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The use of genotype-phenotype correlations in mutation
analysis for the long QT syndrome

I M Van Langen, E Birnie, M Alders, R J Jongbloed, H Le Marec, A A M Wilde

syndrome (LQTS or Romano-Ward syndrome) is a disease

of disturbance of repolarisation of cardiac myocytes
secondary to malfunctioning ion channels, potentially leading
to ventricular arrhythmias. The estimated prevalence is 1 in
5000-7000."

LQTS is diagnosed by analysis of surface electrocardio-
grams, clinical presentation, and family history.” Cardiac
events in first and second degree relatives of LQTS patients
occur in 6-13% of cases.’ Thirty percent of mutation carriers do
not have a prolonged QT interval, but are still at risk for
complications.*”> Beta blockers and adjustments in life style
are effective in most LQTS patients.’

Up to now, five LQTS genes (and one locus on chromosome
4) have been identified: KCNH2, KCNQ1, SCN5A, KCNEI, and
KCNE2 on chromosomes 7, 11, 3, 21, and 21, respectively. At
present, the genotype has been identified in 50-70% of
patients. Most patients have a private (missense) mutation in
KCNH2 or KCNQ1.

Diagnostic screening of all five LQTS associated genes at
once potentially leads to relatively fast mutation detection but
is very labour intensive and costly. Sequential mutational
analysis, starting with the gene that accounts for the largest
percentage of mutations based on published gene prevalences
(KCNH2, 45%), has the same disadvantages, albeit to a lesser
extent.” In most patients, a mutation will not be detected at
the first attempt, so in most cases at least two genes have to be
screened to detect the disease causing mutation. This is a
major drawback for diagnosis of mutations in LQTS.*™
Nevertheless, several commercial diagnostic services exist."

Distinct genotype-phenotype correlations have been re-
ported in LQTS. Age of onset, symptom related triggers, the
STT segment morphology of the ECG, and the response to
drugs are all linked to the aberrant gene.”" In short, KCNQI
mutations are associated with an early age of onset, triggers
are exercise, swimming, and emotion, and ECGs are character-
ised by normal or broad based T waves. Patients with KCNH2
mutations have an older age of onset, triggers can be arousal,
noise, emotion, exercise, or rest, and ECGs show low
amplitude, bifid T waves. In patients with SCN54 mutations,
the age of onset is relatively late, triggers are quiescence and
sleep, and ECGs are characterised by late onset of peaked,
bifid, or asymmetrical T waves. Patients with KCNQI and (to a
lesser extent) with KCNH2 mutations exhibit good responses
to beta blockade, while patients with SCN54 mutations may
need other treatment (for example, pacemaker, internal defi-
brillator).

In this study, we prospectively investigated whether the
success rate of mutation detection in the genes first elected for
analysis in LQTS index patients can be raised if known
genotype-phenotype correlations are used.

MATERIALS AND METHODS

Subjects

Forty consecutive, unrelated LQTS patients originating from
The Netherlands and Belgium, who were referred to the diag-
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e |dentification of causative mutations in index patients
with long QT syndrome is important for treatment deci-
sions and to enable cascade screening in relatives.

* Mutation analysis is time consuming and costly,
because of extensive genetic heterogeneity.

¢ Clear genotype-phenotype correlations in long QT syn-
drome have been described.

e The efficiency of mutation analysis is greatly enhanced
if it is directed by phenotypic information (ECGs, clinical
data). In 90% of patients so genotyped, the mutation is
detected in the first eligible gene.

e If only the most eligible gene is screened, the disease
causing mutation is detected in 70% of all index patients
(78% are detected if all five genes are screened).

o With this relatively cheap and fast way of DNA mutation
analysis, referral of more LQTS patients for mutation
analysis is encouraged. This will lead to timely identifi-
cation and prophylactic treatment of many young
people at risk of dying suddenly.

nostic centres in Amsterdam and Maastricht, were included in
this study. Diagnosis of LQTS was based on accepted criteria.’
None of the patients was involved in earlier studies on
genotype-phenotype correlations.” Informed consent was
obtained from all participants or their guardians.

Clinical investigations

Clinical data on symptom related triggers, age of onset of
symptoms, and ECG recordings of the index patient and, if
possible, his or her relatives were collected. Only the
information on relatives available at the time of referral was
used. If an index patient had died without leaving an ECG
recording (eight cases), clinical data of the index patient and
ECG recordings of a clearly affected first degree relative were
used. ECG analysis was performed by calculation of QT inter-
vals corrected for heart rate (QT,) and interpretation of the
morphology of the ST-T segments.

DNA analysis

DNA analysis was performed on DNA isolated from blood
samples collected from living LQTS patients or on stored DNA
of dead patients. If no stored DNA of a dead patient was avail-
able (six cases), a blood sample of a clearly affected first degree
relative was used. DNA extraction, polymerase chain reaction
(PCR) amplification, single strand conformation polymor-
phism (SSCP), or denaturing high performance liquid
chromatography (DHPLC) analysis and sequencing of aber-
rant conformers or elution profiles by using fluorescent dye
terminators were performed, as described elsewhere."”
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One of the authors (AW), a cardiologist familiar with LQTS,
decided the order of genes to be screened (choosing from the
three major genes, KCNH2, KCNQ1, and SCN5A) on the basis of
clinical data and knowledge of prevalence and genotype-
phenotype correlations. For research purposes, KCNE! and
KCNE2 were screened in every patient. Both are small genes,
coding for auxiliary subunits of the KCNQI and KCNH?2 genes.
Pathogenic and non-pathogenic sequence alterations were
distinguished based on published criteria, including the
absence of the presumed mutation in 100 control alleles.”
Analysis of more genes after finding an aberration in the first
assigned one, KCNQI, was performed in one symptomatic
LQTS patient of Turkish ancestry, because no control DNA
from the Turkish population was available to exclude that this
missense mutation was a polymorphism.

Added value of phenotypic data

The added value of phenotypic data was evaluated independ-
ently by a second cardiologist (HM), not personally involved in
the management of the study population and therefore
initially blinded for information on ages of onset, symptom
related triggers, and family data of the patients. The study was
conducted as follows. First, ECGs and patient variables that
potentially influence ECG morphology (present age, sex, and,
if applicable, data on medications and therapy) were
presented and the cardiologist was asked which LQTS gene
was most likely to be mutated. Second, additional data on the
age of onset, symptom related triggers and, if available, ECGs
and medical histories of relatives were presented and the car-
diologist again was asked which LQTS gene was most likely to
be mutated.

As reference, we used the prevalences of gene mutations in
the largest LQTS cohort available, consisting of 262 European
and American patients. In this study, the molecular diagnosis
was established in 68% of the patients: KCNH2 45%, KCNQI
42%, SCN5A 8%, KCNEI 3%, and KCNE2 2%.”

Screening strategies
The impact of the use of phenotypic information was
evaluated in terms of the percentages of cost reductions and
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yields of three screening strategies each taking the shortest
time possible for results to be available: (1) screening all five
genes at once in all patients, (2) screening the most eligible
gene (KCNH2) only, based on published prevalences, and (3)
screening the most eligible gene in each patient, based on
phenotypic information.

Statistical analyses

The added value of ECG morphology in assignment of the
affected gene was calculated as the proportion of correct pre-
dictions of the affected gene after ECG data had been
presented compared to the proportion of KCNH2 mutations in
the reference population. The added value of all phenotypic
data (ECGs, ages of onset, symptom related triggers, family
data) was calculated as the proportion of correctly predicted
mutated genes after supply of all phenotypic information
compared to the prevalence of KCNH2 mutations in the refer-
ence population. Both comparisons were tested statistically
with the non-parametric binomial test.

The added value of information on ages of onset and symp-
tom related triggers and family data in addition to ECG data
only was calculated as the proportion of correct predictions
after supply of all phenotypic information compared to that
proportion of ECG data only. Comparisons in these paired
proportions of correctly predicted mutated genes were tested
with the McNemar test.

The assessment of the inter-observer agreement in predict-
ing the mutated gene after presentation of all phenotypic
information was used to test the reproducibility of prediction
method and evaluated with the (unweighted) kappa statistic.

Finally, the effect of the availability of family data on the
proportion of correctly predicted mutated genes was evaluated
with the x* test (two sided); p values <0.05 were considered
significant.

RESULTS

Patients

There were 28 female and 12 male index patients, all with
normal hearing. The mean age of onset of symptoms was 16.7

Table 1 Clinical characteristics, predicted genes, and genotypes of LQTS patients
Genotype*

Characteristic KCNQT (n=10) KCNH2 (n=18) SCN5A (n=3) No mutation (n=9)

Age of onsett
09y 5t1 388§ - 2
>0y 5** /1t 15 3 7

Triggerst
Exercise 9tt/tt 6 - 5
Swimming 5tt — — 2
Emotion 2tt/t1 4 =
Arousal§ - 10 - 2
Quiescence 1xx 6 2
Other - 288§ - 1

ECG morphology
KCNQT-like 8gx* 4 1 3
KCNH2Aike 1tt 148§ 1 6
SCN5Alike 14 - 1 -

Predicted gene to be mutated
KCNQ1 10**/tt/1f 1 - 4
KCNH2 - 178§ 2 4
SCN5A - - 1 1

*Based on mutation analysis.

10-9 y: KCNQT more probable, >9 y: KCNH2 or SCN5A probable, but other criteria more important for

assignment.

tMore than one trigger/patient is possible.

§Including noise.

{Based on all phenotypic information.

**Including one compound KCNQ1/SCN5A mutation carrier.

ttiIncluding one compound heterozygous KCNQT mutation carrier.

ttIncluding one homozygous KCNQT mutation carrier.

§8§Including one homozygous KCNH2 mutation carrier.
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Table 2  Mutations in 40 LQTS patients
KCNQI KCNH2 SCNSA
M159sp* Cé4y Q692K§
G168R L87P A1330T
Y1848 G193 fs/136 11768V
R259C 1200 fs/ 144t 1795insD
G292D* 210insL, 7216 fs/120
G314S P251 fs/107
Y3158 R582C%

S373P G604S

W379S T613M

R519C V625E

R562M§ F640L
Mé45L
S649L
E698X
R783 fs/24
R863X
P872 fs/4

*Compound heterozygous.

THomozygous.

ln two patients.

§Both mutations in one patient.

years (SD 10.4) (range O (symptoms starting in utero) to 44
years). In three patients, the triggers for cardiac events were
unknown, 20 patients reported one trigger, 14 patients had
two, and three patients had three (table 1). ECGs and/or clini-
cal data were available from family members of 29 index
patients.

DNA findings

After screening a maximum of five LQTS related genes, the
genotype could be determined in 31 (78%) patients, compar-
able to the yield in the reference group (table 2).” Twenty-
seven patients had heterozygous mutations, two patients were
homozygous for mutations in KCNQI and KCNH2 respectively,
and one was compound heterozygous for two mutations in
KCNQI. After detecting the KCNQI mutation in a patient of
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Turkish ancestry, a second missense mutation in SCN5A was
determined. Neither presumed mutation has been reported
previously and both were inherited from the father. In 28
patients, a mutation was depicted in the initially assigned
gene (70%).

Added value of phenotypic data

Using ECG data exclusively, 74% (23/31, 95% CI 58 to 91) of
the genotyped cases were predicted correctly, a significant
increase compared to the prevalence of KCNH2 mutations in
the reference population (45%) (p<0.001).

By complementing ECG data with information on age of
onset, symptom related triggers, and data on relatives, 90%
(28/31, 95% CI 74 to 97) of all genotyped cases were predicted
correctly (fig 1). The proportion of correct predictions was
increased significantly compared to the prevalence of KCNH2
mutations in the reference population (p<0.001) and was
considerably higher than if only ECG information was used
(90% v 74%, p=0.063).

After presentation of all phenotypic data, the correct
prediction rate was 87% for cardiologist AW and 90% for car-
diologist HM. The inter-observer agreement was good
(kappa=0.68, p<0.0001), which supports the reproducibility
of this prediction method.

The availability of family data did not increase the
proportion of correct predictions (x* test p=0.61 for availabil-
ity of ECGs and p=0.52 for availability of all data).

Screening strategies

Screening all five genes at once in all index patients results in
the optimal yield of 78% but is very labour intensive and
expensive. While the use of resources is considerably reduced
if only the most eligible gene based on prevalences in the ref-
erence group is screened, the yield also drops significantly
(being only 45% in our study population). However, if the one
most eligible gene based on individual phenotypic infor-
mation is screened in all patients, the total yield is only
reduced by 8% (to 70%), while labour and cost are reduced by
80%.

——~ KCNQI [ = 10)

H| KCNH2 [n = 1)

analysis 4>| SCNS5A (n = 0)

|
DNA |
|
|

—>| No mutation (n = 4)

—~ KCNQT [n = 0)

H| KCNH2 [n = 17)

DNA

analysis 4>| SCNS5A (n = 2) |

—>| No mutation (n = 4)

—~ KCNQI [n = 0)

| KENQ1

(n=15)

Index patients ECG + ot.her KCNH2

(n = 40) phenotypical = (n = 23)
information

|| SCNSA

In=2)

H| KCNH2 [n = 0)

analysis —>| SCN5A [n = 1)

|
DNA |
|
|

—>| No mutation (n = 1)

Figure 1 Predicted genotypes of 40 index patients after provision of ECG and other phenotypic information, as compared to genotypes

established by DNA analysis.
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DISCUSSION

We investigated whether phenotype directed genotyping in
LQTS might increase efficiency compared to screening based
on prevalences only. The proportion of correct predictions of
the mutated gene is significantly increased to 90% of cases
with established genotypes when phenotypic information is
added. Hence, reliable identification of risk carrying relatives
can be achieved relatively quickly and at low cost in 70% of all
LQTS affected families. The favourable inter-observer agree-
ment supports the reliability of this prediction method.

As in the reference group, KCNH2 was the most frequently
mutated gene in our study but the prevalence of KCNH2
mutations was considerably higher here (45% v 58%). As a
result, predictions solely based on prevalence data from the
reference population would have led to higher yields in our
population than expected, slightly reducing the added value of
phenotypic information in this specific patient group. Still,
even in this group, predictions based on phenotypic data
(90%) were much better than predictions based on prevalence
data in the reference group (18 of 31 patients, 58%, with
KCNH2 mutations in our study group). In different popula-
tions, with unknown background prevalences, the use of indi-
vidual phenotypic data to assign the most eligible mutated
gene becomes even more important.

Zhang et al” described an alternative method to predict the
affected gene in LQTS on the basis of 10 characteristics of the
ECGs of patients and their relatives."” The gene was predicted
successfully in 80% (63/81) of genotyped families. However, a
clear candidate gene could be assigned only in 63% (80/127) of
all families. Contrary to our findings, Zhang et al'’ concluded
that the availability of ECGs (from multiple relatives)
improved prediction rates. Our prediction method reaches (at
least) the same prediction rates but is more robust.

Limitations

Despite meeting accepted LQTS criteria, mutations were only
found in 78% (31/40) of cases. This may be because of false
negative results probably being caused by the relatively low
sensitivity of SSCP analysis for mutation screening, compared
to that of more advanced techniques like DHPLC. Alterna-
tively, more LQTS genes may exist than the five genes that
were tested in our study and deletions and mutations outside
the screened coding regions of the known genes may have
been missed.

Two mutations in different genes were identified in one
patient (1/40). This is in accordance with the reported rate of
double mutations in KCNQI, KCNH2, and SCN5A (approxi-
mately 3% of cases).”* We did not study whether other
patients had mutations in more than one gene other than
KCNEI and KCNEZ2. 1t is not expected that the finding of more
than one mutation has clinical implications for medical treat-
ment in the index patient. Nevertheless, these findings may be
relevant for relatives, probably being at risk for acquired LQTS
(in which symptoms are only to be expected in triggering cir-
cumstances, like the use of certain medications) when
carrying only one of the mutations. Prognostic research
should first clarify the clinical consequences, if any, before
diagnostic screening is extended to corroborate the existence
of more than one mutation in all patients.

Both cardiologists in our study are experts in the field of
LQTS. Their good inter-observer agreement most probably
reflects their long experience in judging ECG morphology in
this disease. We did not test the predictive ability of less expe-
rienced cardiologists, but we assume that these would be
somewhat less.

Proposed strategy for diagnostic services in LQTS

While considering the genetic heterogeneity in LQTS and the
limitations of current techniques used in DNA diagnosis, we
still recommend DNA diagnosis in all known LQTS families.
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Cost effective and fast screening of index patients is possible
by limiting diagnosis to the one most eligible gene based on
phenotypic information. This requires that knowledgeable
cardiologists are involved in the intake procedure of diagnos-
tic laboratories and that referring cardiologists provide ECGs
and clinical data together with the blood samples of their
LQTS patients. The prediction of the most eligible gene should
be based on age of onset of symptoms, triggers, ECG morphol-
ogy (index and/or relatives), and relevant published back-
ground prevalences. If a mutation is detected, DNA based
screening of (asymptomatic) relatives can be offered. In our
experience, an additional five to ten DNA tests for a certain
mutation will be requested during this cascade screening.

If no causative mutation can be identified, only cardiologi-
cal screening of relatives can be offered. Owing to potentially
reduced penetrance, formal cascade screening is not possible
here.” Further DNA screening for research purposes in the
index patient could be discussed with cardiologists and
molecular geneticists involved in research in this field. The
same applies for screening of other genes with the purpose of
finding second mutations after one mutation has already been
found.

The strategy proposed here will have to be adjusted when
future diagnostic techniques (for example, DNA chips) make
simultaneous screening of several genes possible at a lower
cost. However, we do not expect these developments to be of
practical use in the next few years.
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