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ABSTRACT

Calmodulin (CaM) is a ubiquitous, small cytosolic calcium (Ca**)-binding sensor that plays a vital role in many cellular
processes by binding and regulating the activity of over 300 protein targets. In cardiac muscle, CaM modulates directly or
indirectly the activity of several proteins that play a key role in excitation-contraction coupling (ECC), such as ryanodine
receptor type 2 (RyR2), L-type Ca*" (Ca,1.2), sodium (NaV1.5) and potassium (KV7.1) channels. Many recent clinical and
genetic studies have reported a series of CaM mutations in patients with life-threatening arrhythmogenic syndromes, such as
long QT syndrome (LQTS) and catecholaminergic polymorphic ventricular tachycardia (CPVT). We recently showed that four
arrhythmogenic CaM mutations (N98I, D132E, D134H, and Q136P) significantly reduce the binding of CaM to RyR2. Herein,
we investigate in vivo functional effects of these CaM mutations on the normal zebrafish embryonic heart function by

microinjecting complementary RNA corresponding to CaM™?®!, CaMP'*?E, CaMP'**H, and CaM®?'3¢?

mutants. Expression of
CaMP"*?E and CaMP"**" mutants results in significant reduction of the zebrafish heart rate, mimicking a severe form of human
bradycardia, whereas expression of CaM?"*F results in an increased heart rate mimicking human ventricular tachycardia.
Moreover, analysis of cardiac ventricular rhythm revealed that the CaMP***® and CaM™°*' zebrafish groups display an irregular
pattern of heart beating and increased amplitude in comparison to the control groups. Furthermore, circular dichroism
spectroscopy experiments using recombinant CaM proteins reveals a decreased structural stability of the four mutants
compared to the wild-type CaM protein in the presence of Ca®*. Finally, Ca**-binding studies indicates that all CaM mutations
display reduced CaM Ca**-binding affinities, with CaM"**?E exhibiting the most prominent change. Our data suggest that CaM
mutations can trigger different arrhythmogenic phenotypes through multiple and complex molecular mechanisms.
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1 | Introduction

Calmodulin (CaM) is a small, ubiquitously expressed Ca**-
binding protein, which consists of 148 amino acids and has a
molecular weight of 16.7 kDa. Regardless of its small size, CaM
plays an essential role in many cellular processes by binding
and regulating the activity of over 300 protein partners [1-4].
CaM's ability to interact with such a wide range of different
proteins is attributed to its structural plasticity. Structurally,
CaM is composed of an N- and a C-terminal lobe, which are
connected by a flexible linker. Each lobe contains two Ca**-
binding EF-hand domains. EF hands I and II are located at the
N-terminal and EF hands IIT and IV at the C-terminal lobe.
Ca®* binding to CaM leads to conformational changes that
expose the hydrophobic surfaces within the N- and C-lobes of
CaM, enabling them to interact with the target proteins [5].
Interestingly, the C-terminal lobe of CaM has a sixfold higher
affinity (K4 =2.5puM) for Ca** compared to the N-terminal
lobe (Kg4=16uM) [6]. CaM is also a unique example of
evolutionary conservation and genetic redundancy. It shows
100% protein sequence identity among vertebrates and is
encoded by three nonallelic CaM genes (CALM1, CALM2, and
CALM3), which are located at human chromosomes 14q24-
q31, 2p21.1-p21.3, and 19q13.2-q13.3, respectively [7, 8].
Interestingly, over the last decade more than 30 missense
mutations in CaM genes have been identified and directly
linked with congenital arrhythmogenic cardiac disorders
displaying a broad spectrum of clinical presentations, includ-
ing catecholaminergic polymorphic ventricular tachycardia
(CPVT), long QT syndrome (LQTS) and idiopathic ventricular
fibrillation (IVF) [1, 9-14].

Due to the complex multifunctional role of CaM within the
cardiomyocytes, multiple molecular mechanisms have been
proposed through which CaM missense mutations may lead to
severe arrhythmogenic cardiac disease. One of the primary
mechanisms involves abnormal levels of cytosolic Ca**
concentration resulting from either abnormal Ca** entry
through defective inactivation of 1-type Ca®*" channels
(Ca,1.2), or from increased sarcoplasmic reticulum (SR) Ca**
“leakage” due to diminished inhibition of cardiac ryanodine
receptor 2 (RyR2) [15-20]. It has been well established that
CaM binds to, and lowers the open probability of, RyR2 at both
low and high cytosolic Ca®* concentrations. This CaM
regulation of RyR2 channel activity is vital for normal cardiac
function as aberrant CaM-RyR2 interaction has been reported
to result in life-threatening cardiovascular dysfunction [21-23].
Moreover, multiple studies have shown that a number of the
reported CaM mutations result in a defective CaM-RyR2
binding and thus inhibition, which may result in delayed
afterdepolarizations [15, 16, 18, 20, 24, 25].

We recently showed that four de novo missense mutations in
CALM2 gene, identified in two patients presenting with LQTS
(p-N98I, p.D134H) and two with clinical features of both LQTS
and CPVT (p.D132E and p.Q136P), lead to considerable
reduction of CaM-RyR2 interaction and defective modulation
of [*H]ryanodine binding to RyR2 due to disparate binding
properties of CaM mutants with two RyR2 regions (3581-3607aa
and 4255-4271aa), which contribute to a previously proposed
RyR2-binding pocket [25-27].

In the present study, we applied a multidisciplinary approach to
further characterize and understand the molecular mechanisms
utilized by these pathogenic CALM2 mutations (p.N98I,
p.D132E, p.D134H, and p.Q136P), that lead to different clinical
presentations of severe arrhythmogenic cardiac disease. The in
vivo validation employed the powerful zebrafish model, as we
have previously demonstrated using CaM®'°# [24]. Synthetic
complementary RNA (cRNA) encoding the CaMN?8L camP132E
CaMP* and CaM@°" mutants was individually micro-
injected into zebrafish embryos and the effects of expressing
these CaM mutations in embryonic heart upon normal cardiac
function were investigated. In addition, we bacterially expressed
and affinity-purified the four CaM mutants to investigate the
impact of these mutations on the biophysical and biochemical
properties of each recombinant CaM protein. More specifically,
we used circular dichroism (CD) spectroscopy to compare the
thermal and chemical stabilities of the wild-type and mutant
CaMs, in the presence and absence of Ca**. Moreover, the Ca**
binding affinities of both N- and C-lobes of CaM wild-type and
mutants were estimated and directly compared by monitoring
the intrinsic tyrosine and phenylalanine fluorescence,
respectively.

2 | Materials and Methods
2.1 | Plasmid Construction

Human CaM (GenBank accesion number AAD45181.1) in
pHSIE plasmid [18, 20] was subjected to site-directed
mutagenesis (QuikChange II; Stratagene) to generate the four
CaM mutant constructs. Successful mutagenesis was con-
firmed by dideoxynucleotide sequencing (Applied Biosystems
Big-Dye Ver 3.1 chemistry and model 3730 automated
capillary DNA sequencer by DNA Sequencing & Services).
CaM™T and CaM mutant constructs were then amplified by
polymerase chain reaction (PCR) from pHSIE plasmid using
Phusion polymerase (Thermo Fisher Scientific) and the
appropriate primers to incorporate 5’-Kpnl and 3’-NotI sites
and then cloned into the pCDNA3.1(+) expression vector. The
primers used for the amplification of the CaM constructs were:
5'-GGAAGGTACCATGGCTGATCAGCTGACCGAAG-3’ (for-
ward) and 5'-GCAAGCGGCCGCTCATTTTGCAGTCATCATC
TGTAC-3’ (reverse).

2.2 | Zebrafish Care and Husbandry

Zebrafish (Danio rerio) wild-type line (AB strain) adults were
maintained in a recirculating aquaculture system under
standard environmental conditions of temperature at 27-28°C,
conductivity at 800 uS, and pH at 7.5 with 14 h light and 10h
dark cycle. All protocols used in these studies were approved by
the local Animal Care and Use Committee, and conformed to
the Zebrafish Policy published by the Qatar Ministry of Public
Health following the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Experi-
ments performed on zebrafish followed Qatar Foundation,
IACUC Office approval (Protocol Number: EVMC-2020-006).
For the cRNA injection experiments, embryos were collected in
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N-phenylthiourea (PTU) media, used for microinjection, and
raised in a 28°C incubator. Larvae at 72h postfertilization
(hpf) were used for phenotypic examination and imaging of
cardiac function analysis, as previously described [24].
Zebrafish larvae were euthanized by administration of an
overdose of Tricaine MS-222 anesthetic agent (200 mg/L)
followed by chilling on ice. Upon euthanasia, zebrafish
carcasses were disposed of as medical waste.

2.3 | cRNA Synthesis and Zebrafish Embryos
Microinjection

Calmodulin constructs (CaM™" and CaM"*8") were linearized
and the respective CaM cRNA was synthesized by the mMessage
Machine T7 kit (Thermo Fisher Scientific) and then was
polyadenylated using the poly(A) tailing kit (Thermo Fisher
Scientific), as per manufacturer's instructions. Zebrafish embryos
were injected at 1-2 cell stages with approximately 2nL of
150 ng/uL. cRNA under Zeiss Stemi 2000-C stereomicroscope.
The zebrafish CaM™T, CaM 2" and control (uninjected) were
examined for the cardiac phenotype. At least 50 embryos were
injected per each group for three sets of experiments.

Comparable CaM™" and CaM"*"#" protein expression in the
zebrafish embryos was confirmed by western blot analysis using
an anti-CALM1 antibody (1:5000 dilution; Source Bioscience),
as previously described [24].

2.4 | Gross Examination of Zebrafish Groups

The survival rates of the different zebrafish groups were
assessed at 24 hpf. The zebrafish development classification
was carried out at 72hpf, before imaging. The -cardiac
phenotypes were examined by video recordings at 72 hpf using
a Stereomicroscope Zeiss LUMAR.V12 with Plan Apo S Xx1.5
objective. Cardiac function was assessed using Micro-Manager
and Image] (BSD-2). Time-lapse videos were captured at 60
frames per second (fps) at a magnification of X150 using a
monochrome camera (The Imaging Source, model DMK
33UX252) at 1920 X 1080 resolution. The examined zebrafish
groups were sorted into an individual well in a 28°C incubator
and removed from the incubator just before imaging. To
minimize the environmental temperature impact on cardiac
function, zebrafish larvae were mounted for stabilization in
2.5% methylcellulose (Sigma, Cat# MO0387), before imaging
under the stereomicroscope equipped with a heated glass stage
at 28°C. The zebrafish in different groups were examined for
developmental or teratogenic defects, and if they had any, these
larvae were excluded from the cardiac analysis. Cardiac
functions of heart rate and cardiac activity were analyzed by
DanioScope software (video-based analysis tool) (Noldus, the
Netherlands).

2.5 | Analysis of Heart Rhythm and Heart Rate

To analyze the functional impact of the human genetic
variants, recorded videos of zebrafish at 72 hpf were imported

into the DanioScope software (Noldus, version 1.0.109) as
uncompressed AVI files, where subsets of the beating heart
chambers were outlined. The heart rate was calculated from
60 fps video recordings of the heart area. For the inter-beat
interval analysis, DanioScope software analyzes dynamic
pixel changes in grayscale values on a per-pixel basis within
specified regions of interest. These areas of interest are drawn
to include the cardiac chambers that are actively contracting
in the heart of lateral-positioned larvae. The software
automatically calculated the inter-beat interval and the
average percentage of pixels that show changes in grayscale
values compared to the previous frame over the time using
the raw data (diastole-systole conditions).

2.6 | Protein Expression and Purification

For protein expression, Escherichia coli (BL21-CodonPlus
(DE3); ThermoFisher) cells were transformed with the
appropriate pHSIE-CaM plasmid, and cultured at 37°C until
the ODggo nm reached 0.6. After optimization experiments,
protein expression was induced for 18 h at 16°C with 0.1 mM
IPTG (isopropyl p-p-thiogalactopyranoside) (Sigma-
Aldrich). The bacterial cell pellets were harvested by
centrifugation at 6000g for 15min at 4°C. Recombinant
CaM proteins were then purified as previously described
[20, 25].

2.7 | CD Spectroscopy; Thermal and Chemical
Stability Analysis

Folding and stability of CaM™ " and its corresponding mutants
were assessed by CD spectroscopy. Spectra, melting curves,
and chemical stability measurements were recorded on an
Aviv 215 instrument (Aviv Biomedical Inc., Lakewood, NJ)
equipped with a thermostatted cell holder using 0.1-cm quartz
cuvettes. Proteins (c = 6-8 M) were dissolved in 100 mM KCl,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.4, including either 1mM CaCl, or 1 mM
ethylenediaminetetraacetic acid. Concentrations were deter-
mined by absorption spectroscopy using &;30nm = 41,250 M™*
cm™' [28]. Melting curves were recorded at 221 nm in 0.5°C
intervals with parameters resulting in a temperature gradient
of ca. 30°C/h.

Chemical stability was measured by mixing the samples with
a pH-adjusted 8 M guanidinium chloride (GuHCl) stock
solution including buffer and salt, and incubated overnight
at room temperature. Measurements were performed at
221nm and 25°C in ca. 0.2M GuHCI intervals from 0 to
5M. GuHCI concentrations including protein were deter-
mined by refractometry [29] using an Abbe-type digital
refractometer (PA202, Misco, Cleveland, OH). Data were
fitted assuming a 2- or a 3-state transition of the form n - i
and n - i - u, respectively:

I + Spcq + (I, + Sucq) X exp [m(c‘j;—fs")]

Ae(cq) = ,
1+ exp [m(icd;f”)]

@
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Ae(cy)

I + Sycq + (I + Sicq) X exp(iml(cd_Ds"'l))

RT

+ (I, + Sucq) X exp( my(cg = Dso1) +maca — Dso,z))

RT

1+ exp(W) + exp( my(cq— DSO'I)I:-TmZ (ca— Dso,2) ) 5
©)

where c; represents the denaturant concentration, Ds, the
denaturant concentrations at the midpoint of the transitions,
and m is a measure of the dependence of AG on the GuHCI
concentration. The free energy change between the protein
states was calculated from AG = m - Ds,. As small concentra-
tions of GuHCI stabilize CaM due to its ionic nature [30, 31]
data obtained at 0 and 0.2M GuHCI] were excluded from
fitting.

2.8 | Steady-State Fluorescent Intensity
Measurements

Fluorescence measurements were made at room temperature
using a Quantamaster-400 fluorometer (Photon Technology
International, Inc.) equipped with a 75 W xenon short arc lamp
(Ushio). All samples were dialyzed against a calcium buffering
system consisting of 50 mM HEPES (pH 7.4), 100 mM KCl,
0.05mM ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid, and 5 mM NTA to minimize the effect of small
protein concentration differences among samples.

Fluorescence emission spectra were collected from samples
containing 6 uM of protein and 4 nM of the Fluo-5N calcium
indicator at various calcium concentrations ([Total Ca®**]=
0-15mM) using a 0.5 nm wavelength step size and 5nm band
passes. Binding to CaM N-domain binding sites was monitored
using 250 nm excitation and recording phenylalanine fluores-
cence emission changes at 280 nm, while binding to CaM C-
domain binding sites was monitored using 277 nm excitation
and recording tyrosine fluorescence emission changes at
320 nm. The free calcium concentration ([Free Ca®*]) of each
sample was determined using 467 nm excitation and tracking
Fluo-5N fluorescence emission changes at 510nm. These
changes can then be used to calculate [Free Ca®*] from the
equation:

FMax —F
F— FMin

s

[Free Ca?*] = Ky

where FMin and FMax js the fluorescence intensity in the
absence and excess (full saturation) of calcium, respectively,
and F is the intensity of the sample. The dissociation constant
K, of Fluo-5N was found to be 92 + 3 uM in the buffer used in
this study, determined in a separate experiment. All spectra
were corrected by subtracting their corresponding buffer blanks
and all experiments were repeated at least four times.

The resulting normalized fluorescence intensity versus [Free
Ca**] data were plotted and fitted to a model-independent two-
site Adair function which allowed nonequal intrinsic affinities
and cooperativity of the two binding sites:

v K;[Free Ca’*] + 2K, [Free Ca’*)?
" 2(1 + K;[Free Ca*] + K,[Free Ca?*]?)’

where K; =k + ky is the sum of the intrinsic microscopic
equilibrium constants of each binding site, K; = kkk, is the
equilibrium constant for binding to both sites and Y is the
fractional occupancy of the binding sites [32].

The intradomain cooperativity constant k. cannot be deter-
mined analytically from these data alone, however a lower limit
can be estimated from the apparent cooperativity constant K,
using following equation [33, 34]:

koin =g = 2

The apparent dissociation constants are reported as the average
value for the pair of sites derived from the square root of 1/K;.
Gibbs free energy changes (AG;) were calculated using the well-
known equation:

AGZ' = —RT ania

where K; is the appropriate equilibrium constant.

2.9 | Generation of Model Structures for CaM
Mutants

Molecular operating environment software (MOE version
2022.02—Molecular Operating Environment [MOE], 2022.02
Chemical Computing Group ULC, Montreal, Canada) was used
for the creation, visualization, representation, and analysis of
the protein models. The crystal structure of calcium-bound
Calmodulin (PDB ID: 1cll) was used as the initial template. The
mutations were introduced using the Protein Builder tool of
the software. Missing hydrogen atoms were added using the
Protonate 3D utility of MOE using the AMBER10:EHT force-
field. The resulting structures were further optimized by energy
minimization with the AMBERI1O:EHT force-field, using a
0.1 kcal/mol/A®> RMS gradient. The final structures were then
superposed with the Align/Superpose tool of MOE.

3 | Results

3.1 | Expression of Arrhythmogenic CaM
Mutants in Zebrafish Embryos Leads to Disparate
Embryonic Heart Function Alterations

To investigate the potential in vivo effects of the four
arrhythmia-associated CaM mutants, we used the zebrafish
model, as we have previously successfully employed [24, 35-37].
During the last decades and since zebrafish was introduced as a
model organism in research, it has been proven a very powerful
tool in cardiovascular research. Its transparent nature at early
stages allows the direct visualization of zebrafish internal
organs [38]. In addition, due to its small size, zebrafish can
survive for several days without a functioning cardiovascular
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system as sufficient perfusion with oxygen can be achieved by
passive diffusion [38, 39]. This gives a significant advantage
compared to other vertebrate model organisms to study the
heart function and cardiac defects in early heart development
that would be lethal in other vertebrate organisms.

To analyze the effects of expression of four pathogenic CaM
mutants on zebrafish cardiac function, cRNA corresponding to
these mutants was synthesized and microinjected in parallel
with CaM™T cRNA into single-cell stage zebrafish embryo
groups (Figure 1, upper panel). To eliminate any teratogenic or
other developmental defects, gross morphology assessment was
performed at 72hpf. The groups were sorted according to
development (G1: severely affected development, G2: mildly
affected development, and G3: normal development). Larvae
scored at G3 were only included for imaging, and larvae with
severe and nonspecific edema (G1 and G2) were excluded from
further analysis (Supporting Information S1: Figure 1). cRNA
concentrations were titrated and comparable expression was
confirmed by western blot analysis using an anti-CaM antibody
(Supporting Information S1: Figure 2), as previously described
[24]. The survival rate of embryos depends on the quality of
eggs and fertilized embryos that alters from batch to batch or
can be directly associated with the effect of the injected
synthetic cRNA. In contrast to the control (uninjected) and
CaM%"-injected zebrafish embryo groups that showed a

Injection of synthetic human Calmodulin RNA

\
O

' 1-Cell embryo

100

Il Dead
B Live
80

60

40 |

Survival Rate

20

FIGURE 1 | Microinjection of human CaM cRNA variants. Repre-
sentative scheme for the functional validation of the human CaM
cRNA. Injection of cRNA is performed at one-cell stage embryo then the
zebrafish embryos were examined for the cardiac function at 72h
postfertilization (hpf). Effect of microinjection of human CaM cRNA
variants on zebrafish embryo survival (24 h) compared to Control and
CaM“T-injected groups, a total of three sets of experiments.

survival rate of 88% and 95%, respectively, microinjection of
cRNA corresponding to the four human CaM mutants appeared
to have a negative effect on the survival rate of the zebrafish
embryos, calculated at 24 hpf, reducing it to 66%, 79%, 78% and
71% for CaMN®T, CaMP'*?E, CaMP'*H and CaM?"**"-injected
zebrafish embryo groups, respectively; chi-square test for trend
(p =0.0003) (Figure 1, lower panel). Furthermore, the different
zebrafish groups were carefully examined for developmental
defects and if any detected, these larvae were excluded from
cardiac function analysis.

Structural examination of the zebrafish cardiac chambers to
characterize the specific cardiac phenotypes following micro-
injection of cRNA for the human wild-type CaM and CaM
mutant constructs was performed at 72 hpf. The zebrafish heart
is composed of two chambers and our imaging was performed
by positioning the larvae on the lateral side to visualize the
ventricle, as we have previously described [37]. Analysis was
performed using Danioscope software by drawing a square to
capture pixel changes at the lower ventricular chamber and not
at the ventricle area closer to the atrium (Supporting Informa-
tion S1: Figure 3). The measured irregular beats were either too
slow (bradycardia) or too fast (tachycardia). The zebrafish
groups bright-field images of the ventricular chamber at
diastole and systole cycles were captured (Figure 2). Examina-
tion of the heart ventricle chamber structure (traced with black
dots line) at both systolic and diastolic stages revealed a
negative effect in CaM™**- and CaM"'**.injected groups (*
test for trend, p <0.0001) when compared to the control and
other CaM-injected zebrafish embryo groups (Figure 2). The
structural abnormalities scoring combined thickened ventricle,
heart looping, and enlarged pericardial area at a percentage of
70%, 79%, 54%, and 89% for CaM™**', CaM'*?¥, caM"**", and
CaM*3*_injected zebrafish embryo groups, respectively (Sup-
porting Information S1: Figure 4; Figure 2 and cardiac videos).

The average heart rate was calculated for the examined
zebrafish groups. When compared to the control group, which
showed 150.9 beats per minute (bpm), the groups expressing
the CaMN%8L CcaMP132E caMPB*H and CaM®'3°Y mutants
showed alterations in the zebrafish heart rate of 139.4, 119.8,
136.0, and 157.4 bpm, respectively. Expression of CaMP'*?F
and CaMP"**" variants resulted in a significant reduction of
the zebrafish heart rate, mimicking a severe form of human
bradycardia, while expression of CaM?'*F resulted in an
increased heart rate at 157.4 bpm, mimicking human ventric-
ular tachycardia when compared to control zebrafish group
heart rates (Figure 3). Moreover, the calculated ejection
fraction (EF) percentages (%) presented similar trends that
associated with low or high heart rate. Analysis of the EF
demonstrated a trend that is associated with the heart rate of
the corresponding variant. CaM™®, CaMD'*?F, and
CaMD"**" variants resulted in higher EFs of 49.7%, 51.4%,
and 54.1%, respectively, while CaMQ'**" had lower EF at
44.7% when compared to control (uninjected) and CaM™"-
injected groups (46.1% and 47.9%, respectively), (Supporting
Information S1: Figure 5). Although the EF% alterations were
not significant, it established a trend in variability that
associated with the corresponding heart rate of CaM mutants
calculated at 72 hpf, might suggesting that alterations in EF%
may lead to heart failure at later stages of development.
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CaM N98I

Diastole

Systole

CaM D134H

AN/ P o
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FIGURE 2 | Effect of expression of CaM variants on specific cardiac morphology in zebrafish embryos. Representative heart images at 72 h
postfertilization (hpf) showing the two chambered heart (black square), image at x32. The zebrafish larvae is positioned in a lateral position and
bright-field images of the ventricular chamber at diastole and systole cycles are shown. Zebrafish examined groups exhibit a well-developed ventricle,
while examination of the heart ventricle chamber (traced with black dots line) at both systolic and diastolic activity showed that CaMP'**" and
CaM™®" mutant injections resulted in structural ventricle chamber abnormality when compared to the control and other CaM-injected zebrafish
embryo groups.
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FIGURE 3 | Effect of expression of CaM variants on heart rate in
zebrafish embryos. Heart rate was analyzed using Danioscope software
of captured videos from zebrafish larvae at 3 days old. Microinjection of
cRNA corresponding to CaM variants resulted in a decreased heart rate
except CaM®@'%*® that resulted in increased heart rate. Multiple
comparisons against the control group and CaM™" were performed
with a one-way ANOVA test with Brown-Forsythe and Welch tests for
multiple comparison using GraphPad Prism (version 9.1.1). The level of
significance for the differences between groups was expressed using p
values (*p < 0.05 and ****p < 0.0001 represented statistical significance)
(n=38, 28, 17, 41, 26 and 47 for control, CaM™ ", CaMN¥!, camP13%E,
CaMD134H, and CaM Q3P , respectively).

Furthermore, assessment of the cardiac ventricular rhythm
by analyzing the ventricular chamber activity percentage of
pixel changes between diastole and systole conditions was
performed. The cardiac activity signal distributed over
frequencies varies according to the contraction and dilation
of the heart chamber across each cardiac cycle. CaMP'*2E
and CaM™°®! zebrafish groups displayed an irregular pattern
of heart beating in comparison to the cardiac activity
percentage mean of the control, CaM™", CaMP'**" and
CaM?"3¢F groups demonstrated by mean interbeat intervals
(time interval between individual beats) began to elongate
through the 6s recording (Figure 4). Both CaMP'*?F and
CaM™®" human mutants collectively resulted in an
increased arrhythmic potential in the zebrafish model.
Interestingly, the cardiac activity chart showed that
CaMP'*?F mutant amplitude fluctuates with higher ex-
tremes, and the dominant rate seems to be slower than the
controls or any other cardiac activity measured for the other
CaM mutants.

3.2 | Differential Impact of Arrhythmogenic
Mutations on CaM Structural Stability in the
Presence and Absence of Ca**

To understand the divergent effects of N98I, D132E, D134H,
and Q136P mutations in zebrafish cardiac function and to
investigate the impact of these mutations on the biophysical
and biochemical properties of wild-type CaM protein, we
initially subcloned these mutants into the pHSIE plasmid
expression vector. We then expressed and purified the
corresponding recombinant proteins using a one-step purifica-
tion protocol, as previously described [25].

Previous studies have reported the far-UV spectra of CaM™**!
[40], CaMP'32E [41], and CaMQ™F [42], as well as the thermal
unfolding profile of CaM™**! mutant [40]. However, there is
currently no study that has directly compared the far-UvV CD
spectra and thermal unfolding profiles of the CaMN®!
CaMP*%E caMP**H and CaM?"**" mutants under the same
experimental conditions.

To investigate the conformations of these CaM mutants at
different solvent conditions, the far-UV CD spectra of wild-type
and mutant CaM proteins were recorded at both low and high
temperatures in the presence and absence of Ca** (Figure 5). At
4°C, the far-UV spectra were similar, revealing a protein of high
helical content, with characteristic negative peaks at 208 and
222nm. When heated at high temperatures (290°C), the protein
appeared to lose most of its helicity adopting a conformation closer
to that of a random coil. This thermal transition is reversible and
upon cooling at 4°C, the protein returns to the initial conforma-
tion. Interestingly, in the presence of Ca’* some structural
differences can be observed for the mutant CaM proteins at 4°C,
as compared to CaM™" structure, but all samples adopt the same
final structure when heated at 99°C (Figure 5, lower panel). This is
suggestive a different initial conformation for the mutant CaM
proteins as a direct result of the various amino acid substitutions
near the Ca®* binding sites of the CaM molecule. This is in good
agreement with previous CD studies of CaM wild-type and
corresponding mutants [31, 42, 43].

The relative stability of the native CaM™" and CaM mutant
conformations can be assessed by thermal and chemical
denaturation assays, as described in detail in Section 2.7. This
approach allows us to explore stability changes over two
different pathways on the energy landscape of the protein and
gain a better understanding of the interplay between structure,
stability, and function.

The thermal stability of CaM™ " and CaM mutants, in the presence
and absence of Ca**, was measured by CD spectroscopy and the
data are shown in Figure 6. In the absence of Ca**, all CaM
proteins reveal a similar behavior unfolding in a cooperative
manner, exhibiting a similar melting temperature (42.0°C-46.4°C).
All recombinant CaM proteins appeared to be in a fully unfolded
state at 80.0°C, where a stable CD signal was reached. In contrast,
significant differences were observed for the thermal unfolding of
CaM mutants in the presence of Ca**. Under these conditions the
CaM proteins showed a significant increase in thermal stability,
with all proteins retaining some degree of secondary structure at
very high temperatures (7> 90.0°C). This incomplete thermal
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FIGURE 4 | Effect of expression of CaM variants on cardiac rhythm in zebrafish embryos. Cardiac rhythm activity was calculated from

oscillations in the cardiac signal, with corresponding peaks and lows at regular intervals over time of a total of 6 s. Video recordings of high-speed
acquisition of the blood flow (60 frames per second) were processed, and a selected area of the ventricle with circulating red blood cells was used to
calculate the cardiac blood flow pulse. A representative flow profiles chart for the analysis provides a color-coded pulse over time (6 s) compiled from
all recorded videos. Control, CaM™ 7", CaMP***, and CaM?***F-microinjected zebrafish embryo groups exhibited the same pattern of oscillations at
approximately 2.5 lows per second, while CaM™**! and CaMP***E-injected modeling resulted in arrhythmia evident by the altered oscillations and

MP132E sionificantly altered the cardiac rhythm and oscillations at systole and diastole cycles. Representative charts at 72h

cardiac activity. Ca
postfertilization (hpf). Video recordings of high-speed acquisition of the blood flow (60 frames per second) were processed, and a selected area of the

ventricle with circulating red blood cells was used to calculate the cardiac pulse. A representative flow profiles chart for the analysis provides a color-

coded pulse over time (6) (n = 38, 28, 17, 41, 26, and 47 for control, CaM™T, CaM™**!, CaMP'3?E, caMP"**"!| and CaM?'3®, respectively).

transitions of all recombinant CaM proteins renders a more
detailed analysis of the results very difficult and highly unreliable.
However, for the temperature range of the CD measurements it is
clear the the following order of thermal stability is observed:
CaM%T > CaM™® > CaMP2E >> CaMPB*H — Cam 3P,

The chemical stability of the various CaM proteins reflects that
observed for the thermal denaturation. In the absence of Ca>*,
transition curves of CaM™ " and the four mutant proteins overlap
reasonably well (Figure 7A; Supporting Information S1: Table 1).
Fitting to a three state model (Equation 2) resulted in Dsg;
0.9-1.8 M, and D5, 2.0-2.5M GuHC]; free energies AG; and AG,
varied from —10 to —16 and —13 to —21kJ/mol, respectively
(Supporting Information S1: Table 1 and Supporting Information

S1: Figures 6-10). In the presence of Ca’t, Dsp 1 increases to
1.3-2.2M GuHCl with AG, —8 to —22kJ/mol for CaM™" and the
CaM™*®¥ and CaMP"**® mutants (Figure 7B; Supporting Informa-
tion S1: Table 1 and Supporting Information S1: Figures 11-15).
For the CaMP"**" and CaM®?"*" mutant proteins, the native-to-
intermediate transition could not be observed at 25°C, and thus
data were fitted assuming a two-state intermediate-to-unfolded
transition (Supporting Information S1: Figures 14 and 15). For all
five recombinant CaM proteins Dsy, values were very similar
(3.4-3.9M GuHCI) and AG, ca. —19 to —27 kJ/mol (Supporting
Information S1: Table 1).

Interestingly, the thermal and chemical denaturation experi-
ments suggest different order of stability for the wild-type and
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FIGURE 5 | Far-UV spectra of WT and mutant CaM proteins in the
absence (A—apo-buffer) and presence of Ca** (B—holo-buffer). Solid
lines correspond to spectra collected at low temperature (4°C), while
dash-dot lines correspond to spectra collected at high temperatures
(290°C). CaM™WT, CaM™®l caMP'*2E caMP'**H and CcaM?'3F are
shown as black, orange, cyan, red, and green lines, respectively.

mutant CaM proteins. This is not surprising as thermal and
chemical denaturation transitions can follow different pathways
on the energy landscape of the protein.

3.3 | D132E Mutation Results in the Most
Deleterious Effect on the Ca**-Binding Properties
of CaM C-Domain

Earlier studies [44, 45] demonstrated that domain-specific
fluorescence changes in CaM at various Ca®' concentrations

Temperature (°C)

FIGURE 6 | Thermal denaturation profiles of recombinant purified
CaM wild type and mutants. The 221 nm CD signal was monitored
upon increasing temperature for CaM™" (black line), CaM™*" (orange
line), CaMP'*?E (cyan line), CaMP***" (red line), and CaM?"*F (green
line) in the presence of 1 mM EDTA (A) or 1 mM Ca** (B).

could be tracked by selective residue excitation. Using 277 nm
as an excitation wavelength and 320 nm as a reference emission
wavelength to monitor tyrosine fluorescence (C-terminal lobe
emissions), we determined that both wild type and mutant CaM
proteins exhibited an increase in fluorescence intensity as a
function of free Ca** concentration (Supporting Information S1:
Figure 16A). The situation is reverted when 250 nm is used as
an excitation wavelength and 280 nm as a reference emission
wavelength for selective phenylalanine excitation (N-terminal
lobe emissions). In this case, the fluorescence intensity
decreases with increasing Ca®** concentration (Supporting
Information S1: Figure 16B). Data sets from four separate
experiments were fitted using global nonlinear regression to a
model-independent two-site Adair function and the results are
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FIGURE 7 | Chemical denaturation profiles of recombinant purif-
ied CaM wild type and mutants. The 221 nm CD signal was monitored
upon increasing chaotrope concentrations for CaM™" (black circles),
CaMN8¥! (orange squares), CaMP'3?E (cyan up triangles), CaMP3*H (red
down triangles) and CaMQ13eP (green diamond) in the presence of

1mM EDTA (A) or 1 mM Ca** (B).

summarized in Table 1 and Supporting Information S1:
Figures 17 and 18.

For the wild-type, C-terminal lobe binding sites have an
apparent K; almost three times higher than that of the
N-terminal binding sites (2.97 and 8.08 uM, respectively,
Table 1). The free energy change that accompanies the binding
of two Ca®* at the C-terminal binding sites was found to
be —63.1kJ/mol (AG,) with a cooperative free energy change
of —9.8kJ/mol (AG,), while the corresponding values for the
N-domain binding sites were —58.2 and —4.3 kJ/mol, respec-
tively. These calculations are in good agreement with earlier
studies under the same experimental conditions [11].

N-Domain binding sites show only small differences between
wild-type and mutant CaM proteins in terms of Ca** binding
affinity (Table 1). This is not surprising considering that all the
mutations in this study are distally located in the C-terminal
lobe of the protein. In contrast, for the C-terminal lobe binding
sites, all CaM mutants showed reduced Ca®* affinities
compared to CaM wild-type (Table 1). The most moderate
effect is that of CaM?**°F, with a dissociation constant of 19 uM,
almost seven times higher than that of the wild type. CaM™*%!
and CaMP"**" had slightly higher dissociation constants (23
and 30 uM respectively), while the most severe impact is on
D132E, as we found that CaMP'3?E variant exhibited 14 times
lower Ca®* affinity compared to wild-type CaM. Thermo-
dynamic analysis of the free energy changes upon Ca** binding
to the C-domain binding sites reveals an interesting picture
(Table 1, Supporting Information S1: Figure 18). The free
energy change for the CaM variants is similar to that of the wild
type when only one binding site is occupied (ranging from 2.6 to
1.3kJ/mol less, AG,), whereas the total free energy change for
binding to both C-terminal lobe binding sites is significantly
reduced (ranging from 13.0 to 9.2 kJ/mol less, AG,). This effect
can be associated with the change of cooperativity between the
two binding sites as revealed by the lower limit estimates for
the free energy change attributed to cooperativity (AG,). For the
CaM®@3%F caM™®! and CcaMP'** mutants, AG, is 51%, 46%,
and 37% of the wild type, respectively, while for D132E is
negligible, signifying absence of cooperativity between the two
C-terminal lobe binding sites. Moreover, it is worth noting that
our findings regarding the Ca®*-binding affinities for the C-
domains of these CaM mutants are consistent and in good
agreement with another study that previously reported the
dissociation constants of these mutants [11] (Supporting
Information S1: Table 2).

An ensemble of model structures was created for each CaM
mutant with MOE 2022.02 software using PDB entry 1CLL as
template. The generated mutant models were compared to the
wild-type structure to get an insight on the C-terminal lobe
binding sites structural alterations. Based on our models,
CaM"*F caM™*®¥' and CaMP**" mutants (Figure 8A,C,D)
show no significant changes in binding pocket shape with the
exception of the altered residues themselves. It seems even
these minute local structural changes in the binding pocket can
measurably affect the flexibility and thus the cooperativity of
the CaM binding sites. In contrast, for CaMP132E (Figure 8B),
there is substantial reorientation of key-placed residues inside
the binding pocket, that eventually leads to complete loss of
cooperativity as per our Ca** binding experiments suggested
above. In addition, generated models for the apo-CaM binding
pockets (Supporting Information S1: Figure 19) showed very
small changes in the structural organization of the EF-hand
motifs.

4 | Discussion

Genetic testing identified pathogenic CaM variants with
variable spectrum of clinical presentations. Since 2012, when
the first two missense CaM variants (N541 and N98S) were
identified in individuals with CPVT-like symptoms, more than
30 missense CaM variants have been reported [1, 10-14, 46-48].
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TABLE 1 | Summary of biophysical measurements for CaM wild type and mutants. Dissociation constants and free energy changes of Ca**
binding to recombinant CaM protein C- (exc: 277 nm, ems: 320 nm) and N-domain sites (exc: 250 nm, ems: 280 nm) at 25°C, resolved from fitting of

a model-independent two-site Adair to function the experimental data.

Apparent dissociation constant AG, AG, AG,
Ky pM kJ/mol kJ/mol kJ/mol

WT

C-Domain 2.97 +0.03 —28.4+0.2 —63.1+0.1 —9.8+0.3

N-Domain 8.08 + 0.09 —28.7+0.2 —58.2+0.1 —4.3+0.3
D132E

C-Domain 41.55+0.15 —27.1+0.2 —50.1+0.2 0.6 +0.4

N-Domain 7.09+0.23 —29.8+0.3 —58.8 +0.2 —2.7+0.6
D134H

C-Domain 29.56 +0.08 —25.8+0.3 —51.7+0.2 —-3.6+0.5

N-Domain 7.64 +0.19 —29.7+0.2 —58.5+0.2 —25+04
Q136P

C-Domain 19.03 +0.07 —-26.2+04 —53.9+0.2 —-5.0+0.8

N-Domain 7.24+£0.17 —249+09 —58.7+0.2 -12.3+19
N98I

C-Domain 23.40 +0.08 —259+04 —52.9+0.2 —4.5+0.8

N-Domain 7.15+0.12 —25.8+0.6 —58.8+0.1 —-10.6 +1.2

FIGURE 8 | Schematic models of the CaM mutants. Overlap of wild type (green) and mutant (red) energy-minimized models of wild type and

(A) N98I, (B) D132E, (C) D134H, and (D) Q136P CaM binding sites with key residues shown as sticks. Figure is based on PDB entry 1CLL. Ca** ions

are shown as gray spheres. Mutations are shown with magenta, while the corresponding wild-type residue is shown with blue.
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Interestingly, these missense mutations are predominantly
located in the C-terminal lobe of CaM, affecting residues
involved in Ca** binding and thus leading to reduction of CaM
Ca**-binding affinity. However, the identified CaM E46K and
N541 N-terminal lobe mutations do not seem to affect Ca**
binding, since they are not in close proximity to the Ca**-
binding pockets [20, 49, 50]. In the present study, we selected
four missense CaM mutations located in the EF hand domains
IIT and IV of the C-terminal lobe that have not yet been
characterized extensively. All four mutations were found to be
located in the CALM?2 gene. N98I was identified in a 17 month-
old boy from England that was diagnosed with LQTS. D132E
was discovered in a 29 year-old woman from Germany that was
diagnosed with neonatal LQTS and later in her life with CPVT.
D134H was identified in a 6 year-old girl from Japan that was
diagnosed with LQTS. Finally, Q136P was found in an
8 year-old girl from Morocco that died during exercise even
though she was taking -blockers to treat her LQTS and CPVT
symptoms [11].

We initially synthesized cRNA corresponding to human CaM
wild-type and its aforementioned mutants and we microinjected
it into zebrafish embryos, to investigate the in vivo effects of the
expression of these CaM mutants on zebrafish cardiac structure
and function. All zebrafish larvae exhibited a well-developed
ventricle, except the groups that expressed the CaM™**' and
CaMP**! mutants, which revealed a negative structural
ventricle chamber shape effect. This is not the first time that
we observed a morphological abnormality in the ventricle
chamber of the zebrafish heart. In a previous study, we have
reported a similar heart abnormality when zebrafish embryos
were microinjected with cRNA corresponding to human
CaM®!%** mutant, which was identified in a 6 year-old boy
diagnosed with LQTS [14, 24]. Expression of human CaM™*
into zebrafish embryos resulted in an average heart rate of
145.7 bpm with no statistically significant difference from the
control group (150.9 bpm). In contrast, expression of human
CaMP"*%E and CaMP"**" variants into zebrafish resulted in a
significant reduction of the zebrafish heart rate, mimicking a
severe form of human bradycardia. Interestingly, this is in
agreement with the clinical phenotype of the patients identified
to carry these mutations, who presented with fetal and perinatal
bradycardia [11]. Moreover, Berchtold et al. observed a similar
reduction of zebrafish heart rate when they microinjected
cRNA corresponding to human CaMP**°? in zebrafish embryos
[51]. The CaMP'3°C has been previously identified in indivi-
duals diagnosed with LQTS [9, 48, 52]. Regarding CaM™**', we
observed a trend towards lower heart rate for this variant, albeit
not statistically significant (Figure 3). At the same location of
CaM protein, another mutant, CaM™**5, was identified in
individuals with LQTS and CPVT symptoms. Interestingly,
expression of human CaM™*%3 into zebrafish embryos resulted
in an increased heart rate that is related to § adrenergic
stimulation [53]. Expression of CaM®?"*%F in zebrafish resulted
in an increased heart rate of 157.4bpm, mimicking human
ventricular tachycardia when compared to both control and
CaM™T heart rates (Figure 3).

Analysis of their cardiac ventricular rhythm revealed that
CaMP*?E and CaM™*®' microinjected zebrafish groups dis-
played an irregular pattern of heart beating and increased

amplitude of the cardiac rhythm in comparison to the cardiac
activity percentage mean of the control, CaM™ 7, CaMP***" and
CaM?"** groups (Figure 4), demonstrating that CaM"'*** and
CaM™®! mutants result in an increased arrhythmic potential in
the zebrafish model. Sondergaard et al. also observed that
microinjection of CaM™* and CaM™**® in zebrafish embryos
produced an increased arrhythmic potential, since the hearts of
CaM™* and CaM™**S-microinjected zebrafish displayed a shorter
diastolic interval compared to the hearts of CaM" "-microinjected
zebrafish embryos [53]. Moreover, Berchtold et al. noticed in a
subpopulation of CaMP'*%¢ zebrafish embryos that the atrium
beats twice per ventricular contraction suggesting an increased
arrhythmic potential in these zebrafish as well [51].

The thermal stability of CaM™" and CaM mutant proteins was
measured in the absence of Ca** and the melting temperatures
of CaM™" and all mutants were found to be rather similar.
However, in the presence of Ca®*, we observed significant
differences in thermostability, following the order CaM™ ' >
CaM™?¥T> CaMP132E »>> CaMP** - CaM Q. It was well
noticed that in the presence of Ca**, D134H and Q136P
mutations appear to have the most significant negative effect on
CaM stability, with our thermal unfolding findings being in
overall agreement with the chemical denaturation data.

Regarding the affinity for Ca®*, all CaM mutants showed
reduced C-lobe Ca®" affinities compared to CaM wild-type
(Table 1, Supporting Inormation S1: Figure 16A). While
CaM3F had a dissociation constant almost seven times
higher than that of the wild-type, CaM™**" and CaMP"**" had
only a slightly higher dissociation constant. The most severe
impact is in the D132E mutation; as we found that CaMP3*E
mutant exhibited around 14 times lower Ca** affinity compared
to wild-type CaM. This is in good agreement with our structural
modeling, where D132E mutation appeared to have the most
severe impact on the Ca?t binding site. Moreover, all mutations
located in the C-terminal lobe of CaM that have been studied up
to date have shown reduced Ca®* affinity [20]. We previously
showed that the N-lobe CaM N54I mutation has no effect on the
Ca**-binding affinity of CaM [20, 24, 54]. A well-known feature
of CaM is the high cooperativity of Ca** binding within its
individual lobes. It is generally accepted that a high level of
positive cooperativity exists between EF1 and EF2 in the lower
affinity N-lobe, and EF3 and EF4 in the higher affinity C-lobe.
This applies to the mutations we study here since the free
energy change for the CaM variants is similar to that of
the wild-type when only one binding site is occupied, while the
total free energy change for binding to both C-terminal lobe
binding sites is significantly reduced. This effect is connected to
the loss of cooperativity between the two binding sites as
revealed by the lower limit estimates for the free energy change
due to cooperativity (AG.). For the CaM®?'*¢*, CaM™**!, and
CaMP** mutants AG, is 51%, 46%, and 37% of the wild-type,
respectively, whereas for CaMP'**® it is negligible (Table 1),
consistent with a complete loss of cooperativity between the two
Ca** binding sites of the C-terminal lobe.

Overlap of energy-minimizing models of CaMQ3F  camNo8L
and CaMP"**" mutants with CaM™" model (Figure 8A,C,D)
show no significant changes in binding pocket shape with the
exception of the altered residues themselves. In contrast, for
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CaMP'*?E (Figure 8B), there is substantial reorientation of key-
placed residues inside the binding pocket, that eventually leads
to complete loss of cooperativity. Aspartate has a shorter side
chain than the very similar glutamate residue, meaning that it is
slightly more rigid within protein structures and gives it a
slightly stronger preference to be involved in protein active
sites. In the case of CaMP'?E gsubstitution of the aspartate
residue by the bulkier glutamate probably leads to a
reorientation of key-placed residues inside the binding pocket
that eventually leads to complete loss of cooperativity.

In a recent study, where we characterized the interaction of these
four CaM mutants with RyR2, we found that all mutants displayed
a dramatically reduced RyR2 interaction as well as defective
modulation of [*H]ryanodine binding to RyR2 [25]. Moreover, our
isothermal titration experiments investigating the interaction of
these CaM mutants with two human RyR2 CaM-binding regions
(3584-3602aa and 4255-4271aa), that we proposed might contrib-
ute to a putative intra-subunit CaM-binding pocket, showed
disparate binding properties suggesting that differential mecha-
nisms might contribute to reduced CaM-RyR2 association [25, 55].
Furthermore, another study, which performed Ca®*-dependent
titration experiments of a fluorescently labeled peptide corre-
sponding to the RyR2 CaM-binding region 3581-3611aa, revealed
that the same arrhythmogenic CaM mutants conferred a
decreased affinity for this peptide, altering the Ca**-dependency
of CaM-RyR2 peptide binding [56]. More importantly, the authors
showed that these CaM mutations lead to a diminished CaM-
dependent inhibition of Ca®* release and increased store-overload
induced Ca®* release in HEK cells. In addition, all four CaM
mutants were not only unable to inhibit, but promoted RyR2-
mediated Ca®* release in permeabilized HEK293 cells [56]. CaM-
RyR2 interaction is highly dependent on the cytoplasmic calcium
concentrations. Loss of Ca**-binding affinity can result in a
reduced/abolished interaction and thus regulation of RyR2, which
can provide one potential molecular mechanism for the arrhyth-
mogenesis observed in the patients carrying the aforementioned
CaM mutations.

Over the last couple of years, the fact that numerous genetic and
clinical studies reported several pathogenic CaM mutations
associated with life-threatening arrhythmogenic presentations,
has led to a new, distinct clinical entity termed as calmodulino-
pathy, which can be caused by mutations in any of the three
CALM genes. Congenital LQTS and CPVT are the two most
typical clinical manifestations of calmodulinopathy, increasing
the risk of repeated syncope, lethal arrhythmic events and
sudden cardiac death, particularly in young individuals [19].
Interestingly, the identification of CaM mutations, such as the
D132E and Q136P associated with a clinical presentation of
mixed LQTS and CPVT phenotypes is particularly intriguing
since it emphasizes the potential that particular clinical
presentation(s) are caused by various factors, including the
amino acid change, genetic/protein sequence location, the total
amount of the mutant protein expressed and its ratio to the
wild-type, as well as the impact of the mutation on the Ca**-
binding affinity of CaM, as this latter parameter can directly
affect vital interactions of CaM with multiple proteins/ion
channels in the heart, including Ca,1.2 and RyR2 [25]. The
disparate impact of the CaM mutations that we investigated in
this study on zebrafish cardiac function strongly supports this

notion. It is clear that further investigation is required to
elucidate the complex mechanism(s) that underly how various
CaM mutations lead to arrhythmogenic cardiac disease and
sudden cardiac death. Moreover, due to the multifactorial
nature of the disease, and based on the fact that limited
information on the clinical efficacy of existing therapies is
currently available, systematic genetic screening and clinical
evaluation of the patients, along with functional validation
studies, is necessary until the development of future gene
correction approaches is achieved through precision medicine.
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