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Abstract

Background and  Modifier genes may cause different clinical phenotypes in patients with long QT syndrome (LQTS) carrying the

Aims same pathogenic variant. Variants in the MTMR4 gene have been previously associated, via patient-specific car-
diomyocytes derived from induced pluripotent stem cells, with variable arrhythmic risk in a family with the
p.Y111C-LQT1 mutation. This study aimed to evaluate the broader clinical impact of MTMR4 variants in pa-
tients with LQT1 and LQT2.

Methods A total of 1192 LQTS patients were analysed: 638 with LQT1, 432 with LQT2, and 122 Swedish carriers of the
p.Y111C-LQT1 variant. The association between MTMR4 variants and clinical severity was assessed by comparing
patients with severe symptoms (cardiac arrest or syncope on beta-blockers) vs asymptomatic or mildly symptomatic
individuals. ECG parameters, including Tpeak-Tend and T-wave heterogeneity, were also evaluated.

Results In the LQT1 cohort, there was a significant decreasing pattern for cardiac events across MTMR4 genotypes
(AA:15.9%, Aa:11.6%, aa:6.3%), while an opposite trend was apparent in the LQT2 cohort (AA:16.5%,
Aa:18.2%, aa:27.6%). No pattern was apparent in the Swedish cohort. In the combined LQT1 cohort, the aa
genotype was found in 15% of 702 mild/asymptomatic vs 1.7% of 58 with severe symptoms (P =.002). Vice
versa, in LQT2, aa was more frequent in severe cases (24.1% vs 11.9%, P=.014). QTc was not associated
with MTMR4, but the repolarization markers supported a gene-specific directionality of arrhythmic risk.

Conclusions The MTMR4 minor allele in homozygosis exerts a gene-specific and opposite impact on arrhythmic risk in LQTS.
This finding should influence risk stratification in clinical practice.
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Structured Graphical abstract

Key Question
In a familial p.Y111C-LQT1 duo, MTMR4 gene variants reduced the NEDD4L-dependent ubiquitination-mediated ion channel

degrada-tion resulting in a decreased arrhythmogenic substrate. Is this finding generalizable to a more heterogenous LQT1 cohort?
Do MTMR4 variants similarly impact arrhythmic risk among LQT?2 patients?

Key Finding

MTMR4 minor allele in homozygosis (aa) associated with lower arrhythmic risk for LQT1 and with a higher arrhythmic risk for LQT2
patients. Furthermore, among LQT1 patients aa genotype was found in 15% of mild/asymptomatic patients versus 1.7% of those with
severe symptoms. Among LQT?2, this association was in the opposite direction.

Take Home Message
MTMR4 variants act as modifiers of the LQTS phenotype in a gene-specific manner. Genetic screening for recognized modifier genes in

LQTS may impact on risk stratification and guide in clinical practice.

Impact of MTMR4 variants on arrhythmic risk
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Upper panel on the left: Based on the original observation in a familial LQT1 duo carrying the KCNQ1-p.Y111C variant, the association between MTMR4 minor allele
homozygosity and clinical severity was investigated in a large cohort of LQT1 and LQT2 patients. Panel on the right: (Top) Prevalence of Italian LQT1 and LQT2 patients
experiencing any cardiac event according to MTMR4 genotype (A = major allele; a = minor allele). In LQT1, the proportion of symptomatic patients progressively decreases across
carriers of zero (AA), one (Aa), or two (aa) MTMR4 minor alleles, whereas the opposite trend is observed in LQT2. (Bottom) The aa genotype was identified in 15% of
mild/asymptomatic LQT1 patients compared with 1.7% of those with a severe phenotype; in LQT?2 patients, the association was observed in the opposite direction. Lower panel
on the left: Schematic illustration of the proposed mechanistic hypothesis explaining the gene-specific opposite impact of MTMR4 minor allele homozygosity on arrhythmic risk in
LQTS. It is proposed that MTMR4 variants modulate arrhythmic risk in LQT1 and LQT?2 patients by differentially impacting the repolarization reserve through enhancement of IKr,
being protective when IKr is not mutated (LQT1), detrimental when it is mutated (LQT2)
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LQTS, long QT syndrome; LQT1, long QT syndrome type 1; LQT2, long QT syndrome type 2
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Introduction

A daunting question for cardiologists caring for patients with ar-
rhythmias of genetic origin is why siblings carrying the same
disease-causing variant may have a strikingly different arrhyth-
mic risk. The answer probably lies in those genetic factors cap-
able of modifying, in either direction, the consequences of
disease-causing variants commonly referred to as ‘modifier
genes’.? A number of them have been identified, especially for
the long QT syndrome (LQTS),?® a genetic disorder character-
ized by a rather clear genotype-phenotype correlation.*
Although the underlying mechanism remains incompletely
understood for several of these modifiers,® 1 it has been par-
tially clarified for two variants in the myotubularin-related pro-
tein 4 (MTMR4) gene, which is an upstream regulator of
NEDDA4L, an E3 ubiquitin-protein ligase involved in channel pro-
tein degradation.!?

By using human induced pluripotent stem cell-derived cardio-
myocytes (iPSC-CMs) from a severely symptomatic son and
from his asymptomatic father carrying the same LQT1-causing
KCNQ1-p.Y111C variant, we provided biological evidence that
variants of the MTMR4 gene partly correct the defect in potas-
sium channel turnover, thus mitigating the clinical manifesta-
tions of the disease in the asymptomatic father.** This is the
consequence of the reduction of the NEDD4L-dependent
ubiquitination-mediated ion channel degradation, which results
in a decreased arrhythmogenic substrate, most likely by a com-
pensatory increase in lx.1! Despite its conceptual importance,
the significance of our finding was greatly limited by being de-
pendent on just one pair of patients.

To verify whether our observation had a real clinical impact, we
had to see whether the apparently ‘protective’ minor allele would,
or not, be associated with a different arrhythmic risk in an adequate
number of LQT1 patients. Accordingly, we examined the associ-
ation with a severe arrhythmic phenotype of the minor allele in
homozygosis, as we thought that a ‘double dose’ would be neces-
sary for any meaningful ‘therapeutic effect.’

To assess the clinical significance of the MTMR4 variants, we
examined a large cohort of LQT1 patients, comprising Italian pa-
tients with unselected disease-causing variants and a Swedish
LQT1 founder population segregating the KCNQ1-p.Y111C
variant, the same present in the father-son duo.'?*2 Since our
mechanistic hypothesis was suggesting the possibility of a gene-
specific effect, we also verified the relevance of MTMR4 variants
in a large cohort of LQT2 patients.

Methods

Patients

We studied two Italian cohorts of LQT1 and LQT2 patients with
different disease-causing variants and a Swedish founder popula-
tion carrying the KCNQ1-p.Y111C variant,*>'® henceforth
SWE-p.Y111C-LQT1. Patients with digenic or double variants on
the same gene, including Jervell Lange-Nielsen syndrome pa-
tients,* or with a first cardiac event after age 50, were not included.

Phenotype characterization

We defined as ‘severe arrhythmic phenotype’ at least three syncope
off therapy or just one on -blocker therapy or any of the following:
documented ventricular tachycardia/ventricular fibrillation, aborted

cardiac arrest (ACA), appropriate implantable cardioverter-
defibrillator (ICD) shock, or sudden cardiac death (Severe).
Conversely, we regarded the occurrence of 1-2 syncope off ther-
apy, followed by the complete lack of symptoms once on
B-blocker therapy, as a marker of low risk (‘mild phenotype’) and
not significantly different from being asymptomatic (Mild/
Asymptomatic). Accordingly, we compared the severe phenotype
vs the joint asymptomatic and mild phenotype.

ECG analysis

We analysed three ECG parameters associated with risk for life-
threatening arrhythmias: QT interval, Tpeak-Tend interval,*> and
the T-wave heterogeneity index (TWH).X® Heart rate-corrected
QT interval (QTc) and Tpeak-Tend interval were calculated by
Bazett's formula. In a subset of 110 Italian LQT1 and 109 LQT2 sub-
jects, paper ECGs were scanned at a high-resolution (600 DPI) and
digitized with a widely used high-resolution commercial software,
‘ECGScan’ (AMPS-LLC, New York, NY, USA).*” The resulting wave-
forms were exported as digital ECG files for subsequent analysis.
The Tpeak-Tend interval was assessed on the 12-lead vector mag-
nitude (VM), e.g., the square root of the sum of squares from the in-
dividual median beats of each lead. On the VM lead, the Tpeak point
is defined as the apex of the T wave, whereas the Tend is computed
by applying the least squares (return to baseline) approach. The
TWH index was computed on each beat by applying a method pre-
viously described, based on the second central moment analysis.*®
Briefly, for each patient during rest, the index is defined on the aver-
aged waveform as the maximum splay in microvolts from the J-point
to the end of the T wave (JT interval).*® This is a semiautomated pro-
cess performed by an investigator blinded to genotypes.

Genetic screening

For the Italian cohort, comprehensive genetic testing of KCNQ1 and
KCNH2 genes was conducted with standard genetic protocols main-
ly through next-generation sequencing gene panels. All clinically
relevant genetic variants identified were confirmed with Sanger se-
quencing. The only exception is represented by genotype-positive
LQTS patients screened before 2013 by denaturing high perform-
ance liquid chromatography and/or Sanger sequencing.

Genetic variants were classified in accordance with the American
College of Medical Genetics and Genomics (ACMG) and the
Association for Molecular Pathology guidelines®® as pathogenic
(P) or likely pathogenic (LP). A few variants of unknown significance
(VUS) were also included if novel (i.e. absent from all publicly avail-
able exome/genome databases and published data) and considered
to be linked to the disease on the basis of ECG features and/or clin-
ical events highly suggestive of a specific LQTS genetic subtype.
Genotype-phenotype correlation in the family and functional data
conclusive for a trafficking defect were examined for further
support.

For the Swedish p.Y111C-LQT1 variant, the genetic analysis has
been previously reported.'?

MTMR4 variant genotyping

Targeted genotyping of two proposed modifier variants (rs2302189
and rs3744108) in the MTMR4 gene was performed using a TagMan
gPCR assay, using commercially available TagMan probes (Thermo
Fisher Scientific). For rs2302189, we used C__15757289_10
TagMan SNP Genotyping assay, and for rs3744108, we used
C__25960112_20 TagMan SNP Genotyping assay (Thermo Fisher
Scientific). TagMan Genotyping Master Mix was used for both assays
(cod.4371355, Thermo Fisher Scientific). The rs-numbers for denoting
the MTMR4 variants were obtained from the dbSNP database (www.
nchi.nlm.nih.gov/projects/SNP). Ancestral (major) and derived (minor)
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alleles were denoted as ‘A’ and ‘a,’ respectively (AA- major homozy-
gote, Aa- heterozygote, and aa- minor homozygote).

Polygenic risk score

The QT polygenic risk score (QT-PRS) was calculated using PLINK
v2 with the - -score function, based on a weighted sum of risk alleles
across 68 independent common variants (single nucleotide poly-
morphisms) that reached genome-wide significance in the study
by Arking et al.?° For variants with missing genotypes, allele dosages
were imputed using the product of the population minor allele fre-
quency and the sample ploidy. The resulting scores were then stan-
dardized to a mean of 0 and a standard deviation consistent with the
normalization approach described by Lahrouchi et al.?*

Statistical analysis

Continuous data, reported as mean * standard deviation, were
analysed by the Mann-Whitney U test or by Student’s t-test and by
Kruskal-Wallis test, as appropriate. The relationship between PRS
and QTc was assessed by non-parametric Spearman’s correlation.
Categorical data were reported with frequencies and relative percen-
tages and compared by the x? or Fisher's exact tests. For association
analyses involving the ordered MTMR4 genotype variable (AA, Aa,
aa), the Cochran-Armitage trend test for proportions and the
Jonckheere-Terpstra trend test for continuous variables were used.
QOdds ratios (ORs) with 95% confidence interval (Cl) were calculated
to estimate the association of phenotype with the LQTS groups and
with the MTMR4 genotypes. Two-sided P-values <.05 were considered
statistically significant. IBM SPSS Statistics version 29.0 and R software
version 4.5.2 were used for computation.

Results

Study population

We studied a total of 1192 LQTS patients: 638 LQT1 and 432
LQT2 with unselected disease-causing variants (Supplementary
data online, Table S1), and 122 SWE-p.Y111C-LQT1. Allele and
genotype frequencies of MTMR4 variants in the study population
are shown in Table 1. Targeted genotyping of the two proposed
modifier variants in the MTMR4 gene revealed a relatively high
minor allele frequency (MAF) in all three study cohorts,

consistently with the reported MAF for rs2302189 and
rs3744108 in the dbSNP database (range 0.35-0.38). In the
SWE-p.Y111C-LQT1 population, MAF was even higher for both
MTMR4 variants (0.47-0.48). Linkage disequilibrium between the
two loci was complete in the two Italian cohorts and almost com-
plete in the SWE-p.Y111C-LQT1 population.

Table 2 shows the clinical characteristics of the study cohorts.
The mean QTc in the Italian LQT1 cohort was significantly shorter
compared to the other two cohorts (466 + 35 vs 483 + 35 and 483
+ 44 ms, respectively, P <.0001); no significant differences were
observed across MTMR4 SNP genotypes in each group. Patients
symptomatic for any cardiac event were 120/760 (15.8%) among
LQT1 and 81/432 (18.8%) among LQT2. An important difference
was noted between the two LQT1 groups as the Italian patients
with symptoms were 81/638 (12.7%) compared to a much higher
frequency among the Swedish patients, 39/122 (32.0%) (OR 0.31;
95% Cl 0.20-0.48, P <.0001). A severe phenotype was observed
in 58/760 LQT1 (7.6%) and 54/432 LQT2 (12.5%).

Symptoms and MTMR4 allelic distribution

The Italian LQT1 cohort showed a significant progressive reduc-
tion of symptomatic patients across carriers of no (AA), one (Aa),
or two (aa) MTMR4 minor alleles (15.9%, 11.6%, 6.3%; P=.019)
(Figure 1A), while the LQT2 cohort showed an opposite trend
(16.5%, 18.2%, 27.6%; P =.099) (Figure 1B). Irrespective of their
statistical significance, but given their opposite directionality, these
trends were regarded as biologically intriguing. Of note, the 39
SWE-p.Y111C-LQT1 patients with cardiac events were equally
distributed by MTMR4 variant genotypes (35.5%, 29.7%, 33.3%).

Arrhythmic risk, MTMR4 alleles, and LQTS
genotype

We then determined the association between risk for life-
threatening arrhythmias and the minor allele in homozygosis, re-
presenting a ‘double dose’ of the putative ‘protective allele,’ by
comparing the frequency of aa genotype carriers between two
groups of patients: those with a history of severe arrhythmic

Table 1 Allele and genotype frequencies of MTMR4 single nucleotide polymorphisms in the three study cohorts

MTMR4 Alleles (derived allele  Genotype® LQT1 LQT2 SWE-p.Y111C_LQT1
variant ID in bold) (n=638) (n=432) (n=122)
......... N (%)MAF N(%)MAF N(%)MAF
. .r's 2302189 .............. A / C e A A (AA) ............ 258(404) .......... 036 ..... 176 (407) ......... 036 ............ 31 (254) ....... 0 48 .
AC (Aa) 301 (47.2) 198 (45.8) 64 (52.5)
CC (aa) 79 (12.4) 58 (13.4) 27 (22.1)
rs3744108 G/C GG (AA) 258 (40.4) 0.36 176 (40.7) 0.36 33(27.1) 0.47
GC (Aa) 301(47.2) 198 (45.8) 63 (51.6)
CC (aa) 79 (12.4) 58 (13.4) 26(21.3)

Data are absolute and relative (%) frequencies.
MAF, minor allele frequency.
2A/a denotes ancestral/major (A) and derived/minor (a) alleles.

bLinkage disequilibrium between the two loci was near-complete in the Swedish founder population and complete in the two Italian cohorts.


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag294#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag294#supplementary-data

Opposite gene-specific impact of MTMR4 variants on arrhythmic risk in LQT1 and LQT2

Table 2 Clinical characteristics of the three study cohorts

All LQT1 LQT1 Italian cohort SWE-p.Y111C-LQT1 LQT2
Genotypeposntlvecases N S S gy

Females, n (%) 431 (57) 364 (57) 67 (55) 205 (47.5)
QTc (ms), mean + SD? 469 + 36 466 + 35 483 + 35 483+ 44
QTc <440 ms, n (%) 144 (19) 137 (21) 7 (6) 60 (14)
QTc (ms) by MTMR4

genotype, mean * SDP

AA 467 £34 465+34 476 £26 479 £42

Aa 470+ 37 467 + 35 484 +41 487 +46

aa 471+36 466 £ 36 487 £ 30 481+42
Symptomatic (any CE), n (%) 120 (16) 81 (13) 39 (32) 81 (19)

Mild 62 (8) 36 (6) 26 (21) 27 (6)

Severe 58 (8) 45 (7) 13 (11) 54 (13)

Asymptomatic 640 (84) 557 (87) 83 (68) 351 (81)

Due to near-complete linkage disequilibrium between the two loci, producing minimal differences between the two variants, in all analyses involving the Swedish
p.Y111C-LQT1 population data presentation refers for simplicity to MTMR4 rs2302189.

2P < .,001 for QTc in the LQT1 Italian cohort vs LQT2 and SWE-LQT1 cohort.

bQTc by MTMR4 genotype was not significantly different in each of the three study cohorts (Italian LQT1, P =.87; SWE-LQT1 P=.24; LQT2 P=.18).
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Figure 1 Frequency of symptomatic patients across MTMR4 SNPs genotypes in the LQT1 and LQT2 cohorts

events and those who were either asymptomatic or with a mild
phenotype (‘mild/asymptomatic’).

Among all 702 ‘mild/asymptomatic’ LQT1 patients, the aa
genotype was carried by 105 (15.0%), while it was present
only in one patient (1.7%) among the 58 subjects with a severe
phenotype, thus suggesting a potential ‘protective’ role of the
minor allele in homozygosis (OR 0.10; 95% Cl: 0.01-0.55,
P = .002) (Figure 2A). Among the LQT2 cohort, there was an
opposite pattern. The aa genotype was carried by 11.9% of
patients of the ‘mild/asymptomatic’ group (45/378), while by
contrast, it was almost twice as frequently present (13/54,

24.1%) in patients with a severe phenotype (Figure 2B), thus in-
dicating its association with a higher arrhythmic risk (OR 2.35;
95% Cl: 1.14-4.69, P = .014).

A subgroup analysis of the LQT1 population confirmed the
protective role of the aa genotype in the Italian cohort
(13.3% in the ‘mild and asymptomatic’ patients vs 0% in
the severely symptomatic; P =.004) (Figure 3A). The same
trend was found in the SWE p.Y111C-LQT1 patients
(23.9% and 22.9% for rs2302189 and rs3744108, respect-
ively, vs 7.7%), but without reaching statistical significance
(Figure 3B).
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Figure 2 Frequency of MTMR4 SNPs aa genotype among patients according to the predefined phenotype characterization of LQTS pa-

tients in the study cohorts. (A) All LQT1 patients; (B) LQT2 patients
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Figure 3 Frequency of MTMR4 SNPs aa genotype among patients according to the predefined phenotype characterization of LQTS pa-
tients in the study cohorts. (A) Italian LQT1 cohort; (B) Swedish LQT1 cohort

Arrhythmogenic substrate

The above findings suggested that the aa genotype of MTMR4
variants might be associated with either a decrease or an in-
crease in cardiac electrical instability, depending on the primary
genetic defect. In the LQT1 subset, there was no significant dif-
ference between aa carriers (n = 26) and those with no (AA) or
just one minor allele (Aa) of either MTMR4 variant (n =83) in
QTc (453+38ms vs 457+33 ms) and Tpeak-Tend (89 +
21 msvs 86 + 15 ms) (Figure 4A). However, a significantly lower
TWH was measured among the aa patients (n=27) compared to
those with the AA and Aa genotypes (47 +£35uV vs 83+
59 uV, P=.001) (Figure 4B), with the mean value in normal

controls being 35 + 23 uV.?2 This lower TWH fits with the
lower risk among the aa LQT1 patients. Interestingly,
the only symptomatic LQT1 patient with the protective allele
in homozygosis exhibited the highest TWH level. Similarly,
in the LQT2 subset, there was no significant difference
in QTc within the MTMR4 genotypes (462 +41 ms vs 451 +
38 ms). However, the ECG analysis revealed a different
picture compared to the LQT1 group: the Tpeak-Tend was
significantly prolonged in aa (n=31) vs AA+Aa (h=76)
(113+£33 ms vs 91+23 ms, P=.0002), representing in-
creased arrhythmogenicity (Figure 4C), while the TWH was
not significantly different by MTMR4 genotype groups
(Figure 4D).
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Figure 4 Dot plots showing the distribution of Tpeak-Tend and TWH values according to MTMR4 SNPs genotype (AA + Aa vs aa). (A)
Individual Tpeak-Tend values in the Italian LQT1 sample (data missing for one patient in the aa genotype group). (B) Individual TWH
values in LQT1 patients. Dashed line represents the average TWH recorded in normal controls?? and the dotted line corresponds to
2 SD above this mean value. The number of subjects with TWH exceeding the limit of +2 SD over the mean for normality was signifi-
cantly smaller in the aa group compared to the pooled AA + Aa group (3/27, 11% vs 35/83, 42%, P = .003). (C) Individual Tpeak-Tend
values in the LQT2 sample. (D) Individual TWH values in LQT2 patients. (E) Individual TWH values in the small subset of LQT2 patient
carriers of trafficking defective variants. GLB stands for global lead, i.e. the 12-lead vector magnitude. In all panels, the box-and-whisker
plots depict median and interquartile range (IQR 25th —75th percentile); whiskers correspond to 1.5xIQR

When we analysed the subgroup of 33 LQT2 patients known
to carry a trafficking defect variant, the mean value of TWH was
significantly higher among the aa vs AA+Aa (217 £ 125 puV vs
121+ 59 uV, P =.007) (Figure 4E). In the Discussion, we will pre-
sent our mechanistic hypothesis that is consistent with this
finding.

Polygenic risk score in the MTMR4 study
sample

The possibility that the gene-specific opposite impact of MTMR4
variants on clinical outcome could be somehow confounded by a
more complex genetic architecture was considered. In a subset
of 468 LQTS patients of the Italian cohort (280 LQT1, 188
LQT2), a QT-PRS was created based on the genotyping of 68
common variants known to be associated with the QT interval
in the general population,?° and possibly to modulate the ar-
rhythmic risk in both drug-induced QT prolongation?® and in
LQTS.2* QT-PRS showed a weak positive correlation with QTc
(Spearman’s rho 0.116, P =.053, in LQT1; rho 0.21, P=.004 in
LQT2). As a whole, QT-PRS was neither significantly different
according to the LQTS genotype (P =.25) nor between symp-
tomatic and asymptomatic individuals (P =.52), although, as
expected, QTc was significantly longer among LQT2 patients
(P <.0001) and among patients with a history of arrhythmic
events (P <.0001). When we focused on the small nhumber of

homozygous carriers of MTMR4 minor allele with a different
risk of severe events according to LQTS genotype (0/38 LQT1
vs 4/20 LQT2, P=.01), the difference in QT-PRS between
LQT1 and LQT2 patients was not statistically significant
(Figure 5). This suggests an independent role of the MTMR4 var-
iants in the propensity to arrhythmias.

Discussion

The present study shows that relatively common genetic var-
iants, of which we have identified the molecular mechanism of
action,'! are associated in a gene-specific manner with either
an increased or decreased risk of life-threatening arrhythmias
among LQTS patients. Specifically, the MTMR4 minor allele in
homozygosis is associated with lower arrhythmic risk for
LQT1 and higher arrhythmic risk for LQT2 patients (Structured
Graphical Abstract).

This finding has major clinical and conceptual implications.
The presence, in homozygosis, of the minor allele should
alert the cardiologists managing LQT1 and LQT2 patients
to implement either a less or a more aggressive management
strategy, according to precision medicine.?®> The present
data also indicate that targeting ion channel degradation
might become a novel strategy for arrhythmia prevention
in LQTS.
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Figure 5 Distribution of QT polygenic risk score (PRS) values in the small subset of 38 LQT1 and 20 LQT2 homozygous carriers of the
MTMR4 minor allele for whom the PRS was available. Circles and error bars represent mean and SD

A mechanistic hypothesis

The differences observed between LQT1 and LQT2 patients
could be explained by the relative weight of Ixs and Ik, in cardiac
repolarization under basal conditions.?%2” In our cell modelling
study, we had shown that the presence of the minor allele of
MTMR4 resulted in an increase in Ik, current in the asymptomat-
ic LQT1 subject compared to the symptomatic one,*! due to
both reduced degradation and increased turnover at the plasma
membrane level of hERG, thus conferring antiarrhythmic pro-
tection by increasing repolarization reserve.?® In the case of
LQT2 patients, we hypothesize that a similar compensatory
mechanism intervenes at the level of the Kv7.1 channel, but
since the lxs current provides a limited contribution to arrhyth-
mic susceptibility compared to that of Ik, this results in insuffi-
cient protection for the patient.

Furthermore, since the majority of LQT2 variants exert their
pathogenic role through trafficking defects of Kv11.1 chan-
nels,?? a reduction in the ubiquitination-dependent degradation
rate of mutant Kv11.1 via NEDD4L would increase the chances
of incorporating mutant Kv11.1 sub-units into the heterotetra-
mers, thus enhancing the potential dominant negative effects of
some Kv11.1 trafficking-deficient variants, ultimately leading to
a further reduction of Ik, and increasing the risk of arrhythmias.
This concept has recently provided a mechanistic explanation
for the worse outcome of LQT2 carriers of KCNH2 missense var-
iants.%%31 The fact that LQT2 patients with trafficking defects
presented high TWH values represents evidence in support of
our hypothesis.

Rationale for analysis

We made two choices important for our data analysis. The first
was to focus on the potential effect of the minor allele in homo-
zygosis. We hypothesized that to counteract significant arrhyth-
mogenic cardiac electrical instability, it would have been
necessary to have a ‘double dose’ of the ‘protective’ allele (aa).
The second was to accept the experience-based clinical

knowledge that not all arrhythmic episodes have the same im-
portance in LQTS and that one or two syncopal episodes off
therapy, followed by the complete lack of symptoms once on
B-blocker therapy have very different implications compared
to either syncope despite therapy or cardiac arrest and could
thus be analysed together with the absence of symptoms
(mild/asymptomatic).

Cardiac electrical instability

TWH is a measure of interlead non-uniformity of repolarization.
This index of susceptibility to life-threatening arrhythmias has
been studied in numerous experimental conditions of myocar-
dial ischaemia and sympathetic stimulation, demonstrating a
link between elevated heterogeneity and susceptibility to malig-
nant ventricular arrhythmias.'® TWH stratified sudden cardiac
death risk in almost 6000 patients with a broad spectrum of clin-
ical conditions.®? The main distinction between TWH and QTcis
that the former method examines the spatiotemporal relation-
ship among adjoining leads. By comparison, QTc is determined
as the longest value in a single lead such as Vs. In a head-to-head
comparison of repolarization indices in >5600 Finnish subjects,
TWH was found to be superior to QTc in estimating sudden car-
diac death risk.>>32 Tpeak-Tend has also been recognized as a
marker of susceptibility to life-threatening events.>>** Its pro-
longation, reflecting increased transmural dispersion of repolar-
ization, has proven to be useful in identifying patients at risk for
sudden cardiac death in different settings even when QTc was
not discriminating.3>%¢

In the selected sample of our Italian LQT1 cohort, the homo-
zygous carriers of the MTMR4 variants’ minor allele had signifi-
cantly lower values of TWH, whereas Tpeak-Tend was similar
across different MTMR4 genotypes. Vice versa, Tpeak-Tend
was markedly prolonged among LQT2 patients who were homo-
zygous carriers of the minor allele, but the TWH values in the
overall LQT2 cohort did not show variations among the different
MTMR4 genotypes. However, as already mentioned, in those



Opposite gene-specific impact of MTMR4 variants on arrhythmic risk in LQT1 and LQT2 9

LQT2 carriers of variants causing trafficking defects, the TWH
was significantly higher in the aa group. Overall, these data sup-
port our mechanistic hypothesis and may explain why the risk of
events in the presence of the aa genotype decreases in LQT1
patients while it increases in LQT2 patients, especially those
with variants causing trafficking defects.

The minor allele and severe
arrhythmias in LQT1

In the combined cohort of LQT1 patients, the percentage of car-
riers of the MTMR4 aa genotype was significantly lower among
those with a severe phenotype compared to those belonging to
the ‘mild/asymptomatic’ group. The subgroup analysis of the
Swedish cohort showed the same trend which, however, did
not achieve statistical significance. This could be explained by
both insufficient numerosity compared to variant effect size
and especially by the fact that the SWE-p.Y111C-LQT1 cohort
is a founder population*?*® whose genetic background likely di-
verges from that of a more mixed population.®”*® Indeed, the
QTc of the 20 KCNQ1-p.Y111C present in the Italian LQT1 co-
hort is 464 + 28 ms, quite different from that of the Swedish co-
hort (483 + 35 ms, P <.05) but perfectly in line with that of the
entire Italian LQT1 cohort (466 + 35 ms). Among the Swedish
patients, a founder-specific genetic background, enriched in
additional modifier variants, may drive clinical severity and
mask the protective role of the MTMR4 minor allele.
Conversely, in the Italian LQT1 cohort, where milder pheno-
types predominate, the influence of MTMR4 minor allele
emerges clearly and is consistently associated with a less severe
clinical phenotype. We suggest that the unique genetic back-
ground of the SWE-p.Y111C-LQT1 founder population might
act as a confounder to the modifying effects of the MTMR4 vari-
ant.®”® The findings in the large Italian LQT1 cohort show that
the impact of the MTMR4 variant is not affected by the different
disease-causing KCNQ1 variants and that, therefore, it can be
generalized.

Limitations

The patient population did not undergo whole exome or whole
genome sequencing. Thus, we cannot exclude the possibility
that unknown and masked synergistic effects between the
MTMR4 variants and other genes/variants might exist and play
a role. However, the analysis of QT-PRS strengthens the direct
association between MTMR4 variants and arrhythmogenicity.
The analyses of TWH, Tpeak-Tend, and LQT2 variants causing
trafficking defects were performed on a limited subset of pa-
tients. While the present study focused on the main clinical as-
pects, we are aware that the validation of the mechanistic
hypothesis proposed to interpret them requires additional evi-
dence to determine the reasons underlying the observed diver-
gent response in LQT1 and LQT2 patients. While our
assumption that lx, was higher in LQT1 carriers of the aa
MTMR4 variants had already been proven,!! the evidence that
the same aa genotype causes a severe impairment of the I, cur-
rent in LQT2 patients, especially those with a trafficking defect,
still needs to be experimentally validated and addressed in future
in vitro studies. The study results were not adjusted for potential
confounders, whose role, albeit unlikely, cannot be excluded.

Clinical implications and conclusions

The present study shows an unexpected and opposite impact on
arrhythmic risk, lower for LQT1 and higher for LQT2 patients,
associated with the MTMR4 minor allele in homozygosis. The
validity of this finding is supported by the large number of pa-
tients involved. The MTMR4 and NEDDA4L interaction offers
new insights into the mechanisms of action of modifier genes
and their role in arrhythmogenic disorders of genetic origin.!

The present results prove, perhaps as never before, the im-
portance of genetic screening for a state-of-the-art manage-
ment of LQTS.3’39 Besides searching for variants of LQTS
disease-causing genes, it is becoming necessary to screen also
for the identified and validated modifier genes.! These data
have already impacted our own clinical management. Indeed,
when we genotype our LQTS patients, our laboratory is now
routinely providing us also with the information about the
MTMR4 genotypes. If we learn that an LQT2 patient carries
the minor allele in homozygosis, we consider the patient at a
somewhat higher risk—obviously in the context of all other clin-
ical information—and make sure, for example, that the 3-blocker
dose is the highest tolerated.

Cardiologists will have to be careful in assessing the relevance
of these modifiers because their impact might be opposite in pa-
tients with the disease-causing variant located on different
genes, such as those we have shown for LQT1 and LQT2. This
novel concept should force all those dealing with LQTS patients
to get acquainted with the strengths and weaknesses of ‘preci-
sion medicine,?® as the presence of specific variants might im-
pact risk stratification and dictate a more or less aggressive
therapeutic strategy. Finally, the development of a drug mimick-
ing the actions of these MTMR4 SNPs might raise useful options
for LQT1 patients.
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MTMR4 variants have opposite gene-specific impact on life-
threatening arrhythmic risk in type 1 and 2 long QT syndrome

SUPPLEMENTAL MATERIAL

Supplemental Table 1. Main details of KCNQ1 and KCNH2 variants identified in the Italian

cohort



Number

Nucleotide Amino Number of of
Gene Location | Exon han acid biect Number Of MTMR4
change change SURJECES | symptomatic aa
genotype
KCNQ1 N-term 1 64G>C G22R 2 0 0
KCNQ1 N-term 1 102C>A C34X 3 0 0
KCNQ1 N-term 1 136G>A A46T 3 0 0
KCNQ1 1 150_151insT | Y51Lfs*234 2 0 0
KCNQ1 N-term 1 172G>C A58P 6 0 2
KCNQ1 N-term 1 181C>A P61T 5 0 0
KCNQ1 N-term 1 319C>T Q107X 2 0 0
KCNQ1 N-term 1 329T>C V110A 2 0 0
KCNQ1 N-term 1 332A>G Y111C 20 2 3
*
KCNQ1 1 364dupT C122|§fs 16 5 0 0
KCNQ1 Intron 386+1G>A IVS1+1G> 1 0 0
1 A
KCNQ1 S1 2 409C>T L137F 6 0 0
KCNQ1 Extracell. 0 0
$1-S2 2 436G>A E146K 1
KCNQ1 S2 2 444T>G Y148X 5 0 0
KCNQ1 Intron A7741GoA IVS2+1G> 1 0 1
2 A
KCNQ1 Intron A7745G>A IVS2+5G> 3 1 0
2 A
KCNQ1 Cytopl. 0 0
$2-53 3 513 C>A Y171X 8
KCNQ1L 513 514insG 0 1
3 TGGTCCGC | G179Sfs*62 2
CT
KCNQ1 Cytopl. 0 0
5253 3 514G>A V172M 3
KCNQ1 Cytopl. 0 0
$2-53 3 520C>T R174C 4
KCNQ1 Cytopl. 0 0
$2-53 3 521G>A R174H 7
KENQ1 Cytopl. 3 532G>A A178T 1 0 0

S2-S3




KCNQ1 Cytopl.

$2-53 3 535G>A G179S 10
KCNQ1 Cytopl. *

$2-53 3 551dupA Y184 5
KCNQ1 Cytopl.

$2-93 3 565G>A G189R 3
KCNQ1 Cytopl.

$2-53 3 568C>T R190W 74
KCNQ1 Cytopl.

$2-93 3 569G>A R190Q 13
KCNQ1 S3 3 604G>C D202H 1
KCNQ1 S3 3 604G>A D202N 2
KENQL '”t:;o” 604+1G>T | IVS3+1G>T 2
KCNQ1 S3 4 612C>G 1204M 8
KCNQ1 S3 4 626C>T S209F 2
KCNQ1 S3 4 642C>A C214X 7
KCNQ1 Extracell.

$3.54 4 658C>T Q220X 1
KCNQ1 4 663_6_?4|nsG F220\V/fs*16 9
KCNQ1 Extracell.

$3-54 4 671C>T T224M 2
KCNQ1 Intron 68345G>A IVS4+5G> 1

4 A

KCNQ1 S4 5 691C>T R231C 24
KCNQ1 S4 5 T24G>A D242N 2
KCNQ1 S4 5 728G>A R243H 2
KCNQ1 Cytopl.

S4-S5 5 752T>C L251P 3
KCNQ1 Cytopl.

S4-S5 5 760G>A V254M 9
KCNQ1 Cytopl.

S4-S5 5 760G>C V254L 4
KCNQ1 Cytopl.

S4-S5 5 775C>T R259C 9
KCNQL INWON | 76190A5G | IVS5-2A5G 9




KCNQL '”tgon 781-1G>A | IVS5-1G>A 6 0
KCNQL S5 6 785T>C L262P 1 0
KCNQL S5 6 805G>C G269R 1 0
KCNQL S5 6 805G>A G2695 1 0
KCNQL 5 | 807_810elC | F270Wfs*L ) 0
TTC 8
KCNQL S5 6 821T>A 1274N 1 0
KCNQL S5 .| e2aeaedem | X 0
cT
KCNQL S5 . | 85e2rdelC | ) 0
TC
KCNQL S5 6 830C>T S277L 3 0
KCNQL S5 6 839T>A \V/280E 5 1
KCNQL S5 6 842A5G Y281C 3 0
KCNQL Extracell. | 877C>T R293C . 0
S5-pore
KCNQ1 pore 6 899C>A A300E 3 0
KCNQL pore 6 904G>A A302T 2 0
KCNQL pore 6 905C>T A302V 2 0
KCNQL pore 6 914G>C W3055 16 1
KCNQL pore 6 915G>A W305X 10 0
KCNQL Intéon 2L 1GoC |vseglc;> Z 0
KCNQL pore 7 932C>T 3111 2 1
KCNQL pore 7 940G>A G314S 6 4
KCNQL pore 7 943T>A Y315N 2 2
KENQ1 E;;::fseg' 7 965C>T T322M 4 2
KCNQL ; S67delT WSZSOGfs*S . 0
KCNQL E;;:Z?gg' 7 973G>A G325R 7 2
KCNQL S6 ; 1015#2:17de| 00l . 0
KCNQL S6 7 1022C>T A34LV 27 16




KCNQL S6 7 1028C>G P343R 2 1
KCNQL S6 7 1031C>T A48V 9 3
KCNQL S6 7 1032G>A A344A 17 10
KCNQ1 deletion 1 0
exon 7
KCNQL S6 8 1033G>C G345R 15 6
KCNQL S6 8 1039C>T L347F 3 0
KCNQ1 C-term 8 1048G>C G350R 2 0
KCNQL g | 1050_105lins | F351Sfs*1l ) 0
G 2
KCNQ1 C-term 8 1066C>T Q356X 1 0
KCNQL C-term 8 1075C>T Q359X 4 0
KCNQL C-term s | 1075 108606 Q35€;;PI(362 I 0
KCNQL C-term 8 1092C>G F364L 2 0
KCNQL C-term 8 1096C>T R366W 10 1
KCNQ1 C-term 8 1097G>A R366Q 5 0
KCNQL C-term 8 1101G>T Q367H 4 0
KCNQL C-term 8 1115C>A A372D 3 1
KCNQL C-term 9 1138A>G R380G 4 0
KCNQL '”gon 1252-1G>A | IVS9-1G>A 4 .
KCNQL Lo | 1265_1266ins | Ka422Nfs™a , 0
C 1
KCNQL 10 12650elA | K4225fs*10 5 0
KCNQL 0 1201406 V43126fs*3 . 0
KCNQL 10 1343dupC | E449Rfs*14 2 0
KCNQL C-term 10 1351C>T RA5IW 2 0
KCNQL 'n;r(;m 1394-2A5G ';/AS jg 5 !
KCNQL L | e _Cl_;l:SSdeI | JSBATALS 5 0
KCNQL L, | 15131514del | QS05Afs*L . 0
CA 0
KCNQL C-term 12 1541T>C I514T 15 1




KCNQ1

Intron

12 1590+1G>A | 1590+1G>A 3
KCNQ1 C-term 13 1615G>T R539W 1
KCNQ1 C-term 13 1637C>T S546L 6
KCNQ1 C-term 13 1661T>C V554A 10
KCNQ1 C-term 13 1663C>T R555C 3
KCNQ1 C-term 13 1664G>A R555H 3
KCNQ1 In;r:;)n 1685+1G>A |VSli+1G> 1
KCNQ1 C-term 14 1700T>C 1567T 2
KCNQ1 C-term 14 1709C>T P570L 1
KCNQ1 C-term 14 1717T7>C F573L 13
KCNQ1 14 1725 _1728del | V576Qfs*1 5
CGTC 6

KENQL mgf” 1733-1G>A 'X;it 4
KCNQ1 C-term 15 1748G>A R583H 1
KCNQ1 C-term 15 1756A>G N586D 1
KCNQ1 C-term 15 1760C>T T587M 2
KCNQ1 C-term 15 1768G>A A590T 1
KCNQ1 C-term 15 1771C>T R591C 1
KCNQ1 C-term 15 1772G>T R591L 4
KCNQ1 C-term 15 1772G>A R591H 8
KCNQ1 C-term 15 1780C>T R594X 11
KCNQ1 C-term 15 1781G>A R594Q 6

KCNQ1 deletion
exon 12-13- 1

14-15
KCNQ1 16 1893_1894ins | R632Qfs*2 5
C 0

KCNQ1 deletion 1

exon 16
KCNH2 N-tern 1 65T>A F22Y 4
KCNH2 N-term 2 85T>G F29Vv 1
KCNH2 N-term 2 86T>C F29S 2




KCNH2 106delG V36Wfs*23 3
KCNH2 PAS 128A>G Y43C 3
KCNH2 PAS 148G>T E50* 1
KCNH2 160_170delT

ACTCGCGG | Y54Rfs*87 1

GC

KCNH2 PAS 160T>A Y54N 1
KCNH2 PAS 174G>C E58D 1
KCNH2 PAS 190T>C C64R 1
KCNH2 N-term 211G>T G71W 1
KCNH2 N-term 215C>G P72R 1
KCNH2 N-term 217C>G R73G 1
KCNH2 PAS 232G>C AT8P 3
KCNH2 N-term 235G>T A79S 3
KCNH2 N-term 280G>C Vo4L 2
KCNH2 N-term 299G>C R100P 3
KCNH2 PAC 305A>T D102V 4
KCNH2 N-term 305_?;(_)édupA D102dup 1
KCNH2 324delT L109Wfs*6 12
KCNH2 PAC 337_345delG | V113 V115 5

TGCCCGTG del
KCNH2 N-term 442C>T R148W 5
KCNH2 453delC T152Pfs*13 4
KCNH2 453dupC T152I;fs*17 5
KCNH2 N-term 526C>T R176W 19
KCNH2 606_618del A204Sfs*8 2
KCNH2 6784elG A228Rfs*1 1

32

KCNH2 N-term 778G>C A260P 1
KCNH2 784delG G262Afs*9 5

8




KCNH2 800_801insC
4 GGGCTCCA | A268Gfs*7 1
GCTGCAGC 0
CT
KCNH2 N-term 4 818G>A R273Q 5
KCNH2 4 820_8i1de|G E274KFs*57 )
KCNH2 5 1025_1026ins D342Efs*14 1
A

KCNH2 N-term 5 1096C>T R366* 8
KCNH2 N-term 5 1127A>G Q376R 1
KCNH2 IntEr)on 1129-1G>T i 1
KCNH2 6 1139del T L380Rfs*54 16
KCNH2 N-term 6 1194G>A W398X 1
KCNH2 S1 6 1229G>A W410* 2
KCNH2 S1 6 1235G>A W412* 2
KCNH2 6 1283delC S428Wfs*6 8
KCNH2 Extracell. .

S1-S2 6 1283C>A S428 1
KCNH2 6 1340dupA Y447 1
KCNH2 Cytopl.

5253 6 1445T>C V482A 2
KCNH2 Cytopl.

$2-53 6 1468G>C A490P 5
KCNH2 Cytopl.

$2-53 6 1468G>A A490T 3
KCNH2 1478_1480du

6 bACT Y493dup 1

KCNH2 Cytopl.

$2-53 6 1478A>G Y493C 1
KCNH2 S3 6 1490G>T WA497L 4
KCNH2 S4 7 1564 _1581du | G522_A527 1

p dup

KCNH2 S4 7 1582C>T R528W 3
KCNH2 sS4 7 1600C>T R534C 1
KCNH2 S4 7 1603G>A V535M 1




KCNH2 Pore 1681G>A A561T 1
KCNH2 Pore 1682C>T A561V 5
KCNH2 Pore 1700T>C 1567T 1
KCNH2 Pore 1704G>T W568C 2
KCNH2 Extracell. 1742C>G S581X 1
S5-pore
KCNH2 Extracell. L747A5G 1583V 8
S5-pore
KCNH2 Extracell. 1756C>A L586M 1
S5-pore
KCNH2 Extracell. 1766T>C L589P 1
S5-pore
KCNH2 Extracell. 1810G>A G604S 4
S5-pore
KCNH2 Extracell. 1824G>C K608N 1
S5-pore
KCNH2 Pore 1835T>C V612A 4
KCNH2 Pore 1840G>A AG14T 2
KCNH2 Pore 1841C>T A614V 2
KCNH2 Pore 1849T>C F617L 3
KCNH2 Pore 1876G>C G626R 1
KCNH2 Pore 1877G>C G626A 1
KCNH2 Pore 1882G>C G628R 1
KCNH2 Pore 1882G>A G628S 1
KCNH2 Pore 1886A>G N629S 1
KCNH2 Pore 1894C>G P632A 2
KCNH2 Extracell. 1898A5G N633S )
Pore-S6
KCNH2 Extracell. 1901C>T Te341 3
Pore-S6
KCNH2 Extracell.
Pore-S6 1912_1914del
AAG K638del 10
KCNH2 Extracell. 1913A5G K638R ’
Pore-S6
KCNH2 S6 1930G>T V644F 3




KCNH2

Intron

7 1945+6T>C - 1
KCNH2 Int7r0n 1946-1G>A i 3
KCNH2 C-term 8 1979C>T S660L 4
KCNH2 C-term 8 2042G>C R681P 1
KCNH2 8 2077delC L693Cfs*21 3
KCNH2 C-term 9 2201G>A R734H 3
KCNH2 cNBD 9 2230C>T R744* 23
KCNH2 9 2236delG AT746Pfs*11 5
KCNH2 cNBD 9 2254C>T R752W 4
KCNH2 9 2299delG D767Tfs*43 2
KCNH2 cNBD 9 2327T>C L776P 4
KCNH2 cNBD 9 2336T>C L779P 1
KCNH2 cNBD 9 2371C>T R791W 1
KCNH2 9 2393dupT L799Pfs*5 1
KCNH2 '”gon 2399-28A>G - 1
KCNH2 IEJZZ 2400-3480del . 3
KCNH2 cNBD 10 2406dupT D803* 1
KCNH2 cNBD 10 24147>C F805S 5
KCNH2 cNBD 10 2416G>C G806R 2
KCNH2 cNBD 10 2453C>T S818L 2
KCNH2 cNBD 10 2467C>T R823W 5
KCNH2 cNBD 10 2513T>G L838R 1
KCNH2 cNBD 10 2521G>C V841L 2
KCNH2 C-term 10 2581A>C N861H 4
KCNH2 C-term 10 2585T>C L862P 2
KCNH2 C-term 10 2587C>T R863* 6
KCNH2 C-term 10 2588G>C R863P 2
KCNH2 11 2616delC G873Afs*5 2
KCNH2 1 2616dupC G873Rfs*4 1

7




KCNH2 2616_2625del
11 | insGGGATC | T875Rfs*44 12
cc
KCNH2 12 2758dupC__ | R920Pfs*19 1
KCNH2 » 2775_2776|ns S ,
KCNH2 12 2775delG | P926Rfs*48 2
KCNH2 C-term 12 2780G>A W927* 6
KCNH2 C-term 12 2032G>T E978* 3
KCNH2 2959 2960del | L987VIs*13
12 - 1
cT 1
*
KCNH2 3 sosoqelr | RAOLDES .
43
KCNH2 C-term 13 3040C>T R1014* 7
*
KCNH?2 13 | 3088 3097del PlOSZGfS 2 6
KCNH2 3093_3117del
TCGGCGGC .
13 | CCCGGGGC Rlo‘??Afs 2
GACGTGGA
G
KCNH2 15 | 3096_3087ins | R1033Vis* .
GTCGG 26
KCNH2 3093_3106del .
13 | TCGGCGGC Plog‘z')efs 8 2
CCCGGG
*
KCNH2 3 sosodelc | RA03CFs )
21
*
KCNH2 5 s103delc | RL035GTS 5
22
KCNH2 13 3103dupC | R1035fs*84 2
*
KCNH2 3 s107dupG | DIO3TRES )
82
KCNH2 C-term 13 3133C>T L1045F 1
KCNH2 C-term 13 3139C>T R1047C 3
KCNH2 C-term 14 3251C>T P1084L 10
KCNH2 14| 3254 3255del | G1085Afs* I’
GG 33
KCNH2 C-term 15 3347C>T A1116V 13




KCNH2 Exon
11 | 1558-2602del
KCNH2 All

gene
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