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Abstract

Background and objective: Long QT syndrome (LQTS) is a rare primary cardiac electrophysiological disorder with
characteristic symptoms of syncope, tachyarrhythmia and torsades-de-pointes. It is the outcome of mutations in
genes encoding ion channels that function as voltage regulators. Heat shock protein (HSP) 90 is a molecular chap-
erone that plays vital roles in a variety of cellular processes, one of which is folding of nascent polypeptide chains
into their native forms. The main objective of this study was to screen for HSP90 Q488H (C > G) polymorphism in
patients with LQTS and identify its risk towards LQTS manifestation.

Methods: Allele-specific PCR was employed to genotype 49 LQTS patients, 71 first-degree relatives (FDRs) and
219 controls for the HSP90 Q488H polymorphism. The genotypes were statistically evaluated to assess their as-
sociation with the risk of LQTS. Further, bioinformatic analysis was performed to validate the statistical findings.

Results: Genotyping and statistical evaluation revealed a significant association of the CG genotype with LQTS,
pointing towards a heterozygote disadvantage in the patients. The GG and CG genotypes showed a significant
association with LQTS in the FDRs. Secondary pre-mRNA structure of the variant allele ‘G’ was found to be more
stable than the wild-type structure.

Conclusions: Individuals harboring the heterozygous “CG” genotype are at increased risk for LQTS. In the FDRs,
especially, the females harboring the “CG” and “GG” genotypes could transmit the risk allele to the future genera-
tion, giving rise to a disadvantage towards LQTS. It is imperative that all FDRs undergo carrier detection and/or
prenatal diagnosis to prevent the recurrence of dominant-negative effect leading to sudden cardiac death events
among the current and future generations.
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The heat shock protein 90 (HSP90), an abundant ubiquitous mo-
lecular chaperone, plays an essential role in varied cellular pro-
cesses, including cell cycle control and cell survival, as well as
hormonal and other signaling pathways. It also plays a vital role in
cell stress responses and maintains cellular homeostasis, promot-
ing the correct maturation and activation of a number of key cellu-
lar proteins and protein complexes.! The highly conserved HSP90
family of proteins exists in all organisms, except for archaea, and is
classified into five large subfamilies: the cytosolic HSP90s, the en-
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Fig. 1. HSP90a genotypes (Q488H). AS-PCR for Q488H polymorphism
(900bp product size). Lanes: 1 and 2, CC;3 and 4, CG;5 and 6, GG;7, 250bp-
marker. Abbreviation: HSP, heat shock protein.

doplasmic reticulum-localized Grp94, the mitochondrial TRAP1,
the chloroplast HSP90, and the bacterial HtpG.!

HSP90 has two major cytoplasmic isoforms, HSP90o (induci-
ble form/major form) and HSP90p (constitutive form/minor form).
Recent reports have suggested the existence of another isoform,
HSPY0N, associated with cellular transformation.? The genomic
location of human HSP90a is at 14q32-33, of HSP90p is at 6p21
and of HSP75 is at 16p13.3 respectively; all three are documented
as functional proteins.?? Since earlier studies have reported the in-
volvement of HSP90 in the folding of complex proteins such as
cystic fibrosis transmembrane conductance receptor (CFTR), the
current study aimed to identify the chaperone’s role in the fold-
ing of ion channel proteins, which when mutated leads to LQTS.
Hence, a missense polymorphism leading to an amino acid change
in HSP90 was studied.

Methods

We enrolled 219 unrelated individuals from Osmania General Hos-
pital (Hyderabad, Telangana State, India) as controls and 49 LQTS
probands with 71 available family members in the study, after

Table 1. Epidemiological distribution of controls and LQTS cases
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obtaining informed consent. The study was designed and carried
out in accordance with the ethical guidelines set under the 1975
Helsinki Declaration and was approved by the Institutional Ethical
Committee of Osmania University (Hyderabad, Telangana State,
India). The participants were clinically evaluated based on a 12-
lead electrocardiography (ECG) read by the consultant cardiolo-
gists at CARE Hospitals (Nampally, Banjara Hills, Secunderabad,
Telangana, India; Sri Jayadeva Institute of Cardiovascular Science
and Research, Bangalore, Karnataka, India; and, Institute of Ma-
ternal and Child Health, Calicut Medical College, Kerala, India).

Peripheral blood (5 mL) samples were collected from all the
participants and DNA was isolated following the standard proto-
col.* Single nucleotide polymorphism (SNP) genotyping was per-
formed by an amplifying refractory mutation system PCR. Two
sets of reactions were set up for each sample, using a common
primer (CF: TGGATAACTGTGAGGAGCTAA) and one of the
reverse primers (RC: CCTGTGATATAATAGATATGTTTC/RT:
CCTGTGATATAATAGATATGTTTG) specific for the different
alleles of the polymorphic locus.® The PCR reaction was set up in
an Eppendorf Master Cycler using the conditions of initial dena-
turation at 95 °C for Sm, denaturation at 95 °C for 30 s, annealing
at 63.5 °C for 30 s, extension at 72 °C for 30 s and final extension
at 72 °C for 5 m (Fig. 1).

The allelic and genotypic frequencies of the Q488H polymor-
phism were established. The online tool SNPStats (version 1.29;
accessed on 25-08-2015) was used to estimate the odds risk at 95%
confidence interval (CI), to test for association between various
genotypic combinations and LQTS.® Chi-square test for associa-
tion of differentiation between the controls and the LQTS group
was also carried out using the Sociostatistics online tool (version
4.0.30319; accessed on 25-08-2015).7

Insilico analysis was performed to understand the stability of
the pre-mRNA molecules of the two variant sequences of HSP90o
Q488H polymorphism. Secondary pre-mRNA structures were built
as per the background algorithm in the Vienna webserver (version
2.4; accessed on 25-08-2015),8 which helped in identifying distinct

Variable Controls, n (%) LQTS, (%) Fisher’s p-value
alQTs 9(18.3)
cLQTs - 40 (81.7)
Sex
Male 100 (45.67) 21 (42.9) 0.7531
Female 119 (54.33) 28 (57.1)
Sex ratio 0.84:1 0.75:1
Syncope - alars, 5
cLQTS, 26
Consanguinity - 12 (24.5)
Deafness - 4 (8.69)
Variable Controls (n = 219), mean £ SD LQTS (n = 49), mean = SD
Age in years
Male 31.1+8.26 19.23 £16.5
Female 27.05+10.08 22.95+18.4
Pooled 29.08 £9.41 21.3+17.4

Abbreviations: LQTS, long QT syndrome; SD, standard deviation.
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Table 2. Distribution of LQTS cases into subtypes based on clinical characteristics
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Type of LQTS Males, n (%) Females, n (%) Pooled, n (%)
clQTs 17 (42.5) 23 (27.5) 40 (81.6)
alQTs 4 (44.4) 5 (55.6) 9 (18.4)
Consanguinity, N = 49
cLQTs 4 (40) 6 (60) 10 (21)
alQTs - 2 (100) 2(4.3)
Family history of sudden death,N = 49
clQTs 6 (50) 6 (50) 12 (26)
alQTs 1 (50) 1 (50) 2 (4.3)
Type of LQTS Males, mean  SD (msec) Females, mean t SD (msec) Pooled, mean £ SD (msec)
QT interval, N =49
cLQTs 500 + 36 478 + 30 490 + 34
alQTs 517 +9.2 479 £76.7 494 + 58

Abbreviations: LQTS, long QT syndrome; SD, standard deviation.

energy changes for the respective alleles of the polymorphic locus.
Prediction of the transcription factors binding to the variants was
performed using the online tool Alibaba (version 2.0; accessed on
25-08-2015). The secondary protein structure of the HSP90o mol-
ecule was predicted using the PSIPRED online tool (version 4.01;
accessed on 20-03-2016).°

Results

Table 1 represents the epidemiological data of the present study.
It was observed that 9 out of the 49 patients were aLQTS cases
(18.4%), with 5 of those being syncope positive (55.5%); mean-
while 26 (65%) of the 40 cLQTS (81.6%) cases were syncope
positive. The 21 male cases (42.9%) had a mean age of 19.23 years
(standard deviation (SD) = 16.5), whereas the 28 female cases
(57.1%) had a mean age of 22.95 years (SD = 18.4), indicating
early onset of LQTS in males compared to the females.

Twelve (24.5%) of the 49 LQTS cases revealed consanguinity
with the majority, represented by female cases; this finding high-
lighted the presence of recessive alleles of LQTS genes in the gen-
eral population. The cLQTS cases showed a pooled ECG value of

490 + 34 ms compared to the aLQTS cases (494 + 58 ms) (Table
2).

As seen from Table 3, the ‘G’ allele frequency was higher in the
LQTS group (0.42), when compared to the FDRs (0.38) and the
controls (0.26), significantly deviating from the Hardy-Weinberg
equilibrium (¥* = 9.1, p = 0.003 and %> = 7.74, p = 0.005 respec-
tively). The “CG” genotype showed higher frequency in the FDRs
(54.9%), when compared to the LQTS group (26.5%) and controls
(10%). Similarly, the “GG” genotype showed higher frequency in
the LQTS group (28.6%), when compared to the other two groups
(controls: 21.5% and FDRs: 11.3%), significantly deviating from
the Hardy-Weinberg equilibrium (x* = 12.7, p = 0.0018 and y* =
11.06, p = 0.004 respectively). The higher frequency of the “CG”
genotype in the FDRs and LQTS cases compared to the controls
clearly highlights the risk posed by the heterozygous “CG” geno-
type in the disease etiopathogenesis. Likewise, the higher propor-
tion of the ‘G’ alleles in the LQTS cases and FDRs compared to
the controls could prove hazardous, leading to a poor prognosis.

Interesting results were obtained upon comparing FDRs against
the controls in order to identify variations/deviations from the Har-
dy-Weinberg equilibrium. Due to the higher frequency of the “CG”
genotype (54.9%) compared to the controls, a deviation of y* =

Table 3. Genotype and allele frequency distribution of the HSP90 Q488H polymorphism

x2* (p-value)

SNP Genotype Controls C (N =219),n (%) LQTSP (N=49),n(%) FDR(N=71),n(%
P ( b 36} ( ). %) ( b P FDRwsP CusFDR
cC 150 (68.5) 22 (44.9) 24(33.8)
12.7* 11.06* 65.04*
HSP90x Q488H CG 22 (10) 13 (26.5) 39 (54.9) (0.0018) (0.004)  (<0.00001)
GG 47 (21.5) 14 (28.6) 8(11.3)
x** (p-value)
SNP Alleles Controls (N=438),n(f) LQTS(N=98),n(f) FDR(N=142),n (f)
CvsP FDRvsP Cvs FDR
322 (0.74) 57 (0.58) 87 (0.62) o *x
HSP90a Q488H 2.1 0.23 /.74
116 (0.26) 41 (0.42) 55 (0.38) (0.003)  (0.63) (0.005)

*x2T = 5.991 at 2 degrees of freedom; **xT = 3.84 at 1 degree of freedom. Abbreviations: FDR, first degree relative; HSP, heat shock protein; LQTS, long QT syndrome.
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Table 4. Genotype distribution of the HSP90a Q488H polymorphism in controls, LQTS cases and FDRs

SNP Model Genotype Controls LQTS Adjusted OR (95%Cl) P
c/C 150 22 1.00
Codominant C/G 22 13 4.25 (1.69-10.68)* 0.0055*
G/G 47 14 2.23 (0.98-5.09)
c/C 150 22 1.00
Dominant 0.0029*
HSP 90a Q488H C/G-G/G 69 27 2.88 (1.43-5.82)*
C/C-C/G 172 35 1.00
Recessive 0.25
G/G 47 14 1.59 (0.73-3.44)
C/C-G/G 197 36 1.00
Over-dominant 0.0088*
C/G 22 13 3.30(1.39-7.88)*
SNP Model Genotype FDR’s Cases Adjusted OR (95%Cl) p
c/C 24 22 1.00
Codominant C/G 39 13 0.46 (0.15-1.42) 0.021
G/G 8 14 2.81(0.67-11.83)
c/C 24 22 1.00
Dominant 0.71
HSP 90a Q488H C/G-G/G 47 27 0.82 (0.30-2.28)
C/C-C/G 63 35 1.00
Recessive 0.015*
G/G 8 14 4.54 (1.24-16.57)*
C/C-G/G. 32 36 1
Over-dominant 0.018*
C/GO 39 13 0.31(0.11-0.83)*
SNP Model Genotype Controls FDR’s Adjusted OR (95%Cl) p
c/C 150 24 1.00
Codominant C/G 22 39 11.77 (5.4-25.64)* <0.0001%*
G/G 47 8 1.04 (0.36-3.02)
c/C 150 24 1.00
Dominant <0.0001*
HSP 90a Q488H C/G-G/G 69 47 4.53 (2.29-8.96)*
C/C-C/G 172 63 1.00
Recessive 0.062
G/G a7 8 0.42 (0.16-1.13)
C/C-G/G 197 32 1.00
Over-dominant <0.0001*
C/G 22 39 11.66 (5.61-24.24)*
SNP Allele Controls LQTS Unadjusted OR (95%Cl) ]
C 322 57 1.00
HSP 90a Q488H 0.004*
G 116 41 1.9(1.24-3.2)*
SNP Allele FDR’s Cases Unadjusted OR (95%Cl) P
C 87 57
HSP 90a Q488H 1.001.14 (0.65-1.9) 0.73
G 55 41
SNP Allele Controls FDR’s Unadjusted OR (95%Cl) P
C 322 87 1.00
HSP 90a Q488H 0.008*
G 116 55 1.76 (1.16-2.67)*

*risk conferred at p < 0.05. Abbreviations: Cl, confidence interval; FDR, first degree relative; HSP, heat shock protein; LQTS, long QT syndrome; OR, odds ratio.
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65.04 at p <0.00001 was obtained, indicating that the “CG” geno-
type carriers might have bad/poor prognosis in their subsequent
generation due to segregation of the recessive alleles (Table 3).

Relative risk estimate of LQTS cases against controls revealed
the “CG” genotype to show a 4-fold and 3-fold risk to LQTS under
the codominant, dominant and over-dominant models of inherit-
ance (odds ratio (OR) = 4.25, 95% CI: 1.69-10.68, p = 0.0055,
OR: 2.88, 95% CI: 1.43-5.82, p = 0.0029 and OR: 3.30, 95% CI:
1.39-7.88, p = 0.0088 respectively) (Table 4). When the alleles
were compared for their relative risk, it was found that the ‘G’
allele contributed a 2-foldrisk (OR: 1.9, 95% CI: 1.24-3.22, p =
0.004) towards LQTS manifestation (Table 4).

When the samples were adjusted for age within sex subclass, it
was found that the females harboring the “CG” and “GG” geno-
types, a 9-fold and 3.4-fold risk (OR: 8.61, 95% CI: 2.54-29.24
and OR: 3.4, 95% CI: 1.09-10.63 respectively) indicating a poor
prognosis in the females and influence of HSP90a Q488H poly-
morphism in a sex-specific manner (Table 5). As one can see, the
heterozygous “CG” genotype is conferring heterozygote disadvan-
tage in LQTS.

The results obtained for the relative risk estimates for LQTS
cases against the FDRs were interesting. The “GG” genotype con-
ferred 4.5-fold risk (OR: 4.54, 95% CI: 1.24-16.57, p = 0.015) to-
wards LQTS manifestation under the recessive inheritance model,
while the “CG” genotype conferred protection (OR: 0.31, 95% CI:
0.11-0.83, p = 0.018) under the over-dominant model of inherit-
ance (Table 4). This clearly indicates that the LQTS cases harboring
the “GG” genotype are at risk, while the “CG” genotype seems to
confer protection in the FDRs against a bad prognosis. The above
result is contradictory to the earlier obtained result in the present
study. No significant variation were observed in the distribution of
alleles upon comparison of the LQTS cases and FDRs. Similarly,
no significant variations were observed in the genotype distribution
upon adjusting the samples for age within sex subclass (Table 5).

The “CG” genotype in the FDRs, when compared to controls,
showed a 12-fold and 5-fold risk (OR: 11.77, 95% CI: 5.4-25.64,
p < 0.0001, OR: 4.53, 95% CI: 2.29-8.96, p < 0.0001 and OR:
11.66, 95% CI: 5.61-24.24, p <0.0001 respectively) towards LQTS
manifestation under the codominant, dominant and over-dominant
models of inheritance. Thus, it was concluded that the heterozygote
genotype can confer risk (heterozygote disadvantage) to the indi-
vidual harboring it and to the future generation inheriting the reces-
sive alleles from the predecessor. When the alleles were compared
for relative risk, the ‘G’ allele conferred a 2-fold risk (OR: 1.76, 95%
CI: 1.16-2.67, p = 0.008) towards disease manifestation (Table 4).

When adjusted for age, the “CG” and “GG” genotypes showed
40-fold and 7-fold risk (OR: 39.43, 95% CI: 9.52-163.41 and OR:
7.03, 95% CI: 1.55-31.85) towards disease progression in the fe-
males, while the “CG” genotype showed a 6-fold risk (OR: 5.53,
95% CI: 2.05-14.93) towards disease manifestation in the males.
Thus, the “CG” genotype appears to be crucial, with respect to
poor prognosis in both the sexes (Table 5). Hence, FDRs harboring
the risky “CG” genotype pose the hazard of passing on these al-
leles to their future generation, which may be deleterious.

OR
1.00

39.43 (9.52-163.41)*
7.03 (1.55-31.85)*
1.00

5.53 (2.05-14.93)*

266, adjusted by age

FDRs
3

12

1

0

n

Controls
93
10
2
57
2
25

0.26 (0.05-1.44)
0.69 (0.10-4.67)

96, adjusted by age
OR
1.00
1.00
0.53 (0.10-2.75)

LQTS, n
11

9

8

10

HSP90a Q488H
n

FDRs, n
13

5

12

1

0

1.53 (0.34-7.01)
1.33 (0.40-4.37)

1.00
8.61 (2.54-29.24)*

3.4 (1.09-10.63)*

OR
1.00

LQTS, n
10

266, adjusted by age
11
9
8

n
Controls, n

93
10
22
57
12
25

In silico analysis

Genotype
CC
CG
GG
C
CcG
GG

No visible structural changes were observed in the pre-mRNA sec-
ondary structures of the individual alleles of HSP90a Q488H poly-
morphism. But, a change in the entropy values suggests the ‘G’
allele-encoded structure (—236.11 kcal/mol) to be unstable com-
pared to the ‘C’ allele-encoded structure (—237.51 kcal/mol), fur-
ther strengthening the risk posed by the ‘G’ allele, as determined

Female

Male

Sex

*risk conferred at p < 0.05. Abbreviations: FDR, first degree relative; HSP, heat shock protein; LQTS, long QT syndrome.

Table 5. HSP90a genotype distribution with respect to sex
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C allele G allele

Entropy=-237.51 kcal/mol Entropy=-236.11 kcal/mol

Fig. 2. Structural changes and entropy of the HSP90a GIn488His poly-
morphism. Abbreviation: HSP, heat shock protein.

statistically in the present study (Fig. 2).

The addition of an extra transcription factor (HNF-3) binding
site at 862—871 bases would lead to up-regulation of transcription,
possibly through chromatin remodeling (Fig. 3a and 3b) (accessed
on 26-08-2015).° Since the polymorphism identified is a missense
change leading to glutamine being replaced by histidine, there is a
possibility of alteration in the secondary structure of HSP90. In or-
der to identify the change, the protein was submitted to PSIPRED,
an online tool for predicting secondary structure (Fig. 4a and 4b)
(accessed on 26-08-2015).1% No change in the secondary structure
was observed due to the substitution of glutamine by histidine, but
changes in the functionality of HSP90 cannot be ruled out.

Discussion

Chaperones play a crucial role in many cellular processes, like
promotion of the folding of nascent polypeptide chains, of pro-
tein translocation across membranes and of protein degradation.!!
Molecular chaperones assist in the folding of nascent polypeptides
and prevent unproductive interactionsfrom being incorporated in
the final structure. One such chaperone is a90-kDa HSP and, an
abundant protein in eukaryotic cells, comprising 1-2% of the en-
tire cellular protein makeup under nonstress conditions.”

The current study was based upon the intramolecular interac-
tions existing between the N and the M domainsof HSP90 and the
homodimeric interaction between itsMC domains (amino acids
401-732), a set of interactions that are essential for the function-
ing of HSP90.!2 HSP90 mediates its actions via the formation of
discrete subcomplexes containing proteins and cochaperones that
assist in protein folding and refolding during stress, protein trans-
port and degradation processes.’ “The environmentally responsive
molecular chaperone HSP90 assists the maturation of many key
regulatory proteins (steroid hormone receptors, kinases such as v-
src, and transcription factors such as the heat-shock factor). An
unexpected consequence of this essential biochemical function is
that genetic variation can accumulate in genomes and can remain
phenotypically silent until HSP 90 function is challenged.”!!

HSPI0 plays key roles in various developmental processes, in-
fluencing a vast variety of signaling cascades. Hence, when there is
compromise in the functioning of HSP90 due to intrinsic (HSP90
inhibitors) and/or extrinsic (environmental stressors) factors, a plei-

a seg( 840.. 899)
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Q cont: INnannBNER=RNRNRRNRRRNnsRNRNRRRNnRRaRNnN
Pred: gy——c——> (D ———
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' ' ' '

490 500 510 520

Fig. 4. Secondary protein structure encoded by the C allele and G allele of
HSP90a Q488H. Abbreviation: HSP, heat shock protein.

otropic effect ensues, which has led to the characterization of HSP90
as a ‘capacitor for evolution’. HSP90’s ability to stabilize significant
portions of mutated proteins has earned it the description of being a
‘genetic capacitor’, which adds to the ever-increasing complication
involved with the translation of genotype to phenotype.'?

Jackson proposed a mechanism of action for HSP90,! where by
its interaction with various other cochaperones and their synergistic
action helps in folding and maturation of nascent steroid receptors.
A similar mechanism can be hypothesized to facilitate the folding of
complex channel proteins, like the hERG and CFTR. This was fur-
ther supported by findings from the study by Ficker et al.,'* identi-
fying the partnership between the two cytosolic chaperones, HSP70
and HSP90. Ficker et al.'* stated that the HSP70 participates in de
novo protein folding by holding newly synthesized chains in a state
competent for folding and HSP90 facilitates folding of these pro-
teins into complex conformations, interacting dynamically with the
immature core-glycosylated endoplasmic reticulum-resident form
of hERG. These, thereby, form a transient complex that helps in the
molding of the protein into its actual form.!

In the present study, we screened a South Indian cohort for the
Q488H missense mutation, which represents a critical mutation as its
presence leads to the weakening of the intermolecular dimeric inter-
action of HSP90. The fact that Q488 is highly conserved in the HSP-
90family, including yeast Hsp82, yeast Hsc82, human Grp94, HtpG
and Drosophila melanogaster Trap1, indicates the vital role played
by the amino acid in maintaining intermolecular interactions. '

Future research prospective

Since the cohort selected in the present study represents only a small
proportion of the population, further confirmations of the demo-
graphics in the general population is of prime interest. The frequen-
cies of the SNP studied also need further confirmationusing a larger
population size. To understand the exact functional constraint the
SNP produces, further studies are warranted. One way to study the
functional effect could be the establishment of cardiac cell lines with
mutant HSP90 and subsequent investigation of its effect on protein
dynamics, or alternatively the protein itself can be isolated and sub-

tactgcaccagaatgaaggagaaccagaaacatatctattatatcacagg

Segments:

3.6.1.0 849858

t) seq( 840.. 899)

====TECl==

tactgcaccagaatgaaggagaaccacaaacatatctattatatcacagg

Segments:
3.6.1.0 849 858
3.3.2.0 862871

====TECl==

===HNF-3==

Fig. 3. Transcription factors binding to the C allele and G allele of HSP90a Q488H. Abbreviation: HSP, heat shock protein.
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jected to detailed analysis to understand its structural intricacies.

Conclusions

In the present study, the CG heterozygotes are at a disadvantage,
indicating that the presence of a single G allele is sufficient to
render HSP90 capable of folding the ion channel improperly in
a dominant-negative fashion. In addition, the homozygous GG
genotype conferred risk in the LQTS, when compared against the
FDRs. Hence, the transmission of the recessive G allele to the fu-
ture generation from the FDRs (carriers) indicates a bad prognosis
(statistically proven when the FDRs were compared against the
controls and after adjusting for age).

Hence, the CG genotype increases risk for LQTS, and the FDRs,
especially females harboring the CG and GG genotypes, can pass
on this disadvantage to their future generations. Thus, the domi-
nant-negative interactions together with the carriers posing a threat
to transmit the recessive allele to their future generations warrants
carrier detection and/or prenatal diagnosis to prevent the recurrence
of sudden cardiac death events in the future generations.
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