Trafficking Defects Caused by KCNQ1 Mutations

Pe31fe18

A o-Myc (EOKLISEEDL}
L7

2

axiry-colf

NH3+
L1 8y 0T

B

Hon-Pormeabilized  Permesbilized

Pormeabifizesd NonPemmeabilized T3

5

1 &b only It 65 only

WTemiak dolVi%irminil  BRSHY 9smink

e

Permpabilized HonPermesbifzed T

£
o

g

: g

& by
M;;gfé%@.e

HBye Bl 0TS

8.8
8.6 ¥

it

ps

Arbitrary uni
o o
Follt
®

&

WY dslviS5 PE3sNY

FIGURE 5. Distribution of transiently expressed Myc-tagged KvLQT1. A, schematic representation of the
KvLQT1 channel containing the extracellular Myc epitope in the Linker 1 region between the membrane-
spanning segments 1 and 2. B, HEK293 cells were fixed without (a; non-permeabilized condition) or with (b;
permeabilized condition) 0.15% Triton X-100, respectively, and stained with anti-a-tubulin Ab {red) and 4',6-
diamidino-2-phenylindole (blue). C, HEK293 cells were fixed under the permeabilized condition and stained
with only anti-c-Myc Ab without secondary Ab (a} or only secondary Ab without anti-c-Myc Ab (b) and 4',6-
diamidino-2-phenylindole (blue). D and E, HEK293 cells transfected with L1-Myc- KvLQT1-WT (a and d),
-delV595 (b, e, and g), and -P631fs/19 {c, f, and h) in the absence (D) or presence (E) of MinK were fixed without
(a-¢; non-permeabilized condition) or with (d-f; permeabilized condition) 0.15% Triton X-100, respectively,
and stained with anti-c-Myc Ab. g and h, highly sensitized images taken from e and f, respectively. Surface
expression of each KvLQT1-mutant was impaired (b and ¢), and each mutant showed reduced fluorescence
intensity (e and f) with abnormal granular distribution (g and h). Scale bar, 10 um. F, expression of Myc-tagged
KvLQT1 proteins in the membrane-enriched fraction obtained from non-transfectant, KvLQT1-WT-, KvLQT1-
delV595-, and KvLQT1-P631fs/19-transfected HEK293 cells. a, upper lanes, detection of Nt-Myc-KvLQT1 pro-
teins by anti-c-Myc Ab. Lower lanes, detection of caveolin-1 showing that the simitar amounts of cell membrane
protein were subjected to the Western blot analysis. b, densitometric data obtained from a are indicated as
-fold expression relative to Nt-Myc-KvLQT1 normalized by caveolin-1 protein. The data for KvLQT1-WT were
arbitrarily defined as 1.0. Data are represented as means * S.E. (n = 4 for each case). *, p < 0.001 versus WT.
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defect in the cytoplasm and found
that there were R®**GR and R®*°LR
sequences (Fig. 84). Because the
RXR motif was acknowledged to be
a retention signal to ER, we con-
structed three variants of L1-
Myc-KvLQT1-P631fs/19 carrying
A%PAA + ROLR, R®PGR +
AS*AA, or ASSPAA + ASYAA (Fig.
8A) and tested for the trafficking, It
was discovered that AS*3AA +
Ré*LR and R®**GR + A®**AA did
not suppress the defects (Fig. 8B,
panels ¢ and h and panels d and i),
whereas ASPAA + A®*®AA relieved
the defects (Fig. 8B, eand j), suggest-
ing that these RXR motifs were
responsible for the trafficking defect.
Quantitative Analysis of Cell Sur-
face Expression of KvLQT1 Channel
Protein—To quantitatively investi-
gate the cell surface expression of
the KvLQT1 channel, we developed
a luminometric analysis of the
L1-Myc-tagged KvLQT1 (Fig. 9).
As shown in Table 2, L1-Myc-
KvLQT1-delV595, L1-Myc-KvLQT1-
P631fs/19, and L1-Myc-KvLQT1-
P631fs/19 carrying A®PAA  +
RE*LR, and -P631fs/19 carrying
RE3GR + A®*°AA, Nt-Myc-IvLQT1-
WT, and Myc(—)-KvLQT1-WT
showed significantly less expression
on the cell surface than the L1-Myc-
KvLQT1-WT (p < 0.001 in each
case) On the other hand, L1-Myc-
KvLQT1-P631stop, -P631fs2/34,
and -P631fs/19 carrying AS2AA +
A®*®AA were expressed at a similar
level as L1-Myc-KvLQT1-WT.

DISCUSSION

In the present study, we found
two KCNQ!I mutations, delV595
and P631fs/19, which caused LQTS
without hearing loss in two com-
pound heterozygotes (proband and
affected brother). No significant
QT elongation was observed in ei-
ther heterozygote (father and moth-
er), implying that both mutations
lacked the dominant negative effect.
As shown in Fig. 3, both mutants
were non-functional by themselves,
and the mutant channels lacked
the dominant negative suppression
properties, consistent with the clin-
ical observations that the heterozy-
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FIGURE 6. Expression and stability of transiently expressed Myc-tagged
KvLQT1. A, schematic representation of the KvLQT1 channel tagged with
Myc at the N-terminal cytoplasmic region. B (top), expression of Nt-Myc-
KvLQT1-WT, -delV595, and -P631fs/19. Middle, the expression of Myc-tagged
C terminus KVLQT1-WT, -delV595, and -P631fs/19. Bottom, expression of glyc-
eraldehyde-3-phosphate dehydrogenase. Whole cell lysates were extracted
from HEK293 cells 12, 24, 48, and 72 h after the transfection with equal
amounts of each construct and detected with anti-c-Myc Ab or anti-glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) Ab, followed by secondary
antibody. Western blot analysis showed lower expression and decreased sta-
bility of Nt-Myc-KvLQT1-delV595 and -P631fs/19 proteins as compared with
Nt-Myc-KvLQT1-WT. C, data from representative experiments are shown.
Data indicate the expression level of Myc-KvLQT1 proteins normalized by
glyceraldehyde-3-phosphate dehydrogenase protein as compared with that
of Nt-Myc-KvLQT1-WT protein, which was defined arbitrarily as 1.0. Densito-
metric data are expressed as AU and represented as means = S.E.(n = 4-6for
each case). The closed circles, closed triangles, and closed squares represent
Nt-Myc-KvLQT1-WT, -delV595, and -P631fs/19, respectively. The open circles,
open triangles, and open squares represent Myc-tagged C terminus KvLQT1-
WT, -delV595, and -P631fs/19, respectively. *, p < 0.001;**, p < 0.01;***, p <
0.05 versus Nt-Myc-KvLQT1-WT at the same time point after the transfection.

gous carriers of neither delV595 nor P631fs/19 mutations
showed the LQT phenotype. The most important finding in
this study was that both mutations caused intracellular traf-
ficking abnormality due to novel mechanisms, impaired
complex formation (delV595), and newly generated ER
retention signal (P631fs/19).

Schmitt et al. (11) reported that functional KvLLQT1 channel
complex is composed of four a-subunits, and the assembly
domain in the C terminus of the a-subunit was required for the
interaction of each subunit. However, all of the LQTS-associ-
ated mutations so far reported within this domain were mis-
sense mutations, N576D, T587M, G589D, A590T, R591H,
R594Q, D611Y, and L619M, and the impairment of subunit
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FIGURE 7. Intracellular localization of transiently expressed Myc-tagged
KvLQT1. A, HEK293 cells transfected with L1-Myc-KvLQT1-WT (a-¢), L1-Myc-
KvLQT1-delV595 (d-f), and L1-Myc-KvLQT1-P631fs/19 (g-i) were fixed under
the permeabilized condition and stained with anti-calnexin (g, d, and g) and
anti-c-Myc (b, e, and h) Abs. Merged images are shown (¢, f, and i). Myc-tagged
mutant full-length KvLQT1 proteins, especially with the P631fs/19 mutation,
showed an abnormal granular pattern, which is overlapped by the localiza-
tion of calnexin. Scale bar, 5 pm. 8, HEK293 cells transfected with Myc-tagged
C terminus KvLQT1-WT (a and d), KvLQT1-delV595 (b and e), and KvLQT1-
P631fs/19 (c and f) were fixed without (non-permeabilized conditions; a-¢) or
with (permeabilized conditions; d-f) 0.15% Triton X-100 and stained with
anti-c-Myc Ab. C terminus KvLQT1 proteins did not express on the cell surface
(a-¢) and showed similar intracellular localizations (d-f). Scale bar, 10 pm.

binding was not demonstrated for these mutations. We also
predicted the structural changes due to these mutations by
using COILS and found that they would not disrupt the coiled-
coil structure (data not shown), as was the case with R594Q.
Because we showed that R594Q did not affect the subunit bind-
ing, it was suggested that these missense mutations might not
impair the subunit assembly. On the other hand, the delV595
mutation that was predicted to disrupt the coiled-coil structure
was found to impair the subunit binding in this study. In addi-
tion, we showed that the delV595 mutation reduced the intra-
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FIGURE 8. Distribution of transiently expressed Myc-tagged KvLQT1 with or without ER retention signal. A, amino acid sequences of KvLQT1 after
codon 631 from WT, P631fs/19, P63 1stop, and P631fs2/34. Arginine residues in RGR and RLR sequences in KvLQT1-P631fs/19 mutant were substituted
by alanine to investigate the role of arginines. $1-6, six membrane-spanning segments of KvLQT1. ¥, position of stop codon. B, HEK293 cells transfected with
L1-Myc-KvLQT1-P631stop (a and f), Myc-KvLQT1-P631fs2/34 (b and g), and Myc-KvLQT1-P631fs/19 with A®*3AA + R®LR (c and h), R3GR + A®*°AA (d and /),
or A®3AA + ASSAA (e and j) were fixed without (non-permeabilized conditions) or with (permeabilized conditions) 0.15% Triton X-100 and stained with
anti-c-Myc Ab. L1-Myc-KvLQT1-P631stop, -P631f52/34, and -P631fs/19 with AS33AA + AS*SAA expressed well at the cell surface (a, b, and e) without abnormal

granular pattern in the cytoplasm (f, g, and j), respectively. Scale bar, 10 um.

cellular expression and affected the intracellular trafficking of
the KvLQT1 channel, which, in turn, abolished the I current.
These observations implied that the subunit assembly might be
a prerequisite for the membrane trafficking of the KvLQT1
channel. It remains to be resolved why the impairment of sub-
unit binding caused the intracellular trafficking abnormality,
but the subunit assembly domain appeared to act as a module
for proper subunit assembly and scaffolding for interaction
with other proteins that are required for membrane trafficking
and/or regulation of channel processing (10, 25, 29).

On the other hand, although the P631fs/19 mutation was not
predicted to disrupt the coiled-coil structures, it caused the
trafficking defect and complete loss of electrophysiological
function of the KvLQT1 channel. Because RGR and RLR
sequences similar to the ER retention signal (RXR motif) were
found in the 19 residues generated by the frameshift, it was
speculated that these two motifs caused the trafficking defect
via increased retention to cytoplasmic organelle (30). Indeed,
the trafficking defect of P631fs/19 was suppressed by substitu-
tions of arginine by alanine. Reports have indicated that the
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RXR motif was used as a retention signal to ER in some channel
proteins, including HERG and ATP-sensitive potassium (K , 1p)
channels (31, 32). Although the trafficking defects were re-
ported to cause LQTS, particularly for the HERG channel] and
in part for the KvLQT1 channel (17, 33, 34), the molecular
mechanisms causing the defect were completely different from
that of the P631fs/19 mutation found in this study. Interest-
ingly, it was revealed that each ER retention motif was sufficient
to cause the trafficking defect, because the disruption of only
one motif did not suppress the retention (Fig. 88).

‘We found that the KvLQT-P631fs/19 formed the heteromul-
timer with the KvLQT1-WT subunit (Fig. 4B), and hence it
might modify the trafficking of the KvLQT1 channel containing
a subunit with the P631fs/19 mutation. However, our data
showed that the co-expression of KvLQT-P631fs/19 did not
exert significant dominant negative effects on the current den-
sity of the KvLQT1-WT channel, indicating that the P631fs/19
mutation was a recessive mutation. In other words, the KvLQT-
P631£5/19 subunit could not efficiently retain the KvLQT1-WT
subunit in the cytoplasm, although these KvLQT1 subunits
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FIGURE 9. Luminometric assay of surface expression for KvLQT1. Cell sur-
face expression of KvLQT1 from HEK293 transfectants (Figs. 5 and 8) was
quantitatively analyzed by a fuminometric assay. Representative images of
the 12-well cell culture plate with confluent cells transfected with L1-Myc-
KvLQT1-WT {(a), L1-Myc-KvLQT1-delV595 (b), L1-Myc-KvLQT1-P631fs/19 (c),
L1-Myc-KvLQT1-P631stop (d), L1-Myc-KvLQT1-P631fs2/34 (e), L1-Myc-KvLQT1-
P631fs/19 carrying AS**AA + RS*6LR (f), L1-Myc-KvLQT1-P631£s/19 carrying
R®3GR + AS*SAA (g), L1-Myc-KvLQT1-P631fs/19 carrying AS*3AA + AS*°AA
(h), Nt-Myc-KvLQT 1-WT (i), Myc(—)-KvLQT1-WT {}}, or non-transfectant (k) are
shown.

TABLE 2

Quantitative analysis of cell surface expression of L1-Myc-KvLQT1
protein

Data are represented as means = S.E, # = 9 in each assay.

Transfected construct Chem}lumlqescence ‘Relati.ve
intensity intensity
AU
L1-Myc-KvLQT1-WT 592,820 * 4,836 1.000 % 0.008

102,387 = 13,7607
117,828 = 11,248"
560,114 *+ 58,401
537,019 * 35,679
213,523 *+ 36,1017

0.173 + 0.023"
0.199 * 0.019"
0.945 * 0.099
0.906 * 0.060
0.360 * 0.061"

L1-Myc-KvLQT1-delV595
L1-Mye-KvLQT1-P631f5/19
L1-Myc-KvLQT1-Pé31stop
L1-Myc-KvLQT1-P631152/34
L1-Myc-KvLQT1-P631fs/
19(ASAA + R¥SLR)
L1-Myc-KvLQT1-P631fs/
19(R***GR + A®*AA)
L1-Myc-KvLQT1-P631fs/
19(ASAA + ASAA)
Nt-Myc-KvLQT1-WT 119,797 * 7,856" 0.202 = 0.013"
Myc{—)-KvLQT1-WT 57,936 + 11,481°¢ 0.098 = 0.019%

“p < 0.001 versus chemiluminescence intensity from cells transfected with
L1-Myc-KvLQT1-WT.

121,504 = 13,719 0.205 = 0.023*

519,126 = 23,794 0.876 = 0.040

could form the heteromultimer. On the other hand, we found
that the P631fs/19 mutation severely affected the expression
and stability of full-length KvLQT1 protein in the transfectants.
Therefore, the number of mutant KvLLQT1 subunits was fewer
than the number of normal KvLQT1 subunits in the ER, where
the subunit assembly occurred. This may be the reason for the
P631fs/19 mutation not exerting the dominant negative effects.

Consistent with our data, it has been reported that the indi-
viduals carrying the P631fs/19 mutation in the homozygous
state but not in the heterozygous state, showed the LQTS phe-
notype (35). On the other hand, the P631fs/19 mutation has
been reported to exhibit the Romano Ward syndrome pheno-
type (autosomal-dominant LQTS) (27). Why this mutation
developed the LQTS phenotype in the heterozygous state in the
latter report remains to be solved, but the P631fs/19 mutation
might exert its abnormality in the presence of additional fac-
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tors, facilitating the stability and/or heteromultimer formation
in ER.

We found that the expression of full-length KvLQT1 protein
was reduced by the delV595 and P631fs/19 mutations, whereas
the expression of C terminus KvLQT1 was not affected by the
mutations (Fig. 6). In addition, the reduced expression was
more prominent with the P631fs/19 mutation than the delV595
mutation. The decreased expression of mutant KvLQT1 pro-
teins might be due to the fact that these mutants showed traf-
ficking abnormality and retention in the ER/Golgi apparatus,
because there is a quality control of protein in ER, by which
non-native and unassembled subunits of multimeric proteins
are degraded by the ubiquitin-proteasome machinery (36, 37).

There are several limitations in this study. First, we used dif-
ferent cell lines (CHO-K1, COS-7, and HEK293) in the electro-
physiological study, pull-down experiments, and cell biological
experiments, respectively, leaving a possibility that we might be
seeing a cell-specific effect. Second, most of the cellular exper-
iments were done in the transiently transfected cells. Therefore,
a possibility remains that the data represent the results of over-
expression. Third, the direct links among the impaired subunit
assembly, retention in ER, and reduced expression/stability of
the delV595-KvL.QT1 channel were not demonstrated at the
molecular level.

In summary, we investigated functional alterations caused by
KCNQI mutations, delV595 and P631fs/19. These mutations
were found to cause trafficking defects via different mecha-
nisms, impaired complex formation and retention to ER, re-
spectively. These observations provide novel insights into the
molecular pathogenesis of LQTS.
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Objectives The purpose of this study was to investigate the effect of location, coding type, and topology of KCNH2(hERG)

mutations on clinical phenotype in type 2 long QT syndrome (LQTS).

Background Previous studies were limited by population size in their ability to examine phenotypic effect of location, type,

and topology.

Methods Study subjects included 858 type 2 LQTS patients with 162 different KCNH2 mutations in 213 proband-
identified families. The Cox proportional-hazards survivorship model was used to evaluate independent contribu-

tions of clinical and genetic factors to the first cardiac events.

Results For patients with missense mutations, the transmembrane pore (S5-loop-56) and N-terminus regions were a sig-
nificantly greater risk than the C-terminus region (hazard ratio [HR]: 2.87 and 1.86, respectively), but the trans-

membrane nonpore (51-5S4) region was not (HR: 1.19). Additionally, the transmembrane pore region was signifi-
cantly riskier than the N-terminus or transmembrane nonpore regions (HR: 1.54 and 2.42, respectively). However,

for nonmissense mutations, these other regions were no longer riskier than the C-terminus (HR: 1.13, 0.77, and

0.46, respectively). Likewise, subjects with nonmissense mutations were at significantly higher risk than were
subjects with missense mutations in the C-terminus region (HR: 2.00), but that was not the case in other re-
gions. This mutation location-type interaction was significant (p = 0.008). A significantly higher risk was found
in subjects with mutations located in o-helical domains than in subjects with mutations in 3-sheet domains or
other locations (HR: 1.74 and 1.33, respectively). Time-dependent B-blocker use was associated with a signifi-
cant 63% reduction in the risk of first cardiac events (p < 0.001).

Conclusions
est risk.

The KCNH2 missense mutations located in the transmembrane S5-loop-S6 region are associated with the great-
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Long QT syndrome (LQTYS) is a congenital disorder caused by
mutations of several cardiac ion channel genes and is diagnosed
clinically by a prolonged QT interval on the electrocardiogram
(ECG) and variable clinical outcomes including arrhythmia-
related syncope and sudden death (1,2). Mutations involving
the KCNH2 gene (hbERG [human cther-a-go-go-related
gene]), which codes for the pore-forming a-subunit of a
cardiac K* channel, have been linked to the type 2 LQTS, the
second most common variant of LQTS (3). The KCNH2
mutations lead to a reduction in the rapid component of the
delayed rectifier repolarizing current (Ig,), which contributes to
lengthening of the QT interval (4). The KCNH2 subunits
oligomerize to form a tetramer that inserts into the cell
membrane to form the functional K* channel. Each subunit
comprises 6 a-helical transmembrane segments (S1 to S6),
where the K*-selective pore is found between S5 and S6. The
transmembrane segments are flanked by amino (N)- and
carboxyl (C)-terminus regions (5-8). In a previous study of
patents with type 2 LQTS, mutations in the pore region were
assoctated with an increased risk for arrhythmia-related cardiac
events when compared with patients with nonpore mutations
(9). However, this study was limited by population size in its
ability to examine the phenotypic effect of mutations within
distinct domains of the nonpore region.

See page 2063

There are several coding types of mutations in genes that
form the functional K channel: missense, nonsense, splice
site, in-frame deletion, and frameshift mutations: (10);
Missense mutations are point mutations. that result in a
single amino acid change within- the protein; nonsense
mutations generate a stop codon and can truncate the
protein. Insertion and deletion mutations cause in-frame or
frameshift mutations, the latter of which change the group-
ing of nucleotide bases into codons, Splice site mutations
may alter splicing of messenger ribonucleic acid. In our
recent cohort of type 1 LQTS (11); a missense mutation
accounted for 81% of all the mutations, and the type of
mutation (missense vs. nonmissense) was not an indepen-
dent risk factor. On the other hand, nonmissense mutations
such as frameshift and nonsense  mutations have been
reported to be more frequently identified in the type 2
LQTS patients (11,12).

Moreover, topology of mutations (a-helical: domain,
B-sheet domain, and other uncategorized location) has been
recently reported to relate to the function of mutated
channel in the type 2 LQTS patients (8).

We hypothesized that the distinct location, coding type,
and topology of the channel mutation would have important
influence on the phenotypic  manifestations and clinical
course of patients with type 2 LQTS. To test this hypoth-
esis, we investigated the clinical aspects of 858 subjects
having a spectrum of KCNH2 mutations categorized by the

Shimizu et al. 2053
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distinct location, coding type,
and topology of the channel

mutations.

ECG = electrocardiogram

b, = rapid component of
the delayed rectifier
repolarizing current

Methods

Study population. The study
population of 858 subjects was
derived from 213 proband-
identified families with geneti-
cally confirmed KCNH2 muta-
tions. The proband in each
family had corrected QT (QT%)
prolongation not due to a known cause. The subjects were
drawn from the U.S. portion of the International LQTS
(Rochester) Registry (n = 456), the Netherlands’ (Amster-
dam) LQTS Registry (n = 214), the Japanese (National
Cardiovascular Center) LQTS Registry {n = 95), and the
Mayo Clinic LQT'S Registry (n = 93). All subjects or their
guardians provided informed consent for the genetic and
clinical studies. Not included in the study population were
58 subjects with evidence of 2 or more LQTS mutations
and an additional 18 who had polymorphisms (p.R176W or
p-R1047L) that the authors felt might reduce Iy, current. A
total of 201 of the 456 paticnts enrolled from the U.S.
portion of the International LQTS Registry and 61 of the
95 patients from the Japanese LQT'S Registry were reported
in our prior reports (9,12).

Phenotype characterization. Routine clinical and electro-
cardiographic parameters were acquired at the time of
enrollment in each of the registries. Follow-up was censored
atage 41 years to minimize the influence of coronary disease
on cardiac events. Measured parameters on the first re-
corded ECG included QT and R-R intervals in millisec-
onds, with QT corrected for heart rate by Bazett's formula.
The QT ¢ interval was expressed in its continuous form and
categorized into 4 levels: <460, 460 to 499, 500 to 530, and
>530 ms. The QT¢ interval was categorized into 3 levels:
<500, 500 to'530,.and >530 ms for the end point of lethal
cardiac events {aborted cardiac arrest or LQTS-related
sudden cardiac death), because there were few lethal cardiac
events in the lowest QTc group (<460 ms). Clinical data
were collected on prospectively designed forms with infor-
mation on demographic characteristics, personal and family
medical history, electrocardiographic findings, therapy, and
end points during long-term follow-up. Data common to all
4 LQTS registries involving genetically identified patients
with type 2 QTS genotype were electronically merged into
a common database for this study.

Genotype characterization. The KCNH2 mutations were
identified using standard genetic tests performed in
molecular-genetic laboratories 1n the participating academic
centers. From the Rochester registry; 60 subjects died of
sudden cardiac death at a young age and were not geno-
typed. These 60 subjects were assumed to have the same

LQTS = long QT syndrome

NMD = nonsense-mediated
decay

{Tc = corrected QT
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KCNH?2 mutation as other affected close members of their
respective family.

Genetic alterations of the amino acid sequence were
characterized by location in the channel protein, by the type
of muration (missense, splice site, in-frame insertions/
deletions, nonsense [stop codon], and frameshift), and by
the topology of mutation (a-helical domain, B-sheet do-
main, and other uncategorized location) (Fig. 1). The
transmembrane region of the KCNH2 encoded channel was
defined as the coding sequence involving amino acid resi-
dues from 398 through 657 (S5-loop-S6 region: 552 to
657), with the N-terminus region defined before residue
398, and the C-terminus region after residue 657 (Fig. 1)
(13,14).

We evaluated the risk associated with 4 main pre-
specified regions: 1) N-terminus; 2) transmembrane “nonpore”
region (S1-S4); 3) transmembrane “pore” region (S5-loop-
S6); and 4) C-terminus. We also evaluated the risk asso-
ciated with distinct types of mutation and topology of
mutation.

Statistical analysis. Differences in the univariate character-
istics by specific groupings were evaluated by standard
statistical methods. The primary end point was time to
syncope, aborted cardiac arrest, or sudden death, whichever
occurred first. The cumulative probability of a first cardiac

JACC Vol. 54, No. 22, 2009
November 24, 2009:2052-62

event was assessed by the Kaplan-Meier method, with
significance testing by the log-rank statistic. The Cox
proportional-hazards survivorship model was used to eval-
uate the independent contribution of clinical and genetic
factors to the first occurrence of time-dependent cardiac
events from birth through age 40 years (15). The Cox
regression models, stratified by decade of birth year and
allowing for time-dependent covariates, were fit to estimate
the adjusted hazard ratio (HR) of each factor as a predictor
of first cardiac events. We observed that sex was not
proportional as a function of age, with crossover in risk at
age 13 on univariate Kaplan-Meier analysis. To fulfill the
assumption of proportional hazards for sex over the entire
age range, a time-dependent covariate for sex (via an
interaction with time) was incorporated, allowing for dif-
ferent hazard ratios by sex before and after age 13 years.
Since almost all subjects were first- and second-degree
relatives of probands, the effect of potential lack of inde-
pendence between subjects was evaluated by refitting the
Cox model using the robust sandwich estimator for family
membership (16). All significant predictors of risk main-
tained significance using this robust measure of variance.
Patients who did not have an ECG for QTc measure-
ment were identified in the Cox models as “QTc missing.”
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—208—



JACC Vol. 54, No. 22, 2009
November 24, 2009:2052-62

Pre-specified covariate interactions between mutation loca-
tion, type, and a-helical domains were evaluated. Only the
mutation location—missense interaction was significant. To
test the impact of the interaction between the 4 different
mutation locations and missense mutation type, 3 interac-
tion terms were added to the Cox proportional hazards
regression model. A 3 degree of freedom likelihood-ratio
test was performed to determine their statistical signifi-
cance. The influence of time-dependent B-blocker therapy
(the age at which B-blocker therapy was initiated) on
outcome was determined by adding this variable to the final
Cox model containing the various covariates.

Results

Total study population. The continuum of KCNH2 mu-
tations and their respective number of subjects by location,
type, and topology of mutation and contributing registry are
presented in the Online Table, and the location, type, and
topology of the mutations are diagrammatically presented in
Figure 1. A total of 162 different KCNH2 mutations were
identified in 858 subjects. The mutations were predomi-
nantly found in 3 regions: the N-terminus (28.4%, n = 46),
the C-terminus (30.9%, n = 50), and the transmembrane
domain (40.7%, n = 66). Of the 66 mutations within the
transmembrane domain, 78.8% (n = 52) were located
within the S5-loop-S6 region. Missense (single amino acid
substitutions) accounted for 61.7% (n = 100) of all the
mutations, splice site for 1.9% (n = 3), in-frame insertions/
deletions for 0.6% (n = 1), nonsense for 10.5% (n = 17),
and frameshift for 25.3% (n = 41). Sixty-six mutations
(40.7%) were located in the a-helical domain, 17 (10.5%) in
the B-sheet domain, and 79 (48.8%) in other uncategorized
locations.

The phenotypic characteristics. of patients enrolled in
each of the 4 registries and by location, type, and topology
of mutation are presented in Table 1. The age was younger
in the Mayo Clinic registry than in the other 3 registries.
The QT'¢ interval was longer and the cardiac events were
more frequent in the U.S. and Japanese registries than in the
other 2 registrics. A pacemaker was more frequently im-
planted in the U.S. registry, and a defibrillator in the Mayo
Clinic registry. LQTS-related death was more frequent in
the U.S. registry than in the other 3 registries; that seems
mainly because the U.S. registry included the largest pro-
portion of patients missing ECG data and was the longest-
standing registry, in which 44 of the 92 deaths occurred
before 1980. It is not surprising that the death rate in
subjects missing ECG data (i.e., QTc) was very high.
Location, type, and topology of mutation on clinical
outcome, As to the location of mutation, the QT ¢ interval
was longer and cardiac events were more frequent in
patients with mutations’ in' the transmembrane pore loca-
tions (S5-loop-S6) than in patients with mutations in
transmembrane nonpore (S1 - to  S4), N-terminus, or

Shimizu et al. 2055 |
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C-terminus locations. As to the type of mutation, the QT¢
interval was longer in patients with missense mutations than
in patients with either frameshift/nonsense or other muta-
tions. Sudden death was also more frequent among patients
with missense mutations. As to the topology of mutation,
the QT¢ interval was longer and cardiac events were more
frequent among patients with mutations located in the
a-helical domain than among patients with mutations in
either the B-sheet domain or other uncategorized location.
The cumulative probabilities of first cardiac event by
type, location, and topology of mutation are presented in
Figures 2A, 2B, and 2C, respectively. No significant
difference in event rates was observed among types of
mutation (p = 0.68) (Fig. 2A), although missense muta-
tions were more associated with longer QT ¢ interval and
increased risk for sudden death compared with other types
of mutations. Conversely, significantly higher event rates
were found among subjects with transmembrane pore mu-
tations than among subjects with mutations in transmem-
brane nonpore, N-terminus, or C-terminus regions, with a
gradual increase in event rates occurring during ages 5 to 40
years (Fig. 2B). Significantly higher event rates were also
observed among subjects with mutations located in the
a-helical domains than among subjects with mutations in
either the B-sheet domains or other locations (Fig. 2C).
The findings from the Cox regression analysis by location
and by topology of KCNH2 mutations for first cardiac
events and those for aborted cardiac arrest or LQTS-related
sudden cardiac death are presenited in Table 2. The clinical
risk factors associated with first cardiac events involved
males before age 13 years (HR: 1.54 vs. females), females
after age 13 years (HR: 3.29 vs. males), and longer QTc
intervals (HR: 3.33, QT'c >530 ms [n = 112] vs. QT¢
<460 ms [n = 239]; HR: 2.09, QTc 500 to 530 ms [n =
146] vs. QTc <460 ms; HR: 1.56, QTc 460 to 499 ms [n
= 251} vs. QTc¢ <460 ms). Mutations located in the
transmembrane pore region made significant and indepen-
dent’ contributions to the risk ‘model, with C-terminus
region as reference (HR: 1.56): Mutations located in the
a-helical domains made significant contributions to the risk
miodel with the B-sheet domains as reference (HR: 1.74). A
mutation in the a-helical domain located in the transmem-
brane pore region would have a risk equal to the multipli-
cative product of the 2 hazard ratios, namely, 1.56 X 1.74 =
2.71. On the other hand, a' mutation in the a-helical
domain located in the nonpore transmembrane S1 to 54
region would have a'risk of 0.61 X 1.74 = 1.06, and this
value was very similar to 1. Time-dependent B-blocker use
was associated with a significant 63% reduction in the
risk of first cardiac events (p < 0.001). The clinical risk
factors associated with lethal cardiac events showed
similar tendency to those with cardiac events, and in-
volved females after age 13 years (HR: 2.38 vs. males) and
longer QT¢ intervals (HR: 4.97, QT¢ >530 ms vs. QT¢
<500 ms; HR: 2.57, QTc 500 to 530 ms vs. QTc <500
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ms). History of prior syncope was a significant risk for
lethal cardiac events (HR: 3.42). Time-dependent
B-blocker use showed a reduction in the risk of lethal
cardiac events by 26%, but this did not reach statistical
significance.

Combination of location and type of mutation on clinical
outcome. The inter-relation between location, type, and to-
pology of mutation is presented in Table 3. Among 52

mutations within the transmembrane pore region, 46 muta-
tions (88.5%) were missense mutations, and only 6 mutationis
(11.5%) . were - frameshift/nonsense mutations. - Conversely,
frameshift/nonsense mutations were more frequently located in
the - C-terminus region’ (31 “of 50 ‘mutations, "62.0%); 17
mutations (34.0%) were missense mutation, and the remaining
2 mutations (4.0%) were from any other type (splice mutation).
Because transmembrane pore mutations are more risky than
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Variable

Hazard Ratio

95% Confidence

Interval p Value

Enrolling sites with the Netherlands as reference

Rochester
Japan
Mayo

Sex/age
Males/females age <13 yrs
Females/males age 13 to 40 yrs

QTc categoties with QTc <460 ms as reference, ms
QTc >530
Q¥c 500 to 530
QTc 460 to 499
QTc missing*

C-terminus region as reference
Transmembrane S5-loop-S6 region
Transmembrane S1-54 region
N-terminus region

Subunit topology with S-sheets as reference
o-helical domains

Uncategorized locations

Time-dependent S-blocker use

138 1.03-1.85 0.030
1.10 0.74-1.63 0.644
0.94 0.60-1.47 0.786
1.54 1.08-2.20 0.018
3.29 2.36-4.60 <0.001
3.33 2,30-4.83 <0.001
2.09 1.45-3.02 <0.001
1.56 1.414-2.214 0.011
3.33 2.25-4.92 <0.001
1.56 1.14-2.14 0.006
0.61 0.34-1.09 0.095
1.22 0.92-1.62 0.473
1.74 1.15-2.63 0.009
133 0.93-1.90 0,115
0.37 0.22-0.63 <0.004

Enrolling sites with the Netherlands as reference

Rochester 1.38 0.79-2.41 0.257

Japan 1.87 0.89-3.94 0.099

Mayo 1.37 0.53-3.52 0520
Sex/age

Mates/females age <13 yrs 1.55 0.52-4.64 0.433

Females/males age 13 to 40 yrs 2.38 1.50-3.79 <0.001
QTc categories with QTc <500 ms as reference, ms

QTc >530 497 2.72-9.07 <0.001

QTc 500-530 2.57 1.39-4.76 0.003

QTVc missing* 2558 14.46-45.26 <0.001
History of prior syncope 3.42 2.26-5.20 <0.004
C-terminus region as reference

Transmembrane $5-loop-S6 region 1.00 0.56-1.80 0.993

Transmembrane 51-54 region 1.00 0.39-2.61 0.994

N-terminus region 133 0.80-2.22 0.271
Subunit topology with B-sheets as reference

a-helical domains 1.47 0.72-2.98 0.269

Uncategorized locations 112 0.60-2.10 0.658
Time-dependent B-blocker use 0.74 0.42-1.3% 0.300

The Cox ived 858 with 259 b 5§5-{o0p-56, 44 transmembrane S1 to 54, 243 N s, and 312 C
*The d QT {(QTc) category 410 sub 69 of whom died suddenly at a young age without a prior

electrocardiogram.

mutations in the transmembrane nonpore, C-terminus, or
N-terminus regions (Fig. 2B), and there is no significant
difference in event rates among the types of mutation (Fig.
2A), nonmissense mutations, mainly frameshift/nonsense mu-
tations in the C-terminus region, may be an independent risk.
Therefore, we further investigated the risk associated with a
combination of location and type of mutation.

The cumulative probabilities of first cardiac event for
missense mutations within different locations are presented

in Figure 2D, and those for mutations located in the
a-helical domains within different locations are presented in
Figure 2E. Significantly higher event rates were found in
subjects with missense mutations (Fig. 2D) and mutations
in the a-helical domains (Fig.. 2E) located in transmem-
brane pore region than in those located in any other regions.
Among 261 patients with frameshift/nonsense mutations,
the event rates were not different by location of mutations
(data not shown).
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Location

Transmembrane
Type (51-84)

Transmembrane
(S5-Loop-S6)

N-Terminus C-Terminus Total

Frameshift/nonsense

Topology

ahelices 5(10) 41 (84)
f-sheet — —_
Neither 6(3)

Total 11 (4)

3(8) — 43 (100
4(100) — 4(100)

56 (27) 144 (69) 208 (100)
3 (24) 1

Total
Topology
c-helices 36 (11) 211 (66)
B-sheet —-— —_
Neither 8(2) 48 (12)
Total ] 44 (5) 258 (30)

28(9) 44 (14) 319 (100)
60 (43) 81(57) 141 (100)
155 (39) 187 (47) 398 (100)
243 (28) 312 (36) 858 (100)

Values are n (%).

The Cox regression analysis by a combination of location
and type of mutations for first cardiac events and that for
aborted cardiac arrest or LQTS-related sudden cardiac
death is presented in Table 4. For patients with missense
mutations, the transmembrane pore (S5-loop-S6) and
N-terminus regions were a significantly greater risk than the
C-terminus region (HR: 2.87 and 1.86, respectively), but
the transmembrane nonpore (S1 to S4) region was not (HR:
1.19). However, for nonmissense mutations, these other
regions were no longer riskier than the C-terminus (HR:
1.13, 0.77, and 0.46, respectively). Likewise, subjects with
nonmissense mutations, mainly frameshift/nonsense muta-
tions, were at significantly higher risk than were subjects
with' missense mutations in the’ C-terminus region (HR:
2.00), but that was not the case in other regions. This
mutation location-type interaction was significant (p =
0.008). However, a mutation topology-type analysis did not
reveal a significant interaction {p = 0.11). Also, the muta-
tion location-type interaction was not seen for the aborted
cardiac arrest or LQT'S=related sudden cardiac death end
point reported in Table 4.

Among subjects with missense mutations; the transmem-
brane pore region was a significantly higher risk than were
the’ transmembrane. nonpore, N=terminus; or C-terminus
regions {not shown HR: 2.42, 1.54; and 2.87, respectively).
For subjects with  nonmissenise mutations,. the transmem-
brane pore region was not a significantly higher risk than

were the transmembrane nonpore, N-terminus, or C-terminus
regions (HR: 2.47, 1.48, and 1.13, respectively). It is interest-
ing to note that, while not significant, the effect sizes (HRs) of
the pore risk stay relatively constant across mutation type
except in the case of the C-terminus, further evidence of the
location-type interaction.

Discussion

The major findings of the present study from 858 type 2
LQTS subjects with genetically confirmed KCNH2 muta-
tions derived from 4 LQTS registries are that: 1) there is a
significant mutation type-location interaction; specifically,
that the relative risk between C-terminus and the regions
15, different for  missense  versus nonmissense " locations;
2) patients with missense mutations in- the transmembrane
pore region have significantly higher cardiac event rates than
do patients’ with' missense mutations in’ the N-terminus,
transmembrane nonpore; of C-terminus regions; 3) patients
with nonmissense mutations were at significantly higher risk
than  were ~patients - with  missense mutations . in" the
C-terminus region; and 4) patients with mutations located
in: putative ‘a-helical domains have  significantly  higher
cardiac event rates than do patients with mutations in either
the: B-sheet domains or other uncategorized locations, and
these higher event rates are independent of traditional clinical
risk factors and of B-blocker therapy. Our data indicate that
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95% Confidence

Hazard Ratio Interval p Value

1. Mutation location by type

Transmembrane pore (S5-loop-56)/C-terminus {reference)
Missense mutations
Nonmissense mutations

N-terminus/C-terminus (reference)
Missense mutations
Nonmissense mutations

Transmembrane nonpore {S1-54)/Cterminus (reference)
Missense mutations
Nonmissense mutations

2. Mutation type by location

Nonmissense/missense (reference}

C-terminus location
Other locations (N-terminus, $1-54, S5-loop-S6)
3. Interaction between mutation location and type*

2.87 2.03-4.07 <0.001
1.43 0.65-1.95 0.663
1.86 125-2.78 0.002
0.77 0.60-1.17 0.220
1.19 0.59-2.39 0.632
0.46 0.18-1.17 0.103
2.00 1.33-3.00 0.001
NS
—_ — 0.008

1. Mutation location by type
Transmembrane pore (S5-loop-S$6)/C-terminus {reference)
Missense mutations
Nonmissense mutations
N-terminus/C-terminus (reference)
Missense mutations
Nonmissense mutations
Transmembrane nonpore (S1-54)/C-terminus (reference)
Missense mutations
Nonmissense mutations
2. Mutation type by location
fmi (ref )
Cterminus Jocation
Other locations (N-terminus, $1-54, S5-ioop-S6)
3. Interaction between mutation location and type*™

Nonry

1.65 0.93-2.91 0.085
0.57 0.19-1.74 0.324
1.95 0.98-3.83 0.052
0.80 0.37-1.73 0.575
1.94 0.61-6.20 0.264
0.55 0.12-2.56 0.446
1.75 0.85-3.61 0.131
NS
- — 0.208

Note: ltems 1, 2, and 3 [dentify risk factors from the same model. The model adjusted for enrolling site; sex > age,

PBblockers as in Table 3. When family 1

d QT, and ti p

who expi

i d {ong QT sy

velated sudden cardiac death without being genotyped were

omitted from the analyses, the hazard ratios, confidence intervals, and p values for focation and type of mutation were sirnilar to those values in the

above table, but the significance for the action b ion |

b i ion and type heth

and i

overall significance level for 3 intéraction terms.
NS = not significant.

risk stratification and specific. management or- treatment. by
distinct location, coding type, and topology: of the channel
mutaton in addition to classical risk factors such as QTc, sex,
or history of prior syncope may be possible in patients with
type 2 LQTS, although further studies are definitely required.

A total of 12 forms of congenital LQTS: have: been
reported: (2,4,17-20), and. clinical studies for genotype-
phenotype correlations have been: rigorously investigated in
the type 1,2, and- 3. LQTS; which: constitute >90% of
genotyped patients with LQTS(2,21-25). More recently,
mutation-location: specific - differences ‘in- the “severity ' of
clinical phenotype have been investigated in each genotype
(9,11,12,26,27). As to the type 1 LQTS; 4 large cohort of
600 patients with KCNQI mutations has demonstrated that

and type was reduced from p = 0.008 to p = 0.09: *The Interaction

the cardiac event risk for a lacation relative to the Cterminus varies significantly between
The hazard ratio and confidence intervals are not provided for this interaction because the p value is an

location and biophysical function of mutations were inde-
pendent risk factors influencing the clinical course (11).
However; the distribution 'of mutation location as well as
the frequency of mutation type are reported to be different
in: each of 3 major genotypes (9,11,12,26,27). More re-
cently, putative secondary structures of a-helices or B-sheet
are reported: to. have ‘an' important role on'the channel
function in the type 2 LQTS (8). Therefore; a larger cohort
of ‘patients havinga spectrum:of KCNH2 mutations is
required 'to- test the hypothesis that the location; coding
type, and topology of mutations would influence the clinical
course inthe type 2. LQTS.

In contrast to our cohort of 600 type 1 LQTS patients in

which the majority of mutations wete found in the transmem-
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brane region (66.2%) (11), in the present study, mutations in
KCNH2 were more evenly distributed in the N-terminus, the
transmembrane domain, and the C-terminus. As to the type of
mutation, missense mutations dominated (80.5%), and only
13% of the mutations were frameshift/nonsense mutations in
our type 1 LQTS cohort (11). In contrast, missense mutations
accounted for 61.7%, and frameshift/nonsense mutations were
more frequently observed (35.8%) in this type 2 LQT'S cohort.
Interestingly, most of the mutations located in the transmem-
brane pore region were missense mutations (46 of 52, 88.5%)
in the present study, a finding concordant with the previous
type 2 LQT'S cohort by Moss et al. (9) (13 of 14, 92.9%). This
indicated that the severe phenotype in patients with mutations
located in the transmembrane pore region was probably be-
cause missense mutations that are expected to cause dominant
negative effects were predominant in this region. However, our
type 2 LQTS patients with missense mutations located in the
N-terminus, transmembrane nonpore, and C-terminus regions
were at significantly less risk than were patients with missense
mutations in the transmembrane pore region. These data
suggest that location of mutation, in other words, the trans-
membrane pore region, itself was an independent risk in type
2 LQTS patients with KCNH2 missense mutation.

Conversely, patients with nonmissense mutations, mainly
frameshift/nonsense mutations, were at significantly higher
rsk than were patients with missense mutations in the
C-terminus region, and the event rates in patients with
frameshift/nonsense mutations were not different among the
transmembrane pore, transmembrane nonpore, N-terminus,
and C-terminus regions: Gong et al. (28) recently suggested
that most frameshift/nonsense mutations would cause
nonsense-mediated decay - (NMD), thereby producing less
messenger ribonucleic acid from the mutant alleles (28). This
potentially would allow for the wild type allele to express more
normal channels. Therefore, it is expected. that the type 2
LQTS patients with frameshift/nonsense mutation causing
NMD would have a mild phenotype. In contrast, the type 2
LQTS patients with frameshift/nonsense mutation without
NMD would be expected to have a more severe phenotype
because a truncated protein would be produced. Thus, the fact
that some frameshift/nonsense mutations show NMD,
whereas the other mutations do not, makes the clinical phe-
notype in the type 2 LQT'S patients with frameshift/nonsense
mutations rmore complicated, although this scenario is only a
speculation. The present study confirmed the higher risk in
patients with  nonmissense mutations than in patients with
missense mutations in the C-terminus region, suggesting that
more careful follow-up is required for type 2 LQTS patients
with nonmissense mutations in the C-terminus region.

With regard to the topology of mutation, Anderson et al. (8)
recently reported that missense mutatons located ini a highly
ordered structure as a-helices or B-sheet correlated with a class
2 trafficking-deficient phenotype in the type 2 LQTS patients.
In the present cohort, mutations located in the a-helical
domains were associated with a significantly higher risk com-
pared with mutations in either the B-sheet domains or other
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uncategorized locations. It is possible that missense mutations
in e-helices, where secondary protein structure is thought to be
highly ordered, lead to altered secondary and tertiary channel
protein structure and abnormal trafficking. This new analysis
considering putative secondary structures of mutated channel
would be a useful approach in stratfying the risk of cardiac
events in patients with LQTS.

B-blockers have long been the first choice of therapy for

patients with congenital LQTS (2,29). However, it has been
shown in previous studies that the protection that
B-blockers provide against cardiac events for type 2 and 3
LQTS patients is somewhat less effective than for type 1
LQTS patients (23,30). A variety of experimental data also
support the genotype-specific efficacy of B-blockers for type
1 LQTS (31). In the present study, time-dependent
B-blocker use significantly reduced the risk of first cardiac
events by 63% (p << 0.001), confirming the efficacy of
B-blockers as a first line of therapy in patients with type 2
LQTS as well as suggesting more prophylactic use of
B-blockers, especially for high-risk patients with type 2
LQTS. However, B-blocker use was associated with less
protection (29%) in the prevention of lethal cardiac events
compared to first cardiac events {mostly syncope), indicating
that additional treatment such as potassium supplement or
an implantable cardioverter-defibrillator implantation may
be considered in high-risk patients with type 2 LQTS. The
patients who have aborted cardiac arrest/sudden death may
have a more malignant pathophysiology that is more resis-
tant to B-blockers than are syricopal episodes. We purposely
included “ECG missing” in the Cox model so that the
B-blocker effect is actually adjusted for subjects with “ECG
missing” who probably did not receive B-blockers.
Study limitations. We did not evaluate the risk associated
with' distinct type of biophysical jon-channel dysfunction
(dominant-negative or haplotype insufficient}, because only
a small percentage of the mutations present within our
patient population have been studied extensively in identical
cellular expression experiments. There were 60 patients who
were not genotyped, and they had an increased risk for
events mainly because their fatal events occurred at a young
age before they were genotyped. When these patients were
excluded from the analysis, the pattern of risk in the
missense and nonmissense subgroups remains similar to that
of the total population, but the significance of the effect is
attenuated because of the reduced number of events.
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