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ABSTRACT 
Background: Acquired long QT syndrome (aLQTS) is a serious unpredictable adverse drug reaction. Pharmacogenomic markers may predict risk.
Methods: Among 153 aLQTS patients [mean age 58 years (range:14-88), 98.7% Caucasian, 85.6% symptomatic] computational methods identified proteins interacting most significantly with 216 QT-prolonging drugs. All cases underwent sequencing of 31 candidate genes arising from this analysis and/or associating with cLQTS. Variants were filtered using a minor allele frequency (MAF) <1% and classified for susceptibility for aLQTS. Gene-burden analyses were then performed comparing the primary cohort to control exomes (n=452), and an independent replication aLQTS exome sequencing cohort.

Results: In 25.5% cases, at least one rare variant was identified: 22.2% cases carried a rare variant in a gene associated with cLQTS, and in 4% of cases that variant was known to be pathogenic or likely pathogenic for cLQTS; 7.8% cases carried a cytochrome-P450 (CYP) gene variant. Of 12 identified CYP variants, 11 (92%) were in an enzyme known to metabolise at least one culprit drug to which the subject had been exposed. Drug-drug interactions that affected culprit drug metabolism were found in 19% of cases. More than one cLQTS variant, CYP gene variant and/or drug interaction was present in 7.8% of cases. Gene-burden analyses of the primary cohort compared to control exomes (n=452), and an independent replication aLQTS exome sequencing cohort (n=67) and drug-tolerant controls (n=148) demonstrated an increased burden of rare (MAF<0.01) variants in CYP genes but not LQTS genes.
Conclusion: Rare susceptibility variants in CYP genes are emerging as potentially important pharmacogenomic risk markers for aLQTS and could form part of personalised medicine approaches in the future. (267 words)
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Non-standard Abbreviations and Acronyms:
ADR: adverse drug reaction;

aLQTS: acquired LQTS; 

cLQTS: congenital LQTS; 

ECG: Electrocardiogram; 

ExAC: Exome Aggregation Consortium

gnomAD: Genome Aggregation Database

LQTS: long QT syndrome; 

MAF: minor allele frequency;

QTc: corrected QT interval; 

SCD: sudden cardiac death; 

SIDS: Sudden Infant Death Syndrome;

TdP: torsades de pointes; 

VF: ventricular fibrillation; 

VT: ventricular tachycardia

INTRODUCTION
Acquired long QT syndrome (aLQTS) is associated with prolongation of the QT interval on the electrocardiogram (ECG) and Torsades de Pointes (TdP) in the setting of triggering factors.1,2 It is rare, often unpredictable and can be a serious adverse event, and as such is a cause for relabelling and withdrawal of medications. It is more commonly seen during administration of antiarrhythmic drugs (e.g. up to 3% of patients receiving dofetilide) but has a lower incidence in non-cardiac drugs (1-10 per 100,000).3 It is an important issue for the pharmaceutical industry and public health and thorough QT studies have become a standard component of new drug evaluation.1,4
A number of clinical factors have been identified that suggest an individual may be at increased risk for aLQTS including: female gender; acute and chronic metabolic abnormalities such as hypokalaemia, renal or liver disease; heart disease, including bradycardia and recent conversion from atrial fibrillation to normal rhythm; and drug-specific factors such as dose, drug pharmacokinetics and pharmacodynamics and route of administration.2,5 Inhibition of the cardiac repolarizing potassium current IKr, and to a lesser extent IKs, is the most common mechanism across multiple drugs.1,6 In addition, inhibition of drug metabolism or elimination leading to high plasma concentrations has been implicated.7 
The sporadic nature of aLQTS and the similarity with the congenital condition has, however, suggested that they may share some common genetic background.4,8 Indeed rare variants in genes associated with cLQTS have been detected in other aLQTS cohorts, often with normal QT intervals after drug withdrawal. However, these studies were prior to the advent of large population databases and stringent variant calling with ACMG criteria, and therefore may have over-called pathogenicity of some variants which have subsequently been identified to be more common than anticipated in the general population.9-12 A genome-wide association study did not identify any common SNPs with genome-wide significance for aLQTS suggesting that common variants do not contribute importantly to risk for TdP across multiple drugs.13 Other studies have shown that first-degree relatives of patients with TdP show more exaggerated QT interval responses to quinidine challenge than controls, suggesting that there is an important genetic influence.14 These observations support the concept of the repolarization reserve, the physiological capacity for cardiac repolarisation which is in part genetically predetermined and upon which additional insults such as hypokalaemia and/or a QT prolonging drug may act and precipitate aLQTS.1,5 
Human Cytochrome P450 (CYP450) enzymes are responsible for drug metabolism, with induction or inhibition of these enzymes a key mechanism underpinning drug-drug interactions.15 Genetic changes in CYP genes may be responsible for individual variations in therapeutic efficacy and individual variations in disease susceptibility. This can lead to individuals with differing metabolizer status. However, the influence of genetic variation in CYP450 pathways in aLQTS has not been studied. 
We hypothesized that there may be predisposition to aLQTS due to rare variation in genes associated with LQTS and CYP450 hepatic drug metabolism, and thus permit identification of personalised risk. 

METHODS

The data that support the findings of this study are available from the corresponding author upon reasonable request. Ethical approval was gained from the London Multicentre Research Ethics Committee (MREC), reference number MREC/02/2/73 The full methods are available in supplementary data. 
RESULTS
Clinical characteristics. Baseline clinical characteristics for the cohort are shown in Table 1. A total of 153 unrelated aLQTS cases (94 females, 61.4%) were included, with a mean age at presentation of 58 years (range: 14-88). The vast majority of cases were Caucasian (148/150, 98.7%). 
Clinical presentation: One-hundred-and-thirty-one cases (85.6%) presented with either TdP, VF or cardiac arrest (n=122, 79.7%), or with syncope (n=9, 5.9%). Twenty-two cases (14.4%) were asymptomatic. The QTc interval, where available at presentation (n=105, 68.7%), was prolonged in all patients. The average QTc on admission was 574 +/- 80ms which reduced to an average of 452 +/- 42 ms on removal of the culprit drug(s). Hypokalaemia was documented in 28.1%.
Culprit drugs: A total of 216 QT-prolonging drugs were observed: 1.4 ± 0.7 drugs per patient (median: 1; range 1-4). CredibleMeds categorized 161 drugs as KR, 11 as PR, 42 as CR and 2 to be avoided by LQTS patients. Drug interactions that were likely to increase culprit drug bioavailability and/or pharmacodynamic synergy were found in 29 patients (19.0%), 18 (11.8%) of whom did not carry a genetic variant (Table 2 and Figure 2).

Rare Variant Burden Analyses.
Primary cohort: Rare variant association studies found a significantly higher burden of nonsynonymous rare variants (MAF<1%) in cases compared to controls for CYP and ‘main LQTS’ gene sets with CMC (p=0.004 and p=0.002 respectively) but not with SKAT-O.
Replication Cohort: Rare variant association studies confirmed an increased burden of nonsynonymous rare variants (MAF<1%) in the CYP genes in cases compared with controls (SKAT-O p=0.02, CMC p=0.01). When analysing for ‘main LQTS’ genes, there was no significant burden identified (CMC p=0.2, SKAT-O p=0.16).
Synonymous rare variants: In both datasets no gene showed significant differences in burden of rare synonymous variants with CMC or SKAT-O. 

Case characteristics. After annotation, filtering for MAF<1.0% and Sanger confirmation, 46 variants from 39 cases (25.5%) were included (Figure 1). These variants were from two groups: LQTS genes (34 variants, 22.2% patients) and CYP genes (12 variants, 7.8% patients). Six patients (3.9% of cases) carried more than one variant (Table sIII). There were no significant baseline clinical differences between carriers and non-carriers (Table 1). In 11 of the 12 (92%) patients who carried CYP rare variants, at least one culprit drug was metabolised by the CYP450 enzyme in which the variant was identified (Table 2, Figure 2). Three patients were found to harbour both a LQTS variant and a CYP variant (Supplemental Results and Table sIII). 

There were two ultra-rare/novel variants identified in two non-cardiac ion channel genes (GRIN3A and SCN2A). These genes are largely expressed in brain tissue with very low expression in heart tissue, and neither gene has prior functional or clinical data associated with aLQTS. There were no statistical, functional and/or clinical data associated with these variants. They were therefore considered VUS (table sIV). 

Variant Susceptibility: Of the 46 rare variants identified within the cohort, 6 (3.9%) were classified as pathogenic/likely pathogenic; 25 were classified as putative risk allele variants (13 [8.4%] in LQTS genes and 12 [7.8%] in CYP genes) and 15 (9.8%) were classified as variants of uncertain significance (VUS) (Figure 1). The four pathogenic and two likely pathogenic variants were all found in KCNQ1. Six distinct CYP variants were classified as putative risk alleles as they have either previously been associated with decreased enzyme activity (n=2) or decreased enzyme expression in vivo (n=1) or were very rare or novel (MAF <0.001%) variants with supportive in silico data (Table S4). There were 13 (9 distinct) rare (MAF<1%) risk alleles in LQTS genes with either functional and/or statistical data, as well as 15 (6 distinct) variants of uncertain significance, all of which were in LQTS genes. The classification of nine rare variants with conflicting interpretations was determined by consensus (Supplemental Results). 

DISCUSSION
The unpredictable and serious nature of an adverse drug reaction such as TdP has important implications. By employing a novel approach to in silico target profiling in a large cohort of aLQTS cases, we demonstrate the important and novel finding of rare variation affecting CYP genes that causes loss of function and likely increased bioavailability of drugs culpable for aLQTS. We hypothesised that this would lead to further reduction of repolarisation reserve and increase the susceptibility to aLQTS. This was partially supported by a subsequent unbiased case-control burden analysis for rare variation. We then tested this hypothesis and replicated our findings in an independent case control dataset showing a statistically robust excess of rare CYP variants in cases. In addition, non-genetic pharmacokinetic susceptibility was postulated in the form of impairment of culprit drug metabolism due to drug-drug interactions. We also confirmed previous findings of a small but significant yield of pathogenic or likely pathogenic, rare or ultra-rare variation in LQTS genes.2,5,8 Burden testing of rare variation in LQTS genes was, however, inconsistent across both cohorts. 

Thus, over one third of cases had at least one predisposing factor identified, including rare variation in aLQTS genes, rare variation in CYP450 genes, pharmacodynamic or pharmacokinetic susceptibity with a small number having multi-factorial risk. The role of other recognised intrinsic and extrinsic risk factors especially hypokalaemia as predisposing and/or triggering factors also appeared important.

CYP variation: Common variants in drug metabolism genes including the CYP genes, accounts for variability in pharmacokinetics of liver metabolised drugs, including drugs that cause QT prolongation.16 There are many CYP genes, with the most important genes involved in drug metabolism identified as CYP3A4, CYP2C19, CYP2D6, CYP1A2, CYP2A6 and CYP2B6, however there has been little investigation of their role in susceptibility to aLQTS.17 The most interesting and novel finding from our data was the increased burden of  rare variants in CYP450 genes among patients with aLQTS suggesting that such variants may alter metabolism of QT-prolonging drugs in certain individuals and thereby play a role in adverse events.18-20 In 11 of the 12 (92%) patients who carried CYP rare variants, at least one culprit drug was metabolised by the CYP450 enzyme in which the variant was identified.  CYP2B6-c.499C>G, found in one case, was associated with decreased enzyme activity in vivo;18-19 whereas two other rare CYP variants found in five cases, CYP2B6-c.1172T>A and CYP2B6-c.415A>G, were associated with decreased enzyme expression in vivo.20 CYP2B6-c.1172T>A (present in 4 (3%) of cases) does have a relatively high MAF in non-Finnish Europeans (0.8%) and may represent an important pharmacogenomic risk factor requiring further evaluation in larger population sets. The other CYP putative risk alleles had not been functionally characterized but in silico tools supported likely dysfunction. We then found an excess of CYP rare variation in aLQTS cases compared to healthy controls on statistical burden testing that was more robust in an independent case-control cohort. This supported our hypothesis that rare CYP variants play an important role in a subset of aLQTS.
In this respect, case reports of drug-drug interactions may serve as an indirect validation of this conclusion. For example, a drug-drug interaction between methadone and voriconazole has been attributed to CYP2B6 inhibition by voriconazole causing increased concentrations of methadone leading to TdP.21 Therefore, voriconazole administration could be regarded as a ‘chemical knockout’ of CYP2B6, similar to the putative effect of the novel variant CYP2B6-c.445G>A identified in a patient in our cohort presenting with TdP whilst receiving methadone. 

In a study of the Ontario Drug Benefit Claims Database, strong or moderately strong CYP3A4 inhibitors were co-prescribed in up to 10.7% of 122,233 patients receiving domperidone, a KR drug. Further KR or PR medications were co-prescribed to 18.3% and 18.8% of this cohort respectively, leading to an increase in the proarrhythmic potential of domperidone.22 Our findings complement these data by emphasising that pharmacogenetic risk may also be involved in the pharmacokinetic interactions leading to drug-induced ADRs. Indeed, a risk allele CYP3A4-c.1000G>T was found in a 58-year-old male in our series who presented with TdP whilst receiving Amiodarone, a KR drug metabolised by CYP3A4. And among the six patients being treated with domperidone at presentation, four carried at least one rare CYP risk allele, three in a CYP gene whose product is known to metabolise domperidone. This was, however, not a consistent observation. Fluoroquinolones are liver metabolised yet none of our aLQTS cases due to fluoroquinolones had an associated CYP risk allele. This may be a chance finding or other proarrhythmic factors may have been at play in these cases. Sotalol is renally excreted in general and as expected, no CYP risk alleles were associated.
Marked variation has been detected in the CYP genes including novel variants and variation with presumed functional effects (nonsense, frameshift truncations, and splice site variants). This variability is over three times more pronounced in African American populations compared with Caucasians.  Up to 7.6% of Caucasian individuals studies carried at least one potentially deleterious allele in a major drug-metabolising CYP gene. compared to 11.7% of African American individuals.23 One strength of our study is that 99% of the cohort was of Caucasian ethnicity, permitting a more consistent case-control analysis.
Implications for personalised medicine: Understanding the significance of this variability in CYP genes is a challenge for the personalised medicine initiative.  It has already been proposed that pharmacogenomic testing for rare variation in the LQTS genes may help prevent aLQTS.2 Whilst further functional analyses addressing pharmacokinetic impact of thee variants are required to reinforce our novel findings, these suggest that rare variation in CYP genes is also an important new avenue for identifying individualised risk to prevent the risk of proarrhythmia due to drugs that are liver metabolised. This will require sequencing of a panel of candidate pharmacogenomic genes to identify rare variation prior to drug prescription. Focusing on common variation alone will miss this potential risk. The timing and strategy for delivering this personalised approach remains to be determined.

Drug-Drug Interactions: The high prevalence of drug interactions caused by polypharmacy serves as a further warning over the importance of simple pharmacokinetic considerations when prescribing for patients. Prevention will require more robust systems for flagging up interactions, changing prescriptions or otherwise monitoring patients with an elevated risk profile.

LQTS variation: The proportion of cases carrying pathogenic or likely pathogenic LQTS variants (3.9%) likely to have a severe impact on repolarization reserve and able to cause monogenic LQTS in their own right, is lower than yields from previous Sanger sequencing studies (average 10%).2 These early studies tended to focus on the three major LQTS genes (KCNQ1, KCNH2, SCN5A) as well as the minor genes KCNE1 and KCNE2. The additional yield of rare variants from including other ‘minor’ genes was, however, only minimal (3.3%) as SCN4B, AKAP9 and CAV3 have not been associated with aLQTS previously and are now considered to be uncertain in causing monogenic LQTS.24 Thus, all were classed as VUSs. Our overall yield was relatively similar to that of the 188 aLQTS cases by Itoh et al, where 28% of patients harbored rare variants in these five principal LQTS genes.10 In our cohort,  the combined yield of rare aLQTS variation was 22.2%. There are important ethnic differences between the two cohorts, with Itoh et al having a majority (78%) of Japanese individuals in their cohort, whereas our population was overwhelmingly (98%) Caucasian. Otherwise the other characteristics of the two cohorts (age, gender, QTc interval post-drug) were all similar. It is worth noting that individuals with Japanese ancestry are expected to have more VUSs on genetic teting because the reference gene sequences are define based on European and African-American genes. Other reasons for the slight differences in yield may be due to different genotyping platforms, the slightly more symptomatic nature of their population and the inherent differences in potency of effect on cardiac repolarisation of the drugs to which the individual is exposed (e.g. cardiac drugs have more potent effects than antiemetics). Ramirez et al. had also reported a substantially higher yield of 36% of variants carriers whilst screening 79 candidate cardiac genes in 31 aLQTS patients.12 However their population was composed only of patients with TdP and pathogenicity was based upon only 2 in silico tools (Polyphen-2 and SIFT) which would now only score a single “supporting (PP3)” evidence criterion in the ACMG guidelines. Other features would be required before pathogenicity can be attributed.25 Interestingly, only 10 rare variants were identified in 132 cases sequenced for the main LQTS genes and included in a large study of Caucasian cases submitted for GWAS.13 
Other rare variants were identified, not expected to cause monogenic disease, but still demonstrating increased susceptibility to aLQTS by modifying repolarization reserve. For example, the KCNE1-D85N variant was present in four cases (3% of Caucasian subjects) and therefore seems to be overrepresented in our aLQTS population. This variant has previously been associated with an increased risk of both LQTS26 and aLQTS10,27, as well as with drug-induced TdP.28 A minority of the population reported here (n=57) was included in the latter publication.28 While its MAF in gnomAD overall is <1%, in non-Finnish Europeans its MAF is higher (1.2%) suggesting a pharmacogenomic risk factor that requires prospective evaluation in large-scale population datasets.
The contribution to the aLQTS phenotype by some variants, however, remained unclear, and these were classified as variants of uncertain significance. For instance, the CAV3 variants c.233C>T and c.216C>G were found in five of our cases and have been previously reported in LQTS29 and SIDS cohorts.30-31 Their role may be questionable however as both have been identified with a significant prevalence in exome data from population studies32 and functional data are inconsistent.33 
When the burden of rare variation in LQTS genes was tested in the primary and replication datasets a statistically significant association was not confirmed. This does not exclude LQTS rare variation as a risk factor but suggests that the importance of rare LQTS variants in predisposing to aLQTS may be less than previously anticipated in Caucasians. Larger series from different ethnic groups with both GWAS and rare variant data will be required to determine the genomic architecture of aLQTS from the perspective of repolarisation reserve. 

Limitations: We were not able to evaluate QT normalization following removal of drug for every case as ECGs fully ‘off drug’ and were not always available. Thus a formal cut-off for QTc change was not applied and inclusion relied upon expert evaluation of the circumstances and timing of exposure to the putative culpable drug(s), QTc changes and onset and offset of TdP. The primary cohort and control were sequenced using different capture systems and platforms due to unavoidable logistical issues. Burden of nonsynomyous variants was however similar for all genes. To overcome this limitation further we also sought a replication cohort where cases and controls had been sequenced with the same capture systems and platform. Obtaining a large enough replication cohort for this rare phenotype was challenging but ultimately successful. Although we were able to replicate increased burden of rare CYP-gene variation in aLQTS cases compared with controls, we were not able to identify specific functionally relevant variants. Rare variants reported previously in public databases but without any functional data were present. These may have functional effects that are important contributors to the risk of TdP but assessing these was beyond the scope of our current project. The controls for the primary analysis were population controls and may have  harbored relevant variants. However, this risk was mitigated by the rarity of aLQTS and the use of a drug-tolerant control for the replication cohort. Finally, two variants identified in the cohort (including KCNE1-D85N) have an overall gnomAD MAF<1%. Their MAF was slightly above 1% in the European non-Finnish subpopulation. However, given that we did not know the particular subpopulation ethnicities of our study subjects, and that prior data show the relevance of KCNE1-D85N in aLQTS, we maintained the use of overall gnomAD MAF<1% as a filter for this study. 
CONCLUSIONS

Our findings support the role for rare genetic susceptibility in both pharmacodynamic and pharmacokinetic risk for aLQTS and illustrate the potential of unbiased computational methods at uncovering new genetic biomarkers of ADRs. Although rare variants in cLQTS genes predispose to risk by reducing repolarisation reserve, rare variation in the CYP450 enzyme genes may be an important new pathophysiological pathway. Indeed, burden testing suggests a more statistically significant role for susceptibility variants in CYP genes than cLQTS genes amongst Caucasians. Together with drug interactions, this finding may have a role in the personalised medicine initiatives of the future, if we are to reduce the risk of this important ADR.
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TABLES

Table 1: 
Clinical characteristics of all cases and variant carriers compared to non-carriers
Table 2: 
Drug interactions that affect culprit drugs (n=29 patients)

Table 1: Clinical characteristics of all cases and variant carriers compared to non-carriers

	
	Overall

(n=153)
	Carriers

(n=39)
	Non-carriers

(n=114)
	P value*

	Age, mean ± SD

median (range)
	58 ± 17
58 (14-88)
	57 ± 18

59 (14-84)
	59 ± 16

63 (17-86)
	0.57

	Caucasian, n (%)
	148/150 (98.7)
	38 (97.4)
	110/111 (99.1)
	0.44

	QTc on admission, ms [mean ± SD, median (min-max)]
	574.1 ± 80.0
560 
(460-827)

[n=105]
	592.1 ± 100.5
560 
(475-827)

[n=27]
	567.9 ± 71.2

564 
(460-743)

[n=78]
	0.18

	QTc after drug removal, ms [mean ± SD, median (min-max)]
	452 ± 42
442 

(374-622)

[n=87]
	452.5 ± 29.1
452 

(410-520)

[n=22]
	451.9 ± 46.6
437 

(374-622)

[n=65]
	0.95

	Culprit drugs
	
	
	
	

	Number of culprit drugs per patient
	1.4 ± 0.7

1 (1-4)
	1.5 ± 0.6

1 (1-3)
	1.4 ± 0.7

1 (1-4)
	0.26

	Intrinsic risk factors
	
	
	
	

	Female sex, n (%)
	94 (61.4)
	29 (74.3)
	65 (57.0)
	0.055

	Hypothyroidism
	26 (16.9)
	8 (20.5)
	18 (15.8)
	0.50

	Heart disease
	74 (48.3)
	20 (51.2)
	54 (47.4)
	0.67

	Liver dysfunction (a)
	15 (9.8)
	4 (10.3)
	11 (9.6)
	0.91

	Renal dysfunction (b)
	11 (7.2)
	3 (7.7)
	8 (7.0)
	0.89

	Extrinsic risk factors
	
	
	
	

	Hypokalaemia
	43 (28.1)
	15 (38.5)
	28 (24.6)
	0.08

	Hypomagnesemia
	16 (10.5)
	6 (15.4)
	10 (8.8)
	0.24

	Hypocalcaemia
	20 (13.1)
	7 (17.9)
	13 (11.4)
	0.28

	Extreme bradycardia <40/min
	12 (7.8)
	1 (2.6)
	11 (9.6)
	0.16

	Cardiac event
	
	
	
	

	TdP, VF or cardiac arrest
	122 (79.7)
	29 (74.3)
	93 (73.6)
	0.33

	Syncope
	9 (5.9)
	4 (10.2)
	5 (4.3)
	0.18

	QTc prolongation alone
	22 (14.4)
	6 (15.4)
	16 (14.0)
	0.84


* Comparison between carriers and non-carriers. 

(a) in case of liver metabolism of the culprit drug

(b) in case of renal elimination of the culprit drug

Table 2: Drug interactions that affect culprit drugs  and associated CYP450 and LQTS variants in ARITMO cohort
	Patient
	Variant (s)
	Class
	MAF

(gnomAD)
	MAF

(European non Finnish)
	Culprit drug-1


	Risk
	CYP450 metabolism
	CYP-drug match
	Culprit drug-2 (and 3)


	Risk
	CYP metabolism
	CYP-drug match
	Drug-Drug Interaction

(type)

	ARITMO-6
	KCNH2-c.3163C>T

p.R1055W
	PRA
	0
	0
	Flecainide
	KR
	n/a
	n/a
	Disopyramide
	KR
	n/a
	n/a
	disopyramide and flecainide both increase QTc interval. Pharmacodynamic synergy

	ARITMO-9
	No variant
	n/a
	n/a
	n/a
	Fluconazole
	KR
	n/a
	n/a
	Clarithromycin
	KR
	n/a
	n/a
	(1) fluconazole will increase the level or effect of clarithromycin by affecting hepatic/intestinal enzyme CYP3A4 metabolism.

(2) clarithromycin and fluconazole both increase QTc interval. Pharmacodynamic synergy

	ARITMO-13
	No variant
	n/a
	n/a
	n/a
	Methadone
	KR
	n/a
	n/a
	Venlafaxine
	KR
	n/a
	n/a
	methadone and venlafaxine both increase QTc interval. Pharmacodynamic synergy

	ARITMO-15
	CYP2B6

c.1172T>A

p. I391N
	PRA
	0.004
	0.007
	erythromycin
	KR
	1A2, 2B6, 2J2, 3A4, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-16
	(i) CAV3-c.233C>T

p. T78M


	VUS
	0.0031
	0.004
	amiodarone
	KR
	n/a
	n/a
	Sotalol
	KR
	n/a
	n/a
	amiodarone and sotalol both increase QTc interval. Pharmacodynamic synergy

	
	(ii) SCN5A-c.569G>A

p. R190Q
	PRA
	0.00003
	0.00003
	
	
	
	
	
	
	
	
	

	ARITMO-23
	No variant
	n/a
	n/a
	n/a
	Sotalol
	KR
	n/a
	n/a
	Fluoxetine
	CR
	n/a
	n/a
	Fluoexetine and sotalol both increase QTc interval.

Pharmacodynamic synergy

	ARITMO-26
	CYP3A4

c.1000G>T

p. E333*
	PRA
	0
	0
	amiodarone
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 3A4, 3A5, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-28
	KCNQ1c.727C>T

p. R243C
	LP
	0
	0.0000009
	Amiodarone
	KR
	n/a
	n/a
	Amitriptyline
	CR
	n/a
	n/a
	(1) amiodarone will increase the level or effect of amitriptyline by P-glycoprotein (MDR1) efflux transporter.

(2) amitriptyline and amiodarone both increase QTc interval. Pharmacodynamic synergy

	ARITMO-29
	CYP2B6

c.1172T>A

p. I391N
	PRA
	0.004
	0.007
	erythromycin
	KR
	1A2, 2B6, 2J2, 3A4, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-30
	No variant
	n/a
	n/a
	n/a
	citalopram
	KR
	n/a
	n/a
	Indapamide
	CR
	n/a
	n/a
	indapamide and citalopram both increase QTc interval.  Pharmacodynamic synergy

	ARITMO-31
	CYP2B6

c.1172T>A

p. I139N
	PRA
	0.004
	0.007
	amitriptyline
	CR
	1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-34
	CYP2B6

c.415A>G

p. K139E
	PRA
	0.0018
	0.004
	fluoxetine
	CR
	1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 2J2, 3A4
	yes
	amiodarone
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 3A4, 3A5, 3A7
	no
	(1) amiodarone will increase the level or effect of fluoxetine by affecting hepatic enzyme CYP2D6 metabolism.

(2) amiodarone and fluoxetine both increase QTc interval. Pharmacodynamic synergy

	ARITMO-36
	CYP2B6

c.1172T>A

p. I391N
	PRA
	0.004
	0.007
	domperidone
	KR
	1A2, 2B6, 2C8, 2D6, 3A4, 3A5, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-38
	No variant
	n/a
	n/a
	n/a
	procainamide
	KR
	n/a
	Amitriptyline and quinine
	CR and CR
	n/a
	n/a
	n/a
	(1) procainamide will increase the level or effect of quinine by basic (cationic) drug competition for renal tubular clearance.

(2) procainamide and quinine both increase QTc interval

(3) amitriptyline and procainamide both increase QTc interval. Pharmacodynamic synergy

(4) procainamide and citalopram both increase QTc interval. Pharmacodynamic synergy

(5) quinine and citalopram both increase QTc interval. Pharmacodynamic synergy

(6) amitriptyline and quinine both increase QTc interval.

	ARITMO-50
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	erythromycin
	KR
	n/a
	n/a
	(1) erythromycin base will increase the level or effect of amiodarone by affecting hepatic/intestinal enzyme CYP3A4 metabolism.

(2) amiodarone and erythromycin base both increase QTc interval. Pharmacodynamic synergy.

	ARITMO-61
	No variant
	n/a
	n/a
	n/a
	thioridazine
	KR
	n/a
	n/a
	fluoxetine
	CR
	n/a
	n/a
	(1) thioridazine will increase the level or effect of fluoxetine by affecting hepatic enzyme CYP2D6 metabolism. 

(2) fluoxetine increases levels of thioridazine by decreasing metabolism. 

(3) fluoxetine will increase the level or effect of thioridazine by affecting hepatic enzyme CYP2D6 metabolism.

(4) thioridazine and fluoxetine both increase QTc interval. Pharmacodynamic synergy

	ARITMO-73
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	trimethoprim
	TA
	n/a
	n/a
	(1) amiodarone will increase the level or effect of trimethoprim by basic (cationic) drug competition for renal tubular clearance.

(2) amiodarone and trimethoprim both increase QTc interval. Pharmacodynamic synergy

	ARITMO-84
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	flecainide
	KR
	n/a
	n/a
	(1) amiodarone will increase the level or effect of flecainide by affecting hepatic enzyme CYP2D6 metabolism.

(2) amiodarone and flecainide both increase QTc interval. Pharmacodynamic synergy

	ARITMO-86
	CYP2B6

c.499C>G

p. P167A
	PRA
	0.0002
	0.000007
	Pimozide overdose
	KR
	1A2, 2C8, 2C9, 2C19, 2D6, 2E1, 2J2, 3A4, 3A5, 3A7
	no
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-88
	CYP2D6

c.404C>T

p. S135F
	PRA
	0.00003
	0.00007
	amiodarone
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 3A4, 3A5, 3A7
	yes
	Domperidone

+ fluconazole
	KR

KR
	1A2, 2B6, 2C8, 2D6, 3A4, 3A5, 3A7

no
	yes
	(1) fluconazole will increase the level or effect of amiodarone by affecting hepatic/intestinal enzyme CYP3A4 metabolism.

(2) Amiodarone: CYP2D6 inhibitor

(3) amiodarone and fluconazole both increase QTc interval. Pharmacodynamic synergy

	ARITMO-89
	KCNE1-c.253G>A

p. D85N
	PRA
	0.0081
	0.012
	flecainide
	KR
	n/a
	n/a
	Citalopram
	KR
	n/a
	n/a
	flecainide and citalopram both increase QTc interval. Pharmacodynamic synergy

	ARITMO-90
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	disopyramide
	KR
	n/a
	n/a
	amiodarone and disopyramide both increase QTc interval. Pharmacodynamic synergy

	ARITMO-93
	KCNQ1-c.733G>A

p. G245R
	PRA
	0
	0
	cisapride
	KR
	n/a
	n/a
	itraconazole
	CR
	n/a
	n/a
	(1) itraconazole will increase the level or effect of cisapride by affecting hepatic/intestinal enzyme CYP3A4 metabolism. 

(2) cisapride and itraconazole both increase QTc interval. Pharmacodynamic synergy

	ARITMO-98
	CYP2E1

c.377G>A

p. R126Q
	PRA
	0.00006
	0.00007
	pimozide
	KR
	1A2, 2C8, 2C9, 2C19, 2D6, 2E1, 2J2, 3A4, 3A5, 3A7
	yes
	haloperidol
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 2J2, 3A4, 3A5, 3A7
	no
	haloperidol and pimozide both increase QTc interval. Pharmacodynamic synergy

	
	ANK2-c.9854T>C

p. I3285T


	VUS
	0.0078
	0.011
	
	
	
	
	
	
	
	
	

	ARITMO-104
	No variant
	n/a
	n/a
	n/a
	methadone
	KR
	n/a
	n/a
	pimozide
	KR
	n/a
	n/a
	methadone and pimozide both increase QTc interval. Pharmacodynamic synergy

	ARITMO-108
	No variant
	n/a
	n/a
	n/a
	ciprofloxacin
	KR
	n/a
	n/a
	haloperidol
	KR
	n/a
	n/a
	ciprofloxacin and haloperidol both increase QTc interval. Pharmacodynamic synergy

	ARITMO-110
	No variant
	n/a
	n/a
	n/a
	promethazine
	PR
	n/a
	n/a
	Trimipramine 

+ fluoexetine

+ quetiapine
	PR

+CR

+ CR
	n/a
	n/a
	(1) fluoxetine will increase the level or effect of promethazine by affecting hepatic enzyme CYP2D6 metabolism. 

(2) quetiapine, fluoxetine. Either increases toxicity of the other by QTc interval.

(3) quetiapine, trimipramine. Either increases toxicity of the other by QTc interval.

(4) trimipramine, promethazine. Either increases levels of the other by decreasing metabolism. Minor/Significance Unknown.

(5) trimipramine, promethazine. Either increases levels of the other by pharmacodynamic synergy Minor/Significance Unknown.

(6) promethazine and trimipramine both increase QTc interval. Pharmacodynamic synergy

(7) promethazine and fluoxetine both increase QTc interval. Pharmacodynamic synergy

(8) trimipramine and fluoxetine both increase QTc interval. Pharmacodynamic synergy

	ARITMO-113
	SCN5A-c.1715C>A

p. A572D
	VUS
	0.007
	0.003
	Amiodarone
	KR
	n/a
	n/a
	hydrochlorothiazide
	CR
	n/a
	n/a
	amiodarone will increase the level or effect of hydrochlorothiazide by basic (cationic) drug competition for renal tubular clearance.

	ARITMO-115
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	hydrochlorothiazide
	CR
	n/a
	n/a
	amiodarone will increase the level or effect of hydrochlorothiazide by basic (cationic) drug competition for renal tubular clearance.

	ARITMO-124
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	Furosemide

+ 

ondansetron
	CR

+

KR


	n/a
	n/a
	amiodarone and ondansetron both increase QTc interval. Pharmacodynamic synergy

	ARITMO-126
	KCNE1-c.253G>A

p. D85N
	PRA
	0.0081
	0.012
	amiodarone
	KR
	n/a
	n/a
	imipramine
	PR
	n/a
	n/a
	1) amiodarone will increase the level or effect of imipramine by affecting hepatic enzyme CYP2D6 metabolism.

(2) imipramine and amiodarone both increase QTc interval. Pharmacodynamic synergy

	ARITMO-134
	CYP2B6

c.923G>A

p. R308H
	PRA
	0.00003
	0.00002
	domperidone
	KR
	1A2, 2B6, 2C8, 2D6, 3A4, 3A5, 3A7
	yes
	haloperidol
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 2J2, 3A4, 3A5, 3A7
	no
	n/a

	ARITMO-135
	No variant
	n/a
	n/a
	n/a
	amiodarone
	KR
	n/a
	n/a
	hydrochlorothiazide
	CR
	n/a
	n/a
	amiodarone will increase the level or effect of hydrochlorothiazide by basic (cationic) drug competition for renal tubular clearance.

	ARITMO-136
	No variant
	n/a
	n/a
	n/a
	clarithromycin
	KR
	n/a
	n/a
	Amiodarone

+

Metoclopramide
	KR

+

CR
	n/a
	n/a
	(1) clarithromycin will increase the level or effect of amiodarone by affecting hepatic/intestinal enzyme CYP3A4 metabolism.

(2) amiodarone and clarithromycin both increase QTc interval. Pharmacodynamic synergy

	ARITMO-138
	No variant
	n/a
	n/a
	n/a
	levofloxacin
	KR
	n/a
	n/a
	dronedarone
	KR
	n/a
	n/a
	dronedarone and levofloxacin both increase QTc interval. Pharmacodynamic synergy

	ARITMO-139
	CYP2B6

c.445G>A

p. E149K
	PRA
	0.00003
	0.00009
	methadone
	KR
	1A2, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 3A4, 3A5, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-150
	CYP1A2

c.1493C>A

p. T498N
	PRA
	0.00003
	0
	amiodarone
	KR
	1A1, 1A2, 2C8, 2C9, 2C19, 2D6, 3A4, 3A5, 3A7
	yes
	n/a
	n/a
	n/a
	n/a
	n/a

	ARITMO-153
	KCNE2-c.22A>G

p. T8A
	PRA
	0.004
	0.006
	hydroxyzine
	CR
	n/a
	n/a
	fluoxetine
	CR
	n/a
	n/a
	hydroxyzine increases toxicity of fluoxetine by QTc interval.


MAF: minor allele frequency; gnomAD: genome aggregation database; PRA: putative risk allele; KR: known risk of torsades de pointes; PR: possible risk of torsades de pointes; CR: conditional risk of torsades de pointes; TA: drug to avoid in long QT syndrome; n/a: not applicable; VUS: variant of uncertain significance ; LP: likely pathogenic.
Drug to drug interactions were analysed according to CredibleMeds (https://crediblemeds.org) and to the Drug Interaction Checker from Medscape (http://reference.medscape.com/drug-interactionchecker). 

FIGURES LEGEND

Figure 1: 
Flow diagram of study 
Figure 2: 
Complex genetic and environmental background leading to drug-induced cardiac event 
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