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Aims In long QT syndrome (LQTS) patients, modifier genes modulate the arrhythmic risk associated with a disease-
causing mutation. Their recognition can improve risk stratification and clinical management, but their discovery rep-
resents a challenge. We tested whether a cellular-driven approach could help to identify new modifier genes and
especially their mechanism of action.

....................................................................................................................................................................................................
Methods
and results

We generated human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) from two patients carrying
the same KCNQ1-Y111C mutation, but presenting opposite clinical phenotypes. We showed that the phenotype of
the iPSC-CMs derived from the symptomatic patient is due to impaired trafficking and increased degradation of the
mutant KCNQ1 and wild-type human ether-a-go-go-related gene. In the iPSC-CMs of the asymptomatic (AS) pa-
tient, the activity of an E3 ubiquitin-protein ligase (Nedd4L) involved in channel protein degradation was reduced
and resulted in a decreased arrhythmogenic substrate. Two single-nucleotide variants (SNVs) on the Myotubularin-
related protein 4 (MTMR4) gene, an interactor of Nedd4L, were identified by whole-exome sequencing as potential
contributors to decreased Nedd4L activity. Correction of these SNVs by CRISPR/Cas9 unmasked the LQTS pheno-
type in AS cells. Importantly, the same MTMR4 variants were present in 77% of AS Y111C mutation carriers of a
separate cohort. Thus, genetically mediated interference with Nedd4L activation seems associated with protective
effects.
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Conclusion Our finding represents the first demonstration of the cellular mechanism of action of a protective modifier gene in
LQTS. It provides new clues for advanced risk stratification and paves the way for the design of new therapies tar-
geting this specific molecular pathway.
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1. Introduction

One of the most puzzling questions in arrhythmic disorders of genetic
origin concerns why the clinical manifestations in two siblings carrying
the same disease-causing mutations may vary from benign to highly ma-
lignant. Genetic variants acting as ‘modifier genes’ are the commonly ac-
cepted explanation.1 The congenital long QT syndrome (LQTS) is
caused by mutations of the genes encoding ion channels or excitation-
contraction coupling proteins,2 has a prevalence of 1 in 2000,3 is associ-
ated with life-threatening arrhythmias,4 shows a good genotype–pheno-
type correlation,5 and is regarded as a paradigm for sudden cardiac
death.6

LQT1, the most common type of LQTS, is caused by loss-of-function
mutations on the KCNQ1 gene encoding for the repolarizing current
IKs.

2,5 As IKs mutations impair QT shortening during heart rate increase,
most arrhythmic events among LQT1 patients are triggered by sympa-
thetic activation during exercise and emotions.5

Here, we performed cellular electrophysiology in patient-specific in-
duced pluripotent stem cell (iPSC)-derived cardiomyocytes (iPSC-
CMs)7,8 and whole-exome sequencing to identify potential mechanisms
by which modifier genes may exert their action in LQTS. We focused on
the common mutation KCNQ1-Y111C (henceforth, Y111C) character-
ized by a generally benign phenotype.9,10 Y111C is associated with chan-
nel trafficking defects11 and accelerated degradation by the
proteasome.12 By studying a family whose members carry the same
Y111C mutation but have distinct clinical severity of LQTS, we discov-
ered two protective single-nucleotide variants (SNVs) on the same gene
present in the asymptomatic (AS) Y111C carriers and unravelled their
mechanism of action.

2. Methods

An expanded method section is available in the Supplementary material
online, Appendix.

2.1 Generation of human iPSCs and
iPSC-CMs
The study was approved by the ethics committee of the Fondazione
IRCCS Policlinico San Matteo (Pavia, Italy). The study conformed to the
principles outlined in the Declaration of Helsinki and informed written
consent was given prior to the inclusion of subjects in the study. Human
dermal fibroblasts were isolated from skin biopsies and reprogrammed
to iPSCs by using an established protocol.13 These and control (CTR)
iPSC lines were then differentiated into iPSC-CMs with a standard
protocol.14

2.2 Electrophysiology
Extracellular field potentials (FPs) were recorded in spontaneously beat-
ing embryoid bodies (EBs) by Multi-Electrode Arrays (MEA). QT

intervals normalized to the intrinsic beating rate (Bazett’s correction)
were used as a surrogate of the QTc. Action potentials (APs) were
recorded by whole-cell patch-clamp in isolated iPSC-CMs paced at 0.5,
1, 2, and 3.33 Hz during Tyrode’s superfusion. AP parameters were mea-
sured from the same cell in the absence (‘native’) and in the presence of
injected IK1 (by dynamic clamp). Under native conditions, iPSC-CMs had
partially depolarized diastolic potentials (Ediast -49.5± 3.4 mV at 0.5 Hz),
a likely consequence of low IK1 expression in immature isolated cardio-
myocytes.15 To overcome this problem, numerically modelled IK1 (see
Supplementary material online, Appendix) was injected in iPSC-CMs by
dynamic clamp,16 which was customized as previously reported.17 IKs

and IKr were isolated in voltage-clamped iPSC-CMs as HMR1556- and
E4031-sensitive currents, respectively. All measurements were per-
formed at physiological temperature (36.5�C) (see Supplementary mate-
rial online, Appendix).

2.3 Protein interaction
Nedd4-like, E3 ubiquitin-protein ligase (Nedd4L)-KCNQ1 and Nedd4L-
Myotubularin-related protein 4 (MTMR4) protein interactions were in-
vestigated in a 293T-based heterologous system (see Supplementary
material online, Appendix). Whole-exome sequencing was performed us-
ing Illumina HiSeq with the SeqCap EZ Human Exome Library v3.0 (see
Supplementary material online, Appendix).18

2.4 Statistical analysis
All the results are expressed as mean ± Standard Error of the Mean
(SEM). Statistical comparisons were performed using Student’s t-test
for paired observations. One-way or two-ways analysis of variance
(ANOVA) were performed when multiple independent groups
were compared. Post hoc comparison between individual means was
performed by Tukey’s method and P-values have been corrected for
multiple testings. A P-value of <0.05 was considered statistically
significant.

3. Results

3.1 Characterization of patients, iPSCs,
and iPSC-CMs
The two subjects studied are father and son and their family pedigree is
shown in Figure 1A. The father, our AS carrier, has never experienced
symptoms despite no treatment; his son, our symptomatic (S) proband,
is a 16-year-old boy who experienced a prolonged syncope with sphinc-
ter release during combined emotional and physical stress at age 9 and
became AS on b-blocker therapy (propranolol 2.5 mg/kg). His 12-lead
electrocardiogram recorded before initiation of propranolol showed a
consistently prolonged corrected QT interval (QTc) (often >550 ms),
whereas the AS father had borderline values (Figure 1B). The mutation
screening showed that the heterozygous LQTS mutation consisted in a
single base exchange (332A!G) in the KCNQ1 gene, resulting in the
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Y111C missense mutation previously shown to be associated with
LQT1 (Figure 1C).11,12 Compound heterozygosity and/or double muta-
tions in the S proband were excluded since no additional mutations in all
known LQTS genes were detected.

Fibroblasts of the S and AS mutation carrier and a CTR cell line
were successfully transformed into iPSC clones able to maintain plu-
ripotent features and to differentiate into beating EBs (Supplementary
material online, Appendix and Figure S1). The iPSC-CMs stained posi-
tive for several cardiac-specific myofilament proteins (Figure 1D) and
were able to beat spontaneously. To assess the electrophysiological
phenotype of Y111C-mutated iPSC-CMs, we first measured the elec-
trical activity (FP) of spontaneously beating EBs by MEA. The mean
QT interval was longer in the S-iPSC-CMs compared with both AS
and CTR iPSC-CMs, while the mean RR interval was similar among all
groups (Figure 1E). Patch-clamp data showed that, under dynamic
clamp condition, the AP duration (APD) measured at 50% (APD50)
and 90% of the repolarization phase (APD90) on single iPSC-CMs was
longer in S-iPSC-CMs compared with AS- and CTR-iPSC-CMs at all
pacing rates (Figure 1F). Albeit with larger variability, cells studied un-
der native conditions showed a qualitatively similar pattern
(Supplementary material online, Figure S2).

3.2 Expression of KCNQ1
We then explored differences between AS- and S-iPSC-CMs in terms of
KCNQ1 levels and/or distribution inside the iPSC-CMs. First, we quanti-
fied mRNA levels of KCNQ1 without finding any difference among
CTR-, AS-, and S-iPSC-CMs (Figure 2A). In contrast, the KCNQ1 protein
level was lower in S-iPSC-CMs compared with both CTR- and AS-iPSC-
CMs (Figure 2B). Moreover, immunocytochemistry showed reduced ex-
pression of KCNQ1 on the cell membrane of S-iPSC-CMs compared
with AS- and CTR-iPSC-CMs (Figure 2C). To better discriminate differen-
ces in cellular localization of KCNQ1 between S and AS subjects, we
transfected the iPSC-CMs with a plasmid over-expressing wild-type
(WT) or mutant KCNQ1 proteins fused with a VSV tag located on the
extracellular N-terminal domain.11 VSV-positive staining of WT KCNQ1
was present in S-, AS-, and CTR-iPSC-CMs but the signal intensity was
lower in S-iPSC-CMs compared with AS- and CTR-iPSC-CMs
(Figure 3A). Conversely, the mutant fusion protein was undetectable on
the membrane of both S- and CTR-iPSC-CMs while it was present in
AS-iPSC-CMs (Figure 3A).

The absence of channel surface expression is commonly associated
with increased retention of misfolded channels in the endoplasmic re-
ticulum (ER), followed by proteasome degradation through ubiquiti-
nation.19 To verify if this could be reproducible also in our model,
cells were co-transfected with WT or mutant VSV fusion proteins
tagged with green fluorescent protein (GFP) and with a pDsRed2-ER
plasmid enabling red fluorescent labelling of the ER. After co-
transfection with WT protein, exogenous KCNQ1 was detected at
the membrane level in both CTR- and AS-iPSC-CMs, while part of the
WT channels in S-iPSC-CM was sequestered at the ER level, suggest-
ing the presence of an intrinsic trafficking defect in the S patient affect-
ing also the transport of exogenous KCNQ1 (Figure 3B). Vice-versa,
the mutant KCNQ1 protein was retained at the ER level in both CTR-
and S-iPSC-CMs, while it was partly present at the membrane level in
the AS-iPSC-CMs (Figure 3B).

To summarize, the Y111C mutation was associated with increased
protein turnover and failure of trafficking of mutant KCNQ1 to the mem-
brane in S-iPSC-CMs and CTR-iPSC-CMs, while in the AS-iPSC-CMs re-
sidual, although limited, trafficking of mutant KCNQ1 was observed. The

presence of endogenous mutant KCNQ1 impaired also the trafficking of
exogenous WT KCNQ1 protein exclusively in S-iPSC-CMs but not in
the AS-iPSC-CMs. Taken together, these observations suggest the pres-
ence of a compensatory mechanism in the AS-iPSC-CMs that may cor-
rect, at least partially, the trafficking defect associated with KCNQ1.

3.3 Functional studies
Next, we verified whether the molecular pattern observed led to
functional differences by measuring IKs. Endogenous IKs was weak but
detectable in CTR-iPSC-CMs, while it was almost undetectable in
both S- and AS-iPSC-CMs (Figure 4A). To test the role of trafficking
defects in mutant iPSC-CMs, IKs was measured also after transfection
with WT or Y111C VSV-KCNE1-Q1-GFP fusion constructs.
Surprisingly, transfection with the WT construct increased IKs density
in AS-iPSC-CMs more than in CTR-iPSC-CMs, while a very limited in-
crease was recorded in S-iPSC-CMs (Figure 4B and C). In contrast,
transfection with the Y111C construct failed to restore (or to in-
crease above the endogenous level) IKs in iPSC-CMs from all subjects.
This indicates that, while the mutant channel was dysfunctional in all
cells, trafficking of the WT channel was depressed in S-iPSC-CMs but
even enhanced in AS-iPSC-CMs. Thus, in the heterozygous condition,
AS patients might have a higher membrane density of WT KCNQ1
channels as compared with S ones, a factor that may contribute to
their benign clinical phenotype.

An alternate possibility could be that the differences between S-
and AS-iPSC-CMs might also reside in changes in membrane expres-
sion of ion channels other than KCNQ1 and consequently in changes
in other currents contributing to the repolarization reserve.
Accordingly, we determined whether there were differences in en-
dogenous IKr, a repolarizing current functionally interacting with IKs

with a compensatory role. Patch-clamp analysis showed that IKr den-
sity was similar between CTR- and AS-iPSC-CMs, but was significantly
reduced in S-iPSC-CMs (Figure 4D). In addition, MEA demonstrated
that the selective IKr blocker E4031 prolonged the QT interval in
CTR- and AS-beating EBs but not in S-beating EBs (Figure 4E). The
functional demonstration of reduced IKr was matched by the finding
that the human ether-a-go-go-related gene (hERG) protein levels
(Supplementary material online, Figure S3A) and membrane localiza-
tion (Supplementary material online, Figure S3B) were lower in
S-iPSC-CMs compared with CTR- and AS-iPSC-CMs. A lower IKr

density implies a reduced repolarization reserve, which facilitates
the unmasking of the abnormality caused by mutation-induced
IKs deficit.

3.4 Proteasome activity
The demonstration of imbalanced expression of KCNQ1 and hERG in
S-iPSC-CMs prompted us to explore the mechanism of their cellular
turnover. Both KCNQ1 and hERG localization and turnover are physio-
logically regulated by Nedd4L,20,21 which is involved in protein tagging
and ubiquitination, eventually promoting degradation via proteasome.22

Accordingly, we tested if this protein was involved in the cellular
mechanism behind the different phenotypes displayed by the S- and AS-
iPSC-CMs.

First, we verified whether the physiological Nedd4L-mediated
KCNQ1 ubiquitination might be amplified in the presence of the Y111C
mutation. Hence, we studied the interactions of Nedd4L with WT or
Y111C KCNQ1 by immunoprecipitation in a 293T-based heterologous
system. The concomitant over-expression of Nedd4L and WT KCNQ1
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..resulted in a normal degradation of KCNQ1. The presence of the
Y111C mutation further magnified this effect (Figure 5A). We also
detected higher levels of the enzymatically active form of Nedd4L
(dephosphorylated at Ser448) bound to mutant KCNQ1 compared
with WT KCNQ1, confirming that the Y111C mutation stimulates
KCNQ1 degradation through the Nedd4L pathway.

Next, we investigated the correlation between Nedd4L activity and
KCNQ1 in iPSC-CMs. First, we found a significant up-regulation of
Nedd4L at both mRNA and protein levels in S-iPSC-CMs compared
with AS- and CTR-iPSC-CMs (Figure 5B and C and Supplementary mate-
rial online, Figure S4); the level of the inactive (phosphorylated) Nedd4L
form was lower in S-iPSC-CMs (Figure 5C). Consequently, it is logical to
assume that the active Nedd4L form was higher in S-iPSC-CMs com-
pared with the other cells analysed. When matched with the reduced
levels of KCNQ1 and hERG (Figure 5C and Supplementary material

online, Figure S3A), these data suggested that the Y111C mutation trig-
gered Nedd4L-mediated KCNQ1 and hERG degradation. On the other
hand, even in the presence of the same ubiquitination-triggering KCNQ1
mutation, AS-iPSC-CMs failed to display Nedd4L up-regulation and
KCNQ1 or hERG reduction (Figure 5C and Supplementary material on-
line, Figure S3A); this suggests a differential upstream regulation of
Nedd4L activation in AS- vs. S-iPSC-CMs. To confirm that differences in
Nedd4L activation determine the molecular and functional differences
observed in AS- and S-iPSC-CMs, Nedd4L expression was knocked-
down by siRNA. As expected, silencing of Nedd4L in S-iPSC-CMs re-
stored KCNQ1 protein levels (Figure 5C).

Importantly, silencing of Nedd4L restored trafficking of both WT and
Y111C VSV-KCNE1-Q1 in S-iPSC-CMs (Figure 6A); moreover, it in-
creased IKs density in S-iPSC-CMs transfected with WT VSV-KCNE1-
Q1 (Figure 6B). Finally, immunocytochemistry analysis showed that

Figure 1 Generation of patient-specific iPSC-CMs. (A) Pedigree of the family segregating the KCNQ1-Y111C mutation. The asterisks indicate the two sub-
jects enrolled in the study: the symptomatic (S) proband is a 16-year-old boy (II-1) with an episode of syncope with sphincter release during a combined
emotional and physical stress, while the father (I-4) has never experienced symptoms, i.e. he is an asymptomatic carrier (AS). Other two family members,
one uncle (I-5) and one aunt (I-6) of the S proband also carry the same heterozygous mutation, but their QT interval is normal and they have never experi-
enced symptoms. (B) Electrocardiogram tracings. Representative electrocardiograms of the AS individual and of the S patient at age 8 prior to institution of
b-blocker therapy. Rate corrected QT interval (QTc, Bazett’s formula) are indicated at the top of the tracings. (C) DNA sequencing. The analysis shows the
presence of the heterozygous 332 A>G mutation in the KCNQ1 coding region, resulting, at protein level, in the substitution of the tyrosine (Y) in position
111 with a cysteine (C). (D) iPSC-CMs. Cardiac differentiation was demonstrated by expression of alpha-actinin, cardiac troponin-T, and tropomyosin
(green) organized to form cross-striations (insets). Nuclei were stained with Hoechst 33258 (blue). Scale bar = 20 lm. (E) Multi-Electrode array analysis.
Representative field potential recordings (left) of CTR-, AS-, and S-iPSC-CMs. Average values for QT- and RR interval durations recorded in spontaneously
beating EBs from CTR-, AS-, and S-iPSC-CMs (right) (*P < 0.05; n = 10–23). (F) Action potentials. APs recorded with IK1 injection by dynamic clamp in CTR-
, AS-, and S-iPSC-CMs paced at 0.5, 1, 2, and 3.33 Hz (*P < 0.05 vs. S; n = 7–13). One-way ANOVA for unpaired measurements was applied to MEA and
patch-clamp data. Post hoc comparison among individual means was performed with Tukey’s method.
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..silencing of Nedd4L restored the membrane expression of hERG in S-
iPSC-CMs (Figure 6C).

3.5 MTMR4 variants
To discover putative modifier genes able to regulate the activity of
Nedd4L, we performed whole-exome sequencing that led to the
identification of 17 missense discordant SNVs between S and AS
(Supplementary material online, Table S2). Among them, two variants
at the MTMR4 locus potentially had functional relevance for the activ-
ity of Nedd4L. MTMR4 protein is an inositol phosphatase known to
be an interactor of Nedd4L.23,24 The two SNVs identified were
rs2302189 (c.890T>G p. Val297Gly) and rs3744108 (c.508C>G p.
Leu170Val) with minor allele frequency of 0.3848 and 0.3774, respec-
tively. These two SNVs lie on the conserved phosphatase region of

MTMR4 ranging from the 153rd to 570th amino acids (Figure 7A). The
AS patient and his two siblings, who are also AS carriers, carry the mi-
nor alleles of both MTMR4 SNVs in heterozygosis. Conversely, the S
patient and his unaffected mother are homozygous for the major
alleles (Supplementary material online, Figure S5). In our iPSC-CMs,
the MTMR4 protein was expressed (Figure 7B) and, upon its inhibition
with siRNA, we documented an increase in pNedd4L in S-iPSC-CMs
(Figure 7B).

Next, we asked if the MTMR4 protein could dephosphorylate
Nedd4L, and if MTMR4 dephosphorylation activity might be blunted
by the presence of the SNVs. Accordingly, we studied the interactions
of Nedd4L with WT or MTMR4 variants by immunoprecipitation in a
293T heterologous system. WT-MTMR4 co-immunoprecipitated
with Nedd4L and reduced the levels of Nedd4L phosphorylation

Figure 2 Expression of endogenous KCNQ1 in Y111C iPSC-CMs. (A) Quantification of KCNQ1 mRNA levels by RT-qPCR and DDCt method. Nkx2.5
was used as reference gene. Data were expressed as fold increase vs. CTR (n = 3, **P < 0.005). (B) Quantification of KCNQ1 protein levels by SDS-PAGE
and immunoblot in CTR, S, and AS iPSC-CMs. (C) Immunostaining of the endogenous KCNQ1 in CTR-, AS-, and S-iPSC-CMs. KCNQ1 was stained in green,
cardiac troponin-T (cTnT) in red, and the nuclei in blue.
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(Figure 7D). The two MTMR4 minor alleles V297G and L170V likely re-
duced MTMR4 dephosphorylation activity, with L170V showing the
strongest effect. When tested in combination, the minor alleles re-
duced both MTMR4 activity and binding of MTMR4 to Nedd4L. These
results confirm the presence of a link between MTMR4 and Nedd4L
regulation.

3.6 Phenotype of the isogenic AS-
MTMR4Cor-iPSC-CMs
To confirm that the presence of both minor alleles in AS-iPSC-CMs can
reduce MTMR4 dephosphorylation activity, thus blunting the proteaso-
mal degradation of KCNQ1 and hERG mediated by Nedd4L, we gener-
ated MTMR4 corrected AS-iPSCs (AS-MTMR4Cor-iPSCs), using
CRISPR/Cas9 technology. The gene correction strategy is described in
detail in the Supplementary material online, Result section and Figures S6
and S7.

KCNQ1 mRNA levels were unchanged compared with AS-iPSC-
CMs, but protein levels decreased suggesting an increase of
KCNQ1 protein degradation in the corrected line (Supplementary

material online, Figure S8). Immunostaining analysis showed traffick-
ing defects of KCNQ1 similar to that observed in S cells (Figure 8A).
Also, hERG protein was expressed at lower levels in the AS-
MTMR4Cor-iPSC-CMs compared with AS-CMs (Supplementary
material online, Figure S8) and not properly localized at plasma
membrane (Figure 8B).

Gene editing did not affect MTMR4 expression levels but altered only
its activity. MTMR4 protein was similarly expressed in AS and AS-
MTMR4Cor-iPSC-CMs (Supplementary material online, Figure S9) but
MTMR4 activity and interaction with Nedd4L were resumed upon cor-
rection of the two SNVs, as indicated by the increased dephosphoryla-
tion of Nedd4L and co-localization with Nedd4L in AS-MTMR4Cor-
iPSC-CMs (Supplementary material online, Figure S9).

These molecular changes were also visible on the functional pheno-
type of AS-MTMR4Cor-iPSC-CMs. Specifically, the correction of the
two MTMR4 SNVs induced a prolongation of the QT interval
recorded with the MEA to levels comparable with those recorded in S
cells, suggesting that the protective role of the MTMR4 SNVs in the
presence of Y111C mutation is lost when the two SNVs are corrected

Figure 3 Trafficking defect of KCNQ1 in iPSC-CMs. (A) Trafficking defect of the VSV-KCNE1-KCNQ1 (VSV-E1-Q1) Y111C fusion protein.
Representative images of CTR-, AS-, and S-iPSC-CMs acquired 72 h after transfection with WT or Y111C VSV-E1-Q1 plasmid. Anti-VSV staining (green)
was performed on live cells. Then, the cells were fixed, permeabilized, and co-stained with an anti-Troponin-I (TnI) antibody, used as a marker specific for
cardiomyocytes (red). Nuclei were stained with DAPI (blue). Scale bar = 20 lm. (B) Retention of Y111C VSV-E1-Q1-GFP fusion protein in endoplasmic re-
ticulum. Images of CTR-, AS-, and S-iPSC-CMs co-transfected with WT or Y111C VSV-E1-Q1-GFP plasmids (green), and pDsRed2-ER plasmid (red).
Cardiac cells were visualized by a-sarcomeric actin (a-SA) staining (purple). Nuclei were stained with DAPI (blue). Hollow and filled arrows indicate mem-
brane and ER localization, respectively. Scale bar = 20 lm.
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Figure 4 Electrophysiological characterization of LQT-iPSC-CMs. (A) Voltage-clamp recordings of endogenous IKs in CTR- and Y111C-iPSC-CMs.
Representative traces (left) and average current–voltage (I–V) relationships (right) of endogenous IKs from CTR- (black), AS- (blue), S-iPSC-CMs (green). (B
and C) Voltage-clamp recordings of heterologous IKs current in CTR- and LQT-iPSC-CMs transiently transfected with VSV-E1-Q1-GFP WT or Y111C.
Representative patch-clamp recordings (B) and average I–V relationships (C) of heterologous IKs from CTR-, AS-, and S-iPSC-CMs transfected with VSV-E1-
Q1-GFP WT or Y111C plasmids. (D) Voltage-clamp recordings of endogenous IKr. Representative IKr recordings (top panel) and average data (bottom
panel) for CTR-, AS-, and S-iPSC-CMs. IKr tail currents have been magnified and overlaid in the inset. (E) Response to IKr blocking. Representative field poten-
tials recorded with MEA in CTR-, AS-, and S-iPSC-CMs at baseline (top left, black) and after IKr block with E4031 (top right, grey). Average data (bottom
panel) are expressed as delta percentage of the effect vs. the respective baseline (n = 14–19 for patch-clamp data; n = 6–9 for MEA data; *P < 0.05 CTR vs.
S; �P < 0.05 AS vs. S).
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(Figure 8C). Moreover, patch-clamp analysis showed that IKr density,
previously normal in AS-iPSC-CMs, was significantly reduced in AS-
MTMR4Cor-iPSC-CMs (Figure 8D), further confirming the protective
role of these SNVs.

3.7 Presence of MTMR4 SNVs in additional
Y111C carriers
Following our cell study, we identified 13 additional AS Y111C carriers
belonging to different families and documented that 10 out of 13 (77%)
were also carriers of the MTMR4 rs2302189 (V297G) and rs3744108
(L170V) variants in heterozygosis. Interestingly, the average QT interval
of the 10 patients carrying the MTMR4 variants was shorter
(464 ± 20 ms) compared with that of the three non-carriers
(502 ± 35 ms) P = 0.03.

4. Discussion

Our findings represent the first biological evidence of a genetic mech-
anism that, by specifically interfering with the effect of an LQTS-
causing mutation, provides antiarrhythmic protection. By comparing
patient-specific iPSC-CMs derived from symptomatic and AS LQT1
patients carrying the same mutation, we demonstrated that the clinical
penetrance of the disease is determined by differences in trafficking
and degradation of the two potassium channels (IKs and IKr) encoded
by KCNQ1 and hERG. We also showed that the activation status of
Nedd4L accounts for these biological differences. More specifically,
genetic variants of MTMR4, an upstream regulator of Nedd4L, partly
correct the defect in potassium channel turnover, thus mitigating the
clinical manifestations of the disease in the AS patient. The present
study suggests a mechanism for protective action of common genetic

Figure 5 Quantification of Nedd4L in iPSC-CMs and interaction with KCNQ1. (A) KCNQ1–Nedd4L protein interaction. Nedd4L–KCNQ1 protein
interactions were investigated in the 293T heterologous system by co-immunoprecipitation. 293T were co-transfected with pcDNA3.1-hNedd4L-WT and
pCB6-HA-KCNQ1 expressing the WT or the Y111C KCNQ1. Forty-eight hours after transfection, whole-cell extracts were collected and subjected to im-
munoprecipitation and western blot with the indicated antibodies (Supplementary material online, Table S2). The upper row represents a western blot of
the immunoprecipitated (IP) HA-KCNQ1 proteins and shows depleted level of HA-KCNQ1-Y111C in the presence of Nedd4L over-expression. The mid-
dle row represents the immunoblot of phosphorylated-Nedd4L (Ser448) proteins co-immunoprecipitated with HA-KCNQ1-WT or -Y111C and shows
dephosphorylation of Nedd4L interacting with HA-KCNQ1-Y111C. The lower row confirms equivalent level of basal Nedd4L interacting either with HA-
KCNQ1-WT or -Y111C. The activated Nedd4L in Y111C group ubiquitinated the mutated channel, KCNQ1-Y111C. (B) Nedd4L mRNA levels were quan-
tified by RT-qPCR and DDCt method. Nkx2.5 was used as reference gene (n = 3, **P < 0.005). (C) KCNQ1 and Nedd4L in CTR- and diseased iPSC-CMs.
Evaluation of KCNQ1, Nedd4L, phospho-Nedd4L (p-Nedd4L) protein levels by western blot in naı̈ve CTR-, AS-, and S-iPSC-CMs, after transfection with
Nedd4L siRNA or after transfection with scramble siRNA.
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..variants and, in addition to the recent demonstration of a worsening
effect,25 contributes to the concept of the important role of iPSC in
the identification of new ‘modifier genes’.1 It is likely that this or similar
mechanisms may be relevant to other LQTS-causing mutations and
possibly to other arrhythmogenic disorders related to channel
trafficking.

Some LQT1 mutations are associated with ion channel trafficking
defects,26 and Y111C is among these.11,12,27 Trafficking defects usu-
ally lead to malignant phenotype, but most Y111C mutation carriers
present a low incidence of life-threatening cardiac events.9,10

Using patient-derived iPSC-CMs, we demonstrated that the Y111C
mutation triggers an increased activity of Nedd4L that amplifies the
proteasome degradation of both WT and mutant KCNQ1 protein.

In S-iPSC-CMs, increased Nedd4L activity also enhances the degra-
dation of the hERG protein, likely by targeting the same PY-motif
expressed by KCNQ1.20,28 The loss of compensatory IKr due to
the ‘bystander’ degradation of hERG channel by Nedd4L plays an im-
portant role in the pathophysiology of LQT1 in S-iPSC-CMs
(Figure 9).

Our observations in the AS-iPSC-CMs provide insights into the
mechanisms for the incomplete penetrance and relative benign clinical
course in LQT1 patients carrying the Y111C mutation. In AS-iPSC-
CMs, the mutant KCNQ1 apparently failed to trigger Nedd4L activa-
tion. The lack of QT prolongation in AS-iPSC-CMs might result from
enhanced trafficking of residual WT KCNQ1 (heterozygosity) and/or
of hERG proteins, the latter functionally concealing IKs deficit by

Figure 6 Regulation of KCNQ1 and hERG by Nedd4L in Y111C iPSC-CMs. (A) Nedd4L knockdown restores trafficking of KCNQ1-Y111C. CTR-, AS-,
and S-iPSC-CMs were co-transfected with WT or mutated VSV-E1-Q1-GFP fusion protein, and with Nedd4L siRNA or scramble. To confirm the localiza-
tion of KCNQ1, cell membrane was stained with wheat germ agglutinin (WGA). Arrows indicate the cell membrane. (B) Nedd4L knockdown rescued the
IKs current in S-iPSC-CMs. Representative patch-clamp recordings (top panels) and average current–voltage (I–V) relationships (bottom panel) of S-iPSC-
CMs transfected with the WT VSV-E1-Q1-GFP fusion protein alone (black) or in combination with the Nedd4L siRNA (red) (n = 11, 9, *P < 0.05 vs.
KCNE1-Q1 WT). (C) Nedd4L knockdown restored hERG trafficking in S-iPSC-CMs. S-iPSC-CMs were transfected with scramble or Nedd4L siRNA.
Expression of endogenous hERG was assessed by immunostaining (green). Surface localization was confirmed by wheat germ agglutinin (WGA)-Texas Red
membrane co-staining (red). Arrows indicate the cell membrane.
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robust IKr expression.29 Because of mutations of channels post-
transcriptionally assembled as multimers (as KCNQ1) are character-
ized by strong negative-dominance,30 the latter mechanism is likely to
prevail.

Overall, the primary factor limiting the phenotype severity may be
represented by blunted Nedd4L response to the mutant protein. By us-
ing whole-exome sequencing, we identified in AS-iPSC-CMs the pres-
ence of common SNVs in MTMR4 affecting its phosphatase function on
Nedd4L that consequently remains inactive.22,23 This reduction of

Nedd4L active form resulted in less efficient proteasome degradation
not only of both mutant and WT KCNQ1, but also of hERG, with the
consequent shortening of QTc (Figure 9). The results observed in iPSC-
CMs derived from CRISPR/Cas9 corrected AS-iPSC seem to confirm
this interpretation.

Post-translational modification by ubiquitination mediated via
Nedd4L is crucial in the targeted recycling, degradation or stabiliza-
tion of many ion channels, including KCNQ1 and hERG; and loss of
function of Nedd4L is associated with a broad range of diseases

Figure 7 Role of MTMR4. (A) Sequencing results. The analysis identified two interesting SNVs: rs2302189 (V297G), with either wild-type (A/A) or het-
erozygous variant (A/C) and rs2302189 (L170V), with either wild-type (G/G) or heterozygous variant (G/C). The illustration on the right illustrates the loca-
tion of the two SNVs V297G and L170V on the conserved phosphatase region of the MTMR4 protein. (B) MTMR4 protein expression revealed by SDS-
PAGE and immunoblot in CTR-, S-, and AS iPSC-CMs. Knock-down of MTMR4 by siRNA confirmed the role of MTMR4 on dephosphorylation of Nedd4L
in iPSC-CM. (C) Co-localization of MTMR4 and Nedd4L in CTR and S cells. Confocal images of CTR-, AS-, and S-iPSC-CMs visualized with cTnT co-staining
(purple). Nedd4L and MTMR4 were shown in red and green channel and the nuclei in blue (DAPI). Scale bar = 20 lm. (D) MTMR4–Nedd4L protein interac-
tion investigated in 293T heterologous system. HEK cells transfected either with pCMV6-XL4-hMTMR4-WT, L170V (rs3744108 G to C single-nucleotide
variant), V297G (rs2302189 A to C single-nucleotide variant), or double SNVs together with pcDNA3.1-hNedd4L. Forty-eight hours after transfection,
whole-cell extracts were collected and subjected to immunoprecipitation and western blot with the indicated antibodies.
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pathologies.31 On the other hand, the common variants of MTMR4
identified in this study are highly prevalent in the general population
and only modified the Nedd4L activity during hyperactivation. Our
findings suggest that these MTMR4 variants may account for the in-
complete penetrance and relative benign clinical course in LQT1 due
to KCNQ1-Y111C mutation. Indeed, genotyping of other 13 AS
Y111C mutation carriers showed that 77% of them carried the
MTMR4 protective variants.

In conclusion, our study strongly supports the use of iPSCs as a system
to model LQTS and other channelopathies17,32–35 suggesting that this
technology has the potential of fine-tuning risk stratification and of guid-
ing the design of new drugs for the development of personalized thera-
pies aimed at correcting the consequences of disease-causing
mutations.36,37 The conceptual implications of our finding are clear. The
practical relevance, however, would dramatically increase if the protec-
tive impact of these SNVs would affect not only the carriers of the
Y111C mutation but also the much larger group of patients with differ-
ent mutations causing LQT1 and LQT2. Accordingly, we are currently
testing this possibility.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Figure 8 Isogenic AS-MTMR4Cor-iPSC-CMs. (A) Immunostaining of the endogenous KCNQ1 in AS- and AS-MTMR4Cor-iPSC-CM. KCNQ1 was stained
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Translational perspective
KCNQ1-Y111C penetrance in the asymptomatic patient is incomplete for the presence of common variants on the MTMR4 gene, which attenuates
Nedd4L-mediated proteasome degradation not only of wild type and mutant KCNQ1 but also of hERG channels, thus restoring repolarization re-
serve and maintaining a normal QTc. This is the first evidence of a protective modifier gene documented biologically in the context of inherited
arrhythmogenic diseases and represents a proof-of-concept for the possibility of identifying the mechanisms of action of protective ‘modifier genes’
using patient-specific iPSCs. Our finding paves the way to the development of novel approaches to stratify the risk in LQTS patients and to imple-
ment personalized therapies.
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