapped to a nonsynonymous variant (rs17850455; PP=1). Beyond the
six aforementioned mtDNA depletion genes identified at genome-wide significance,
suggestive associations were found for POLG (rs2307441; P=1.0x107), OPA1 (rs9872432;
P=5.2x107), SLC25A10 (rs62077224; P=1.2x10"), and RRM2B (rs3907099; P=4.7x10).
Given these observations, we hypothesized that mtDNA depletion genes may be generally
enriched for common variant associations. Indeed, 10 (53%) of 19 known mtDNA
depletion genes (Oyston, 1998) harboured at least suggestive mtDNA-CN associations
(P<5x109).

Additionally, trans-ethnic meta-analysis inclusive of non-Europeans (N=395,781)
was performed but given the small increase in sample size, GWAS findings remained
highly similar (S2. Figure 3). However, European effect estimates were significantly and
highly correlated with those derived from South Asian (r=0.97; P= 2.2x107°) and African
(r=0.88; P=9.1x10°) GWAS analyses (S2. Figure 4).
mtDNA-CN loci influence mitochondrial gene expression and heteroplasmy

We postulated that mtDNA-CN loci may regulate copy number by inducing
changes in expression of genes that are directly transcribed from mtDNA. Ali et al. (2019)
recently conducted a GWAS to identify nuclear genetic variants associated with variation
in mtDNA-encoded gene expression (i.e. mt-eQTLS) (Ali et al., 2019). Nonsynonymous
variants in LONP1 (rs11085147) and TBRG4 (rs2304693), as well as an intronic variant in
MRPS35 (rs1127787), were associated with changes in MT gene expression across various
tissues (S2. Table 3). Nominally associated mtDNA-CN loci were also observed to

influence MT gene expression including intronic variants in both PNPT1 (rs62165226;
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mtDNA-CN P=5.5x10"°) and LRPPRC (rs10205130; mtDNA-CN P=1.1x10*4). Although
differences in mitochondrial gene expression may be a consequence rather than a cause of
variable mtDNA-CN, the analysis performed by Ali et al (2019) was corrected for factors
associated with global changes in the mitochondrial transcriptome (Ali et al., 2019).
Moreover, the direction of effect estimates between mtDNA-CN and mt-eQTLs varied
depending on gene and tissue context. Altogether, such findings imply that some mtDNA-
CN loci may regulate mtDNA-CN by influencing mitochondrial gene expression.

A recent GWAS by Nandakumar et al. (2021) also reported 20 loci for mtDNA
heteroplasmy. While full genome-wide summary statistics were not publicly available to
systematically lookup potential effects of the 80 mtDNA-CN GWS variants on mtDNA
heteroplasmy, we performed the reverse lookup of whether mtDNA heteroplasmy loci
influenced mtDNA-CN. Of 19 matching variants between the GWAS, four heteroplasmy
loci were also associated with mtDNA-CN at genome-wide significance including variants
nearby or within TINCR/LONP1 (rs12461806; mtDNA-CN GWAS P=7.5x107%8),
TWNK/MPRL43 (rs58678340; P=1.3x10%), TFAM (rs1049432; P=1.5x10%!), and
PRKABL1 (rs11064881; P=2.6x101%) genes. Consistent with the finding from Nandakumar
et al. (2021) that the heteroplasmy-increasing TFAM allele was also associated with higher
MtDNA-CN, we also observed concordant directionality for the other three variants. No
additional mtDNA heteroplasmy loci were identified to influence mtDNA-CN when using
the suggestive significance threshold.

Genes and pathways implicated in the regulation of mtDNA-CN
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DEPICT analysis led to the prioritization of 91 out of 18,922 genes (FDR P < 0.05;
S2. Table 4). 87 of these genes intersected with the GeneMANIA database and were
uploaded to the GeneMANIA platform to identify additional functionally related genes
(Warde-Farley et al., 2010). GeneMANIA analysis discovered an additional 20 related
genes (S2. Table 5). Among the 107 total genes prioritized by DEPICT or GeneMANIA
(Figure 1C), mitochondrial functions were significantly enriched in gene ontology terms
including mitochondrion organization (coverage: 12/225 genes; FDR P =7.4x107),
mitochondrial nucleoid (6/34; FDR P=2.2x10"), mitochondrial genome maintenance (4/10;
FDR P=6.8x10), and mitochondrial matrix (11/257; FDR P=6.8x10%). Visual inspection
of the links between key genes involved in these functions highlights PPRC1, a member of
the PGC-1A family of mitochondrial biogenesis activators (Richard C. Scarpulla, 2011), as
a potential coordinator of mtDNA-related processes (Figure 1C).

MitoCarta3 is a comprehensive and curated inventory of 1,136 human proteins
(1,220 nuclear) known to localize to the mitochondria based on experiments of isolated
mitochondria from 14 non-blood tissues (Rath et al., 2021). We leveraged this recently
updated database, that was absent from GeneMANIA, to conduct a complementary set of
targeted analyses focused on mitochondrial annotations (S2. Table 5). First, we
hypothesized that prioritized genes would be generally enriched for genes encoding the
mitochondrial proteome. Overall, 27 (25%) of 107 genes had evidence of mitochondrial
localization corresponding to a 4.2-fold enrichment (null expectation = 5.9%; P=1.0x10"
10), Next, given that PPRC1, an activator of mitochondrial biogenesis, was prioritized by

DEPICT analyses and then linked to central mtDNA regulators in GeneMANIA, we
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postulated that prioritized genes may be enriched for downstream targets of PGC-1A. PGC-
1A induction resulted in a higher mean fold-change among prioritized genes (beta=1.48;
95% ClI, 0.60 to 2.37) as compared to any mitochondrial gene (beta=1.19; 95% ClI, -0.76
to 3.13; t-test P=0.04). Finally, we categorized the 27 MitoCarta3 genes into their respective
pathways. Most (16; 57%) genes were members of the “Mitochondrial central dogma”
pathway but other implicated pathways included “Metabolism”, “Mitochondrial dynamics
and surveillance”, “Oxidative phosphorylation”, and “Protein import, sorting and
homeostasis” pathways (Figure 1D). Four proteins were annotated as part of multiple
pathways including TYMP/SCO2, GTPBP3, MIEF1, and OXALL (S2. Table 5).
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Figure 1. Analyses of common genetic loci associated with mtDNA-CN. (A) Manhattan
plot illustrating common genetic variant associations with mtDNA-CN. (B) Size
distribution of 95% credible sets defined for 80 independent genetic signals. (C) GENE-
MANIA-mania protein network interaction exploration (D) “MitoPathway” counts
corresponding to 27 prioritized MitoCarta3 genes encoding proteins with known
mitochondrial localization.
Exome-wide association testing uncovers rare coding SAMHD1 mutations as a
determinant of mtDNA-CN levels and breast cancer risk

We performed an exome-wide association study (EXWAS) in 147,740 UKBiobank
participants with WES data to assess the contribution of rare coding variants. Among
18,890 genes tested, SAMHD1 was the only gene reaching exome-wide significance

(Figure 2A; S2 Table 8). The carrier prevalence of rare SAMHD1 mutations was 0.75%,
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and on average, mutation carriers had higher mtDNA-CN than non-carriers (beta=0.23
SDs; 95% Cl, 0.18-0.29; P=2.6x10% S2. Figure 5). Also, while none of the 19 known
mtDNA depletion genes reached Bonferroni significance, a suggestive association was
found for TFAM (beta=-0.33; 95% ClI, -0.47 to -0.19; P=4.2x10), and this association was
independent of the common TFAM variants (rs12247015; rs4397793) previously identified
in the GWAS (beta=-0.33; 95% ClI, -0.47 to -0.19; P=8.x10®).

To evaluate whether rare SAMHD1 mutations also influenced disease risk, we
conducted phenome-wide association testing of 771 diseases within the UKBiobank. At
phenome-wide significance, SAMHD1 mutation carrier status was associated with
approximately two-fold increased risk of breast cancer (OR=1.91; 95% CI, 1.52-2.40;
P=2.7x10®), as well as greater risk of “cancer (suspected or other)” (OR=1.52; 95% CI,
1.28-1.80; P=1.1x10%; Figure 2B; S2 Table 9). Exclusion of breast cancer cases attenuated
but did not nullify the association with “cancer (suspected or other)” (OR=1.36; 95% CI,
1.10-1.67; P=0.004) suggesting that SAMHD1 mutations may also increase risk of other
cancers, as has been shown for colon cancer (Rentoft et al., 2019). To understand whether
differences in mtDNA-CN levels between SAMHD1 mutation carriers was a consequence
of cancer diagnosis, we repeated association testing with mtDNA-CN excluding cancer
patients. In this analysis, the association with mtDNA-CN levels was not attenuated
(beta=0.26; 95% CI, 0.19-0.32; P=7.8x101°) suggesting that the effect of rare SAMHD1
variants on mtDNA-CN levels is not driven by its relationship with cancer status. A
summary of mitochondrial genes and pathways implicated by common and rare loci is

provided in Figure 3.
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Figure 2. Rare variant gene burden association testing with mtDNA-CN and disease risk
(A) QQ plot illustrating expected vs. observed -logio(p) values for exome-wide burden of

rare (MAF<0.001) and nonsynymous mutations. (B) Manhattan plot showing phenome-
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wide significant associations between SAMHDL1 carrier status and cancer-related

phenotypes.
Genetic regulation of mtDNA copy number
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Figure 3. Graphical summary of mitochondrial genes and pathways implicated by genetic
analyses. Colour-coding indicates through which set(s) of analyses genes were identified.
The image was generated using BioRender (https://biorender.com/).
Mendelian Randomization analysis implicates low mtDNA-CN as a causal mediator
of dementia

Given that common variant loci overlapped with several mtDNA depletion genes,
we postulated that polygenically low mtDNA-CN might cause a milder syndrome with
phenotypically similar manifestations. To assess whether mtDNA-CN may represent a

putative mediator of mtDNA depletion-related phenotypes, we conducted Mendelian
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Randomization analyses between genetically determined mtDNA-CN and mitochondrial
disease phenotypes using summary statistics derived from the FinnGen v4 GWAS dataset.

After accounting for multiple testing of 10 phenotypes, an association between
mtDNA-CN and all-cause dementia was found (OR=1.94 per 1 SD decrease in mtDNA-
CN; 95% Cl, 1.55-2.32; P=7.5x10"; S2. Table 9; Figure 4). Sensitivity analyses indicated
no evidence of global (MR-PRESSO P=0.51; Q-statistic P=0.51) or directional (Egger
Intercept P =0.47) pleiotropy. The 27 selected variants accounted for 0.70% of the variance
in mtDNA-CN and 0.13% of the risk for dementia, consistent with a causal effect of
mtDNA-CN on dementia risk and not vice versa (Steiger P= 1.9x107%). Findings were
robust across several different MR methods including the Weighted Median (OR=2.47;
95% CI, 1.93-3.00; P=0.001) and MR-EGGER (OR=2.41; 95% CI, 1.71-3.11; P=0.02)
methods. Furthermore, we replicated this result using a second UKBiobank-independent
GWAS dataset derived from the International Genomics of Alzheimer’s Disease
Consortium (2013) including 17,008 Alzheimer’s disease patients (OR=1.41; 95% ClI,

1.0001-1.98; P=0.04993) (Lambert et al., 2013).
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Figure 4. Coefficient plots for Mendelian Randomization analyses of mitochondrial
disease traits. In the absence of heterogeneity (Egger-intercept P > 0.05; MR-PRESSO
global heterogeneity P > 0.05), the inverse-variance weighted result was reported. In the
presence of balanced pleiotropy (MR-PRESSO global heterogeneity P < 0.05), the
weighted median result was reported. No set of analyses had evidence for directional
pleiotropy (Egger-intercept P < 0.05).
Discussion

We developed a novel method to estimate mtDNA-CN from genetic array data,
“AutoMitoC”, and applied it to the UKBiobank study. Extensive genetic investigations led
to several key insights regarding mtDNA-CN. First, several novel common and rare genetic
determinants of mtDNA-CN were identified, totalling 71 loci. Second, these loci were
enriched for mitochondrial processes related to dNTP metabolism and the replication,
packaging, and maintenance of mtDNA. Third, we observed a strong role for common

variation within known mtDNA depletion genes in regulating mtDNA-CN in the general
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population. Fourth, we found that rare variants in SAMHD1 not only affect mtDNA-CN
levels but also confer risk to cancer. Finally, we provided the first Mendelian
Randomization evidence implicating low mtDNA-CN as a causative risk factor for
dementia.

While several investigations for mtDNA-CN have been performed, the present
study represents the most comprehensive genetic assessment to date(Cai et al., 2015;
Longchamps, 2019; Hagg et al., 2020). Notably, Hagg et al. (2020) recently conducted a
GWAS for mtDNA-CN in 295,150 UKBiobank participants and identified 50 common
loci(Hégg et al., 2020). However, the method developed by Hagg et al. (2020) calibrated
SNP probe intensities based on association with whole-exome sequencing read depths,
which may limit the convenience of the method. In contrast, AutoMitoC only necessitates
array probe intensities and does not require any secondary genetic measurements (WES or
otherwise) for calibration. In addition, AutoMitoC exhibits superior concordance with
WES-based estimates (Hagg r=0.33; AutoMitoC r=0.45), which was validated in an
independent dataset with gold standard g°PCR measurements. Further, Hagg et al. (2020)
restricted genetic analyses to unrelated European individuals, whereas we incorporated
~100,000 additional individuals and demonstrated consistency in genetic effects between
Europeans and non-Europeans (r > 0.88). The greater sample size in combination with more
accurate mtDNA-CN estimates may explain the 44% increase in identified common loci
(72 vs 50). Finally, in the present study we included exploration of the role of rare variants

through EXWAS and, notably, Mendelian Randomization analyses to assess disease
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contexts whereby mtDNA-CN may represent a causal mediator and a potential therapeutic
target.

MtDNA-CN has proven to be a biomarker of cardiovascular disease in several large
epidemiological studies, with studies often assuming that such relationships are attributable
to pathological processes including mitochondrial dysfunction, oxidative stress and
inflammation (Tin et al., 2016; Wu et al., 2017; Fazzini et al., 2019; Koller et al., 2020).
Consistent with previous GWAS findings, our genetic analyses confirm that mtDNA-CN
indeed reflects specific mitochondrial functions, but perhaps not the ones commonly
attributable to mtDNA-CN(Cai et al., 2015; Guyatt et al., 2019; Hagg et al., 2020).
Primarily, differences in mtDNA-CN reflect mitochondrial processes related to dNTP
metabolism and the replication, maintenance, and organization of mtDNA. Secondarily,
genes involved in mitochondrial biogenesis, metabolism, oxidative phosphorylation, and
protein homeostasis were also identified but do not represent the main constituents. The
observed enrichment in common variant associations within mtDNA depletion genes
further reinforces the notion that differences in mtDNA-CN first and foremost reflect
perturbations in mtDNA-related processes.

No therapy for mtDNA depletion disorders currently exists with treatment mainly
consisting of supportive care. Intriguingly, we found that rare variants within SAMHD1
were associated with increased levels of mMtDNA-CN. SAMHD1 is a multifaceted enzyme
with various functions including tumour suppression through DNA repair activity and
maintenance of steady-state intracellular dNTP levels, which has been involved in HIV-1

replication (Baldauf et al., 2012; Kretschmer et al., 2015). Rare homozygous and
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compound heterozygous loss-of-function mutations in SAMHDL1 result in an immune
encephalopathy known as Aicardi Goutiere’s syndrome(White et al., 2017). Imbalanced
intracellular ANTP pools and chronic DNA damage cause persistent elevations in interferon
alpha thus mimicking a prolonged response to HIV-1 infection. While Aicardi Goutiere’s
syndrome is a severe recessive genetic disorder, case reports of SAMHD1-related disease
often describe heterozygous parents and siblings as being unaffected or with milder disease
(familial chilblain lupus 2) (Haskell et al., 2018). In the UKBiobank, the vast majority
(99.4%) of individuals possessing SAMHD1 mutations were heterozygote carriers, who had
a two-fold increased risk of breast cancer. Indeed, our finding that SAMHD1 mutations
associate with both elevated mtDNA-CN levels and risk of breast cancer belies the
prevailing notion that higher mtDNA-CN is always a protective signature of proper
mitochondrial function and healthy cells. Such findings may have important clinical
implications for genetic screening. Firstly, heterozygous SAMHD1 mutations may be an
overlooked risk factor for breast cancer considering that ~1 in 130 UKBiobank participants
possessed a genetic mutation conferring two-fold elevated risk. Notably, while SAMHD1
mutations have been described previously to be associated with various cancers (Kohnken,
Kodigepalli and Wu, 2015; Rentoft et al., 2019), this gene is not routinely screened nor part
of targeted gene panels outside the context of neurological disorders
(https://www.genedx.com/test-catalog/available-tests/comprehensive-common-cancer-

panel/). Secondly, unaffected parents and siblings of Aicardi Goutiere patients might also
present with greater risk of cancer. Thirdly, while SAMHDL1 is a highly pleiotropic protein,

therapeutic strategies to dampen (but not abolish) SAMHD1 activity might be considered
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to treat MtDNA depletion disorders caused by defects in nucleotide metabolism. Indeed,
Franzolin et al. (2015) demonstrated that siRNA knockdown of SAMHD1 in human
fibroblasts with DGUOK mtDNA depletion mutations partially recovered mtDNA-CN
(Franzolin et al., 2015).

To our knowledge, we provide the first Mendelian Randomization evidence that
MtDNA-CN may be causally related to risk of dementia. Although dysfunctional
mitochondria have long been implicated in the pathogenesis of Alzheimer’s disease, only
recently has mtDNA-CN been tested as a biomarker. Silzer et al. (2019) conducted a
matched case-control study of 46 participants and showed that individuals with cognitive
impairment had significantly lower blood-based mtDNA-CN(Silzer et al., 2019). Andrews
et al. (2020) studied the relationship between post-mortem brain tissue mtDNA-CN and
measures of cognitive impairment in 1,025 samples (Andrews and Goate, 2020). Consistent
with our findings, a 1 SD decrease in brain mtDNA-CN was associated with lower mini
mental state exam (beta = -4.02; 95% Cl, -5.49 to -2.55; P=1.07x10") and higher clinical
dementia rating (beta =0.71; 95% CI, 0.51 to 0.91). Both studies implicate blood and brain-
based mMtDNA-CN as a marker of dementia but were retrospective. In contrast, Yang et al.
(2020) observed a significant association between mtDNA-CN and incident risk of
neurodegenerative disease (Parkinson’s and Alzheimer’s disease)(Yang et al., 2021).
Altogether, our results combined with previous findings suggest that mtDNA-CN
represents both a marker and mediator of dementia. Considering that our overall findings

suggest that mtDNA-CN reflects numerous mitochondrial subprocesses, future studies will
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be required to disentangle which ones, as reflected by diminished mtDNA-CN, truly
mediate dementia pathogenesis.

Several limitations should be noted. First, mtDNA-CN approximated by array-
based methods remain imperfectly accurate as compared to gPCR or whole genome
sequencing measurements, though we found strong correlation between AutoMitoC and
PCR-based estimates in this study (r=0.64; P<2.23x1073%). Although whole genome
sequencing will eventually supplant array-based mtDNA-CN GWAS, we hypothesize that
the improvements made in the areas of speed, portability to ethnically diverse studies, and
ease-of-implementation, should greatly increase accessibility of mtDNA-CN research as a
plethora of genotyping array data is presently available to re-analyze. Third, Mendelian
Randomization analyses were underpowered to conduct a broad survey of diseases in which
mitochondrial dysfunction may play a causal role, and equally as important, we were unable
to differentiate whether specific mitochondrial subpathways mediated risk of disease. As
additional loci are uncovered, such analyses may be feasible. Fourth, variants and genes
implicated in the regulation of mtDNA-CN may be specific to blood samples though
findings suggest that many mtDNA-CN loci act through genes that are widely expressed in
mitochondria across multiple tissues. Future studies are required to determine whether
associations are ubiquitous across mitochondria-containing cells and to investigate the role
of mtDNA-CN in other tissues. Lastly, whole blood mtDNA-CN reflects a heterogenous
mixture of nucleated and unnucleated cells, and despite adjustment for major known
confounding cell types, inter-individual differences in cell subpopulations not captured by

a standard blood cell count may represent an important source of confounding.
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Conclusion

Although commonly viewed as a simple surrogate marker for the number of
mitochondria present within a sample, genetic analyses suggest that mtDNA-CN is a highly
complex biomarker under substantial nuclear genetic regulation. mtDNA-CN reflects a
mixture of mitochondrial processes mostly pertaining to mtDNA regulation. Accordingly,
the true relationship between mtDNA-CN measured in blood samples with human disease
remains to be completely defined though we find evidence for mtDNA-CN as a putative
causal risk factor for dementia. Future studies are necessary to decipher if mtDNA-CN is
directly involved in the pathogenesis of dementia and other diseases or whether other
specific mitochondrial processes are truly causative.
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Key Points

Question: Do stroke patients with lower buffy coat mitochondrial DNA copy number
(mtDNA-CN) have worse prognosis?

Findings: Stroke patients with lower mtDNA-CN levels measured within one week of
stroke onset had significantly higher odds of worse outcomes at 1-month follow-up,
including poor functional outcome (modified Rankin Scale [mRS] 3-6) and mortality. Two-
sample Mendelian Randomization analyses in independent datasets revealed a significant
association between genetic predisposition to lower mtDNA-CN and higher risk of poor
functional outcomes at 3-months follow-up.

Meaning: Our findings suggest that low mtDNA-CN is a prognostic marker and a putative
causal determinant of post-stroke outcomes.

Abstract

Importance: Low buffy coat mitochondrial DNA copy number (MtDNA-CN) is associated
with incident risk of stroke and post-stroke mortality; however, its prognostic utility as a
marker of post-stroke outcomes has not been extensively explored, nor is it known whether
mtDNA-CN is a causal determinant.

Objective: To investigate whether low buffy coat mtDNA-CN is a marker and causal
determinant of post-stroke outcomes using epidemiological and genetic studies.

Design and Setting: This study comprised a two-stage analysis. First, we performed
association testing between baseline buffy coat mtDNA-CN measurements and 1-month
post-stroke outcomes in 3498 acute, first stroke cases from 25 countries from the

international, multicenter case-control study, “Importance of Conventional and Emerging
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Risk Factors of Stroke in Different Regions and Ethnic Groups of the World”
(INTERSTROKE). Then, we performed two-sample Mendelian Randomization analyses
to evaluate potential causative effects of low mtDNA-CN on 3-month stroke outcomes.
Genetic variants associated with mtDNA-CN levels were derived from the UKBiobank
study (N=383476), and corresponding effects on 3-month stroke outcomes were
ascertained from the Genetics of Ischemic Stroke funCtional Outcome study (GISCOME;
N=6021).

Main Outcomes and Measures: We hypothesized that measured and genetically
determined mtDNA-CN are associated with mRS-based outcomes.

Results: Independent of baseline stroke severity, a 1- standard deviation (SD) lower
mtDNA-CN at baseline was associated with increased odds of greater 1-month disability
(ordinal mRS; OR=1.16; 95% ClI, 1.08-1.24; P=4.4x10"), poor functional outcome status
(MRS 3-6 vs. 0-2; OR=1.21; 95% CI, 1.08-1.34; P=6.9x10#), and mortality (OR=1.35;
95% ClI, 1.14-1.59; P=3.9x10%). Subgroup analyses demonstrated consistent effects across
stroke type, sex, age, country income level, and education level. In addition, mtDNA-CN
significantly improved reclassification of poor functional outcome status (Net
Reclassification Index (NRI)=0.16; 95% CI, 0.08-0.23; P=3.6x10°) and mortality
(NRI=0.31; 95% CI, 0.19-0.43; P=1.7x10") beyond known prognosticators. Using
independent datasets, Mendelian Randomization revealed that a 1 SD decrease in
genetically determined mtDNA-CN was associated with increased odds of greater 3-month
disability quantified by ordinal mRS (OR=2.35; 95% CI, 1.13-4.90; P=0.02) and poor

functional outcome status (OR=2.68; 95% CI, 1.05-6.86; P=0.04).
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Conclusions and Relevance: Buffy coat mtDNA-CN is a novel and robust marker of post-
stroke prognosis that may also be a causal determinant of post-stroke outcomes.
Introduction

Stroke patients from low and middle-income countries bear a disproportionate
burden of post-stroke complications3. As such, identifying cost-effective and highly
predictive biomarkers that mediate post-stroke recovery will allow for better risk
stratification and novel targets for acute stroke treatment®.

Mitochondrial health has an important role in both stroke pathogenesis and
recovery®>®, and mitochondrial function can be measured using an inexpensive and
accessible assay that quantifies the ratio of mitochondrial to nuclear DNA copies, known
as mitochondrial DNA copy number (mtDNA-CN). Rare genetic disorders characterized
by severe loss of MtDNA-CN, formally referred to as “mtDNA depletion” syndromes, can
cause migraine, leukoencephalopathy, and stroke-like episodes™®. In the broader
population, perturbations of leukocyte mtDNA-CN have been reported to reflect general
mitochondrial dysfunction, oxidative stress, impaired oxidative phosphorylation, and
inflammation®. Indeed, low leukocyte mtDNA-CN is associated with increased risks of
secondary hospitalization and mortality in patients with atherosclerotic and chronic kidney
disease!®*2. To our knowledge, only one study has investigated the association between
MtDNA-CN and post-stroke outcomes, wherein a prospective cohort study of 1484 Chinese
stroke patients reported an association between mtDNA-CN and mortality®®. While these
findings suggest a potential role for mtDNA-CN as a risk factor for post-stroke outcomes,

and in particular mortality, several important questions remain to be addressed regarding:
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(i) the robustness of associations across stroke type and other clinically relevant subgroups,
(if) whether associations are independent of baseline stroke severity, (iii) if mtDNA-CN is
associated with the degree of functional disability among stroke survivors, and (iv) if
mMtDNA-CN is a causal determinant of post-stroke outcomes.

To address these questions, we investigated the relationships between both
measured and genetically predicted mtDNA-CN levels with post-stroke outcomes using
large-scale datasets. First, we evaluated the association between buffy coat mtDNA-CN
levels measured within one week of stroke symptom onset and 1-month outcomes in 3498
stroke patients from the “Importance of Conventional and Emerging Risk Factors of Stroke
in Different Regions and Ethnic Groups of the World” (INTERSTROKE) study*. Second,
to assess whether lower mtDNA-CN levels may be a causal risk factor for poor outcomes
at 3-months after stroke, we conducted two-sample Mendelian Randomization (MR)
analyses using genetic effects derived from the UKBiobank (N=383476)"° and the Genetics
of Ischemic Stroke funCtional Outcome (GISCOME; N=6165)¢. Overall, we explored
whether low mtDNA-CN represents a marker and casual driver of poor post-stroke
outcomes.

Methods
INTERSTROKE

INTERSTROKE is a large international case-control study encompassing 32
countries across Asia, North America, South America, Europe, Australia, and Africa4. The
study design has been described in detail previously’. In brief, participants were enrolled

between January 11, 2007 and August 8, 2015. Cases consisted of patients with acute, first
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stroke (ischemic or hemorrhagic) presenting within 5 days of symptom onset and 72 hours
of hospital admission. Strokes were defined according to the World Health Organization
definition, and subtypes were confirmed by neuroimaging (CT or MRI). Demographic
characteristics, medical history, and risk factor data were collected through standardized
questionnaires and physical examination. For patients who could not communicate, a proxy
respondent was used (spouse or first-degree relative living in the same household aware of
the patient’s medical history and current treatments). All participants (or their proxies)
provided written informed consent. The modified-Rankin scale (mRS)!® was used as a
marker of stroke severity and was measured at baseline and at 1-month follow-up. The
presence of hemorrhagic transformation after ischemic stroke was assessed through
neuroimaging (either CT or MRI) and adjudicated locally by a site investigator. The present
analyses were performed on a subset of 3498 INTERSTROKE cases with gPCR mtDNA-
CN measurements.
MtDNA-CN Measurement and Quality Control

At each recruitment centre, non-fasting peripheral blood samples were collected in
EDTA whole blood tubes from stroke patients within one week of symptom onset (and
within 72 hours of hospital admission). Blood samples were shipped to the Clinical
Research Laboratory and Biobank, located in Hamilton, Ontario, Canada, where DNA
extraction was performed. DNA was extracted from the buffy coat layer of centrifuged
samples using the QIAGEN QIlAsymphony DNA Midi (96.7%), DNA Mini (2.7%) or DSP
DNA Midi (0.6%) kits. mtDNA-CN was assayed by the Genetic and Molecular

Epidemiology Lab located in Hamilton, Ontario, Canada using a plasmid-normalized
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quantitative Polymerase Chain Reaction (QPCR) method developed by Fazzini et al.
(2018)*°. Upon visual inspection of the distribution of mtDNA-CN values, a single sample
with an extreme outlying value was removed. Additional outliers beyond 3 standard
deviations (SD) of the mean were winsorized to the 99.7" percentile. MIDNA-CN values
were normalized for known confounders by taking the residuals from a linear regression
model for mtDNA-CN (dependent variable) versus age, sex, ethnicity, and qPCR batch
(independent variables). The resulting numerical representation of mtDNA-CN was
standardized to a mean of 0 and SD of 1 for subsequent analyses.
Statistical Analysis

All statistical analyses were performed using the statistical programming language
‘R’ (version 3.6.0). Plots were generated using a combination of the “ggplot2”, “viridis”,
“dplyr”, “grid”, and “gridExtra” R packages. In INTERSTROKE, association testing was
conducted to assess the relationship between low mtDNA-CN at baseline (continuous
variable or discretized into quartiles) and stroke markers at two timepoints: 1) markers
collected at the time of the stroke event (hereafter referred to as ‘baseline’ severity markers)
and 2) markers collected 1-month after the stroke event. The primary marker of baseline
stroke severity was ordinal mRS. Secondary markers included level of consciousness (alert,
drowsy, or unconscious) and hemorrhagic transformation after ischemic stroke. The
primary stroke outcome at 1-month follow-up was ordinal mRS. Secondary outcomes at 1-
month follow-up included other formulations of mRS, specifically, poor functional
outcome status (dichotomized mRS 3-6 vs. 0-2) and mortality status. Ordinal regression

was used for analysis between ordinal mRS and consciousness (“polr” R package). The
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proportional odds assumption was evaluated using the Brant test (“Brant” R package).
Logistic regression analysis was conducted for dichotomous variables including
hemorrhagic transformation at baseline and 1-month post-stroke outcomes (poor functional
outcome and mortality statuses). All regression models were adjusted for age, sex, region,
education level (none or primary school vs. high school, trade school, college, or
university), 2018 World Bank country income stratum (high, upper-middle, and lower-
middle or low income), household income (adjusted for country), primary stroke type
(ischemic vs. hemorrhagic stroke) and ischemic stroke Oxfordshire Community Stroke
Project (OCSP) classification, pre-stroke dependency (pre-stroke mRS 3-5 vs. 0-2),
Charleson comorbidity index, and stroke risk factors (hypertension, diabetes,
hypercholesterolemia, atrial fibrillation or flutter, current smoker status, and waist to hip
ratio) as defined previously®*. In addition to these covariates, baseline stroke severity
(baseline mRS) was additionally included in models for 1-month post-stroke outcomes. For
analysis of dichotomous outcomes, additional subgroup analyses were performed
stratifying by primary stroke type, sex, age (< 65 vs. > 65 years), country income level, and
education level. The Net Reclassification Index (NRI) was used to assess model
reclassification improvement upon addition of mtDNA-CN to a baseline model including
the following covariates: age, sex, region, education level, country income level, household
income, primary stroke type and OCSP classification, pre-stroke dependency, Charleson
comorbidity index, hypertension, diabetes, hypercholesterolemia, atrial fibrillation or
flutter, current smoker status, and waist to hip ratio (“Hmisc” R package).

Mendelian Randomization
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Mendelian Randomization (MR) is a statistical genetics framework that leverages
the random assortment of genetic alleles (Mendel’s second law of independent assortment)
to perform causal inference between an exposure and an outcome 2°22, The use of
randomized, genetic alleles as instrumental variables for an exposure endows several
advantages including robustness to traditional confounding factors and reverse causation.
Indeed, evidence from animal models suggests that stroke induces changes in mtDNA-CN
levels, and therefore reverse causality is a relevant concern that is addressed by MR?%24,
To evaluate the potential causal relationship between low mtDNA-CN (exposure) and
stroke prognosis (outcome), we performed “two-sample” MR analyses incorporating
summary-level GWAS data from two independent studies. Genetic variants associated with
mMtDNA-CN levels were identified from a previous genome-wide association study
(GWAS) we conducted in 383476 Caucasian participants from the UKBiobank study?®.
UKBiobank is a prospective cohort study including UK residents (ages 40-69 years)
recruited from 2006-2010%°. Eligibility criteria for the mtDNA-CN GWAS included
Caucasian participants with suitable genetic microarray data who had non-outlying blood
cell count and array intensity values®. UKBiobank mtDNA-CN estimates were derived
using AutoMitoC, a computational pipeline that leverages array-based data to estimate
mtDNA-CN levels?®. Corresponding genetic effects on 3-month mRS were obtained from
the Genetics of Ischaemic Stroke Functional Outcome (GISCOME) GWAS. GISCOME
included 6021 Caucasian ischemic stroke patients from 12 studies across Europe, the
United States, and Australial®. Two formulations of 3-month mRS were tested in the

present study: ordinal mRS and poor functional outcome status (MRS 3-6 vs. 0-2). In
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GISCOME, 2280 (63%) participants suffered poor functional outcome. There is no sample
overlap between UKBiobank and GISCOME datasets.

As previously described?, an independent set of 26 genome-wide significant
variants associated with mtDNA-CN located nearby or within genes expressed in the
mitochondria were selected as instruments to genetically approximate mtDNA-CN levels
(S. Methods; S. Tables 6 & 7). Collectively, these variants had an F-statistic of 100 which
is sufficient (F>10) for the purposes of identifying a causal effect.

Two-sample MR analyses were executed using the “TwoSampleMR” (version
0.5.5) and “MRPRESSO” (version 1.0) R packages®**%. Three MR methods were employed
including the inverse variance weighted, weighted median, and MR-Egger methods. MR-
PRESSO was used to detect global heterogeneity with P-values derived based on 1000
simulations. The Egger intercept test was used to assess directional pleiotropy. None of the
MR associations exhibited significant heterogeneity (MR-PRESSO Global Test P > 0.05)
or directional pleiotropy (Egger intercept P > 0.05), and thus the causal effect estimates
from the Inverse Variance Weighted method was reported for all MR analyses. Causal
effects were expressed as odds of a higher mRS category (or of poor functional outcome)
per 1 standard deviation decrease in genetically determined mtDNA-CN levels.

Phenotypic mtDNA-CN associations may also, in part, capture differences in blood
cell proportions?®®, so we also examined the relationship between genetically determined
blood cell traits and 3-month mRS outcomes as a sensitivity analysis. Blood cell traits
entailed neutrophil, lymphocyte, white blood cell, and platelet counts, as well as the

neutrophil to lymphocyte ratio. Genetic variants associated with blood cell counts were
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ascertained from a large European GWAS by the Blood Cell Consortium X (2021)
comprising over half a million individuals®!. Genetic variants associated with neutrophil to
lymphocyte ratio were derived from a UKBiobank GWAS we conducted in 340002 British
participants (unpublished data; S. Methods)®2. Causal effect estimates were expressed per
1 standard deviation increase in genetically determined blood cell traits.
Results
Baseline Characteristics of INTERSTROKE cases

A subset of 3498 stroke patients consented to genetic analysis, had peripheral blood
specimen collected within one week of symptom onset, and had DNA samples that were
successfully assayed for buffy coat mtDNA-CN (Supplementary Figure 1). The stroke
patients analyzed in this study spanned 25 countries and 98 enrollment sites across Western
Europe (26.6%), Eastern / Central Europe (11.8%), South America (28.1%), Africa
(13.3%), South East Asia (6.8%), the Western Asia (6.8%), and North America and
Australia (6.5%) (Table 1). The average age of stroke patients was 64.6 years (SD=14.4
years) and 1482 (42.4%) individuals were female. The sample comprised 677 (19.4%),
1259 (36.0%), and 1562 (44.6%) individuals from lower-middle / low income, upper-
middle income, and high-income countries, respectively. Primary stroke types consisted of
592 (16.9%) hemorrhagic, 2889 (82.6%) ischemic, and 17 (0.5%) undefined cases. Among
the 2889 patients with ischemic stroke, 54 (1.9%) had hemorrhagic transformation of their
infarct. At baseline, 2010 (57.5%) participants were functionally dependent on others to
perform basic activities of daily living (mRS 3-5). The level of consciousness was reduced

(drowsy or unconscious) in 1129 (29.9%) patients.
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Table 1. Demographic characteristics, comorbidities, and stroke characteristics for 3498

INTERSTROKE cases included in this study.

Demographic Characteristics (N=3498)
Age, years (SD) 64.6 (14.4)
Sex, N (%) -
Female 1482 (42.4)
Male 2016 (57.6)
Region, N (%) -
Western Europe 931 (26.6)
Eastern / Central Europe 413 (11.8)
South America 984 (28.1)
Africa 466 (13.3)
South East Asia 239 (6.8)
Western Asia 238 (6.8)
North America / Australia 227 (6.5)
Country income category, N (%) -
Lower-middle or low income 677 (19.4)
Upper-middle income 1259 (36.0)
High income 1562 (44.6)
Ethnicity, N (%) -
European 1562 (44.7)
Latin American 958 (27.4)
African 395 (11.3)
South East Asian 259 (7.4)
South Asian 108 (3.1)
Arab 105 (3.0)
Persian 103 (2.9)
Other 8(0.2)
Education, N (%) -
None 246 (7.0)
Primary school 870 (24.9)
High school or trade school 1545 (44.1)
College or university 527 (15.1)
Unknown 310 (8.9)
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Comorbidity Burden and Risk Factors

Charleson Comorbidity Index, N (%)

None 832 (23.8)
One or more comorbidities 2665 (76.2)
Unknown 1(<0.1)
Risk Factors, N (%) -
Hypertension 2200 (62.9)
Diabetes Mellitus 683 (19.5)
Hypercholesterolemia 925 (26.4)
Atrial Fibrillation or Flutter 576 (16.5)
Current Smoker 776 (22.2)
Waist-to-hip Ratio, mean (SD) 0.95 (0.09)
Baseline Stroke Characteristics
Stroke type, N (%) -
Hemorrhagic Stroke 592 (16.9)
Intracerebral Hemorrhage 587 (16.9)
Subarachnoid Hemorrhage 5(0.1)
Ischemic Stroke 2889 (82.6)
Total anterior circulation infarct 252 (7.2)
Partial anterior circulation infarct 1333 (38.1)
Posterior circulation infarct 439 (12.6)
Lacunar infarct 628 (17.9)
Other infarct 237 (6.8)
Unknown 17 (0.5)
Hemorrhagic Transformation, N (%) -
Present 54 (1.9%)
Absent 2835 (98.2)
Stroke severity, N (%) -
No symptoms (mRS 0) 151 (4.3)
Symptomatic but no disability (mRS 1) 573 (16.4)
Slight disability (mRS 2) 760 (21.7)
Moderate disability (mRS 3) 954 (27.3)
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Moderately severe disability (MRS 4) 711 (20.3)
Severe disability (mRS 5) 345 (9.9)
Unknown 4(0.1)
Level of consciousness, N (%) -
Alert 2487 (71.0)
Drowsy 768 (22.0)
Unconscious 237 (6.8)
Unknown 6 (0.2)

* Percentage of ischemic stroke patients, not total number of participants
Lower mtDNA-CN is associated with greater stroke severity at baseline

At baseline, a 1-SD lower mtDNA-CN was significantly associated with increased
odds of having a more severe stroke (ordinal mRS; OR=1.27; 95% Cl, 1.19-1.36; P=4.7x10"
12) and reduced consciousness (OR=1.34; 95% Cl, 1.21-1.48; P=1.8x10®) (S. Figure 2).
Among ischemic stroke patients, the association with hemorrhagic transformation non-
significant (OR=1.33; 95% CI, 0.92-1.93; P=0.13). Stratifying stroke patients by mtDNA-
CN quartile, there was a stepwise increase in the proportion of individuals with higher
stroke severity as mtDNA-CN decreased (S. Table 1; Figure 1A). Stroke patients in the
lowest mtDNA-CN quartile were at greatest risk of having a more severe stroke (OR=2.00;
95% Cl,1.65-2.44; P=2.9x10?) and reduced consciousness (OR=2.42; 95% Cl, 1.84-3.17;
P=1.6x10"1%) compared to those in the highest mtDNA-CN quartile (S. Table 1; Figure 1B).
These associations were step-wise and graded, and there was no significant evidence
suggesting that the proportional odds assumption had been violated in any ordinal analysis
(Brant P >0.05; S. Table 1). Time from symptom onset to blood draw was not significantly
associated with mtDNA-CN levels (P=0.11).

A
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Figure 1. mtDNA-CN is associated with stroke severity at baseline. (A) Stacked bar plots
illustrate the proportion of each (i) ordinal mRS and (ii) consciousness level category per
MtDNA-CN quartile. (B) Forest plots illustrate the association between mtDNA-CN
quartile and risk of having (i) more severe strokes as indicated by ordinal mRS and (ii)
reduced consciousness. The highest (4™) mtDNA-CN quartile was used as the reference
group.
Lower mtDNA-CN is associated with poor stroke prognosis at 1-month

Of the 3498 stroke patients, mRS was recorded at follow-up for 3470 (99.2%)
individuals. At 1-month follow-up, 1354 (39.0%) patients had poor functional outcome
(mRS 3-6) including 337 (9.7%) patients who died. Adjusting for baseline stroke severity
in addition to previous covariates, a 1-SD lower mtDNA-CN was significantly associated
with higher 1-month mRS (OR=1.16; 95% Cl, 1.08-1.24; P=4.4x107), poor functional
outcome (OR=1.21; 95% CI, 1.08-1.34; P=6.9x10*%), and mortality (OR=1.35; 95% ClI,
1.14-1.59; P=3.9x10%) (S. Figure 3; S. Table 2). The magnitude of effect for mtDNA-CN
on mortality risk was comparable to age, an established predictor of stroke outcomes (S.
Figure 3). Conversely, the effect of mtDNA-CN on post-stroke disability (mRS category
and poor functional outcome status) was weaker than age (S. Figure 4). There was no
significant evidence suggesting that the proportional odds assumption had been violated in
any ordinal analysis (Brant P > 0.05; S. Table 2). Stratification by mtDNA-CN quatrtile
revealed a consistent relationship between lower mtDNA-CN quartile and higher risk of
adverse stroke outcomes (Figure 2). Stroke patients in the lowest quartile had greater odds

of being classified in a higher mRS stratum (OR=1.40; 95% CI, 1.15-1.71; P=0.001),
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having poor functional outcome (OR=1.51; 95% CI, 1.11-2.04; P=0.01), and mortality

(OR=2.09; 95% ClI, 1.34-3.25; P=0.001) compared to stroke patients in the highest quartile

(S. Table 3; Figure 2).
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Figure 2. mtDNA-CN is associated with 1-month prognosis after stroke. (A) Stacked bar

plots illustrate the proportion of individuals belonging to (i) ordinal mRS, (ii) functional
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outcome status, and (iii) mortality categories per mtDNA-CN quartile. (B) Forest plots
convey the association between mtDNA-CN quartile and post-stroke outcomes with the
fourth quartile as the reference for comparison.

To further assess the robustness of mtDNA-CN-outcome associations, we
performed subgroup analyses stratifying by primary stroke type, sex, age, country income
level, and education level. Directionally consistent associations were observed across all
subgroups for both poor functional outcome and mortality statuses with no significant
heterogeneity between subgroups detected (Cochran Q Heterogeneity P > 0.10; Figure 3;
S. Table 4).

A) Poor Functional Outcome Status

Subgroup N(outcome) N(non-outcome) OR (95% CI) Het P
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119
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Figure 3. Subgroup analyses for mtDNA-CN associations with 1-month post-stroke
outcomes including (A) poor functional outcome (MRS 3-6) and (B) mortality status.
Except for the subgroup variable used to stratify, regression models were adjusted for age,
sex, region, education level, country income level, household income level, primary stroke
type and OCSP classification, Charleson comorbidity index, cardiovascular risk factors,
pre-stroke disability, and baseline mRS.

Lastly, we assessed whether incorporation of mtDNA-CN improved prediction of
post-stroke outcomes beyond known prognosticators, risk factors, and demographic
characteristics. Addition of mtDNA-CN led to significant improvements in reclassification
of functional outcome status (Net Reclassification index (NR1)overan=0.16; 95% CI, 0.08-
0.23; P=3.6x107°) and mortality status (NRloverai=0.31; 95% CI, 0.19-0.43; P=1.7x10").
For both outcomes, NRI improvement was attributable to better reclassification of events
(NRIpoor outcome=0.20; 95 % CI, 0.15-0.26; P=4.3x1022; NRIpeain=0.33; 95% CI, 0.22-0.44;
P=3.4x10"°) as opposed to non-events (NRIravourable outcome=-0.05; 95% Cl, -0.09 to -0.001;
P=0.045; NRIaiive=-0.02; 95% ClI, -0.06 to 0.02; P=0.30) (S. Table 5).

Low mtDNA-CN is a putative causal risk factor for 3-month stroke outcomes
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Using the UKBiobank and GISCOME studies (independent of INTERSTROKE),
we found that genetically low mtDNA-CN was significantly associated with worse 3-month
outcomes after stroke quantified by the ordinal mRS (OR=2.35 per SD decrease in
genetically predicted mtDNA-CN; 95% CI, 1.13-4.90; P=0.02) and poor functional
outcome (OR=2.68; 95% CI, 1.05-6.86; P=0.04) (Figure 4; S. Table 8). For all analyses,
there was no significant evidence of directional pleiotropy (MR-Egger intercept P > 0.05),
nor global heterogeneity (Cochran Q and MR-PRESSO global test P > 0.05). Results were
also directionally consistent when using other MR methods (weighted median and MR-
Egger) (S. Table 8). As buffy coat mtDNA-CN is known to be correlated with immune cell
counts, we also performed MR analyses for blood cell traits. Despite sufficient instrument
strength for neutrophil (F=100), platelet (F=154), lymphocyte (F=108), total white blood
cell counts (F=106) and the neutrophil to lymphocyte ratio (F=61), none were significantly

associated with 3-month outcomes (Figure 4; S. Table 9).
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Figure 4. Genetic predisposition to low mtDNA-CN, but not blood cell counts, is
associated with higher risk of 3-month outcomes after stroke. Effect estimates for mtDNA-
CN are expressed per 1 SD decrease in genetically predicted mtDNA-CN, whereas those
for blood cell traits were expressed per 1 SD increase in genetically predicted blood cell
counts (or neutrophil to lymphocyte ratio). Causal effect estimates obtained by the inverse
variance weighted method are displayed as there was no significant heterogeneity or
directional pleiotropy detected for any analysis (S. Tables 6 & 7).
Discussion

Our study represents the first international multicenter exploration of buffy coat
mtDNA-CN as a potential prognosticator of post-stroke outcomes. First, lower buffy coat
mtDNA-CN measured within one week post symptom onset correlated with functional and
clinically relevant stroke severity indicators such as higher mRS and reduced
consciousness. Second, lower buffy coat mtDNA-CN was associated with greater risk of
poor functional outcome and death at 1-month follow-up, which were consistent across
primary stroke type, sex, age, country income level, and education level strata, as well as,
independent of baseline stroke severity. Third, in addition to being a strong predictor of
mortality with a magnitude of effect comparable to, if not stronger than, age, the inclusion
of buffy coat mtDNA-CN improved the prediction of functional outcome and death. Fourth,
MR analysis provided support for low buffy coat mtDNA-CN as a causal mediator of 3-
month mRS and poor functional outcome status. Altogether, our findings confirm the
hypothesis that low buffy coat mtDNA-CN is a biomarker and mediator of worse stroke

prognosis.
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The main clinical implication of our study is that buffy coat mtDNA-CN may
represent a useful prognostic marker of post-stroke outcomes. First, buffy coat mtDNA-CN
is a blood biomarker of post-stroke outcomes that does not suffer from inter-rater variability
and is not influenced by a patient’s communication deficit. Second, the mtDNA-CN-
outcome associations are consistent across stroke type, sex, age, country income level,
education level, and baseline severity, which positions mtDNA-CN to have widespread
utility across stroke patients globally. To our knowledge, we provide the first evidence
suggesting that low mtDNA-CN may have consistent effects in both ischemic and
hemorrhagic stroke patients. This is particularly relevant for health systems in low-income
settings, which bear a disproportionate global burden of hemorrhagic stroke'3, though
further analyses in larger samples of hemorrhagic stroke patients are warranted to confirm.
Third, low mtDNA-CN represents a strong risk marker with effects comparable to
established prognosticators including older age. Moreover, the observed effect for mtDNA-
CN on mortality is also comparable to that of carrying an APOE €2 allele, which confers a
1.5-fold increased risk of 3-month mortality in intracerebral hemorrhage patients and is
present in approximately 15% of the population®*. For comparison, we found that stroke
patients in the bottom 15% of mMtDNA-CN levels had a 1.6-fold increased risk of 1-month
mortality (OR=1.57; 95% CI, 1.13-2.17; P=0.007) relative to the remaining 85%
participants with higher mtDNA-CN levels. Fourth, mtDNA-CN is an easily accessible
biomarker as (i) it can be measured from peripheral blood after stroke, (ii) the assay
necessitates only basic molecular laboratory techniques (QPCR), and (iii) the cost per

sample is low (< $5 USD). Logistic and operational convenience combined with evidence
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for robust, objective, and strong prognostic utility raises the promising prospect of
implementing MtDNA-CN clinically; however, replication of such findings in a
prospective analysis in addition to formal economic analyses in various settings is
warranted.

Findings from MR analyses suggest that proper mtDNA regulation may be
imperative for stroke protection and recovery, which aligns with animal model experiments
demonstrating an important role for mtDNA-CN regulators in mediating protection against
ischemia reperfusion injury. For example, reoxygenation of rodents with acute kidney
injury induces the formation of excessive mitochondrial reactive oxygen species,
accompanied by a sharp decline in mtDNA-CN levels?. In addition, genetic upregulation
of the mtDNA replication initiation factor, TFAM, is sufficient to rescue this acute drop in
mtDNA-CN levels thereby attenuating ischemia reperfusion injury. In the context of stroke
models, mice with transient middle cerebral artery occlusion exhibit excessive cleavage of
OPAL, another important mtDNA regulator, and treatment with either a cleavage-resistant
form of OPA1 or mild overexpression of OPALl markedly reduces infarct volume and
neuronal apoptosis?>*, In conjunction with prior mechanistic studies, our epidemiological
and genetic findings contribute to the mounting evidence that maintaining adequate
MtDNA-CN may mediate cellular resilience to ischemic insults. Furthermore, consistent
epidemiological associations in hemorrhagic stroke patients suggest that mtDNA-CN may
protect against stroke injury through general mechanisms pertinent to both etiologies (e.g.

blood brain barrier disruption, neuroprotection, inflammation, etc.)*®. Future MR analyses
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and experiments are necessary to elucidate the effects of mtDNA-CN perturbation on post-
stroke outcomes in the hemorrhagic context specifically.

Our study had several limitations. First, as INTERSTROKE was a large
international case-control study, measures of baseline stroke severity (NIHSS) and
outcome (3-month mRS) that are common in smaller stroke research studies were
substituted with baseline mRS and 1-month mRS for feasibility, respectively, as was done
in Langhorne et al. (2018). The interchangeability of such measures has been validated in
previous independent studies showing high correlation between baseline NIHSS and mRS
(r=0.69) and between 1-month and 3-month mRS (r=0.87; weighted kappa agreement =
0.86)°"28, Second, complete blood cell counts were not measured in INTERSTROKE
participants; thus, we cannot directly evaluate to what extent blood cell counts influence
observational associations with post-stroke outcomes. However, our genetic analyses
suggest that mtDNA-CN may have a direct role in stroke prognosis independent of changes
in blood cell counts since (i) MDNA-CN GWAS effects had already been adjusted for
major cell count determinants of mMtDNA-CN levels (neutrophil, white blood cell, and
platelet counts) and (ii) no significant association was observed for genetically determined
immune cell counts per se. Nonetheless, the genetic determinants of post-stroke immune
cell changes may differ from those influencing variation in cell counts within the general
population as suggested by results from Torres-Aguila et al. (2019)%®. Third, although
associations were corrected for a crude surrogate of infarct volume (OCSP classification),
direct measurements of infarct and hematoma volumes were not available. Fourth,

survivorship bias may have led to conservative effect estimates as INTERSTROKE cases
125



included patients surviving to hospital admission, and consequently, patients with severe,
early fatal strokes were not represented. Finally, MR analyses were limited by the following
considerations: (i) causal effect estimates were imprecise and were accompanied by large
confidence intervals though these were consistent in direction-of-effect with
epidemiological associations, (ii) although sensitivity analyses did not show significant
evidence of heterogeneity, directional pleiotropy, or outlying effects, it is impossible to
completely exclude bias due to potential pleiotropy, (iii) mortality and hemorrhagic stroke
outcomes could not be evaluated directly for lack of GWAS summary statistics, and (iv)
analyses were solely based on European participants.
Conclusions

Low buffy coat mtDNA-CN measured within one week of symptom onset
represents an accessible and robust biomarker of both stroke severity and prognosis. MR
findings suggest that low mtDNA-CN may mediate post-stroke outcomes. Additional
investigations are warranted to replicate such findings in additional populations, to
establish the temporal profile of post-stroke mtDNA-CN changes in more detail, and to
assess whether compounds that maintain mtDNA-CN levels after cerebral insult hold
promise as a novel therapeutic strategy.
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CHAPTER 6: DISCUSSION

6.1 GENERAL OVERVIEW

Despite current treatments, stroke risk remains high thus emphasizing the need to
discover new drug targets. By their very definition, stroke biomarkers have clinical utility
for stroke risk assessment, prognostication, or treatment response, but their latent value is
that a subset of biomarkers are causal mediators of disease, thereby representing putative
therapeutic targets. Throughout this thesis, we used MR analysis to identify circulating
markers that also represent putative causal mediators. In Chapter 3, we systematically
interrogated the blood proteome and uncovered established drug targets and novel putative
mediators. Chapters 4 and 5 were devoted to investigation of an emerging mitochondrial
biomarker, leukocyte mtDNA-CN. Specifically, Chapter 4 provided insights into the
genetic architecture of leukocyte mtDNA-CN and fulfilled the first step of MR, which is to
identify a subset of genetic variants associated with exposure in question. Using these
identified mtDNA-CN-qTLs, Chapter 5 elucidated a role for mtDNA-CN as a predictor and
causal risk factor for post-stroke outcomes. Altogether, this thesis identifies several
potential therapeutic targets for stroke using the MR framework. In the subsequent sections,
we will (i) highlight the main findings from each chapter, (ii) outline the biological, clinical,
and research implications of these works, (iii) discuss new relevant literature and additional
considerations to contextualize findings, and (iv) describe strengths, limitations, and future

areas of investigation.
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6.2 CHAPTER SUMMARIES
6.2.1 STUDY 1 (CHAPTER 3) SUMMARY

A systematic MR screen of 653 circulating proteins identified putative causal
roles for previously established (ABO, CD40, FXI, LP(a), MMP12) and novel (SCARAS5,
TNFSF12) proteins mediating ischemic stroke risk. Forecasting potential adverse side-
effects, MR analysis revealed that if TNFSF12 was therapeutically targeted for ischemic
stroke reduction, then this would also be accompanied by increased intracranial bleeding.
Agnostic phenome-wide MR analyses identified 71 secondary associations with diseases,
indicating substantial pleiotropic effects. Phenome-wide MR findings provided some
reassurance of the safety of emerging therapeutic targets, FXI and LPA, for which
inhibitors are currently undergoing phase Il RCTs. Lastly, MR analyses suggest that
SCARADS may be a promising therapeutic target for treatment of cardioembolic stroke
with no adverse side-effects on intracranial bleeding or other diseases detected.
6.2.3 STUDY 2 (CHAPTER 4) SUMMARY

To enable large-scale genetic investigations of mMtDNA-CN, we first developed and
validated a novel method, “AutoMitoC”, to infer mtDNA-CN from widely accessible
genetic array data and then applied it to 395,781 participants from the UKBiobank study.
Genetic analyses (genome-wide and exome-wide association studies) identified 71 loci,
implicating genes involved in rare mtDNA depletion disorders, dNTP metabolism, and the
mitochondrial central dogma. mtDNA depletion syndromes are rare genetic disorders
characterized by severely low mtDNA-CN, and novel strategies to increase mtDNA levels

may benefit these patients who currently have no treatments. Analysis of rare variants
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revealed that rare protein-altering mutations in SAMHD1 were associated with higher
mMtDNA-CN levels, thus representing a potential therapeutic target for mtDNA depletion.
Conversely, we also found that SAMHD1 mutation carriers had approximately two-fold
greater risk of breast cancer. Finally, MR analysis identified a causal relationship between
genetically low mtDNA-CN and increased risk of dementia.
6.2.4 STUDY 3 (CHAPTER 5) SUMMARY

We performed the first global characterization of mtDNA-CN as a prognosticator
for stroke outcomes in 3,498 stroke patients from the INTERSTROKE study. Lower
mtDNA-CN measured within one week of symptom onset correlated with several stroke
severity indicators at baseline. Independent of baseline stroke severity, lower mtDNA-CN
was also associated with worse prognosis at 1-month including higher risk of poor
functional outcome (MRS 3-6 vs. 0-2) and mortality. Notably, the magnitude of the
mtDNA-CN effect was comparable to that of established prognosticators, such as older age
and APOE &2 carrier status. Addition of mtDNA-CN to statistical models significantly
improved event reclassification of poor functional outcome and mortality. MR analysis
supported a causal relationship between genetically low mtDNA-CN and worse 3-month
functional outcomes.
6.3 SIGNIFICANCE OF FINDINGS
6.3.1 CLINICAL IMPLICATIONS

The major clinical significance of this work is the identification of several novel
therapeutic candidates to potentially ameliorate stroke risk and progression. Chapter 3

revealed circulating TNFSF12 and SCARADS as putative causal mediators of cardioembolic
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stroke. Chapter 5 uncovered a causal link between low leukocyte mtDNA-CN and worse
post-stroke outcomes, implying that interventions that upregulate or maintain mtDNA-CN
levels during stroke may help reduce stroke severity and improve functional recovery. For
example, SAMHDL inhibition as suggested by Chapter 4, could be a means of recovering
mMtDNA-CN levels. Altogether, such findings represent suggestive pre-clinical human
genetics evidence supporting a causal role of these molecules for stroke risk and outcomes.
Accordingly, substantial follow-up investigations are necessary to better understand the
underlying causative tissues and mechanisms that mediate the observed biomarker-stroke
relationships, as well as to assess practical aspects of drug development including
druggability, bioavailability, and drug delivery. Lastly, we also found that blood-based
mtDNA-CN is an accessible, robust, and objective marker of stroke severity and
progression in a globally representative sample of acute stroke cases. While it is tempting
to speculate that this marker may have widespread utility for risk stratification and disease
progression tracking, additional studies are necessary to assess whether mtDNA-CN
provides complementary prognostic utility to established and emerging markers, such as
cerebral microbleeds and circulating NFI. Lastly, we provide the first human genetics
evidence directly linking dysregulation of mtDNA-CN to worsening post-stroke outcomes.
6.3.2 BIOLOGICAL IMPLICATIONS

This work reinforces the prevailing notion that stroke biology is highly complex.
Numerous pathways are implicated by the identified causal mediators including
atherosclerosis (LP(a), CD40), thrombosis (ABO, FXI, LP(a), SCARADS), inflammation

(ABO, LP(a), TNFSF12), vascular and atrial remodeling (MMP12, TNFSF12), iron
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metabolism (SCARAS5, TNFSF12), and mitochondrial dysfunction (mtDNA-CN). Many of
these proteins participate in multiple processes relevant to stroke thus reflecting the
multifunctionality of individual proteins and widespread pleiotropy.

Similarly, GWAS and ExXWAS findings highlight the complexity of mtDNA-CN as
a mitochondrial biomarker. While historically perceived by some as a simple surrogate
measure to quantify cellular mitochondria content, genetic association results provide a
more nuanced understanding of what this biomarker represents implicating multiple
mitochondrial processes including mtDNA central dogma, nucleotide supply and
metabolism, mitochondrial respiration, mitochondrial biogenesis, and other mitochondrial
dynamics®. Additionally, GWAS results affirm a polygenic basis for mtDNA-CN since we
identified 71 genetic loci. To put this into perspective, this represents a 40% increase in our
knowledge of mtDNA-CN loci as compared to the next largest published GWAS?. The
polygenicity of mtDNA-CN also implies perhaps that milder polygenic forms of mtDNA
depletion may exist, though future studies are required to understand the aggregate effects
of polygenic dysregulation of mtDNA-CN and the mechanisms responsible for variant and
gene-based associations.
6.3.3. RESEARCH IMPLICATIONS

The frameworks, tools, and knowledge contributed by this thesis may help guide
future drug target prioritization initiatives for cerebrovascular disease, cognitive decline,
mitochondrial disorders, and other conditions. Chapter 3 conveyed a framework for how
MR can be broadly applied to several aspects of drug target evaluation, ranging from

systematic identification of candidate drug targets, safety adjudication and the elucidation
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of unexpected side-effects, and understanding mediating risk factors. Chapter 4 described
the primary methodological contribution of this thesis, namely, the development of
AutoMitoC, a pipeline to infer mtDNA-CN from SNP microarray intensities for large
multi-ethnic biobank studies. Our hope is that AutoMitoC serves the broader mitochondria
research community by enabling international collaborations to further interrogate the
genetic determinants of mtDNA-CN. Lastly, genome-wide summary statistics for the
UKBiobank mtDNA-CN GWAS will be made publicly available. This should facilitate
additional MR analyses to identify other complications of mtDNA-CN dysregulation akin
to what was performed for post-stroke outcomes in Chapter 5, and to find novel
interventions to modulate mtDNA-CN levels.

6.4 DISCUSSION OF PUTATIVE STROKE TARGETS

6.4.1 SCAVENGER CLASS A RECEPTOR MEMBER A5 (SCARADS)

SCARAS is an endocytic scavenger receptor that is widely expressed in the
epithelium of various tissues®*. As a class A endocytic receptor, SCARA5 mediates the
clearance of a wide repertoire of compounds from the stroma, and thus has important roles
in various biological processes including tumour suppression, innate immunity, iron
homeostasis, and hemostasis®°.
6.4.1.1 NEW STUDIES IMPLICATE SCARA5 AS ATHROMBOSIS REGULATOR

In Study 1 (Chapter 3), the link between circulating SCARAS and cardioembolic
stroke risk was speculated to be due to its function as a transporter of L-ferritin since
circulating iron is a causal risk factor for cardioembolic stroke. While this remains

plausible, new evidence supports a role for SCARAS in coagulation. Multiple GWAS
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analyses show that an intronic SCARAS cis-pQTL (rs2726927) is associated with venous
thromboembolism susceptibility, activated partial thromboplastin time (a measure of
clotting time), coagulation factor VIII (FVIII) levels, and von Willebrand Factor (VWF)
levels®1%12, Circulating VWF has a prominent role in hemostasis as a stabilizer of FVI1I and
an anchor for platelet adhesion to damaged parts of the endothelium. Recent experimental
evidence also corroborates a direct interaction between SCARAS and VWF with SCARA5S
acting as an endocytic receptor for VWF. Specifically, in vivo and in vitro rodent
experiments by Swystun et al. (2019) found that SCARAS expressed on the surface of
splenic littoral cells facilitated the clearance of circulating vVWF and FVIII (through VWF-
FVIII complexes)'®. Altogether, upregulation of SCARAS’s endocytic receptor activity
may represent a novel therapeutic strategy for mitigating cardioembolic stroke.
6.4.1.2 ADDITIONAL CONSIDERATIONS FOR THE INTERPETATION OF
SCARA5 MR RESULTS

While our UKBiobank-based MR analyses did not uncover side-effects of genetic
upregulation of SCARAGS for intracranial bleeding nor other diseases, further investigations
are required because (i) the MR analyses for SCARA5 were less well-powered in
comparison to other circulating mediators like LP(a) and thus it is possible that we lacked
adequate power to detect association with bleeding phenotypes, (ii) if stroke protection
conferred by SCARAS upregulation is indeed mediated through enhanced clearance of
VWE, then bleeding risk may be concerning as VWF deficiency causes bleeding diathesis,
and (iii) if stroke protection is partially mediated by removal of iron from circulation, then

an increased risk of anemia might be expected. As a counterargument to the second point,
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recombinant VWEF is available as an antidote for bleeding diathesis. Finally, it is important
to consider that the main MR finding implicated circulating SCARAGS levels, but the former
research literature has almost exclusively interrogated the endocytic activity of the
membrane-bound form*3,

6.4.2 TUMOR NECROSIS FACTOR LIGAND SUPERFAMILY MEMBER 12
(TNFSF12)

In Study 1 (Chapter 3), antagonistic effects were observed for the associations
between genetically determined TNFSF12 levels on ischemic and hemorrhagic stroke
subtypes. Specifically, higher TNFSF12 was associated with decreased risk of
cardioembolic stroke but increased risk of intracranial bleeding. Circulating TNFSF12 is a
multifunctional cytokine that acts primarily by binding to its membrane-bound receptor,
Fibroblast Growth Factor-Inducible 14 (Fn14). Activation of the TNFSF12/Fn14 axis
leads to the initiation of deleterious cellular signalling pathways including inflammation
(1L6), cell proliferation and infiltration (PI3K-AKT and MKK-ERK1/2), and extracellular
matrix remodeling (MMPs)4.
6.4.2.1 EMERGING EVIDENCE FOR TNFSF12 AS A PROGNOSTICATOR OF
POST-STROKE OUTCOME

Independent of hypertension, a recent series of investigations by Silva-Candal et al.
(2020; 2021) also suggest prognostic utility for circulating TNFSF12 levels as a biomarker
of acute and post-stroke outcomes'®®. These studies observed that higher circulating
TNFSF12 at hospital admission is associated with increased risks of (i) hemorrhagic

transformation among ischemic stroke patients, (ii) early hematoma expansion in
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intracerebral hemorrhage patients, and (iii) poor functional outcome 3-months after stroke
in both ischemic and hemorrhagic stroke patients*>*¢. Accordingly, these new associations
imply that the relationship between TNFSF12 and intracranial bleeding may be mediated
by additional mechanisms beyond hypertension alone which warrants further investigation.
6.4.2.2 ADDITIONAL CONSIDERATIONS FOR THE INTERPETATION OF
TNFSF12 MR RESULTS

Our phenome-wide MR analysis hinted that TNFSF12 may mediate stroke through
atrial fibrillation and hypertension. Indeed, a recent proteome-wide MR analysis for atrial
fibrillation replicated the causal protective effects of circulating TNFSF12 using an
independent dataset for atrial fibrillation®’. In terms of validation efforts for the relationship
between TNFSF12 and hypertension, this finding has yet to be replicated in an independent
dataset; however, it was reproduced in the same UKBiobank dataset by another research
group using different MR parameters
(https://www.epigraphdb.org/pgtl/ TNFSF12; TNFSF12-TNFSF13).

TNFSF12 upregulation has not been explored therapeutically, but RCTs have
assessed the safety and clinical efficacy of TNFSF12/Fn14 axis blockade with monoclonal
antibodies (BIIB023, RO-5458640) in the contexts of cancer, lupus nephritis, and
rheumatoid arthritis'®2°. While these studies were prematurely terminated due to a lack of
clinical efficacy, there is renewed enthusiasm for TNFSF12/Fn14 inhibition for treatment
of cardiovascular disease 4. Compelling evidence comes from Méndez-Barbero et al.
(2019) who observed that TNFSF12 is highly expressed in human coronary arteries with

in-stent restenosis, and that pharmacologic inhibition of the TNFSF12/Fnl4 axis
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ameliorates post-angioplasty restenosis in mice?'. Although it is enticing to speculate about
drug repurposing opportunities, importantly, our MR findings imply a potential adverse
effect of TNFSF12 blockade on atrial fibrillation risk. Moreover, given that the target
population would consist of cardiovascular disease patients, the concomitant cost of
increasing risk of a major cardiovascular risk factor, atrial fibrillation, should be carefully
considered.
6.4.3 MITOCHONDRIAL DNA COPY NUMBER (MTDNA-CN)
6.4.3.1 MTDNA-CN RECOVERY AS A POTENTIAL THERAPEUTIC AXIS FOR
CEREBROVASCULAR DISEASE

Low mtDNA-CN was identified as a causal mediator of both dementia (Study 2;
Chapter 4) and post-stroke outcomes (Study 3; Chapter 5) suggesting that interventions that
increase mtDNA-CN levels may represent a novel therapeutic strategy for these conditions.
As a corollary, drugs for mtDNA depletion disorders may be repurposed to prevent
dementia and attenuate post-stroke outcomes. Although there are no clinically accepted
treatments for mtDNA depletion, we will discuss emerging targets with pre-clinical
support.
6.4.3.2 NUCLEOSIDE-BASED SUPPLEMENTATION FOR TREATMENT OF
MTDNA DEPLETION

Nucleoside supplementation has been shown to replenish mtDNA levels in animal
models of MtDNA depletion in which genetic mutations cause deficiencies in nucleotide
metabolism enzymes that are critical for mtDNA synthesis 222, A phase I/ll RCT

(NCT03639701) is currently recruiting participants to test thymidine supplementation in
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patients with TK2-deficient mtDNA depletion syndrome?*. However, treatment efficacy is
likely restricted to individuals with genetic defects in thymidine metabolism, since
nucleoside supplementation was not found to alter mtDNA-CN levels in wildtype cells.
Another nucleotide-based compound with potentially broader application for
treating mitochondrial dysfunction secondary to mtDNA depletion is nicotinamide adenine
nucleotide (NAD)+. NAD+ is the well-known cofactor of the electron transport chain but
also has other roles in metabolism, cell death, and immunity?®. A drug library screen
searching for compounds to rescue the ATP deficit caused by mtDNA depletion identified
nicotinamide adenine nucleotide (NAD), the precursor to NAD+2. Specifically, NAD
supplementation rescues ATP deficits in both DGUOK and RRM2B CRISPR/Cas9
knockout iSPC-derived hepatocytes. Furthermore, in-depth functional analyses in
DGUOK-deficient hepatocytes revealed that administration of NAD rescues a broad range
of mitochondrial defects including oxidative stress, mitochondrial membrane potential
issues, and morphological aberrations. Also, oral administration of a NAD precursor,
nicotinamide riboside (NR), to DGUOK-deficient rats promoted the expression of mtDNA-
encoded electron transport genes and restored hepatic ATP levels in vivo. Beyond forms of
MtDNA depletion characterized by nucleotide metabolism defects (i.e. DGUOK, RRM2B,
and TK2), emerging evidence suggests that NAD+ upregulation may also be beneficial in
the context of other forms caused by mutations in the core mtDNA replication machinery.
For example, mitochondrial transcription factor A (TFAM) is responsible for initiating
mtDNA replication and organizing mtDNA into nucleoids. Oller et al. (2021) found that

mice with TFAM deficiency confined to vascular smooth muscle cells, develop aortic
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aneurysms; NR supplementation is sufficient to derepress TFAM expression and mtDNA-
CN levels thus reversing aortic aneurysm?’. Altogether, these findings indicate that NR
supplementation, a precursor to NAD and NAD+, as a potential treatment for mtDNA
depletion irrespective of the underlying genetic mutation.
6.4.3.3 EXPERIMENTAL EVIDENCE FOR NEUROPROTECTIVE EFFECTS OF
NAD+ UPREGULATION

In vitro and in vivo rodent experiments suggest that upregulation of the NAD+ axis
also protects against both ischemic and hemorrhagic stroke and that such neuroprotection,
in part, is mediated by key mitochondrial regulators. First, just as mtDNA-CN levels are
depleted after ischemic stroke, a similar drop in brain NAD occurs®®. Exogenous
supplementation of NAD+ restores DNA repair activity thereby mitigating ischemic cell
death in oxygen and glucose-deprived rat neurons 2. Second, nicotinamide
phosphribosyltransferase (NAMPT), the rate-limiting enzyme in the production of NAD+,
protects against cerebral injury and promotes neurogenesis after cerebral ischemia?®2°. In
rats with middle cerebral artery occlusion, pharmacological inhibition of NAMPT
exacerbates neuronal cell death and increases the size of infarcts. Conversely, NAMPT
overexpression overcomes these deficits by promoting neuronal survival via sirtuin-1-
mediated induction of AMPK, an upstream mitochondrial biogenesis activator 2. Third,
oxidative stress and neuroinflammation following experimentally induced intracerebral
hemorrhage in mice is rescued by acute administration (30-minutes post-stroke) of the
NAD precursor, nicotinamide mononucleotide (NMN) *. NMN-treated mice also exhibit

faster neurological recovery after intracerebral hemorrhage than those without treatment®°,
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Notably, NMN treatment promoted the expression of nuclear respiratory factor 2, a
gatekeeper of mitochondrial biogenesis®°.
6.4.3.4 CLINICAL TRIALS OF NAD+ SUPPLEMENTATION

NAD precursor supplementation as a therapy for age-related diseases such as
cardiometabolic disease, has garnered interest from academic and commercial sectors alike,
culminating in several early phase RCTs. These trials suggest that daily NAD precursor
supplementation (i) leads to persistent elevations in peripheral blood cell NAD+, (ii) is
well-tolerated with no serious adverse events, and (iii) demonstrates preliminary evidence
for protective vascular effects on blood pressure and arterial stiffness®:®2, The next phase
of RCTs is currently underway to test NAD precursor supplementation to ameliorate
progression of various diseases including but not limited to rare mitochondrial disorders,
dementia, mild cognitive decline, Parkinson’s disease, and stroke. In fact, one trial
(NCTO03432871) is investigating NR supplementation for individuals with mitochondrial
encephalopathy with lactic acidosis and stroke-like episodes ?*. To our knowledge, no trial
is currently planned to investigate NR supplementation in a series of mtDNA depletion
syndrome patients specifically, though this may be the next logical disease indication to
explore.
6.5 STRENGTHS, LIMITATIONS, AND FUTURE DIRECTIONS
6.5.1 STRENGTHS

The main strengths of this work are: (i) the use of MR analysis, a statistical genetics
framework robust to reverse causation and other types of confounding, to approximate

causal effects of biomarkers on disease risk, (ii) the dual and context-appropriate
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application of MR analysis to (a) screen circulating proteins with various biological
functions for causal mediators and (b) to verify the role of an emerging marker of
mitochondrial dysfunction with a strong biological prior to mediate stroke progression, (iii)
the incorporation of public datasets to expand the scope of testable biomarkers and to boost
statistical power to detect associations with disease, (iv) the sensitivity analyses and
validation efforts that were employed to ensure the robustness of findings (e.g. proteomics
technology-stratified MR analyses, benchmarking of AutoMitoC with gPCR-based
measurements, etc.), and (v) the breadth of study designs employed to interrogate causal
mediators of cerebrovascular disease (e.g. regression-based association testing, GWAS,
EXWAS, MR, etc.).
6.5.2 LIMITATIONS

In Study 1 (Chapter 3), we implemented a methodological framework to conduct
systematic proteome-wide MR screens for circulating protein mediators of stroke standing
on the shoulders of colleagues who deployed similar methods for the discovery of putative
causal mediators for heart disease, blood pressure, diabetes, and chronic kidney disease.
We extended this approach to an agnostic investigation of phenotypes to forecast potential
repurposing opportunities and adverse effects associated with target manipulation.
Although at the time of analysis, this represented an improvement of our lab’s existing
pipelines, there are several improvements that could be made now due to methodological
advances and new databases. First, colocalization analyses could be performed to provide
assurance that the same genetic signals responsible for changing biomarker levels also

accounts for changes in stroke susceptibility. Second, rather than assume that the effects of
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causal biomarkers on disease act via circulation, the integration of tissue-specific eQTL
data from the GTEXx database may aid in pinpointing causal tissues. One of the challenges
of interpreting biomarker MR analyses is tissue specificity. Because germline genetic
variants persist in all cell types, the association between genetically determined circulating
levels and disease outcomes may not be specific to blood. For example, the aforementioned
SCARAS cis-pQTL (rs2726927) that is associated with circulating SCARAS levels and
pro-thrombotic factors also influences SCARA5 expression in the spleen, subcutaneous
adipose tissue, and tibial nerve with concordant effect direction across all tissues.
(https://www.gtexportal.org/home/gene/SCARADS). Therefore, it is difficult to disentangle
the relevant and causal tissue through which SCARADS activity protects against stroke..
Third, replication of secondary effects identified by the phenome-wide MR analysis can
now be executed using newly available genome-wide and phenome-wide datasets, such as
those made available by the FinnGen consortia. Fourth, the druggability or tractability of
putative targets (e.g. whether there is a binding site or epitope on the target protein for small
molecule or antibody binding) could be considered; however, the advent of
oligonucleotide-based therapies that can down or up-regulate protein translation makes this
consideration less constraining.

General limitations of using MR analysis for drug target evaluation include (i)
potential for causal effects to act through alternative pathways apart from the target in
question (i.e. horizontal pleiotropy), (ii) uncertain validity of extrapolating lifelong genetic

effects for predicting the effects of pharmacological modulation, (iii) statistical power
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varies by biomarker due to differences in instrument strength, and (iv) the inability to
predict off-target side-effects of pharmacological interventions.
6.5.3 FUTURE DIRECTIONS FOR POTENTIAL THERAPEUTIC TARGETS
6.5.3.1 SCARAbS

Beyond independent replication of SCARA5 MR findings, there are several
investigations that could be pursued to better gauge the therapeutic potential of SCARADb.
First, there is a knowledge gap between our understanding of the membrane-bound vs.
circulating form of SCARADB, and thus it would be of particular interest to know whether
the circulating form has similar functions to its membrane-bound counterpart. For example,
a key question is whether circulating SCARAGS is also capable of facilitating endocytosis
of pro-thrombotic factors, and if not, then what are the ways in which SCARAS protects
against stroke? Second, elucidating the mechanisms through which circulating SCARAS is
generated may provide another angle for pharmacologic intervention. The generation of
circulating SCARA5 presumably involves proteolytic cleavage of membrane-bound
SCARA5, and notably, among the many predicted cleavage sites
(https://web.expasy.org/cgi-bin/peptide_cutter/peptidecutter.pl) is a site for coagulation
FXa, the pharmacological target of several anticoagulants (e.g. Rivaroxaban). Third, animal
model experiments are warranted to directly test the effects of SCARAS upregulation on
stroke risk and key side-effects, such as bleeding and iron deficiency.

6.5.3.2 TNFSF12
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Although results suggest an unfavourable safety profile if TNFSF12 were to be
directly targeted for stroke prevention, they still point towards a causal pathway potentially
amenable to therapeutic targeting. Delving into downstream targets of TNFSF12 may
provide a new source of targets with a more specific effect on stroke risk and favourable
safety profile. This could be accomplished by performing a candidate MR analysis of all
known downstream targets of TNFSF12 based on protein-protein interaction and pathway
databases. Also, recent biomarker studies allude to TNFSF12 as a novel biomarker for post-
intracerebral hemorrhage outcomes. Accordingly, subsequent MR analyses may be useful
to help clarify whether these associations are causal, analogous to what was done for
mtDNA-CN and post-ischemic stroke outcomes.
6.5.3.3 MTDNA-CN RECOVERY FOR STROKE PROTECTION

In conjunction with animal model experiments, our findings suggest that restoring
mtDNA-CN during the acute phase of stroke may be a novel therapeutic angle to attenuate
post-stroke outcomes. Awaiting the results of preliminary NAD precursor trials, these will
inform their safety in stroke patients specifically. Once confirmed, it may be conceivable
to plan an efficacy trial investigating post-stroke NAD precursor supplementation to
improve functional outcomes after stroke. To our knowledge, no trial has been proposed to
test this specific hypothesis. Beyond clinical testing, additional experimental studies could
be performed to further examine the relationship between cellular mtDNA content and
existing neuroprotective mechanisms involving mitochondria. For example, although
MtDNA depletion abolishes pro-survival signals normally elicited by horizontal

mitochondrial transfer in cancer cell lines®, there are no analogous investigations in oxygen
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and glucose-deprived neurons or animal models. Moreover, the dependency of intercellular
mitochondrial transfer on mtDNA levels has not been explored beyond the aforementioned
study. This is a key missing link that could connect not only mtDNA regulation to post-
stroke neuronal resiliency but also mtDNA regulation to cellular resilience in general.
6.5.3.4 NEW HORIZONS FOR MTDNA-CN RESEARCH

Most epidemiological investigations (including the present work) have examined
mtDNA content of aggregate immune cell populations from whole blood or buffy coat
(Figure 6.1). As such, single-cell mtDNA-CN profiling will aid in pinpointing relevant cell
populations that contribute to neuroprotection. Also, extracellular sources of circulating
mtDNA-CN are relatively understudied but initial studies suggest a strong link with stroke
pathophysiology. Extracellular mtDNA-CN consists of (i) free-floating and metabolically
active mitochondria that may be horizontally transferred during diseases states to protect
against injury, (ii) extracellular vesicles (microvesicles and exosomes) containing whole
mtDNA genomes that are believed to participate in similar cytoprotective intercellular
signalling mechanisms, (iii) and free-circulating mtDNA extruded from immune cells is
characteristic of the damage associated molecular patterns that instigates IL1(3-1L6-
mediated inflammation34. Ultimately, deeper profiling of intracellular sources of mtDNA-
CN will aid in clarifying the associations identified in the present work (Studies 1 and 2;
Chapters 4 and 5), and comprehensive profiling of extracellular mtDNA-CN is an exciting
potential source of new stroke biomarkers as they likely capture distinct mitochondrial

processes relevant to stroke pathophysiology.

153



Plasma

lil!lil[tilill

Buffy coat (WBC + Platelet)

Red Blood Cells

Extracellular
mitochondria

Neutrophils
(mitochondria poor)

Extracellular
Other White Blood Cells vesicles

(intermediate mitochondria density)

Free circulating

Platelets mtDNA

(mitochondria rich)

Figure 6.1. Sources of mtDNA-CN within whole blood. Created with

https://biorender.com/.

6.6 CONCLUSION

Genomic, proteomic, and phenotypic datasets were integrated to elucidate putative

circulating mediators of stroke risk and post-stroke outcomes. First, we conducted the

largest MR screen of the circulating proteome for ischemic stroke mediators and identified

two novel targets, TNFSF12 and SCARAS. Second, to understand the genetic determinants

of an emerging mitochondrial biomarker in mtDNA-CN, we first devised a novel pipeline

for array-based estimation tailored for large, multiethnic biobank studies. Third, using this

pipeline, we carried out the largest and most comprehensive genetic association study for

MtDNA-CN to date and increased the number of known loci by 40%. Fourth, we used a
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subset of identified loci as genetic instruments to approximate genetically determined
mtDNA-CN levels and provided the first MR evidence supporting causal roles for low

mtDNA-CN in potentiating elevated risk for dementia and worse post-stroke outcomes.
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Supplemental Tables

Supplemental Table 1. Characteristics of individual biomarker GWAS used for genetic instrument selection

Number of . .
L GWAS ; Biomarker Blood Fraction
Reference Study Cohort(s) | Cohort Description Sample Size Biomarkers Assay Tested
Analyzed
2019:6323 Bio-Rad Bio-Plex
‘ : Pro Human
Ahola et . YFS ; FINRISK Population-based 41 Cytokine 27-plex | Serum ; Plasma
(2017) cohort studies
(8332) and 21-plex
assays
Observational study of
Folkersen et al. individuals with 3+ O-link ProSeek
(2017)2 IMPROVE CVD risk factors but 3394 83 CVD Array | Plasma
no symptoms
Randomized
controlled trial for Myriad RBM
Sjaarda et al. secondary CVD Human Explorer
(2018)° ORIGIN prevention in diabetic ara7 221 Multi-Analyte Serum
and pre-diabetic Profile
individuals
Population-based 997,338
Suhre et al. . A cohort study ; Cross- SOMAScan assay
(2017y* KORA F4; QMDiab sectional case-control 124 V3.2 Plasma
study of diabetes (1335)
Randomized
controlled trial of
S&% f;)i’ INTERVAL varying blood donation 3301 2994 ?Eoye"nﬁ;fj“;:ns;{ Plasma
intervals in overall
healthy individuals
Total - 20509 3090* - -

*Number of unique biomarkers measured
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Supplemental Table 2. Genetic instruments used at each stage of the study for identified biomarkers

Stage 1

SNPs
Stage 2

Stage 3

owx»

rs116842520,rs139744322,rs144596390,rs886017,rs1180707
31,rs117338100,rs78338045,rs7027827 rs35637464,rs48620
97,rs10901239,rs11793170,rs140167248,rs7039497 rs14180
8149,rs75218086,rs117329881,rs71503180,rs78755596,rs12
216891,rs138374634,rs8176704,rs2073826 rs66697526,rs63
3862,r555988407,rs9650778,rs183853102,r561751475,r5192
308651,rs2285488,rs36218903,rs36221449,rs36221464,rs65
5911,rs41297217 rs34008151,rs3124758,rs73550898

rs10901239,rs116842520,rs117338100,r511793170,rs11796539
6,rs118070731,rs12216891,rs138374634,rs140167248,rs14180
8149,rs144596390,rs 145834222 rs149181677,rs 150258577 rs1
92308651,rs2073826,rs2285488,rs3124758,rs34008151,rs3402
1886,rs36218903,rs36221449,rs36221464,rs3761824 rs412972
17.rs4962095,rs535015446,rs55988407,rs611983,r56 17514751
s633862,rs655911,rs66697526,rs7032208,rs7039497 rs7148320
6,rs71503180,rs73550898,rs78338045,rs8176704,rs9650778

rs10901239,r5116842520,rs117338100,r511793170,r511796539
B,rs118070731,rs12216891,rs138374634 ,rs140167248,rs14 180
8149,rs144506390,rs145834222 rs149181677,rs 150258577 rs1
92308651,rs2073826,rs2285488,rs3124758,rs34008151,rs3402
1886,rs36218903,rs36221449,rs36221464,rs3761824 rs412972
17,rs4962095,rs535015446,rs55088407,rs611983,r561751475,r
s633862,rs655911,rs66697526,rs7032208,rs7039497,rs7 148320
8,rs71503180,rs73550898,rs78338045,rs78755596,rs8176704 1
s90650778

rs7267285,rs139518651,rs139824725,rs117871956,rs 144858
460,rs6073990,rs79522550,rs17344810,rs 766597 19,rs10093
73,rs1569723,rs62215622,rs2024571,rs6074041,rs6124768 r
52425754, rs6065932,rs74495637,rs117606004,rs118018871,
rs2425780,rs117967218,rs75838841

rs1008373,rs117606004,rs117871856,rs117967218,rs11801687
1,rs139518651,rs139824725,rs 144858460 rs1569723,rs173448
10,rs2024571,rs2425754,rs2425780,rs6085932,rs8073990,rs60

74041 rs8124768,rs62215622 rs7267295,rs74495637 rs758388
41,rs76659719,rs78522550

rs1009373,rs117606004,rs117871956,r5117967218,rs11801687
1.rs138518651,rs139824725,rs144858460,rs1569723,rs 173448

10,rs2024571,rs2425754,rs2425780,rs6065932,rs6073990,rs60

74041,rs8124768,rs62215622 rs7267295,rs74495637 rs758388
41,rs76659719,rs79522550

wam orOO

rs4862658,rs7T687961,rs4253248,rs4253406,rs2289252 rs486
2674

rs2289252,rs4253248,rs4253406,rs4862674,rs7687 961

rs2289252,rs4253248,rs4253406,rs4862674 rs7T687 961

>Tor

rs62440365,r5146184004,r53004079,rs140481741,rs8364552
rs138799654,rs78439586,rs188839402,rs2457574,rs 112376
176,rs13213129,r512214416,rs4708871,rs7761283,rs557304
99,rs41272078,rs73596816,rs80145669,rs117174672,rs6905
073,rs41269876,rs2115868,rs186696265,rs783144,rs187158
158,rs1819138,rs783147,r51317026,rs4252193,r510945689 1
5139699952,rs75991207

rs10945689,rs112376176,rs116881261,rs117174672,rs1221441
6,rs1317026,rs13213129,rs138799654,rs 139699952, rs 1404817
41,rs146184004,rs1819138,rs186696265,rs189839402,rs21158
68,rs2457574,rs3004079,rs34498812,rs41259144,rs412689876,r
541272078,rs41272114,rs4252193,rs4708871,rs55730499,rs624
40365,rs6805073,rs73596816,rs75991007 rs7761293,rs783144,
rs783147 rs78439586,rs80145669,rs9364552

rs10945680,r5112376176,rs116881261,rs117174672,rs1221441
B,rs1317026,rs13213120,rs138799654 rs 139690952, rs 1404817
41,rs146184004,rs1819138,rs186696265,rs189839402,rs21158
68,rs2457574,rs3004079,rs34498812,rs41259144,rs4 1269876 1
s41272078,rs41272114,rs4252193,rs4708871,rs55730499,rs624
40365,rs6805073,rs73506816,rs75991007,rs7761293,rs783144,
rs783147 rs78439586,rs80145669,rs9364552

rs112743271,rs2845675,rs35231465,rs11225397,rs3758861 r
s118080914,rs1938896,rs17293152 rs470155,rs17359230,rs
17860962,rs17878905,r517881127,r517885595,rs552306,rs1
7360292,rs112246582,rs114176245,rs613804,rs11225446,1s
1892971,rs112759287 rs17860561,rs184540219 rs 10781805,
rs2155240,rs685286,rs11225507,rs151104286,rs11822520,rs
117674362,rs186287714,rs4430479

rs10791605,rs112246582,rs11225397,rs11225507 rs112743271
Jrs112759287,rs114176245,rs117674362,rs118090914,rs11822
520,rs147031000,rs151104286,rs17293152,rs17359230,rs1736
0292,rs17860561,rs17860962,rs17878905,rs17881127,rs17885
595,r5184540219,rs186287714,rs1892971,rs1938896,rs194093
7,rs2155240,rs2845675,rs35231465,rs3758861,rs4430479,rs47
0155,rs471994,rs552308,rs570662,rs6 13804 rs685286

rs10791605,rs112246582,rs11225397,rs11225507 rs112743271
rs112759287,rs114176245,rs117674362,rs118090914,rs11822
520,rs147031000,r5151104286,rs17293152,rs17359230,r51736
0292,rs17860561,rs17860962,rs17878905,rs17881127,rs17885
595,rs184540219,rs186287714,rs1892971,rs1938896,rs194093
7.rs2155240,rs2845675,rs35231465,rs3758861,rs4430479 rsd7
0155,rs471994,rs552308,rs570662,rs613804,rs685286

rs17384485,rs62498000,rs113456903,rs79124402,rs4732771
rs2726981,rs2685363,rs78282380,rs11994699,rs7831934.rs
132689809,rs60047958,rs62496853,rs3757895

rs113456903,rs11994609,rs13268989,rs17384485,rs2685363,rs
2726981,rs3757895,rs4732771,rs60047958,rs62496853 rs6249
8000,rs78282380,rs7831934,rs79124402

rs113456903,rs11994699,rs13268089,rs17384485 rs2685363,rs
2726981,rs3757895,rs4732771,rs60047958,rs62496853 rs6249
8000,rs78282380,rs7831934,rs79124402

NoaTmMoTMZAlODIBPON NSO

rs6503016,rs12937133,rs72842814,rs33989543,rs99064 16,rs
11078691,rs12948869,rs6608,rs150836621,rs1641511,rs161

4984,rs2078486,rs118081933,rs3803802,rs12451505,rs5633
2843,rs117646332

rs11078691,rs117646332,rs118081933,rs12451505,rs12948869
rs150836621,rs1614984.rs1641511,rs181975550,rs2078486,rs
33989543,rs3803802,rs56208519,rs62062613,rs6608,rs728428
14,rs9906416

rs11078691,rs117646332,rs118081933,rs12451505,rs12948869
.rs150836621,rs1614984,rs1641511,rs181975550,rs2078486.rs
33989543,rs3803802,rs56206519,rs62062613,rs6608,rs728428
14,rs9906416

SNP = single nucleotide polymorphism; ABO = Histo-blood group ABO system transferase; CD40 = cluster of

differentiation 40; F11 = coagulation factor XI; LPA = apolipoprotein(a); MMP 12 = matrix-metalloproteinase-12; SCARA5 =

scavenger receptor class A5; TNFSF12 = tumour necrosis factor-like weak inducer of apoptosis.
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Supplemental Table 3. 679 disease traits analyzed in the Phe-MR analysis (Adapted from Zhou et al., 2018)®

Full table available here:
https://www.ahajournals.org/action/downloadSupplement?doi=10.1161%2FCIRCULATI
ONAHA.119.040180&file=circ_circulationaha-2019-040180_suppl.pdf

163

I . Number of | Number of Number of
PheCode | Phenotype Description | Disease Category excluded
cases controls
controls

401 Hypertension circulatory system 77,977 330,366 618
4011 Essential hypertension circulatory system 77,723 330,366 872
550 Abdominal hernia digestive 47,344 361,617 0
785 Abdominal pain symptoms 41,316 367,645 0
716 Other arthropathies musculoskeletal 38,715 365,819 4,427
716.9 Arthropathy NOS musculoskeletal 37,043 365,819 6,099

Disorders of lipid
272 metabolism endocrine/metabolic 35,927 373,034 0
530 Diseases of esophagus digestive 35,852 369,275 3,834
2721 Hyperlipidemia endocrine/metabolic 35,844 373,034 83
272.11 Hypercholesterolemia endocrine/metabolic 33,242 373,034 2,685

Esophagitis, GERD and
530.1 related diseases digestive 32,108 369,275 7,578
418 Nonspecific chest pain circulatory system 31,429 377,532 0
411 Ischemic Heart Disease circulatory system 31,355 377,103 503 |
535 Gastritis and duodenitis digestive 28,941 378,124 1,896
306 Other mental disorder mental disorders 28,791 365,476 14,694
740 Osteoarthrosis musculoskeletal 28,439 380,522 0

Diverticulosis and
562 diverticulitis digestive 27,311 334,783 46,867 |
562.1 Diverticulosis digestive 27,268 334,783 46,910
550.2 Diaphragmatic hernia digestive 27,126 361,617 20,218
495 Asthma respiratory 26,332 375,505 7,124
427 Cardiac dysrhythmias circulatory system 24,681 380,919 3,361

Other symptoms/disorders
599 or the urinary system genitourinary 24,031 384,930 0


https://www.ahajournals.org/action/downloadSupplement?doi=10.1161%2FCIRCULATIONAHA.119.040180&file=circ_circulationaha-2019-040180_supp1.pdf
https://www.ahajournals.org/action/downloadSupplement?doi=10.1161%2FCIRCULATIONAHA.119.040180&file=circ_circulationaha-2019-040180_supp1.pdf

Supplemental Table 4. List of 653 biomarkers examined in the primary MR screen for ischemic stroke mediators

| Gene | Uniprot ID | Description
Histo-blood group ABO system transferase (Fucosylglycoprotein 3-alpha-galactosyltransferase)
(Fucosylglycoprotein alpha-N-acetylgalactosaminyltransferase) (Glycoprotein-fucosylgalactoside alpha-N-
acetylgalactosaminyltransferase) (EC 2.4.1.40) (Glycoprotein-fucosylgalactoside alpha-galactosyltransferase)
(EC 2.4.1.37) (Histo-blood group A transferase) (A transferase) (Histo-blood group B transferase) (B transferase)

ABO P16442 (NAGAT) [Cleaved into: Fucosylglycoprotein alpha-N-acetylgalactosaminyltransferase soluble form]
Angiotensin-converting enzyme (ACE) (EC 3.2.1.-) (EC 3.4.15.1) (Dipeptidyl carboxypeptidase |) (Kininase Il) (CD
ACE P12821 antigen CD143) [Cleaved into: Angiotensin-converting enzyme, soluble form]

Low molecular weight phosphotyrosine protein phosphatase (LMW-PTP) (LMW-PTPase) (EC 3.1.3.48)
(Adipocyte acid phosphatase) (Low molecular weight cytosolic acid phosphatase) (EC 3.1.3.2) (Red cell acid

ACP1 P24666 phosphatase 1)
Tartrate-resistant acid phosphatase type 5 (TR-AP) (EC 3.1.3.2) (Tartrate-resistant acid ATPase) (TrATPase)
| ACP5 | P13686 | (Type 5 acid phosphatase)
ADA2 QINZKS Adenosine deaminase 2 (EC 3.5.4.4) (Cat eye syndrome critical region protein 1)
Disintegrin and metalloproteinase domain-containing protein 23 (ADAM 23) (Metalloproteinase-like, disintegrin-
| ADAM23 | 075077 | like, and cysteine-rich protein 3) (MDC-3)

A disintegrin and metalloproteinase with thrombospondin motifs 13 (ADAM-TS 13) (ADAM-TS13) (ADAMTS-13)
ADAMTS13 | Q76LX8 (EC 3.4.24.87) (von Willebrand factor-cleaving protease) (VWF-CP) (WWF-cleaving protease)

A disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAM-TS 5) (ADAM-TS5) (ADAMTS-5) (EC

3.4.24.-) (A disintegrin and metalloproteinase with thrombospondin motifs 11) (ADAM-TS 11) (ADAMTS-11)
ADAMTS5 Q9UNAOD (ADMP-2) (Aggrecanase-2)

| ADGRF5 | Q8IZF2 | Adhesion G protein-coupled receptor F5 (G-protein coupled receptor 116)
Adiponectin (30 kDa adipocyte complement-related protein) (Adipocyte complement-related 30 kDa protein)
(ACRP30) (Adipocyte, C1q and collagen domain-containing protein) (Adipose most abundant gene transcript 1

| ADIPOQ | Q15848 | protein) (apM-1) (Gelatin-binding protein)
Angiotensinogen (Serpin A8) [Cleaved into: Angiotensin-1 (Angiotensin 1-10) (Angiotensin ) (Ang |); Angiotensin-
2 (Angiotensin 1-8) (Angiotensin Il) (Ang Il); Angiotensin-3 (Angiotensin 2-8) (Angiotensin IIl) (Ang Ill) (Des-
Asp[1]-angiotensin I); Angiotensin-4 (Angiotensin 3-8) (Angiotensin 1V) (Ang IV); Angiotensin 1-9; Angiotensin 1-

AGT P01019 7: Angiotensin 1-5; Angiotensin 1-4]
Alpha-2-HS-glycoprotein (Alpha-2-Z-globulin) (Ba-alpha-2-glycoprotein) (Fetuin-A) [Cleaved into: Alpha-2-HS-
| AHSG | P02765 | glycoprotein chain A; Alpha-2-HS-glycoprotein chain B]
AKR1A1 P14550 Alcohol dehydrogenase [NADP(+)] (EC 1.1.1.2) (Aldehyde reductase) (Aldo-keto reductase family 1 member A1)
AKR1B1 P15121 Aldose reductase (AR) (EC 1.1.1.21) (Aldehyde reductase) (Aldo-keto reductase family 1 member B1)

Full table available here:
https://www.ahajournals.org/action/downloadSupplement?doi=10.1161%2FCIRCULATI
ONAHA.119.040180&file=circ_circulationaha-2019-040180_suppl.pdf
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Supplemental Table 5. Sensitivity MR analyses for ischemic stroke subtype analyses

. Stroke MR o P- Biomarker Correct | Steiger Egger
Biomarker Subtype | Method nsnp OR 95% CI value 2 _Cau§a| P- Intercept
Direction? | value P-value
MR-
ABO CES EGGER 39 1.05 1.00-1.10 | 0.045715 0.30 TRUE 0
ABO CES vw 39 1.06 1.03-1.09 | 1.89E-05 0.30 TRUE 0 0.68
ABO CES MR-RAPS 39 1.06 1.04-1.09 | 4.54E-07 0.30 TRUE 0
ABO CES WM 39 1.06 1.02-1.10 | 0.001534 0.30 TRUE 0
ABO LAA EglgER 39 1.08 1.02-1.14 | 0.011521 0.30 TRUE 0
ABO LAA IVW 39 1.09 1.05-1.12 | 1.86E-07 0.30 TRUE 0 073
ABO LAA MR-RAPS 39 1.08 1.05-1.12 | 2.43E-07 0.30 TRUE 0
ABO LAA WM 39 1.07 1.03-1.12 | 0.000819 0.30 TRUE 0
F11 CES EgGRER 6 1.15 0.97-1.37 | 0.197397 0.01 TRUE 0
F11 CES IVW 6 1.25 1.17-1.34 | 7.80E-11 0.01 TRUE 0 055
F11 CES MR-RAPS 6 1.25 1.16-1.36 | 1.34E-08 0.01 TRUE 0
F11 CES WM 6 1.24 1.14-1.34 | 2.32E-07 0.01 TRUE 0
SCARAS5 CES EchsﬂcsRER 14 0.83 0.66-1.06 | 0.163432 0.01 TRUE 0
SCARAS5 CES IVW 14 0.80 0.72-0.88 | 6.73E-06 0.01 TRUE 0 0.69
SCARAS5 CES MR-RAPS 14 0.78 0.70-0.88 | 1.46E-05 0.01 TRUE 0
SCARAS5 CES WM 14 0.79 0.69-0.90 | 0.000642 0.01 TRUE 0
MR-
TNFSF12 CES EGGER 17 0.81 0.71-0.92 | 0.006758 0.05 TRUE 0
TNFSF12 CES IVW 17 0.86 0.81-0.91 | 3.04E-07 0.05 TRUE 0 0.33
TNFSF12 CES MR-RAPS 17 0.86 0.81-0.91 | 7.69E-07 0.05 TRUE 0
TNFSF12 CES WM 17 0.84 0.78-0.91 | 1.15E-05 0.05 TRUE 0
CD40 LAA EgIGRER 23 0.80 0.64-1.00 | 0.058122 0.06 TRUE 0 0.34
CD40 LAA VW 23 0.73 0.65-0.81 | 1.08E-08 0.08 TRUE 0
CD40 LAA MR-RAPS 23 0.73 0.66-0.80 | 1.90E-10 0.06 TRUE 0
CD40 LAA WM 23 0.72 | 0.63-0.82 | 1.68E-06 0.06 TRUE 0
LPA LAA EglGRER 31 1.20 1.08-1.33 | 0.0016 0.12 TRUE 0
LPA LAA VW 31 1.18 1.11-1.26 | 6.19E-07 0.12 TRUE 0 0.69
LPA LAA MR-RAPS 31 122 | 1.14-1.30 | 3.19E-09 0.12 TRUE 0
LPA LAA WM 31 1.24 1.15-1.33 | 1.40E-08 0.12 TRUE 0
MMP12 LAA EglgER 33 0.83 0.73-0.95 | 0.008978 0.14 TRUE 0
MMP12 LAA VW 33 0.83 0.77-0.90 | 1.80E-06 0.14 TRUE 0 0.98
MMP12 LAA MR-RAPS 33 0.83 0.77-0.90 | 6.56E-06 0.14 TRUE 0
MMP12 LAA WM 33 0.80 0.74-0.87 | 9.52E-08 0.14 TRUE 0

Effects are expressed per 1 SD increase in biomarker levels. MR-EGGER = MR-EGGER; IVW = Inverse Variance

Weighted; MR-RAPS = MR-Robust adjusted profile score; WM = Weighted Median; ABO = Histo-blood group ABO

system transferase; CD40 = cluster of differentiation 40; F11 = coagulation factor XI; LPA = apolipoprotein(a); MMP12 =

matrix-metalloproteinase-12; SCARAS = scavenger receptor class A5; TNFSF12 = tumour necrosis factor-like weak

inducer of apoptosis; OR = odds ratio; Cl = confidence interval.
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Supplemental Table 6. Association between stroke biomarkers and ischemic subtypes and total ischemic stroke

Biomarker s?:;?::e SI‘?P s Blon:zarker OR 95% ClI P-value
ABO* LAA 39 03 1.08 105112 | 243x107
ABO™ CES 39 03 1.06 104109 | 454x107

ABO _ SAO 39 03 | 101 | 098104 047 |
ABO™ Ischemic 39 0.3 1.03 102-1.05 | 979x10°
Stroke
ABO* All Stroke 39 03 1.03 101-1.04 | 373x10°
CD40™ LAA 23 0.06 073 0.66-0.80 | 1.90x10°
CD40 CES 23 0.06 105 0.97-1.13 0.21
CD40* SAO 23 0.06 0.9 0.83-0.99 0.03
cD40™ ISSCtrr.z:.lelc 23 0.06 0.91 0.87-095 | 3.29x10°
CD40™ All Stroke 23 0.06 0.91 087-095 | 907 x10°
F11 LAA 6 0.01 0.98 0.89-1.07 0.64
F11= CES 6 0.01 125 116136 | 1.34x10°
F11 SAO 6 0.01 107 098-1.17 011
F11+ 'Ssct’:gﬂc 6 0.01 1.09 105113 | 2.32x10°
F11* All Stroke 6 0.01 1.07 103110 | 2.49x10%
LPA™ LAA 31 0.12 122 114130 | 3.19x10°
LPA CES 31 0.12 1.02 0.98-1.06 0.4
LPA SAO 31 0.12 0.98 0.92-1.03 0.41
LPA* 'Ssct*r'gﬂf 31 0.12 102 | 1.003-1.04 0.02
LPA All Stroke 31 0.12 1.02 0.999-1.04 0.06
MMP12+* LAA 33 0.14 0.83 077-090 | 656x10°
MMP12* CES 33 0.14 0.94 0.90-0.99 0.01
MMP12* SAO 33 0.14 0.93 0.89-0.99 0.01
MMP12** |schemic 33 0.14 0.91 0.89-095 | 591x10™
Stroke |
MMP12+* All Stroke 33 0.14 0.93 091-095 | 9.16x 10"
SCARA5 LAA 14 0.02 1.08 0.90-1.28 0.41
SCARA5* CES 14 0.02 0.78 0.70-0.88 | 146x10°
SCARA5* SAO 14 0.02 0.86 0.76-0.98 0.02
SCARAS5* 'Ss"trr'g:::c 14 0.02 0.89 0.84-0.95 | 2.66x10*
SCARAS* All Stroke 14 0.02 09 0.86-0.95 | 826x10°
TNFSF12 LAA 17 0.05 0.99 092-1.07 08
TNFSF12** CES 17 0.05 0.86 081-091 | 7.69x107
TNFSF12 SAD 17 0.05 1.04 097-1.12 0.24
TNFSF12* Ischemic 17 0.05 0.96 0.93-0.99 0.01
Stroke
TNFSF12* All Stroke 17 0.05 0.94 0.84-1.05 03

* Nominally significant (P<0.05) ** Bonferroni significant (P<2.55x10-%). ABO = Histo-blood group ABO system
transferase; CD40 = cluster of differentiation 40; F11 = coagulation factor XI; LPA = apolipoprotein(a); MMP12 = matrix-
metalloproteinase-12; SCARAS = scavenger receptor class A5; TNFSF12 = tumour necrosis factor-like weak inducer of
apoptosis; LAA = large artery atherosclerosis; CES = cardioembolic stroke; SAO = small artery occlusion; OR = odds

ratio; Cl = confidence interval.
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Supplemental Table 7. Sensitivity MR analyses for hemorrhagic stroke subtype analyses.

Correct

. Steiger Egger
Biomarker sitg?;;e MR Method = nsnp | OR | 95%CI | P-value B'°r";;'ke D?rae‘;‘:‘if)'n b Inte?rgcept
P value P-value
ABO SAH | MREGGER | 41 | 099 | 090-108 | 077354 | 0292 TRUE 0
ABO SAH VW 41 | 100 | 0.95-1.05 | 090825 | 0292 TRUE 0 070
ABO SAH MR-RAPS 41 | 099 | 0.94-1.04 | 075015 | 0292 TRUE 0
ABO SAH WM 41 | 097 | 090-1.03 | 031904 | 0292 TRUE 0
ABO ICH MREGGER | 41 | 092 | 082103 | 0.1453 | 0292 TRUE 0
ABO ICH VW 41 | 099 | 0.93-1.06 | 072437 | 0292 TRUE 0 ot
ABO ICH MR-RAPS 41 | 099 | 0.93-1.05 | 064274 | 0292 TRUE 0
ABO ICH WM 41 | 097 | 090105 | 047618 | 0292 TRUE 0
CD40 SAH | MREGGER | 23 | 120 | 082-176 | 0.36341 | 0.064 TRUE 0
CD40 SAH W 23 | 089 | 073100 | 026792 | 0064 TRUE 0 010
CD40 SAH MR-RAPS 23 | 088 | 0.74-1.04 | 012002 | 0.064 TRUE 0
CD40 SAH WM 23 | 084 | 0.66-1.06 | 0.14999 | 0.064 TRUE 0
CD40 ICH MR-EGGER | 23 | 133 | 092192 | 014014 | 0064 TRUE 0
CD40 ICH VW 23 | 110 | 092132 | 030199 | 0064 TRUE 0 025
CD40 ICH MR-RAPS 23 | 109 | 089134 | 038562 | 0064 TRUE 0
CD40 ICH WM 23 | 104 | 081-135 | 07487 | 0064 TRUE 0
F11 SAH | MREGGER | 5 | 080 | 051-127 | 0.41666 | 0.011 TRUE 0
F11 SAH VW 5 | 098 | 082117 | 079222 | 0011 TRUE 0 043
F11 SAH MR-RAPS 5 | 096 | 0.82-1.13 | 06047 | 0011 TRUE 0
F11 SAH WM 5 | 093 | 078110 038641 | 0011 TRUE 0
F11 ICH MREGGER | 5 | 087 | 056-136 | 0.58545 | 0.011 TRUE 0
F11 ICH VW 5 | 092 | 0.77-1.09 | 030886 | 0.011 TRUE 0 083
F11 IcH MR-RAPS 5 | 091 | 076109 | 03242 | 0011 TRUE 0
F11 ICH WM 5 | 090 | 0.741.10 | 029924 | 0011 TRUE 0
LPA SAH | MREGGER | 35 | 108 | 095118 | 029925  0.132 TRUE 0
LPA SAH W 35 | 110 | 1.03-1.18 | 00061 | 0.32 TRUE 0 034
LPA SAH MR-RAPS 35 | 110 | 1.02-1.18 | 001038 | 0.132 TRUE 0
LPA SAH WM 35 | 108 | 0.97-120 | 014282 |  0.132 TRUE 0
LPA ICH MREGGER | 35 | 101 | 0.88-115 | 090428 0.132 TRUE 0
LPA ICH W 35 | 099 | 0.91-108 | 084207 |  0.32 TRUE 0 074
LPA ICH MR-RAPS 35 | 100 | 091-1.09 | 094617 |  0.32 TRUE 0
LPA ICH WM 35 | 105 | 0.94-1.18 | 037634 | 0.132 TRUE 0
MMP12 SAH | MREGGER | 36 | 104 | 0.88-123 | 063925  0.146 TRUE 0
MMP12 SAH W 36 | 107 | 0.97-117 | 016097 |  0.146 TRUE 0 070
MMP12 SAH MR-RAPS 36 | 107 | 097-1.17 | 019779 | 0.146 TRUE 0
MMP12 SAH WM 36 | 108 | 0.94-124 | 029873 |  0.146 TRUE 0
MMP12 ICH MREGGER | 36 | 122 | 0.99-150 | 007723 |  0.146 TRUE 0
MMP12 ICH W 36 | 121 | 1.08-137 | 000121 | 0.146 TRUE 0 098
MMP12 ICH MR-RAPS 36 | 122 | 1.09-1.36 | 0.00048 | 0.146 TRUE 0
MMP12 ICH WM 36 | 115 | 0.98-1.35 | 009762 | 0.146 TRUE 0
SCARA5 | SAH | MREGGER | 14 | 048 | 027-083 | 002186 | 0015 TRUE 0
SCARA5 | SAH W 14 | 068 | 053-086 000141 | 0015 TRUE 0 010
SCARA5 | SAH MR-RAPS 14 | 067 |052-085 00012 | 0015 TRUE 0
SCARA5 | SAH WM 14 | 072 | 051100 004801 | 0.015 TRUE 0
SCARA5 | ICH MREGGER | 14 | 057 | 0.32-1.03 | 008604 0015 TRUE 0
SCARA5 | ICH W 14 | 076 | 0.60-097  0.03047 | 0.015 TRUE 0 01
SCARA5 | ICH MR-RAPS 14 | 077 | 059100 004834 0,015 TRUE 0
SCARA5 | ICH WM 14 | 077 | 054-1.11 | 0.16059 | 0.015 TRUE 0
TNFSF12 | SAH | MREGGER | 17 | 123 | 0.92-166 | 0.18251 | 0.047 TRUE 0
TNFSF12 | SAH W 17 | 136 | 1.20-155  1.13E-06 |  0.047 TRUE 0 047
TNFSF12 | SAH MR-RAPS 17 | 137 | 120156 | 3.12E-06 |  0.047 TRUE 0
TNFSF12 | SAH WM 17 | 139 | 1.18-165  B72E-05 |  0.047 TRUE 0
TNFSF12 | ICH MREGGER | 17 | 127 | 091-177 | 017539 | 0047 TRUE 0 065
TNFSF12 | ICH W 17 | 137 | 1194157 | 14E-05 |  0.047 TRUE 0
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TNFSF12 ICH MR-RAPS 17 137 | 1.18-1.59 | 2.8E-05 0.047 TRUE 0

TNFSF12 ICH WM 17 1.34 | 1.11-1.63 | 0.00295 0.047 TRUE 0

Effects are expressed per 1 SD increase in biomarker levels. MR-EGGER = MR-EGGER; IVW = Inverse Variance
Weighted; MR-RAPS = MR-Robust adjusted profile score; WM = Weighted Median; ABO = Histo-blood group ABO
system transferase; CD40 = cluster of differentiation 40; F11 = coagulation factor XI; LPA = apolipoprotein(a); MMP12 =
matrix-metalloproteinase-12; SCARAS = scavenger receptor class A5; TNFSF12 = tumour necrosis factor-like weak
inducer of apoptosis; SAH = subarachnoid hemorrhage; ICH = intracerebral hemorrhage; OR = odds ratio; Cl =

confidence interval.

Supplemental Table 8. Association between identified biomarkers and ICH subtypes based on Woo et al. (2014)7.

Biomarker Si‘;:’;:e Biomarkerr2 = OR 95%¢Cl | ;; .
ABO non-lobar 024 093 | 086100 | 006
ABO lobar 0.23 103 | 094112 | 057
CD40 | non-lobar 0.05 101 | 075137 | 095
CD40 lobar 0.05 090 | 068120 | 049

F11 non-lobar 0.01 099 | 079125 | 096
F11 lobar 0.01 114 | 088147 | 032
LPA non-lobar 0.05 1.10 0.90-1.34 0.36
LPA lobar 0.05 094 | 075118 | 061
MMP12 | non-lobar 0.10 084 | 071100 | 005
MMPA12 lobar 0.1 082 | 069098 | 003
SCARA5 | non-lobar 0.01 092 | 065130 | 063
SCARAS lobar 0.01 087 | 055137 | 054
TNFSF12 | non-lobar | 0.03 107 | 083137 | 060
TNFSF12 | lobar 0.02 112 | 061207 | 071

ABO = Histo-blood group ABO system transferase; CD40 = cluster of differentiation 40; F11 = coagulation factor XI; LPA
= apolipoprotein(a); MMP 12 = matrix-metalloproteinase-12; SCARAS = scavenger receptor class A5; TNFSF12 = tumour

necrosis factor-like weak inducer of apoptosis; Cl = confidence interval.

Supplemental Table 9. Sensitivity MR analyses for all significant Phe-WAS results.

168



Biomarker PheCode Phenotype Disease MR nsnp OR | 95%Cl | P-value | Biomarker | Egger
Description Chapter Method r2 Intercept
P-value
ABO 157 Pancreatic cancer neoplasms MR- 42 | 1.24| 1.09-140 | 0.00215 0.303 0.80
EGGER
ABO 157 Pancreatic cancer neoplasms VW 42 | 1.22| 1.14-1.31 | 5.87E-08 0.303 0.80
ABO 157 Pancreatic cancer neoplasms MR-RAPS 42 1.22| 1.12-1.32 | 2.48E-06 0.303 0.80
ABO [ 157 Pancreatic cancer neoplasms WM |42 1.20 | 1.09-1.33 | 0.00024 0.303 0.80
ABO 174 Breast cancer neoplasms MR- 42 | 1.03| 1.00-1.06 | 0.02724 0.303 0.49
EGGER
ABO 174 Breast cancer neoplasms VW 42 1.04 | 1.02-1.05 | 6.04E-07 0.303 0.49
ABO 174 Breas! cancer neoplasms MR-RAPS | 42 | 1.04| 1.02-1.05 | 1.14E-06 0.303 0.49
ABO 174 Breast cancer neoplasms WM 42 | 1.04| 1.02-1.06 | 0.00052 0.303 0.49
CD40 202 Cancer of other lymphoid, neoplasms MR- 23 | 0.66 | 0.51-0.85 | 0.00393 0.064 0.29
histiocytic tissue EGGER
CD40 | 202 Cancer of other lymphoid, neoplasms Ivw 23 | 0.74| 0.65-0.84 | 3.39E-06 0.064 0.29
histiocytic tissue
CD40 202 Cancer of other lymphoid, neoplasms MR-RAPS 23 | 0.74 | 0.65-0.84 | 3.18E-06 0.064 0.29
histiocytic tissue
cb40 | 202 Cancer of other lymphoid, neoplasms WM | 23 074 0.64-0.87 | 0.00022 0.064 0.29
histiocytic tissue
CD40 202.2 Non-Hodgkins lymphoma neoplasms MR- 23 068 | 0.50-093 | 0.02269 0.064 0.75
EGGER
CD40 2022 Non-Hodgkins lymphoma neoplasms IVW 23 | 0.71| 0.62-0.83 | 6.83E-06 0.064 0.75
CD40 202.2 Non-Hodgkins lymphoma neoplasms MR-RAPS | 23 | 0.70| 0.60-0.82 | 7.93E-06 0.064 0.75
CD40 202.2 Non-Hodgkins lymphoma neoplasms WM 23 | 0.73| 0.61-0.87 | 0.00051 0.064 0.75
ABO 214 Lipoma neoplasms MR- 42 | 1.05| 1.01-1.09 | 0.00952 0.303 0.92
EGGER
ABO 214 Lipoma neoplasms VW 42 1.05| 1.03-1.07 | 4.11E-06 0.303 0.92
ABO 214 Lipoma neoplasms MR-RAPS | 42 | 1.05| 1.03-1.07 | 5.74E-06 0.303 0.92
ABO 214 Lipoma neoplasms WM 42 | 1.06 | 1.03-1.09 | 4.47E-05 0.303 0.92
ABO | 2141 Lipoma of skin and subcutaneous | neoplasms MR- 42 1,08 1.04-1.13 | 0.00049 0.303 0.31
tissue EGGER
ABO 2141 Lipoma of skin and subcutansous | neoplasms Ivw 42 | 1.06 | 1.04-1.09 | 2.79E-07 0.303 0.31
ABO 2141 Lipoma of 5’“::::3 - MR-RAPS 42 1.07 | 1.04-1.09 | 2.15E-07 0.303 0.31

Effects are expressed per 1 SD increase in biomarker levels. MR-EGGER = MR-EGGER; IVW = Inverse Variance

Weighted; MR-RAPS = MR-Robust adjusted profile score; WM = Weighted Median; ABO = Histo-blood group ABO

system transferase; CD40 = cluster of differentiation 40; F11 = coagulation factor XI; LPA = apolipoprotein(a); MMP12 =

matrix-metalloproteinase-12; SCARAS = scavenger receptor class A5; TNFSF12 = tumour necrosis factor-like weak

inducer of apoptosis.

Full table available here:
https://www.ahajournals.org/action/downloadSupplement?doi=10.1161%2FCIRCULATI
ONAHA.119.040180&file=circ_circulationaha-2019-040180_suppl.pdf
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Supplemental Table 10. Association between select biomarkers serving as negative controls with ischemic

stroke subtypes.

Biomarker Ssutl:?;:e Biomarker r2 OR 95% CI ve:T;Je
CHI3L1 CES 0.15 0.95 0.90-1.00 | 0.08
CHI3L1 LAA 0.15 1.04 0.96-1.13 0.34
CHI3L1 SAO 0.15 1.06 0.99-1.13 0.08

CRP CES 0.019 0.99 0.84-1.15 0.86
CRP LAA 0.019 1.17 0.95-1.45 0.14
CRP SAO 0.019 1.03 0.86-1.22 0.78
CST3 CES 0.015 0.97 0.85-1.09 0.59
CST3 LAA 0.015 1.05 0.89-1.25 0.56
CST3 SAO 0.015 0.96 0.82-1.12 [ 0.58

YKL-40 (CHI3L1), Cystatin C (CST3), and C-reactive protein (CRP) have been epidemiologically associated with risk of
stroke but subsequent MRs did not reveal causal associations®'°. CES = cardioembolic stroke; LAA = large artery

atherosclerosis; SAO = small artery occlusion; OR = odds ratio; Cl = confidence interval.

Supplemental Figures and Figure Legends
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Supplemental Figure 1. Study-specific MR results for significant biomarkers detected in multiple studies. Other
biomarkers were only measured in a single study and thus were not plotted. ABO and SCARAS were measured in Sun et

al. (2018), F11 in Suhre et al. (2017), and LPA in Sjaarda et al. (2018)'-2.
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Supplemental Figure 2. Linkage disequilibrium (LD) matrix between 6 SNPs selected as genetic instruments for

F11 levels and 2 SNPs (rs4253417 and rs62350309) used as genetic instruments by Gill et al. (2018)*. A red arrow
indicates that a single SNP (rs2289252) in our study is strongly correlated (r2=0.97) with rs4253417 from Gill et al.’s (red
box). After excluding this overlapping genetic signal, the association between F11 and CES remained statistically

significant (OR=1.32; 95% Cl, 1.16-1.50; P=3.47x10).
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Supplemental Figure 3. Linkage disequilibrium (LD) matrix between 31 SNPs selected as genetic instruments for
LPA levels and two SNPs (rs3798220 and rs10455872) used in a genetic risk score by Helgadottir et al. (2012)5.
Red arrows indicate that two SNPs (rs55730499 and rs186696265) in our study are strongly correlated (r2>0.60) with
SNPs in Helgadottir et al. (red box) After excluding overlapping genetic signals, the association between LPA and LAA

remained statistically significant (OR=1.21; 95% Cl, 1.11-1.32; P=1.93x105).
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Supplemental Figure 4. A series of manhattan plots illustrating significance of Phe-MR associations. The
horizontal pink line indicates the threshold for Bonferroni significance (P<1.07x10-), and labels are provided for disease

traits surpassing this threshold. Disease traits are grouped and colour-coded by disease chapter and sorted by statistical
significance. ABO = Histo-blood group ABO system transferase; CD40 = cluster of differentiation 40; F11 = coagulation

factor XI; LPA = apolipoprotein(a); MMP12 = matrix-metalloproteinase-12; SCARAS = scavenger receptor class A5;

TNFSF12 = tumour necrosis factor-like weak inducer of apoptosis.
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Supplementary Results |:

Development of the Automatic Mitochondrial Copy (AutoMitoC) Number Pipeline

Background & Premise Underlying Array-based mtDNA-CN Estimation

While SNP array data is intended for highly multiplexed determination of
genotypes, the raw probe signal intensities used for genotypic inference can also be co-
opted to derive estimates of MtDNA-CN. Determining genotypes for a sample at a given
variant site relies on contrasting hybridization intensities of allele-specific oligonucleotide
probes and then assigning membership to the most probable genotype cluster based on
intensity properties (S1. Figure 1). Variation in intensities within each genotyping cluster
can also be co-opted to deduce variations in copy number. A commonly used metric of
probe intensity is the “log2ratio” (L2R), which denotes log2(observed intensity / expected
intensity), where the expected intensity is defined as the median signal intensity for a probe
conditional on each genotype cluster.

Highest
mtDNA content

.. Highest
3 - mtDNA content
0 T T T
3 0 1 2 3

S1. Figure 1. Contrast in the intensities of mitochondrial probes X and Y discriminate
genotypes. Intra-cluster variation in signal intensities may reflect mtDNA-CN. (Adapted

from Lane et al.(Lane 2014))
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Existing Methodology: The MitoPipeline

The “MitoPipeline” is a framework for estimating mtDNA-CN from array-based
L2R (aka LRR) values developed by Lane et al. (2015) (Lane 2014; Zhang et al. 2017). An
overview of the MitoPipeline is described in S1. Figure 2. To briefly summarize: (i)
autosomal and mitochondrial L2R values are first corrected for GC waves; (ii) a high-
quality set of mitochondrial and autosomal markers are selected largely based on visual
inspection of genotype clusters and BLAST alignment for non-homologous sequences; (iii)
principal component analysis (PCA) of at least 40,000 autosomal markers is conducted to
capture batch effects; (iv) finally, mtDNA-CN is estimated based on median MT L2R value

for each sample and then corrected for background noise through residualization of top

Compute GC-corrected Log R Ratios (LRR) for all array SNPs

autosomal PCs.

Curate list of nuclear (autosomal) SNPs
- Filter based on cross-hybridizing potential
- Define high quality (HQ) using call rate and Hardy-Weinberg
- LD prune

Calculate initial mtDNA-CN estimate Perform PCA on LRR of HQ nuclear SNPs
- Median LRR of hormzygous SNPs - Select informative PCs
Calculate mtDNA-CN estimates
- Adjust for informative PCs to capture batch effects and technical artifacts

S1. Figure 2. Overview of the MitoPipeline (Source: http://genvisis.org/MitoPipeline/)

Curate list of mitochondrial markers
- Manually review quality in Genvisis
- Filter based on cross-hybridizing potential

(Lane 2014).
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The MitoPipeline has proven to be effective in estimating mtDNA-CN (correlation
coefficient R ~ 0.5 with direct gPCR estimates) as evidenced by multiple epidemiological
studies employing this method (Ashar et al. 2017; Fazzini et al. 2019; Zhang et al. 2017).
Firstly, visual inspection of MT probe intensity clusters is recommended to remove probes
with poorly differentiated genotype clusters. However, this process is time-consuming
(especially for biobank studies that are genotyped across thousands of batches);
determination of probes with “good” vs “bad” genotype clustering is subjective; and
guidance is only provided for adjudication of polymorphic but not monomorphic markers
which may still be informative. Secondly, in consideration of nuclear and mitochondrial
sequences with significant sequence similarity due to past and recurrent transposition of
mitochondrial sequence into the nuclear genome, also known as “NUMTs” (Simone et al.
2011), the MitoPipeline recommends exclusion of MT probes with greater than 80%
sequence similarity to the nuclear genome. While determining sequence homology of
probes to the nuclear genome may have been feasible with older microarrays wherein probe
sequences were often publicized, for many contemporary arrays, including the UKBiobank
array, such information is not readily available. Thirdly, LD-pruning of common autosomal
variants is required to ascertain a set of independent genetic variants, but implementation
of this approach within ethnically diverse studies becomes more complex since genetic
independence is ancestry-dependent. Under the MitoPipeline framework, each ethnicity
warrants a unique set of common variants, which not only adds to computational burden
but also creates an additional source of variability in terms of performance of the method

between ethnicities.
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Proposed Methodology: AutoMitoC

Therefore, we developed a new array-based mtDNA-CN estimation method, which
we have dubbed the “AutoMitoC” pipeline, which incorporates three key amendments: (i)
Autosomal signal normalization utilises globally rare variants in place of common variants
which confers advantages in terms of both speed and portability to ethnically diverse
studies, (ii) cross-hybridizing probes are identified by assessing evidence for cross-
hybridization via association of signal intensities (rather than using genotype association
and identification of homologous sequences through BLAST alignment), and (iii) the
primary estimate of mitochondrial (MT) signal is ascertained using PCA as opposed to
using the median signal intensity of MT probes. The rationale underlying these
amendments are described in detail in the subsequent sections. An overview of the

AutoMitoC pipeline is provided in S1. Figure 3.
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Select rare autosomal variants

Call rate > 0.95; MAF < 0.01

4

PCA1 Autosomal Log 2 Ratio (L2R) values

Initial correction of autosomal and MT L2R

Select # of top PCs equivalent to ~70% total variance in autosomal L2R

.4

Detection and removal of cross-hybridizing autosomal probes

Remove autosomal probes whose corrected L2R values exhibit correlation
with mitochondrial intensity or gender (r>0.05)

Non-cross-hybridizing autosomal probes

Correct mitochandrial | 2R valiies 11sina finalized altnsomal

Select # of ton PCs eauivalent to ~70% variance in autosomal L2R

4

Corrected MT probe L2R values

Top MT PC is taken as mtDNA-CN estimate

Standardize MT PC (mean=0: sd=1)

S1. Figure 3. Overview of the AutoMitoC Pipeline.
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Development of AutoMitoC in the UKBiobank study

To develop the AutoMitoC pipeline we used genetic datasets from the large
UKBiobank prospective cohort study which includes approximately half of a million UK
residents recruited from 2006 to 2010 in whom extensive genotypic and phenotypic
investigations have been and continue to be performed (Sudlow et al. 2015). The size,
breadth, and depth of such investigations makes this a rich resource for both
methodological development and medical research. All UKBiobank data was accessed as
part of application ID: 15255, “Identification of the shared biological and
sociodemographic factors underlying cardiovascular disease and dementia risk”. Two main
genetic datasets from the UKBiobank were incorporated in the development of AutoMitoC.
Firstly, CNV log2r (L2R) values derived from genetic arrays (i.e. normalized array probe
intensities) for 488,264 samples were downloaded using the ukbgene utility, and their
corresponding genotype calls (data field: 22418) were downloaded with gfetch. Secondly,
exome alignment maps (EXOME FE CRAM files and indices; data fields 23163 & 23164)
from the first tranche 49,989 samples released in March, 2019 were downloaded with the
“ukbfetch” utility. L2R values were used to derive AutoMitoC mtDNA-CN estimates. For
whole-exome sequencing data, Samtools idxstats was used to derive the number of
sequence reads aligning to mitochondrial and autosomal genomes, from which an estimate
of mtDNA-CN was derived according to the procedure by Longchamps et al. (2019)
(Longchamps 2019); these complementary WES-based mtDNA-CN estimates served as a

comparator to benchmark AutoMitoC performance.
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Initial quality control of 488,264 samples and 784,256 directly genotyped variants
was executed in PLINK following that of the Mitopipeline (i.e. sample call rate > 0.96;
variant call rate > 0.98; HWE p-value > 1x10°; PLINK mishap P-value > 1x10™*; genotype
association with sex p-value > 0.00001; LD-pruning r2 < 0.30; MAF > 0.01) (Purcell et al.
2007). Variants within 1 Mb of immunoglobulin, T-cell receptor genes, and centromeric
regions were removed. After this quality control procedure, 466,093 samples and 86,677
common variants remained. Next, genomic waves were corrected according to Diskin et
al. (2008) using the PennCNV “genomic_wave.pl” script

(https://github.com/WGLab/PennCNV/blob/master/genomic_wave.pl) (Diskin et al. 2008;

Wang et al. 2007). Samples with high genomic waviness (L2R SD > 0.35) before and after
GC-correction were removed resulting in 431,501 samples with array L2R values
corresponding to 86,677 common autosomal variants. Lastly, we excluded samples
representing blood cell count outliers as per Longchamps et al. (2019) which led to 395,781
participants (Longchamps 2019). Finally, we took the intersection of European samples
with both suitable array and whole-exome sequencing data resulting in a final testing
dataset of 34,436 European participants. To evaluate the possibility of replacing common
autosomal variant signal normalization with rare variants, we also analyzed a set of 79,611
variants with a MAF<0.01.
Background correlation between autosomal & MT signal intensities

Inference of relative mitochondrial DNA copy number (mtDNA-CN) from array
data consists of determining the ratio of mitochondrial to autosomal probe signal intensities

(or normalized L2R values) within each sample. Technical (e.g. batch and plate effects)
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and latent sample factors confound raw signal intensities for reasons unrelated to DNA
quantity. Such confounders induce strong cross-genome correlation, and therefore, a
necessary first step is to remove this background noise from autosomal and mitochondrial
probe intensities.

Indeed, even after correcting autosomal L2R values for genomic waves, we
observed significant correlation between individual autosomal probe intensities and the
median sample intensity across the 265 mitochondrial 2 (S1. Figure 4A). The extent of
cross-genome intensity correlation varied based on minor allele frequency (MAF), with
rare autosomal variants (MAF<0.01; M=79,611) showing the strongest correlation. We
postulate that intensity properties for rare variants, which have a higher prevalence of
homozygous genotypes, more strongly resemble those for mitochondrial genotypes, which
are predominantly homoplasmic. On this basis, we only use rare autosomal variants to
represent autosomal signal. While this approach contrasts with the Mitopipeline, which
utilises common genetic variants to represent autosomal signal, restricting autosomal signal
normalization to rare variants confers three major advantages while maintaining the same
level of concordance with WES estimates (Rcommon=0.50 ; Rrare=0.49). First, this allows for
further streamlining of the pipeline as this precludes the necessity for common variant
filters, such as Hardy Weinberg equilibrium or LD-pruning. Second, we show that fewer
principal components (PCs) are necessary to capture the same proportion of total variance
in signal intensities with rare as opposed to common variants. Approximately 70% of the
total variance in rare autosomal intensities was explained by 120 PCs, whereas the same

proportion of variance in common autosomal intensities would necessitate more than 1000
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PCs (S1. Figure 4B). In the UKBiobank, PCs were derived via the eigendecomposition of
the empirical covariance matrix conducted in Python 3.6, using NumPy and SciPy (Harris
et al. 2020; Virtanen et al. 2020).
Third, the set of autosomal markers used in deriving mtDNA-CN remains independent from
the set of common autosomal variants analyzed in subsequent GWAS for mtDNA-CN.
Effectively, this ensures that common autosomal variants evaluated for association with
mtDNA-CN in downstream GWAS analyses are not directly incorporated into autosomal

signal normalization, which could otherwise attenuate GWAS signals.

Association of autosomal probe intensities with median mitochondrial probe intensity PCA performance in common and rare probe intensity sets

A h e B ' cmem

S1. Figure 4. (A) Histogram illustrating the square of the Pearson correlation coefficient
(R?) of autosomal GC-corrected L2R values with median mitochondrial signal intensity
stratified by MAF categories. (B) Cumulative variance explained by inclusion of top
eigenvectors for sets of common (MAF>0.01; M=86,677) and rare (MAF<0.01,
M=79,611) autosomal probe sets.

Empirical Detection of off-target probes
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Association of rare autosomal intensities with mitochondrial signal
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S1. Figure 5. Distribution of log10 transformed coefficients of determination (R?) from the
association between autosomal probe intensities vs. median mitochondrial signal with
(blue) or without (red) correction for background noise (i.e. 120 autosomal PCs). The
dashed vertical line represents the threshold corresponding to “moderate” correlation
(IR|>0.05 or R?>0.0025), which is used to remove outlying probes that are associated with
mitochondrial signal. Without correction for top PCs, the most autosomal probes exhibit
some correlation with mitochondrial signal.

After adjustment for 120 autosomal PCs (approximating the elbow of the variance
explained curve), there persisted a smaller subset of autosomal probes that were
significantly correlated with median MT intensity (S1. Figure 5). We hypothesized that
such probes either (i) cross-hybridize with the MT genome (i.e. lie within nuclear
mitochondrial DNA (NUMT) regions) or (ii) corresponded to genetic loci involved in
regulation of mtDNA-CN. As an illustration, S1. Table 1 conveys characteristics of the 10
most strongly correlated variants. Four of the top 10 probes were located within 1Mb of a
NUMT region, and in all four cases, the sign of the correlation coefficient was negative
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which might reflect interference of autosomal signal with increasing mtDNA-CN. An
additional 3 probes corresponded to variants within genes that were implicated in
mitochondrial disorders or regulation of mitochondrial processes (S1. Table 1).

S1. Table 1. Characteristics of top 10 autosomal probes whose adjusted intensities correlate

with median mitochondrial signal.

Autosomal Genomic Intensity R Comment
Probe ID Coordinates | (Auto vs. Mito)
rs68130461 | 17:22024892 -0.20 HSA NumtS_508 b2
Affx- 6:43484921 -0.11 HSA NumtS_239 bl (+25 Kb)
80229644
rs35201453 | 14:22783111 -0.09 NA
rs41267813 | 6:160998199 -0.08 HSA NumtS 261 bl (-742 Kb)
rs117507044 | 13:19958310 -0.08 NA
rs113200742 | 6:25272561 -0.08 HSA NumtS_236 b1l (-324 Kb)
rs201397731 | 1:161168270 0.08 NDUFS2 Coding Variant
(gene causes Mitochondrial
Complex | Deficiency)
rs138167117 | 17:65739626 0.08 NA
rs138656762 | 19:36330320 0.08 NPHS1 pathogenic variant
(causes Finnish Nephrotic
syndrome, characterized by
mitochondrial dysfunction in
Kidneys)
rs117116233 | 19:8535980 -0.08 HNRNPM intronic variant
(putative regulator of
mitochondrial processes)

We further explored whether there was evidence for cross-hybridization between
autosomal SNPs and sex chromosomes by regressing adjusted autosomal probe intensities
with reported male status. Generally, correlations between autosomal intensities and sex
were stronger than those with MT intensities, suggesting that cross-hybridization of
autosomal probes to sex chromosomes is more pronounced. For the top 10 sex-associated
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probes, we performed BLASTn alignment against the human reference genome (GRCh38)

using 30 bases surrounding each probe (S1. Table 2) (Altschul et al. 1990). All probes had

at least one flanking sequence with near-perfect (> 97%) sequence identity to a sex

chromosome. For these 10 probes, the sign of the correlation between autosomal intensity

and male status was perfectly consistent with homology to X or Y chromosomes, thus

supporting the hypothesis that such probes cross-hybridized to sex chromosomes.

S1. Table 2. Characteristics of top autosomal probes associated with male sex status.

Autosomal Genomic Intensity R | Flank | Chromosome | Sequence
Probe ID Coordinates (Auto vs. (30 BP) Similarity
Male Sex) (E-value)
Affx-89012246 | 7:141336763 0.67 Right Y 97%
(9x10)
rs138167117 17:65739626 -0.60 Left X 100%
(3x10%)
rs147585440 18:47310224 -0.60 Left X 100%
(3x10%)
Affx-80264600 | 21:38555134 -0.59 Left X 100%
(3x10%)
Affx-80229637 | 6:43470088 -0.59 Left X 100%
(3x10%)
rs56275071 10:88822514 -0.57 Left X 97%
(9x10)
rs117507044 13:19958310 0.57 Left Y 100%
(3x10%)
Affx-89008518 | 7:140501303 -0.57 Left X 100%
(3x10%)
Affx-80224967 | 4:84380892 -0.57 Right X 100%
(3x10%)
Affx-89005068 | 7:140501288 -0.55 Left X 100%
(9x10)

Inclusion of autosomal probes with evidence of off-target hybridization to the

mitochondrial genome or sex chromosomes is problematic. In the former scenario,
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misattribution of autosomal as mitochondrial signal may reduce the effectiveness of
normalization. In the latter scenario, inadvertent adjustment for sex through retention of
cross-hybridizing autosomal probes may occur if such probes explain substantial variance
in autosomal probe intensities and this is particularly problematic given that mtDNA-CN
has been robustly shown to differ between genders in epidemiological studies. In
preliminary investigations where sex-associated probes were retained, we noticed that
several top PCs that perfectly tagged gender. Hypothetically, had these PCs been retained
and used for correction of mitochondrial signal, then the final MtDNA-CN estimate would
have been inadvertently corrected for gender. Therefore, we removed autosomal probes
exhibiting moderate correlation (|R| >0.05) with sex (907; 1.14%) or median mitochondrial
intensity (193; 0.24%) and then recalculated top autosomal PCs.
PCA-based approach improves concordance with complementary estimates

After correcting MT probes using the updated set of 120 autosomal L2R PCs, we
adopted the Mitopipeline’s approach for estimating mtDNA-CN and calculated the median
of corrected MT L2R values to denote an individual’s final mtDN A-CN estimate. Using
this median-based approach, array mtDNA-CN estimates demonstrated significant
correlation with WES mtDNA-CN estimates (R=0.33; P < 2.23x107°%). However, we
found that performing PCA across all corrected MT L2R values and then extracting the top
MT PC for each sample as the final mtDNA-CN estimate resulted in stronger correlation
with WES (R=0.49; P < 2.23x107%%),

Independent validation in an ethnically diverse sample
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We additionally validated the AutoMitoC pipeline by deriving array-based
MtDNA-CN estimates in the INTERSTROKE study and comparing these with parallel
gPCR-based measurements, the current gold standard for measuring mtDNA-CN.
INTERSTROKE is an international case-control study of stroke including 26,526
participants from 32 countries and 142 centers(O’Donnell et al. 2010). Blood samples have
been collected for a subset of approximately 12,000 individuals, of which 9,311 have been
successfully genotyped using the Axiom Precision Medicine Research Array (PMRA r3).
A further subset of 5,791 samples with both suitable array genotypes have undergone gPCR
measurement of mtDNA-CN using the plasmid-normalized protocol from Fazzini et al.
(2019). Within INTERSTROKE, concordant findings to UKB-based analyses were
observed favouring the PC-based (r=0.64; P< 2.23x10-3%) over the median-based approach
(R=0.60; P < 2.23x10°%%). Furthermore, INTERSTROKE is ethnically diverse thus
enabling an assessment of the robustness of AutoMitoC across genetic ancestries (S1.
Figure 6). Correlations between array and qPCR mtDNA-CN estimates were comparable
for individuals of European (N=2431), Latin American (N=1704), African (N=542), South
East Asian (N=471), South Asian (N=186), and other ethnic groups (N=360; S1. Figure 6).
Bland Altman plots also illustrate the extent of agreement between methods (S1. Figure 7).
For every ethnicity, 95% limits of agreement intervals were smaller than expected by
chance. Lastly, while all analyses hitherto followed the Mitopipeline condition of requiring
> 40,000 autosomal variants for normalization, we observed comparable performance using

even 1,000 random rare autosomal probes (r2=0.60; P<5x107%) for signal normalization
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which reduced the runtime from several hours to less than 10 minutes for these 5,791

samples.

European Latin American African

Array mtDNA-CN estimate

-2- -2-

APCR mtDNA-CN measurement
S1. Figure 6. Validation of AutoMitoC in an ethnically diverse cohort with gPCR-based
estimates. Both gPCR and array-based mtDNA-CN estimates are presented as standardized
units (mean=0; SD=1). The sample consisted of 2431 Europeans, 1704 Latin Americans,
542 Africans, 471 South East Asians, 186 South Asians, and 360 participants of other
ancestry. Correlations between array and gPCR estimates were comparable for European
(r=0.60; P=2.7x102%), Latin American (r=0.70; P=3.9x10%%!), African (R=0.66;

P=1.8x10"®), South East Asian (r=0.59; P=6.2x10), South Asian (r=0.53; P=4.2x101%),
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and other (r=0.72; P=5.4x10"%) ethnic groups. The blue line indicates the linear trendline

and the surrounding shaded region indicates the 95% confidence interval for the trendline.
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S1. Figure 7. Bland Altman plots illustrating the extent of agreement between array and
gPCR measurements. The black solid line indicates perfect agreement. The dashed blue
line indicates the mean difference (or bias) between estimates. The horizontal red line
corresponds to the 95% upper and lower limits of agreement (U/L LOA) for the observed
data. The dashed black lines indicate the 95% U/L LOA that is expect under the null for

two unrelated variables.

Supplementary Methods
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*** For all methods and results pertaining to the AutoMitoC pipeline, please see
supplementary results 1.
The UKBiobank study

The UKBiobank is a prospective cohort study including approximately 500,000 UK
residents (ages 40-69 years) recruited from 2006-2010 in whom extensive genetic and
phenotypic investigations have been and continue to be done(Sudlow et al. 2015). All
UKBiobank data reported in this manuscript were accessed through the UKBiobank data
showcase under application # 15525. All following analyses described in this
supplementary material involve the use of genetic and/or phenotypic data from consenting
UKBiobank participants.
Genetic Analysis of Common Variants

Data acquisition and guality control

UKBiobank samples were genotyped on either the UK Biobank Array (~450,000)
or the UK BILEVE array (~50,000) for approximately 800,000 variants (Bycroft et al.
2018). Further imputation was conducted by the UKBiobank study team using a combined
reference panel of the UK10K and Haplotype Reference Consortium datasets. Imputed
genotypes (version 3) for 488,264 UKBiobank participants were downloaded through the
European Genome Archive (Category 100319). Samples were removed if they were
flagged for any of the UKBiobank-provided quality control annotations (Resource 531;
“ukb _sqc v2.txt”) for high ancestry-specific heterozygosity, high missingness,
mismatching genetic ancestry, or sex chromosome aneuploidy

29 ¢

(“het.missing.outliers”,“in.white.British.ancestry.subset”,
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“putative.sex.chromosome.aneuploidy”). Samples were also removed if their submitted
gender did not match their genetic sex or if they had withdrawn consent at the time of
analysis. Variant quality control consisted of removing variants that had low imputation
quality (INFO score < 0.30), were rare (MAF < 0.005), or were in Hardy Weinberg
Disequilibrium (HWE P < 1x1079. The HWE test was conducted within a subset of
unrelated individuals for each ethnic strata, though all related individuals were retained for
subsequent GWAS analysis. Lastly, in special consideration of mtDNA-CN as the GWAS
phenotype, we also removed variants within “NUMTSs”, which refer to regions of the
nuclear genome that exhibit homology to the mitochondrial genome due to past
transposition of mitochondrial sequences. Accordingly, NUMTSs represent a specific
confounder of MtDNA-CN GWAS analyses which may lead to false positive associations.
NUMT boundaries were obtained from the UCSC NumtS Sequence (numtSeq) track,
which is based on the Reference Human NumtS curated by Simone et al. (2011) (Simone
et al. 2011). All sample and variant quality control of imputed genotypes were executed
using gctools and resultant bgen files were indexed with bgenix. Smaller ethnic groups with
similar genetic ancestry were consolidated; individuals self-reporting as “African” or
“Caribbean” were combined into a larger “African” stratum and individuals self-reporting
as “Indian” or “Pakistani” were combined into a “South Asian” stratum. After quality
control, 359689 British, 10598 Irish, 13189 Other White, 6172 South Asian, and 6133
African samples passing quality control also had suitable array-based mtDNA-CN
estimates for subsequent GWAS analyses.

Genome-wide association study (GWAS)
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GWAS were initially conducted in an ethnicity-stratified manner. The number of
variants tested for association with mtDNA-CN varied for British (M=10,728,525), Irish
(M=10,707,537), Other White (M=10,894,497), South Asian (M=11,350,981), and African
(M=18,981,896) study participants, respectively. GWAS was performed using the
REGENIE framework which consists of two steps (Mbatchou et al. 2020). In step 1,
mtDNA-CN was predicted using a ridge regression model fit on a set of high-quality
genotyped SNPs (MAF>0.01, MAC>100, genotype and sample missingness above 10%,
and passing HWE (p>10""°)) across the whole genome in blocks of 1000 SNPs. In step 2,
the linear regression model was used to test the association of all SNPs adjusting for age,
age?, sex, chip type, 20 genetic principal components, and blood cell counts (white blood
cell, platelet, and neutrophil counts), and conditional on the model from step 1.

Blood cell counts were determined for blood specimen collected at the initial
assessment visit using Beckman Coulter LH750 analyzers

(https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/haematology.pdf). Information

on blood cell counts was retrieved from the UKBiobank data showcase. Individuals with
missing values for any blood cell counts (~2.5%) were removed from any subsequent
analysis involving blood cell counts. Quality control of blood counts was done following
the same procedure as Longchamps et al. (2019) (Longchamps 2019). Except for platelet
counts, all blood cell counts were log-transformed and samples exhibiting outlying values
were removed (~4% samples). Lastly, values were standardized to have a mean of 0 and

standard deviation of 1.
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After ethnicity-specific GWAS were performed, results were combined through
meta-analysis using METAL (Willer, Li, and Abecasis 2010). European (N=383,476) and
trans-ethnic (N=395,718) GWAS meta-analyses were performed. We found that results
from the trans-ethnic meta-analyses strongly resembled that of the European meta-analysis
due to the high proportion of Europeans (97%). Accordingly, we report results from the
European meta-analysis as the primary GWAS. To summarize statistical associations,
Manhattan plots and quantile-quantile plots were generated by uploading summary

statistics into the locus zoom web platform (https://my.locuszoom.org/) (Pruim et al. 2010).

LD-score regression was performed to calculate the LD-score intercept by uploading

GWAS results to the LDhub test center (http://Idsc.broadinstitute.org/) (Bulik-Sullivan et
al. 2015). As per the instructions, all variants within the MHC region on chromosome 6
were removed prior to uploading. Annovar (version date 2020-06-07) was used to
functionally annotate genome-wide significant loci based on their proximity (+/- 250kb) to
genes (RefSeq), predicted effect on amino acid sequence, allele frequency in external
datasets (1000Genomes), clinical pathogenicity (Clinvar), and in silico deleteriousness
(CADD), and eQTL information (GTEXx v8) (Abecasis et al. 2012; GTEX 2014; Landrum
et al. 2015; Rentzsch et al. 2019).

NUMT Sensitivity Analyses

To assess whether genome-wide significant associations could be explained by
cryptic mitochondrial pseudogenes (NUMTS), we performed sensitivity analyses as per
Nandakumar et al. (2021)f. The MT genome was divided into thirds, and AutoMitoC

estimates were rederived for each region (MT:1-6425; MT:6526-11947; MT:11948-16569)
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using the corresponding MT variants belonging to these three consecutive regions.
Association testing was performed for each region using REGENIE. For a given variant, if
at least one region-based analysis yielded a non-significant association (P<0.05), we
considered this as evidence of NUMT interference.

Fine-mapping of GWAS signals

We followed a similar protocol to Vuckovic et al. (2020) for fine-mapping mtDNA-
CN loci (Muckovic et al. 2020). All 9,602 genome-wide significant variants were
consolidated into genomic blocks by grouping variants within 250kb of each other, yielding
72 distinct genomic blocks. LDstore was used to compute a pairwise LD correlation matrix
for all variants within each block and across all samples included in the European GWAS
meta-analysis (Benner et al. 2017). For each genomic block, FINEMAP was used to
perform stepwise conditional regression, leading to 80 conditionally independent variants
at genome-wide significance (Benner et al. 2016). The number of conditionally
independent genetic signals per genomic block was used to inform the subsequent fine-
mapping search parameters. Finally, the FINEMAP random stochastic search algorithm
was applied to derive 95% credible sets constituting candidate causal variants that jointly
contributed to 95% (or higher) of the posterior inclusion probabilities (Benner et al. 2016).

Mitochondrial expression quantitative trait loci (mt-eQTL)

Among our GWAS hits, we searched for mt-eQTLs using information from Ali et
al. (2019), “Nuclear genetic regulation of the human mitochondrial transcriptome” (Ali et

al. 2019). All variants in both Tables 1 and 2 were queried in the mtDNA-CN summary
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statistics. When mt-eQTLs also had reported effect estimates, the consistency in direction-
of-effects between mt-eQTL and mtDNA-CN associations was reported (S2. Table 3).

Gene prioritization & pathway analyses

The Data-driven Expression-prioritized Integration for Complex Traits (DEPICT)
v.1.1 tool was used to map mtDNA-CN loci to genes based on shared co-regulation of gene
expression (Pers et al. 2015). Genome-wide significant variants from the European GWAS
meta-analysis were “clumped” into independent loci using PLINK “--clump-pl 5e-8 --
clump-kb 500 --clump-r2 0.05” with LD correlation matrix derived from 1000Genomes
Europeans (Purcell et al. 2007). DEPICT was subsequently run on independent SNPs using
default settings. DEPICT identified 91 genes in total at a FDR of 0.05. Of the 91 genes, 4
non-coding genes were excluded from subsequent analyses for lack of a match in the
GeneMANIA database(Warde-Farley et al. 2010). The excluded genes include a
pseudogene (PTMAP3), an intronic transcript (ALMS1-1T1), and 2 long non-coding RNAS
(SNHG15, RP11-125K10.4). The remaining 87 DEPICT-prioritized genes were uploaded

to the GeneMANIA web platform (https://genemania.org/), which mines publicly available

biological datasets to identify additional related genes based on functional associations
(genetic interactions, pathways, co-expression, co-localization and protein domain
homology). Based on the combined list of DEPICT and GeneMANIA identified genes, a
network was formed in GeneMANIA maximizing the connectivity between all input genes
using the default “Assigned based on query gene” setting to weight the network. Functional
enrichment analysis was then performed to identify overrepresented Gene Ontology (GO)

terms among all network genes (Gene and Consortium 2000). All network genes with at
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least one GO annotation were compared to a background comprising all GeneMANIA
genes with GO annotations.

Mitochondrial annotation-based analyses

To complement the previous analyses, we labelled prioritized genes with
MitoCarta3 annotations and performed subsequent statistical enrichment analyses (Rath et
al. 2021). MitoCarta3 is an exquisite database of mitochondrial protein annotations, which
draws from mass spectrophotometry and GFP colocalization experiments of isolated
mitochondria from 14 different tissues, as well as a plethora of other sources including
literature review, to assign all human genes statuses indicating whether the corresponding
proteins are expressed in the mitochondria or not. We tested whether prioritized genes were
enriched for the mitochondrial proteome by using a binomial test in R. The number of
“trials” was set to the total number of DEPICT and GeneMANTIA -prioritized genes (107);
the number of “successes” was set to the aforementioned gene subset that were labelled as
mitochondrial proteins by MitoCarta3 (27); finally, the expected probability was set to the
number of nuclear-encoded MitoCarta3 genes divided by the total number of genes
(1120/18922). Furthermore, a t-test was used to compare mean PGC-1A induced fold
change for the 27 genes as compared to the mean PGC-1A induced fold change for all 1120
nuclear MitoCarta3-annotated genes. MitoCarta3 genes with missing values were excluded
from this analysis. Lastly, the 27 genes were labelled based on MitoCarta3
“MitoPathways”. Only the top level pathway (i.e. parent node) was ascribed to each gene
within the main text though detailed pathway annotations are available S2. Table 5.

Genetic Analysis of Rare Variants
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Data acquisition and quality control

Population-level whole-exome sequencing (WES) variant genotypes (UKB data
field: 23155) for 200,643 UKBiobank participants corresponding to 17,975,236 variants
were downloaded using the gfetch utility. These data represent the second tranche of WES
data released by the UKBiobank and differs from the first tranche (~50K samples) which
was used for the development of the AutoMitoC pipeline. Quality control of WES data was
conducted as follows. First, 11 samples who withdrew consent by the time of analysis were
removed. Second, 83,700 monomorphic variants were removed. Third, 369,215 variants
with non-missing genotypes present in less than 90% of samples were removed. Fourth, 2
samples with call rates less than 99% were removed. Fifth, 18 samples exhibiting
discordance between genetic and reported sex were removed. Sixth, through visual
inspection of scatterplots of the first two genetic principal components, 3 outlying samples
whose locations strongly departed from their putative ethnicity cluster were removed.
Seventh, 35,317 variants deviating from Hardy Weinberg Equilibrium were removed.
Eighth, 12,765 samples belonging to smaller ethnic groups with less than 5000 samples
(South Asian=3395; African=3168; Other=6,202) were removed. Ninth, we selected for a
maximal number of unrelated samples and excluded 14,156 samples exhibiting third degree
or closer relatedness. Finally, 12,394,404 non-coding variants were removed, and
5,176,300 protein-altering variants (stopgain, stoploss, startloss, splicing, missense,
frameshift and in-frame indels) were retained in 173,688 samples.

Exome-wide association testing to identify rare mtDNA-CN loci
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Of the 173,688 individuals passing quality control, 147,740 had non-missing
mtDNA-CN estimates. Further variant inclusion criteria were implemented: variants that
were rare (MAF < 0.001), non-synonymous, and predicted to be clinically deleterious by
Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.4 scores (or were highly
disruptive variant types including frameshift indel, stopgain, stoploss, or splicing) were
retained (Jagadeesh et al. 2016). Herein, such variants are referred to as “rare variants” for
simplicity. For each gene, rare allele counts were added per sample. 18,890 genes with a
total minor allele count of least 10 were subsequently analyzed (exome-wide significance
P < 0.05/18890 = 2.65 x10®). Linear regression was conducted using mtDNA-CN as the
dependent variable and the rare alleles counts per gene as the independent variable. The
same set of covariates used in the primary GWAS were also employed in this analysis.

Phenome-wide association testing for rare SAMHD1 mutation carrier status

To identify disease phenotypes associated with carrying a rare SAMHD1 mutation,
we maximized sample size for phenome-wide association testing by analyzing the larger
set of 173,688 WES samples (with or without suitable mtDNA-CN estimates). Disease
outcomes were defined using the previously published “PheCode” classification scheme to
aggregate 1CD-10 codes from hospital episodes (field ID 41270), death registry (field 1D
40001 and 40002), and cancer registry (field ID 40006) records(Denny et al. 2013; Wu et
al. 2019). Further manual review was performed to exclude cases of sex-specific outcomes
that may be erroneously attributed to the opposite genetic sex. Logistic regression was
applied to test the association of SAMHD1 mutation carrier status versus 771 PheCodes

(phenome-wide significance P < 0.05/771 = 6.49x107°) with a minimal case sample size of
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300 (Wei et al. 2017). The same set of covariates used in the primary GWAS were also
employed in this analysis.
Mendelian Randomization Analysis

Disease Outcomes

To assess evidence for a causal role of mtDNA-CN on mitochondrial disorder-
related traits, we first defined a list of testable disease outcomes related to mitochondrial
disorders. 36 clinical manifestations from a review paper by Gorman et al. (2016) were
cross-referenced to GWAS traits analyzed by the FinnGen consortium (Feng et al. 2020;
Gorman et al. 2016). The FinnGen consortium is a collaborative research entity aggregating
genomic data from 9 Finnish biobanks with phenotypic data from electronic health records

(https://finngen.gitbook.io/documentation/data-description#summary-association-

statistics). FinnGen GWAS (v4) have been performed for 176,899 participants and 2,444

disease endpoints using the SAIGE method which entails a logistic mixed model with
saddle point approximation to account for imbalanced case-control ratios(Zhou et al. 2018).
Of these 2,444 disease endpoints, 10 traits corresponded to one of the 36 clinical
manifestations of mitochondrial disease and had a case prevalence greater than 1% in
FinnGen including type 2 diabetes (N=23,364), mood disorder (N=20,288), sensorineural
hearing loss (N=12,550), cerebrovascular disease (N=10,367), migraine (N=6,687),
dementia (5,675), epilepsy (N=4,558), paralytic ileus and intestinal obstruction (N=2,999),
and cardiomyopathy (N=2,342). Genome-wide summary statistics were downloaded for

these 10 traits, from which effect estimates and standard errors were used in subsequent
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Mendelian randomization analyses to define the effect of selected genetic instruments on
disease risk.

Genetic Instrument Selection

First, genome-wide significant variants from the European GWAS meta-analysis of
mtDNA-CN were chosen (N=383476). Second, we matched these variants to the FinnGen
v4 GWAS datasets (Feng et al. 2020). Third, to enrich for variants that directly act through
mitochondrial processes, we only retained those within 100kb of genes encoding for
proteins that localize to the mitochondria based on MitoCarta3 annotations (Rath et al.
2021). Fourth, we performed LD-pruning in PLINK with 1000Genomes Europeans as the
reference panel to ascertain an independent set of genetic variants (LD r2 > 0.01), resulting
in 34 variants (Abecasis et al. 2012; Purcell et al. 2007). Lastly, to mitigate potential for
horizontal pleiotropy, we further removed variants with strong evidence of acting through
alternative pathways by performing a phenome-wide search across published GWAS with
Phenoscanner V2 (Kamat et al. 2019). Variants strongly associated with other phenotypes
(P<5x1072%) were removed unless the variant was a coding mutation located within gene
encoding for the mitochondrial proteome (MitoCarta3) or had an established mitochondrial
role based on manual literature review (Rath et al. 2021). Seven genetic variants were
removed based on these criteria including rs8067252 (ADAP2), rs56069439 (ANKLEL),
rs2844509 (ATP6V1G2-DDX39B), rs73004962 (PBX4), rs7412 (APOE), rs385893 (AK3,
RCL1), and rs1613662 (GP6) (S2. Table 8).

Mendelian Randomization & Sensitivity Analyses
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Two sample Mendelian Randomization analyses were performed using the
“TwoSampleMR” and “MRPRESSO” R packages (Hemani et al. 2018; Verbanck et al.
2018). Effect estimates and standard errors corresponding to the 27 genetic variants on
mMtDNA-CN (exposure) and mitochondrial disease phenotypes (outcome) were derived
from the European GWAS meta-analysis and FinnGen v4 GWAS summary statistics,
respectively (S2. Table 9). Three MR methodologies were employed including Inverse
Variance Weighted (primary method), Weighted Median, and MR-EGGER methods. MR-
PRESSO was used to detect global heterogeneity and P-values were derived based on 1000
simulations. If significant global heterogeneity was detected (P<0.05), a local outlier test
was conducted to detect outlying SNPs. After removal of outlying SNPs, MR analyses were
repeated. In the absence of heterogeneity (Egger-intercept P > 0.05; MR-PRESSO global
heterogeneity P > 0.05), we reported the inverse-variance weighted result. In the presence
of balanced pleiotropy (MR-PRESSO global heterogeneity P < 0.05) and absence of
directional pleiotropy (Egger-intercept P > 0.05), we reported the weighted median result.
In the presence of directional pleiotropy (Egger-intercept P < 0.05), we reported the MR-
EGGER result. We also performed the Steiger directionality test to ensure that a greater
proportion of variance in mtDNA-CN was explained than risk of the outcome. Finally, to
replicate the two-sample MR finding using an independent outcome dataset without
UKBiobank participants, we repeated two-sample MR analyses using the International
Genomics of Alzheimer’s Disease Consortium (2013) GWAS meta-analysis including
17,008 cases and 37,154 controls (Lambert et al. 2013).

Supplementary Results 11
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Supplementary Tables

S2. Table 1. Annotated genome-wide significant mtDNA-CN loci

GWAS Mata-analysis Results NUMT Sansitivity Analysis Results I Gene i
locus #]rsid [chr [pos [ref[ale e pvalue _|het_p NUMT228[p_MT_1ST_THIRD] HIRD[p_MT_3RD_THIRD |Gene.refG: mtDNA Depletion Gene| Human rta3 Gen,
[rszar7aos |1 7eersaln |c 0.0738] _00075] 2.58621] 0.2223] . S.66F-12 S07E ;;L_‘_‘_'L_‘_‘_I" o 559E-01[LINCO1128, No No Mz_"“_"
2|rs1568419 1] 2996602|T |C 0.0025| ©.87E-14) 0.5991 A.96E-14) 3. lD(—Ml 3.08E-13] 5. B‘IE—lllPRBMlE No No
3|rs3766744 1] 12043717|G |A 0.0021]| 291E-17| 0.8234) L1.17E-17| 2.4BE-16| 121E-15] 2.24E-15|MFN2. No Yes.
2]rs139898146 1] 25600727c [a 1.966-106] 0.1535] 9.156-111]  2.30€ 2.96€-88 7.80E-118|RHD, RSRP1 No No
s|rs2274319 | 1]156a50873|7 [c 4.09-10] 0.8799] 1.4 X 2.24€-10 2.08E-08|MEF2D No No
6|rs2038450 1]171939641]a |7 1.30E-00 2.09E-08| 1.50E-05|DNM3 No. No.
6lrs143989240]  1[172381181[1 [T76 9.49E-09) 5.496-06[DNM3 o No
7|rs10749636 | 1] A 3.51E-09] 1.556-08| TRIMSS No No
8|rs1166400as 3] T 0.0124] 3 8257% 1.63F 05| FBX048 No. No
9|rs1653261 | 2 c 0.0022] 451€-27 1.68E-24|DGUOK Yes Vs
o|rs62641680 | 2] B 0.0063] 8.38E-45] 3.276-37|DGUOK Yes Ves
o|rs74872677 | 2 G 3.476-30] 9.38E-24|DGUOK es Ves
10)rs12052715 2 G E.ETE-% 166E-O7|LY75,LY75-CD302 No No
11)rs78909033 2] A 3.05E-12] 4.01E-08 |RNPEPLL No No
12|r513084580 3 T 3 625'12J B8.22E-10|CSRNP1 No No
13|rs6792510 | 3| C 1.33E-08] 7.A3E-07|NCKIPSD. No No
14)rs1354034 3 C 3.32E-37] 3.97E-24 | ARHGEF3 No No
15|rs3a778241 | 3| i 0.0023] 09757 7.07€-09] 1446 07|EIF4E3 No No
16|rs13088724 | 3[179152841[G |a 0.0026] 7.706-12] 0.0437] 8.75€-10] 5.97€-11|GNB4 No No
17|rsa698839 | a[102801941]c |7 0.0022] 9.47€-09] 0.5554] 55208 9.50-09BANKL No No
18[rs7705526 | 5| A 0.0023] 6.466-15] 0.8712 5.61E-15 7.48E-10|TERT No No
19)rs36009521 £l TA 0.0031] 6.27£-09] 0.2324) 1.75E-08] B.96E-07|LINCO2056; TNPOL No No
20|r511463417¢ S| C 0.0045| 3.04E-13| 0.8778) 1.35E-11 5.19E-11|MEF2C-AS1 No No
21]rs212930 5] G 0.0025] 318609 0.6535 3.426-09 4,326-06|CARMILY No No
22|rs2844509 | | B 0.0025] 2.61£-08] 0.0344] 142608 1.55E-05|ATP6V1G2-DDX398_|No No
23|rs35372032 | T 0.0043] 412609 0.6261 113607 1.16E-09|HLA-DRBL;HLA-DOAL [No No
24]rs5745582 | 6| T 0.0028]_346E-14) 309618 2.13E- 8.26E-13 7.58E-11[BAKL No Ves
25)rs4895441 5, G 0.0024] B.31E-14) 1.68E-13) 1.03€-13] 1.77E-12] 5.59E-10|HBS1L;MYB No No
26|rs2304693 | 7| A 0.0028| 511E-11] A4.77E-11] B5.12E-11] 9.26E-09|TBRGA No Yes
27|rs11764390 | 7] 0216205[G |a 155608 155E.08 r 131607 2.426-06|GNAT3;CD36 No No
28]rsaa5 7] T 3.61E-08 5.40E-07|COKS No No
29lrs3a2293 | 7] 5 9.24£-41] 2.61E-38| 5.82£-30|CCOCT 1L PIK3CG. Mo No
30|rs6972244 7| A 2.77E-25] 5.9 4| 1.04E-67] 4.16E-01|MDFIC;LINC01393 No No
31]rs6959832 | 7] B 210623 1.56E-24) 4.09-23] 5.646-16|NUP205 No No
32|rsd284061 | 8| B 2.97E-17] 3.66E-15 3.45E-12|DEFAZ:DEFALIP __ |No No
33|rs4841132 | 8| 0183506[A |G 7.46E-09) 5.09E-10 4.02E-05|LOCI57273 No No
34|rs2322718 | 8| 27257787[1 |6 1.536-10] 2.06E-09 3.416-08PTK2B No No
35)rs385893 9 C 5.96E-13) B.68E-12] 4.13E-11|AK3;RCLT No [Yes (AK3)
36|rs8176645 | 9| A 3.06E-08| 5.90E-07 3.42E-07|ABO No No
37|rs12247015 G 1.286-55 15449 1.08€-41[TFAM Yes Yos
37|rs4397793 c 4.64E-28 2.33E-25TFAM Yes Vs
38|rs7896518 G 9.536-99) 6.82E-91 8.29E-74|IMIDIC No No
39)rs57066921 G B.98E-41) 3.94E-36] 2.31E-29| TWNK Yes Ves
39|rs750866 G 0 DZEﬂl 0.0026| 127€-22) A.64E-22| 5.52E-1817T52 No No
40[rs34076958 TG 0.0022[ 240615 1.48€-13 1.836-14[SUFU No No
41]rs139115730] TTA 5.666-16] 0.0413]  5.17E-16] 11317 6.70E-09|5TIM1 No No
42|rs11064074 | 13| T 4.87-20] 0.1343] 3.90E-20 8.41E-14|VWF.CD9 No No
43]rs5012418 | 12] G 412629 4.23E-22|CAPZATPLERHAS _ |No No
A44]rs1127787 12 A 1.37E-08] 1.57E-D8|MRPS35 No Ves
45|rs2015599 | 12 A 6.42E-08| 4.27E-06|L 0C100506606 No No
26512426673 | 12] T 143611 5.13-07|UsP30-AS1 No Yes
47|rs11064281 | 13 B 9.77E-10 1.70-08CIT No No
48|rs11553699 | 12| G 3.40€-40 7.46E-33[RHOF,TMEMI208_|No No
49]rs1760940 | 14] c 35324 4.526-23[PNP No No
50|rs72698722 | 14, T 1.73E-12) Sl?E—lZl 182E-11] 2.70E-10|LINCDOS23; DLKL No No
51|rs289713 18, A 4.16E-08) 3.67E-08| 6.17E-07] 1.28E-06|CETP No No
52|rs3885402 | 17] 0 286614 5.636-14 125613 6.65-13|MIEF2 No Yos
53|rs200309755_17] T 3.256-16] 16361 5.82E-16 6.256-12|TAOKL No No
54|rs8067252 | 17| T 2.25E-07] 1.73E-06 | ADAP2 Mo No
55 rs17850455 A 1.13€-19) 5.28E-11] 1.08E-13|POLG2 Yes Yes
56|rs77261872 T 561E-17 6.14E-10) 2.276-11|LINCO178 No No
57| 528665408 c 5.39-12 3.58E-11 1.58€-09|DOKG No No
58|rs112743753 19, G 2.32E-06] 1.20E-05) 6.23E-08|GRINIB No No
59)r511085147 T 1.81E-86] 6.86E-75|LONP1 No IE
M T 3.96E-08] 4.57¢-08] 1.37E-07|LOLR No. Mo
61]rs13989146! T 4 68E-18] 1.176-16 1.15€-10] USHBP1 No. No
61|rs35586766 | 19) B 4.486-18] 01762 1.08E-30 5.08E-24| ANKLEL No No
61|rs56069439 | 19| A 2.306-32| 0.7389) 270617 LOLE-L6[ANKLEL [ No
62|rs2304128 | 19 T 9.17€-09] 0.6996) 2.666-07 9.06E-08|GMIP No No
63]rs1065853 | 19) 0 2.056-23 5,326 16| APOE No Mo
64]rs1613662 A 3.90E-09| 0.8316) 7.936.00 2.706-07|GP6 Na No
65|rs6074896 A 0.8519] 2.45E-19)| 2.37E-19[SIRPAL No. No.
65]rs156355 c 6.41E-23] 0.0768] L186-20 6.40€-17| LOC100289473,51RPA | N No
65|rs4814776 A 2.23E-36| L.0SE-25|SIRPA Mo No
66|rs6105852 A 9.72E-27] 2.65E-19|MGMEL Yes Yes
66]rs76599088 | 20 i 0.0623] 249611 3.01E-15[MGMEL es Yes
67|rs2245046 | 22| B 00317| 0.0023] 9.386-45] 0.2517] 9.186-39 3.086-36[MCAT Na Yes
68|rs12148 22 |G -0.0139] 0.0022] 4.29E-11] 1.72E-07|SC02 No Yes
69[rs3002416 [x [ 3 c |7 -0.0107| 0.0019] 6.52€-03] 0.9789) 459608 2.12€-06|MIR1587,6COR No No
70]rs200375559]x cTamt] -0.0133] o0.0021] 330E-10] 0.3784] 1516-08 5.36€-08| FAAH2 Na No
71|rs73250616 |X c 5aE07] L02E-07|SYTLA;CSTF2 Na No
72]rs392020 |x_[118601473[T |c 0002 6.85E-26] 0.5818] 5.69-24] 1.376-22[SLC25A5-ASL No ves

S2. Table 2. FINEMAP results for 72 mtDNA-CN loci and 82 independent signals
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) 154826349

(0.00143448];r35960981 (0.00143445]
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00122307)155960917 (0.00122307)
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S2. Table 3.

Overlap between mtDNA-CN loci and MT-eQTLs (Ali et al., 2019)

wsid__Jchr] pos |ref|alt|Nuclear Gene] Nuclear Gene Annotation | mtDNA-CN GWAS Beta|mtDNA-CN GWAS P-val MT-eQTL Tissu MT-eQTL Gene| MT-eQTL GWAS Beta| MT-eQTL GWAS P-value] Concordant sign between mtDNA-CN and MT-et
rs11085147)19) 5711930 | C|T| LONPT  |NM_D01276479:ex0n5:.G530A 5. R1770] 0.0756 1.54€-95 Whole Bload MTCO2 NA MNA N&
MTEYE NA NA A
\Whle Bload MTCO2 0.028 75331 No
MTCO3 0.028 1.23E25 N
MO 0.015 234617 Yes
Skin [not sun exposed) [—TC0Z wil 1A UL
MTCO3 0027 284612 o
MTHDAL NA NA A
112304603 | 7 |45148667| G | A|  TBAGH NM_199122:ex0n2:¢.C170T:p.PSTL 00181 511611 MIRNAZ NA NA A
i el MTCOZ NA NA A
MTCO3 NA NA L
MO NA HA A
MTNDS 0029 235618 ‘o
MTCO3 NA NA A
adipose |—MTHOL NA NA A
MTNDS NA NA A
MTNDS NA NA N
i MTND2 0.032 248623 Yes
r31127787 |12|27867727| G | A| MAPS3S | MM _021821:exon2:eG127A:p GA3R 0.0159 1.496-08 MTND4 0022 220612 Yes
Skin [not sun exposed) | MTNDI 0022 772612 Yes
MTRNRZ NA [ A
Whole Bload MTNDS NA A A
rs62165226( 2 |55878339 T|c| PNPTI intronic -0.0085 5.47E-05 iNDe T s .
[ id celllines|  MTC03 0.018 2.79E-08 es
e i celll MTCO2 NA NA A
r510205130| 2 [44151572| G| €| LRPPRC intronic 0.0084 LATE-04 L celllines | — e G025 T30 .

S2. Table 4. DEPICT gene prioritization results

210

SNPs In Locus|# Genes in Locu: Locus Coordinates |GWAS P-value| Ensembl Gene ID | Gene Symbaol |included in GeneMANIA Analysis| DEPICT P-value [Nom| DE FDR|Gene Closest to Lead SNP| Top cis-eQTL (Westra et al, 2014; Nature Genetics|
rs55955211 4 chr22:50528308-50656045 2.53E-08  [ENSGDOO00073169| SELO Yes 3.07E-08 <=0.01 TRUE 152272847
465299 1 chr9:4860454-4885917 1.31E-08 |ENSGODOD0243754] RP11-125K10.4] No. 1.296-07 <=0.01 TRUE -
5116614177, 15 chr2:73169165-74007; 2.17E-09 35632)  SMYDS Yes 2.B1E-06 <=0,01 FALSE 2421547
151760940 1 chr14:20937113-20945253 | 5.20E-27 PP Yes 9,68E-06 <=0,01 TRUE 51713459
rs11697158;r
56105852;rs7 4 chr20:17922241-18039832 | 1.41E-25 SHXS Yes 1.09E-05 «=0,01 TRUE 6132012
6539088
rs55955211 4 chr 50656045 2.53E-08 70638 TRABD Yes 1.36E-05 <=0.01 FALSE rs732710
11278075 3 chr10:102672720-102790890]  6.26E-28 MRPLA3 Yes 1.48E-05 <=0,01 FALSE 52863095
51408343
rs59791256 21 khr10:103113820-104192414  3.60E-10 PPRC1 Yes 2.21E-05 <=0.01 FALSE 510736156
5116614177 15 «chr2:73169165-74007284 2.17E-09 4045] DUSP11 Yes 2.30E-05 <=0.01 FALSE
56792510 20 chr 4937814 1.44E08 8537|  SLC25A20 Yes 4.76E05 «=0,01 FALSE
rs117437695;]
g X z 1994) X = B
1£3097889 12 chr19:5720688-6110664 2.54E-18 DusaL Yes E-05 <=0.01 FALSE
152304693 5 chr7:45002261-45151646 | 5.11E-11 36270 TBRGA Yes 5.04E-05 <=0,01 TRUE rs3757573;rs4724362,r52289373
rs59791256 21 hr10:103113820-104192418  3.60E-10 [ENSGODODO166197|  NOLCL Yes B.17E-05 «=0.01 FALSE




1559791256 2 hr10:103113820-104192415  3.60E-10  [ENSGODODO16617|  NOLCL Yes 817605 <001 FALSE -
12780745,
“51403343” L chrl0:102672720-10279089(]  6.26E-28 |ENSGODOO0107E15) Cl0orf2 Yes 8.37E-05 <=0.01 FALSE rs927302
12451698;
“538!!9402“ 10 chr17:18012020-18317694 2.60E-14  [ENSGOD000177731| FLIl Yes 1.02E-04 ==0.01 FALSE rsB065874
rs10407593;1
51108514 7 chrl95558178-5720463 | 154E95 LONPL Yes 159604 <=0.01 TRUE 157256359
9636179
rs6792510 20 49378145 | 1.44E-08 053 QARS Yes 257604 <=0.01 FALSE 511706052
12304128 12 chrl9:19366456-19791761 | 9.16E.09 |ENSGODOOD105726|  ATPI3A1 Yes 275608 <=0.01 FALSE 152304130
559791256 21 hr10:103113820-104192418  3.60E-10  [ENSGO0000077150) NFKB2 Yes 3.00E-04 <=0,01 TRUE -
”:BZ:ES;‘GOQ:” 10 chrl7:18012020-18317694 |  2.60E-14 |ENSGODOODL76874|  SHMTL Yes 341608 <001 FALSE 12168781
r5139891465;
15355867661
8 chr19:17360838-17453539 2.30E-32  [ENSGO0000130312| MRPL34 Yes 3.84E-04 <=0.01 FALSE 158100448
$56069439;rs|
7254318
5116614177 15 chr2:73168165-74007284 | 217608 |ENSGOD000230002| ALMSIL-ITL No 428604 <=0.01 FALSE
15111870993
15117263028
rs117821325;)
15145707459 3 chri0: 5384883 | 953699 148572 NRBFZ Yes 5.26E04 <=0.0L TRUE -
rs56052501;
916282
15148308452 10 Ehr12:122277433-122907179 370609 |ENSGOOD0O175727|  MLXIP Yes 6.21E08 <=0.01 FALSE -
rs12148 a Chr22:50946645-50971009 | 132610 | ENSGOODO0D25708|  TYMP Yes 713604 <001 FALSE 15140522,15140522,r52341010
5:;;;::::" a khrl2:122064455-122232261 145643 |ENSGOODD0139725|  RHOF Yes 825604 <=0.01 TRUE 511043194
rs59791256 21 chr10:103113820-10419241: 3.606-10 | ENSGOODDO166169) POLL Yes 2 40E-04 <=0.01 FALSE -
1342293 1 chr7:106297211-106301442| 105640 53276]  Crorfid Yes 315608 =001 TRUE -
1513084580 & chr3:3888726035234087 | 219613 |ENSGOODDOLA4BSS|  CSRNPL Yes 103603 <001 TRUE 13732383
rs1127787 1 chr12:27863706-27909228 | 149E08  |ENSGOODOOOGL794|  MRPS35 Yes L04E-03 <=0.01 TRUE 510771360
1559791256 21 Ehr10:103113820-104192418  3.60E-10 |ENSGOODDO166188|  HPSG Yes 107603 <=0.01 FALSE 1517771448
rs13088724 3 chr3:179040779-179169378|  7.70£-12 | ENSGOO0D0121864| ZNFE39 Yes 1.08E-03 ==0.01 FALSE -
58067252 3 chr17:29158988-29286340 |  3.58E08  |ENSGOOD00172171|  C17orf42 Yes 003 <001 FALSE -
12304128 12 chr19:19366456-19791761 |  9.16E-09 |ENSGOODOOOSSB3S|  GMIP Yes 122603 <=0.01 FALSE rs1476459
r2245946 2 chr22:43506754-435354 9.38E45 100294)  MCAT Yes 129803 <=0.01 TRUE
rs139891465;
15355867661
£56069439:13| 8 chr19:17360838-17453539 2.30E-32  |ENSGOODO0130299| GTPBP3 Yes 131603 <=0.01 FALSE r53826700;1s7247558
7254318
12304128 12 chrl9:19366456-19791761 | 9.16E09 [ENSGOODO0129933|  MAU2 Yes 134603 <=001 FALSE 2301668
rs6792510 20 chr3:48701364-49378145 | L44E08 [ENSGOODOO177478|  ARIHZ Yes 154803 0.05 FALSE rs7628719
157223593 1 chr17:17091239-18011285 |  4.79E-08 [ENSGOODD0108591(  DRG2 Yes 173603 0.05 TRUE rs854791
523046393 5 chr7:45002261-45151646 5.11E-11  |ENSGOOD00232956| SNHG1S Mo 187603 <0.05 FALSE -
rs112743753 2 chr19:984328-1009731 | A479E08 |ENSGOODOODGS268)  WDR1S Yes 198603 0,05 FALSE rs4806884
r34243225;1
6959832 3 chr7:135046547-135378166|  2.106-23 | ENSGOOD00155561 NUP205 Yes 2.006-03 <0.05 TRUE 1513241136
rs12247015;1
51863325341 4 chrl0:59951278-60158981 |  1.28E-55 |ENSGOODOO108084|  TFAM Yes 221603 0.05 TRUE 1510826176
52790203
1510749636 1 chr1:248020501-248041507  5.436-10 |ENSGOODO0162722(  TRIMSE Yes 226603 0.05 TRUE 110788730
1512426673 3 khr12:100460894-10953143¢  4.03E-11 |ENSGOOODO189046(  ALKBHZ Yes 244803 0.05 FALSE 5246085
Ps:j':g:;::" & khr10:102672720-102790890  6.26E-28  |ENSGOOODD119908|  FAM178A Yes 2.466-03 0.05 TRUE 1510883567
rs17850455 1 chrl7:62473904-62493184 1B1E-18  |ENSGDO0D0256525) POLG2 Yes 251E-03 <005 TRUE
56792510 20 chr3:4B701364-45378145 | 144608 |ENSGOOODO185903|  KLMDCSS Yes 253603 .05 FALSE 1511706189
rs139891465;)
355867661 8 chr19:17360838-17453539 |  2.306-32 |ENSGOOODO160117|  ANKLEL Yes 256603 0.05 TRUE 19676419
$56069439;15|
7254318
511553698
<9804982 4 khr12:122064455-12223226 1.456-43 | ENSGOOOD0182500) ORAIL Yes 3.06E-03 <0.05 FALSE 512308869
1559791256 2 hr10:103113820-10419241  360E-10  |ENSGOO000107833)  NPM3 Yes 3.18£03 .05 FALSE 152305191
5104075831
511085147;rs 7 <hr19:5558178-5720463 154E-95  |ENSGDO0D0174917(  C190rf70 Yes 334803 <005 TRUE
9636179




578903033 2 chr2:241505221-241557122|  1.00E-11  [ENSGODDOO142327|  RNPEPLL Yes 354603 <0.05 FALSE 54676430
11553699;
rssgsmgaz 4 4 khr12:122064455-122232261]  1.45E-43  |ENSGO0000188735| TMEM1208 Yes 3.69E-03 <0.05 TRUE -
rs11697158;r|
$6105852;r57, 4 chr20:17922241-18039832 |  1.41E-25 218902  PTMAP3 No 434803 <0.05 FALSE -
6599088
r510407593;r]
511085147;rs 7 chr19:5558178-5720463 1.54E-95  |ENSGO0000130254 SAFB2 Yes 4.38E-03 <0.05 FALSE rs639858,rs708691
9636179
rs59791256 21 hr10:103113820-10419241§  3.60E-10 |ENSGODDOD107874|  CUEDC2 Yes 45403 <0.05 FALSE 511191274
36792510 20 chr3:48701364-49378145 1.44E-08  |ENSGO0000172046| usp19 Yes 4.80E-03 <0.05 FALSE -
rs10407593;r
511085147;r5 7 chr13:5558178-5720463 | 1.54E-95 16063 SAFB Yes 4.826-03 <0.05 FALSE 158102642
9636179
133766744 2 chrl:11994262-12073571 | 2.91E-17 16688  MFN2 Yes 5.06E-03 0.05 TRUE rs873458
151613662 3 chr19:55476438-55580914 |  3.90E-09 GPs Yes 5.156-03 <0.05 TRUE £517836542
rs13084580 6 ¢hr3:38887260-39234087 2.19E-13  |ENSGOD000114742 WDR48 Yes 5.338-03 <0.05 FALSE rs3736573
rs11064881 3 hr12:119825792-12031509 2.58E-10  |ENSGOD00D111725 PRKABL Yes 5.B4E-03 <005 FALSE rs11064881
34243225
rsssgsg&n'r 3 chr7:135046547-135378166|  2.10€-23 | ENSG000D0243317|  C7orf73 Yes 5.86E-03 <0.05 FALSE -
rs34594414 1 chr18:67528097-67624160 [ L.O7E-12  |ENSGOODDO150637|  CD226 Yes 6.27E-03 “0.05 TRUE rs763361
5148308452 10 hr12:122277433-122907179 370609 |ENSGOODDO130778|  CLIP1 Yes 6.34E-03 <0.05 FALSE -
rs12451698;
3885402 10 chr17:18012020-18317694 |  2.606-14 |ENSGOODDO177302|  TOP3A Yes 6.38E-03 0.05 FALSE r31563632
152304128 12 chr19:19366456-19791761 |  9.16E-09 |ENSGOODD0167431| GATADZA Yes 6.42E-03 <0.05 FALSE r56909;rs7259773
rs11591571 4 hr10:104221149-104418164  3.776-15  |ENSGOODD0138107|  ACTR1A Yes 7.28E-03 <0.05 FALSE 132902544
rs6792510 20 chr3:48701364-49378145 1L446-08 | ENSGOOD00114316| usp4 Yes B.00E-03 <0.05 FALSE 511713297;rs3774800
1511697158
$6105852;rs7| 4 chr20:17922241-18039832 1.41E-25 |ENSGOO000125871|  C200rf72 Yes 9.05E-03 <0.05 TRUE 38120495
6593088
1511764390 1 chr7:79998891-80308593 | 155608 |ENSGOODDO135218|  CD36 Yes 972603 <0.05 FALSE r53211958,1:2272353
rs6792510 20 chr3:48701364-49378145 1.44£-08  |ENSGOODDO178035|  IMPDH2 Yes 9.90E-03 <0.05 FALSE -
1512148 4 chr22:50946645-50971009 | 1.32E-10 |ENSGOODDO025770]  NCAPH2 Yes 0.01 <0.05 FALSE r5140524;r55770769
r512247015;r|
s1 F 4 hr10: 1271 158981 1.28E-55 |ENSGO00DD072401  UBE2D1 Yes 0.01 <0.05 TRUE rs10826174
52730203
152245946 2 chr22:43506754-43539400 |  9.38E-45 230 BIK Yes 001 <0.05 FALSE rs5751435
134695839 1 chrd:102332443 947E-09 64| BANKL Yes 0.01 <0.05 TRUE 1517031974
rs139831465;
nass3a7eey 8 chr19:17360838-17453538 |  2.30€-32 BABAM1 Yes 0.01 <0.05 FALSE £57246262;r5851017
$56069439;r5
7254318
rsf:u-;?;zs, 12 chr19:5720688-6110664 | 254E-18 |ENSGOOO00174886) NDUFALL Yes 0.01 <0.05 FALSE -
559791256 1 Khr10:103113820-104192418  3.60E-10 98728 o8l Yes .01 <0.05 FALSE
rs10835540 2 chr11:3875757-4160106 | 5.74E-16 |ENSGODODO167325|  RRM1 Yes 0.01 <0.05 TRUE rs12806698
rs8067252 3 chr17:29158988-29286340 |  3.58E-08 6208  ATADS Yes 001 <0.05 FALSE -
rs116614177| 15 <hr2:73169165-74007284 2.17E-09  [ENSGDOO00135624) ceT? Yes 0.01 <0.05 FALSE rs12464589;rs12104774
1512148 4 chr22:50946645-50971009 ENSGOD0D0130489]  5CO2 Yes 0.01 <0.05 TRUE 53091397
rs11591571 4 hrl10:104221149-104418164  3.77E-15 8: SUFL Yes 0.01 <0.05 FALSE -
137705526 1 chr5:1253262-1295184 6.AGE-15 64362  TERT Yes 0.02 <0.05 TRUE r52242652;r56894574
rs12451698;r
1889402 10 chr17:18012020-18317694 | 2.60E-14  [ENSGODODO177427)  SMCRT Yes 0.02 <0.05 TRUE rs16960835
52304693 5 chr7:45002261-45151646 5.11E-11 |ENSGDO0D0136286| MYO1G Yes 0.02 <0.05 FALSE rs6976664
rs1354034 1 chr3:56761446-57113357 | 205635 |ENSGOOODO163947|  ARHGEF3 Yes 0.02 <0.05. FALSE rs2046823;rs7639049
r5148308452 10 chr12:122277433-122907179  3.706-09 |ENSGOODDO139718|  VPS33A Yes 0.02 <0.05 FALSE
rs6792510 20 chr3:AB701364-49378145 | L44E-08 |ENSGDOODOLBE31S|  Clorfe2 Yes 0.02 0.05 FALSE 134955411
rs2304128 12 chrl9:19366456-19791761 |  9.16E-09 |ENSGOOODOL05705|  SUGPL Mo 0.02 <0.20 FALSE
151598010 2 ehr5:72112139-72386349 | 241608 |ENSGOO0DO0S3312|  TNPO1 Mo 002 <0.20 TRUE

212




3112997975

15139111376
15139898146 7 hr1:25549170-25895377 | 196E-106 |ENSGOO0D0204178| TMEMST No 002 ©.20 FALSE 152986161
152375112;rs
614997
rs13088724 3 chr3:179040779-179169378|  7.706-12 | ENSGOO000171109) MFNT Na 0.02 <0.20 FALSE
152015599 3 chr12:29302036-29534122 |  6.036:09 |ENSGOODDO257176]  FARZ No 002 .20 TRUE
152322718 1 chrB:27168999.27316903 | LS3E-10 |ENSGDO0DO120893|  PTIZE Na 0.02 .20 FALSE r52322599,r52322600
15116614177 15 hr2:73169165.74007284 | 217609 |ENSGOODDO144034|  TPRKE. Na 0.02 .20 FALSE
34895441 1 chr6:135281516-135424194]  8.31-14 | ENSGO0O000112339) HBs1L Na 0.02 <0.20 TRUE 134472368
124516581 10 chr17:18012020-18317694 | 2.606-14  |ENSGOO0D0176994|  SMCRS Ha 0.02 0.20 TRUE
53889402
rs6792510 20 chr3:48701364-49378145 1.44E-08 | ENSGOO0D0178252) WDRE No 0.03 <0.20 FALSE rs9846123
rs59791256 21 khr10:103113820-10419241: 3.60E-10  |ENSGOO0D0107862| GBF1 Na 0.03 <0.20 FALSE
15116614177 15 chr2:73169165.74007284 | 217609 |ENSGOOODO135617|  PRADCL Na 0.03 0.20 FALSE rs7539223
159791256 21 Ehr10:103113820-104192418  360E10 |ENSG00D0120028|  Cl0orf76 Na 003 .20 FALSE
15112997975
15139111376
5139898146 7 <hr1:25549170-25895377 1.96E-106 | ENSGOO0DO188672| RHCE Na 0.03 <0.20 FALSE
15237511215
614997
rs6792510 0 chr3:48701364-49378145 | LA4E-08 |ENSGDOODOI98218|  QRICHL No 003 0.20 FALSE rs4974083
51613662 3 chr19:55476438-55580914 3.90E-09 |ENSGOOOD00225586) NLRP2 No 0.03 <0.20 FALSE rs7253480
15289713 1 chr16:56995762.57017757 | 4.14E-08 237 cere [ 003 0.20 TRUE 151167742;r51684575
117437695,
553097339 y 12 <hr19:5720688-6110664 2.54E-18  |ENSGDOOD0031823) RANBP3. Na 0.03 <0.20 FALSE rs555836;rs1678859
rs13084580 3 «chr3:38887260-39234087 2.19€-13  |ENSGDO0D0114745  GORASP1L Na 0.04 <0.20 FALSE 511923194
5139891465,
rs35586766;r
et s chr19:17360838-17453538 |  2.30:32 30311) DDA No 004 <0.20 FALSE
7254318
156792510 20 chr3:48701364-49378145 | 1.44E.08 78143  DALRD3 No 0.0a 20 FALSE
5117437605,
12 chr1S:572068B.6110664 | 2.54E-18 |ENSGODODD212123|  PRR22 No 0.04 <0.20 TRUE
153097889
153424322571
$6959832 3 chr7:135046547-135378166|  2.10E-23  |ENSGODO000B080! CNOT4 No 0.04 <0.20 TRUE rs1863004;r512666242;rs7793891
152304693 5 chr7:45002261-45151646 | 5.11E-11 36280  com2 No 0.04 <0.20 FALSE 5228937 1;r51859487;r511765226
116792510 0 <hr 43378145 |  L44E-08 057|  NDUFAF3 No 0.04 <0.20 FALSE 1510865954
5112997975 |
5139111376,
3139898146 7 «<hr1:25549170-25895377 1.96E-106 |ENSGODD00117614 SYF2 No 0.05 <0.20 TRUE
r2375112;s
614997
1511581571 4 hrl0:104221148-104418164  3.77E-15 38111|  TMEM180 No 0.08 20 FALSE 153740816
32015599 3 chrl 29534122 6.03E-09  [ENSGOO00008750: ERGIC2 No 0.06 <0.20 FALSE 52278094
152015599 3 hrl 22| s03E09 02| ERGicz No 206 <0.20 FALSE 152278094
52300128 12 chr19:18366456-19791761 |  8.16E.08 ZNF101 No 006 <020 FALSE 247775
rs112997975;)
rs139111376;
5139898146, 7 <hr1:25549170-25895377 1.96E-106 |ENSGOD000187010 RHD No 0.07 <0.20 TRUE rs909832
23751125,
614997
rs139891465;)
raseEeToen 8 chr19:17360838-17453539 | 230632 |ENSGDDOD0130307|  USHBP1 No 007 w20 FALsE -
556069439;rs
7254318
5385893 1 chr9:4711155-4742083 | 5.96E-13 7853 A No 008 <020 TRUE 512343429
1524621241
62151973136
a0t 2 <hr2:74119441-74186088 | 4.63E-47 |ENSGODODD114956|  DGUOK No 008 «0.20 TRUE rs0852994;56711332;rs13411881
874677
rs148308452 10 khr12:122277433-1229071794  3.70E-09 1098 BCL7A No 01 <0.20 FALSE -
136792510 0 chr 4937 1.44E08 14302 PRKARZA No 01 <0.20 FALSE rs11716614

213




15122470151

5186832534; 4 chr10:59951278-60158981 | 1.28E55  [ENSGODODO122873|  CIsD1 No 01 <0.20 FALSE r51867573;1s1199103
52790203
1510407593;1
511085147315 7 €hr19:5558178.5720463 | 1.54E-95 30255 APL3E No 011 <0.20 FALSE 1510406504
9636179
18067252 3 chr17:29158988-29286340 | 3.58E08 ADARZ No 011 #0.20 TRUE
152274319 1 chr1:156433519-156470620|  4.09E-10 |ENSGODODOL16604|  MEF2D No 0.13 >0.20 TRUE rs10908506
rs2977608 2 chr1:761586-789791 258E-21 |ENSGODO00228794| LINCO1128 No 013 >0.20 TRUE -
510835540 2 ¢hr11:3875757-4160106 5.74E-16  |ENSGODO00167323 STIM1 No .15 >0.20 FALSE 157113148
rs445 1 <hr7:92234235-92465908 8.85E-09 |ENSGO0O00105810 COKE No 0.15 >0.20 TRUE -
515635550
£14776;r5669) 1 chr20:1875154-1920543 | 2.00E-40 ) SIRPA No 0.16 >0.20 TRUE 36112072
83532
rs116614177 15 <hr2:73169165-74007284 2.17E-09  [ENSGODO00116127| ALMS1 No 017 =0.20 TRUE 156706235
513084580 6 «<hr3:38887260-39234087 2.19€-13 XIRPL No 017 >0.20 FALSE
rs59791256 21 hrl0:103113820-104192418  3.60E-10  |ENSGODODOL19515|  ELOVL3 No 0.18 >0.20 FALSE
15114694170 2 chr5:88013875 88762215 | 3.04E13  |ENSGODODOOB1189|  MEF2C No 019 0.20 FALSE rs661311
117437655, 12 chr13:5720688 6110664 | 2.54E-18  |ENSGODDODATI124|  FUT3 No 019 0,20 FALSE -
153037889
rs111870993;
rs117263028;]
(5117821325,
rs145707459;) 3 chr10:64893050-65384883 9.536-99  |ENSGOO000171988  IMIDIC No 019 >0.20 TRUE =0.20
rs5605250L;0
57896518;r57|
916282
156752510 0 chr3:48701364-45378145 | 1.44E-08 136 NCKIESD No 023 20.20 TRUE 1512497850
rs1613662 3 chrl9:55476438-55560914 | 3.90E-00 [ENSGOODD0160433|  RDH13 No 024 0,20 FALSE 13745912
5148308452 10 hr12:122277433-122907179  3.70E09 |ENSGODDOD2S6546(L0C100506691 No 024 =020 FALSE -
rs6792510 20 chr3:48701364-49378145 1.44E-08  |ENSGODOODOSETA5 1PEK2 No 026 >0.20 FALSE -
52304128 12 chr19:19366456-19791761 9.16E-09  |ENSGOD00D064547 LPAR2 No 0.26 >0.20 TRUE 5880090
rSLL74376SS; 2 chr19:5720688-6110664 | 2.54E-18  [ENSGO0D00ISE413|  FUTG No 026 020 FALSE .
rs3037889
rLL7437695; 12 chr19:5720688-6110664 | 2.54E-18 RFX2 No 027 020 FALSE 151046391;r510418205
153097889
rs2015593 3 chr12:20302036-20534122 | 6.03E-09  |ENSGOOODDOBATS3[  FARZ Ho 028 0.20 FALSE
5112997975,
15139111376;
15130898146; 7 hr1:25549170-25895377 | 1.96E-106 |ENSGOOODD157978|  LDLRAP1 Mo 03 20.20 TRUE 56688931
152375112;rs,
614997
122470151
186832534/ a chr10:50951278-60158981 | 12BES5  [ENSGOOODD151151|  IPMK Ho 031 20.20 FALSE -
52790203
1559791256 21 hr10:103113820-104192418 360610 |ENSGOOODD120048(  KCNIPZ Mo 031 20.20 FALSE -
12451698
553889402 g 10 chr17:18012020-18317634 260E-14  |ENSGDOODD091542) ALKBHS No 031 >0.20 FALSE -
rs117437635 12 chr19:5720688-6110664 2.54E-18  |ENSGD0O00171119) NRTN Ne 032 »0.20 FALSE -
rs3097889
rs12426673 3 khrl12:109460894-109531438 4.03E-11  |ENSGD0000135093 Use30 No 032 >0.20 FALSE -
rs116614177 15 chr2:73169165-74007284 | 217609 |ENSGOOODD204872  NATEE o 033 20.20 FALSE
1513088724 3 chr3:179040779-179169378|  7.70E-12  [ENSGOOODD114450|  GNB4 No 034 >0.20 TRUE 1511714353
rs59791256 21 rhr10:103113820-104192418  3.80E-10 | ENSGO0000166171 DPCD No 035 =0.20 FALSE 1510883686
s | essmenset | 2sicis |souoossis|  oas o o3 20 st —
rs6511720 1 chr19:11200038-11244492 | 4.086-09 | ENSGOOODO130164) LDLR No 038 =0.20 TRUE rs12459603
rs7412 2 45422606 | 556623 130208] _ apOC1 Na 037 020 FALSE
rs:gl;;:::;r 4 khr12:122064455-122232261  1.456-43 | ENSGO0000139714) MORN3 No 037 =0.20 FALSE
r$59791256 21 khr10:103113820-10419241; 3.60€-10 | ENSGDODDO107829| FaXW4 Na 038 >0.20 FALSE 517767748
1512052715 1 chr2:160628362-160761260| 172608 |ENSGOODDOD54218  L¥75 No 042 0,20 FALSE 152162500;r512466631
1559791256 21 khr10:103113820-104192414  360E-10 |ENSGDOODO166167|  BTRC Na 043 2020 FALSE 112568599
rs148308452 10 khr12:122277433-122907179  3.70E-09 | ENSGOO0DO158104) HPD No 045 020 TRUE
32304128 12 chr19:19366456-19791761 |  9.16E-09 |ENSGOO0DO213996|  TM6SF2 No 051 =0.20 FALSE
15112997975,
rs139111376;
15139898146 7 chr1:25549170-25885377 | 1.96E-106 |ENSGOODDO183726 TMEMSOA Na 052 2020 TRUE 151293259
152375112;rs
614997
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54284061

1 chr8:6912831-6914256 297617 [ENSGOD000164816) DEFAS No 0.52 >0.20 TRUE
rs11591571 4 hrl0:104221149-104418164  3.77ES 1206 TRIME No 053 >0.20 TRUE rs11594073
1148308452 10 khr12:122277433-122807179  3.70€-08 23| woRss No 055 20.20 FALSE
152304128 12 chr19:19366456-19791761 |  9.16E-09  |ENSGO0000105717| PBX4 Ne 055 *0.20 FALSE 512611058
r<59791256 2n hrl0:103113820-104192418  3.60E-10 |ENSGODODD107872(  FBXL1S No 057 >0.20 FALSE
rs148308452 10 hrl2:122277433-122507179  3.70E-08 AC069503.1 No 057 >0.20 FALSE
1512148 2 chr22:50346645-50971008 | 1.32E10 |ENSGODODDL77589] _ ODF38 No 058 ~0.20 FALSE
136074896 1 chr20:1544167-1600655 | 1.84E20 |ENSGODODDIO1307|  SIAPBL No 0.58 >0.20 TRUE
156792510 20 chr3.48701364-49378145 | 1.44E.08 399| Ac121247.1 No 059 2020 FALSE
1559791256 2 khrl0:103113820-104102418  3.60E-10 |ENSGOOODO198408|  MGEAS No 063 2020 FALSE 1511191150
rs116614177) 15 «chr2:73169165-74007284 2.17E-09  |ENSGODOO01356! EGR4 No 063 >0.20 FALSE
15116614177 15 chr2:73169165.74007284 | 2.17E.09 |ENSGOD000144035|  NATS No 064 >0.20 FALSE
1562494425 1 <hrB:3009252-9025646 |  2.07E-08 426 - No 0.64 >0.20 TRUE
51598010 2 «hr5:72112139-72386349 2.41E-08  |ENSGODOO0157107, FCHOZ No 065 =0.20 FALSE rs2548332
5112997975
rs139111376;
5139898146 7 <hr1:25549170-25895377 | 196E-106 |ENSGOOODO117616|  Clorfe3 No 0.65 >0.20 TRUE 13592372;r3630931
rs2375112;rs|
614997
127807451 3 lchr10:102672720-102790890]  6.26E-28 [ENSGDOO0O107816  LZTs2 No 065 >0.20 TRUE
£1408343
rs116614177 15 <hr2:73169165-74007284 | 2.17E-09 [ENSGOOODO163016]  ALMSIP No 0.66 >0.20 FALSE
5117263028,
5117821325,
rs145707459;) 3 chr10:64893050-65384883 9.53E-99  |ENSGDO000165476) REEP3 No 0.67 20.20 TRUE rs7076601
rs5E052501;7
57896518;rs7
16282
rs11064074 1 chr12i6308881.6347427 | 4.87E-20 |ENSG0000010278 €S No 069 >0.20 TRUE 1511064058
15114694170, 2 <hr5:88013975-88762215 |  3.04E-13 248309) MEF2C-ASL No 071 >0.20 TRUE
12780745;
" g B khr10:102672720-102790890]  6.26E-28  |ENSGODO0018E86: PDZD7 No 071 20.20 FALSE
51408343
24821245
62151973;rs6|
Seat6a0rend 2 chr2:74119441.74186088 | 4.63E.47 |ENSGODOOD163017|  ACTG2 No 071 20.20 FALSE 56751551
874677
15148308452 10 hr12:122277433-122807179  3.70€-08 158113  LARC43 No 072 20.20 FALSE 157972979
rs59791256 21 khr10:103113820-104192418  3.60E-10  [ENSGO0000059915] PSD Mo 0.72 =0.20 FALSE -
rs2304128 12 chr19:19366456-19791761 9.16E-09  |ENSGODD0O0187664| HAPLN4 No 0.74 >0.20 FALSE
12451698;
rSsEBBQdBElr 10 chr17:18012020-18317694 2.60E-14  [ENSGO0000131839| LGl Mo 0.75 =0.20 FALSE 52290507
12780745 3 chr10:102672720-102730890  6.26E-28 SEMA4G No 075 -0.20 FALSE -
£1408343
rs55955211 4 chr22:50528308-50656045 2.53E-08  |ENSGOD0O0073146) MOVIOLL No 0.76 =0.20 FALSE -
5116614177 15 chr2:73169165-74007284 2.17E-09  |ENSGOD000144040| SFXNS Mo 078 »0.20 FALSE rs2115916
5139891465
1s35586766;7
ecosaasan 8 chr19:17360838-17453538 |  2.30E:32 anos No 078 20.20 FALSE -
7254318
r511687158;1
56105852157 a chr20:17922241-18039832 | 141E-25 |ENSG00DD125850|  OvOL2 No 078 2020 FALSE 1511299
6599088
rs7412 2 chr19:45408956-45422606 5.56E-23 130203 APOE No 0.79 0.20 TRUE -
1511031389 1 chr11:4208370-4223885 | 3.00E-08 |ENSGO0ODD253480( LINCO2729 No 079 >0.20 TRUE -
r$6792510 20 <hr3:48701364-49378145 144608 |ENSGD0000173421 CCDC36 Na 08 >0.20 FALSE 51134043
rs3766744 2 chr1:11994262-12073571 | 291E17 |ENSGDD0000834&4|  PLODL Ho 08 >0.20 FALSE rS7550536
15148308452 10 th121122277433-122007179  3.70E.09 |ENSGOO0D0176383|  BIGNTA No 081 »0.20 FALSE -
2038480
'5 EGQ]EQ!‘H 3 chrl:171810621-172437971| 139E-09  |ENSGO0000180999(  Clorfl05 No 0.85 >0.20 FALSE -
15130891265
rs35586766;1
ol 8 chr19:17360838-17453539 |  230E-32 |ENSG000D127220|  ABHDE No 035 2020 FALSE 52288460
7254318
117437695,
" | 12 chr19:5720688-6110664 254E-18  |ENSGDOO00249707 No 0.85 >0.20 FALSE -
rs3097889
5;1370237'::25; 12 chr19:5720688-6110664 | 2.54E-18 |ENSGO0ODDI74898 TMEM146 No 036 >0.20 TRUE -
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15112743753 2 chr19:384328-1009731 | 479608 |ENSGOOODO116032  GRIN3B No 088 50.20 TRUE 152285905
1512426673 3 hrl2:109460894-10953143 40311 |ENSGDOODD256262| USP30-ASL No 089 -0.20 TAUE
rs116614177| 15 chr2:73169165-74007284 2.17e-09 ENSGD0000163013| FBXO41 No 0.89 =0.20 FALSE
"é:ﬁ:g‘" 3 chrli171810621-172437971| 139609 |ENSGOOODD197959]  DNM3 No 089 ~0.20 TRUE
15116614177 15 chr2:73169165:74007284 | 217609 |ENSGOOOD0135631| RABILFIPS No 089 -0.20 FALSE 1513416407
rs11064881 3 Ichr12:119825792-120315095 2.58E-10 ENSGD0000248636| AC002070.1 No 09 =0.20 TRUE
rs11064881 3 khr12:119825792-120315095 2.58E-10 ENSGDO0D0122966| ar No 09 =0.20 FALSE
52304128 12 chr19:19366456-19791761 | 9.166-09  |ENSGO0000160161|  CILP2 Na 03 »0.20 FALSE
51967556 1 chr17:27717943-27871502 | 187616 |ENSGO00D0160551|  TAOKL Ho 091 50.20 TRUE
rs13084580 6 chr3:38887260-39234087 2.19€-13 ENSGDO000168026| TIC21A No 083 »0.20 FALSE rs11720056
117437695,
" 3007689 | 12 hr19:5720888-6110664 | 254618 |ENSGOOODO130383|  FUTS Ho 093 ~0.20 FALSE
$10407593;1
51108514 7;rs)| 7 chr19:5558178-5720463 1.54E-95 ENSGDO000167733| HSD11B1L No 083 =0.20 FALSE rs11673407
9636179
56782510 20 chr3:48701364-49378145 | 144608 |ENSGOO000172037)  LAMB2 No 094 50.20 FALSE
"izaﬁz" 3 chr1:171810621-172437971|  L39E-09 [ENSGOODOO13S845|  PIGC No 094 >0.20 TRUE rs13932;r:13932
124516980 10 chr17:18012020-18317694 | 2.60-14 MYO15A No 094 >0.20 FALSE
53889402
r£78909033 2 chr2:241505221-241557122|  LODE-L1  [ENSGO0DO0142330]  CAPNIO No s >0.20 FALSE r£12614493;r:11676358
1559791256 21 khr10:103113820-104192418  3.60-10 107859 PITX3 N 096 >0.20 FALSE 134919526
rs55955211 s o 50656045 | 2.53£.08 73150 PANX2 No 0.96 50.20 FALSE 2341367
136792510 20 chr3d8701364-48378145 | 144608 21883 C3orfr1 No 06 »0.20 FaLse
rel16614177) 15 chr273169165-74007284 | 2.17E-09 6432 - No 097 >0.20 FALSE -
151338178531
77261872 1 chr18:42260138-42648475 2.28E-16  |ENSGO0000152217| SETBP1 No 0.87 20.20 TRUE 151036929;rs4830486
rs2304693 5 chr7:45002261-45151646 5.11E-11 ENSGO0000136274 NACAD No 087 >0.20 FALSE -
Rrend 10 chr17:18012020-18317694 | 2.60E-14 |ENSGODOOD214860  EVPLL No 0.98 >0.20 FALSE
53889402
152304128 12 chr19:19366456-19791761 | 9.16E.09 178093 TSSKe Na 0.8 >0.20 FALSE -
1513084580 3 39234087 | 2.19613 168356|  SCNI1A No 0.8 ~0.20 FALSE -
1459781256 2n hr10:103113820-10419241¢  3.60E-10 |ENSGOODOO226003| KCNIP2-AS1 No 098 50.20 FALSE
154841132 1 chrB:9106927-9271224 | 7.4GE09 |ENSGDO0D0254235 - No 058 2020 FALSE -
1510407593;1
51108514715 7 chr19:5558178:5720463 | 154E95 |ENSGO0000223573  PLAC2 No 08 2020 TRUE -
9636179
172698722 1 hr14:101192042-101201539  L25E-12 |ENSGDO0DO185559  DLK1 Na 098 020 TRUE r512882815;rs10138818
rs12451698;1 10 chr17:18012020-18317634 2.60E-14 ENSGDO000220161| LINCO2076 No 0.9 =0.20 FALSE
:3889402
'“;;77282'::;" 3 heT:113726382-114766368 | 277625 |ENSGDO000225535  LINCO1393 ™ 088 >0.20 TRUE -
rs5012419 1 chr12:19282648-19529334 2.66E-29 ENSGDO0D0052126| PLEKHAS No 1 »0.20 TRUE rs12372773
1459791256 2 khr10:103113820-104122414  3.606-10 |ENSGO0000107831|  FGF8 ™ 1 >0.20 FALSE 153127245
136792510 20 chr3:48701364-49378145 | 144E08 |ENSGOOODD178467|  PAHTM No 1 020 FALSE -
”1:;:::;’;“ 1 chri9:5455426-5456867 | 7.81E-09  |ENSGOO000105428|  ZNRFA Na 1 >0.20 TRUE -
151569413 1 ch1:2985732-3355185 | G.87E-14 |ENSGOO000142611|  PROMIG ™ 1 >0.20 TRUE 510492937

S2. Table 5. MitoCarta3 annotations for DEPICT and GeneMANIA-prioritized genes
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[ Gene Overview MitoC: 0
PGC
Gene Name | Analysis Identifiea| UMa" MitoCarta3 Induction
1a3.0 MitoPathways uniProt_|score
BIK DEFICT Mitochendrial d d surveillance > Agoptosis (YEEFEN () NA
CLPX GeneMANIA Frotein import, sarti is > Protein homeostasis > Proteases 076031 0.68[all 14
EARS? GeneMANIA Mitochendrial central dogma = Translation > mt{RNA synthetases asIPHE_[Nm [adipese, placenta
cerebrum, cerebellum, brainstem, spinalcord, liver, skeletalmusele, adipose,
GARS1 GenehANIA Mitochondrial central dogma » Translation > mt-4RNA synthetases Pa1250 1 i stomach, placenta, testi
Mitochendrial central dogma » mtRNA metabolism > mt-tRNA modifications |
oreees et > Vitamin metabolism > Falate and 1-C metabolism qgssva [na
LONPL DEPICT Frotein import, sarti is > Protein homeostasis > Proteases F36776 LaLall 14
i1 GeneMANIA ik 7 5> Protein b > Proteases Tp3s176 Lailal s
spinaicord, kidney, liver, i 1 & .
e DEPICT > Lipid metabolism > Type Il fatty acid synthesis asvsz_|na stomach, placent, testi
. . Mitochandrial dynamics and surveillance > Fusion | Mitochandrial dynamics and chrd:mm, cerebellum, brainstem, spinalcord, liver, adipose, largeintestine,
surveillance > Qrganelle 095140 1.83|stomach, placenta, testis
C200rf72; MGMEL DEPICT Mitochondrial central dogma > mtDNA maintenance > mtDNA replication |
Witocherndrial central dogma » miDNA mUDNA stability and decay _|Q9BQPT_[NA i placenta
C130r70; MICOSL DEPICT Mitochondrial d i surveillance > Cristae formation > MICOS complex __|QSXKPO 0.72]all 14
SMCR7 DEPICT [Mitochandrial d d surveillance > Fission 'mws M NA
. - ) ] - cerebrum, cerebellum, brainstem, spinalcord, kidney, ver, heart, adipase,
Mitochondrial central dogma > Translation » Mitochondrial ribosome Q36048 1.75|smallintestine, stomach, placenta, testis
MRPLAS DEPICT Mitochendrial central dogma » Translation > Mitochondrial ribasome EENEES] 157[al 18
MAPS3S DEPICT Mitochendrial central dogma » Translation » Mitochondrial ribosome. PR2673 1 glzl\ 14
NDUFALL DEFICT [OXPHOS > Complex | > Cl subunits | OXPHOS > OXPHOS subunits ae13s Lelall 14
NDUFAT GenehANIA [OXPHOS > Complex I> CI subunits | OXPHOS > DXPHOS subunits 095162 all 14
Mitochondris| central dogma > mtANA metabolism > mtRNA granules |
Nont GeneMANIA dogma > Translation > ribos by |osncen [na adipose,
. SenehANIA ves Frotein import, sorting and homeostasis  Protein import and sorting = OXA | cerebrum, brainstem, spinalcord, kidney, heart, adipose, smallintestine,
dogma > Translation ais070 placents, testis
" DNy > mEONA replication |
i oener e PoLG2 Matrix Mitochondrial central dogma > mtDNA > MONA nucleoid QOUHNL A
[OXPHOS > Complex IV > CIV ¥ | Metabolism > Metal
o pener - sco2 min > Copper metabolism | OXPHOS > OXPHOS assembly factors 043819 |NA all 14
spinalcerd, liver, adipase, smalli stomach,
s DEpiET tes SELENDO > agBvia [nA placenta, testis
= Lipn > Fatty | Metabolism > Metals and
SLC25A20 DEPICT Yes cofactors > Carnitine synthesis and transport | Metabelism > Metals and cofactors
5L.C25A20 > Carnitine shuttle | Small molecule transport > SLC25A famil 043772 1623l 14
Mitochondriz| central dogma > mtANA metabolism > Polycistronic mtANA
TBRGA DEPICT Yes processing | Mitachondrial central dogma > mURNA metabolism » mtRNA stability
TBRGY and deca ail 14
Ci7ori42; TEFM DEFICT es TEF dogma > MUANA metabol wer, heart, d stomach, placenta, testis
dogma > miDN > mIDNA replication |
TFAM DEPICT Yes i i dogma > mtDN, > mDNA nuckeoid |
TFAM Matrix i i dogrma » mUANA metabolism > i all 14
TOP3A DEPICT Yes dogma > miDNA > miONA replication testis
dogma > mtDN, > mtDNA replication |
C10erf2: TWRK pemIeT e dog DNA > mDNA nuckeoid s
b bellum, brainet lcard, kidney, Iver, adipose,
AcTRIA oEner te ACTRIA NA smallintestine, largeintestine, stomach, placenta, testis
ALKBHZ DEPICT No Iﬁ
ANKLEL DEPICT No NA
ARIHZ DEFICT o NA
ATADS DEPICT [ m . testis
ATP13AL DEPICT o [ra
BABAML DEPIC No NA
BANKL DEPICT [ @
Clorf6l DEPIC No A
Clorf7a DEPIC Mo @
{5 DEPIC No. @ -0.3|cerebrum, spinalcord, adipose, smallintestine, placenta, testis
CD226 DEPICT [ A
o3 DERICT No m
CUPL DEFICT Mo A
CPNE3 GenehANIA No. CPNES NA @ hA
HNIL GeneMANIA [ CRAMPL NA A A i
CSRNPL DEPICT [rar 1.39[NA
CUEDCZ DEPICT NA A NA
DRGZ DEPICT @ 1.26]NA
DUSAL DEPICT A
DUSP1L DEPICT @
ARHGEF3 DEPICT NA
FLil DEFICT A
GATADZA DEPICT @
GMIP DEPICT A
GPE DERICT m
WSS GeneMANIA A
@
A
[rar
NA
@
A
Tna [aovexa [wa NA
[na [coHAP [Wa e
NA
NA 0.56]NA
NA NA
NA Na,
A NA
NA A
NA testis
NA NA
I&\ 096013_|NA N
PINL GeneMANIA WA 013526 |NA brainstem, spinalcord
PHE DEPICT [na Pooaa1_|NA placenta
POLL DEPICT NA
PPACL DEPICT NA
PREABL DEPICT NA
PUM3 NA
OARS. DEPICT NA
F DEFICT NA
RNPEPLL DEPICT NA
RRML DEPICT NA
SAFB DEPICT IN_ NA
SAFB2 DEPICT No SAfB2 () NA
SHMT1 DEPICT No SHMTL hA NA
FAM178A DEPICT No 5LF2 A NA
SMYDS DEPICT No BNz A [na
NS DEPICT No S A NA
SPCS2 No t@z [ NA
Clori3 DEFICT No [sTpPL NA [na
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SUFL

DEPICT

Ho

QgumxL

NA

TERT

DEPICT

A
HA

014746

NA

NA
NA

TMEN1208

DEPICT

He

SUFU A
TERT A
TMEM1206  |NA

(AOPKDD

A

na

TP538P2

GeneMANIA

Mo

|TPs3ER2 NA

Q13625

NA

TRABD

DEPICT

o

Qanaly

TRIMSS

DEPICT

TRABD A
TRIMSS A

QENGOG

NA

NA
0.5 kidney, placenta, testis
NA

TYMP

DEPICT

Ho

TYMP NA

P19971

NA

na

UBE2D1

DEPICT

Mo

UBE2D1 Ty

P51668

NA

NA

USP19

DEPICT

o

UsP19 A

034966

N

NA

USP4.

DEPICT

Mo

UsP4 oy

Q13107

0.41]NA

WP511

GeneMANIA

o

vPs11 A

Qanaio

N

NA

VPS16

GeneMANIA

VPS16 A

Q91263

NA

VP18

GeneNMANIA

Ho

VPs1B NA

Q3P253

NA

NA

erebrum, cerebellum, brainstem, adipose, placenta, testis

VPS33A

DEPICT

Mo

VPs33A A

Q36Ax1

NA

WDRIE

DEPICT

o

Qaev3s

N

WDR48

DEPICT

QETAF3

NA

ZNFE38

DEPICT

o

WOR18 A
WDR48 A
ZnFE33 NA

A
A
HA
WA

Q3UIDE

NA
NA
NA
0.87|NA

S2. Table 6. Rare variant exome-wide association testing for mtDNA-CN loci. Nominally

significant (P<0.01) results are shown.

Ilndex Gene Carrier Count Non-carrier Count beta se 95% LCI 95% UCI P-value
14073|SAMHD1 1112 146628| 0.234084| 0.02606 0.183017| 0.285151 2.63E-19
16251|TFAM 148 147592 -0.33052| 0.07186 -0.47136 -0.18969 4.23E-06
17910|WDR59 1253 146487( -0.10931] 0.0248 -0.15791 -0.06071 1.04E-05

2834 |CELF5 286 147454| 0.224476| 0.05172 0.123104| 0.325848 1.42E-05
12513|PPP1R35 304 147436( 0.192313] 0.0459 0.102341| 0.282284 2.80E-05
538|ALDH16A] 1925 145815( 0.078944| 0.01905 0.041614| 0.116273 3.40E-05
15623|5TAG2 154 147586| -0.29098| 0.07049 -0.42913| -0.15282 3.66E-05
11997|PIGT 744 146996( -0.13189| 0.03205 -0.19471 -0.06906 3.88E-05
14753|SLC25A37 302 147438| 0.20316| 0.05034 0.104486| 0.301834 5.45E-05
1211|ATGSA 590 147150( 0.141701] 0.03585 0.071231| 0.212172 8.11E-05
1709(BTNL2 249 147491 0.218173| 0.05543 0.109531| 0.326814 8.29E-05
15945|TAFA2 93 147647 0.34432| 0.09066 0.166629| 0.522011 0.000146
297|ADAR 748 146992( 0.118711| 0.03147 0.057028| 0.180394 0.000162
15735|STX1A 134 147606( 0.275124| 0.07552 0.127099| 0.423148 0.00027
7184|HRH4 223 147517) 0.202505| 0.05564 0.093458| 0.311553 0.000273
3267|CLUH 2468 145272 -0.06281| 0.01732 -0.09676 -0.02886 0.000287
16182|TEK 711 147029( -0.11051| 0.03285 -0.17489 -0.04614 0.000767
903|AQP9 512 147228| 0.130133| 0.03869 0.054297| 0.205969 0.00077
994 |ARHGEF6 266 147474( 0.178188| 0.05366 0.073015 0.28336 0.000898
9877(MT1M 13 147727| -0.80468| 0.24236 -1.2797| -0.32967 0.0009
3659|CRYM 224 147516( -0.19254| 0.05805 -0.30631 -0.07876 0.00091
5900|FXYD4 95 147645( -0.29724| 0.08968 -0.47301 -0.12148 0.000918
4314|DLGAP3 397 147343| -0.1434| 0.0436 -0.22885| -0.05796|  0.001004
13664|RNF126 949 146791 0.093211| 0.02837 0.037615| 0.148807 0.001016
8799|LPXN 685 147055( -0.10371] 0.03164 -0.16573 -0.04169 0.001047
13164|RABL2B 321 147419 0.158845| 0.04883 0.063146| 0.254544 0.001141
15978|TAS1R1 1947 145793| -0.06317| 0.01966 -0.1017| -0.02465 0.001309
14665|SLC16A9 388 147352| 0.139658| 0.04375 0.053954| 0.225443 0.001407
7496(IL1RAP 167 147573( 0.214074| 0.06765 0.081471) 0.346677 0.001555
6423 [GPATCH2 326 147414 -0.15327| 0.04845 -0.24823 -0.05831 0.001559
7817]J0sD1 57 147683| -0.36576| 0.11575 -0.59263| -0.13888|  0.001579
6994 [HIST1HAE 324 147416( -0.15336| 0.04863 -0.24867| -0.05806 0.001611
7628(INTS8 275 147465( -0.16592| 0.05274 -0.26929| -0.06254 0.001656
15794|SUPT4H1 88 147652| -0.29177| 0.09318 -0.47441) -0.10913 0.001742
8900|LRRC74A 434 147306| 0.129644| 0.04159 0.048136| 0.211152 0.001824
14290|SEMA4B 1744 145996( -0.06511| 0.0209 -0.10607| -0.02414 0.001839
5703(FLT3 811 146929 0.095601| 0.03073 0.035377| 0.155826 0.001863
13432|REPIN1 579 147161| 0.11261| 0.03629 0.041475| 0.183746| 0.001918
15576|SSTR3 557 147183 0.11446| 0.03699 0.041953| 0.186968 0.001975
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10904|0DF3L1 313 147427| -0.15226| 0.04946|  -0.24921| -0.05532| 0.002081
12376|POMP 55 147685| 0.360846| 0.11784| 0.129878| 0.591814| 0.002198
15485|SPTLC2 458 147282 0.119405| 0.03902| 0.042924| 0.195886| 0.002214
9801|MRPS23 110 147630 0.252238| 0.08334| 0.088888| 0.415587| 0.002474
10018|MYH2 3135 144605| -0.04677| 0.01546]  -0.07707| -0.01646| 0.002489
10787|NUDCD1 245 147495 0.16675| 0.05519| 0.058571| 0.274928| 0.002518
9042 |MAB21L4 325 147415| -0.14465| 0.04794|  -0.23861| -0.05068| 0.002553
11209|OR5AK2 91 147649| -0.27598| 0.09164|  -0.45559| -0.09637| 0.002598
2257|cAsp1 167 147573 0.202762| 0.06765 0.07016| 0.335364| 0.002727
868|APOC2 139 147601| 0.222172| 0.07417| 0.076799| 0.367544| 0.002741
7353(IFI35 353 147387 0.138124| 0.04637| 0.047234| 0.229013| 0.002896
14389|SETD7 346 147394| 0.140176| 0.0471| 0.047863| 0.232488| 0.002919
16334|THOC2 146 147594| 0.214448| 0.07238 0.07259| 0.356307| 0.003048
18564|ZNF519 390 147350 0.130834| 0.04431| 0.043994| 0.217674| 0.003148
10510|NLRPS 456 147284| -0.12028| 0.04086| -0.20036] -0.0402 0.00324
14037|51PR2 265 147475 0.158156| 0.05373|  0.052838| 0.263473| 0.003247
18542 |ZNF490 53 147687| -0.31345| 0.10677|  -0.52272| -0.10418| 0.003328
11244|0R5M9 46 147694| 0.377561| 0.12888| 0.124963| 0.63016| 0.003394
16718|TMEM72 115 147625| -0.23882| 0.08153| -0.39861| -0.07903| 0.003396
5543|FCGR2B 33 147707 -0.44538| 0.15212 -0.74354| -0.14721| 0.003415
8316|KRTS0 1155 146585| 0.074957| 0.02561| 0.024754| 0.12516| 0.003429
7621[INTS2 921 146819| -0.08379| 0.0287 -0.14004| -0.02754| 0.003503
15832|sycP1 331 147409 -0.14033| 0.04808|  -0.23458| -0.04609| 0.003517
4014|DCAF17 468 147272 0.1146| 0.03938] 0.037407| 0.191793| 0.003617
1569|BLOC1S6 35 147705| -0.42921| 0.14772 -0.71873| -0.13969|  0.003665
6632|GSE1 3397 144343( 0.043108| 0.01485| 0.014007| 0.072209] 0.003692
17311|TUBB1 1243 146497( 0.071977| 0.02482| 0.023334| 0.120621 0.00373
6837|HDDC2 539 147201| 0.108939| 0.03761| 0.035226| 0.182653] 0.003772
3694|CSNK2A2 61 147679| -0.32331| 0.11191] -0.54266| -0.10397| 0.003864
18373|ZNF208 428 147312| 0.122058| 0.0423| 0.039155| 0.204961| 0.003906
18628|ZNF595 2169 145571| -0.03191| 0.01106] -0.05358| -0.01023] 0.003919
9028|LYzZL4 127 147613| 0.223582| 0.07757| 0.071554| 0.375611| 0.003946
13071|Qsox2 1053 146687| 0.076902| 0.02669| 0.024599| 0.129205| 0.003955
14227|SDR16C5 617 147123| 0.101223| 0.03516] 0.032306] 0.17014] 0.003993
16556|TMEM15§ 71 147669 -0.29728| 0.10373]  -0.50059| -0.09338] 0.004157
11848|PFDN4 42 147698| -0.38635| 0.13485|  -0.65066| -0.12205 0.00417
18227|ZEB1 437 147303| -0.11878| 0.04147| -0.20007| -0.03749] 0.004185
13319|RBM15B 914 146826| -0.08156| 0.02853|  -0.13748| -0.02565 0.00425
976/ ARHGEF15 1038 146702| 0.077553| 0.02714| 0.024357| 0.130761| 0.004273
4616|DYM 1442 146298| 0.06545| 0.02291| 0.020549| 0.110351] 0.004277
3455|COPRS 147 147593( 0.205838| 0.07211] 0.064506| 0.347169 0.00431
16684|TMEM38§ 428 147312| -0.12061| 0.0423| -0.20352| -0.0377] 0.004356
7552|IMP3 188 147552| 0.173682| 0.06093| 0.054266| 0.293099| 0.004363
8035|KIAAD754 976 146764| -0.07945| 0.02789]  -0.13412| -0.02478] 0.004393
5500|FBX028 56 147684| 0.332062| 0.11678] 0.103168| 0.560956| 0.004464
17348| TWNK 1328 146412| -0.06734| 0.0237| -0.11378] -0.02089] 0.004489
12233|PLSCRS 246 147494 -0.1569| 0.05543|  -0.26554| -0.04827| 0.004642
8752(L0C11448 259 147481| -0.15334| 0.05435|  -0.25986| -0.04682 0.00478
8388|KRTAPS-4 17 147723| 0.597892| 0.21199| 0.182388| 1.013395| 0.004798
8772|LONRF2 801 146939 0.086987| 0.03085| 0.026528| 0.147446] 0.004803
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5536{FCER1A 44 147696 -0.371| 0.13173 -0.6292 -0.11281 0.004858
6194|GIMAP6 121 147619| -0.22372| 0.07948 -0.37949 -0.06794 0.00488
7991{KDM1A 385 147355| 0.123532| 0.04392 0.037458| 0.209605 0.004909
10971|OR10A6 177 147563| 0.183088| 0.06519 0.055321| 0.310855 0.004976
4271|DIAPH2 385 147355( -0.12433] 0.0443 -0.21116| -0.03751 0.005006
8353[KRTAP1S- 30 147710| 0.447676| 0.15955 0.134953 0.7604 0.005019
13429|REN 510 147230{ 0.108681| 0.03876 0.032704| 0.184658 0.005053
18383|ZNF222 153 147587| 0.197948| 0.07071 0.059366 0.33653 0.005117
18807|ZNF85 105 147635| -0.23876| 0.08531 -0.40597 -0.07155 0.005131
13433|REPS1 371 147369( 0.127104| 0.04542 0.038083| 0.216124 0.005135
17387|U2AF2 167 147573| -0.18923| 0.06765 -0.32182 -0.05664 0.005156
7808 [JHY 482 147258| -0.11144| 0.03987 -0.18958 -0.0333 0.005186
3833|CXCL11 93 147647( 0.253202| 0.09064 0.075556| 0.430848 0.005213
9228{MARVELD 184 147556 0.179769| 0.06445 0.053439| 0.306099 0.005286
11823[PES1 955 146785| 0.078432| 0.02815 0.023265| 0.133598 0.005328
15639|STARD7 459 147281| 0.113291] 0.04072 0.033483| 0.193099 0.005398
18066|YBX2 280 147460 0.144758| 0.05227 0.042312| 0.247204 0.005615
718[ANKRD34 181 147559| 0.180134| 0.06506 0.052626| 0.307641 0.005624
16413|TKTL2 1011 146729| -0.07577| 0.02737 -0.12543 -0.02212 0.005638
11100|OR2T5 24 147716| -0.46535| 0.16816 -0.79494| -0.13577 0.005651
1155|ASPDH 469 147271| -0.11038] 0.03995 -0.18867 -0.03208 0.005726
6584 (GRIK2 547 147193| 0.103033| 0.03733 0.029858| 0.176208 0.005785
4397(DNAJC13 1282 146458| -0.06617| 0.02399 -0.11318| -0.01916 0.0058
6106|GCSAML 44 147696| -0.36322] 0.13176 -0.62146| -0.10498 0.005838
3634|CRTC1 306 147434 0.137753| 0.05001 0.039725| 0.235781 0.005883
6115|GDF11 1141 146599( 0.071411] 0.025593 0.020585| 0.122238 0.005891
16925|TPM1 443 147297( 0.112257| 0.04081 0.032276| 0.192238 0.005943
16585|TMEM182| 306 147434 -0.13682| 0.04977 -0.23436 -0.03927 0.005975
14239|SEC14L3 609 147131| 0.097051] 0.03531 0.027839| 0.166263 0.00599
12126|PLAGL2 39 147701| -0.38409| 0.13994 -0.65837 -0.10981 0.006057
13886|RPS6KB1 304 147436| -0.13769| 0.05019 -0.23607 -0.03932 0.006082
17042|TRIM38 165 147575( 0.186628| 0.06807 0.053217| 0.32003% 0.00611
4276|DIO1 278 147462( -0.14295| 0.05217 -0.24521 -0.0407 0.006143
147|ACER2 308 147432 0.136556| 0.04985 | 0.038856 0.234255 0.006154
5149|EXOC8 374 147366( -0.12392| 0.04525 -0.2126 -0.03523 0.006169
1426|BARHL1 442 147298| 0.113962| 0.04163 0.032366| 0.195557 0.006192
5045(ERI1 210 147530( 0.164509| 0.06034 0.04665| 0.283168 0.006274
6725|GYS2 1114 146626( 0.071328| 0.02611 0.02016| 0.122496 0.006291
6204|GIP 137 147603| 0.201274]| 0.07389 0.056458| 0.346091 0.006448
10196|NBPF6 393 147347( 0.120211| 0.04414 0.033701| 0.206721 0.00646
6119|GDF5 331 147409( 0.122862| 0.04512 0.034433 0.21129 0.006466
8963|LTK 2020 145720( 0.052918| 0.01947 0.014768| 0.091068 0.006555
10064|MYO5B 2928 144812 0.043596| 0.01607 0.0121| 0.0750592 0.006669
11094|0R2T29 22 147718| -0.50434| 0.18628 -0.86945 -0.13923 0.006782
8858|LRRC29 172 147568| -0.18031| 0.06667 -0.31098 -0.04963 0.006842
9402|MEP1A 717 147023| 0.088013| 0.03258 0.024158| 0.151868 0.006903
14084|SAR1A 39 147701 0.378056| 0.13994 0.103765| 0.652346 0.006904
17989|WNT8B 213 147527( 0.161854| 0.05991 0.044425| 0.279283 0.006904
53|ABCC10 3192 144548 0.041362( 0.01531 | 0.011349 0.071375 0.006911

18392 |ZNF232 110 147630| 0.224927| 0.08335 0.061569| 0.388284 0.006961
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11573|PBDC1 51 147689 0.330139] 0.12253 0.08999| 0.570288 0.007051
17032|TRIM29 471 147269 0.108113] 0.04021 0.029308| 0.186917 0.007168
17579|UPK3A 687 147053 -0.08966| 0.03335 -0.15502 -0.0243 0.00717
15040|SLURP1 118 147622 -0.21636| 0.08047 -0.37408| -0.05863 0.007175
12977|PTPN9 609 147131| -0.09506| 0.0354 -0.16444( -0.02568 0.007244
8784|LPAR3 163 147577| 0.183745]| 0.06849 0.049507( 0.317983 0.007301
11820|PER3 663 147077| -0.09039]| 0.03371 -0.15646| -0.02432 0.007333
12823|PSAT1 666 147074| 0.090858| 0.03395 0.024311( 0.157406 0.007451
6256|GLIS1 803 146937| -0.08182| 0.03058 -0.14175 -0.02188 0.007462
1828|C170rf67 43 147697 0.355772| 0.13328 0.094545( 0.616998 0.0076
11038|0OR1L3 109 147631 0.223198| 0.08375 0.059055( 0.387341 0.007696
16632|TMEM229 472 147268| 0.10635| 0.03991 0.028127| 0.184572 0.007705
10223 |NCKAP5 472 147268 0,106279| 0.03991 0.028056| 0.184502 0.007746
6847|HDX 180 147560( 0.172061| 0.06466 0.045322( 0.298801 0.007794
2246|CARNS1 1811 145929( 0.05463| 0.02054 0.014368| 0.094892 0.007828
16400|TIPARP 78 147662| -0.26322| 0.09898 -0.45722( -0.06922 0.007829
776[ANXA11 531 147209( -0.09918| 0.03733 -0.17234| -0.02603 0.007877
5581|FERD3L 371 147369( -0.11982| 0.04513 -0.20827( -0.03136 0.007933
16747 |TMLHE 552 147188 -0.09845| 0.03712 -0.1712 -0.02569 0.007998
7738|ITGAV 661 147079| 0.089887| 0.03391 0.023416( 0.156357 0.008039
9541 |MIOX 376 147364 0.118167| 0.04461 0.030736] 0.205599 0.008073
15396|SPEM2 300 147440 0.133108| 0.05026 0.034608| 0.231611 0.008083
4425|DNASE1 1152 146588 -0.06752| 0.02552 -0.11754 -0.0175 0.008155
7762|ITM2B 223 147517| -0.15061| 0.05704 -0.26241( -0.03881 0.008283
8441|LAMAS 10011 137729 -0.02266| 0.00859 -0.03949( -0.00582 0.008343
15564|SSMEM1 260 147480| -0.14305| 0.05424 -0.24937 -0.03673 0.008362
17751|VIPR1 515 147225| -0.09915| 0.03761 -0.17286 -0.02545 0.008374
16875|TOMM70 251 147489| 0.142834| 0.05424 0.036519 0.24915 0.008458
3320|CNNM4 1073 146667| 0.069605| 0.02644 0.017778| 0.121431 0.00848
7949|KCNN4 597 147143| -0.09288| 0.03531 -0.16209 -0.02367 0.008534
14334|SERINC4 586 147154 -0.09486| 0.03608 -0.16557 -0.02416 0.008549
9625|MN1 2046 145694| -0.04957| 0.01901 -0.08723 -0.01271 0.008576
848[APLP2 1263 146477 0.063163| 0.02405 0.016033| 0.110293 0.008621
8588|LGR6 1168 146572| 0.06681| 0.02545 0.016926| 0.116694 0.008665
14756|SLC25A4 183 147557 -0.16694| 0.0636 -0.2916 -0.04228 0.008673
477|AIG1 371 147369| -0.11425| 0.04355 -0.19961 -0.02889 0.008707
18555|ZNF511 701 147039 0.072151] 0.02751 0.018232 0.12607 0.008724
71|ABCG1 893 146847 -0.07556 | 0.02882 | -0.13205 -0.01908 0.008745
16320|THBS3 1910 145830| 0.052521] 0.02004 0.013249| 0.091793 0.008762
15111|SMIM5 76 147664| -0.26277| 0.10029 -0.45933 -0.0662 0.008791
15019|SLFN12 615 147125| -0.08926| 0.03414 -0.15616 -0.02235 0.008931
6269|GLRA4 460 147280| -0.10632| 0.04073 -0.18615 -0.02649 0.009047
5292|FAM171A 747 146993| 0.083278| 0.03193 0.020701| 0.145855 0.009098
13902 |RRAGB 128 147612| -0.20159| 0.07731 -0.35311 -0.05007 0.009115
11678|PCNT 2377 145363| -0.04667| 0.0179 -0.08175 -0.01159 0.009122
2824 |CEL 4187 143553| 0.031455| 0.01207 0.007793| 0.055118 0.009175
11616|PCDHAS 538 147202 0.097288| 0.03735 0.024076 0.1705 0.009201
9304{MCM6 287 147453| -0.13378| 0.05137 -0.23446 -0.03309 0.009209
11073|OR2H1 98 147642 -0.22962| 0.0883 -0.40269 -0.05655 0.009313
15611|ST8SIA1 165 147575 -0.17681] 0.06807 -0.31022 -0.0434 0.00939
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9499(MIB1 969 146771| -0.07211| 0.02782 -0.12663] -0.01759 0.009538
5169|EYA3 562 147178| -0.09545| 0.03684 -0.16764| -0.02325 0.009566
13518|RGS4 254 147486 -0.14223| 0.054%9 -0.24983| -0.03463 0.009573
16070|TBL3 1960 145780| 0.051125| 0.01974 0.012444| 0.089805 0.009583
14889|SLC35A8 356 147384 -0.11989| 0.04637 -0.21078 -0.029 0.009726

S2. Table 7. Rare variant SAMHD1 phenome-wide association testing with disease

status. Nominally significant (P<0.01) results are shown.

¥ 4c # Control w/ | # Control
Index Phecode Phenotype Description Category #Case |#Control] ¥ C25e W/ ase w/o ontrol w | # Control wfo| oo | ooy o1 | 9s% uct | Povalue
Mutation |  Mutation mutation | mutation
44|phecode_174 _|Breast cancer neoplasms 6727 162518 26| 6641 1154 161364 191 152 2.4 2.73E08
46|phecode_174.11 |Malignant neoplasm of female breast neoplasms 6186 84387 79, 6107 566 83821 19 1.5] 2.41| 1.01E-07|
45|phecode_174.1 |Breast cancer [female] neoplasms 6631 84387 83| 6548] 566, 83821] 186 148 2.35| 1.38E-07]
65|phecode_195.1 |Mall plasm- other neoplasms 14784 151547 159) 14625, 1053 150494]  1.54) 13 1.82| 5.786-07]
64|phecode_195  |Cancer- suspected or other neoplasms 15170| 151547 161 15009 1053, 150494 1.52 1.28] 1.8 1.05E-06
66|phecode_197 _|Chemotherapy neoplasms 9299] 151547 105, 9194 1053 150894 161 132 1.98[ 3.16E-06)
21|phecode_1010 _|Other tests NULL 9440| 164248 103, 9337 1173 163075]  152] 124 1.86| 5.39E-05)
47|phecode_175 |Acquired absence of breast neoplasms 1269| 162044] 21] 1248 1148| 160896]  2.42] 157 3.74] 7.026-05|
630|phecode_702.2 |Seborrheic keratosis i 1422| 171025 24| 139# 1247 169778 218 146 3.27] 0.000148
86|phecode_214 _|Lipoma neoplasms 2096 170201 38| 2958] 1229 168972]  178] 1.9 2.45/0.000384]
56|phecode_189  |Cancer of urinary organs (incl. kidney and bladder) neoplasms 2182| 171508 31 2151 1245 170261 1.91 1.34] 2.74] 0.000399
67|phecode_198__|Secondary malignant neoplasm neoplasms 5038 151547 55| 4983 1053 150494 158 121 2.08| 0.000933]
524|phecode_599.3 |Dysuria genitourinary 560| 161318 1 549 1160 160158] 265 147 4.79] 0.001252
7|phecode_041 _|Bacterial infection NOS infectious diseases | 5860| 166072 65, 5795 1201 164871) 149 1.6 1.91/0.001792]
73|phecode_198.6_|Secandary malignancy of bone neoplasms 1236] 151547 18 1218 1053 150884 21] 131 335[0.001875
648|phecode_717__|Polymyalgia Rheumatica musc 665 173023 12 653 1264 171759] 247 139 4.37| 0.002002
633|phecode_704 | Diseases of hair and hair fallicles 2459 170744 31] 242 1238 169506] 172 121 2.46] 0.00269)
9|phecode_041.2 |Str infection infectious diseases 799 166072 13 786, 1201 164871] 226 131 3.9]0.003359
Nonspecific abnormal findings on radiological and
721|phecode_793 _|other examination of musculoskeletal system symptoms 377| 173311 7 370, 1269 172042 279 14 556/ 0.003545
544|phecode_6113 |Lump or mass in breast genitourinary 722| 92533 12 710 653 91880] 233 132 4.13]0.003712
544|phecode_611.3 |Lump or mass in breast enitourinary 722 2533 12 710| 653, o180 233 132 4.13| 0.003712
80|phecode_204.1 |Lymphoid leukemia neoplasms 397| 171048| 8 389 1247 169739 2.79 1.39) 5.58| 0.003752
79|phecode_204 _|Leukemia neoplasms 1068] 171046 16] 1052 1247 160799 207 127 3.390.003792]
58|phecode_189.11|Malignant neoplasm of kidney- except pelvis : 643] 171506 1 632 1245] 170261]  2.32] 1.28 4.2[0.005398
87|phecode_214.1 |Lipoma of skin and subcutaneous tissue neoplasms 2269 170201 27 2242 1229 168972 17| 147 247 0.0054)
543|phecode_611 _|Abnormal findings on mammagram or breast exam _|genitourinary 748] 92533 12 736 653, o1880] 225|127 3.99] 0.005503]
472|phecode_574  |Chelelithiasis and cholecystitis digestive 7413| 165528 75 7338 1197 164331 1.38 1.1 1.75] 0.006495
57|phecode_189.1 |Cancer of kidney and renal pelvis neoplasms 666] 171506, 1 655 1245 170261 224 124 4.05]0.007689
(Other benign neoplasm of connective and other saft
88|phecode_215  |tissue neoplasms 508| 170201 9 499 1229 168972 2.43 1.26] 0.00803
Mallgnant neoplasm of other and ill-defined sites
36|phecode_159 |within the digestive organs and peritoneum neoplasms 2889 165054 34 2855 1199 163855 157|112 2.220.009233|
610|phecode_686 | Other local infections of skin and subcutaneous tissue |dermatologic 2115 168268 26| 2089 1224 167044 1.67 1.13] 2.46| 0.00943
335|phecode_a46 _ |Polyarteritis nodosa and allied conditions circulatory system 235] 169127 [ 427, 1241] 167886 249] 125 4.98] 0.009768
521|phecode 599 |Other symptoms/disorders or the urinary system __|genitourinary 12370] 161318 116 12254 1160, 160158 129  1.06 1.56] 0.009848|
index | rsid V"::;‘E::R"’"d Reason for Inclusion or Exclusion Gane Trait study pmid | ancastry| yaar p n
1] rs12148 No Coding mutation in Localized Gene SC02 Mean corpuscular Astle W 27863252 |European| 2016 7.54E-85
r51214: o Coding mutation in Mit calized Gene 5C0; Mean corpuscular volume Astle W 7863252 uropean| 2016 3.63E-113
rs1214 o Coding mutation in Mit calized Gene 500 Red blood cell count: Astle W 17863252 uropean| 2016 3.84E-38
rs1214 o Cading mutation in Mit ocalized Gene 500 Red cell distribution width Astle W 17863252 uropean| 2016 7.83E-13
rei2id o Coding mutation in Mit acallzed Gene sco Reticulacyte count Astle W 7863252 |European| 2016 | 2.08E-14
6] rs12148 No Cading mutation in Mit Localized Gene 5002 Mean corpuscular ation van der Harst P 23222517 | Mixed | 2012 | 5.64E13
7| rs12148 No Coding mutation in Mitochondrially Localized Gene 5002 Mean corpuscular volume Ganesh SK 19862010 |European| 2009 1.23e-09
8| rs12148 Ne Coding mutation in Localized Gene 5002 Mean corpuscular volume wvan der Harst P 23222517 Mixed 2012 4.41E-14
o| 8067252 Ves Strong with ADAPZ percentage of my: ite cells Astle W 27863252 _|European| 2016
10| rs8067252 Yes Strong. with ADAPZ Neutrophil percentage of white cells Astle 27863252 uropean| 2016
11) rs8067252 Yes Strong. with ADAP2 Arm fat-free mass left MNeale UKBB uropean| 2017 5|
12| rsB067252 Yes Strong i itd ADAP2 Arm fat-free mass right MNeale UKBB uropean| 2017
15[ 58067252 Yes Steong wi ADAPZ Am left Neale UkBB__[European] 2017
14| rs8067252 Yes Strong associations witd Tic measurements ADAPZ Arm predicted mass right Neale uKBs uropean| 2017
15| rsB067252 Yes Strong. with ADAP2 rate MNeale UKBB uropean| 2017 0|
16| rsB067252 Yes Strong i itd ADAP2 Co t age 10 MNeale UKBB uropean| 2017
17] 58067252 Yes Steong it ADAPZ Forced y volume in 1-second, predicted Neale UkBd_[European] 2017
18| rs8067252 Yes Strong with ADAP2 Height Neale B UKBB European| 2017
19 rs8067252 Yes Strong ith ADAP2 Leg fat-free mass left Neale B UKBB European| 2017
20{ rs8067252 Yes Strong ith ADAP2 Leg fat-free mass right Neale B UKBB European| 2017 331285
21) rs8067252 Yes trong with ADAPZ Leg predicted mass left Neale uKes uropean| 2017 331253
22| rsBO67252 Yes strong associations with ADAP2 Leg predicted mass right Meale uKBB uropean| 2017 331285
23| rsBOE7252 Yes Strong itd ADAP2 Trunk fat-free mass. eale UKBB uropean| 2017 331030
2] ssoer252 Yes wong i ADAPZ Trunk predicted mass cale UKBB__[Eurapean] 2017 330895
25[ sa067252 Yes Strong wit ADARZ Weight Neale B Uka8_[European] 2017 | 616613 | 336227
26| rsB067252 Yes Strong associations with ADAP2 Whole body fat-free mass. Neale B UKBB European| 2017 7.00E-23 331291/
27| rs8067252 Yes Strong ith ADAP2 Whole body water mass Neale B UKBB European| 2017 2.19€-22 331315
28] r356069439) Yes Strong association with female cancers ANKLEL Breast cancer risk in BRCAL mutation carriers Antoniou AC 20852631 _|European| 2010 | L.0BE1 | 2383
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25156069439 Ves Strong association with female cancers ANKLEL Breast cancer Couch Fl 27117709 _|European] 2016 | LOOE3Z
30 ISSEOBEQESI Yes Strong association with female cancers ANKLED Breast cancer Michailidou K 29059683 Mixed 2017 9.00€-09
31(r556069439] Yes Strong association with female cancers ANKLEL Breast cancer estrogen receptor negative Couch F) 27117709 |European| 2016 | S.0DE19
321356069439 Yes Strong association with female cancers ANKLEL High grade serous ovarian cancer Phelan 28346442_|European| 2017 | G.4BEZ6 | 53978
Yes Strong association with female cancers ANKLEL Invasive ovarian cancer Phelan 28346442 _|European| 2017 | 284E17 | 63347
Ves T fation with female cancers ANKLEL Serous invasive ovarian cancer Phelan M 28346442 _|European| 2017 | G6GE24 | 54990)
No Minimal evidence of pleiatrapy T2 Comp e atage 10 eale UKBE _[Furopean| 2017 | L39E12 | 332021
No ‘Coding mutation in Mit Localized Gene UsP30-451 Platelet count stle W 27863252 |European] 2016 | 415631 | 173480
No Coding mutation in Mit Localized Gene USP30-AS1 Plateletcrit Astle W 27863252 |European| 2016 4.57E-39 173480
]Ellsl?ESCNES No Coding mutation in Mitochondrially Localized Gene POLG2 Cause of death: unspecified place Neale B UKBB European| 2017 2.66E-08 7637
39' rs5745582 Ne Coding mutation Localized Gene BAK1 Platelet count Astle W 27863252 |European| 2016 3.36€-101 173dﬂﬂ|
No Coding mutation in Mit Localized Gene BAK1 Plateleterit Astle W 27863252 _|European| 2016 | 2726116 | 173480)
No ‘Coding mutation in Mit Localized Gene BAKL Platelet count Qayyum R 22423221 | African | 2012 | 2.48E12
Yes Strong ATPEVIG2-DDX398 Mean platelet volume Astle W 27863252 |European|
Yes Strong with i di ATPEVIG2-DDX398 HIV 1 control Pereyra F 21051598 Mixed
Yes trang ATPEV1G2 DDX39B HIV 1 control viral load at set point Fellay | 20041166 | Evropean|
Yes trong ne diseases ATPEV1G2.DDX398 id arthritis Plenge AV 17804835 _| European)
Ves trang ne diseases ATPEV1G2-DDX398 id arthritis Gregersen PK 19503088 | Eurapean|
Ves trang ne diseases ATPEV1G2-DDX398 arthritis ShiE 20453842 _|Eurapean)
Yes trong ne diseases ‘ATPGV1G2-DDX398 Ulcerative coltis 1BDGC 26192919 _|European| 2015 | 1.216-10
Yes Strong ATPEVIG2-DDX398 Primary sclerosing cholangitis Jis 27992413 |European| 2017 1.36E-27
Yes Strang ne diseases ATPEV1G2-DDX398 Psoriasis Neale B UKBE |European| 2017 | 3.60£08
Ves Strang ions with Immune diseases “ATPEV1G2-DDX398 Self-reported hyperthyrol Neale B UKBB _[European| 2017 | 148E-14
Yes Strong ne diseases ATPGV1G2-DDX398 I Neale B UKBB__[European| 2017 | 3.086-115
Yes Strong ATPEVIG2-DDX398 Self-reported rf rthritis Neale B UKBB European| 2017 6.22E-10
Yes Strong associations with immune diseases ATPEVIG2-DDX398 Treatment with dovobet ointment Neale B UKBB European| 2017 8.51E-15
Yes Strong with i di ATPEVIG2-DDX398 Treatment g or g cream Neale B UKBB European| 2017 8.39e09
ves Strang assoclations with immune discases ATPEV1G2 DDX39B Treatment with levothyroxine sodium Neale B UKBB___|European 113610
Yes Strong ne diseases (ATPEV1G2.DDX398 id arthritis Okada Y 24390342 _|East Asiar]
ves Strang dissases ATPEV1G2-DDX398 it Okada ¥ 24390342 _[East Asia
Yes Strong diseases ATPEVIG2-DDX398 Rheumatoid arthritis Okada ¥ 24330342 European
Yes Strong diseases ATPEV1G2-DDX358 Okada ¥ 24390342 Mixed
Yes Strong diseases ATPEV1G2-DDX358 rthiriti Stahl E 20453842 European|
ves Strang diseases ATPEV1G2-DDX398 Lymphocyte percentage of white cells Astie W 27863252 | European
Ves Strong associations with lipids PEXs Plateletrit Astie W 27863252 European
Vs Strong it lipids PEXd Type Il diabetes DIAGRAM 26551672 | European
Yes Strang associations with lipids PEXA Low density lipopratein GLGC 24057068 | European]
Yes trong o PBXd Total cholesterol GLGC 28037068 _| European
Ves trong associ it lipids XS Trigiycerides GLGC 23097068 | European
Ve trang associ th ipids PEXd ight Neale B UKBE | European|
Ves trang with lipids PBXe Log fatfree mass left Neale B UKBE | European]
ves trong with lpids FBX4 Leg fat free mass right Neale B UKBB__|European)
Yes Strong zssociations with lipids PEXA Leg predicted mass left Neale B UKBE___| European)
71|rs73004562 Yes Strong associations with lipids PBX4 Leg predicted mass right Neale B UKBB European| 2017 1.976-08 331285/
Ja|rs73004552 Yes Strong associations with lipids PBX4 M°d‘”!'m::;lialzﬁ';‘::::‘:n’:::;;m diabetes: Neale B KBS |Ewropean| 2017 | 106642 | oo
731573004357 Ve Strong with lipids PXa Self-reported Neale B UKBB | European| 2017 | 164E-14 3371@
Minimal evidence of pleiotropy and has a known role in
51760940 Mo " i m'""“‘"""“"" function 13710 PNP Age at menopause ReproGen 26414677 |European| 2015 | 5.106-10
7 urnal pgen1007654)
75| re3t6eTad No ‘Coding mutation in Mit fally Localized Gene MFNZ Platelet count stle W 27863252 |European| 2016 | 5.02625
76| rsa766744 No Cading mutation in Mit ocalized Gene M2 Plateleterit Astle W 27863252 | European| 2016 | 2.116-37
73] rs6752510 No ‘Minimal evidence of pleiotropy NCKIPSD Sum counts Astle W 27863252 |European| 2016 | 1.936.08
78|rs115962. No Minimal evidence of pleiotropy SUFU. Sum counts Astle W 27863252 European| 2016 3.91E-08
79]rs115962. No Minimal evidence of pleiotropy SUFU Waist circumference adjusted for BMI GIANT 25673412 Mixed 2015 1.50£-08
80511596235 No inimal evidence of pleiotropy SUFU. Height Neale B UKBB__|Evropean| 2017 | 140E11
81111596235 No Minimal evidznce of pleiotropy SUFU Sittng height NesleB UKBB | European| 2017 | 4.83E10
‘Minimal evidence of pleiotropy and experimental evidence
(1342442 No suggesting a direct rale in mtDNA regulation MEF2D Platelet count Astle W 27863252 |Eurepean| 2016 | 7.976-11
82 (https://pubmed.ncbi.nlm.nih.gov/21393361/) 173480|
‘Minimal evidence of pleiotropy and experimental evidence
(1342442 Na suggesting a direct rale in miDNA regulation MEF2D Plateleterit Astle W 27863252 |European| 2016 | 3.06E-14
83 (nttps: fpubmed.nchi.nlm.nib.gov/21393861/)
Minimal evidence of pleiotropy and experimental evidence ) K
1342882 Ne suggesting a direet rele in mIDNA regulation MEF2D Medication for pain "'":f::::"““* heartburn: nane of Nesle B UKBB  [European| 2017 | 3.43E08
(https:/fpubmed.ncbi.nim.nih.gov/21393861/)
‘Minimal evidence of pleiotropy and experimental evidence — -
(51342442 No suggesting a direct role in mUDNA regulation MEF2D Medication for pain ""’f'."”‘“"’“"""' hearturn: Neale B UKBB  |Europesn| 2017 | 8.13£:09
85, (https://pubmed,nchi.nlm.nih.gov/21393861/) paracetame
‘Minimal evidence of pleiotropy and experimental evidence
rs1342432 No suggesting a direct role in mtDNA regulation MEF2D Pain type experienced in last month: headache Nesle B UKBB  [European| 2017 | s1265
{https://pubmed.ncbi.nim.nih.gov/21393861/) 338650
Minimal evidence of pleiotropy and experimental evidence
rs1342442 No suggestinga direct role in mtDNA regulation MEFZD Pulse rate Neale B UKBB  |Eurcpean| 2017 | 3.01E12
87 (nttps:f bi.nim.nih.gov/21393861/) 317756
‘Minimal evidence of pleiotropy and experimental evidence
rs1342442 No suggesting a direct role in mtDNA regulation MEF2D Self-reported migraine Neale B UKBB European| 2017 1.10E-08
{https://pubmed.ncbi.nim.nih.gov/21393861/) 337159
Strang g
| T2 Yes e APOE High light scatter percentage of red cells Astle W 27863252 |European| 2016 | 295638 |
Strang with lipids
a0 rs7412 Yes disease APOE High light scatter reticulocyte count Astle W 27863252 European| 2016 9.58E-36 173430|
o| 72 Yes strang "“';:;i:’; APOE Immature fraction of reticulocytes Astle W 27863252 |European| 2016 | 4.36E-38. lmg
o] 2 Yes Strong " d:;::::"“ AROE Red eell distribution width Astle W 27863252 |wropean| 2016 | 187648 |
Strang associations with lipids and neurodegenerative
oy o412 Yes o APOE Reticulocyte count Astle W 27863252 |Ewropean| 2016 | B8SE8 | .
oo 12 Yes Strang d:;::’:"d APOE Reticulocyte fraction of red cells Astle W 27863252 |Ewropean| 2016 | 440E20 |
rs7412 Yes Strong ‘with lipids and APOE Coronary artery disease CARDIOGRAMplusCAD| 26343387 Mixed 2015 B.A7E-11
55 disease 184305
o 72 Yes Strang d::f:"d APOE High density lipoprotein Glee 26097068 |Ewropean| 2013 | 4daE19 |
Strong associati pids and )
o| a2 ves . APOE Low density lipoprotein Glec 24097068 [European| 2013 [ 12¢es52 [
| 2 Yes Strong dis:ﬁ:"“ APOE Total chelesterol 6LGC 23097068 |European| 2013 | 156E283 |
Strang associations with lipids and neurodegenerative
| 412 ves e APOE Trighycerides GleC 24097068 |Ewropean| 2013 | 115E28 |
o Yes Strong 'd:;:::"d AROE APOB apolipoprotein B Hopewell 23100282 |European| 2012 | 5.90E-154 -
Strong Tipids and APOB apallpoprotein B response after 40mg daily
oa| T2 Yes - APOE Bt ot Hopewell 23100282 |European| 2012 | 4.90E29 Ja95)
7412 Yes Strong associations with liids and neurodegenerative APOE LOL eholesterol Smith EN 20838585 |European| 2010 | 1.606-08
102 disease 525
Strong associations with lipids and
03| T2 Yes o ApOE LOL cholesterol Asselbergs 23063622 |Ewrepean| 2012 | 182671 |
rs7412 Yes strong - pids and APOE LDL cholesterol Rasmussen Torvik LJ 23067351 African 2012 1.50E-09 J
104) disase 1249
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s ith lipids and
7412 Yes rone vh i & ApoE L cholesterol Rasmussen Torvik U | 23067351 | African | 2012 | 150609 ‘
104 disease 1249
Strong with lipids and
Hopewel . 10€-
15| T2 Yes N ApOE L cholesterol pewell 2310082 [European| 2012 [ 2008215 |
DL cholesteral among a group where cancer disbetes
ith lipi
57412 Yes Strong " pids and APOE wpe idism and LDL atering were net | Rasmussen Torvik Ll | 23067351 | African | 2012 | 6.30E-41
108| \sease present 124)
Strang with lipids and )
J Yes e APOE LDL cholesterol change with statins Thompsan 20031582 | Mixed | 2009 | 554630 Josa
Str ith lipids and LDL cholesterol after 40 daily tati
157412 Yes rong wikh lipits 2 APOE cholesteral response after 40me dally simvastatin Hopewell 23100282 |uropean| 2012 | 2.70E-30
108 disease treatment 3895
ES ith lipids and
7412 Yes rone v IR = APOE LDL cholesteral response to statins baseline LDL eholesterol | Chasman DI 22331829 [€uropean| 2012 | 1.60E-47
109 disease 6989
iz Vs Strong assaciations with lipids and neurodegenerative apoE LDL cholesterol response ta statins fractional change in LDL Chasman DI U W
110 disease cholesterel 5989
Strong with lipids and DL cholesteral respanse to statins residuals of the measure
114 rs7412 Yes disease APOE of fractional change in LDL cholesterol Chasman DI 22331829 |European| 2012 4.00E-17 6988
rs7a12 Yes strong with lpics and APOE Late onset Alzheimers disease Maj AC 20885792 |inspecifie{ 2010 | 5.49E-58
112 disease 2035
7412 Yes Strong fipids and APOE Late onset Alzheimers disease Hu X 21390209 [Eurcpean| 2011 | 3.93£09
113 disease " 3595
7412 ¥ strong with lpsds and APOE Lipaprat ted phospholipase A2 activity Lp2 Chu AY 23118302 [ 2012 | 430681
g es e ipoprotsin assaciated phospholipase A2 activity Ly u uropean 30E- sos
=
15| 2 Yes strong d‘"s:':::m AROE Total cholesterol Asselbergs 23063622 |European| 2012 | 15536 s6240
Strong th lipids and A
I Yes - APOE Alzheimers dissase 1GAP 24162737 |ewropean| 2013 | L2322 |
rs7412 Yes Strong with lipids and APOE Chalesterol total Surakka | 25961943 |European| 2015 | 2.00E-239
117 disease
rs7a12 Yes Strong associations with lipids and neurodegenerative APOE Cholesterol total Magy R 28270201 |Ewropean| 2017 | 5.00E-94
118 disease
rs7412 Yes strong with lipids and AROE Coronary artery disease Nelson CP 28714975 | Mixed | 2017 | 2.00619
19) disease
” h
rs7412 Yes strong lipids and AFOE Coranary artery disease van der Harst P 25212778 | Mixed | 2018 | 2.00E-35
120 disease
th liph
rs7412 Yes Strong pids and APOE Coranary artery disease van der Harst P 29212778 Mixed 2018 3.00€-39
121 disesse
E ith lipids and
rs7412 Yes rong plas ain APOE Coronary artery disease vander HarstP | 29212778 | Mixed | 2018 | 3.00E39
122 disease
B3 ith lipids and
17412 Yes ong wAth Rkt an APOE HDL cholestercl Nagy R 28270201 [European| 2017 | 6.00E14
123 disease
St h lipid d rodi
1ag T2 Yes firang azsadiations vt e e egenerative APOE High light scatter reticulocyte count Astle W 27863252 |European| 2016 | 1.00E-35
g 2 Yes strong w"z::':::" AROE High light scatter reticulacyte percentage of red cells Astle W 27863252 |European| 2016 | 3.006-38
g T2 Yes strong ""l:‘l'sz':::"d APOE Ideal cardiovascular health clinical and behavioural Allen N8 27179730 |European| 2016 | 9.00E-16
- ——
rs7412 Yes strong lipids and AROE Immature fraction of reticulocytes Astle W 27863252 |European| 2016 | 4.00E-38
127 disease
re ith lipis
rs7412 Yes Strong lipids and APOE LOL cholesterol Rasmussen Torvik LI 23067351 African 2012 2.00e-09
128 disesse
Tth lph
rs7412 Yes Suwong pids and APOE LDL cholesterol levels Spracklen CN 28334899 [EastAsian| 2017 | 2.006-286
129 disease
Stre ith lipid: d
7412 Yes e veth Hics an APOE LDL cholesteral levels. ZhuY 28371326 [Eastisia| 2017 | 7.006-15
130 disease
Strong with lipids
17412 ves ) APOE Lipid metabolism phenotypes Kettunen | 22286219 [European| 2012 | 3.006-58
131 disease
st ith lipid
rs7a12 ves Tene v 1eie APOE Lipid traits wuy 24023260 | Filipine | 2013 | 2.00E30
132 disease
Strong ith lipids - )
s T2 Vs P APOE Lipid traits wuy 24023260 | Filipino | 2013 | 3.00653
Strong th lipids
134] rs7412 Yes disease APOE Lipoprotein a levels Mack § 28512139 |European| 2017 3.00£-10
812 yes Strong with lipids P Lipoprotein associated phospholipase AZ activity change in vean mrsaea3 | oaiced | 2017 R
135 disease oF response pladib treatment in ¢ disease ez
. - = —
rs7412 Yes Strong with lipid: APOE B AZ activity in Yeo A 28753643 | Mixed | 2017 | 8.00E7E
136) disease disease
St i
a] ez Yes rong " .1.:::! APOE Lipoproteina levels adjusted for apolipoproteina isoforms Mack 5 28512139 |European| 2017 | 3.00E-09
Strong with lipids
rs7412 Yes N APOE Low density lipopratein cholesteral Sautham L 28548082 | Mixed | 2017 | 3.00£-19
138 disease
St thipia
I St Yes Tang w dls‘;; APOE Metabolite levels lipoprotein measures Kettunen ) 27005778 [European| 2016 | 2006120
Strong with lipids
rs7412 ves ) APOE Pulse pressure Warren HR 28135244 [European| 2017 | 4.006-10
140] disease
st ith lipic
rs7a12 ves Tane v 1eies APOE led eell distribution width Astle W 27863252 [European| 2016 | 2.00E-44
141 disease
Strong ith lipids )
157412 Yes APOE Response to statin therapy LDLC Chasman DI 22331820 [European| 2012 | 2.00E47
142 disease
Strong th lipids
143 rs7412 Yes disease APOE Reticulocyte count. Astle W 27863252 |European| 2016 9.00€-18
Stre ith lipid: d
157412 Yes ong With lipiets ar APOE Reticulocyte fraction of red cells Astle W 27863252 |European| 2016 | 4.006-20
134 disease
B3 ith lipids and
Lag| N2 Yes ne . APOE Total eholesterel levels Spracklen CN 28334899 [EastAsion| 2017 (99999773478
rs7412 Yes e vaith ipids and APOE Total cholesterol levels Southam L 48082 | Mieed | 2017 | 1.006-08
146 disease
g 2 Yes strong w"z::':::“ AROE Arm fat mass left Meale B8 ukss  |european| 2017 | 201808 |
Sto T lipids and
g T2 Yes one ""lm';'a::" APOE Arm fat mass right Meale B ukss  |euwropean| 2017 | S01E09 | Lo
157412 Yes Strong th lipids and APOE Arm fat percentage left Neale 8 UKBS  |European| 2017 | 183£08
149 disease " - . § 331198
Swong th liids and .
J Yes P APOE Arm fat percentage right Nesle 8 ukes  |Ewropean| 2017 | 11608 | o
Stwong ith lipids and
Loy T2 Yes e APOE Body fat percentage Nesle B uKes  |Ewropean| 2017 | 113609 | |
Strong ith lipids and
1a L2 Yes o APOE Chronic ischaemic heart disease Neale 8 kB8 [uropean| 2017 | 143608 |
Strong with lipids and
Hip ¢ircumife
o ] Yes e APOE ip circumference Neale B ukes  |Evropean| 2017 | 268609 | o |
17412 Yes Strang with lpkds and APOE Ilinesses of father: alzheimers disease ar dementia Neale B UKBR  [Eurapean| 2017 | 7.29E45
154, disease - : o - 292807]
15g| T2 Yes strong w"z:;:':::" APOE Winesses of father: heart disease Meale 8 ukss  [european| 2017 | 903e0d | o
rs7a12 Yes Strong associations with lipids and neurodegenerative APOE Ilinesses of mather: alzheimers disease or dementia MNeale B Ukss  |Ewropean| 2017 | 1.29E-40
156 disease 309843
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Swong ith lipids and ‘Medication for cholesterol, blaod pressurs or diabetes:
APOE Neal 7 E -
15y "2 Ve disease cholesterol lowering medicatien eale 8 UK |European) 2017 | 285682 | 54709
Strong iations with lipids 2nd Medication for cholesterol, blood pressure or diabetes: none
74 v A Neal x 7 | a3
1sg| T2 es . PaE e b eale B UKes [European| 2017 | s3dpas |
E fations with lipids and
1o T2 Yes rone b d;':'a:" APOE Medication for pain relief, constipation, heartburn: aspirin Neale B UKBB  |European| 2017 | 230608 | L.
Strong ith lipids and No treatment with medication for cholesteral, blocd
7412 Ye APOE Neale B UKBB Et 2017 1.126-21
w0 " © disease pressure, diabetes, or take exogenous hormones eale uropean) 180203
Str ith lipids d
e T2 Yes rone b d":'a::" APOE Number of treatments or medications taken Meale B ukee  [ewrcpean| 2007 | 23me0s |
Strong with lipids and o
162 rs7412 Yes disease APOE Pulse rate Neale B UKBB European| 2017 5.50E-17 3177@
Stong with lipids and i ;
J Yes i, apoE Self.reported angina Neale 8 ues  |uropean| 2017 | L38E12 | o
Strong with lipids ang i ! d
164 rs7412 Yes disease APOE por heart attack or Neale 8 UKBB European| 2017 348609 337159
Swong ith lipids and §
Jo Yes A, apoE Sel.reported high cholestercl Neale B UKee |European| 2017 | 473645 |
Strong ith lipids and
A ™ Neal 7 | sase
Leg| L2 Yes . PaE reatment with aspirin eale B UKBs [European| 2017 | saset0 [
Strong ith lipids and
74 e Al T ith i Neal 7 =
ol e s " POE reatment with atorvastatin eale B UKeB |European| 2017 | 491636 | Lo
E fations with lipids and
Les| T2 Yes g b d;':'a:" APOE Treatment with cholesterol lawering medication Neale B UKBB  |European| 2017 | 209686 | oo
—=
rs7412 Yes strong fipids and APOE Treatment with ezetimibe Neale B UKBB  |European| 2017 | 1.05E-11
69 disease 337159
Strong associations with lipids and
170 rs7412 Yes disease APOE Treatment with lipitor 10mg tablet Neale B UKBB European| 2017 1.69E-11 337159
i y Strong associabions with lipids and neurodegenerative e rerment arth rosrastat . s e o | 1o2e10
I es . reatment with rosuvastatin esle urapean 72 I
Strong ith lipids and
172 rs7412 Yes disease APOE Treatment with simvastatin Neale B UKBB European| 2017 5.02€-70 137159
Strong Tipids and
| T2 Yes P APOE Trunk fat mass Nesle B ukes  |Ewropean| 2017 | 796631 | o
Sty lipid: vl
57412 Yes rang Hpids an APOE Trunk fat percentage Neale B UKBB  |European| 2017 | 1.02E-10
173 disease
Sty a ith lipid: ol
g T2 Yes rong w dl;:‘a:" APOE Vaseular o heart problems diagnased by doctor: angina Neale B UKBB  [European| 2017 | 1.286-14
Strang th lipids and
| P12 Yes disence APOE [Vascular or heart problems diagnased by doctor: heart attack| MNeale B UKBB European| 2017 | 1.29E-08
Strang iations wi and Vascular or heart problems diagnosed by doctor: none of the
| Yes APOE e Neale B Ukss  |Ewropean| 2017 | La0E0D | .
rs7412 Yes Strong APOE Weight Neale B UKBB  |European| 2017 | 125E08
178 e o § 336227
Strong o with lipids and
e T2 Yes o APOE Whale body fat mass Nesle B ks |Ewopean| 2017 | 63830 | o
Strong Tipids and
180 rs7412 Yes disease APOE Coronary artery disease Nelson CP 28714975 Mixed 2017 2.17€-19 148715,
Strong ipids and s
v ; 156
| T2 s - APOE Low density lipoprotein Prins B 28887542 [European| 2017 | L1SE77 061
Strang
57412 ves APOE Total cholesterol Prins B 28887542 [European| 2017 | 8.50E32
182 9961
st
13 2 Yes reng APOE High density lipoprotein Spracklen CN 28334899 [Easthsian] 2017 | LadE0 |
rs7412 Yes Strong ARDE Low density lipoprotein Spracklen CN 28324899 [East Asian| 2017 | B.20E-107
184 10133
Strong ipi -
1| T2 Yes e APOE Total cholesterol Spracklen CN 28334899 [EastAsian| 2017 | 123640 |
th lipid
rs7412 Yes Strong with lpids APOE Cholesterol Idi Chasman DI 22331829 [European| 2012 | 2.00E-47
186 disease
Strony with ligids
7412 ves o o APOE Lipid metabolism Kettunen ) 22286219 [European| 2012 | 3.00E58
187) disease
rs7412 Yes Strong ith lpids APOE Coranary artery disease vander HarstP | 20212778 | Mixed | 2018 | 7.30827
18] disease vanen i 296525
rs7412 Yes strong it s APOE Coranary artery disease vanderHarstP | 29212778 | Mixed | 2018 | 2435
18| disease v anen i 547261
Strong association with blood cell traits and ambiguous
190| 15385893 Yes whether variant i to AK3 [mi ial gene) AKIRCLL Granulocyte count. Astle W 27863252 |European| 2016 1.48E-14 1734
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10| 71385893 s hether variont & attbutable to AK3 (mtochondsielgere) | A Plateletrit Astle W 27863252 |European| 2016 | 8426238 | o
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15385893 ves AkzRCL Red blood cell count Astle W 27863252 [Eurcpean| 2016 | S5.75E-15
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204] ™ - whether variant is attributable to AK3 [mit ial gene) i e plood cell cou < uropean 173480|
Strong assaclation with bload cel traits and ambiguous
} P i " 95
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Strong association with blood cell raits and ambiguous
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with blood cell traits and ambi
385893 ¥ AK3RCL1 Myeloid white cell it Astle W 27863252 Ei 2016 2.00E-13
210] ™ = whether variant is attributable to AK3 ial gene) g fyeSaie]witte oS count © uropese
Strong association with blood cell traits and ambiguous y _
51y re3ESE93 Yes whether variont s attributable to AKS (mtorhondrisl gene} | | APFCHE Neutraphil count Astle W 27863252 |European| 2016 | 4.00E-13
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S2. Table 9. Mendelian Randomization analyses of mtDNA-CN versus mitochondrial

disease phenotypes
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observed -logso(p)

0 1 2 3 4 5 6
expected -logo(p)
0.01 < MAF < 0.02 (4745474)

0.16 = MAF < 0.50 (4745474)

GC lambda 0.5: 1.010

GC lambda 0.1: 1.011

GC lambda 0.01: 1.008

GC lambda 0.001: 1.010

(Genomic Control lambda calculated
based on the 50th percentile (median),
10th percentile, st percentile, and
1/10th of a percentile)

Irish

observed -log.o(p)

1] 1 2 3 4 5 6

expected -logso(p)
0.01 < MAF < 0.02 (2837745)

0.26 < MAF < 0.50 (2837746)

GC lambda 0.5: 1.008

GC lambda 0.1: 1.009

GC lambda 0.01: 1.003

GC lambda 0.001: 1.002

(Genomic Control lambda calculated
based on the 50th percentile (median),
10th percentile, Tst percentile, and
1/10th of a percentile)

British
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observed -logso(p)

expected -logio(p)
0.01 < MAF < 0.02 (2723624)

0.26 < MAF < 0.50 (2723625)

GC lambda 0.5: 1.009

GC lambda 0.1: 1.010

GC lambda 0.01: 1.008

GC lambda 0.001: 0.999

(Genomic Control lambda calculated
based on the 50th percentile (median),
10th percentile, Tst percentile, and
1/10th of a percentile)

European Meta-Analysis
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observed -logso(p)

0 1 2 3 4 5 8

expected -logqe(p)
0.01 < MAF < 0.02 (2676884)

0.27 < MAF < 0.50 (2676885)

GC lambda 0.5: 1.005

GC lambda 0.1: 1.010

GC lambda 0.01: 1.001

GC lambda 0.001: 0.992

(Genomic Control lambda calculated
based on the 50th percentile (median),
10th percentile, 1st percentile, and
1/10th of a percentile)

observed -logqo(p)

o 1 2 3 4 5 &6
expected -logio(p)
0.01 £ MAF < 0.02 (2682131)

0.27 < MAF < 0.50 (2682132)

GC lambda 0.5: 1.109
GC lambda 0.1: 1.141
GC lambda 0.01: 1.254
GC lambda 0.001: 1.899

e b

observed -logo(p)

o 1 2z @ 4 5 &
expected -logio(p)
0 2 MAF < 0.02 (2863441)

0.26 < MAF < 0.50 (2863442)

GC lambda 0.5: 1.105
GC lambda 0.1: 1.132
GC lambda 0.01: 1.254
GC lambda 0.001: 2.000

S2. Figure 1. MAF and ethnicity-stratified GWAS quantile-quantile plots.

S2. Figure 2 (Extended Figures). Locus zoom plots for 72 loci and 82 conditionally

independent genetic signals. Variants with the highest fine-mapping posterior probability

are labelled by their genomic coordinates (GRCh37). Pairwise correlation between the lead

variant and proximal variants were colour-coded based on the 1000Genomes Europeans

reference panel.
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S2 Figure 3. Manhattan plot for trans-ethnic GWAS meta-analysis (N=395,781).

A B

African Beta Coefficients
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0.00
European Beta Coeflicients

S2 Figure 4. Correlation between conditionally independent mtDNA-CN loci effect
estimates derived from European GWAS meta-analyses (x-axes) vs. effect estimates from
Non-European GWAS (y-axes). Comparisons for African (A) and South Asian (B) GWAS

analyses are presented. Of the total 82 conditionally independent signals identified using
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the European GWAS meta-analysis, 73 and 75 variants were available for comparison in
African and South Asian GWAS, respectively.

A B

SAMHD1 TFAM

0.

Standardized mtDNA-CN Level:
-
L 151
z
dardized mtDNA-CN Level
I8 |
{ 18}

Standardize

S2. Figure 5. Violin plots showing the distribution of mtDNA-CN for carriers and non-
carriers of (A) SAMHDL1 and (B) TFAM rare nonsynonymous and deleterious (MCAP >
0.025) variants.
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mtDNA-CN measurement in INTERSTROKE

mtDNA-CN was assayed by the Genetic and Molecular Epidemiology Lab located
in Hamilton, Ontario, Canada using a plasmid-normalized quantitative Polymerase Chain
Reaction (gPCR) method developed by Fazzini et al. The qPCR assay is a duplex assay
that simultaneously amplifies segments of the mitochondrial tRNALeu and the nuclear B2M
genes. A plasmid construct containing a single copy of both mitochondrial and nuclear
fragments was amplified to calibrate differences in fluorescent dye intensities used to
differentiate mitochondrial and nuclear signals. All INTERSTROKE study participants’
samples were assayed in duplicate, and any samples demonstrating inconsistent cycle
thresholds with coefficient of variation greater than 5% were excluded. Four calibrator
samples were included on each of the gPCR plates to measure assay reproducibility. The
mean coefficient of variation among these four samples across plates was 6.5%, which is
consistent with 7% intra-assay variability previously reported for this protocol®.
Mendelian Randomization Instrument Selection

Selection of genetic variants was based on a previously described scheme?. First, to
satisfy the MR “relevance” assumption, we extracted 9602 genome-wide significant (P <
5x10®) variants associated with buffy coat mtDNA-CN levels from the UKBiobank
GWAS. Second, in consideration of the “exclusion restriction” assumption, we removed
variants located outside of genes (> 100kb from the transcript) encoding for proteins
localizing to the mitochondria to exclude variants that may act through non-mitochondrial
pathways, thus resulting in 1701 variants 3. Third, we matched these variants to the

GISCOME outcome GWAS and retained 1416 shared variants between UKBiobank and
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GISCOME. Fourth, we performed linkage disequilibrium pruning (1000Genomes
Europeans LD r2 < 0.01) to achieve an independent set of 33 variants. Fifth, to further
mitigate potential for horizontal pleiotropy, we performed a phenome-wide search across
published GWAS with Phenoscanner V2 # and removed seven variants with strong
evidence of acting through alternative pathways (P<5x102%) 3. Ultimately, 26 genetic
variants remained as suitable genetic instruments.
Genetic instruments for neutrophil to lymphocyte ratio

Whole genome model linear regressions were performed using the REGENIE
program in 340002 British participants from the UKBiobank study (unpublished data)®.
Genotyped and imputed variants with minor allele frequency > 0.001 and quality INFO
score > 0.3 were analyzed. Association analyses were adjusted for the following covariates:
age, age?, sex, 20 ancestry-informative principal components, type of genotyping array and
assessment centre. Like the other MR analyses, an independent (1000Genomes European
LD r2 < 0.01) set of genome-wide significant (P<5x10®) variants were retained to
approximate genetically determined neutrophil to lymphocyte ratio. Causal effects on
mMRS-based outcomes are expressed in terms of a 1 SD increase in the neutrophil to
lymphocyte ratio.

Supplementary Table

S. Table 1. Association between mtDNA-CN and baseline stroke severity characteristics.
Analyses of mtDNA-CN as a continuous variable are expressed per 1 SD decrease in
mtDNA-CN. mtDNA-CN quartile comparisons are expressed with reference to the highest

(4™ quartile.
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. . L Proportional
Analysis Parameters Main Summary Statistics Odds Check
tDNA-CN rtil Baseline Strok B t test P-
m ! Quartile gsetine Stroxe Noooutcome | Nowwome | Beta | SE | OR | La | Ucl | Pvalue | 000 e
(or Continuous) Characteristic value
Continuous Ordinal mRS NA 3493 0.24 0.03 1.27 1.19 1.36 4.67E-12 0.77
Continuous Reduced Consciousness NA 3491 0.29 0.05 1.33 1.21 1.48 1.76E-08 0.97
Continuous Hemorrhagic 2845 54 029 | 019 | 133 | 092 | 1.93 0.13
Transformation NA
1st Ordinal mRS NA 874 070 | 0.10 2.00 1.65 2.44 2.86E-12 0.53
2nd Ordinal mRS NA 873 0.50 0.10 1.66 1.37 2.01 | 2.48E-07 0.91
3rd Ordinal mRS NA 872 0.30 0.10 1.34 1.11 1.62 1.98E-03 0.37
4th Ordinal mRS NA 874 NA NA NA NA NA NA NA
1st Reduced Consciousness NA 873 0.88 0.14 2.42 1.84 3.17 | 1.58E-10 0.31
2nd Reduced Consciousness NA 873 0.69 0.14 1.99 1.50 2.64 | 1.76E-06 0.35
3rd Reduced Consciousness NA 873 0.33 0.15 1.39 1.04 1.87 | 2.67E-02 0.37
4th Reduced Consciousness NA 872 NA NA NA NA NA NA NA
Hemorrhagic
Lst Transformation 642 20 0.82 0.46 2.28 0.92 5.66 0.08 NA
Hemorrhagic
2nd Transformation 696 13 0.06 0.51 1.06 0.39 2:90 0.91 NA
Hemorrhagic
3rd 1.07 0.38 3.03
" Transformation 749 11 0.07 0.53 0.90 NA
ath Hemorrhagic
Transformation 758 10 NA NA NA NA NA NA NA

S. Table 2. Comparison of the association between mtDNA-CN (per 1 SD decrease) and

1-month post-stroke outcomes versus age (per 1 SD increase) and 1-month post-stroke

outcomes.
Analysis Parameters Main Summary Statistics Proportional Odds
Check
Exposure | 1-month Stroke Outcome Ny Noso Beta| SE | OR | LCI | UCI | P-value Brant test P-value
outcome outcome

4.41E-

mtDNA-CN* | Ordinal mRS 3470 | NA 0.15 | 0.04 | 1.16 | 1.08 | 1.24 05 0.2
1.77E-

Age** Ordinal mRS 3470 | NA 0.25 | 0.04 | 1.28 | 1.18 | 1.39 09 0.11
6.85E-

mtDNA-CN* | Poor Functional Outcome 1354 2116 | 0.19 | 0.06 | 1.21 | 1.08 | 1.34 04 | NA
4.10E-

Age** Poor Functional Outcome 1354 2116 | 0.34 | 0.06 | 1.41 | 1.25 | 1.59 08 | NA
3.90E-

mtDNA-CN* Mortality 337 3133 | 0.30 | 0.08 | 1.35 | 1.14 | 1.59 04 | NA
4.62E-

Age** Mortality 337 3133 | 0.16 | 0.08 | 1.18 | 1.00 | 1.38 02 | NA

*Effects are expressed per 1 SD decrease in mtDNA-CN
**Effects are expressed per 1SD increase in age

S. Table 3. mtDNA-CN quartile associations with 1-month post-stroke outcomes. Results

are expressed with reference to the highest (4™) quartile.
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Analysis Parameters Main Summary Statistics mmml —

mé‘:::;;" 1-month Stroke Outcome W’Z::'e ‘ o::'::e Beta | SE | OR LCI | UClI | P-value Brant test P-value

1st Ordinal mRS 869 ‘ NA 0.34 |0.10 | 1.40 | 1.15 | 1.71 | 9.02E-04 0.49

2nd Ordinal mRS 865 NA 0.29 | 0.10 | 1.34 | 1.10 | 1.63 | 3.35E-03 0.41

3rd Ordinal mRS 866 | NA 0.00 | 0.10 | 1.00 | 0.83 | 1.22 | 9.88E-01 0.25
4th Ordinal mRS 869 | NA NA NA NA NA NA NA NA
1st Poor Functional Outcome 452 417 | 0.41 | 0.16 | 1.51 | 1.11 | 2.04 8.34E-03 | NA
2nd Poor Functional Outcome 368 497 | 0.27 | 0.15 | 1.30 | 0.97 | 1.76 8.38E-02 | NA
3rd Poor Functional Outcome 284 582 | 0.09 | 0.15 | 0.92 | 0.68 | 1.24 | 5.76E-01 | NA
4th Poor Functional Outcome 250 619 | NA NA | NA | NA | NA | NA NA
1st Mortality 146 723 074 |0.23 | 2,09 | 1.34 | 3.25 | 1.10E-03 | NA
2nd Mortality 95 770 | 0.59 | 0.24 | 1.80 | 1.12 | 2.89 1.51E-02 | NA
3rd Mortality 52 814 | 0.07 | 0.27 | 1.07 | 0.64 | 1.81 7.87E-01 | NA
4th Mortality 44 825 | NA NA NA NA NA NA NA

S. Table 4. Subgroup analyses for mtDNA-CN associations with 1-month post-stroke
outcomes. Poor functional outcome is defined as 1-month mRS 3-6. Odds ratios are

expressed per 1 SD decrease in mtDNA-CN.

‘ Strata Main Summary Statistics
Variable Subgroup I-m;:::;.:};:oke Noutcome | N non-oucome | Beta | SE | OR | LCI | UCI | P-value P Heterogeneity P-value
Primary Stroke Ischemic Poor Functional
| Type Stroke Outcome 916 1701 | 0.18 | 0.06 | 1.20 | 1.07 | 1.36 | 0.00262 0
Primary Stroke | Hemorrhagic | Poor Functional
Type Stroke Outcome 303 245 | 0.18 | 0.14 | 1.19 | 0.91 | 1.57 | 0.20440 0.9612
Poor Functional
Sex Female Outcome 638 828 | 0.22 | 0.08 | 1.25 | 1.06 | 1.46 | 0.00615
Poor Functional
Sex Male Outcome 712 1288 | 0.18 | 0.08 | 1.19 | 1.02 | 1.39 | 0.02466 0 0.6926
Poor Functional
Age <= 65 years Qutcome 549 1183 | 0.17 | 0.08 | 1.18 | 1.00 | 1.39 | 0.04384
Poor Functional
| Age > 65 years Outcome 801 933 | 0.20 | 0.08 | 1.23 | 1.06 | 1.42 | 0.00695 0 0.7418
World Bank Lower- Poor Functional 1071 03263
Country Income | middle/Low | Outcome 326 339 | 0.17 | 0.09 | 1.19 | 1.00 | 1.41 | 0.04919 : )
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World Bank Upper- Poor Functional
Country Income | middle Outcome 633 615 | 0.28 | 0,10 | 1.32 | 1.09 | 1.61 | 0.00526
World Bank Poor Functional
Country Income | High Outcome 391 1162 | 0.06 | 0.11 | 1.06 | 0.86 | 1.31 | 0.59446
None or Poor Functional
Education Level | Primary Outcome 531 572 | 0.17 | 0.09 | 1.18 | 0.99 | 1.41 | 0.06105
High School,
Trade 0 0.8119
School,
College, or Poor Functional
Education Level | University Outcome 692 1374 | 0.20 | 0.07 | 1.22 | 1.05 | 1.40 | 0.00706
Poor Functional NA NA
All All Outcome 1354 2116 | 0.19 | 0.06 | 1.21 | 1.08 | 1.34 | 0.00068
Primary Stroke Ischemic
Type Stroke Mortality 189 2428 | 0.29 | 0.10 | 1.33 | 1.08 | 1.63 | 0.00641 0 0.9992
Primary Stroke Hemorrhagic
Type Stroke Mortality 117 431 | 0.29 | 0.15 | 1.33 | 1.00 | 1.77 | 0.05231
| Sex Female Mortality 161 1305 | 0.34 | 0.12 | 1.41 | 1.11 | 1.79 | 0.00468 0.7113
Sex Male Mortality 172 1828 | 0.28 | 0.12 | 1.32 | 1.04 | 1.68 | 0.02137 0
Age <= b5 years Mortality 143 1589 | 0.44 | 0.13 | 1.56 | 1.20 | 2.01 | 0.00071 0.1249
Age > 65 years Mortality 190 1544 | 0.18 | 0.11 | 1.20 | 0.97 | 1.49 | 0.09740 | 57.54
World Bank Lower-
Country Income | middle/Low | Mortality 125 540 | 0.21 | 0.11 | 1.23 | 0.99 | 1.53 | 0.06581
World Bank Upper- 0 0.514
Country Income | middle Mortality 175 1073 | 0.37 | 0.15 | 1.45 | 1.09 | 1.93 | 0.00993
World Bank
Country Income | High Mortality 33 1520 | 0.55 | 0.39 | 1.74 | 0.81 | 3.72 | 0.15523
None or
Education Level | Primary Mortality 159 944 | 0.33 | 0.13 | 1.39 | 1.08 | 1.78 | 0.00941
High School, 0 0.7923
Trade
Education Level | School, Mortality 151 1915 | 0,28 | 0,12 | 1.33 | 1.06 | 1.67 | 0.01368
‘ College, or | |
| University |
| All All Mortality 337 3133 | 0.30 | 0.08 | 1.35 | 1.14 | 1.59 | 0.00039 NA NA

S. Table 5. Net reclassification indices for the addition of mtDNA-CN into logistic
regression models. Model covariates include age, sex, region, education level (none or
primary school vs. high school, trade school, college, or university), 2018 World Bank
country income stratum (high, upper-middle, and lower-middle or low income), household
income (adjusted for country), primary stroke type (ischemic vs. hemorrhagic stroke) and
ischemic stroke Oxfordshire Community Stroke Project (OCSP) classification, pre-stroke
dependency (pre-stroke mRS 3-5 vs. 0-2), Charleson comorbidity index, and stroke risk
factors (hypertension, diabetes, hypercholesterolemia, atrial fibrillation or flutter, current

smoker status, and waist to hip ratio), and baseline mRS.
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1-month Stroke Outcome | Nevent Nnon-event NRI Strata | NRI 95% LCl | 95% UCI | P-value

Poor Functional Outcome 1219 1945 | NRloverall 0.16 0.08 0.23 | 3.60E-05
Poor Functional Outcome 1219 1945 | NRlevents 0.20 0.15 0.26 | 4.30E-12
Poor Functional Outcome 1219 1945 | NRlnon events -0.05 -0.09 0.00 | 4.50E-02
Mortality 306 2858 | NRloverall 0.31 0.19 0.43 | 1.70E-07
Mortality 306 2858 | NRleyents 0.33 0.22 0.44 | 3.40E-09
Mortality 306 2858 | NRlnon_events -0.02 -0.06 0.02 2.96E-01

S. Table 6. Characteristics of 33 independent genetic variants located within 100kb of

MitoCarta3-annotated genes considered for MR analyses. A phenoscanner v2 search was

performed, identifying seven variants strongly associated with other traits (P<5x10%°). 26

genetic variants were retained as suitable genetic instruments to approximate genetically

determined mtDNA-CN levels.

Nearest 1000G | Phenoscanner v2 Included
rsid shpid chr | pos_hgl9 | ref | alt | beta se p-value | Gene(s) Eur AF | Pleiotropy Detected? | in MR?
rs3766744 1_12043717_G_A 1 12043717 | G A -0.0179 | 0.0021 | 2.91E-17 | MFN2 0.4722 | No Yes
rs1342442 1_156466699_G_A 1 156466699 | G A -0.0138 0.0022 5.56E-10 | MEF2D 0.675 | No Yes
rs11677402 | 2_74154975_G_T 2 74154975 | G T 0.0251 | 0.0028 | 7.37E-20 | DGUOK 0.6332 | No Yes
rs62641680 2_74166053_G_A 2 74166053 | G A -0.0903 0.0083 4.63E-47 | DGUOK 0.0249 | No Yes
rs74874677 2_74177777_A_G 2 74177777 | A G -0.0819 0.0071 3.62E-31 | DGUOK 0.0298 | No Yes
rs6792510 | 3_48723302_G_C 3| 48723302 |G C -0.0126 | 0.0022 | 1.44E-08 | NCKIPSD 0.6471 | No Yes
513088724 | 3_179152841_G_A 3| 179152841 | G A 0.0175 | 0.0026 | 7.70E-12 | GNB4 0.2714 | No Yes

ATPEV1G2-

152844509 6_31510924_A_G 6| 31510924 | A G 0.014 | 0.0025 | 2.61E-08 | DDX39B 0.2704 | Yes No
1s5745582 | 6_33546498_C_T 6| 33546498 | C T 0.021 | 0.0028 | 3.46E-14 | BAK1 0.2247 | No Yes

TBRG4;
rs2304693 7_45148667_G_A 7 45148667 | G A 0.0181 | 0.0028 | 5.11E-11 | RAMP3 0.2097 | No Yes
rs2322718 8_27257787_T_G 8 27257787 | T G 0.0136 0.0021 1.53E-10 | PTK2B 0.4533 | No Yes
rs385893 9_4763176_T_C 9 4763176 | T C 0.0153 0.0021 5.96E-13  AK3; RCL1 0.493 | No No
rs8176645 9_136149098_T_A 9 136149098 | T A -0.0145 0.0026 3.06E-08 | ABO 0.3966 | Yes No

| rs12247015 | 10_60145079_A_G 10 60145079 | A G 0.0337 | 0.0021 1.28E-55 | TFAM 0.4245 | No Yes
rs57066921 | 10_102752345 T_G 10 | 102752345 | T G -0.1081 | 0.0081 | 8.98E-41 | LZTS2 0.0169 | No Yes
15701834 10_102761801_C_T 10 | 102761801 | C T -0.0254 | 0.0026 | 1.12E-22 | LZTS2 0.1839 | No Yes
rs11596235 10_104391034 C_T 10 104391034 | C T 0.0174 0.0023 2.16E-14 | SUFU 0.3509 | No Yes
| rs1127787 12_27867727_G_A 12 27867727 | G A -0.0159 0.0028 1.49E-08 = MRPS35 0.173 | No Yes
rs12426673 12_109490296_G_T 12 109490296 | G T -0.0141 0.0021 4.03E-11 | USP30 0.6233 | No Yes
151760940 14_20938251_A_C 14 | 20938251 | A c 0.0263 | 0.0024 | 5.20E-27 | PNP 0.2455 | No Yes
| rs3889402 17_18167397_G_T 17 18167397 | G T 0.026 | 0.0034 | 2.60E-14 = MIEF2 0.0924 | No Yes
rs62072546 17_18253839 C_T 17 18253839 | C T -0.0149 0.0025 2.95E-09 | SHMT1 0.2227 | No Yes
rs8067252 17_29263700_C_T 17 29263700 | C T -0.0142 0.0026 3.58E-08  ADAP2 0.2276 | Yes No
rs17850455 | 17_62476451 C_G 17 62476451 | C G 0.091 | 0.0104 1.81E-18 | POLG2 0.0129 | No Yes
rs11085147 | 19_5711930_C_T 19 5711930 | C T 0.0756 | 0.0036 | 1.54E-95 | LONP1 0.0865 | No Yes
rs35586766 19_17392629_G_A 19 17392629 | G A 0.0313 0.0036 4.48E-18 | ANKLEL 0.1103 | Yes No

ANOS;
rs117176661 @ 19_17445208_C_T 19 17445208 | C T 0.0369 0.0048 1.32E-14 | GTPBP3 0.0457 | No Yes
rs2304128 19_19746151 G_T 19 19746151 | G T 0.0226 0.0039 9.17E-09 A GMIP 0.0805 | Yes No
rs1065853 19_45413233 G_T 19 45413233 | G T 0.0388 0.0039 1.59E-23 | APOE 0.0626 | Yes No
rs6105852 20_17955153_G_A 20 17955153 | G A 0.0221 | 0.0021 1.41E-25 | MGME1 0.5179 | No Yes

| rs76599088 | 20_17968871 C_T 20 17968871 | C T 0.0623 | 0.0082 | 3.16E-14 | MGME1 0.0139 | No Yes
rs2245946 22_43528240_G_A 22 43528240 | G A 0.0317 0.0023 9.38E-45 | MCAT 0.663 | No Yes
rs12148 22_50962208_T_G 22 50962208 | T G -0.0139 0.0022 1.32E-10 | ODF3B 0.6799 | No Yes
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S. Table 7. Individual effects of MR variants on mtDNA-CN levels (UKBiobank) and 3-
month mRS-based outcomes (GISCOME). Outcomes include ordinal mRS, poor functional
outcome status (mRS 3-6 vs. 0-2), or mRS 2-6 vs. 0-1. Genetic effects for mtDNA-CN are
expressed per 1 SD increase in mtDNA-CN levels. Genetic effects for mRS-based
outcomes are expressed in terms of a log(odds) increase per additional alternative (“alt”)
allele. Accordingly, a positive beta indicates that the alternative allele increases risk of

worse stroke outcome and vice versa.

beta se pvalue beta se mRS | pvalue [ beta se mRS | pvalue
beta se pvalue ordinal | ordinal | ordinal mRS 3- | 3-6vs mRS3- | mRS2-6 | 2-6vs mRS 2-
rsid snpid mtdna mtdna | mtdna mRS mRS mRS 6vs0-2 | 0-2 6vs0-2 | vs0-1 0-1 6vs0-1
rs3766744 1_12043717_G_A -0.0179 0.0021 | 2.91E-17 | 0.0456 | 0.0343 0.1844 | 0.0546 | 0.0461 0.236 0.0595 | 0.0465 0.2009
rs1342442 1 156466699 G_A -0.0138 0.0022 5.56E-10 | -0.0604 0.0366 0.09821 | -0.0703 0.0487 0.1487 -0.0861 0.05 | 0.08471
rs11677402 2_74154975_G_T 0.0251 0.0028 | 7.37E-20 | 0.0188 | 0.0473 0.691 | -0.0222 0.0577 0.7008 | -0.0155 | 0.0648 0.8115
rs62641680 2_74166053_G_A -0.0903 0.0063 | 4.63E-47 0.377 | 0.1212 | 0.001864 | 0.2712 0.1482 | 0.06714 0.3544 | 0.1743 | 0.04195
rs74874677 2_74177777_A_G -0.0819 | 0.0071 | 3.62E-31 | 0.2915 | 0.1247 0.01942 | 0.0832 | 0.1545 | 0.5901 0.2824 | 0.1765 0.1096
rs6792510 3_48723302_G_C -0.0126 | 0.0022 | 1.44E-08 | 0.0379 | 0.0361 0.2946 0.038 | 0.0443 | 03911 | 0.0686 | 0.0488 | 0.1599
rs13088724 3179152841 G_A 0.0175 | 0.0026 | 7.70E-12 | 0.0447 | 0.0409 0.2741 | -0.0028 0.05 | 0.9556 | 0.1042 | 0.0557 | 0.06156
rs5745582 6_33546498_C_T 0.021 | 0.0028 | 3.46E-14 | -0.0659 0.042 0.1171 -0.047 | 0.0566 | 0.4062 -0.109 | 0.0568 | 0.05488
rs2304693 7_45148667_G_A 0.0181 0.0028 | 5.11E-11 0.067 | 0.0465 0.1493 | 0.1205 0.0563 | 0.03243 0.0454 | 0.0647 0.4825
rs2322718 8_27257787_T_G 0.0136 | 0.0021 | 1.53E-10 | 0.0005 | 0.0344 0.9877 | -0.0246 0.042 0.5578 -0.0187 | 0.0469 0.6906
rs12247015 10_60145079_A_G 0.0337 | 0.0021 | 1.28E-55 0.0275 | 0.0348 0.4298 | 0.0182 0.0428 0.6697 0.0089 | 0.0471 0.8494
rs57066921 10_102752345_T_G -0.1081 | 0.0081 | 8.98E-41 | -0.0033 | 0.1135 0.9771 | 0.1235 | 0.1417 | 0.3834 0.1082 | 0.1548 | 0.4846
rs701834 10_102761801_C_T -0.0254 | 0.0026 | 1.12E-22 | -0.0061 | 0.0426 0.8862 -0.043 | 0.0519 | 0.4069 0.0099 | 0.0582 0.8646
rs11596235 10_104391034 C_T 0.0174 | 0.0023 | 2.16E-14 | 0.0012 | 0.0376 0.9752 | -0.0032 | 0.0458 | 0.9436 0.041 | 0.0509 | 0.4196
rs1127787 12_27867727_G_A -0.0159 0.0028 | 1.49E-08 | 0.0386 | 0.0464 0.4061 -0.008 | 0.0575 0.8898 0.1172 | 0.0642 | 0.06802
rs12426673 12_109490296_G_T -0.0141 0.0021 | 4.03E-11 -0.019 | 0.0344 0.5803 | -0.0431 0.0421 0.3085 -0.0313 | 0.0466 0.5018
rs1760940 14 20938251 A_C 0.0263 0.0024 | 5.20E-27 | -0.0214 | 0.0418 0.6082 | -0.0203 0.0515 0.6932 -0.0234 | 0.0563 0.6776
rs3889402 17_18167397 G_T 0.026 0.0034 2.60E-14 | -0.0166 0.0596 0.7805 | -0.0636 0.0732 0.3847 -0.01 0.0818 0.9031
rs62072546 17_18253839 C_T -0.0149 0.0025 | 2.95E-09 | 0.0068 | 0.0413 0.8695 -0.009 0.0507 0.8591 -0.008 0.057 0.8885
rs17850455 17_62476451_C_G 0.091 | 0.0104 | 1.81E-18 | -0.2642 | 0.1722 0.125 | -0.3578 | 0.2139 | 0.09436 0.1666 | 0.2532 0.5105
rs11085147 19_5711930_C_T 0.0756 | 0.0036 | 1.54E-95 | -0.1133 | 0.0607 0.06193 | -0.1782 | 0.0763 | 0.01952 | -0.1012 | 0.0848 | 0.2332
rs117176661 | 19_17445208_ C T 0.0369 | 0.0048 | 1.32E-14 | 0.0964 | 0.0896 0.2821 | -0.0449 | 0.1135 | 0.6922 | 0.0837 | 0.1207 | 0.4878
rs6105852 20_17955153_G_A 0.0221 | 0.0021 | 1.41E-25 | -0.0646 | 0.0346 0.06158 | -0.0843 | 0.0423 | 0.0466 -0.061 0.047 | 0.1945
rs76599088 20_17968871 C T 0.0623 0.0082 | 3.16E-14 | -0.1168 | 0.1697 0.4911 | 0.0687 | 0.2099 0.7436 -0.3896 | 0.2448 0.111e
rs2245946 22_43528240_G_A 0.0317 | 0.0023 | 9.38E-45 | -0.0177 | 0.0369 0.6318 | -0.0022 | 0.0504 | 0.9656 -0.0136 | 0.0495 0.7842
rs12148 22 50962208 T.G | -0.0139 | 0.0022 | 1.32E-10 -0.002 0.03e 0.9554 0.021 | 0.0439 0.6328 0.0302 0.0485 | 0.5335

S. Table 8. Main MR results for the association between genetically determined mtDNA-
CN levels and 3-month post-stroke outcomes. Results are expressed per 1 SD decrease in

genetically predicted mtDNA-CN.
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Analysis Parameters Main MR Results Sensitivity Analyses
MR- MR- MR-
3-month PRESSO MR- EGGER | EGGER
F- Stroke MR Global EGGER | intercept | intercept
SNPS included R?explained | statistic | Outcome Method | Beta | SE | OR | LCI ua P TestP a adf | QP | intercept se 3
Inverse
variance
11_-1152:4?::;-_38—_:; Ordinal mAS | weighted | 0.85 | 037 | 235 | 113 | as0| 002 012 | 3298 25 | 013 | NA NA NA
10_102752345_t_g; , Weighted
10 102761801 ¢t Ordinal mRS | median 062 | 050 | 1.86 | 069 | 497 | 022 012 | NA NA | NA | NA NA NA
10_104391034 ¢ t; Ordinal mRS | MREgger | 1.86 | 0.67 | 644 | 175 | 2375 | 0.01 012 | 29.08 24| o2 0.03 0.02 0.09
10_60145079_a_g; Inverse
12_10949029 g t; mRS 2-6vs. variance
12 27867727 g_a; | 01 weighted | 1.00 | 041 | 272 | 122 | 605 | 001 030 | 2399 25 | 052 | NA NA NA
14_20938251 a_c; MRS 2-6vs. Weighted
17_18167397_g t; 01 median 111 | 063 | 304 089 | 1040 | 008 030 | NA NA | NA | NA NA NA
17_18253839_c_t; MRS 26 Vs,
17_62476451_c_g; | 01 MREgger | 214 | 075 | 848 | 193 | 3724 | 001 030 | 2077 24 | 085 0.04 0.02 0.09
- - Functional
274154975 g t; Outcome Inverse
274166053 g a; (MRS 3-6vs, | variance
278177777 _8_&: 0-2) weighted | 099 | 048 | 268 | 105 | 686 | 0.04 051 | 2856 25 | 028 | NA NA NA
20_17955153 g_; Poor
20_17968871_c_t;
22_43528240_g_a; g;:z::‘:l
22_50962208_t_g; (MRS 3-6vs. | Weighted
3.179152841 g a; 02) median 097 | 066 | 263 | 073 | 954 | 014 051 | NA NA | NA | NA NA NA
3_48723302_g_¢; Poor
6_335464398_c_t; Functional
7_45148667_g_a; Outcome
8 27257787_t g (MRS 36 vs.
0-2) MREgger | 171 | 050 | 555 | 095 3249 | 0.07 051 | 27.51 24| o028 0.02 0.02 035

S. Table 9. Sensitivity analyses showing MR results for the association between genetically
determined blood cell traits and 3-month post-stroke outcomes. Results are expressed per

1 SD increase in genetically predicted blood cell counts.

Analysls Parameters Main MR Result Sensitivity Analyses
MR-
3-month PRESSO
# R2 F- Stroke MR Global MR-EGGER MR-EGGER MR-EGGER
SNPs | statistic Exposure Outcome Method Beta SE OR Lcl uci P TestP Q Qdf QP intercept intercept se intercept P
Inverse
variance
Ordinal mRS weighted | 0.00 | 0.07 | 1.00 | 0.87 | 1.15 | 0.99 0.78 689.17 693 0.53 NA NA NA
694 0.11 96.99 | Weighted
Ordinal mRS median 005 | 012 | 1.05 | 0.83 | 1.34 | 0.67 0.79 NA NA NA NA NA NA
Ordinal mRS MR Egger | 014 | 015 | 1.16 | 0.86 | 1.56 | 0.34 0.79 688.03 692 0.54 0.00 0.00 0.29
Inverse
mRS 2-6 vs. 0- | variance
1 weighted | 0.01 | 0.10 | 1.01 | 0.83 | 1.22 | 0.95 0.72 676.18 695 0.69 NA NA NA
696 0.11 99.74 mRS 2-6 vs. 0- | Weighted -
1 median 014 | 017 | 0.87 | 0.63 | 1.21 | 0.40 0.72 NA NA NA NA NA NA
mRS 2-6 vs. 0-
1 MR Egger | 002 | 021 | 1.02 | 0.68 | 1.53 | 0.93 0.72 676.18 694 0.68 0.00 0.00 0.95
Neutrophil Poor
Count Functional
Outcome Inverse
(mRS 3-6vs. variance
0-2) weighted | 0.08 | 0.09 | 1.08 | 0.90 | 1.29 | 0.40 077 664.76 693 0.77 NA NA NA
Poor
Functional
694 0.11 100.47 Outcome
(mRS 3-6vs. | Weighted
0-2) median 003 | 015 | 1.03 | 0.77 | 1.39 | 0.83 0.77 NA NA NA NA NA NA
Poor
Functional
Outcome
(MRS 3-6 vs.
0-2) MR Egger | 013 | 019 | 114 | 0.79 | 165 | 0.48 0.77 664.64 692 0.77 0.00 0.00 0.73
White Inverse
889 0.14 99.67 Blood Cell variance
Count Ordinal mRS weighted | 007 | 0.07 | 107 | 0.94 | 122 | 031 057 88171 883 0.55 NA NA NA
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Weighted

Ordinal mRS median 010 | 011 | 111 | 089 | 1.38 | 0.35 0.57 NA NA NA NA NA NA
Ordinal mRS MR Egger | 019 | 014 | 121 | 092 | 159 | 0.17 0.57 880.67 887 0.55 0.00 0.00 0.31
Inverse
mRS 2-6vs. 0- | wariance
1 weighted | 0.06 | 0.09 | 1.06 | 0.89 0.52 0.99 811.02 894 0.98 NA NA NA
895 0.14 106.15 mRS 2-6vs. 0- | Weighted -
1 median 001 | 015 | 099 | 073 | 133 | 0.94 099 NA NA NA NA NA NA
mRS 2-6 vs. O-
1 MR Egger | 001 | 019 | 101 | 0.70 | 146 | 0.96 0.99 810.94 893 0.98 0.00 0.00 0.78
Poor
Functional
Outcome Inverse
(mRS 3-6vs. variance
0-2) weighted | 0.07 | 0.08 | 1.08 | 0.92 0.37 0.73 864.28 890 0.73 NA NA NA
Poor
Functional
891 0.14 106.20 Outcome
(MRS 3-6vs. | Weighted
0-2) median 008 | 014 | 1.09 | 0.82 | 1.44 | 0.56 0.73 NA NA NA NA NA NA
Poor
Functional
QOutcome
(MRS 3-6 vs.
0-2) MREgger | 019 | 017 | 121 | 0.86 | 1.70 | 0.26 0.73 863.66 883 0.72 0.00 0.00 043
Inverse
variance
Ordinal mRS weighted | 002 | 0.05 | 1.02 | 092 | 1.13 | 0.72 0.14 1125.03 1072 0.13 NA NA NA
1073 0.23 154.61 Weighted
Ordinal mRS median 005 | 0.09 | 1.05 | 0.87 | 1.25 | 0.62 0.14 NA NA NA NA NA NA
Ordinal mRS MR Egger | 005 | 0.10 | 1.06 | 0.87 | 1.27 | 0.57 0.14 1124.83 1071 0.12 0.00 0.00 0.66
Inverse
mRS 2-6vs. 0- | variance
1 weighted | 0.04 | 0.07 | 1.04 | 0.90 | 1.19 | 0.61 0.60 1059.93 1073 0.61 NA NA NA
1074 0.23 154.60 Platelet MRS 2-6vs. 0- | Weighted | -
Count 1 median 003 | 012 | 0.97 | 0.77 | 1.22 | 0.78 0.60 NA NA NA NA NA NA
mRS 2-6 vs. 0-
1 MR Egger | 002 | 0.13 | 1.02 | 0.79 | 1.32 | 0.86 0.60 1059.92 1072 0.60 0.00 0.00 0.91
Poor
Functional
Outcome Inverse
(MRS 3-6vs. variance
o7t ) 0.3 | 13469 02) weighted | 002 | 006 | 102 | 0.90 | 116 | 0.74 | 064 | 105328 | 1070 | 064 NA NA NA
Poor
Functional Weighted
QOutcome median 014 | 011 | 1.15 | 0.93 | 1.42 | 0.21 0.64 NA NA NA NA NA NA
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(MRS 3-6 vs.
0-2)
Poor
Functional
Outcome
(MRS 3-6vs.
Q-2) MR Egger | 0.08 | 0.12 | 1.09 | 0.86 | 137 047 0.64 1052.87 1069 0.63 0.00 0.00 0.52
Inverse
variance -
Ordinal mRS weighted | 0.01 | 0.06 099 | 0.87 | 1.12 084 0.35 890.72 873 0.33 NA NA NA
874 0.14 108.33 Weighted
Ordinal mRS median 0.11 | 012 | 1.12 | 0.8 | 140 | 034 0.35 NA NA NA NA NA NA
Ordinal mRS MR Egger | 0.23 | 013 | 1.25 | 097 | 162 008 0.35 886.23 872 0.36 0.01 0.00 0.04
Inverse
mRS 2-Bvs. 0- | variance -
1 weighted | 0.08 | 0.09 | 093 | 078 | 1.10 038 0.60 867.88 876 0.57 NA NA NA
877 0.14 108.13 mRS 2-6vs. 0- | Weighted
1 median 007 | 015 | 1.08 | 0.81 | 143 | 0.61 0.60 NA NA NA NA NA NA
mRS 2-6 vs. 0-
1 MR Egger | 0.07 | 0.18 | 1.08 | 0.76 | 1.52 | 0.68 0.60 866.95 875 0.57 0.00 0.00 0.34
Lymphocyte Poor
Count Functional
Outcome Inverse
{mRS 3-6 vs. variance -
0-2) weighted | 0.09 | 0.08 | 091 | 0.78 | 1.07 027 0.96 800.53 869 0.95 NA NA NA
Poor
Functional
870 0.14 107.57 Outcome
(MRS 3-6vs. | Weighted -
0-2) median 0.04 | 013 | 096 | 0.74 | 125 | 0.78 0.96 NA NA NA NA NA NA
Paor
Functional
Outcome
(mRS 3-6 vs.
0-2) MR Egger | 0.16 | 0.17 | 1.17 | 0.85 | 1.62 | 0.33 0.96 797.54 868 0.96 -0.01 0.00 0.08
Inverse
variance
Ordinal mRS weighted | 0.02 | 015 | 1.02 | 0.77 | 1.36 087 0.05 228.12 194 0.05 NA NA NA
195 0.03 61.28 Neutrophil Weighted
to Ordinal mRS median 013 (022 | 1.13 | 0.74 | 1.73  0.56 0.05 NA NA NA NA NA NA
Lymphocyte B I
Ratio Ordinal mRS MR Egger | 0.15 | 0.40 | 0.86 | 0.40 | 1.87  0.71 0.05 227.87 193 0.04 0.00 0.01 0.64
Inverse
197 0.03 6133 mRS 2-6vs. 0- | variance -
1 weighted | 0.11 | 0.18 | 090 | 0.63 | 128 054 0.62 190.56 196 0.60 NA NA NA
mRS 2-6vs, 0- | Weighted B
1 median 0.16 | 0.29 | 0.86 | 0.48 | 1.52 | 0.59 0.62 NA NA NA NA NA NA
mRS 2-6 vs. 0- -
1 MR Egger | 0.06 | 047 | 0.94 | 037 | 239 | 090 0.62 190.54 195 0.58 0.00 0.01 0.91
Poor
Functional
Outcome Inverse
(MRS 3-6 vs. variance
0-2) weighted | 0.14 | 0.17 | 1.15 | 0.83 | 1.59 | 0.41 047 197.10 195 0.44 NA NA NA
Poor
Functional
196 0.03 61.60 Outcome
(MRS 3-6 vs, Weighted
0-2) median 0.09 [ 0.26 | 1.10 | 0.65 | 1.84 | 0.73 0.47 NA NA NA NA NA NA
Poor
Functional
Outcome
(mRS 3-6 vs. -
0-2) MR Egger | 0.15 | 045 | 0.86 | 035 | 2.10 | 0.75 0.47 196.64 194 0.43 0.01 0.01 0.50
S. Table 10. STREGA checklist.
Section
Number | Section(s) Item Place Addressed

1 | TITLE and ABSTRACT

a) Indicate the study's design with a commonly used term in the
title or the abstract

Title Page and Abstract

b) Provide in the abstract an informative and balanced summary
of what was done and what was found

Abstract

2 | BACKGROUND and RATIONALE

Explain the scientific background and rationale for the
investigation being reported.

Introduction

3 | OBJECTIVES

State specific objectives, including any prespecified hypotheses.
State if the study is the first report of a genetic association, a
replication effort, or both.

Introduction

STUDY DESIGN

Present key elements of study design early in the paper

Introduction

5 | SETTING

Describe the setting, locations, and relevant dates, including

periods of recruitment, exposure, follow-up, and data collection

Methods
("INTERSTROKE")
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6 | ELIGIBILITY CRITERIA

a) Cohort study — Give the eligibility criteria, and the sources and
methods of selection of participants. Describe methods of follow-
up. Case-control study — Give the eligibility criteria, and the
sources and methods of case ascertainment and control selection.
Give the rationale for the choice of cases and controls. Cross-
sectional study — Give the eligibility criteria, and the sources and
methods of selection of participants. Give information on the
criteria and methods for selection of subsets of participants from
a larger study, when relevant.

Methods
("INTERSTROKE"), Results
("Baseline Characteristics
of INTERSTROKE cases"),
Supplementary Figure 1

b) Cohort study — For matched studies, give matching criteria and
number of exposed and unexposed. Case-control study — For
matched studies, give matching criteria and the number of
controls per case.

NA

a) Clearly define all outcomes, exposures, predictors, potential
confounders, and effect modifiers. Give diagnostic criteria, if

Methods ("MtDNA-CN
Measurement and
Quality Control",
"Statistical
Analysis","Mendelian

7 | VARIABLES applicable Randomization")
b) Clearly define genetic exposures (genetic variants) using a
widely-used nomenclature system. Identify variables likely to be
associated with population stratification (confounding by ethnic
origin). Supplementary Tables 6-8

Methods ("MtDNA-CN
a) For each variable of interest give sources of data and details of | Measurement and
methods of assessment (measurement). Describe comparability of | Quality Control”,
assessment methods if there is more than one group. Give "Statistical
DATA SOURCES / information separately for for exposed and unexposed groups if Analysis","Mendelian

8 | MEASUREMENT

applicable.

Randomization")

b) Describe laboratory methods, including source and storage of
DNA, genotyping methods and platforms (including the allele
calling algorithm used, and its version), error rates and call rates.
State the laboratory / centre where genotyping was done.
Describe comparability of laboratory methods if there is more
than one group. Specify whether genotypes were assigned using
all of the data from the study simultaneously or in smaller
batches.

Methods ("MtDNA-CN
Measurement and
Quality Control")

9 | BIAS

Describe any efforts to address potential sources of bias

Methods ("Statistical
Analysis")

10 | STUDY SIZE

Explain how the study size was arrived at

Supplementary Figure 1

11 | QUANTITATIVE VARIABLES

Explain how quantitative variables were handled in the analyses.
If applicable, describe which groupings were chosen, and why. If
applicable, describe how effects of treatment were dealt with.

Methods ("MtDNA-CN
Measurement and
Quality Control")

12 | STATISTICAL METHODS

Describe any methods used to assess the assumptions or justify
their validity.

Methods ("MtDNA-CN
Measurement and
Quality Control")

a) Describe all statistical methods, including those used to control
for confounding. State software version used and options (or
settings) chosen.

Methods ("Statistical
Analysis")

b) Describe any methods used to examine subgroups and
interactions

¢) Explain how missing data were addressed

Methods ("Statistical
Analysis")
Methods ("Statistical
Analysis")

d) If applicable, explain how loss to follow-up was addressed

NA

e) Describe any sensitivity analyses

Methods ("Statistical
Analysis")

f) State whether Hardy-Weinberg equilibrium was considered and,

if so, how. NA
g) Describe any methods used for inferring genotypes or

haplotypes NA
h) Describe any methods used to assess or address population
stratification. NA
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i) Describe any methods used to address multiple comparisons or
to control risk of false positive findings.

Methods ("Statistical
Analysis"; Page 8)

j) Describe any methods used to address and correct for
relatedness among subjects

NA

a) Report numbers of individuals at each stage of study—eg
numbers potentially eligible, examined for eligibility, confirmed
eligible, included in the study, completing follow-up, and
analysed. Give information separately for for exposed and
unexposed groups if applicable. Report numbers of individuals in
whom genotyping was attempted and numbers of individuals in

13 | PARTICIPANTS whom genotyping was successful. Supplementary Figure 1
b) Give reasons for non-participation at each stage Supplementary Figure 1
c) Consider use of a flow diagram Supplementary Figure 1
a) Give characteristics of study participants (eg demographic,
clinical, social) and information on exposures and potential
confounders. Give information separately for exposed and
unexposed groups if applicable. Consider giving information by
14 | DESCRIPTIVE DATA genotype Results Table 1
b) Indicate number of participants with missing data for each
variable of interest Results Table 1
c) Cohort study — Summarize follow-up time, e.g. average and
total amount. Results
Cohort study Report numbers of outcome events or summary
measures over time.Give information separately for exposed and
unexposed groups if applicable. Report outcomes (phenotypes)
for each genotype category over time Case-control study — Report
numbers in each exposure category, or summary measures of
exposure.Give information separately for cases and controls .
Report numbers in each genotype category. Cross-sectional study
— Report numbers of outcome events or summary measures. Give | Results ("Lower mtDNA-
information separately for exposed and unexposed groups if CN is associated with
applicable. Report outcomes (phenotypes) for each genotype poor stroke prognosis at
15 | OUTCOME DATA category 1-month")
a) Give unadjusted estimates and, if applicable, confounder-
adjusted estimates and their precision (eg, 95% confidence
interval). Make clear which confounders were adjusted for and Methods ("Statistical
16 | MAIN RESULTS why they were included Analysis")
b) Report category boundaries when continuous variables were Methods ("Statistical
categorized Analysis")
c) If relevant, consider translating estimates of relative risk into
absolute risk for a meaningful time period NA
d) Report results of any adjustments for multiple comparisons NA
Results ("Lower mtDNA-
CN is associated with
a) Report other analyses done—e.g., analyses of subgroups and poor stroke prognosis at
17 | OTHER ANALYSES interactions, and sensitivity analyses 1-month"), Figure 3
b) If numerous genetic exposures (genetic variants) were
examined, summarize results from all analyses undertaken. NA
c) If detailed results are available elsewhere, state how they can Supplementary Tables 1
be accessed. to5
18 | KEY RESULTS Summarise key results with reference to study objectives Discussion
Discuss limitations of the study, taking into account sources of
potential bias or imprecision. Discuss both direction and
19 | LIMITATIONS magnitude of any potential bias. Discussion
Give a cautious overall interpretation considering objectives,
limitations, multiplicity of analyses, results from similar studies,
20 | INTERPRETATION and other relevant evidence. Discussion + Conclusion
21 | GENERALISABILITY Discuss the generalisability (external validity) of the study results Discussion + Conclusion
Give the source of funding and the role of the funders for the
present study and, if applicable, for the original study on which
22 | FUNDING the present article is based Funding Sources
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S. Table 11. STROBE-MR checklist.

Section
Number | Section(s) Item Place Addressed
Indicate Mendelian randomization as the study's design in the
1 | TITLE and ABSTRACT title and/or abstract Title page and abstract
Explain the scientific background and rationale for the reported
study. Is causality between exposure and outcome plausible?
Justify why MR is a helpful method to address the study
2 | INTRODUCTION: Background question. Introduction
State specific objectives clearly, including pre-specified causal
3 | INTRODUCTION: Objectives hypotheses (if any). Introduction
Present key elements of study design early in the paper.
Consider including a table listing sources of data for all phases of
METHODS: Study Design + Data | the study. For each data source contributing to the analysis, Methods ("Mendelian
4 | Sources describe the following: Randomization")
a) Describe the study design and the underlying population from
which it was drawn. Describe also the setting, locations, and
relevant dates, including periods of recruitment, exposure, Methods ("Mendelian
follow-up, and data collection, if available. Randomization")
b) Give the eligibility criteria, and the sources and methods of Methods ("Mendelian
selection of participants. Randomization")
Methods ("Mendelian
c) Explain how the analyzed sample size was arrived at, Randomization")
d) Describe measurement, quality and selection of genetic Methods ("Mendelian
variants. Randomization")
e) For each exposure, outcome and other relevant variables,
describe methods of assessment and, in the case of diseases, Methods ("Mendelian
the diagnostic criteria used. Randomization")
f) Provide details of ethics committee approval and participant
informed consent, if relevant. NA
Methods ("Mendelian
Explicitly state assumptions for the main analysis (e.g. relevance, | Randomization");
exclusion, independence, homogeneity) as well assumptions for | Supplementary Methods
5 | METHODS: Assumptions any additional or sensitivity analysis. ("Mendelian
Randomization Instrument
Selection")
METHODS: Statistical Methods: | a) Describe how quantitative variables were handled in the Methods ("Mendelian
6 | main analysis analyses (i.e., scale, units, model). Randomization")
Methods ("Mendelian
Randomization");
Supplementary Methods
b) Describe the process for identifying genetic variants and ("Mendelian
weights to be included in the analyses (i.e, independence and Randomization Instrument
model). Consider a flow diagram. Selection")
c) Describe the MR estimator, e.g. two-stage least squares, Wald
ratio, and related statistics. Detail the included covariates and,
in case of two-sample MR, whether the same covariate set was Methods ("Mendelian
used for adjustment in the two samples. Randomization")
Methods ("Mendelian
Randomization");
Supplementary Methods
("Mendelian
Randomization Instrument
d) Explain how missing data were addressed. Selection")
e) If applicable, say how multiple testing was dealt with. NA
METHODS: Assesment of Describe any methods used to assess the assumptions or justify | Methods ("Mendelian
7 | Assumptions their validity. Randomization")
Describe any sensitivity analyses or additional analyses Methods ("Mendelian
8 | METHODS: Sensitivity Analyses performed. Randomization")
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METHODS: Software & Pre-

a) Name statistical software and package(s), including version

Methods ("Menﬂe\ian

9 | registration and settings used., Randomization")
b) State whether the study protocol and details were pre-
registered (as well as when and where). NA
a) Report the numbers of individuals at each stage of included
studies and reasons for exclusion. Consider use of a flow- Methods ("Mendelian
10 | RESULTS: Descriptive Data diagram. Randomization")
b) Report summary statistics for phenotypic exposure(s),
outcome(s) and other relevant variables (e.g. means, standard Methods ("Mendelian
deviations, proportions). Randomization")
c) If the data sources include meta-analyses of previous studies,
provide the number of studies, their reported ancestry, if
available, and assessments of heterogeneity across these
studies. Consider using a supplementary table for each data Methods ("Mendelian
source, Randomization")
d) For two-sample Mendelian randomization:
i. Provide information on the similarity of the genetic variant-
exposure associations between the exposure and outcome
samples. NA
ii. Provide information on extent of sample overlap between the | Methods ("Mendelian
exposure and outcome data sources. Randomization")
a) Report the associations between genetic variant and
exposure, and between genetic variant and outcome, preferably
on an interpretable scale (e.g. comparing 25th and 75th
percentile of allele count or genetic risk score, if individual-level
11 | RESULTS: Main Results data available). Supplementary Table 7
b) Report causal effect estimate between exposure and Results ("Low mtDNA-CN
outcome, and the measures of uncertainty from the MR is a putative causal risk
analysis. Use an intuitive scale, such as odds ratio, or relative factor for 3-month stroke
risk, per standard deviation difference. outcomes"), Figure 4
c) If relevant, consider translating estimates of relative risk into
absolute risk for a meaningful time-period. NA
d) Consider any plots to visualize results (e.g. forest plot,
scatterplot of associations between genetic variants and
outcome versus between genetic variants and exposure). Results Figure 4
Results ("Low mtDNA-CN
is a putative causal risk
factor for 3-month stroke
outcomes"),
RESULTS: Assessment of Supplementary Tables 8
12 | Assumptions a) Assess the validity of the assumptions. and 9
Results ("Low mtDNA-CN
is a putative causal risk
factor for 3-month stroke
outcomes"),
b) Report any additional statistics (e.g., assessments of Supplementary Tables 8
heterogeneity, such as 12, Q statistic). and 9
Results ("Low mtDNA-CN
is a putative causal risk
factor for 3-month stroke
outcomes"),
RESULTS: Sensitivity + Additional | a) Use sensitivity analyses to assess the robustness of the main Supplementary Tables 8
13 | Analyses results to violations of the assumptions. and 9

b) Report results from other sensitivity analyses (e.g., replication
study with different dataset, analyses of subgroups, validation of
instrument(s), simulations, etc.).

Results ("Low mtDNA-CN
is a putative causal risk
factor for 3-month stroke
outcomes"), Figure 4,
Supplementary Table 9

c) Report any assessment of direction of causality (e.g.,

bidirectional MR). NA
d) When relevant, report and compare with estimates from non-
MR analyses. Discussion
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14 |

15

16

e) Consider any additional plots to visualize results (e.g., leave-
| one-out analyses). NA
DISCUSSION: Key Results | Summarize key results with reference to study objectives. Discussion
Discuss limitations of the study, taking into account the validity
of the MR assumptions, other sources of potential bias, and
imprecision. Discuss both direction and magnitude of any
| DISCUSSION: Limitations potential bias, and any efforts to address them. Discussion
a) Give a cautious overall interpretation of results considering
objectives and limitations. Compare with results from other
DISCUSSION: Interpretation relevant studies. Discussion + Conclusion

b) Discuss underlying biological mechanisms that could be
modelled by using the genetic variants to assess the relationship
between the exposure and the outcome. Discussion

c) Discuss whether the results have clinical or policy relevance,
and whether interventions could have the same size effect. Discussion + Conclusion

17 |

Discuss the generalizability of the study results (a) to other

populations (i.e. external validity), (b) across other exposure

DISCUSSION: Generalizability periods/timings, and (c) across other levels of exposure. | Discussion
Give the source of funding and the role of the funders for the

present study and, if applicable, for the original study or studies

18 | OTHER INFO: Funding on which the present article is based. Funding Sources
Present data used to perform all analyses or report where and
OTHER INFO: Data + Data how the data can be accessed. State whether statistical code is
19 | Sharing - publicly accessible and if so, where. | Data Availability
OTHER INFO: Conflicts of
20 | Interest All authors should declare all potential conflicts of interest. Conflicts of Interest
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[ Enrollment }

Supplementary Figures

INTERSTROKE participants

(n=26919)

\ 4

Excluded (n=18857)

e No blood specimen
collected or consent for
genetic analysis
(n=15294)

e No DNA extracted as
part of prior
genotyping experiment
(n=2313)

e Insufficient DNA
quantity (n=1250)

mtDNA-CN

[ Analysis ]

gPCR testing
(n=8062)

Excluded (n=429)
e Variable duplicate
values (CV>5%)
(n=428)

Passing mtDNA-CN measurements

(n=7633)

v

Excluded (n=4135)
e Stroke-free controls

Stroke Cases
(n=3498)

Supplementary Figure 1. Participant flow chart.
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S. Figure 2. Area charts illustrate the predicted model probabilities for baseline stroke

severity strata as a function of mtDNA-CN (continuous variable).
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S. Figure 3. Area charts illustrate the predicted model probabilities for 1-month post-stroke

outcomes as a function of mtDNA-CN (continuous variable).
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S. Figure 4. Comparison of effects for age and mtDNA-CN on 1-month stroke outcomes.
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