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ABSTRACT

BACKGROUND  Mutation in the titin gene (TTN) in left ventricular noncompaction (LVNC) has been reported with a highly
heterogeneous prevalence, and the molecular mechanisms underlying the pathogenesis of TTN gene mutation are uncharacteri-
zed. In the present study, we identified a novel TTN mutation in a pedigree with LVNC and investigated the potential pathogenic
mechanism by functional studies.

METHODS The whole-genome sequencing with linkage analysis was performed in a 3-generation family affected by autoso-
mal dominant LVNC cardiomyopathy. The clustered regularly interspaced short palindromic repeats associated protein 9 (CRISPR/
Cas9) technology was used to establish novel truncating mutation in TTN in a rat cardiomyoblast H9C2 cell line in vitro, in which
functional studies were carried out and characterized in comparison to its wild-type counterpart.

RESULTS A novel truncating mutation TTN p. R2021X was identified as the only plausible disease-causing variant that segreg-
ated with disease among the five surviving affected individuals, with an interrogation of the entire genome excluding other po-
tential causes. Quantitative reverse transcription-polymerase chain reaction and cellular immunofluorescence supported a haplo-
insufficient disease mechanism in titin truncation mutation cardiomyocytes. Further functional studies suggested mitochondrial
abnormities in the presence of mutation, including decreased oxygen consumption rate, reduced adenosine triphosphate produc-
tion, impaired activity of electron translation chain, and abnormal mitochondrial structure on electron microscopy. Impaired aut-
ophagy under electron microscopy accompanied with activation of the Akt-mTORCI signaling pathway was observed in TTN p.
R2021X truncation mutation cardiomyocytes.

CONCLUSIONS The TTN p. R2021X mutation has a function in the cause of a highly penetrant familial LVNC. These findings
expand the spectrum of titin’s roles in cardiomyopathies and provide novel insight into the molecular basis of titin-truncating
variants-associated LVNC.

of LVNC is estimated at 0.014% to 1.3%, depending
on the age of patients.”” The phenotypic expression

eft ventricular noncompaction (LVNC) is
a relatively rare cardiomyopathy, with or

without left ventricular dysfunction, char-  and evolution of isolated LVNC are highly variable,

acterized by excessively prominent trabeculations and
associated deep recesses that communicate with the
ventricular cavity."! LVNC is part of unclassified car-
diomyopathies according to genetic cardiomyopath-
ies by the America Heart Association. The prevalence
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and clinical features can range from asymptomatic
to symptomatic, with a relatively stable course over
several years or development towards severe com-
plications, including congestive heart failure, vent-
ricular arrhythmia and sudden cardiac death, atrial
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arrhythmias and systemic embolic events.’ LVNC
is supposed to be related to a premature arrest of
compaction of the loose myocardial meshwork dur-
ing fetal embryogenesis, with persistent trabecu-
lated myocardium, but the precise pathophysio-
logy remains poorly understood. The predominant
mode of inheritance is autosomal dominant, with
some cases with an X-linked transmission. Several
genes have been identified as LVNC disease-causing.
The first reported genetic cause of isolated LVNC
was the X-linked tafazzin gene, which is also respon-
sible for Barth syndrome.”’ The sarcomere-encod-
ing genes (MYH”, ACTC1, TNNT2, MYBPC3, TMP1,
and TNNI3) account for 17% to 30% of LVNC.”# Other
genes such as dystrobrevin alpha, Nkx-2.5, Z-line
protein-encoding ZASP/ LDB3, lamin A/C (LMNA)
genes have also been associated with LVNC." Rece-
ntly, several studies showed the importance of the
titin gene (TTN) mutations in LVNC, as high as 19%
in a German study of 68 index cases, 7% in adults
from a Dutch cohort of 327 patients, and 10.5% in a
French study of 95 unrelated adult patients.”*'*'"

Titin is the largest human protein and spans half
of the sarcomere. It contains four functionally dis-
tinct segments: (1) an N-terminus that is anchored
at the Z disk; (2) a distensible I band; (3) an inexte-
nsible, thick filament binding A band; and (4) a carbo-
xyl M band with a kinase domain. Titin-truncating
variants (TTNtv) are associated with a highly vari-
able phenotype. TTNtv is the most prevalent genetic
cause of dilated cardiomyopathy, found in approx-
imately 25% of familial cases."” TTNtv is also pre-
sent in the general population, initially estimated at
1% to 2%."*'" Both TTN’s size and incomplete kno-
wledge of the protein’s function in cardiomyocyte
biology hindered the elucidation of why some TTN
mutations produce clinical phenotypes.

The present study identified the presence of novel
TTNtv p. R2021X mutation by whole-genome se-
quencing (WGS) in two family members, filtering
against variants seen in normal population cohorts,
and using linkage information derived from single
nucleotide polymorphism arrays of four family mem-
bers, and further explored the role and potential mec-
hanism of the novel TTNtv p. R2021X mutation in
vitro using the clustered regularly interspaced short
palindromic repeats associated protein 9 (CRISPR/
Cas9) technology. These findings may represent a
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noteworthy contribution to clinical LVNC diagno-
stics and, potentially, to therapeutics.

METHODS AND MATERIALS

Clinical Evaluation

The study was approved by the Ethics Commit-
tee of Fuwai Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing,
China (No0.2021-1428), and all subjects provided wri-
tten informed consent. A 3-generational family with
a history of cardiomyopathy was recruited. Clinical
assessment and genetic studies were performed on
available family members, with clinical examination,
electrocardiogram, and echocardiography. The dia-
gnosis of LVNC was based on published criteria
from echocardiographic or cardiac magnetic reson-
ance imaging"'": the compaction ratio, that is, the
ratio of the thickness of noncompacted to compac-
ted myocardium > 2.3 measured on magnetic reson-
ance imaging in diastole or > 2.0 on echocardiogra-
phy in systole, was used to diagnose LVNC.

Genetic Screening

Genomic DNA was extracted from peripheral bl-
ood leukocytes using the QIAamp DNA Blood Midi
Kit (QIAGEN, Hilden, Germany), according to the
standard protocols. The proband was selected for
whole-exome sequencing. The Agilent SureSelect
Human All Exon V5 capture kit (Agilent, Santa Clara,
CA, USA) was used for exome capture. And the Illum-
ina’s HiSeq4000 platform (Illumina, Inc, San Diego,
CA, USA) was used for sequencing. Sequence data
were aligned to the human reference genome (GRCh37/
hg19) with BWA followed by sorting and marking of
duplicate reads using Picard (version 2.4, http:/ /broad-
institute.github.io/ picard/). Local realignment of in-
sertions/deletions (InDels) and base quality score
recalibration were performed using GATK (version
3.6, https:/ /www .broadinstitute.org/gatk/). GATK
was also used to call and filter variants within a gen-
ome-wide region. The resultant variants were an-
notated with ANNOVAR!"” and sequentially filt-
ered using the following criteria: (1) variants with
an East Asian minor allele frequency > 0.01 in the
databases for 1000 Genomes Project (http:/ /browser.
1000genomes.org) and Exome Aggregation Consor-
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tium (ExAC, http:/ /exac.broadinstitute.org) were
removed; (2) variants in exons and splicing sites were
retained; (3) certain types of variants were retained,
including nonsynonymous, frameshift, nonfram-
eshift insertion/deletion, stopgain and unknown;
(4) variants in genes expressed in the heart accord-
ing to the Human Protein Atlas (http:/ /www.pro-
teinatlas.org);" and (5) variants that passed manual
confirmation using the Integrative Genomics Viewer
(http:/ /software.broadinstitute.org/software/igv)
were retained. Effects of variants on splicing sign-
als were evaluated using the Human Splicing Fin-
der (version 3.0, http://www.umd.be/HSF3/HSF.
html). Candidate pathogenic (likely) variants were
validated by Sanger sequencing, performed with
the primers: GCCTGAAGAGTCGGAAGAGC (For-
ward) and TTGCCTTCTTCGGCAAGAGC (Re-

verse).
CRISPR/Cas9 Gene Editing

A CRISPR/Cas9-mediated TTN R2021X muta-
tion cell line was constructed. CRISPR/Cas9 H9C2
TTN R2021X mutation cell line was generated by
designing sgRNAs using the web tools.™

Two pairs of sgRNA were annealed and cloned in
PX459 vector at the Bsmbl site according to GecKO-
Zhang’s Lab Lentiviral CRISPR Tool Box [supple-
mental material, Figure 1S(A)]. The following pri-
mers were used for inserting sgRNAs into PX459
vector: primer 1: GGAGCTGAAGTCTCGCAAGA
(Forward) and CCTTCGACTTCAGAGCGTTCT
(Reverse); primer 2: CTTGCGAGACTTCAGCTCCA
(Forward) and GAACGCTCTGAAGTCGAGGT (Re-
verse). Plasmids were purified from ampicillin-res-
istant colonies and sequence confirmed by Sanger
sequencing using U6F primer/probe [supplemen-
tal material, Figure 15(B)]. Then PX459-sgRNA were
transduced in H9C2 cell line using a standard trans-
duction protocol. HIC2 cells were sorted, expanded,
and Sanger sequenced for genotyping [supplemen-
tal material, Figure 15(C)].

Quantitative Reverse Transcription-polymerase
Chain Reaction Analysis

Total RNA of wild-type (WT) and mutant cells
was extracted using the Cell/Tissue Total RNA Is-
olation Mini Kit (Vazyme Biotech) according to the
manufacturer’s instructions. A total of 2 ng of total
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RNA was reverse transcribed into complementary
DNA using the HiScript II 1st Strand complement-
ary DNA Synthesis Kit (Vazyme Biotech). Quantit-
ative polymerase chain reaction (PCR) analysis was
performed on a Real-Time PCR System (BIOER,
Hangzhou, China) using ChamQ SYBR Master Mix
(Vazyme Biotech). Primers are shown as following;:
TTN Z-disk: TCTCTCATCTCAGCCTCGGT (For-
ward) and TCTCTCATCTCAGCCTCGGT (Rev-
erse); TTN M-line: AGGAACTCCTCCTCCCCATC
(Forward) and CTCGTGCTGGTTTCTTCCCT (Rev-
erse); and HPRT: CCCAGCGTCGTGATTAGTGATG
(Forward) and TTCAGTCCTGTCCATAATCAGTCC
(Reverse). Each sample was performed in triplicate.
HPRT served as an internal reference. The thermo cy-
cle conditions were set as follows: denaturation at 95 °C
for 30 s, followed by 40 cycles of denaturation at 95 °C
for 10 s and extension at 60 °C for 30 s. Data were
analyzed using the 2*“" method.

Western Blot Analysis

Changes in protein expression levels in WT and
mutant cells were determined by Western blot ana-
lysis. The M-PER Mammalian Protein Extraction
Reagent (ThermoFisher Scientific) was applied to
extract the protein. A total of 20 pg of the protein
was separated using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis at 80 V for 100
min. Then, proteins were transferred onto polyvin-
ylidene difluoride membranes (Millipore, Burling-
ton, MA, USA) using 300 mA for 180 min. Membr-
anes were blocked with 5% non-fat milk dissolved
in Tris-buffered saline with 0.1% Tween-20 (TBST)
for 1 h at room temperature (RT), followed by in-
cubation with the primary antibodies. Subsequen-
tly, membranes were washed three times in TBST
for 5 min, followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit IgG second-
ary antibody (1:10000, EarthOx Life Sciences, Mill-
brae, CA, USA) for 1 h at RT, then washed three times
in TBST. Finally, proteins were visualized by chemi-
luminescent detection using an emission chemolu-
minescence detection kit (ThermoFisher Scientific).
Images and the density of each band were acquired
on a Fusion-FX6 imaging system (Vilber Lourmat).
To compare the expression of proteins, HPRT ser-
ved as an internal control.
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Cellular Immunofluorescence

WT and mutant cells were fixed in 4% paraform-
aldehyde solution, permeabilized with 0.25% Tri-
ton X-100, blocked in 3% bovine serum albumin,
and incubated with the primary antibody (mouse
anti-titin 1:50, Santa Cruz 271946) overnight at 4 °C.
Cells were then washed with phosphate buffered
saline (PBS) and incubated with secondary antibody
(goat anti-mouse conjugated with Alexa Fluor 546,
1:1000, Invitrogen) at RT for 2 h. The cells were then
washed with PBS, fluorescence images were acqui-
red and fluorescence intensity was detected using the
laser confocal scanning microscope (Zeiss LSM710).

Extracellular Oxygen Consumption Assay

Oxygen consumption assay was performed us-
ing the Extracellular Oxygen Consumption Assay
(Abcam, ab197243) following the manufacturer’s
protocol. Plates were analyzed by Spark 20M multi-
mode microplate reader (Tecan Group Ltd., Manned-
orf, Switzerland) using time-resolved fluorescence.
Signals were read every 90 s for 120 repeats with an
optimal delay time of 30 s and gate (integration) time
of 100 us. The signal from wells without cells was
used as a background signal.

Measurement of Adenosine Triphosphate (ATP)
Levels

We used a luminescent ATP detection assay kit
(Abcam, ab113849) with Spark 20M multimode mi-
croplate reader (Tecan Group Ltd., Mannedorf, Swit-
zerland) to measure ATP levels. A total of 1 x 10°
WT and mutant cells were cultured in 96-well cell
culture plates 24 h prior to the assay. The process was
performed according to the manufacturer’s instruc-
tions.

ETC Complex Activity Assays

Mitochondrial respiratory chain activities invol-
ving complex I (ab109721), II (ab109908), IV (ab10
9911), and V (ab109714) were measured using kits
from Mitoscience-Abcam according to the manufac-
turers’ instructions. Briefly, capture antibodies spe-
cific for each mitochondrial respiratory chain com-
plex were precoated in each well of a 96-well micro-
plate. Cell cultures or isolated mitochondria were
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added to the microplate wells, which had been pre-
coated with a specific capture antibody. After the
target had been immobilized in the well, the com-
plex activity was determined by following the oxid-
ation and reduction of complex-specific substrates
and a dye. The absorbance is measured at specific
optical densities (OD) using a spectrophotometer.

Complex I activity was determined by following
the oxidation of NADH to NAD" and the simultan-
eous reduction of a dye which leads to increased ab-
sorbance at OD = 450 nm.Complex II activity was
determined by the production of ubiquinol coupled
to the reduction of the dye DCPIP (2,6-diclorophen-
olindophenol) and a decreases in its absorbance at
600 nm. Complex IV activity was determined by the
oxidation of reduced cytochrome c by the absorb-
ance change at 550 nm. Complex V activity was mea-
sured by monitoring the decrease in absorbance at
340 nm. Complex III activity was measured using a
kit from BioVision (K520) according to the manufac-
turer’s instructions. Briefly, this kit for complex III
activity assay is based on the reduction of cytochr-
ome c through the activity of complex III. The absor-
bance of reduced cytochrome c is measured at 550
nm in isolated mitochondria.

Measurement of Mitochondrial Membrane Po-
tential

Mitochondrial membrane potential was detected
using the JC-1 assay (Dojindo, MT 09) according to
the manufacturer’s protocol. The principle of the
detection of JC-1: JC-1 dye showed potential-depen-
dent accumulation in mitochondria. In normal mito-
chondria, JC-1 aggregates in the mitochondrial mat-
rix to form polymers, which emit strong red fluores-
cence (Ex = 585 nm, Em = 590 nm). Unhealthy mito-
chondria due to the decrease or loss of membrane po-
tential, JC-1 can only exist in the cytoplasm as a mon-
omer and produce green fluorescence (Ex = 514 nm,
Em = 529 nm). So the change in color is a very direct
reflection of the change in mitochondrial membr-
ane potential. The degree of mitochondrial depolar-
ization can also be measured by the ratio of red to gr-
een fluorescence intensity. Cells were washed with
PBS and were then stained with JC-1 probe for 30
min at 37 C/5% CO, in the dark. Subsequently, The
red-to-green fluorescence ratio was employed to ev-
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aluate the changes in mitochondrial membrane po-
tential.

Electron Microscopy

Cells grown on glass coverslips were fixed with
4% paraformaldehyde and 2.5% glutaraldehyde in
PBS, dehydrated in a graded series of ethanol, and
embedded in Epon. After removing the coverslip,
ultrathin sections were cut on a Reichert Ultracut
microtome, positively stained with aqueous uranyl
acetate and lead citrate and viewed in a Philips CM
10 electron microscope at an accelerating voltage of
80 kV. Pictures were taken with a slow-scan CCD cam-
era (Gatan, Pleasanton, CA, USA).

Statistical Analysis

Data are presented as mean * SD. Statistical ana-
lysis were performed using GraphPad Prism ver-
sion 6.0 (GraphPad Inc., La Jolla, CA, USA). Compa-
risons were made using the Student’s t-test or one-
way analysis of variance followed by Tukey’s multi-
ple comparison test. Two-sided P-value < 0.05 were
considered statistically significant.

RESULTS

Clinical Evaluation of the Pedigree

The proband was a 55-year-old male (II-1 in Figure
1A) who presented chest tightness and shortness of
breath in daily activities. 24-hour Holter electrocar-
diogram monitoring suggested persistent atrial fib-
rillation and nonsustained ventricular tachycardia.
Echocardiography suggested LVNC with left vent-
ricular dilatation and severe systolic dysfunction (Fig-
ure 1B; left ventricular end diastolic dimension = 75 mm,
left ventricular ejection fraction = 28%). His father (I-1)
died of decompensated heart failure at the age of 60
years. Cascade screening identified that his son (III-1)
had sufficient noncompaction to meet the diagnostic
criteria for LVNC, with frequent ventricular prema-
ture beats accompanied with normal diastolic and
systolic function. The proband’s mother was found
to have both normal heart structure and function.

Identification of TTN p. R2021X Segregating
With Disease

The proband and his son were selected for WGS
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that identified a heterozygous single-base alteration
at position 6061 (c.6061C > T) in TTN, the mutation
site is located in the exon area, which resulted in a prem-
ature stop of titin protein (p. R2021X) (supplemental
material, Figure 15).

This mutation has not been identified in the Ex-
AC database. And in silico prediction (Mutation Ta-
ster) reported a deleterious effect. Sanger sequen-
cing confirmed the cosegregation of the heterozyg-
ous mutation with disease in all affected individu-
als of the family (Figure 1C). Thus, comprehensive
whole-genome analysis with reveals the p. R2021X
mutation in TTN as the most plausible causative mut-
ation in the family.

Functional Studies in TTN R2021X Mutation
Model

Nonsense-mediated mMRNA decay and sarcomere
deficits caused LVNC phenotype To quantify
cardiac titin expression after mutation of TTN R2021X
using the sgRNA2 guided CRISPR/Cas9 system, we
performed real-time RT-PCR analysis with oligonu-
cleotides specific for titin's Z-disc portion (amplifying
both alleles), or with allele-specific oligonucleotides
(amplifying only the wild-type allele of titin’s M-line
portion). Results showed that TTN mutant allele was
degraded in mRNA level in the mutant cells (Figure
2A & 2B). To detect titin protein level, we performed
immunofluorescence using anti-titin antibodies with
binding sites C-terminal of titin. A minimal amount of
approximately 1% titin protein was observed in the
mutant cells, suggesting a haploinsufficient disease
mechanism in the presence of the TTN R2021X mut-
ation (Figure 2C).

TTN R2021X mutation led to mitochondrial dys-
function The mitochondrial respiratory activity
represented by cellular oxygen consumption rate
(OCR) and ATP level was measured in WT and TTN
R2021X mutant cells. Mutant cells showed a signi-
ficant reduction of OCR (Figure 3A, P < 0.001) and
ATP level (Figure 3B, P < 0.001), indicating that the
decreased expression of full-length titin led to im-
paired mitochondrial respiration. Activities of the
electron transport chain complexes (ETCs), involv-
ing complex I to IV as well as the ATP synthase (com-
plex V), were then measured. Compared to WT cells,
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Figure1l Clinical and genetic profile of the pedigree. (A): Pedigree of the family; males depicted as squares; females, circles; slanted
symbols, deceased individuals. Clinically affected individuals are marked in black, unaffected are shown in white; (B): echocardiogram
images showing the characteristic spongy appearance of noncompaction ( indicated by yellow arrows) in individual II-1. (a) long axis
section of left ventricle; (b) apical four chamber section; (c) short axis section of left ventricle; (d) M mode (left ventricular end diastolic
diameter indicated by red line, left ventricular end systolic diameter indicated by blue line); and (C): Sanger sequencing chromatogram
showing a heterozygous ¢.C6061 > TTN p. R2021X truncating mutation in TTN gene.

TTN R2021X mutant cells showed reduced activity
of complex I and compex V (Figure 4C and Figure 4,
P <0.01 and P < 0.001), while there was no signific-
ant difference of other ETCs between the two groups
(Figure 3D-3F).

The changes of membrane potential of mitochon-
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dria were also qualified, illustrated with the signifi-
cant decrease of the fluorescence intensity of JC-1 in
TTN R2021X mutant cells compared with WT cells,
indicating mitochondrial dysfunction (Figure 4A,
P <0.001). Damaged mitochondria often exhibit
structural changes, including formation of giant mi-
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Figure 2 Nonsense-mediated mRNA decay and haploinsufficiency mechanism in TTNtv p. R2021X mutant cells. (A): RT-PCR sho-
wing titin mRNA level (n = 3); and (B): cellular immunofluorescence showing titin protein level (n = 3).

tochondria (megamitochondria), fragmentation of
mitochondria, or other shape changes. Indeed, we
observed abnormal mitochondrial structures in TTN
R2021X mutant cells under electron microscopy (Fig-
ure 4B). Taken together, the co-occurrences of impa-
ired mitochondrial respiratory activity, reduced mi-
tochondrial membrane potential, and structural cha-
nges of mitochondria suggested the accumulation
of dysfunctional/damaged mitochondria induced
by TTN R2021X mutation.

Impaired autophagy and activated Akt- mTORC
1 signaling pathway in mutant cell Autophagy-
related ultrastructural differences between WT and
TTN R2021X mutation cells were evaluated under
electron microscopy. We observed markedly fewer
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numbers of active lysosomes in the mutant cells than
WT cells, suggesting impaired autophagy induced
by TTN R2021X mutation (Figure 5). Furthermore,
an accumulation of glycogen granules was identified
in TTN R2021X mutation cells, which indicated the
impaired autophagic pathway initiated by TTIN R2021X
mutation.

Mammalian target of rapamycin complex 1 (mT-
ORC(1) is a key negative regulator of autophagy. Hence,
we evaluated mTORC1 signaling. Levels of phos-
phorylated proteins of mTOR, ribosomal protein S6,
and eukaryotic translation initiation factor 4E-bind-
ing protein 1 were higher in TTN R2021X mutation
cells than WT cells (Figure 6A & 6B, Figure 6E and
Figure 6H, P<0.001 ), together with the decreased exp-
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Figure 3 Impaired mitochondrial oxidative phosphorylation capacity in TTNtv p. R2021X mutant cells. (A): Oxygen consumption
rate; (B): ATP level; (C): activity of mitochondrial complex I; (D): activity of mitochondrial complex II; (E): activity of mitochondrial
complex III; (F): activity of mitochondrial complex IV; and (G): activity of mitochondrial complex V.

308

http:/ /www jgc301.com; jgc@jgc301.com v



RESEARCH ARTICLE

JOURNAL OF GERIATRIC CARDIOLOGY

Wild-type

Mutant

¥

500_n_1n

B _
().9 15
kS|
-
B P <0.001
E2104 ——
o L
EOC
22
29
SM 0.5
ge
o
—
=
- 0

Wild-type Mutant

Figure4 Dysfunctional/damaged mitochondriain TTNtvp.R2021X mutant cells. (A): Representative pictures of mitochondrial memb-

rane potential in wild-type and mutant cell; (B): quantification of red/ green fluroscence intensity; and (C): mitochondrial structure un-
der electron microscopy. (a) Overview of mitochondrial morphology and distribution in wild-type cells (x 5000 magnification); (b) nor-
mal mitochondrial morphology and structure in wild-type cells (x 10,000 magnification); (c) normal mitochondrial morphology and
structure in wild-type cells (x 10,000 magnification); (d) overview of mitochondrial morphology and distribution in mutant cells (x 10,
000 magnification); (e) mitochondrial demyelination degeneration in mutant cells (x 10,000 magnification, indicated by black arr-
ows); and (f) mitochondrial membrane damage in mutant cells (x 10,000 magnification, indicated by black arrows).

ression levels of total mTOR, S6, and 4E-binding pro-
tein 1 in the mutant cells compared with WT cells
(Figure 6A, Figure 6C, Figure 6F and Figure 61, P <
0.001). Then the ratio of phosphorylated-to-total pr-
oteins was increased in the mutant cells compared
with WT cells (Figure 6D, Figure 6G and Figure 6],
P <0.001), suggesting an activated mTORC1 signal-
ing transduction caused by TTN R2021X mutation.
In addition, the dual phosphorylation of serine-thr-
eonine kinase Akt/protein kinase B, demonstrated
by p-Akt (Thr308)/ Akt and p-Akt (Ser473)/ Akt
ratios, was significantly increased in TTN R2021X
mutation cells compared with WT cells (Figure 6K-60,
P <0.001). Combined, these results suggested that
activated mTORC1 might result from the activation
of Akt signaling in response to TTN R2021X mutation.

: http:/ /www .jgc301.com; jgc@jgc301.com

DISCUSSION

In the present study, we found a novel mutation
in TTN among highly penetrant familial LVNC pa-
tients. The three-generation family with three indi-
viduals affected by LVNC was presented with clini-
cal features of arrhythmia and systolic impairment
and an autosomal dominant inheritance pattern. A
combination of WGS and linkage analysis identified
TTN p. R2021X mutation as a genetic cause. Further
functional studies in vitro suggested a potential pa-
thogenic role of TTN p. R2021X, in which TTNp. R2021X
mutation led to titin mRNA degradation and titin
protein haploinsufficiency, mitochondrial dysfunc-
tion indicated by impaired mitochondrial respirat-
ory activity, reduced mitochondrial membrane po-
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Figure5 Electron microscope images showing impaired autophagy in TTNtv p. R2021X mutant cells. (A-C): Normal number of active
lysosomes in wild-type cells; (D): less number of active lysosomes in mutant cells; (E): accumulation of lipids in mutant cells (indicated
by black arrows); and (F): accumulation of glycogen granula in mutant cells ( indicated by white arrows).

tential, and abnormal ultrastructural changes, and
decreased autophagy associated with activated mT-
ORC1 signaling pathway.

To our knowledge, this is a novel TTN truncating
mutation implicated in LVNC. LVNC is genetically
heterogeneous and can be inherited as an autosomal
dominant or X-linked recessive disorder. It has been
linked to mutations in many genes, including LIM
domain-binding protein 3 (ZASP), a-dystrobrevin
(DTNA), tafazzin (TAZ/G4.5), and those encoding
sarcomeric, Z-disc, cytoskeleton proteins, and mito-
chondria.l*”* Recently, several studies showed the
importance of TTN gene mutations in LVNC. A miss-
ense mutation in TTN was first reported as the cause
of a highly penetrant familial cardiomyopathy with
features of LVNC in 2016." An Dutch multicenter
study analyzed 327 unrelated patients with LVNC
and showed that mutations in TTN frequently oc-
curred in adults (7%, n = 18).""! Further study pro-
posed that TTN was the most prevalent disease gene
of LVNC, with a high mutation rate of 19%.”" In con-
trast to the recent broad TTNtv mutation research, our
finding of TTN p. R2021X as a genetic cause ina LVNC
family expands the spectrum of titinopathies.

Haploinsufficiency is now generally accepted to
be the molecular mechanism for TTNtv. This means
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that transcripts of TTNtv may undergo nonsense-
mediated decay, so that the abnormal protein is never
expressed, leading to a reduced protein dose.

More recent work showed that DCM causing TTNtv
is enriched in the sarcomeric A-band region; however,
I-band TTNtv has been identified in healthy indivi-
duals and the general population without DCM.!"!
In previous studies of cardiomyocytes derived from
induced pluripotent stem cells from DCM patients
with TTNtv, or created using CRISPR/Cas9 gene-edi-
ting technology, functional and RNAseq data sug-
gest alternative exon splicing as the predominant me-
chanism for reduced penetrance of I-band TTNtv.
TTNtv have also been associated with various other
clinical phenotypes, including peripartum cardi-
omyopathy, arrhythmogenic right ventricular cardi-
omyopathy, hypertrophic cardiomyopathy, restrict-
ive cardiomyopathy, and a range of skeletal myopath-
ies 1221 I this study, RT-PCR and cell immuno-
fluorescence data supported a haploinsufficient dis-
ease mechanism in TTN p. R2021X mutation. However,
it is still unclear how this mutation leads to this dis-
tinct phenotype; more insight into the genetic sus-
ceptibilities or an environmental modifier of TTN
gene expression is needed to understand the under-
lying signaling pathways in LVNC.
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BP1, 4E-BP1, phosphorylated Akt ( p-AktThr308, p-AktSer473) and Akt in wild-type and mutant cells. (A): Representative Western
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56, p-56/5S6, p-4E-BP1, 4E-BP1, p-4E-BP1/4E-BP1, p-AktSer308, p-AktSer473, Akt, p-AktThr308/ Akt, p-AktSer473/ Akt.

Here, we provided several lines of evidence that
demonstrated mitochondrial dysfunction in the pre-
sence of TTN p. R2021X mutation. Remarkable redu-
ction of OCR, ATP level, and ETCs activity indicated
impaired mitochondrial respiratory activity in the
mutant cells. Indeed, abnormal mitochondrial struc-
tures were identified in the mutant cells under elec-
tron microscopy. Our findings are in line with the met-
abolic remodelling results found in both TTNtv-po-
sitive DCM patients and TTNtv mutated rat hearts
model.****1 Similar to our findings, TTNtv-posit-

i http:/ /www .jgc301.com; jgc@jgc301.com

ive DCM patients demonstrated altered mitochon-
drial energetics comparing with TTNtv negative DCM
patients.” TTNtv-positive DCM rat hearts also sho-
wed mitochondrial abnormalities and metabolic shift
compared to wild type counterpart. Metabolic shift
from fatty acid oxidation towards glycolysis was obs-
erved in TTNtv animal models.”” It is suggested that
the metabolic shift in TTNtv hearts may be a malad-
aptive response from mitochondrial dysfunction. TTNtv
hearts are in a compensated state trying to counter-

balance a TTNtv-related sarcomeric defect.>*
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Figure 7 TTNtv p. R2021X mutation and left ventricular noncompaction. TTNtv p. R2021X mutation cause mitochondrial dysfunc-
tion and decreased autophagy associated with activated Akt/mTORC1 signaling pathways in cardiomyocytes, leding to left ventricu-

lar noncompaction phenotype.

However, to date, the molecular mechanism(s) un-
derlying the mitochondrial dysfunctions in TTNtv-as-
sociated cardiomyopathy is not clear yet.

Emerging evidence has suggested an essential
role for basal autophagy in maintaining normal car-
diac function.” Activation of mTORC1 and decre-
ased autophagy has also been observed in several
cardiomyopathy models and can be rescued by mT-
ORC1 inhibition.”**" Furthermore, defective auto-
phagy led by activation of mTORC1 signaling in the
TTNtv DCM rat hearts has been demonstrated.””!

In present stusy, we observed markedly fewer
numbers of active lysosomes in the mutant cells
than WT cells, suggesting impaired autophagy in-
duced by TTN R2021X mutation. Evidence of im-
paired autophagy was identified in TTN p. R2021X
mutation cells associated with the activated mT-
ORC1 signaling (Figure 7). However, our result is di-
fferent from previous studies. According to previ-
ous studies, accumulation of p62 protein and auto-
phagosomes were observed in TTN¢v hearts, which
indicated defective lysosomal degradation rather
than decreased autophagosome formation. However,
the exact mechanism still needs further investiga-
tion to clarify the mTOR signaling in the molecular
mechanism of lysosome function. In our study, p-
Akt (Thr308)/ Akt and p-Akt (Ser473)/ Akt ratios
were significantly increased in TTN R2021X muta-
tion cells compared with WT cells, demonstrating
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that Akt signaling was activated. Our result sugges-
ted that activated mTORC1 might result from the
activation of Akt signaling in response to TTN R2021X
mutation. However, the exact mechanism of how Akt
signaling results in mTORCI activation is still unc-
lear. Further studies needs to be done to clarify the
exact mechanism. According to a previous study in
Mybpc3-targeted knockin mice Akt/PKB signaling
contributing to mTORC1 activation was associated
with the upregulation of Ctgf, encoding the conne-
ctive tissue growth factor, which induced cardiomy-

[30]

ocyte hypertrophy via Akt signaling.

LIMITATIONS

Several limitations still exist in the present study.
The novel TTNtv mutation was identified in a sm-
all-sized LVNC pedigree with limited clinical samples;
hence, a large clinical cohort needs to be established
to determine the pathogenicity of TTN p. R2021X mu-
tation in LVNC and clarify the association betw-
een particular genotypes and distinct phenotypes in
future work. Secondly, functional analysis was only
carried in the CRISPR/Cas9-mediated TTN R2021X
mutation in vitro; further available studies on animal
models and patient-derived induced pluripotent stem
cell-derived cardiomyocytes are needed to explore
the mechanistic link between TTNtv and mTOR sig-
naling.
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CONCLUSIONS

In this study, we identified a novel truncating mut-
ation in TTN, TTN p. R2021X, as a genetic cause of
LVNC, which expands the spectrum of titinopath-
ies. To our knowledge, this is the first TTNtv im-
plicated in LVNC supported by robust genome-wide
genetics and detailed functional data, that is, TTN
p- R2021X mutation led to titin mRNA degradation
and titin protein haploinsufficiency, mitochondrial
dysfunction, and decreased autophagy associated
with activated Akt/mTORCI signaling pathways in
cardiomyocytes. These findings provide novel in-
sight into the molecular basis and identify several
potential novel drug targets for clinical interven-
tion of TTNtv-positive LVNC patients.
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