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Chronic Activation of Tubulin Tyrosination
Improves Heart Function

Niels Pietsch, Christina Y. Chen, Svenja Kupsch, Lucas Bacmeister(®, Birgit Geertz, Marisol Herrera-Rivero®, Bente Siebels(®,
Hannah VoB, Elisabeth Kramer, Ingke Braren®, Dirk Westermann®, Hartmut Schllter®, Giulia Mearini, Saskia Schlossarek(,
Jolanda van der Velden®, Matthew A. Caporizzo(®, Diana Lindner®, Benjamin L. Prosser(, Lucie Carrier

BACKGROUND: Hypertrophic cardiomyopathy (HCM) is the most common cardiac genetic disorder caused by sarcomeric gene
variants and associated with left ventricular hypertrophy and diastolic dysfunction. The role of the microtubule network has recently
gained interest with the findings that microtubule detyrosination (dTyr-MT) is markedly elevated in heart failure. Acute reduction
of dTyr-MT by inhibition of the detyrosinase (VASH [vasohibin]/SVBP [small VASH-binding protein] complex) or activation of the
tyrosinase (TTL [tubulin tyrosine ligase]) markedly improved contractility and reduced stiffness in human failing cardiomyocytes
and thus posed a new perspective for HCM treatment. In this study, we tested the impact of chronic tubulin tyrosination in an HCM
mouse model (Mybpc3 knock-in), in human HCM cardiomyocytes, and in SVBP-deficient human engineered heart tissues (EHTS).

METHODS: Adeno-associated virus serotype 9—mediated TTL transfer was applied in neonatal wild-type rodents, in 3-week-
old knock-in mice, and in HCM human induced pluripotent stem cell—derived cardiomyocytes.

RESULTS: We show (1) TTL for 6 weeks dose dependently reduced dTyr-MT and improved contractility without affecting
cytosolic calcium transients in wild-type cardiomyocytes; (2) TTL for 12 weeks reduced the abundance of dTyr-MT in the
myocardium, improved diastolic filling, compliance, cardiac output, and stroke volume in knock-in mice; (3) TTL for 10 days
normalized cell area in HCM human induced pluripotent stem cell-derived cardiomyocytes; (4) TTL overexpression activated
transcription of tubulins and other cytoskeleton components but did not significantly impact the proteome in knock-in mice;
(5) SVBP-deficient EHTs exhibited reduced dTyr-MT levels, higher force, and faster relaxation than TTL-deficient and wild-
type EHTs. RNA sequencing and mass spectrometry analysis revealed distinct enrichment of cardiomyocyte components
and pathways in SVBP-deficient versus TTL-deficient EHTs.

CONCLUSIONS: This study provides the first proof of concept that chronic activation of tubulin tyrosination in HCM mice and
in human EHTs improves heart function and holds promise for targeting the nonsarcomeric cytoskeleton in heart disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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mon inherited cardiac disease caused by mutations in
several sarcomeric genes. MYBPC3 (myosin binding
protein C3) is the most frequently mutated gene." HCM is
associated with left ventricular (LV) hypertrophy, diastolic
dysfunction, and increased interstitial fibrosis. Treatment

Hypertrophic cardiomyopathy (HCM) is the most com-

of severe HCM with outflow tract obstruction is limited to
surgical removal of septal tissue or catheter ablation.
The role of the microtubule network during progression
of cardiac diseases has gained interest in recent years
with the findings that microtubule detyrosination and asso-
ciated cardiomyocyte stiffness are elevated in HCM and
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Novelty and Significance

What Is Known?

* Microtubule tyrosination is driven by TTL (tubulin tyro-
sine ligase), while detyrosination is facilitated by a com-
plex of vasohibin and SVBP (small vasohibin-binding
protein).

* Microtubules increase in density and are more heav-
ily detyrosinated in different heart diseases such as
hypertrophic cardiomyopathy (HCM), impeding cardio-
myocyte contractility.

* Acute reduction of microtubule detyrosination improved
contractility in failing cardiomyocytes.

What New Information Does This Article
Contribute?

» Chronic activation of microtubule tyrosination by
adeno-associated virus (AAV)-TTL improved heart
function in HCM Mybpc3-mutated mice by increasing
ventricular compliance and cardiac output.

+ Chronic TTL overexpression rescued hypertrophy in
HCM MYBPC3-mutated patient-derived induced plu-
ripotent stem cell cardiomyocytes.

+ Chronic activation of microtubule tyrosination by SVBP
deficiency in human induced pluripotent stem cell
improved contractility in engineered heart tissues.

The microtubule network contributes to ventricular stiff-
ening in a plethora of cardiac pathologies, which is con-
veyed by detyrosinated microtubules. Acute activation
of a-tubulin tyrosination with TTL improved the func-
tion of isolated cardiomyocytes, but studies investigat-
ing the chronic modulation of the detyrosination cycle
are lacking. To investigate this, we delivered AAV-TTL
in a mouse model of HCM, which improved cardiac out-
put 12 weeks after treatment by increasing ventricular
compliance, translating into improved diastolic filling and
normalized cardiac output. TTL normalized the increased
microtubule detyrosination in HCM mice, increased tran-
script levels of tubulins and cytoskeleton components,
but did not impose major changes on the proteome,
assessed by RNA sequencing and mass spectrometry.
We further found that activating tubulin tyrosination
by TTL overexpression rescued hypertrophy of HCM
patient-derived human induced pluripotent stem cell
cardiomyocytes. We created a human induced pluripo-
tent stem cell-derived cardiomyocyte model of strongly
modulated microtubule detyrosination by CRISPR/
Cas9 (clustered regularly interspaced short palin-
dromic repeats/clustered regularly interspaced short
palindromic repeat—associated protein 9)-mediated
knockout of SVBP or TTL. SVBP-KO engineered heart
tissues displayed higher force development and faster
relaxation, while TTL-KO tissues exhibited reduced force
development and prolonged relaxation. Thus, we provide
the first evidence that chronically decreased microtubule
detyrosination improves cardiomyocyte and heart func-
tion and is a feasible strategy for the treatment of HCM.

heart failure?® (for reviews, see references*”). The cycle
of a-tubulin detyrosination/retyrosination consists in the
catalytic removal and reincorporation of the last C-terminal
tyrosine of a-tubulin. We have previously reported higher
levels of detyrosinated microtubules (dTyr-MTs) in human
and mouse models of HCM.38 The TTL (tubulin tyrosine
ligase) catalyzes the tyrosination, and the tubulin car-
boxypeptidase complex, composed of VASH (vasohibin;
VASH1 or VASH2) and its chaperone, the SVBP (small
VASH-binding protein), catalyzes the removal of the C-
terminal tyrosine of a-tubulin. VASH1 is the major isoform
in the human heart® Recently, it was shown that an acute
reduction of dTyr-MTs by TTL overexpression or VASH1
knockdown markedly improved contractility and reduced
stiffness in human failing cardiomyocytes®® and thus posed
a possible new perspective for the treatment of HCM.

In this study, we evaluated the impact of long-term
adeno-associated virus serotype 9 (AAV9)-mediated
TTL overexpression in neonatal and adult wild-type (WT)
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rodents and in 3-week-old homozygous Mybpc3-targeted
knock-in (KI) mice that present with eccentric LV hypertro-
phy and both systolic and diastolic dysfunction.’®'" Using a
combination of approaches, we show that a long-term TTL
overexpression lowered dTyr-MTs, improved contractility
without affecting calcium transients in WT rat cardiomy-
ocytes, and improved diastolic filling, compliance, stroke
volume (SV), and cardiac output (CO) in KI mice. These
data were supported by a normalization of cell hypertrophy
after a 10-day TTL gene transfer in HCM human induced
pluripotent stem cell (hiPSC)—derived cardiomyocytes and
by SVBP deficiency in hiPSC-derived cardiomyocytes and
engineered heart tissues (EHTSs).

METHODS
Data Availability

Data sets, analysis, and study materials will be made available
on request to other researchers for the purpose of reproducing
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Nonstandard Abbreviations and Acronyms

AAV9 adeno-associated virus serotype 9

ACTN2 a-actinin-2

BW body weight

Cas9 clustered regularly interspaced
short palindromic repeat—
associated protein 9

CLIP CAP-Gly domain-containing linker
protein

co cardiac output

CRISPR/Cas9 clustered regularly interspaced
short palindromic repeats clustered
regularly interspaced short palin-
dromic repeat—associated protein 9

CYB5R1 cytochrome bb reductase 1

dTyr-MT detyrosinated microtubule

dTyr-tub detyrosinated tubulin

EF ejection fraction

EHT engineered heart tissue

ET1 endothelin-1

FA formic acid

GO gene ontology

H3 histone H3

HCM hypertrophic cardiomyopathy

hiPSC human induced pluripotent stem cell

Ki knock-in

KO knockout

Lv left ventricle

MAP microtubule-associated protein

MS mass spectrometry

MYBPC2 myosin-binding protein C2

MYBPC3 myosin-binding protein C3

MYBPC3het heterozygous MYBPC3

MYBPC3ic MYBPC3 isogenic control

PV pressure/volume

RNA-seq RNA sequencing

SSEA-3 stage-specific embryonic antigen 3

SV stroke volume

SVBP small vasohibin-binding protein

TNNT2 cardiac troponin T2

TTL tubulin tyrosine ligase

VASH vasohibin

WT wild type

the results or replicating the procedures. All omics data have
been made publicly available. The RNA-sequencing (RNA-seq)
data have been deposited to RNA-seq data sets to National
Center for Biotechnology Information (NCBI) Gene Expression
Omnibus of the European Nucleotide Archive at European
Molecular  Biology  Laboratory-European  Bioinformatics
Institute  (EMBL-EBI) with the accession numbers
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GSE2338b61 for mice and GSE233852 for EHTs. The mass
spectrometry (MS) proteomics data have been deposited to the
ProteomeXchange consortium via the Proteomics Identification
Database (PRIDE)'? partner repository with the data set identi-
fier PXD054236.

Animals

The investigation conforms to the guidelines for the care and
use of laboratory animals published by the National Institutes
of Health (publication No. 85-23, revised 1985). For studies in
WT C57BL/6J mice and Sprague-Dawley rats, animal care and
use procedures were approved and performed in accordance
with the standards set forth by the University of Pennsylvania
Institutional Animal Care and Use Committee and the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health.

Kl mice were generated previously,'® and both Kl and WT
mice were maintained on a Black Swiss genetic background.
The experimental procedures performed in KI and WT mice
were in accordance with the German Law for the Protection
of Animals and accepted by the Ministry of Science and Public
Health of the City State of Hamburg, Germany (No. 074-19).
Kl and WT mice were bred and kept in the animal facility
Zenti 3 at the University Medical Center Hamburg-Eppendorf.
Breeding was performed considering various parameters such
as replacement rate, breeding renewal rate, colony index, and
penetrance, and were set and limited to a necessary level. The
animals were kept under barrier conditions in air-conditioned
rooms in open cages closed with a mesh lid. The number of ani-
mals (group keeping) per cage (type Il long) and the equipment
of the cages are in accordance with part B of the Directive
2010/63/EU. Animal husbandry complies with the legal hus-
bandry requirements in all the aspects. The rooms are air-
conditioned (>15x air exchange, room temperature between
20 and 24 °C, and 45%-65% relative humidity) and are sub-
jected to a 12-hour light-dark cycle. The care and daily monitor-
ing of the animals were performed by trained animal caretakers
from the research animal facility. The animals had ad libitum
access to food and water. The animals received a complete ani-
mal feed (phytoestrogen deficient, irradiated, 1328 P; Altromin)
composed of vegetable byproducts, cereals, and minerals.

Human Samples

The patient with HCM carrying the MYBPC3 (c.2308G>A;
p.Asp770Serfs98X) genetic variant was recruited in the out-
patient HCM clinic at the University Heart and Vascular Center
Hamburg and provided written informed consent for genetic
analysis and the use of skin fibroblasts."® All procedures were
in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). The study was reviewed
and approved by the Ethical Committee of the Arztekammer
Hamburg (PV3501).

Plasmid Constructs and AAV9 Particle

Production

The TTL-IRES-dsRed (discosoma sp. red fluorescent protein)
insert was cloned into an expression construct flanked by
adeno-associated virus serotype 2 inverted terminal repeats
containing a human TNNT2 (troponin T2, cardiac type)

Circulation Research. 2024;135:910-932. DOI: 10.1161/CIRCRESAHA.124.324387
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promoter, a chimeric intron, the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE), and a rabbit
[3-globin poly A sequence (PENN.AAV.cTNT.TTL.IRES.dsRed;
Figure S1A through S1D). AAV9 pseudotyped vector was gen-
erated by triple transfection of human embryonic kidney 293
(HEK293) cells and iodixanol purification (Penn Vector Core,
University of Pennsylvania) as described previously.'* Genome
copy titer was determined using a droplet digital polymerase
chain reaction—based method.'

The pGG2-TNNT2-HA-TTL and the pAAV-TNNTZ2-Empty
plasmids (Figure S1E) were generated from the pGG2-
TNNT2-Mut1 plasmid (VC206) by In-Fusion Cloning kit (Takara
Clontech; 638945). In brief, the full-length hemagglutinin
(HA)-tagged TTL was amplified from the HA-TTL-IRES-dsRed
plasmid using PrimeStar GLX Polymerase (Takara Clontech;
RO50B) and ligated into the Nhel (Neisseria mucosa heidel-
bergensis) and BamHl (Bacillus amyloliquefaciens) restriction
sites of VC206. The Empty plasmid was generated by ampli-
fication of the TNNTZ promoter region from the VC206 plas-
mid and inserted into Mlul (Micrococcus luteus) and Hindlll
(Haemophilus influenzae) restriction sites of pAAV-GFP (Cell
Biolabs; AAV-400). After ligation, ampicillin-resistant clones
were tested by enzymatic digestion for the presence of the
insert, and 1 positive clone of each pGG2-TNNT2-HA-TTL
and pAAV-TNNTZ2-Empty was sequenced. AAV9 pseudotyped
vectors were generated by triple transfection of HEK293
cells with pGG2-TNNT2-HA-TTL or pAAV-TNNTZ2-Empty,
pE8/9 (kindly provided by Julie Johnston, Penn Vector Core,
University of Pennsylvania, PA), and pHelper encoding ade-
noviral helper functions (Cell Biolabs; VPK-402). Generation
of recombinant AAV9 particles was performed as described
previously.'®'”

In Vivo AAV9 Administration

Neonatal WT CB57BL/6 mice received (subcutaneous injec-
tion) AAVO-TTL-dsRed at a dose of 1.76E11 or 9E11 vg/g
at postnatal day 2 (Figure 1A). Neonatal Sprague-Dawley rats
received AAVO-TTL-dsRed at a dose of 44E11 vg/g at P4
(pericardial injection; Figure 1E). Six-week-old WT C57BL/6
mice received 5.625E11 vg/g of AAVO-TTL-dsRed for 6
weeks (Figure S1B). Three-week-old WT and Kl mice received
AAV9 encoding either an empty cassette (AAV9-Empty) or
HA-tagged TTL (AAVO-TTL) at a dose of 2.25E11 vg/g via
systemic administration into the tail vein using a 30-G needle
(Figure S1F).16-18

Isolation of Adult Mouse and Rat Ventricular

Myocytes and Functional Assessment

Primary ventricular cardiomyocytes were isolated as described
previously.'® Briefly, the heart was removed from 6-week-old
mice or rats anesthetized under isoflurane and retrograde-
perfused on a Langendorff apparatus with a collagenase solu-
tion. The digested heart was then minced and triturated using
a glass pipette. The resulting supernatant was separated and
centrifuged at 17gto isolate cardiomyocytes, which were then
resuspended in cardiomyocyte media for functional assess-
ment. Elastic modulus was measured using nanoindentation
(Piuma Chiaro; Optics11 Life, the Netherlands) as described
previously.?° Cardiomyocyte contractility and calcium tran-
sients were measured as described previously.®
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Human iPSC-Derived Cardiomyocytes and EHT

Contractility Measurements
A control hiPSC line carrying a monoallelic mTag-RFP-T-
TUBA1B (tubulin alpha 1b; clone AICS-0031-035; Allen
Institute for Cell Science, Seattle, WA) was expanded and
used to create SVBP-knockout (KO) and TTL-KO hiPSC
lines with CRISPR/Cas9 (clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein 9)
technology. Two single guide RNAs (sgRNAs) were selected
for each locus to create a large deletion (Figure S2A). Cells
were nucleofected using the Amaxa 4D nucleofector (Lonza)
with preannealed ribonucleoprotein complexes of sgRNAs
and recombinant Cas9 (clustered regularly interspaced short
palindromic repeat—associated protein 9) protein (Integrated
DNA Technologies; 1081058), and single-cell clones were
expanded and genotyped for successful homozygous dele-
tions (Figure S2B). Clones with large homozygous deletions
for each of the genes of interest underwent quality control in
karyotyping (Figure S2C) by nCounter profiling (NanoString,
Seattle), pluripotency validation by SSEA-3 (stage-specific
embryonic antigen 3) staining (BD Biosciences; 560892;
Figure S2D), and control for mycoplasma contamination. To
ensure specific activity of the CRISPR/Cas9 system, the 10
most likely off-target loci were identified with crispor.tefor.
net?" and sequenced to assess genome integrity. No altera-
tions were detected, indicating no unspecific activity of the
CRISPR/Cas9 complex (data not shown). After expansion of
the 3 hiPSC lines, cardiomyocytes were produced according
to the monolayer protocol?? Reverse transcription quantita-
tive PCR (RT-gPCR) was performed with RNA isolated from
hiPSC-derived cardiomyocytes to ensure mRNA deficiency of
the respective gene (Figure S2E and S2F). EHTs were cast
from 2 to 6 independent batches of cardiomyocyte differ-
entiation (TNNT2-positive cardiomyocytes, >85%) of the 3
hiPSC lines on standard silicone posts (0.28 mN/mm) or on
stiffer silicone that induced afterload enhancement (0.8 mN/
mm). Auxotonic contractions were measured until day 60 as
described previously.28-2°

We also used patient-derived heterozygous MYBPC3
(MYBPC3het; UKEIQ70-A) and MYBPC3 isogenic control
(MYBPC3ic; UKEIO70-A1) hiPSC lines that were previously
created.'® MYBPC3het and MYBPC3ic hiPSC-derived cardio-
myocytes (3—4 batches of differentiation of triplicates) were
transduced with AAVO-TTL or AAVO-Empty (multiplicity of
infection [MOI], 100 000) for 10 days and treated with 100
nmol/L ET1 (endothelin-1; Sigma; 06233800) or vehicle (H,0)
the last 3 days as described previously.?*® Cardiomyocytes were
then stained for a-actinin (Sigma; SAB2108642, 1:800) and
N-cadherin (Sigma; C2542, 1:500), followed by the second-
ary antibodies Alexa Fluor 488 (mouse) and Alexa Fluor 546
(rabbit; Invitrogen; A11001, A11035, 1:800), and cell area was
analyzed by confocal microscopy and ImagedJ.

Echocardiographic Analysis in Mice

The number of required animals was based on assuming a
variance of 20% (measurement inaccuracy and biological vari-
ability within a group) and an impairment of the main echocar-
diographic parameter, which is LV fractional area shortening to
65% of the initial value of the WT-Empty group in the KI-Empty,
as well as an improvement through treatment to 85% of the
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Figure 1. Effect of chronic TTL (tubulin tyrosine ligase) overexpression in wild-type rodents and analysis of isolated
cardiomyocytes.

A, Protocol: wild-type neonatal male mice (postnatal day 2 [P2]) received either an adeno-associated virus serotype 9 (AAV9) encoding TTL-
dsRed at a low (1.75E11 vg/g, N=3) or high dose (9E11 vg/g, N=3) or a sham injection (N=2). After 6 weeks, ventricular myocardium was
harvested. B, Representative Western blot of crude proteins stained for detyrosinated tubulin (dTyr-tub), total a-tubulin, TTL, dsRed (Discosoma
sp. red fluorescent protein), and GAPDH as a loading control, and quantification of TTL/GAPDH, a-tubulin/GAPDH, dTyr-tub/GAPDH, and
dTyr-tub/a-tubulin; molecular weight units are given in kDa. C, Correlation between dsRed protein level (measured via Western blot) and dTyr-
tub levels from the same hearts in B. D, Percentage of cardiomyocytes expressing no/low, medium, or high dsRed intensity after application of
AAVO-TTL-dsRed of 4.4E11 vg/g in mice. E, Protocol: wild-type neonatal Sprague-Dawley rats (P4) received an AAV9 encoding TTL-dsRed

at an intermediate dose (4.4E11 vg/g, N=3). After 6 weeks, single ventricular myocytes were isolated and functionally assessed. Following
assessment, myocytes were binned into tertiles based on no/low, medium, or high level of TTL (indicated by dsRed fluorescence intensity). F,
Myocyte stiffness (elastic modulus) measured via transverse nanoindentation. G, Sarcomere shortening representative traces and quantification of
fractional shortening, contraction, and relaxation velocity. H, Calcium transient representative traces and quantification of amplitude, rise time, and
decay time. Data are expressed as mean+SEM with N/n representing the number of analyzed mice and cardiomyocytes, respectively. Statistical
significance was assessed with the Kruskal-Wallis test and Dunn multiple comparisons test (B) or with 1-way ANOVA and Dunnett multiple
comparisons test (F-H). ns, £>0.05. N/n indicates number of analyzed mice and cardiomyocytes, respectively.
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initial value in the KI-TTL group, a significance level of 0.05,
and a statistical power of 0.95. This power calculation resulted
in the required number of animals of 36. These animals were
distributed evenly (N=12) among the 3 groups. The calculation
was performed using the G-Power 3.1.7 software (University
of Dusseldorf, Germany). Transthoracic echocardiography was
performed using the Vevo 3100 System (VisualSonics, Toronto,
Canada) as described previously.'®-'® After the last echocar-
diography, 11 mice remained per group (1 WT-Empty mouse
died after the last echocardiography, 1 KI-Empty mouse died
after the fourth echocardiography, and 1 KI-TTL mouse left the
cage after the second echocardiography and was found dead).

Hemodynamic Measurements in Mice

Hemodynamic measurements were performed using a pres-
sure/volume (PV) loop system (ADV500; Transonic) in closed-
chest approach.?”?® Mice (N=11 per group) were anesthetized
using urethane (0.8—1.2 g/kg body weight [BW]) and buprenor-
phine analgesia (0.1 mg/kg BW), intubated, and artificially
ventilated. A pressure-conductance catheter (1.2F; Transonic)
was inserted in the right carotid artery and carefully pushed
forward into the LV. The catheter’s position inside the ventricle
was optimized until rectangle-shaped loops were obtained. PV
loops were conducted under short-time apnea. During the PV
loop measurements, inferior vena cava was occluded by gentle
compression. To estimate the volume, a bolus of hypertonic
saline (10%) was injected into the left jugular vein.?® Data were
acquired using iox2 (Emka Technologies). Heart rate, maximum
rate of LV pressure development in systole (dP/dtmax), maxi-
mal rate of LV pressure development in diastole (dP/dtmin),
LV end-diastolic volume (LVEDV), and LV end-systolic pressure
(LVEDP) were measured. Some measurements were techni-
cally not sufficient in a few mice (2 WT-Empty and 2 KI-Empty
mice) and were excluded for the global analysis, giving rise to
9 WT-Empty, 9 KI-Empty, and 11 KI-TTL mice for the analysis.
Subsequent analyses of PV loops were performed in LabChart
7.3Pro (AD Instruments). For baseline analysis, 5 to 10 con-
secutive loops during end-expiratory ventilation pause were
selected to calculate preload-dependent parameters. Preload-
independent parameters were analyzed by selecting loops dur-
ing inferior vena cava occlusion.?® Four mice per group were
excluded from the PV-loop analysis for insufficient occlusion. Al
included mice underwent appropriate levels of anesthesia and
did not experience excessive bleeding during the procedure.

Protein Extraction and Western Blot Analysis

For experiments performed in neonatal and adult mice, Western
blot of whole-heart (crude) protein extraction was performed
to quantify TTL (1:500; Proteintech; 13618-1-AP), a-tubulin
(1:1000, clone DM1A; Cell Signaling; 3873), detyrosinated
tubulin (dTyr-tub; 1:1000; Abcam; ab48389), and dsRed
(1:500; Takara Clontech; 632392) protein levels as described
previously.® For experiments performed in 15-week-old WT
and Kl mice, cardiac soluble (cytosolic) and insoluble (SDS,
5%) proteins were sequentially extracted, as described previ-
ously.'®” For experiments performed in hiPSC-derived cardio-
myocytes or EHTs, we used crude protein extracts. Proteins
were separated on 12% SDS-polyacrylamide (29:1) or 4% to
15% precast polyacrylamide mini-gels (Bio-Rad; 4561086)
and electrotransferred on nitrocellulose membranes. Primary
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antibodies were directed against the dTyr-tub and a-tubulin
(1:2000 and 1:5000, both kindly provided by Marie-Jo
Moutin, Grenoble, France),®® a-tubulin (1:1000; Cell Signaling;
3873), dTyr-tub (1:1000; Abcam; ah48389), H3 (histone H3;
1:3000; Abcam; ab24834), or GAPDH (1:10 000; HyTest;
5G4). Specificity of the antibodies was previously reported
for a-tubulin and the 2 dTyr-tub antibodies.®*° Secondary
antibodies were peroxidase-conjugated anti-mouse (Jackson
ImmunoResearch; 515-035-003; 1:10 000; Sigma; A90244),
anti-rat (1:10 000; Jackson ImmunoResearch; 112-035-003),
or anti-rabbit (1:6000; Sigma; A0545). Proteins were visual-
ized with Clarity Western ECL substrate (Bio-Rad; 1705061),
and signals were detected with the ChemiGenius? Bio Imaging
System (Bio-Rad).

Titin Isoform Analysis on Mouse Cardiac Crude

Protein Fractions

Titin isoforms were separated on a 1% w/v agarose gel and
stained with the SYPRO Ruby protein gel stain (Thermo Fisher
Scientific; S12000) as described previously.®' All samples were
measured in triplicate and the average of triplicate measure-
ments per sample was shown.

Immunofluorescence Analysis of hiPSC
Cardiomyocytes

Two-dimensional culture of cardiomyocytes from the 3 hiPSC
lines was seeded onto black, Geltrex-coated 96-well plates
(Thermo Fisher Scientific; 165305) with 90000 cells/cm? and
cultured in low glucose DMEM-based medium for 30 days until
cells were washed with PBS and fixed with ROTIHistofix (Carl
Roth, P087.1) for 10 minutes at 4 °C. For immunofluorescence
imaging, cells were incubated with blocking buffer (PBS con-
taining 3% milk and 0.1% Triton X-100) and primary antibod-
ies against mouse ACTN2 (a-actinin-2; 1:800; Sigma; A7811),
rabbit dTyr-tub (1:1000, kindly provided by Marie-Jo Moutin,
Grenoble, France), and mouse N-cadherin (1:500; Sigma;
C2542) overnight. Specificity of the antibodies was previously
reported for ACTN22® dTyr-tub®® and for N-cadherin®? Cells
were washed with PBS and incubated with secondary antibod-
ies AF-488 rabbit and AF-647 mouse (1:800; Thermo Fisher
Scientific; A-11034 and A-21236) in blocking buffer for 90 min-
utes at room temperature. Hoechst 33342 (Invitrogen; H3570)
was added 1:2500 for 20 minutes to stain DNA. Image acquisi-
tion was performed with a Zeiss LSM 800 confocal microscope.

RNA Sequencing

For RNA-seq, total RNA was isolated from LV samples of female
WT-Empty, KI-Empty, and KI-TTL mice or from WT, SVBP-KO,
and TTL-KO EHTs using the Direct-zol RNA Microprep Kit
(Zymo Research; R2063) followed by a DNase digestion step.
Enrichment of mRNAs with the NEBNext Poly(A) mRNA
Magnetic Isolation Module was followed by library prepara-
tion using the NEBNext Ultra Il RNA Directional Library Prep
Kit for lllumina (New England BioLabs; E7760L). Single-read
sequencing took place on the NextSeq 2000 System (lllumina),
using the corresponding NextSeq 2000 P3 Reagents (50
cycles), with a read length of 72 base pairs. The integrity of the
RNA and quality of the library were assessed using TapeStation
4200 (Agilent).
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The sequencing data were automatically demultiplexed
using the lllumina BCL Convert Software v3.8.2. FastQ files
underwent pretrimming and postalignment quality control
rounds using FastQC v0.11.7 (https://www.bioinformat-
ics.babraham.ac.uk/projects/fastqc/). Removal of lllumina
adapters and low-quality sequences was performed with
Trimmomatic v0.38.2% Reads of length <15 bases, as well as
leading and trailing bases with quality <3 or no base call, and
bases with average quality <15 in a 4-base sliding window
were removed. Alignment was performed with HISAT2 v2.1 3
using the mouse genome assembly mm10 (Mus musculus,
GRCm38) or the human reference genome GRCh38, version
90. Mapped reads (primary alignments) were sorted by read
name using SAMtools v1.8% and read counts were calculated
with HTSeq v0.11.2.3¢

Differential expression was assessed using the software
package DESeq2% for all possible comparisons. Raw read
counts were filtered to remove genes with <10 counts before
analysis. Here, statistical significance of coefficients was tested
using a negative binomial generalized linear model with the
Wald test, and Pvalues were adjusted for multiple comparisons
following the Benjamini-Hochberg method (Padj). Genes were
considered differentially expressed at F,; values <0.05.

To provide a biological context, each list of differentially
expressed genes was subjected to functional enrichment
analysis using the web tool g:GOSt from g:Profiler.® All gene
ontology (GO) and pathways gene set categories available for
Mus musculus or Homo sapiens within this tool were retrieved.
Gene sets were considered significantly enriched following a
hypergeometric test for overrepresentation within annotated
genes, corrected for multiple comparisons using the Benjamini-
Hochberg method (PadJ<O.O5).

NanoString RNA Analysis

Total RNA was extracted from powdered whole-heart tissue
samples using the SV Total RNA Isolation kit (Promega, Madison,
WI; Z3105) according to the manufacturer's instructions or from
hiPSC-derived cardiomyocyte extracts with the TRIzol reagent
(Invitrogen; 16596018). RNA concentration, purity, and quality
were determined using the NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific). For gene expression analy-
sis, customized NanoString nCounter Elements TagSet panels
were used (Table S1). About 50 ng RNA of each sample was
hybridized to the target-specific capture and reporter probes
at 67 °C overnight (16 hours) according to the manufacturer's
instructions. Samples were cooled down to 4 °C, supplemented
with 15 pL H,0, and loaded into the NanoString cartridge.
Afterward, the nCounter Gene Expression Assay was started
immediately. Raw data were analyzed with the nCounter Sprint
Profiler. Transcript levels were determined with the nSolver
Data Analysis Software including background subtraction using
negative controls and normalization to 6 housekeeping genes
(Abcf1, Actb, Cltc, Gapdh, Pgk1, and Tubbb).

MS-Based Proteomics

Mouse LV and EHT samples were dissolved in 100 mmol/L
triethyl ammonium bicarbonate (Thermo Fisher Scientific;
90114) and 1% w/v sodium deoxycholate (Sigma-Aldrich;
30970) buffer, boiled at 95 °C for 5 minutes, and sonicated
with a probe sonicator. The protein concentration of denatured
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proteins was determined by the Pierce bicinchoninic acid assay
(Thermo Fisher Scientific; 23227).

Mouse samples were diluted to 20 ug protein in 25 pL buf-
fer. The samples were then pipetted into a 96-well LoBind plate
(Eppendorf SE; 003012951) placed on Andrew+ Pipetting
Robot (Waters; 720007789EN), which was used to execute
all following steps. Using the robot, disulfide bonds were first
reduced in 10 mmol/L dithiothreitol (Roche; 11583786001)
for 30 minutes at 56 °C while shaking at 800 rpm and
alkylated in the presence of 20 mmol/L iodoacetamide
(Sigma-Aldrich; J6125) for 30 minutes at 37 °C, again while
shaking at 800 rpm. Then, carboxylate-modified magnetic E3
and E7 speed beads (Cytvia Sera-Mag, 65152105050250
and 45152105050250) at 1:1 ratio in liquid chromatography
with tandem mass spectrometry (LC-MS/MS) grade water
(Chemsolute, 455.1000) were added in a 10:1 (beads per pro-
tein) ratio to each sample, following the single-pot, solid-phase
enhanced sample preparation (SP3) protocol workflow.*® To
bind the proteins to the beads, acetonitrile (ACN; Chemsolute,
2653.1000) concentration was raised to 50%. Subsequently,
samples were shaken at 600 rpm for 18 minutes at room tem-
perature. Magnetic beads were magnetized, and the super-
natant was removed. Magnetic beads were further washed
2x with 80% ethanol (Supelco; 1.11727.1000) and then 2x
with 100% ACN. After resuspension in 100 mmol/L AmBiCa
(Sigma-Aldrich; 09830), digestion with trypsin was performed
(sequencing grade modified trypsin; Promega; V5111) at
1:100 (enzyme:protein) ratio at 37 °C overnight while shaking
at 500 rpm. The next day, trifluoroacetic acid (Sigma-Aldrich;
80457) was added to a final concentration of 1% to inacti-
vate trypsin. The samples were then shaken at 500 rpm for 5
minutes at room temperature. Finally, beads were magnetized,
and the supernatant containing tryptic peptides was transferred
into a new 96-well LoBind plate, ready for subsequent LC-MS/
MS analysis. For LC-MS/MS data acquisition, chromatographic
separation of 1 pL tryptic peptides was achieved with a 2-
buffer system (buffer A: 0.1% formic acid [FA; Fisher Chemical;
A117-50] in H,0, buffer B: 0.1% FA in ACN) on Ultra High
Performance Liquid Chromatography (UHPLC; Vanquish Neo
UHPLC system; Thermo Fisher Scientific; VN-S10-A-01).
Attached to the UHPLC was a peptide trap (300 umx5 mm,
C18, PepMap Neo Trap Cartridge; Thermo Fisher Scientific;
174500) for online desalting and purification, followed by a
25-cm C18 reversed-phase column (75 pmx250 mm, 130
A pore size, 1.7 um particle size, peptide BEH C18, nanoE-
ase; Waters; 186008795). Peptides were separated using an
80-minute method with linearly increasing ACN concentra-
tion from 2% to 30% ACN over 60 minutes. MS/MS mea-
surements were performed on a quadrupole-orbitrap hybrid
mass spectrometer (Exploris 480; Thermo Fisher Scientific;
BRE725533). Eluting peptides were ionized using a nano-
electrospray ionization source with a spray voltage of 1800 and
analyzed in data-dependent acquisition mode. For each MS1
scan, ions were accumulated for a maximum of 25 ms or until
a charge density of 1x106 ions (automatic gain control [AGC]
target) was reached. Fourier transformation—based mass anal-
ysis of the data from the orbitrap mass analyzer was performed
covering a mass range of m/z 350 to 1400 with a resolution
of 60 000 at m/z 200. Peptides being responsible for the 20
highest signal intensities per precursor scan with a minimum
AGC target of 8x103 and charge state from +2 to +6 were
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isolated within an m/z 2 isolation window and fragmented with
a normalized collision energy of 30% using higher energy col-
lisional dissociation. MS2 scanning was performed, covering a
mass range starting at m/z 120 and accumulated for 50 ms or
to an AGC target of 1x105 at a resolution of 15 000 at m/z
200. Already fragmented peptides were excluded for 30 s.

For proteome analysis of EHTs, 20 pg of protein of each
sample was taken and disulfide bonds reduced in the presence
of 10 mmol/L dithiothreitol at 60 °C for 30 minutes. Cysteine
residues were alkylated in the presence of 20 mmol/L iodoacet-
amide at 37 °C in the dark for 30 minutes, and tryptic digestion
(sequencing grade; Promega; V5111) was performed at a 100:1
protein to enzyme ratio at 37 °C overnight. Digestion was stopped
and sodium deoxycholate precipitated by the addition of 1% v/v
FA. Samples were centrifuged at 16 000g for b minutes, and the
supernatant was transferred into a new tube. Samples were dried
in a vacuum centrifuge. Samples were resuspended in 0.1% FA
and transferred into a full recovery autosampler vial (Waters).
Chromatographic separation was achieved on a nano-UPLC
system (Dionex Ultimate 3000 UPLC system; Thermo Fisher
Scientific; IQLAAAGABHFAPBMBEY) with a 2-buffer system
(buffer A: 0.1% FA in water, buffer B: 0.1% FA in ACN). Attached
to the UPLC was a reversed-phase trapping column (Acclaim
PepMap 100 C18 trap, 100 umx2 cm, 100 A pore size, 5 ym
particle size; Thermo Fisher; 164750) for desalting. Purification
was followed by a reversed-phase capillary column (nanoEase
M/Z peptide BEH130 C18 column, 75 umx25 cm, 130 A pore
size, 1.7-um particle size; Waters). Peptides were separated using
a 60-minute gradient with increasing ACN concentration from
2% to 30%. The eluting peptides were analyzed on a quadrupole-
orbitrap ion trap tribrid mass spectrometer (QExactive; Thermo
Fisher Scientific; IQLAAEGAAPFALGMAZR) in data-dependent
acquisition mode. For data-dependent acquisition analysis, the
fusion was operated at top speed mode analyzing the most
intense ions per precursor scan (2x10° ions, 120 000 resolution,
120-ms fill time) within 3 s and were analyzed by MS/MS in the
ion trap (higher energy collisional dissociation at 30 normalized
collision energy, 1x10* ions, 60-ms fill time) in a range of 400
to 1300 m/z. A dynamic precursor exclusion of 20 s was used.

LC-MS/MS data were searched with the Sequest algorithm
integrated into the Proteome Discoverer software (mouse LV:
v3.1.0.638; EHTs: v2.4.1.15; Thermo Fisher Scientific) against
a reviewed Swissprot database. Carbamidomethylation was set
as a fixed modification for cysteine residues. The oxidation of
methionine, as well as acetylation of the protein N terminus and
methionine loss were allowed as variable modifications. A maxi-
mum number of 2 missing tryptic cleavages was set. Peptides
between 6 and 144 amino acids were considered. A strict cutoff
(false discovery rate [FDR]<0.01) was set for peptide and pro-
tein identification. Quantification was performed using the Minora
algorithm, implemented in Proteome Discoverer. Obtained protein
abundances were log2-transformed and normalized by column-
median normalization. Further statistical testing was performed
in Perseus (Maxquant; Max Planck Institute of Biochemistry).4
Student £ test was applied including FDR correction (q values)
of obtained Pvalues based on the Benjamini-Hochberg method.

Presentation of Omics Data

For RNA-seq, nanostring, and MS analyses, data are expressed
as log2 ratio, which represents the difference in log2 mean
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value between the test and reference groups (=log2[test]—
log2[reference]) where the mean of log2(reference) was set
to 0. Dot plots were created with the clusterProfiler R package
in Rstudio, version 2023.12.1,*" with adjusted P values (Padj)
obtained with the Benjamini-Hochberg method for multiple
comparisons.

Statistical Analysis
The precise number of samples (N), females (F), males (M),
technical replicates (n), biological replicates (d), and outliers
is indicated in the figure legends. Statistical analyses were
performed with GraphPad Prism8 (GraphPad Software, Inc,
Boston, MA), and data are expressed as mean+SEM. Data
were assessed for normality with the Shapiro-Wilk test. For the
data that did not pass this test, we applied the Kolmogorov-
Smirnov test. In cases where normal distributions were not met
with both tests, we did a robust regression and outlier removal
(ROUT) analysis at 1% to detect potential outliers that were
removed from the analysis. Then, when normal distributions
were not met or when the sample size was insufficient to test
normality (eg, n<6), a nonparametric test was applied.
Statistical significance for 2-group comparison was per-
formed with the unpaired Student ttest. Multiple group compar-
ison was performed with 1-way ANOVA and Dunnett multiple
comparisons test or with the nonparametric Kruskal-Wallis test
and Dunn multiple comparisons test. When no equal SDs were
assumed, we used the Brown-Forsythe and Welch ANOVA test
and Dunnett T3 multiple comparisons test. Two-way multiple
group comparison was performed by fitting a mixed-effects
model with the Geisser-Greenhouse correction and Dunnett
multiple comparisons test. All multiple comparison tests were
performed only within each analysis. Statistical tests are indi-
cated in the figure legends. The precise Pvalues are written in
scientific notation, and a Pvalue <0.05 was considered statisti-
cally significant.

RESULTS

Long-Term TTL Overexpression Leads to

a Dose-Dependent Reduction in Myocyte
Stiffness and Improves Contractility in Rodent
Ventricular Myocytes

We first evaluated the effect of TTL overexpression
on reducing myocardial dTyr-tub level in healthy C57/
BL6J mice. For the initial study, we tested 2 different
doses of AAVO (1.75E11 and 9E11 vg/g) encoding
TTL-dsRed driven under the TNNTZ2 promoter (Fig-
ure STA). Mice were injected at postnatal day 2 (P2),
and after 6 weeks of expression, the myocardial tis-
sue was harvested (Figure 1A). As expected, TTL lev-
els increased in the myocardium in a dose-dependent
manner, which was concomitant with decreased dTyr-
tub level (Figure 1B). A strong inverse correlation
was observed across myocardial samples between
increased dsRed and reduced dTyr-tub levels, suggest-
ing that dsRed can be utilized as a useful indicator of
the dTyr-tub level (Figure 1 C). To evaluate transduction
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Figure 2. Evaluation of the cardiac phenotype by echocardiography after AAV9-TTL/-Empty treatment.

A, Protocol: 3-week-old wild-type (WT) and Mybpc3-targeted knock-in (KI) mice were included in the study. Mice received a dose of 2.25E11
vg/g of either AAV9-Empty (no insert) or AAVO-TTL (hemagglutinin [HA]-tagged human TTL) under the control of human cTnT (TNNT2 [tropinin
T2, cardiac type]) promoter for 12 weeks. B, Cardiac output (CO) over time. C, Left ventricular mass (LVM)/body weight (BW) ratio over time.
Evaluation after 12 weeks of (D) CO, (E) Stroke volume (SV) and (F) Ejection fraction (EF). Difference in value per mouse between the last

and basal echocardiography for (G) CO (ACO), (H) SV (ASV), and () EF (AEF). J, Left ventricular area in end diastole after 12 weeks. K, Left
ventricular area in end systole after 12 weeks. Data are expressed as mean+SEM. Statistical significance was assessed vs KI-Empty by fitting

a mixed-effect model with the Geisser-Greenhouse correction (B and C) or by 1-way ANOVA (D-K), followed by Dunnett multiple comparisons
test, with N/F/M=12/7/5 (WT-Empty) and N/F/M=12/10/2 (KI-Empty). AAV9 indicates adeno-associated virus serotype 9; N/F/M, number of
mice/female/male; TTL, tubulin tyrosine ligase; and Tx, treatment.
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Figure 3. Evaluation of the cardiac phenotype by hemodynamics after a 12-week AAV9-TTL/-Empty treatment.
Three-week-old wild-type (WT) and Mybpc3-targeted knock-in (KI) mice received either AAV9-Empty (no insert) or AAVO-TTL (HA-tagged human
TTL). Global function is represented by (A) cardiac output (CO), (B) stroke volume (SV), and (C) stroke work (SW). Contractility is represented by
(D) ejection fraction (EF) and (E) maximum rate of left ventricular (LV) pressure change (dP/dt ). Relaxation is represented by (F) minimal rate

max

of LV pressure change (dP/dt_ ) and (G) time constant of active relaxation (1), calculated with the Weiss method. LV filling is represented by (H)
minimal rate of LV volume change (dV/dt ), (I) LV end-diastolic volume (LVEDV), and (J) LV end-systolic volume (LVESV). Stiffness is represented
by (K) LV end-diastolic pressure (LVEDP) and (L) compliance. M, Pressure/volume (PV) loop traced after increasing occlusion (Continued)
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efficiency, we isolated cardiomyocytes 6 weeks after a
single intermediate dose of AAVO-TTL-dsRed (4.4E11
vg/g) and binned them based on their dsRed fluo-
rescence levels relative to a noninjected control. We
found that 85% of myocytes from the injected hearts
exhibited dsRed levels above that of noninjected con-
trols, with heterogenous levels of expression between
transduced myocytes (Figure 1D). As a second proof-
of-concept study, we administered AAV9-TTL-dsRed
(6.625E11 vg/g) in B-week-old mice and harvested
myocardial tissue for Western blot 6 weeks later. Con-
sistently, we saw a ~15-fold accumulation of TTL and
a robust reduction in dTyr-tub with no change in total
a-tubulin levels (Figure S1C and S1D).

We next evaluated isolated cardiomyocyte function
upon TTL overexpression. We injected a single inter-
mediate dose of AAVO-TTL-dsRed into P4 rats (4.4E11
vg/g) and isolated single cardiomyocytes 6 weeks later
(Figure 1E). Rat myocytes were used for their robust-
ness for functional characterization in our hands.®® We
took advantage of the heterogeneous expression of TTL-
dsRed between cardiomyocytes from a given heart to
compare myocyte properties to nonexpressing controls
from the same animal. Myocytes from transduced hearts
could be binned into tertiles based on their TTL level
(measured by dsRed intensity): (1) those expressing
no/low levels of TTL (dsRed intensity within the range
of uninjected myocytes, 52%), (2) those with moderate
TTL expression (10-20x increase in the dsRed level
compared with control mean, 239%), and (3) those with
high TTL overexpression (>20x increase in the dsRed
level, 27%).

Myocytes were assessed for changes in myocyte stiff-
ness, intracellular calcium dynamics, and unloaded short-
ening upon TTL overexpression. Following the functional
assessment (blind to expression level), myocytes were
binned into TTL expression tertiles. Myocytes express-
ing TTL showed a dose-dependent reduction in myocyte
viscoelasticity as measured via transverse nanoinden-
tation (Figure 1F). Consistent with reduced internal
stiffness, myocytes showed a TTL dose-dependent
increase in fractional shortening and contractile kinet-
ics (Figure 1G), which appeared to be independent of
any changes in intracellular calcium cycling (Figure 1H).
These data reflect previous observations obtained in
human failing and nonfailing cardiomyocytes after acute
(48 hours) adenovirus-mediated TTL overexpression®
and suggest that the rapid reduction in myocyte stiff-
ness and improved contractility (independent of calcium

Chronic Activation of Tubulin Tyrosination

transient alterations as previously shown®) persist with
chronic TTL overexpression.

Chronic TTL Overezxpression Improves Cardiac
Function in MYBPC3-Targeted Kl Mice

Next, we evaluated whether chronic TTL application
could rescue the cardiac disease phenotype of the
HCM KI mice in vivo. KI mice developed LV hyper-
trophy combined with systolic and diastolic dysfunc-
tion."®"" The AAVO-Empty or AAVO-TTL vector was
systemically delivered with a dose of 2.26E11 vg/g in
3-week-old WT and Kl mice (Figure 2A; Figure S1F).
Cardiac function was evaluated by serial echocardiog-
raphy at baseline and 1, 2, 4, 8, and 12 weeks after
treatment (Figure 2A; Table S2). CO was lower and LV
mass/BW ratio was higher in KI-Empty mice compared
with WT-Empty mice over the course of the experiment
(Figure 2B and 2C). Chronic TTL overexpression sig-
nificantly improved CO overtime but not LV mass/BW
in KI mice (Figure 2B and 2C). After 12 weeks, CO,
SV, and ejection fraction (EF) were lower in KI-Empty
than in WT-Empty mice, and TTL partially ameliorated
these parameters in Kl mice (Figure 2D through 2F).
When evaluating the change in global function within an
individual animal from the first-to-last echocardiogra-
phy, TTL significantly increased CO and SV, but not EF,
compared with KI-Empty mice (Figure 2G through 21).
Finally, TTL overexpression increased LV area at end
diastole, but not at end systole, in Kl mice (Figure 2J
and 2K). Similar functional and morphological changes
were also present when only female mice were consid-
ered (Figure S3). These data suggest that TTL improves
global heart function independent of robustly increas-
ing contractility in KI mice.

At the end of the 12-week treatment, mice were sub-
jected to hemodynamic measurements by LV catheter-
ization (Figure 3; Table S3). In accordance with the echo
findings, global function (CO, SV, and stroke work) was
lower in KI-Empty than in WT-Empty mice (Figure 3A
through 3C). Systolic function (EF but not dP/dt )
was lower in KI-Empty than in WT-Empty mice (Fig-
ure 3D and 3E). Diastolic relaxation (dP/dt_ and 1) was
impaired (Figure 3F and 3G), whereas diastolic filling
(dv/dt_  LVEDV) did not differ to WT-Empty in KI-Empty
mice (Figure 3H and 3I). Consistent with echo-derived
area measurements, LV end-systolic volume was greater
in KI-Empty than in WT-Empty mice (Figure 3J). Chronic
TTL overexpression partially improved global function

Figure 3 Continued. in a representative mouse of each performed group. N, End-diastolic pressure-volume relation (EDPVR) calculated with

a linear fit. Data are expressed as meantSEM. Statistical significance was assessed in A through L with 1-way ANOVA and Dunnett multiple
comparisons test (A-L), with N/F/M=9/5/4 (WT-Empty), 9/7/2 (KI-Empty), and 11/6/5 (KI-TTL); to pass the normality test, some outliers (robust
regression and outlier removal [ROUT] 1%) were removed: 1 KI-TTL (H), 2 KI-Empty, and 1 KI-TTL (K). Statistical significance was assessed in N
with Kruskal-Wallis test and Dunn multiple comparisons test with N/F/M=5/3/2 (WT-Empty), 5/4/1 (KI-Empty), and 7/3/4 (KI-TTL). ns, P>0.05.
AAV9 indicates adeno-associated virus serotype 9; HA, hemagglutinin; N/F/M, number of mice/female/male; and TTL, tubulin tyrosine ligase.
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Figure 4. Molecular evaluation of tubulin detyrosination and titin isoforms in mice.
A, Representative Western blot of cardiac soluble (cytosolic) proteins stained for a-tubulin, TTL (tubulin tyrosine ligase), detyrosinated tubulin
(dTyr-tub), and GAPDH as a loading control in WT-Empty (WT-E), KI-Empty (KI-E), and KI-TTL mice; dashed line indicates where the blots were
cut. B, Protein levels of TTL/GAPDH, a-tubulin/GAPDH, dTyr-tub/GAPDH, and dTyr-tub/a-tubulin in WT-Empty (N/F/M=11/7/4), KI-Empty
(N/F/M=9/8/1), and KI-TTL (N/F/M=11/6/5). C, Representative Western blot of cardiac insoluble proteins (SDS extracted) stained for dTyr-
tub, a-tubulin, and H3 (histone H3) as a loading control, and the respective Ponceau staining. D, Protein levels of a-tubulin/H3, dTyr-tub/H3,

and dTyr-tub/a-tubulin in WT-Empty (N/F/M=11/7/4), KI-Empty (N/F/M=9/8/1), and KI-TTL (N/F/M=11/6/5) samples. E, Representative
SYPRO Ruby-stained agarose gel of cardiac crude protein fractions showing titin (isoforms N2BA, N2B, and T2) and myosin heavy chain (MHC).
F, Percentage of N2BA, N2B, and T2 isoforms normalized to MHC, with N=5, 8, and 8 in WT-Empty, KI-Empty, and KI-TTL, respectively. Data
are expressed as mean=SEM and relative to the mean of WT-Empty. Statistical significance vs KI-Empty was assessed with 1-way ANOVA and
Dunnett multiple comparisons test. Two KI-Empty samples were removed for the quantification (B and D) because the insoluble proteins were
degraded. ns, P>0.05. Kl indicates knock-in; MW, molecular weight; N/F/M, number of mice/female/male; and WT, wild type.
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Figure 5. RNA-sequencing (RNA-seq) analysis in mouse hearts.

RNA-seq analysis was performed in female mouse LV tissue extracts (N=3). Volcano plots show the —log10 (Padj value) vs the magnitude of
change (log?2 ratio=log2[case]—log2[reference]) of (A) mRNA levels in KI-Empty vs WT-Empty and (B) mRNA levels in KI-TTL vs KI-Empty. Light
gray dots indicate P, >0.05, and black dots indicate £, <0.05. Dot plot of the gene ontology (GO) pathway enrichment map based on RNA-seq
with significantly overrepresented pathways (P, <0 05) in (C) KI-Empty vs WT-Empty (log2 ratio, >0.58) and (D) KI-TTL vs KI-Empty (log2 ratio,
>0.58 or <—0.58). The dot size is proportional to the number of gene counts, the x axis shows the gene ratio, and the heatmap color shows the
extent of P, values from the lowest (orange) to the highest (blue). Specific mMRNA levels of (E) tubulins, (F) tubulin detyrosinases, (G) tubulin
polyglutamylases (H) dyneins, (I) dynactins, (3) kinesins, (K) CLIPs (CAP-Gly domain-containing linker proteins), (Continued)
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(CO, SV, and stroke work), though not significant with the
1-way ANOVA (Figure 3A through 3C). These param-
eters were significantly different when only KI-TTL and
KI-Empty mice were compared (Table S3). Furthermore,
whereas TTL overexpression did not improve systolic and
diastolic relaxation parameters (Figure 3D through 3G),
supporting echo data, it improved both the LV diastolic
filling (Figure 31) and LV compliance, determined by the
LVEDV/LVEDP ratio (Figure 3L). PV loops of a repre-
sentative mouse of each group at different stages of the
occlusion showed higher LV pressure and lower SV in
KI-Empty and a marked increase in LVEDV in the KiI-
TTL mouse, resulting in a higher SV (Figure 3B, 3J, and
3M). This was associated with a tendency to reduction in
end-diastolic PV relation in KI-TTL (Figure 3N), suggest-
ing reduced stiffness. Taken together, these data pro-
vide evidence that chronic TTL overexpression improved
myocardial compliance and increased diastolic filling to
restore CO in Kl mice.

Chronic TTL Overexpression Reduces dTyr-MT
Abundance in Kl Mice

Cardiac proteins were extracted with a 2-step proto-
col giving rise to soluble (cytosolic) and insoluble (SDS
extract) proteins. The levels of TTL, a-tubulin, dTyr-tub,
and dTyr-tub/a-tubulin ratio, all normalized to GAPDH
in the soluble fractions, did not differ between KI-Empty
and WT-Empty mice (Figure 4A and 4B). Whereas TTL
overexpression gave rise to a higher TTL level (37-
fold) and a-tubulin level, it did not affect dTyr-tub level,
resulting in a lower dTyr-tub/a-tubulin ratio in KI mice
(Figure 4A and 4B). The increase in a-tubulin level was
expected and inherent upon TTL expression, since tyros-
ination reduces microtubule stability and increases solu-
ble tubulin 242

On the contrary, the levels of a-tubulin, dTyr-tub,
and dTyr-tub/a-tubulin ratio, all normalized to H3 in
the insoluble fraction, were higher in KI-Empty than in
WT-Empty mice (Figure 4C and 4D). Increased level of
a-tubulin is in agreement with our previous findings in
Kl crude protein fraction.® This suggests an increased,
stable, dTyr-MT network in KI mice. TTL did not affect
the level of a-tubulin, whereas it reduced the dTyr-tub
level and fully normalized the dTyr-tub/a-tubulin ratio
in KI mice. This indicates that TTL markedly reduced
dTyr-MT in KI mice, in agreement with the data obtained
in WT mice (Figure 1B; Figure S1B through S1D). The
remaining dTyr-tub/H3 could be due to a compensatory
role of other detyrosinases in Kl mice such as TUBA4A
(see below) and the recently discovered MATCAP1

Chronic Activation of Tubulin Tyrosination

(microtubule associated tyrosine carboxypeptidase 1)*
in this process.

TTN Isoform Switch Is Not Involved in
Decreased Stiffness in KI-TTL

We then evaluated whether the increased compliance/
reduction in end-diastolic PV relation (Figure 3L and
3N) is the result of changes in titin isoform composition,
leading to less N2B, stiff isoform, and more N2BA, com-
pliant isoform, in KI-TTL. Long-run gel electrophoresis
was performed as described previously®' in the LV tissue
extracted from the 3 mouse groups. No major difference
was detected between the groups in the content of the
3 major isoforms of titin, N2BA, N2B and T2, and in the
ratio of N2B/N2BA (Figure 4E and 4F). This suggests
that titin isoform switch does not happen in KI mice and
is not involved in the increased compliance/decreased
stiffness in KI-TTL.

Chronic TTL Overexpression Induces Molecular
Changes in KI Mice

To understand the molecular changes induced by long-
term TTL overexpression, RNA-seq analyses were
performed in female mouse LV tissue extracts. Gene
expression analysis performed in 3 female samples per
group revealed 1359 differentially expressed mRNAs
(659 higher, 720 lower, log2 ratio >0.568 or <-0.58,

P.4<0. 05) in KI-Empty than in WT-Empty mice and only
16 (11 higher, 5 lower, log2 ratio >0.58 or <—0.58,
P, J<OO'5) in KI-TTL than in KI-Empty mice, including
higher levels of several tubulin isoforms (Figure 5A and
5B). GO pathway analysis of RNA-seq data revealed
enrichment (log2 ratio >0.58, Padj<0.05) in components
of the sarcomere, actin cytoskeleton, microtubule cyto-
skeleton, and extracellular matrix in KI-Empty versus WT-
Empty mice (Figure 5C; Data Set S1). Since the number
of significantly higher and lower mRNAs in KI-TTL ver-
sus KI-Empty mice was low, GO analysis was done on all
(log2 ratio >0.58 or <—0.58, Padj<0.05) and revealed the
tubulin complex and structural components of the cyto-
skeleton as the only significantly dysregulated pathways
(Figure 5D; Data Set S1).

We then compared the RNA-seq data for several
components associated with the microtubule network
with the Kruskal-Willis nonparametric test in the 3
groups. The data show a trend to lower mRNA levels of
most tubulin alpha and beta isoforms (Tubalb, Tubalc,
Tuba4a, Tubb4b, Tubbb, and Tubb6) in KI-Empty mice
and a normalization with TTL treatment (Figure 5E).

Figure 5 Continued. (L) MAPs (microtubule-associated proteins), and microtubule-associated protein RP/EB family members (MAPREs). Data
are expressed as log2+SEM over mean of WT-Empty. Statistical significance was assessed for each gene of interest vs KI-Empty with Kruskal-
Wallis test and Dunn multiple comparisons. ns, P>0.08. Kl indicates knock-in; LV, left ventricle; N, number of mice; TTL, tubulin tyrosine ligase; and

WT, wild type.
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Tuba4a, Tubb2a, and Tuba8 mRNA levels were even
higher in KI-TTL than in WT-Empty mice (Figure 5E). The
mRNA levels of the main tubulin detyrosinases (Vash,
Vash2, and SVBP) did not differ between the groups,
whereas Tuba4a, encoding a dTyr-tub isoform, exhibited
a higher level in KI mice treated with TTL (Figure 5F).
The mRNA levels of tubulin polyglutamylases were
dysregulated in KI-Empty mice, and TTL almost com-
pletely normalized Ttl5 that prefers a- over B-tubulins
in KI mice (Figure 5G). Several mRNAs encoding other
microtubule-associated components were altered in Kl-
Empty mice and were not affected by TTL overexpres-
sion, such as the molecular motors dyneins, dynactins,
and kinesins (Figure 5H through 5J), CLIPs (CAP-Gly
domain-containing linker proteins), MAPs (microtubule-
associated proteins), and MAP RP/EB family members
(Figure bK and 5L). This suggests an abundant bidirec-
tional transport phenotype in KI mice. These data were
supported by the quantification of selected mRNAs
using the nanoString nCounter Elements technology
and customized mouse-specific panels (Table S1) on a
larger sample size (N=6-9; Figure S4A and S4B). Sev-
eral genes altered in heart failure were dysregulated

Chronic Activation of Tubulin Tyrosination

in KI-Empty mice, such as Myh7, Rcanl, Nppb, Fhl1,
Myh6, Collal, Postn, Fhl2, Pin, and Pppiria (Figure
S4A). Similarly, the levels of mRNAs encoding proteins
of the autophagy-lysosomal pathway such as Bag3,
Sqgstm1, Jakl1, Lamp1, Chmp2b, and Epgb were higher
in KI-Empty mice (Figure S4A), as shown previously.*
The levels of mRNAs encoding MAPs, such as MAFPT,
Clip1, Mapre3, KiFbb, Map4, Dync1h1, Hdac6, Map1lc3a,
and Actria, were higher in KI-Empty than in WT-Empty
mice (Figure S4A). TTL partially reversed the pattern in
KI mice with higher mRNA levels for several tubulin iso-
forms and a lower mRNA level for Hdac6, encoding the
a-tubulin deacetylase (Figure S4B).

MS analyses were performed in insoluble and soluble
protein LV extracts from all available mouse LV samples
(N=11 WT-Empty, N=9 KI-Empty, and N=10 KI-TTL
mice). Volcano plot from insoluble protein fractions
revealed 89 and 30 proteins with higher and lower lev-
els in KI-Empty versus WT mice, respectively (log2 ratio
>0.58 or <-0.58, P, ,<0.05; Figure 6A; Data Set S9).
Interestingly, the fast skeletal MYBPC2 (myosin-binding
protein C2) compensated the low level of MYBPC3 in
Kl mice. GO pathway analysis revealed the cytoskeleton

Figure 6. Proteomic analysis in
mouse hearts.

Mass spectrometry (MS) analyses were
performed in insoluble protein fraction from
LV tissue of WT-Empty (N/F/M=11/7/4),
KI-Empty (N/F/M=9/8/1), and KI-TTL
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Figure 7. Evaluation of adeno-associated virus serotype 9 (AAV9)-mediated TTL (tubulin tyrosine ligase) transfer in MYBPC3
isogenic control (MYBPC3ic) and heterozygous MYBPC3 (MYBPC3het) human induced pluripotent stem cell (hiPSC)-derived
cardiomyocytes.

MYBPC3ic hiPSC line was differentiated into cardiomyocytes for 2 weeks and then nontransduced (NT), transduced with AAV9-Empty (multiplicity
of infection [MOI], 30 k), or transduced with AAV9-TTL (MOI, 3 k to 100 k) for 7 days. A, Representative Western blot of MYBPC3ic crude

protein fractions stained for TTL and respective Ponceau. B, Quantification of TTL protein levels normalized to Ponceau and related to NT mean

in MYBPC3ic hiPSC-CMs (n/d=3/1). MYBPC3ic and MYBPC3het hiPSC lines were differentiated into cardiomyocytes for 2 weeks and then
transduced with AAV9-Empty or AAVO-TTL (MO, 100 k) for 10 days in the presence of H,0 (control [ctrl]; C-E) or 100 nmol/L ET1 (endothelin-1;
F-H) for the last 3 days. Representative immunofluorescence analysis of MYBPC3ic and MYBPC3het hiPSC-CMs transduced with AAV9-Empty
or AAVO-TTL for 10 days in (C) basal condition or (F) after stimulation with ET1; hiPSC-CMs were stained for ACTN2 (a-actinin-2; purple),
N-cadherin (N-Cad; green), and DAPI (4,6-diamidino-2-phenylindole; blue). Scale bar=100 pm. Quantification of cell area in hiPSC-CMs (n/
d=3/1) in (D) basal condition (N/n/d=758/3/1 [MYBPC3ic-Empty], 869/3/1 [MYBPC3ic-TTL], 336/3/1 [MYBPC3het-Empty], and 375/3/1
[MYBPC3het-TTL]) or (G) after stimulation with ET1 (N/n/d=705/3/1 [MYBPC3ic-Empty], 860/3/1 [MYBPC3ic-TTL], 210/3/1 [MYBPC3het-
Empty], and 315/3/1 [MYBPC3het-TTL]). Selected hits of dysregulated RNA counts obtained with the nanostring analysis in (E) basal condition
(ctrl) or (H) after stimulation with ET1 (N/n/d=9/3/3). Data are expressed as mean+SEM. Statistical significance was assessed with the Kruskal-
Wallis test and Dunn multiple comparisons test. ns, P>0.05. N/n/d indicates number of cells/wells/differentiations; and NT, nontransduced.
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and the sarcomere as the main enriched pathways in
KI-Empty mice (Figure 6B; Data Set S2). On the con-
trary, no significant difference (Padj>0.05) in protein
levels was observed in KI-TTL versus KI-Empty mice
(Figure 6B; Data Set S2), suggesting that TTL does not
impact protein quantities in KI mice. MS analysis of the
soluble protein fraction revealed 48 and 29 proteins that
were higher and lower abundant in KI-Empty than in WT-
Empty samples, respectively (Data Set S2). GO pathway
analysis revealed cytoskeleton and the sarcomere as the
main enriched pathways in KI-Empty versus WT-Empty
mice (Figure SBA; Data Set S2). TTL and CYBBR1
(cytochrome bb reductase 1) were the only proteins that
exhibited significantly higher levels in KI-TTL than Kl-
Empty cytosolic fractions (Data Set S2).

Proteomic analysis of tubulins revealed an accumu-
lation of most tubulin isoforms in the insoluble frac-
tions of KI-Empty versus WT-Empty and no difference
between KI-TTL and KI-Empty (Figure SBB; Data Set
S92). TUBA4A and TUBA1C were the most abundant of
the a-isoforms in the MS data set, showed higher level
in KI-Empty than in WT-Empty, but did not differ between
KI-TTL and KI-Empty, supporting data obtained by West-
ern blot in the insoluble protein fraction (Figure 4C and
4D). Interestingly, tubulin mRNA and protein levels were
inversely correlated in KI-Empty, that is, lower mRNA
levels were associated with higher protein levels than in
WT-Empty (Figure S5C). TTL induced accumulation of
most tubulin mRNAs and had no significant impact on
tubulin protein levels in KI mice (Figure S5D). Proteomic
analysis also showed several tubulin isoforms in the cyto-
solic protein fraction and no difference in levels between
the 3 groups (Data Set S2).

TTL Overexpression Rescues Hypertrophy in
Cardiomyocytes Derived From an HCM hiPSC
Line

To translate our mouse data to humans, we used a HCM
patient-derived MYBPC3het (UKEiQ70-A) and MYB-
PC3ic (UKEiIQ70-A1) hiPSC lines that were previously
created.” MYBPC3het carries the c¢.2308G>A genetic
variant (p.Asp770Serfs98X), resulting in MYBPC3 pro-
tein haploinsufficiency in cardiomyocytes.”® We first
evaluated the dose-response of AAVO-TTL in MYBP-
C3ic hiPSC-derived cardiomyocytes and found that an
MOI of 100 000 gave rise to 19-fold higher TTL protein
level than in nontransduced or AAV9-Empty—transduced
cardiomyocytes (Figure 7A and 7B). We then evaluated
the impact of a 10-day gene transfer of AAVO-TTL and
AAV9-Empty (MOI, 100 000) in both genotypes in the
presence of H,0 (control) or 100 nmol/L ET1 for the
last 3 days (Figure 7C through 7H), as described previ-
ously.?54% |In basal condition, mean cell area was 1.6-fold
higher in MYBPC3het than in MYBPC3ic, and TTL over-
expression normalized cell hypertrophy in both groups
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(Figure 7C and 7D). ET1 induced cellular hypertrophy in
MYBPC3ic and to a higher extent in MYBPC3het (3.4~
fold higher than in MYBPC3ic), and AAV9-TTL normal-
ized this effect in both groups (Figure 7F and 7G). These
data revealed an antihypertrophic effect of TTL and acti-
vation of tubulin tyrosination in a human cellular model
of HCM.

All groups were subjected to a gene expression analy-
sis using the nanoString nCounter Elements technology
and customized human-specific panels for heart failure,
microtubules, and autophagy. In basal condition, some
markers were higher (NPPA, S100A4, VASH1, TFEB,
and MAPT), and markers of autophagy (MAP1LC3B
and SQSTM1) and tubulin isoforms (TUBA1C, TUBB,
TUBBA4B, and TUBB6) were lower in MYBPC3het than
in MYBPC3ic, but TTL effect was not clear (Figure 7E).
In the presence of ET1, several markers were normal-
ized in MYBPC3het with TTL, such as COL1A1, NPPA,
MAPT, MTOR, MAP1LC3B, and SQSTM1 (Figure 7H).

Chronic Activation of Tubulin Tyrosination
Improves Contractility in hiPSC-Derived EHTs

To evaluate the impact of chronic tubulin tyrosination
or dTyr-tub in a human context, hiPSC lines deficient
in SVBP or TTL were created from a WT hiPSC line
(mTag-RFP-T-TUBA1B) with CRISPR/Cas9 genetic
tools (Figure S2A through S2D) and differentiated into
cardiomyocytes and maintained for 30 days in complete
medium. Fluorescence-activated cell sorting (FACS)
analysis revealed >90% TNNT2+ cells in the 3 groups
(data not shown). RT-gPCR confirmed the respective defi-
ciency of SVBP and TTL mRNAs in hiPSC-derived car-
diomyocytes (Figure S2E and S2F). Analysis of mRNAs
encoding sarcomeric proteins was performed on pooled
RNAs from 30-day-old hiPSC-derived cardiomyocytes
with the nanostring nCounter Elements technology and
a customized human-specific sarcomere panel. Overall,
no major difference was observed between the groups
(Figure S6). These data suggest that sarcomerogenesis
and cardiomyocyte differentiation are not affected by
the deficiency of SVBP or TTL. SVBP-KO and TTL-KO
hiPSC-derived cardiomyocytes, respectively, exhibited a
markedly lower and higher dTyr-tub immunofluorescence
intensity (Figure 8A) and protein levels (Figure 8B), con-
firming the targeting of either protein in hiPSC lines.
Then, EHTs from the 3 genotypes were cast either on
standard posts (0.28 mN/mm) or on stiffer posts that
enhance afterload (0.8 mMN/mm) and were evaluated at
the age of 60 days. On standard posts, force amplitude
did not significantly differ between the groups, time to
50% peak was longer in SVBP-KO than in the other
groups and did not differ to WT in TTL-KO (Figure 8C).
Conversely, time from peak tension to 50% relaxation
was longer in TTL-KO than in the other groups and did
not differ to WT in SVBP-KO (Figure 8C). On stiffer
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Figure 8. Evaluation of SVBP-KO and TTL-KO human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes and
engineered heart tissues (EHTSs).
SVBP-KO and TTL-KO hiPSC lines were created from a control wild-type (WT) hiPSC line (mTag-RFP-T-TUBA1B [tubulin alpha 1b]) with
CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/clustered regularly interspaced short palindromic repeat—associated
protein 9) genetic tools and differentiated into cardiomyocytes and EHTs. A, Immunofluorescence analysis of 30-day-old SVBP-KO, WT, and TTL-
KO hiPSC-derived cardiomyocytes stained for ACTN2 (a-actinin-2; purple), detyrosinated tubulin (dTyr-tub; green), and DAPI (4’,6-diamidino-2-
phenylindole; blue). Scale bar=50 pm. B, Western blot was performed on crude protein fractions of 30-day-old hiPSC-derived cardiomyocytes and
stained for a-tubulin, dTyr-tub, GAPDH, and Ponceau. Quantification of protein levels of a-tubulin/GAPDH, dTyr-tub/GAPDH, (Continued)
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posts, force amplitude and time to 50% peak were
significantly higher, whereas time from peak tension to
50% relaxation did not significantly differ in SVBP-KO
than in WT (Figure 8D). In TTL-KO EHTSs, force ampli-
tude was lower and time to 50% peak was longer than
in WT, time from peak tension to 50% relaxation did not
significantly differ to WT and was markedly longer than
in SVBP-KO (Figure 8D). Therefore, stiffer posts were
required to reveal an opposite phenotype in SVBP-
KO and TTL-KO. These findings provide evidence in a
human cellular context that chronic tubulin tyrosination
(=SVBP-KO) improved contractility in human EHTs,
whereas chronic dTyr-tub (=TTL-KO) leads to contrac-
tility impairment.

RNA-seq and MS analyses were then performed
in EHTs from WT on standard posts and on WT,
SVBP-KO, and TTL-KO on stiff posts. GO analysis of
RNA-seq data revealed that stiffer posts induced an
enrichment (log2 ratio >0.58, PadJ<O.O5) in compo-
nents of mitochondria and of metabolic process, sug-
gesting maturation in WT EHTs (Figure S7A; Data Set
S3). SVBP-KO exhibited enrichment versus TTL-KO
in components of extracellular matrix, endoplasmic
reticulum, Golgi, plasma membrane, and sarcomere,
associated with an enrichment in the developmen-
tal process, actin and cytoskeleton organization, and
muscle contraction (Figure S7B; Data Set S3). Con-
versely, TTL-KO showed enrichment versus SVBP-
KO in components of mitochondria, ribosome, RNA
binding, associated with enrichment in the process
of oxidative phosphorylation, mitochondrial electron
transport, translation, and several other metabolic pro-
cess (Figure S7C; Data Set S3).

GO analysis of MS data showed enrichment in com-
ponents of extracellular exosomes, vesicles, and mito-
chondria in WT EHTs cast on stiffer posts (Figure S7D;
Data Set S4). SVBP-KO exhibited enrichment versus
TTL-KO in several cardiomyocyte components, includ-
ing stress and contractile fibers, actin cytoskeleton,
costamere, intracellular organelles, Z disc, and interca-
lated disc proteins, which were involved in cytoskeletal
and actinin protein binding, actin filament-based pro-
cess, muscle contraction, exocytosis, and gluconeo-
genesis (Figure STE; Data Set S4). Conversely, GO
analysis of TTL-KO showed enrichment versus SVBP-
KO in components of the endoplasmic reticulum,
Golgi, mitochondria, and secreted vesicles, which were
involved in intracellular transport, metabolic process,

Chronic Activation of Tubulin Tyrosination

negative regulation of proteolysis, and response to
stress (Figure S7F; Data Set S4).

DISCUSSION

This study evaluated the impact of chronic activation of
tubulin tyrosination in WT and HCM mice, HCM hiPSC-
derived cardiomyocytes, and in hiPSC-EHTs. The main
findings are as follows: (1) a 6-week TTL overexpres-
sion dose dependently reduced dTyr-tub and improved
cardiomyocyte contractility without affecting calcium
transients in WT rodent cardiomyocytes; ) long-term
AAVO-TTL overexpression reduced dTyr-tub, improved
diastolic filling, CO, and volumes, and reduced stiffness
without impact on TTN isoform composition in Kl mice;
(3) AAVO-TTL gene transfer for 10 days normalized cell
area in HCM hiPSC-derived cardiomyocytes; (4) TTL
overexpression induced transcription of several tubulin
isoforms and other structural components of the cyto-
skeleton but did not significantly impact the proteome in
Kl mice; (5) SVBP-deficient EHTs exhibited much lower
dTyr-tub levels, higher force, and faster relaxation than
in TTL-deficient EHTs under afterload; (6) RNA-seq and
MS analyses revealed distinct enrichment of cardiomyo-
cyte components and pathways in SVBP-KO and TTL-
KO EHTs.

Kl mice exhibited global cardiac dysfunction (CO, SV,
and stroke work), abnormal systolic (EF) and diastolic
relaxation (lower dP/dt_, prolonged T, and isovolumic
relaxation time), and LV hypertrophy (higher LV mass/
BW), as shown previously.'®'"'® |In addition, the expres-
sion of several genes involved in heart failure and
autophagy-lysosomal pathway were dysregulated in Kl
mice, as reported previously.** Most tubulin isoforms
exhibited lower mRNA and higher protein levels in Kl
mice, such as those observed in human heart failure sam-
ples.*® Tubulin hyperstability in KI mice could be related
to longer protein lifetimes and increased autoinhibition of
tubulin mRNAs. This is consistent with the known tubu-
lin autoregulation, characterized by mRNA repression by
free tubulin protein in heart failure.*® We also show that
mRNA levels of several MAPs, such as dyneins, dynac-
tins, kinesins, CLIPs, MAP isoforms, and MAPRE mem-
bers are higher in Kl than in WT mice. This suggests a
broad upregulation of a microtubule transport program
in KI mice. Proteomic analyses of insoluble and soluble
protein fractions revealed higher abundance of sarco-
meric, cytoskeletal, and intercalated disc proteins, such

Figure 8 Continued. and dTyr-tub/a-tubulin relative to WT mean; N/d=10/2 (WT), 8/2 (SBBP-KO), and 8/2 (TTL-KO). hiPSC-derived

cardiomyocytes were cast in EHTs and cultivated for 60 days. Measurements of average peak, force amplitude, time to 50% of peak (TTP,

50)

and time to 50% relaxation (RT, ) of 60-day-old EHTs cast on (C) standard posts (0.28 mN/mm; N/d=75/6 [WT], 33/5 [SVBP-KO], and 17/2
[TTL-KO]) or on (D) afterload enhanced posts (0.8 mN/mm; N/d=54/6 [WT], 33/5 [SVBP-KO], and 38/5 [TTL-KO]). Data are expressed as
mean+SEM. Statistical significance was assessed with Brown-Forsythe and Welch ANOVA test and Dunnett T3 multiple comparisons test

(B) and with Kruskal-Wallis test and Dunn multiple comparisons test (C and D). ns, P>0.05. KO indicates knockout; N/d, number of samples/
differentiations; SVBP, small vasohibin-binding protein; and TTL, tubulin tyrosine ligase.
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as ANKRD1 (ankyrin repeat domain 1), DES (desmin),
FHL1 (four and a half LIM domains 1), MYOM3 (myo-
mesin 3), MYH7 (myosin heavy chain 7), NRAP (nebulin
related anchoring protein), TCAP (titin-cap), XIRP1 (xin
actin binding repeat containing 1), and XIRP2 (xin actin
binding repeat containing 2, components of the protea-
some such as PSMD 14 (proteasome 26S subunit, non-
ATPase 14), and several heat shock proteins in Kl mice.
These data suggest a stable, dTyr-MT network, provid-
ing a degree of viscoelastic resistance in KI myocardium.
In the cytosolic fraction, there was no major difference
in dTyr-tub, a-tubulin, and dTyr-tub/a-tubulin amounts
between Kl-Empty and WT-Empty, whereas in the insol-
uble protein fraction, dTyr-tub, a-tubulin, and dTyr-tub/a-
tubulin levels were higher in KI-Empty than in WT-Empty,
as previously shown.® Lowering dTyr-tub would be the
priority therapeutic goal.

Chronic TTL overexpression dose dependently
reduced the abundance of myocardial levels of dTyr-tub
and dTyr-tub/a-tubulin but not of a-tubulin in neonatal
and adult WT mice (Figure 1B; Figure S1D), support-
ing previous findings obtained acutely in human intact
cardiomyocytes®® In Kl mice, TTL increased the level of
o-tubulin in the soluble but not in the insoluble protein
fraction and markedly reduced the dTyr-tub level in the
insoluble protein fraction, resulting in the normalization of
dTyr-tub/a-tubulin. The remaining dTyr-tub after chronic
TTL treatment in Kl mice could be explained by the
higher abundance of TUBA4A in Kl mice, which is the
only tubulin isoform translated as detyrosinated,*” and of
the detyrosinase MATCAP1,* but not by a transcriptional
activation of the VASH1/SVBP complex (Figure 5F). GO
pathway analysis of RNA-seq in KI-TTL versus KI-Empty
revealed enrichment of structural components of the
cytoskeleton and tubulins. On the contrary, TTL overex-
pression did not significantly affect the proteome, includ-
ing tubulins in KI mice, except for the higher level in the
soluble protein fraction of CYBBR1, which is involved in
desaturation and elongation of fatty acids, cholesterol
biosynthesis, and drug metabolism. We thus hypothesize
that TTL-bound a/B-tubulin dimers in the cytosol will
not trigger tubulin autoregulation and mRNA repression,
leading to tubulin mRNA stabilization. While these find-
ings are suggestive, we did not directly measure whether
TTL overexpression alters autoregulation, which is a limi-
tation of our study.

A 6-week in vivo AAVO-TTL administration reduced
stiffness and improved fractional shortening and veloci-
ties of contraction and relaxation in a dose-dependent
manner in cardiomyocytes isolated from WT rats. In HCM
Kl mice, chronic TTL therapy markedly increased diastolic
filling and compliance, leading to improved global car-
diac function (SV, CO, and stroke work). Increased com-
pliance and reduced stiffness in KI-TTL mice was not
associated with a shift of stiff-to-compliant TTN isoform
in KI mice. In addition, TTL did not improve isovolumic
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relaxation (dP/dt_ T, and isovolumic relaxation time)
and had no impact on LV hypertrophy in Kl mice. We,
therefore, suggest that the absence of TTL effect on iso-
volumic relaxation in KI mice in vivo is maybe intrinsic
to the model, which exhibited a low level of MYBPC3.'°
Indeed, it was previously shown that MYBPCS3, besides
its role in maintaining the super-relaxed state of myo-
sin and full relaxation in diastole,*”~®° plays also a role
in sustaining LV systolic stiffening®" This is supported
by the lower aortic ejection time in Kl mice (Table S2),
the faster contractility in EHTs derived from Mybpc3-KO
and Kl neonatal mice,2%® and by the higher rates of the
early fast-exponential phase of relaxation measured in
human HCM septal myectomy with MYBPC3 haploin-
sufficiency.5* Therefore, we propose a model in which
TTL markedly improves diastolic filling and compliance
to compensate the abnormal relaxation deficit intrinsic to
the KI mouse model, leading to improved global cardiac
function.

Interestingly, a 10-day TTL treatment normalized cel-
lular hypertrophy and partially corrected the hypertro-
phic transcriptome in human HCM cardiomyocytes. The
positive impact of chronic TTL overexpression on global
heart function was supported by the findings obtained
in hiPSC-derived cardiomyocytes and EHTs deficient in
either SVBP or TTL. Knockout of these genes in hiP-
SCs did not affect cardiomyocyte differentiation as evi-
denced by similar high percentage of TNNT2+ cells
and expression pattern of sarcomeric genes. Instead,
this study shows markedly lower level of dTyr-tub and
dTyr-tub/a-tubulin, higher force of contraction, and
faster relaxation in SVBP-KO than in TTL-KO hiPSC-
derived cardiomyocytes and EHTs, which was not the
consequence of increased sarcomerogenesis and car-
diomyocyte differentiation. Conversely, the TTL-KO
cardiomyocytes and EHTs showed much higher levels
of dTyr-tub and dTyr-tub/a-tubulin, lower force of con-
traction, and prolonged relaxation. These data provide
evidence in a human cellular context that chronic activa-
tion of tubulin tyrosination (=SVBP-KO) improved con-
tractility in human EHTs, whereas chronic activation of
tubulin detyrosination (=TTL-KO) induced contractility
impairment, mimicking the situation in several types of
heart failure2® (for reviews, see references*”). Contrac-
tility findings in SVBP-KO EHTs were supported by the
RNA-seq and proteomic analyses, showing enrichment
in components involved in muscle structure develop-
ment, response to stimulus, cytoskeleton binding and
function, and muscle contraction, whereas TTL-KO EHTs
were rather enriched in components involved in oxidative
phosphorylation, mitochondrial electron transport, trans-
lation, MRNA degradation, response to stress and other
metabolic processes.

Our study supports previous findings obtained after
acute treatment with either TTL treatment in isolated
intact failing cardiomyocytes®® or with a VASH inhibitor
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in a rat model of heart failure with preserved EF.%® We
provide evidence that a chronic AAVO-TTL application
improves diastolic filling and compliance leading to bet-
ter global cardiac function in HCM mice and normalized
cellular hypertrophy in HCM hiPSC-derived cardiomyo-
cytes. AAVO-based therapy has been tested in mouse or
human cellular models of HCM (MYBPC3) and arrhyth-
mogenic cardiomyopathy (PKP2). Long-term AAV9-
MYBPCS therapy prevented the development of the
cardiomyopathic phenotype in Mybpc3-deficient mice'®
and normalized cellular hypertrophy in HCM hiPSC-
derived cardiomyocytes.®® Similarly, PKP2 gene therapy
reduced ventricular arrhythmias, reversed remodeling of
the right ventricle, improved heart function, and extended
survival in a Pkp2-deficient mouse model of arrhythmo-
genic cardiomyopathy.’” We are aware that AAV9 also
targets the liver and could induce some liver toxicity,?®
and the combination of AAV9 and a CMV promoter
resulted in a lower detection of GFP in the mouse liver."”
On the other hand, the combination of AAV9 and the
human cardiomyocyte-specific promoter TNNTZ2 limits
the expression of the Mybpc3 transgene to the cardio-
myocytes and not in the liver in mice.”® There are cur-
rently no results of clinical trials using AAV9-mediated
gene therapy for cardiomyopathies, although a phase 1b
trial with AAV9-MYBPC3 for patients with HCM (https://
www.clinicaltrials.gov; unique identifier: NCT05836259)
and a phase 2 trial with AAV9-LAMPZ2B for patients with
Danon disease (https://www.clinicaltrials.gov; unique
identifier: NCTO6092034) have started.

In conclusion, this study provides the first proof of
concept that chronic activation of tubulin tyrosination in
HCM mice and in human EHTs improves heart function
and holds promise for targeting the nonsarcomeric cyto-
skeleton in heart disease.
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