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Background - Variants within the alpha-tropomyosin gene (TPM1) cause dominantly inherited cardiomyopa-
thies, including dilated (DCM), hypertrophic (HCM) and restrictive (RCM) cardiomyopathy. Here we investi-
gated whether TPM1 variants observed in DCM and HCM patients affect cardiomyocyte physiology differently.

Methods - We identified a large family with DCM carrying a recently identified TPM1 gene variant (T201M) and
a child with RCM with compound heterozygote TPM1 variants (E62Q and M281T) whose family members carry-
ing single variants show diastolic dysfunction and HCM. The effects of TPM1 variants (T201M, E62Q or M281T)
and of a plasmid containing both the E62Q and M281T variants on single-cell Ca®* transients (CaT) in HL-1
cardiomyocytes were studied. To define toxic threshold levels, we performed dose-dependent transfection of

Keywords:
Tropomyosin

Cardiomyopathy TPM1 variants. In addition, cardiomyocyte structure was studied in human cardiac biopsies with TPM1 variants.
Calcium transients Results - Overexpression of TPM1 variants led to time-dependent progressive deterioration of CaT, with the
Thin filaments

smallest effect seen for E62Q and larger and similar effects seen for the T201M and M281T variants. Overexpres-
sion of E62Q/M281T did not exacerbate the effects seen with overexpression of a single TPM1 variant. T201M
(DCM) replaced endogenous tropomyosin dose-dependently, while M281T (HCM) did not. Human cardiac biop-
sies with TPM1 variants revealed loss of sarcomeric structures.
Conclusion - All TPM1 variants result in reduced cardiomyocyte CaT amplitudes and loss of sarcomeric struc-
tures. These effects may underlie pathophysiology of different cardi hy phenotypes.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

Human tissue

1. Introduction cardiomyopathy (HCM), dilated cardiomyopathy (DCM), restrictive

cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyop-

Cardiomyopathies are a heterogeneous group of diseases of the
myocardium that are associated with mechanical and/or electrical dys-
function and frequently caused by a genetic defect [1]. The working
group on Myocardial and Pericardial Diseases of the European Society
of Cardiology proposed a clinically oriented classification system in
which heart muscle disorders are grouped into the following subtypes
according to ventricular morphology and function: hypertrophic
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Boelelaan 1117, 1081HV Amsterdam, the Netherlands.
E-mail address: 1.dorsch@amsterdamumc.nl (L.M. Dorsch).
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athy (ARVC) and unclassified cardiomyopathies [1,2].

Pathogenic variants in sarcomere genes are a frequent cause of car-
diomyopathies and may lead to different cardiomyopathy subtypes [3].
One of these sarcomere genes is TPM1, which encodes alpha-
tropomyosin and causes HCM (10 TPM1 gene variants), DCM (11 TPM1
variants), cardiomyopathy (2 TPM1 variants) and left-ventricular non-
compaction (3 TPM1 variants) according to ClinVar database (January
2020) [4]. All reported TPM1 variants are missense variants that result
in a single amino acid substitution, and they account for 1.5% of all likely
pathogenic and pathogenic gene variants in HCM and 1.9% in DCM [5].

Since distinct variants in the same sarcomere gene have been ob-
served to cause either HCM or DCM, it has been proposed that these
gene variants have to trigger two different series of events to culminate

0167-5273/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in the distinct cardiomyopathy subtypes [6]. Several studies have been
published on the functional consequences of TPM1 variants, adding to
our understanding of the different pathophysiological processes that
lead to distinct forms of cardiomyopathy [7-9].

Here we describe a large family with DCM carrying a TPM1 variant
that was previously reported in a large Dutch cohort study [10]. We
also identified compound heterozygote TPM1 variants in a child with
RCM, with family members carrying one of the two variants and show-
ing HCM(—like) phenotypes. As changes in calcium-handling have
been suggested to be central in determining the type of remodeling
that occurs in genetic cardiomyopathies [11], we expressed the three
TPM1 variants in HL-1 cardiomyocytes and measured the resulting
Ca®* transients (CaT).

2. Methods

The comprehensive method section is available in the Data
Supplement.

3. Results
3.1. Clinical characteristics of DCM family members

Two probands (III:20 and IV:5) were investigated separately at
the outpatient clinic and diagnosed with DCM. Clinical data of
members of this DCM family (Fig. 1A) are listed in Table 1. Individ-
ual I11:20 complained of progressive dyspnea, had a dilated LV and
a LV ejection fraction (LVEF) of 15%, leading to a diagnosis of DCM
at age 31. She received an implantable cardioverter defibrillator
(ICD) at age 40. Ten years later, her LVEF was 18%. Genetic testing
revealed that she carried the c.602C > T (p.(Thr201Met)) variant in

exon 6 of TPM1 (referred to as T201M), which had been previously
identified in a large Dutch cohort study of DCM patients [10]. We
classified T201M as likely pathogenic because it fulfills one strong
and two moderate criteria (Table SI). This variant has not been fur-
ther investigated so far.

This proband's son (IV:17) died at age 24 from heart failure that
had worsened after a high energy trauma (car accident) two months
before his death. Her sister (Il:22) was diagnosed with DCM at age
38 following family screening, but no follow-up is available. Two
other siblings tested negative for the familial TPM1 variant. The father
of the proband (I1:11) was diagnosed with DCM at age 62. At age 66,
he received an ICD, which was replaced at age 84. No ICD shocks were
recorded.

The other proband in this family (IV:5) was diagnosed with DCM
(Fig. 1B-C) and received an ICD at age 21. After 13 years of follow-up,
he had not experienced any ICD shocks and his LVEF was 40%. His
mother (III:5) died at age 44 in a traffic accident. His maternal aunt
(111:7) was diagnosed with DCM at age 53 following family screening.
His maternal grandfather (II:4), who had not undergone prior cardiac
evaluations, was diagnosed with DCM and atrial fibrillation at age 84
following family screening.

Both probands were linked to the same ancestral couple (I:1 and
1:2). After cascade family screening, 29 family members were identified
as carriers of the familial TPM1 variant. The phenotypic variability and
age-related penetrance is further illustrated by I11:24 and III:25, who
were asymptomatic and without signs of DCM at ages 56 and 53, re-
spectively. The penetrance, as indicated by age at DCM diagnosis, is
shown in Fig. SI. The youngest age at diagnosis was 17 (V:1), though
this individual was asymptomatic at that time. At age 60, a diagnosis
of DCM was made in 55% of the family members who carried the
T201M variant.
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Fig. 1. Pedigree of TPM1 variant carrier and echocardiographic images of a DCM patient. (A) Pedigree of the DCM family. Presence (+) or absence (—) of the TPM1 variant ¢.602C > T p.
(Thr201Met) is indicated for the analyzed subjects. (B) Parasternal long axis view and (C) apical 4-chamber view of patient IV:5 (DCM family) at presentation. The left ventricle is dilated
(normal value <58 mm) and fractional shortening (FS) is reduced (normal value >25%). The left atrium is also enlarged (normal value <40 mm). (D) Pedigree of the family with the RCM
patient. Presence (E62Q and/or M281T/—) or absence (—) of the TPM1 variants ¢.184G > C p.(Glu62GIn) and ¢.842 T > C (p.Met281Thr) is indicated for the analyzed subjects. Squares
represent males and circles represent females. Filled symbols indicate those with a diagnosis of (A) DCM and (D) RCM or HCM. Vertical lines indicate those who are asymptomatic or
with mild signs or features of cardiomyopathies. Slashed symbols indicate deceased subjects. Arrowhead mark the index cases.
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Table 1
Clinical data of members of DCM family.
Pedigree TPM1 1st i i at & follow-up
Age (years) and LVEDd LVESd FS LVEF
genotype reason (mm) (mm) (%) (%)
1:1 p.(Thr201Met)* NA D/83 yr
1:4 p-(Thr201Met) 84 screening 62 44 29 NA DCM, atrial fibrillation
1:10 p.(Thr201Met)* NA D/63 yr, “enlarged heart”
11 p.(Thr201Met) 62 dyspnea 59 40 32 35 DCM, ICD at 66 yr, replaced at 84 yr, nsVTs
1:13 p-(Thr201Met) 70 screening 61 50 18 35 DCM, atrial fibrillation at 75 yr, no ICD
13 p.(Thr201Met) 53 CVA 60 45 25 NA DCM, no follow-up available
1:5 p.(Thr201Met)* NA D/44 yr, traffic accident
n:7 Pp-(Thr201Met) 53 screening 56 40 29 44 DCM, no follow-up available
11 p.(Thr201Met) 43 dyspnea 62 54 13 36 At 46 yr discharged from follow-up after normalization echo
n:13 p-(Thr201Met) 53 screening 52 37 29 50 No follow-up available
1:16 Pp-(Thr201Met) 48 screening 42 29 31 55 At 57 yr mild diastolic dysfunction, no DCM
11:20 p.(Thr201Met) 31 dyspnea 67 60 10 15 ICD at 40 yr, LVEF 18% at 50 yr
1:22 p-(Thr201Met) 38 screening 58 47 19 28 DCM, no follow-up available
1:24 p.(Thr201Met) 47 screening 48 30 38 60 Asymptomatic, no signs of DCM at 56 yr
1:25 p.(Thr201Met) 45 screening 51 34 33 55 Asymptomatic, no signs of DCM at 53 yr
v p-(Thr201Met) 33 screening 59 45 24 NA No follow-up available
IvV:5 p.(Thr201Met) 21 dyspnea 82 74 10 12 ICD at 21 yr, at 34 yr no ICD shocks, LVEF 40%
v:7 p.(Thr201Met) 24 screening No signs of DCM, no follow-up available
v:10 Pp-(Thr201Met) 18 screening 52 37 29 60 Asymptomatic, LVEF 54% at 25 yr
v:13 p.(Thr201Met) 14 screening 51 32 37 68 Asymptomatic, no signs of DCM at 22 yr
v:14 p-(Thr201Met) 12 screening 51 33 35 62 Asymptomatic, no signs of DCM at 19 yr
v:15 p.(Thr201Met) 21 screening 41 Mild DCM, no follow-up available
v:17 p.(Thr201Met) 13 screening 48 32 33 62 Died of heart failure at 24 yr
1v:22 p-(Thr201Met) 7 screening 41 29 29 55 Asymptomatic, LVEF 50% at 19 yr
v:23 p.(Thr201Met) 19 screening 58 37 36 60 Asymptomatic, no signs of DCM at 27 yr
Vi1 p.(Thr201Met) 6 screening 41 28 32 62 Asymptomatic, LVEF 41% at 17 yr
V3 p-(Thr201Met) 6 screening 39 26 33 NA No signs of DCM at 6 yr
V:4 p.(Thr201Met) 3 screening 36 23 36 NA No signs of DCM at 3 yr
V:5 p.(Thr201Met) 3 screening 37 22 41 NA No signs of DCM at 3 yr

CVA, cerebrovascular accident; D/, death; DCM, dilated cardi ; echo, echoc

FS, fractional shortening; ICD, implantable cardioverter-defibrillator; LVEDd, left ventric-

ular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESd, left ventricular end-systolic diameter; NA, not available; nsVT, non-sustained ventricular tachycardia; yr, years.

obligate carrier.

3.2. Clinical characteristics of RCM family members

We describe, for the first time, compound heterozygote TPM1 vari-
ants in a child with RCM, with family members carrying one of the
two variants and showing HCM(—like) phenotypes (Fig. 1D).

An asymptomatic 6-year-old girl (V:1) was referred to the pediatri-
cian after the sudden death of her brother (V:2) at 22 months of age. No
autopsy was performed, and no DNA was available for genetic testing.
At age six, the proband's cardiac evaluation was normal. At age nine,
she was referred to a pediatric cardiologist because she reported chest
pain during exercise. Cardiac evaluation showed bi-atrial dilatation
with near-normal LV volume and raised ventricular end-diastolic pres-
sures at cardiac catheterization. There was no evidence of LV hypertro-
phy or constrictive pericarditis. Based on these findings, a diagnosis of
RCM was made in this patient. At age 12, she received an orthotopic car-
diac transplantation, and she reached adult age in good clinical condi-
tion. Genetic screening identified two missense variants in TPM1:
€.184G > C (p.(Glu62Gln)) (referred to as E62Q) and ¢.842 T > C (p.
(Met281Thr)) (referred to as M281T). Both variants had previously
been identified in HCM patients [12,13]. We classified both variants as
likely pathogenic, with E62Q fulfilling one strong and two moderate
criteria and M281T fulfilling two moderate and > 2 supporting criteria
(Table SI).

The proband's sister (V:3) had a normal cardiac evaluation at age
seven and has so far not undergone genetic testing. The proband's father
(IV:11), a carrier of the E62Q variant, had minor abnormalities sugges-
tive for RCM, with mild LV diastolic dysfunction on echo. Her mother
(IV:12), a carrier of the M281T variant, was asymptomatic but had a
mildly enlarged left atrium at age 40. The maternal uncle (IV:13), also
a carrier of the M281T variant, was asymptomatic, but echocardiogra-
phy at age 40 showed mild LV hypertrophy (13 mm). The paternal

grandmother (11:12) and other carriers in her generation (IlI) who
were positive for the E62Q variant showed stable diastolic dysfunction
and atrial dilatation in an age range of 51-69 years. Notably, a cousin
of the father (IV:8), a carrier of the E62Q variant, was diagnosed with
HCM at age 17 with an LV wall thickness of 18 mm.

3.3. Time-dependent reduction of CaT amplitude by TPM1 variants

Variants in TPM1 may lead to disturbed intracellular calcium han-
dling that contributes to contractile dysfunction [14], and different
changes in calcium handling have been linked to the development of ei-
ther DCM or HCM [11]. We therefore overexpressed the three identified
TPM1 variants (untagged, 0.75 pg/uL) in HL-1 cardiomyocytes and de-
termined the effect on CaT. All three TPM1 variants significantly reduced
CaT amplitude 48 h post-transfection when compared to HL-1
cardiomyocytes overexpressing untagged wild-type TPM1 (Fig. 2A, G
and SII). The reduction in CaT amplitude was significantly larger for
TPM 11201 and TPM 1 g1 compared to TPM 1y, with means + SEM of
34.90% + 0.05 and 35.78% + 0.04, respectively, while the reduction
for the TPM1gs2q variant was smaller (19.33% + 0.07). As the RCM pa-
tient carried both the E62Q and M281T variants (TPM1eaqm2s17), We
studied if expression of both variants exacerbated the phenotype and
found that TPM1gs2q/m2s:7 expression did not significantly decrease
CaT (24.64% 4 0.06) in comparison to the reductions we saw for the in-
dividual variants. Longer overexpression (72 h) of all TPM1 variants fur-
ther reduced the CaT amplitude, but did not change the variant-specific
effects that we had observed 48 h post-transfection (Fig. 2B and E). With
the exception of TPM1gs2g/m2s17 48 h post-transfection, no significant
differences in calcium re-uptake kinetics were observed between the
wild-type and variant TPM1 forms 48 h and 72 h post-transfection
(Fig. 2CD,F and G).
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Fig. 2. Time- (B—I) and dose-dependent (J-N) transfection of TPM1variants. (A) Schematic representation of the ratio of double transfected DNA. 0.25 pg/mL DNA encoding RFP (red
circle) was co-transfected with 0.75 (used in B—I), 0.50 or 0.25 pg/mL DNA encoding TPM1 (green circle). Green circles: TPM1 plasmids. Red circle: RFP plasmid. Thick green line:
exogenous TPM1 encoded by TPM1 plasmid. Thick black line: endogenous TPM1. Grey circles: actin. Complex of yellow circles: troponin complex. (B) Quantified CaT amplitude data of
single HL-1 cardiomyocytes 48 h post-transfection. N = number of transfections; n = number of measured HL-1 cardiomyocytes that were RFP-positive transfected. Exponential curve
fitting was applied to obtain (C) the mean time constant of CaT decay (tau) and (D) the time to 70% decay. (E) Quantified CaT amplitude data of single HL-1 cardiomyocytes 72 h
post-transfection, (F) tau and (G) time to 70% decay. Representative CaT traces detected (H) 48 h and (I) 72 h post-transfection. (J) Due to the amino-terminal V5-tag, exogenous
TPMI1 (green line) was larger and therefore displayed migration on western blot that was distinguishable from endogenous TPM1 (black line). (K) Representative blot images for endog-
enous (TPM1-antibody) and exogenous (V5-antibody) TPM1 ion level after d double transfection of TPM1 and RFP. Ctrl: Control cell lysate to compare different

(L) De ion of V5-tagged TPM 1wy, TPM11201m and TPM 1yps:1- Each dot represents one transfection and each value was normalized to the
mean of TPM1wr 075e/mt- (M) Endogenous TPM1 levels after dose-dependent transfection. (N) Quantified CaT amplitude data of single HL-1 cardiomyocytes 48 h after dose-dependent
double transfection (N = 2) of untagged wild-type/variant TPM1 and RFP. Per transfection, each CaT value was normalized to the mean value of overexpressed (B—I) TPM1yand (N)
TPM1wr o250g/mi- P < 0.05, **p < 0.01,*** p < 0.001 versus TPM1yand **p < 0.01 versus TPMI1201m 0250

3.4. Dose-dependent effect of TPM1 variant expression doses of transfected TPM1ps;7. Dose-dependent transfection of un-
tagged TPM1 variants and CaT assessment 48 h post-transfection
Since overexpression of TPM1120;p and TPM1y2g:7 48 h post- showed that calcium handling dysfunction was influenced by the

transfection resulted in a strong reduction in CaT amplitudes, we dose of TPMIraoim (Fig. 2N), showing significant effects at
wanted to see if this effect is dose-dependent. Using different ratios 0.5 pg/mL and a trend toward significance at 0.75 pg/mL TPM11201m
of RFP (0.25 pg/mL) and V5-tagged TPM1 (0.25, 0.50 and 0.75 pg/mL levels. Transfection of 0.25 ug/mL TPM11201, however, had no detri-
(used in previous experiment)), we were able to express TPM1 in a mental effect on CaT amplitude, while transfection of 0.25 pg/mL
dose-dependent manner (Fig. 2J-L and SIII). Transfection of TPM1yr TPM 1257 already significantly decreased CaT amplitude. A lower
and TPM1I1z01m resulted in partial replacement of endogenous TPM1 transfection dose of TPM 127 reduced CaT amplitude more than a
(Fig. 2M). Notably, endogenous TPM1 levels increased with higher higher one.
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3.5. TPM1 variants have no effect on autophagy and F-actin

Based on the increase in endogenous TPM1 after high-dose transfec-
tion of TPM 1251, we defined the effect of TPM1 variants on compo-
nents of cellular protein quality control. Immunofluorescence staining
of V5-tagged TPM1 revealed no difference in localization of TPM1 vari-
ants 48 h post-transfection, nor the formation of aggregates (Fig. SIVA).
We also observed unaltered levels of markers for cardiac-specific pro-
teins (a-actinin and myosing heavy chain (MHC)), autophagy (LC3B
and p62), endoplasmic reticulum stress (phosphorylation of
translation-initiation factor elF2at) and stress fibers (F-actin) in HL-1
cardiomyocytes transfected with TPM1 variants as compared to wild-
type TPM1-transfected cardiomyocytes (Fig. SIV-V).

3.6. Derailed sarcomeric structures in human tissue biopsies with TPM1
variants

As HL-1 cardiomyocytes do not show the highly organized myofila-
ment structure of adult cardiomyocytes [15,16], we determined the lo-
calization of TPM1 in the myocardium of patients carrying either the
TPM11201m variant or the TPM1 ggaqim2s:7 variants. We stained small
endomyocardial biopsies of patient samples that were embedded in
paraffin and obtained for diagnostic purposes (Fig. SVIA) with antibod-
ies against TPM1 and a-actinin. Both biopsies showed a loss of
cardiomyocyte-typical architecture indicated by a loss of sarcomere stri-
ations and a loss of intact cardiac muscle fibers (Fig. 3). TPM1 epitopes
appeared disrupted and were not organized in the characteristic con-
tractile filaments, and this was accompanied by an almost complete
loss of a-actinin (Fig. SVIB). Biopsies from end-stage ischemic heart fail-
ure and non-failing subjects were used as controls, and these show the
expected sarcomere striation and distribution of TPM1 and a-actinin.

4. Discussion

Gene variants in thin filament components, including alpha-
tropomyosin, are known to cause a complex heterogeneous pattern of
progressive ventricular remodeling and clinical phenotypes [17]. Our
study confirms this clinical heterogeneity in two families with TPM1
variants and different cardiomyopathy subtypes, namely TPM11201m
(DCM) and TPM1 62 and TPM 128, (HCM; and in combination RCM).
We also describe, for the first time, compound heterozygote TPM1ggaq/
wmzsi variants in a child with RCM. Overall, the genotypes and diverse
clinical characteristics of the family members of the DCM and RCM pro-
bands suggest that additional causal factors are necessary for the devel-
opment of cardiac abnormalities in carriers of a heterozygous TPM1
variant, whereas compound heterozygosity for TPM1 variants causes se-
vere cardiomyopathy in childhood.

4.1. Impaired cardiac performance due to reduced CaT amplitudes

In thin filament cardiomyopathies, altered myocellular Ca>" homeo-
stasis may trigger events that remodel the cardiomyocyte and ultimately
perturb cardiac structure [17,18]. Data from experiments in which ade-
novirus was used to express human HCM-causing variants in isolated
guinea pig left ventricular cardiomyocytes showed that altered CaT
were one of the primary effects of HCM-causing variants expression
[14]. We therefore measured CaT amplitudes in HL-1 cardiomyocytes.
Cardiac muscle cell properties have been measured in this model system
before [19,20]. In our experimental model system, production of all TPM1
variants resulted in reduced CaT amplitudes that were independent of
the clinical cardiomyopathy phenotype. Previous studies on HCM- and
DCM-related thin filament gene variants have shown opposing changes
in myofilament Ca®*-sensitivity, specifically an increase for HCM vari-
ants and a decrease for DCM variants (reviewed in [21]). Tardiff and col-
leagues suggested that the observed primary alterations in Ca®'-
sensitivity at the myofilament level indicate a disruption of the Ca? -

dependent sarcomeric activation by thin filament gene variants [17].
These Ca?*-sensitivity changes were associated with similar opposite ef-
fects in the Ca®* affinity of myofilaments, i.e. an increase for HCM vari-
ants and a decrease for DCM variants [14]. These opposing changes
may alter cytosolic Ca?" buffering in different ways, and thereby alter
cellular CaT. Davis and colleagues provided evidence for diverse changes
in developed tension and CaT when comparing HCM- and DCM-related
cardiac troponin C variants, a finding they related to diverse activation
of signaling pathways leading to either concentric or eccentric remodel-
ing [11]. While previous studies on TPM1 variants have also reported a
similar opposite effect on the Ca?"'-sensitivity of myofilaments for
HCM- and DCM-associated variants [8], two DCM-related TPM1 variants
have shown opposite effects: the Glu40Lys variant decreased Ca?* affin-
ity, while the Glu54Lys variant increased Ca?" affinity (but at 100% var-
iant level) [14]. Importantly, no effect on Ca?" affinity was observed
when a mixture of 50% variant:50% wild-type TPM1 was studied [14].

In contrast, we observed a decrease in CaT for both HCM- and DCM-
related TPM1 variants. The previous study and our current data indicate
that TPM1 variant-related changes in Ca®" affinity and CaT are indepen-
dent of the type of cardiac remodeling, which suggests that the diverse
clinical cardiac phenotypes seen in affected subjects may rather involve
modifier genes and/or environmental factors [17].

Reduced CaT amplitudes may affect tension development of
cardiomyocytes. Comparing the CaT amplitudes at 48 h and 72 h post-
transfection revealed that longer overexpression of all TPM1 variants fur-
ther reduced CaT amplitude, suggesting a progressive pathogenic pro-
cess. This is in line with a series of longitudinal studies of patients with
thin filament variants in whom the ventricle, in particular, was progres-
sively remodeled [22,23]. Reduced CaT amplitudes have been associated
with impaired cell-shortening of HL-1 myocytes, indicating contractile
dysfunction [19]. Taken together, reduced CaT amplitudes may contrib-
ute to the poor cardiac contraction seen in affected individuals.

4.2. Dose-depend

transfection: M e of TPM1 stoichiometry

Previous studies in several transgenic mouse models revealed that
increasing the expression of Tpm1 variants causes a concomitant de-
crease in wild-type TPM1 levels, histopathological changes and severe
impairment of both contractility and relaxation [24,25]. Given the
large decrease in CaT amplitude 48 h post-transfection induced by pro-
duction of TPM1101m (DCM) and TPM1pps1 (HCM) (Fig. 2B), and the
previously reported dose-effects of TPM1 variants, we studied the effect
of dose-dependent transfection of these particular variants. A dose-
dependent decrease in endogenous TPM1 was observed upon transfec-
tion with TPM 112010, and this coincided with a reduction in CaT. These
data illustrate that a heterozygous gene variant, which results in a mix-
ture of the variant and wild-type TPM1, is sufficient to suppress CaT. We
therefore propose for TPM 1120 that total TPM1 levels seem to be kept
constant to preserve stoichiometry of sarcomere proteins. Furthermore,
“threshold” levels of TPM11,0;v seem to have been reached when
TPM11201m Was transfected between 0.25 and 0.50 pg/mL since func-
tional compensation by wild-type TPM1 became insufficient. This is in
line with Tpm1 transgenic mouse experiments indicating that there
may be “threshold” levels of TPM1 expression that lead to defined phe-
notypes rather than a gradient of physiological or pathological condi-
tions [24,25]. While the total amount of TPM1 protein remained
unchanged in these Tpm1 transgenic mice, wild-type TPM1 levels
were reduced by 35 to 65% [24,25].

In contrast to the TPM1 1, ;p-induced reduction of endogenous wild-
type TPM1, higher transfection doses of the TPM 1,25, variant did not
lower endogenous TPM1, instead resulting in higher levels of wild-
type TPMI1. This indicates that synthesis of TPM1 is increased and/or
its degradation decreased in the presence of an increasing dose of the
TPM1 28,7 variant. The largest drop in CaT was observed at the lowest
dose of TPM1y28;7 transfection, which coincided with the lowest level
of wild-type TPM1.
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TPM1

end-stage ischemic HF  E62Q/M281T (RCM) T201M (DCM)

non-failing Ctrl

Fig. 3. images of

a-actinin

staining for TPM1 (left column) and a-actinin (right column) of endomyocardial biopsies. (A) Subject (111:11) with TPM1

T201M variant, (B) proband (V:1) with TPM1 E62Q/M281T variants, (C) remote area biopsies from the left ventricle of one of three patients with end-stage ischemic heart failure (HF) and
(D) septal tissue from one of four subjects that died due to a non-cardiac cause of death (non-failing Ctrl). Scale bar represents 50 pm.

Overall, we observed that the dose-dependent effect on CaT may be
determined by the mixture of variant and wild-type TPM1. DCM- and
HCM-associated TPM1 variants led to opposite effects, and this differ-
ence may be related to the ability to replace/reduce endogenous sarco-
meric tropomyosin.

4.3. Destruction of human cardiomyocytes in tissue biopsies with long-term
expression of TPM1 variants

In contrast to our observations in short-term TPM1 overexpression
experiments and previous findings suggesting that Tpm1 variants

expressed in isolated rat cardiomyocytes or 12-month-old transgenic
mice were normally incorporated into the sarcomeres without altering
sarcomeric structures [26,27], cardiomyocytes in the respective human
tissue biopsies displayed obvious structural changes. To our knowledge
this is the first time that cardiac biopsies with these TPM1 variants have
been immunohistochemically analyzed for intracellular localization of
TPM1 and a-actinin. We used ce-actinin as a Z-disc marker to assess nor-
mal myofilament structure. The combination of chronic expression of
TPM1 variants and cardiomyopathy-associated pathological remodeling
may have been responsible for the loss of cardiomyocyte-typical archi-
tecture. Cardiac histopathologic findings of myocyte disarray and
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interstitial fibrosis have also been reported in an affected subject with
the TPM1p,; 75y variant [28], and myofibril loss has been observed in sub-
jects with HCM, DCM and RCM [29-31]. Reduced myofibril density may
subsequently impair contractility and enhance the respective
cardiomyopathy-associated pathomechanisms.

Since the TPM1 epitopes appeared disrupted and not organized in
the characteristic contractile filaments and «-actinin was almost
completely lost, we hypothesize that these TPM1 variants affect the sar-
comeric organization, especially assembly of «-actinin. TPM1-deficient
cardiomyocytes have been shown to assemble aberrant F-actin fibrils
with a-actinin puncta dispersed irregularly along their lengths [32].
Moreover, disrupting the tropomodulin-TPM1 interaction in chicken
cardiac myocytes led to thin filament depolymerization and disassem-
bly that was accompanied by perturbation of Z-lines, thick filaments
and titin filaments [33]. Likewise, the TPM1 variants we studied may
disrupt interactions of TPM1, leading to its depolymerization and, as a
consequence, to disassembly of c-actinin.

4.4. Limitations of HL-1 cardiomyocytes and endomyocardial biopsies

As sarcomeric structures are immature [15,16], HL-1
cardiomyocytes present with limited contractility [16]. We therefore fo-
cused on the effect on Ca®' transients since disturbed Ca?' handling
will impair contractility. CaT data in HL-1 cardiomyocytes has been
shown to be similar to that of isolated rat and dog atrial cardiomyocytes,
indicating that HL-1 cardiomyocytes represent a cardiac cell model to
trace changes in Ca®" transients in relation to cardiac diseases [19,34].

HL-1 cardiomyocytes are immortalized cells of mouse atrial origin
and therefore do not precisely recapitulate a cellular milieu that reflects
the ventricular cardiac myocytes in human or of acutely isolated ven-
tricular cardiomyocytes [35]. In future, it is important to test these
TPM1 variants in a human cell-based model such as human iPSC-
derived cardiomyocytes.

Paraffin-embedded endomyocardial biopsies were collected in the
context of thorough diagnostic evaluation and all available
endomyocardial samples were included in this study. The rareness
and the sectional planes (Fig. SVIA) makes it difficult to make firm state-
ments about the effects of these TPM1 variants in other patients. For fu-
ture studies, we suggest to use electron microscopy to clarify sarcomere
ultrastructure.

5. Conclusion

In conclusion, various TPM1 variants lead to heterogeneous clinical
manifestations of different cardiomyopathy subtypes. Overexpression
of TPM1 variants led to time-dependent progressive deterioration of
cardiomyocyte CaT amplitudes. The dose-dependent effect on CaT was
opposite for DCM- and HCM-associated TPM1 variants. Overall, our
data indicate that reduced cardiomyocyte CaT amplitudes and loss of
sarcomeric structures are independent of the TPM1 variant and of the
clinical cardiomyopathy phenotype.

Acknowledgements

We acknowledge the Microscopy and Cytometry Core Facility at the
Amsterdam UMC - Location VUmc for providing assistance in micros-
copy, Petra van der Kraak and Pedro Espinosa Gonzdlez for technical as-
sistance with the immunostains and Kate Mc Intyre for reviewing the
manuscript.

Acknowledgement of grant support: This work was supported by
the Netherlands Cardiovascular Research Initiative: An initiative
with support of the Dutch Heart Foundation [grant numbers
CVON2014-40 DOSIS, CVON-STW2016-14728 AFFIP] and
Netherlands Organization for Sciences (NWO)-ZonMW [grant num-
ber VICI 91818602].

Declarations of Interest: None.

Author statement.

L.M.D.: Methodology, Validation, Formal analysis, Investigation,
Writing - Original Draft, Writing - Review & Editing, Visualization, Pro-
ject administration; D.W.D.K.: Methodology, Writing - Review &
Editing, Supervision; J.D.HJ.: Conceptualization, Investigation, Re-
sources, Writing — Review & Editing, Project administration; LG.B.: Re-
sources; K.Y.v.S.-Z.: Investigation, Resources; AJ.H.S.: Resources; AV.:
Resources; G.J.d.M.S.: Resources; M.P.v.d.B.: Investigation, Resources; J.
v.d.V.: Writing - Review & Editing, Supervision, Funding acquisition; B.-
JJ.M.B.: Conceptualization, Writing — Review & Editing, Supervision,
Funding acquisition; P.A.v.d.Z.: Conceptualization, Methodology, Formal
analysis, Investigation, Resources, Writing - Review & Editing, Visuali-
zation, Supervision, Project administration.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2020.08.101.

References

[1] BJ. Maron, J.A. Towbin, G. Thiene, C. Antzelevitch, D. Corrado, D. Arnett, et al., Con-

temporary definitions and classification of the cardiomyopathies: an American

Heart Association scientific statement from the council on clinical cardiology,

heart failure and transplantation committee; quality of care and outcomes research

and functional genomics and translational biology interdisciplinary working groups;

and council on epidemiology and prevention, Circulation. 113 (14) (2006)

1807-1816.

P. Elliott, B. Andersson, E. Arbustini, Z. Bilinska, F. Cecchi, P. Charron, et al, Classifica-

tion of the . : a position from the European Society of

Cardiology working group on myocardial and pericardial diseases, Eur. Heart J. 29

(2) (2008) 270-276.

R. Walsh, F. Mazzarotto, N. Whiffin, R. Buchan, W. Midwinter, A. Wilk, et al., Quan-

titative approaches to variant classification increase the yield and precision of ge-

netic testing in Mendelian diseases: the case of hypertrophic cardiomyopathy,

Genome Med. 11 (1) (2019) 5.

[4] C.Redwood, P. Robinson, Alph: in inherited ¢
thies, J. Muscle Res. Cell Monl 34 (3-4) (2013) 285-294.

[5] R.Walsh, KL. Thomson, ].S. Ware, B.H. Funke, J. Woodley, KJ. McGuire, et al., Reas-
sessment of Mendelian gene pathogenicity using 7,855 cardiomyopathy cases and
60,706 reference samples, Genet Med. 19 (2) (2017) 192-203.

[6] M. Kamisago, S.D. Sharma, S.R. DePalma, S. Solomon, P. Sharma, B. McDonough,
et al, Mutations in sarcomere protein genes as a cause of dilated cardiomyopathy,
N. Engl. J. Med. 343 (23) (2000) 1688-1696.

[7] M. Mirza, S. Marston, R. Willott, C. Ashley, ]. Mogensen, W. McKenna, et al., Dilated
cardiomyopathy mutations in three thin filament regulatory proteins result in a
common functional phenotype, J. Biol. Chem. 280 (31) (2005) 28498-28506.

[8] AN.Chang, K. Harada, M.J. Ackerman, ].D. Potter, Functional consequences of hyper—

trophic and dilated ¢ hy-causing i in alpha-trop  J.

Biol. Chem. 280 (40) (2005) 34343-34349.

S. Rajan, RP. Ahmed, G. Jagatheesan, N. Petrashevskaya, G.P. Boivin, D. Urboniene,

et al,, Dilated cardiomyopathy mutant tropomyosin mice develop cardiac dysfunc-

tion with significantly decreased fractional shortening and myofilament calcium

sensitivity, Circ. Res. 101 (2) (2007) 205-214.

[10] K.Y. van Spaendonck-Zwarts, LA. van Rijsingen, M.P. van den Berg, R.H. Lekanne
Deprez, |.G. Post, AM. van Mil, et al,, Genetic analysis in 418 index patients with id-
iopathic dilated cardiomyopathy: overview of 10 years’ experience, Eur. ]. Heart Fail.
15 (6) (2013) 628-636.

[11] J. Davis, L.C. Davis, R.N. Correll, CA. ich, J.A. Sc F. M
Harami, et al,, A tension-based model distinguishes hypertrophic versus dilated car-
diomyopathy, Cell. 165 (5) (2016) 1147-1159.

[12] RJ. Jongbloed, C.L. Marcelis, P.A. Doevendans, .M. Schmeitz-Mulkens, W.G. Van
Dockum, J.P. Geraedts, et al., Variable clinical manifestation of a novel missense mu-
tation in the alpha-tropomyosin (TPM1) gene in familial hypertrophic cardiomyop-
athy, J. Am. Coll. Cardiol. 41 (6) (2003) 981-986.

[13] S.L Van Driest, E.G. Ellsworth, S.R. Ommen, AJ. Tajik, BJ. Gersh, M J. Ackerman, Prev-
alence and spectrum of thin filament mutations in an outpatient referral population
with hypertrophic cardiomyopathy, Circulation. 108 (4) (2003) 445-451.

[14] P. Robinson, X. Liu, A. Sparrow, S. Patel, Y.H. Zhang, B. Casadei, et al., Hypertrophic
cardiomyopathy mutations increase myofilament Ca(2+ ) buffering, alter intracellu-
lar Ca(2+) handling, and stimulate Ca(2+)-dependent signaling, J. Biol. Chem. 293
(27) (2018) 10487-10499.

[15] W.C. Claycomb, N.A. Lanson Jr., B.S. Stallworth, D.B. Egeland, ].B. Delcarpio, A.
Bahinski, et al., HL-1 cells: a cardiac muscle cell line that contracts and retains phe-
notypic characteristics of the adult cardiomyocyte, Proc. Natl. Acad. Sci. U. S. A. 95
(6) (1998) 2979-2984.

[16] Dias P, Desplantez T, El-Harasis MA, Chowdhury RA, Ullrich ND, Cabes(rem de Dlegu
A, et al. Characterisation of connexin and elec
in stable clones of the HL-1 myocyte cell line. PLoS One. 2014;9(2): 690266

)

3

(9]




258 LM. Dorsch et al. / International Journal of Cardiology 323 (2021) 251-258

[17] J.C. Tardiff, Thin filament mutations: developing an integrative approach to a com-
plex disorder, Circ. Res. 108 (6) (2011) 765-782.

[18] D. Fatkin, BK. McConnell, J.O. Mudd, C. Semsarian, 1.G. Moskowitz, FJ. Schoen, et al.,
An abnormal Ca(2+) response in mutant sarcomere protein-mediated familial hy-
pertrophic cardiomyopathy, J. Clin. Invest. 106 (11) (2000) 1351-1359.

[19] BJ. Brundel, A. Shiroshita-Takeshita, X. Qi, Y.H. Yeh, D. Chartier, L.C. van Gelder, et al.,
Induction of heat shock response protects the heart against atrial fibrillation, Circ.
Res. 99 (12) (2006) 1394-1402.

[20] J.H. Huang, Y.C. Chen, T.I. Lee, Y.H. Kao, T.F. Chazo, S.A. Chen, et al,, Glucagon-like
peptide-1 regulates calcium homeostasis and electrophysiological activities of HL-
1 cardiomyocytes, Peptides. 78 (2016) 91-98.

[21] J. van der Velden, G.J.M. Stienen, Cardiac disorders and pathophysiology of Sarco-
meric proteins, Physiol. Rev. 99 (1) (2019) 381-426.

A. Shaw, R. Murphy, et al,, Idiopathic re-

cal expression of cardiac troponin | mu-
tations, . Clin. Invest. 111 (2) (2003) 209-216.

[23] M. Revera, L. Van der Merwe, M. Heradien, A. Goosen, V.A. Corfield, P.A. Brink, et al.,
Long-term follow-up of R403WMYH7 and R92WTNNT2 HCM families: mutations
determine left ventricular dimensions but not wall thickness during disease pro-
gression, Cardiovasc ] Afr. 18 (3) (2007) 146-153.

[24] M. Muthuchamy, K. Pieples, P. Rethinasamy, B. Hoit, LL. Grupp, G.P. Boivin, et al.,
Mouse model of a familial hypertrophic cardiomyopathy mutation in alpha-
tropomyosin manifests cardiac dysfunction, Circ. Res. 85 (1) (1999) 47-56.

[25] R. Prabhakar, G.P. Boivin, LL. Grupp, B. Hoit, G. Arteaga, RJ. Solaro, et al., A familial
hypertrophic cardiomyopathy alpha-tropomyosin mutation causes severe cardiac
hypertrophy and death in mice, J. Mol. Cell. Cardiol. 33 (10) (2001) 1815-1828.

[26] D.E. Michele, F.P. Albayya, .M. Metzger, Direct, convergent hypersensitivity of
calcium-activated force generation produced by hypertrophic cardiomyopathy mu-
tant «-tropomyosins in adult cardiac myocytes, Nat. Med. 5 (12) (1999)
1413-1417.

[27] D.E.Michele, CA. Gomez, K.E. Hong, M.V. Westfall, ].M. Metzger, Cardiac dysfunction
in hypertrophic cardi P mutant in mice is t
dependent, hypertrophy-independent, and improved by beta-blockade, Circ. Res.
91 (3) (2002) 255-262.

(28] D.A. Coviello, B.J. Maron, P. Spirito, H. Watkins, H.P. Vosberg, L. Thierfelder, et al.,
Clinical features of hypertrophic cardiomyopathy caused by mutation of a “hot
spot” in the alpha-tropomyosin gene, J. Am. Coll. Cardiol. 29 (3) (1997) 635-640.

[29] L. Nijenkamp, LA.E. Bollen, H.G. van Velzen, ].A. Regan, M. van Slegtenhorst, H-W.M.
Niessen, et al,, Sex differences at the time of Myectomy in hypertrophic cardiomy-
opathy, Circ Heart Fail. 11 (6) (2018), e004133, .

[30] LAE. Bollen, M. Schuldt, M. Harakalova, A. Vink, FW. Asselbergs, |.R. Pinto, et al.,
Genotype-specific pathogenic effects in human dilated cardiomyopathy, J. Physiol.
595 (14) (2017) 4677-4693.

[31] F. Jaffer, S.M. Murphy, M. Scoto, E. Healy, A.M. Rossor, S. Brandner, et al., BAG3 mu-
tations: another cause of giant axonal neuropathy, J. Peripher. Nerv. Syst. 17 (2)
(2012) 210-216.

[32] CR. McKeown, R.B. Nowak, D.S. Gokhin, V.M. Fowler, Tropomyosin is required for
cardiac morphogenesis, myofibril assembly, and formation of adherens junctions
in the developing mouse embryo, Dev. Dyn. 243 (6) (2014) 800-817.

[33] RE. Mudry, C.N. Perry, M. Richards, V.M. Fowler, C.C. Gregorio, The interaction of
tropomodulin with tropomyosin stabilizes thin filaments in cardiac myocytes, J.
Cell Biol. 162 (6) (2003) 1057-1068.

[34] D.Zhang, X.Hu,].Li,]. Liu, L. Baks-Te Bulte, M. Wiersma, et al., DNA damage-induced
PARP1 activation confers cardiomyocyte dysfunction through NAD(+) depletion in
experimental atrial fibrillation, Nat. Commun. 10 (1) (2019) 1307.

[35] AK. Peter, MA. Bjerke, LA. Leinwand, Biology of the cardiac myocyte in heart dis-
ease, Mol. Biol. Cell 27 (14) (2016) 2149-2160.




